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PREFACE 

The higher fatty acids have been the subject of continuous research and 
investigation since about 1815, when Chevreul established the constitution 
of natural fats as the glycerol esters of these long chain aliphatic com¬ 
pounds. During the interval of nearly one and a half centuries which has 
elapsed since Chevreurs discovery a vast literature has accumulated 
dealing with the chemical and physical properties of the fatty acids and 
their simple derivatives. Moreover, the increment of this knowledge dur¬ 
ing the past twenty-five years has exceeded that of the entire preceding 
history of these substances. This accumulated literature is not only 
voluminous but it is widely scattered and relatively unorganized. Al¬ 
though all books and monographs on fats, oils, or waxes devote some space 
to a description of the more common properties and reactions of the fatty 
acids as a background to the main subject, none has been devoted solely to 
an exposition of our knowledge of the fatty acids per se. 

The purpose of this volume^has been to bring together in an organized 
and readily accessible form as much as possible of the present accumula¬ 
tion of facts and data pertaining to the chemical reactions and physical 
properties of the fatty acids and, especially, of the long chain fatty acids 
which comprise the building stones of all natural fats, oils, and waxes. 
The material thus made available should obviate many hours of searching 
the literature by the large and growing body of chemists, physicists, engi¬ 
neers, and technologists who are interested in the fatty acids and their 
numerous products and by-products. 

While it has not been the primary purpose to discuss the lower members 
of the fatty acid series at length, it has nevertheless been impossible to 
ignore them entirely. Although the lower members of this series are not 
generally encountered as components of the fatty glycerides or the solid 
waxes, they do occur as simple esters in fruit essences and many ethereal 
oils. Furthermore, many of the reactions and derivatives of the fatty acids 
have been investigated only for the lower members of the series. This is 
especially true with respect to various physical properties of these acids 
and their derivatives. Moreover, it is only when the reactions and proper¬ 
ties of the complete series are examined that it becomes apparent to what 
extent additional work is necessary to fill the missing gaps in our knowl¬ 
edge of these substances. It has likewise not been the primary purpose 
to discuss the chemical and physical properties of the glyceride esters and 
natural fats, because a comprehensive treatment of these subjects would 
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vi PREFACE 

require a volume at least the same size and scope as the present one. Here 
too, however, it has been impossible to ignore them entirely. 

In the process of assembling the data with respect to the physical proper¬ 
ties of the fatty acids and their derivatives, a number of anomalies has 
come to light. For example, many of the most useful and important 
properties were determined twenty-five or more years ago when it was most 
improbable that even moderately pure fatty acids were available. Also, 
very many of the reported constants have been obtained incidentally and 
not as a result of planned or systematic investigations. Owing to the 
incidental manner in which many physical properties have been determined, 
there is often no way of selecting the most reliable value from among 
several which may have been recorded by different investigators for the 
same compound. However, an effort has been made to include only the most 
accurate values available for the various properties, but in some instances 
these may be in error. Where no choice appeared to be preferable, two 
or more values are sometimes given without comment. 

It is hoped that, in addition to the purposes mentioned above, the present 
work will result in the stimulation of qualified individuals to undertake 
investigations designed to fill the missing gaps in our knowledge of the sub¬ 
ject and to re-examine those reactions and properties which obviously are 
in need of review^ * 

While the plan and contents of the present volume are the author^s and 
any defects found therein are attributable to him alone, he has had the 
assistance of many individuals in its preparation and desires to make grate¬ 
ful acknowledgment to them. For their invaluable assistance in reading 
and criticizing the individual chapters, he is deeply indebted to A. M. 
Altechul, A. E. Bailey, S. T. Bauer, F. G. Dollear, Mrs. M. G. Lambou, 
R. T. O'Connor and E. L. Skau. Sincere thanks are also expressed to 
R. O. Feuge who prepared many of the original drawings, to C. H. Billett 
for assistance in preparing photographs for illustrations, to B. Ashby Smith 
who checked the calculated molecular weights, neutralization values, iodine 
values, etc., of the many tables of such data, to Mrs. E. L. Skau for check¬ 
ing and verifying all literature citations, to M. E. Jefferson and Mrs. F. 
B. Kreeger for preparation of the original x-ray photographs, and to Mrs. 
Calla L. Markley and Mrs. Ruth R. Warren for an inordinate amount of 
typing of the various drafts of the manuscript. The author also wishes to 
thank'the editors of The Journal of the American Oil Chemists^ Society 
Industrial and Engineering Chemistry as well as various industrial concerns 
and publishing houses for permission to reproduce illustrations from their 
publications. 

K. S. Markley 

New Orleans, Louisiana 
May 1,1947 
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CHAPTER I 

HISTORICAL AND GENERAL 

1. Introduction 

The three most important classes of compounds which occur in nature are 
the proteins, the carbohydrates, and the fats. All vital processes are in¬ 
volved primarily in the elaboration or degradation of these substances, 
assisted or activated by various natural catalysts such as enzymes, vita¬ 
mins, hormones, and other vital agents. Each of these classes of compounds 
is represented by numerous and varied individual members which are 
elaborated by nature from a small number of simpler compounds. The pro¬ 
teins, no matter how complex, are all built up from simple amino acids, the 
carbohydrates from glucose residues or other simple monosaccharides, and 
the fats and waxes from a small number of fatty acids. 

The fats differ from the proteins and carbohydrates by the fact that the 
latter consist solely of condensation products of similar structural units, 
whereas in the fats the component acids are attached to a common skeleton, 
namely, the trihydric alcohol, glycerol. The natural fats also differ from 
proteins and carbohydrates by virtue of the fact that their complexity is 
due, in part, to mechanical admixture or mutual solubility of several com¬ 
ponents of relatively low molecular weight rather than to the existence of 
highly condensed systems. 

The large number and complexity of the natural fats have their origin in 
two sources, namely, in the number, kind, and mode of arrangement of the 
individual fatty acids which are attached to the glycerol skeleton to form 
specific glycerides, and in the number and relative proportions of such 
glycerides in the mixture or solution comprising the fat. The natural waxes 
likewise consist of mixtures of esters of fatty acids, but these esters are de¬ 
rived, not from one polyhydroxy alcohol, but from a number of alcohols 
having relatively long hydrocarbon chains and only one replaceable hy¬ 
droxyl group. Their complexity is due, therefore, to the variety of com¬ 
binations which may result from esterifying different fatty acids with dif¬ 
ferent monohydroxy alcohols, and from the relative proportions of these 
esters in the mixture comprising the wax. 

Although the present volume is concerned primarily with the fatty acids 
and their derivatives rather than with the natural fats and waxes, neverthe- 
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less, the latter represent the natural source of these substances and provide 
the stimulus for investigating their chemical and physical properties. Con¬ 
sequently, in discussing the fatty acids, frequent references to and com¬ 
parisons with the natural fats and waxes will be made throughout the text 
and, especially in the introductory chapter, where the related histories of 
the two are set forth against a common background. 

2. Definitions 

The words fats and oils have been applied both in the technical and lay 
literature with so many different meanings that it is necessary to define 
them at the outset to avoid subsequent misunderstanding regarding their 
usage in the present instance. Throughout this work, the term/a^5 and oils 
will be used to refer to that class of lipoidal materials consisting of the glyc¬ 
erol esters of the fatty acids and their associated phosphatides, sterols, 
alcohols, hydrocarbons, pigments, etc., which are obtained from plants and 
animals by such industrial processes as pressing, cooking with steam and 
water, extraction with organic solvents, or any combination of these proc¬ 
esses. 

No chemical distinction exists between fats and oilsy and by an oil is meant 
a liquid fat, and by a fat is meant a solidified oil. These changes in physical 
state may occur more or less spontaneously as a result of change in environ¬ 
ment (temperature, light, etc.), or as a result of chemical treatment (hydro¬ 
genation, isomerization, etc.). For example, a liquid oil at room tempera¬ 
ture may be hydrogenated to produce a hard fat at the same temperature, 
but on elevation of the temperature a few degrees it will again resume the 
liquid state. Naturally occurring tung and oiticica oils exist as liquid fats 
(oj-form) but are readily isomerized by the action of light or suitable 
catalysts into geometrically isomeric solid fats (jS-form).^ By raising the 
temperature of these solid fats, they again become liquid although the 
geometrical isomerism is not reversed. The difference, therefore, between a 
fat and oil is one of physical state which is reversible merely by changing the 
surrounding environment. Furthermore, as pointed out by Bailey^ the des¬ 
ignation of fats as solids is somewhat misleading since at ordinary tempera¬ 
tures fats are actually plastic solids, and consist of a liquid in intimate mix¬ 
ture with many very small solid particles. At 70°F., for instance, only 
about one-third of the glycerides of lard are in the solid state. 

The term fat is now quite generally used to include both fats and oils 
where specification of the physical state is of no importance, and where the 
constant use of the phrase fats and oils becomes monotonous and repeti- 

^ R. S. Morrell and W. R. Davis, J, Oil Colour Chem, Assoc,. 19, 264-272 (1936). 
* A. E. Bailey, in The Chemistry and Technology of Food and Food Products, Vol. I, 

M. B. Jacobs, ed., Intorscience, New York, 1944, p. 567. 
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tious. This practice will be followed here for the reasons that have just been 
mentioned. 

3. History 

Man has been familiar with fats since prehistoric time. Long before he 
had any knowledge of the nature of these substances he recognized differ¬ 
ences in their properties and employed them in a variety of ways. Their 
use as foods was probably instinctive but their other applications no doubt 
resulted from observation of their properties and their behavior under 
various environmental conditions. When and how man first became 
familiar with these substances and their manifold uses is lost in antiquity, 
but certainly fats, as well as waxes, were employed by primitive peoples of 
all climes as medicinals, in cosmetics, in religious ceremonies, as illuminants 
and lubricants, and for other purposes. 

Klemgard* mentions the fact that the Egyptians used olive oil as a lubri¬ 
cant for moving large stones, statues, and building materials and that axle 
greases consisting of a fat and lime together with other materials were used 
in lubricating Egyptian chariots as early as 1400 b.c. FriedeH analyzed the 
contents of a number of earthen vases found in the interior of Egyptian 
tombs believed to predate the First Dynasty. One of these vases contained 
several kilograms of a pale brown, porous, granular substance which was 
found to consist of palmitic acid mixed with less than 51% of tripalmitin 
indicating that the original material was palm oil which had undergone oxi¬ 
dation and partial saponification. Another vase contained a firmer, more 
granular, paler mass consisting of stearic acid with about 30% tristearin and 
was probably beef or mutton tallow. A third vase, containing material 
similar to the first-mentioned, contained palmitic acid and 41% tripal¬ 
mitin. These materials were probably intended as provisions for the dead. 
Other smaller vases contained unidentifiable fatty material mixed with 
galena which was probably used as a cosmetic. 

Ssirton^s^ Introduction to the History of Science contains many references to 
the use of fats and oils in the arts, technology, and medicine from the dawn 
of Greek and Hebrew knowledge (9th to the 8th centuries b.c.) to the mid¬ 
dle ages. The Homeric poems contain a reference to the use of oil in weav¬ 
ing. Soap, both as a medicinal and as a cleansing agent, was known to 
Pliny (23-79 a.d.) who mentions both hard and soft soap, and it may be in¬ 
ferred that soaps were known considerably prior to Pliny’s time. Candles, 
made from beeswax and tallow, were known to the Romans and probably 
were used by others in pre-Roman times. 

* B. N. Klemgard, Lubricating Greases: Their Manufacture and Use. Reinhold, 
New York, 1937, p. 14. 

* C. Friedel, Compi. rend., 124, 648-663 (1897). 
* G. Sarton, Introduction to the History of Science. 2 vols., Carnegie Inst. Wash. Pub. 

No. 376, Williams & Wilkins, Baltimore, 1927-31. 
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Waxes, as well as resins, were used as protection against moisture, es¬ 
pecially in shipbuilding and in some forms of wall painting. An early 
form of painting known as encaustic^ actual specimens of which are 
known in the form of portraits on late Egyptian mummy cases and which 
was certainly used before then on wall decorations, employed a mixture of 
pigments in natural waxes. Another early form of painting known as tem¬ 
pera employed an emulsion of wax or oil, water, pigments, and an emulsify¬ 
ing agent such as a vegetable gum or egg yolk. 

Varnishes were certainly used in Egypt on mummy cases of the New 
Empire, Many of these varnishes are insoluble, but their method of prepa¬ 
ration is not known with certainty. The earliest mention of the use of a 
drying oil in a process connected with painting is given by Aetius, about the 
6th century a.d., who stated that nut oils dry and form a protective var¬ 
nish. From this time on, the use of drying oils and varnishes seems to be 
well established and recipes dating from the 8th or 9th century a.d. are 
known for transparent varnishes composed of linseed oil and natural resins. 

Theophilus Presbyter, an unknown craftsman, who lived about the end of 
the 11th and the beginning of the 12th century, devoted many chapters of 
his Diversarum artium schedula to the preparation and use of oil colors. 
Theophilus used linseed oil together with some kind of resin, probably am¬ 
ber, copal, or sandarac. He gives many recipes for the preparation of 
paints, varnishes, and dyes. However, the discovery of the effect of driers 
in linseed oil paints, which is accredited to the brothers van Eyck, was not 
made until the first half of the 15th century. 

The extensibility of oil upon the surface of water appears to have been 
known by Greek sailors and was applied by them to subduing waves during 
a storm. This phenomenon of surface tension or extension of oil upon the 
surface of water, was investigated by the great Hindu mathematician Bhas- 
kara who is presumed to have lived about 1114 to 1178 a.d. 

Ample evidence exists which attests the fact that the peoples of all early 
civilizations were acquainted with numerous uses of fats and waxes and 
strangely enough, the primary applications of these substances are today 
much the same as those which prevailed in antiquity. Aside from their 
uses as foods, they are consumed in the production of protective coatings 
(paints, varnishes, and finishes of various types), cosmetics and pharma¬ 
ceuticals, soaps, lubricants, fuels, and illuminants. However, in addition to 
these uses, fats and oils serve today as the raw materials for the production 
of such products as textile assistants and synthetic resins, fibers and rubbers, 
as flotation agents fpr the separation of the mineral constituents of ores, as 
de-emulsifiers in the production of petroleum oil, insecticides, weed killers, 
and in many other products and processes. In fact, the number of products 
derived from natural fats and oils becomes increasingly larger year by year. 
This increased and diversified application of natural fats and oils has 
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stemmed primarily from the advances which have been made in the knowl¬ 
edge of the composition, structure, and properties of these substances dur¬ 
ing the present century. 

A number of important discoveries concerning the chemical nature of 
natural fats were made almost simultaneously with the birth of modern 
organic chemistry. Scheele obtained glycerol by heating olive oil with 
litharge in 1779 and about 1816 Chevreul established the fact that the com¬ 
mon animal and vegetable fats and oils wete composed of glycerol and the 
higher fatty acids. In 1819 Poutet converted oleic acid to elaidic acid by 
treatment of the former with the oxides of nitrogen. In 1828 Gusserow dif¬ 
ferentiated oleic and other unsaturated acids from palmitic and stearic 
acids on the basis of the differential solubilities of the lead salts of these 
acids. Following these discoveries little progress was made in the funda¬ 
mental chemistry of fats and oils until after the beginning of the 20th cen¬ 
tury, and this despite the fact that during the 19th century the most bril¬ 
liant and far-reaching discoveries were being made in many fields of organic 
chemistry. 

Various factors appear to have operated to retard the chemists' interest 
in natural fats. Foremost of these, no doubt, was man's long familiarity 
with these products, and the fact that over a period of centuries a consider¬ 
able empirical knowledge concerning them had been acquired, permitting 
the establishment of numerous industries devoted to the processing of these 
products for consumption as food, in soapmaking, and in the manufacture 
of paints, varnishes, and related products. Generally, there were no bur¬ 
densome surpluses of fats and oils and they did not accumulate as by-prod¬ 
ucts in the manufacture of other products as was the case with coal tar, 
hence they presented no disposal problem and they were not a source of 
cheap raw material. 

From the academic point of view, fats were not attractive research ma¬ 
terials as they were not readily crystallizable and few crystalline derivatives 
could be prepared from them. Furthermore, they were considered to be 
very simple substances, or at best, more or less complex mixtures of simple 
triglycerides of fatty acids. They were assumed to possess few characteris¬ 
tic chemical or physical properties, and they could not be separated into 
definite chemical entities by any simple method such as crystallization or 
distillation. 

The process of saponification by means of which fats can be broken down 
to produce fatty acids has been known for about 20 centuries, but the mix¬ 
tures of fatty acids produced by saponification apparently were no more 
attractive to the organic chemist than were the original natural fats. Here 
again, simplicity of structure of the individual acids, the difficulty of isolat¬ 
ing them in pure form, and, in the case of the unsalurated acids, the diflBi- 
culty of converting them to crystalline derivatives appear to have been 
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among the chief reasons for their neglect. The fatty acids were known to 
consist of a relatively long, saturated or unsaturated, hydrocarbon chain 
with a terminal carboxyl group. It was assumed that such simplicity of 
structure afforded little opportunity for applying newly discovered ingeni¬ 
ous reactions which were being applied so effectively in other directions in 
preparing hitherto unknown organic compounds. During this period of de¬ 
velopment of classical organic reactions, hydrocarbon chemistry, based on 
petroleum, was in its infancy, affid the chemistry of high molecular weight 
polymers was unknown. However, the development of numerous products 
from petroleum hydrocarbons, followed by the application of pol3aneriza- 
tion reactions to many .simple organic molecules, undoubtedly stimulated 
the chemist to turn to the natural fats and their derived fatty acids as a 
source of raw materials for the production of similar products. 

As late as 1924, Armstrong® in a Presidential address entitled, A Neg- 
lected Chapter in Chemistry^ presented at the annual meeting of the 
Society of Chemical Industry, stated: ‘This account of our knowledge of 
the fats and of some of the many problems needing study, particularly in the 
organic branch of chemistry, is mainly written with the hope of reviving 
interest in them as, apart from physical and analytical investigations, no 
other province of chemistry has been so little studied in recent years.^^ 

Strangely enough, about this time a renaissance in the chemistry of fats 
had its inception, and at the present time the tempo of research in this field 
is increasing at a continuously accelerating rate. The increased interest in 
the chemistry of fats and fatty acids is evident not only in the expansion 
and diversification of the literature on the subject, but also in the appear¬ 
ance of a number of scientific journals devoted solely to publication of re¬ 
search in this field. BulP has referred to the fact that in 1932, Chemical 
Abstracts contained approximately 800 abstracts on various phases of lipid 
chemistry compared to approximately 150 in 1917. It should be noted that 
a very considerable proportion of the recent expansion in the literature re¬ 
lating to fats and fatty acids has had its origin in the multiplication of re¬ 
search laboratories in the United States which are devoted to many phases 
of research in this field. With the influx of many additional workers in this 
field there has come a realization that the chemistry of the fats and fatty 
acids is not as simple as was heretofore supposed and, consequently, many 
preconceived ideas concerning their nature and reactivity have undergone 
revision. 

It has been found that the glycerides, and/or the fatty acids, are capable 
of undergoing many types of reactions including condensation and pol¬ 
ymerization, halogenation, oxidation, dehydration, isomerization, etc., as 
well as conversion into numerous derivatives such as amides, amines, ni- 

• E. F. Armstrong and J. Allan, /. Sac, Chem, Ind.^ 43,207~218T (1924). 
^ H. B. Bull, Tf^ Biochemistry of the Lipids. Wiley, New York, 1937. 
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triles, alcohols, mono- and polyesters, sulfates, sulfonates, etc., and that 
they otherwise respond to what have been considered the classical reactions 
of organic chemistry. Furthermore, many of these derived products have 
been found to possess characteristic properties which adapt them to a vari¬ 
ety of special uses including detergents, weed killers, insecticides, wetting 
agents, flotation agents, cosmetics, pharmaceuticals, plastics, plasticizers, 
impregnating and finishing agents for textiles and leather, and a host of 
other uses. 

4. Sources 

Various lipids, including the glyceride esters or fats, the glycerophos- 
phoric acid esters or phosphatides, and related fatty compounds, occur in 
almost every type of plant and animal cell and often represent a large part 
of the total constituents of specialized organs such as seeds, nuts, tubers, 
animal livers, intermuscular connective tissue, the abdominal cavity, and 
subcutaneous connective tissue. Hence, whenever any plant or animal ma¬ 
terial is extracted with certain organic solvents, such as ethyl ether, chloro¬ 
form, petroleum naphtha, and the like, there is obtained a soluble product 
generally containing a fat or oil as the principal constituent. Such extrac- 
tions are made as a matter of course in every proximate analysis of plant or 
animal tissue but few of these extracts have been examined with respect to 
their composition and properties. Probably each separate plant or animal 
organ extracted in this* manner yields a fat different in composition from 
any other fat. In the majority of cases the differences are only of a minor 
nature, while in others, unusual constituents may be present as has been 
shown by the investigation of a number of fats elaborated by certain patho¬ 
genic microorganisms. Investigations in recent years have established the 
existence in nature of an appreciable number of fats containing fatty acids 
having branched aliphatic chains, cyclic substituents, triple bonds, keto 
groups, and various systems of conjugated double bonds. What other 
unique structures remain to be discovered cannot be surmised. 

Probably less than a thousand fats from all sources have been examined 
even superficially. Many of these are of academic interest only and many 
others are of interest primarily because of their biological rather than eco¬ 
nomic significance. The known fats and oils of economic or industrial sig¬ 
nificance probably do not exceed a few hundred. However, owing to the 
widespread distribution of fats and oils, they represent an almost inex¬ 
haustible source of long chain aliphatic compounds comparable only with 
petroleum. They possess an advantage over petroleum in being both more 
reactive chemically and perennially renewable, whereas petroleum once 
withdrawn from the earth is nonreplaceable. The greatest advantage en¬ 
joyed by petroleum today is its relative cheapness, but with constant 
shrinkage of supply the price of this raw material may be expected to in- 
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crease and eventually surpass the cost of crude fats and oils. Thus, it may 
be expected that eventually perennially renewable fats and oils will supply 
many of the finished products which are now obtained directly or indirectly 
from petroleum. 

It is generally true for the world as a whole that there are no burdensome 
surpluses of fats and oils, but at certain times and in certain countries, sur¬ 
pluses have accumulated in sufficient volume to depress market prices of 
these commodities to a point where they have become attractive industrial 
raw materials. Potentially, fats and oils are available in enormous volume 
and await only the application of man’s ingenuity to make them available 
in fact. It is estimated that the jungles of Brazil could supply an amount of 
oil equivalent to the entire present world demand for these products, where¬ 
as at present they contribute but a meager fraction of the world consump¬ 
tion. Other countries of South and Central America likewise possess large 
potential sources of these products. The exploitation of this vast reservoir 
of raw material merely awaits the development of adequate transportation 
facilities, a supply of labor, and the installation of essential processing equip¬ 
ment.® 

In addition to the vast untapped resources of fats and oils which nature 
has provided without intervention of man, additional supplies may be pro¬ 
duced at will through the application of agricultural methods. The extent 
to which production can be increased is almost unlimited. The develop¬ 
ment of the soybean industry in the United States is a good example of these 
possibilities. The production of soybeans was increased from 4,800,000 
bushels in 1925to 195,000,000bushels in 1943, and during the same period the 
production of soybean oil was increased from 2,500,000 to 1,233,000,000 
pounds.® The production of sunflower seed and oil in the Argentine has 
undergone a similarly phenomenal increase. The 1925 production of seed 
is not known but the production of sunflowerseed oil amounted to 694,000 
pounds. The 1942 production of seed was 1,400,000,000 pounds and of oil 
385,000,000 pounds. By 1944 seed production reached nearly 2,300,000,- 
000 pounds. The world production of linseed and linseed oil in various 
countries of the world, and especially in the Argentine, has been equally 
phenomenal but has occurred over a longer period of time. The develop¬ 
ment of the plantation system of growing the oil palm, Elaeis guineensiSf in 
the South Pacific, and the development of the coconut palm and coconut oil 
industry in the Pacific also testify to the ability of man to produce fats and 
oils at will and in almost any quantity. 

In view of the demonstrated ability of man to expand the production of 

* K. S. Markley, Fat and Oil Resources of Latin America in Plants and Plant Science 
in Latin America. F. Verdoorn, ed., Chronica Botanica, Waltham, Mass., 1945, pp. 
211-218. 

* K. S. Markley and W. Goss, Soybean Chemistry and Technology. Chemical Pub. 
Co., Brooklyn, 1944. 
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oil-bearing crops in many parts of the world to supply almost any conceiv¬ 
able demand, and with the approaching exhaustion of irreplaceable raw 
materials such as fossil resins, petroleum, asphalt, and related products, 
industry is bound to look more and more to the perennially renewable fats 
and oils as a source of raw materials. As a matter of fact, so long as the sun 
shines in the tropics and the fertility of the soil remains, man need not fear 
the exhaustion of petroleum, coal, and other reserves of organic raw ma¬ 
terials as they or their equivalents can be constantly replenished through 
the production of fats and oils, especially from vegetable sources. They 
are capable of furnishing a source of long chain carbon compounds, both 
saturated and unsaturated, which may be broken down by pyrolysis and 
other reactions to form shorter chain compounds or built up by condensa¬ 
tion and polymerization reactions to longer chain compounds. In fact the 
diversity of products which may be produced from fats and oils, and es¬ 
pecially from their component fatty acids, is as great as or greater than 
those that can be produced from petroleum or coal. 





B. CLASSIFICATION AND STRUCTURE 
OF THE FATTY ACIDS 





CHAPTER II 

CLASSIFICATION AND NOMENCLATURE 

1. Introduction 

The fatty acids occur in nature primarily in the form of glycerol or glyc- 
erophosphoric acid esters and as the esters of long chain aliphatic alcohols. 
While the greater portion of the known fatty acids occur naturally in one 
of these forms, they are also found in small quantities in the form of esters 
of vitamin A, sterols, and other cyclic compounds. They also occur in small 
quantities in the uncombined state. In the case of oil seeds, the amount 
of uncombined fatty acids may be quite large in the early stages of growth 
but decrease to a low value or disappear entirely by the time complete 
maturity is attained. 

Neglecting the presence of free fatty acids and the fatty acids which 
are present in the minor constituents, it may be said in general that the 
characteristics of a given fat or oil are determined primarily by the number 
and kind of fatty acids which comprise the component glycerides. With 
few exceptions these fatty acids consist of an even number of carbon atoms 
arranged in a straight chain with an alkyl group, CH3—, at one end and a 
carboxyl group, —COOH, at the opposite end. 

Prior to the application of modem methods of identification, and espe¬ 
cially the use of x-ray spectroscopy, it was not unusual for workers to report 
the isolation and identification of various odd-numbered and branched 
chain acids from natural sources. Of the acids containing an odd number 
of carbon atoms, margaric acid, C17H34O2, appears to have been most fre¬ 
quently reported from natural sources. Wehmer^ records ten specific 
plant sources from which this acid is alleged to have been isolated. The 
same acid has also been reported from four plant sources under the name 
daturic acid. The frequency with which margaric acid has presumably 
been isolated from natural sources results from the fact that stearic and 
palmitic acids, the two most commonly occurring saturated acids, form a 
series of solid solutions, as well as a dimeric compound and a eutectic mix¬ 
ture at 50:50 and 30:70 mole per cent of stearic and palmitic acids. 
Confusion in identification of margaric acid has arisen from the fact that 

* C. Wehmer, Die Pflamenstoffe, botanisch-systemaiisch hearbeitet, 2nd ed., rev. and 
enl., Fischer, Jena, 1929-1931. Supplement 1935 (Erganzunraband zur zweiten Aufl.: 
KachtrAge aus den Jahren 1930-34, unter Mitarbeitung von Magdalena Hadders). 

See Figures 14 and 15, pages 117 and 118. 
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the properties of various solid solutions and the dimeric compound of stearic 
and palmitic acids do not differ greatly from those of pure margaric acid. 

The property of forming solid solutions and eutectics occurs throughout 
the homologous series of saturated fatty acids and has led to the mis- 
identification and reporting of a number of nonexistent acids. For ex¬ 
ample, arachidic acid obtained from peanut oil usually consists of a mixture 
of C20, C22, and C24 acids. Since the melting points of these mixtures are 
generally lower than the normal C20 acid, arachidic acid was for a con¬ 
siderable period assumed to possess a branched chain stnicture. However, 
it is now definitely known that pure arachidic acki is n-eicosanoic acid, 
C20H40O2, and whether from peanut oil or any other natural source it 
possesses a straight chain and an even number of carbon atoms. Many 
other acids, such as cerotic, montanic, melissic, lacceroic, tachardiacerinic, 
neocerotic, gossypic, and carnaubic, which have been isolated from natural 
sources, have been shown by Chibnall et aU to consist of mixtures of sev¬ 
eral acids or of a mixture of acids with alcohols, ketones, or hydrocarbons. 

Possibly the only exceptions to the statement that the naturally occur¬ 
ring saturated fatty acids contain only even-numbered, unbranched carbon 
chains, are isovaleric acid, (CH3)2CHCH2COOH, and the recently iso¬ 
lated tubercle bacillus acids. The first-mentioned acid appears to be re¬ 
stricted to the fatty oils of the dolphin and porpoise and the latter to patho¬ 
genic microorganisms. 

2* Nomenclature 

The naturally occurring fatty acids may be divided, on the basis of the 
absence or presence of double bonds in their hydrocarbon chains, into 
saturated acids and unsaturated acids. The saturated fatty acids, if they 
contain no side chains, are also known as normal fatty or aliphatic acids. 
If they contain substituent atoms or radicals they may bear a prefix such as 
bromo, hydroxy, keto, etc., to designate the nature of the substituent. 

The unsaturated fatty acids can be divided, on the basis of the number 
of double bonds which are present in the hydrocarbon chain, into mono- 
ethenoid, diethenoid, triethenoid, etc., depending on whether they contain 
one, two, three, etc., double bonds. The polyethenoid acids may also be 
classified as conjugated or unconjugated depending on the relative posi¬ 
tions of the double bonds. If the double bonds are separated by one or more 
single-bonded carbon atoms, —C=C—C»—C=C—, the acid is said to be 
unconjugated. When double-bonded carbon atoms are adjacent to one 
another, —C=C—C=C—, the acid is referred to as conjugated. If the 
acid contains one or more triple-bonded carbon atoms, it is referred to as 
an acetylenic or ethinoid acid. 

* A. C. Chibnall, S. H. Piper, A. Pollard, E, F. Williams, and P. N. Sahai, Bioch&n. 
28, 2189-2208 (1934). 
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If one or more hydrogen atoms of the hydrocarbon chain are substituted 
with some other atom or radical, such as halogen, hydroxy, or keto,»the 
acid Usually retains its specific name which is prefixed by the name and 
position of the substituent atom, or group, such as 2-chlorobutyric acid, 9,10- 
dihydroxystearic acid, or 10-methylstearic acid. In a few instances the 
acid may have a distinctive name as well. Thus, 12-hydroxyoleic acid is 
known as ricinoleic acid after the plant from which it was first obtained. 
There are still other classes of acids, such as the cyclic acids represented 
by the chaulmoogra series which are generally referred to by specific names 
indicating their plant or animal origin. 

Much confusion exists in the literature with reference to the nomenclature 
of the specific fatty acids. Once it was common practice to name each new 
or supposedly new acid by reference to its specific source without accurate 
knowledge of its structure. To some extent this practice is still followed. 
These names provide no clue to the structure of the acid and are generally 
quite meaningless in this respect. Not infrequently, different names have 
been assigned to the same acid isolated by different workers, or different 
names have been assigned to different specimens of the same acid of differ¬ 
ent degrees of purity. 

In 1892, there was adopted at the Geneva Congress®*^ a system of naming 
the aliphatic acids which, with certain modifications,® is in more or less 
general use for denoting specific aliphatic acids. By the Geneva rules ali¬ 
phatic acids are regarded as derivatives of hydrocarbons of the same num¬ 
ber of carbon atoms (.CHa— being replaced by —COOH). The name of 
an acid is formed from the name of the hydrocarbon and a suflSix '^oic.'' 
For the normal saturated fatty acids, the final “e^^ of the corresponding 
hydrocarbon is changed to ‘^oic.’^ If the saturated acid contains two car¬ 
boxyl groups the suffix becomes ^^dioic,'' and for three carboxyls, ‘‘trioic,'' etc. 

Thus, butyric acid, CH3CH2CH2COOH, becomes butanoic acid from 
butane, CH3CH2CH2CH3, and the suflSx ‘‘oic.^^ Palmitic acid, CH3’(CH2)i4- 
COOH, becomes hexadecanoic acid from hexadecane, CH8(CH2)i4CH8, and 
the sufiSx '^oic.^' In a similar manner the monounsaturated acids are desig¬ 
nated by adding *^oic'' to the Geneva name for the corresponding unsatu¬ 
rated hydrocarbon, thus, the acid CH8CH:CHCOOH is designated as 
butenoic acid from butene and the suffix “oic.*' Oleic acid, CH8(CH2)7- 
CH:CH(CH2)7C00H, is octadecenoic acid from octadecene. Triply 
bonded acids are similarly designated by dropping the final ‘*e^’ of the 
corresponding hydrocarbon and adding the suflSx ^^oic.^^ Thus, tariric 
acid, CH8(CH2)ioC*:C(CH2)4COOH, becomes octadecinoic acid from the 
triply bonded hydrocarbon octadecine. If multiple numbers of double 

• A. Pictet, Arcfc. aci, phya, nat, 27, 485-620 (1892). 
* P. Tiemann, Per., 26,1595-1631 (1893), 
»A. M. Patterson, J. Am, Chem. Soc., 55,3905-3925 (1933). 
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bonds occur in the carbon chain of the acid the sufiix becomes “dienoic/^ 
^^trienoic/' ^'tetraenoic/' etc. Thus, oleic, linoleic, and linolenic acids, 
containing one, two, and three double bonds are designated octadecdhoic, 
octadecadienoic, and octadecatrienoic acids, respectively. 

A modification of this method of nomenclature is the use of the Greek 
numerical prefix corresponding to the number of carbon atoms in the chain 
and the generic suffix “oic” to designate a saturated acid, ^^enic^' to desig¬ 
nate an acid containing one double bond, and 'Inic'^ to designate an acid 
containing one triple bond. According to this system, the acid having the 
formula, C10H21COOH, is named undecoic acid, and the corresponding 
double-bond and triple-bond acids, as undecenic and undecinic acids, 
respectively. 

The original Geneva system provided a method of numbering the carbon 
atoms of the aliphatic saturated acids in which the carbon atom of the 
terminal carboxyl group was numbered 1 and the adjacent carbon atoms 
2, 3, etc. According to this system, the acid corresponding to the formula 
CH8CH2CHBrCOOH would be designated as bromo-2-butanoic acid or 2- 
bromobutanoic acid, and the acid corresponding to the formula CH8(CH2)7- 
CH0H(CH2)8C00H would be designated as 10-hydroxyoctadecanoic or 
10-hydroxystearic acid. This system of numbering and nomenclature has 
also been adopted by Chemical Abstracts for indexing purposes.® 

The Geneva system also provided for numbering the aliphatic acids on 
the basis of the carboxyl group as a substituent of the corresponding hydro¬ 
carbon and, therefore, designates as number 1 the carbon atom adjacent to 
the terminal carboxyl group.® In this system, butyric acid becomes 1- 
propanecarboxylic acid and 2-bromobutanoic acid becomes 1-bromo-l- 
propanecarboxylic acid. This system corresponds with the long-practiced 
method of designating the carbon atoms of the hydrocarbon chain of the 
acids by the Greek letters a, 7, etc., beginning with the carbon atom 
adjacent to the carboxyl as a. Thus, the acid corresponding to the formula 
CH8CHCICH2COOH would be designated as jS-chlorobutanoic or /S-chloro- 
butyric acid. 

According to the preferred Geneva system and that used by Chemical 
Abstracts, the bromobutyric acids corresponding to the formulas CH8CHs- 
CHBrCOOH, CHsCHBrGHaCOOH, and CH2BrCH3CH2COOH would be 
designated 2-bromobutanoic, 3-bromobutanoic, and 4-bromobutanoic acids 
respectively. According to the usage of Greek letters they would be desig¬ 
nated a-bromobutyric, /S-bromobutyric, and 7-bromobutyric acids, respec¬ 
tively. However, some authors, and especially the IrUernaiional Critical 
Tables,'^ have used the second Geneva system of numbering and designate 

• A. M. Patterson and C. E. Curran, /. Am, Chem. Soc,, 39, 1623-1638 (1917); see 
Chem. Abstracts, 39, 5867-5975 (1945). 

^ Iiiternatianal Critical Tables, Vol, I, McGraw-Hill, New York, 1926, pp. 176 et seq. 
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these acids as 1-bromobutyric, 2-bromobutyric, and 3-broinobutyric, re¬ 
spectively. The use of this second system of numbering leads to confusion 
and uncertainty in the absence of the formula for the acid in question. 
For example, the International Critical Tables list without formulas three 
hydroxystearic acids as 9-hydroxy-, 10-hydroxy-, and ll-hydroxystearic 
acid. If these acids are named in the same manner as the bromobutyric 
acids for which formulas are given, they would correspond to the 8-, 9-, 
and 10-hydroxyoctadecanoic acids of the more generally accepted system 
of nomenclature. The literature contains many references to 9,10-dihy- 
droxystearic acid by which is generally meant 9,10-dihydroxyoctadecanoic 
acid indicating that the hydroxyl groups are attached at the ninth and 
tenth carbon atoms along the chain beginning with the carboxyl carbon 
atom as 1. 

The numbering of the unsaturated acids and substituted unsaturated 
acids is even more confusing than that of the saturated acids. According 
to the original Geneva system,^ the acid corresponding to the formula 
CHa: CHCHaCOOH is named butene-l-carboxylic-4, in which the terminal 
methylene group is numbered 1. Under the modified system^ it would be 
named as 3-butenoic acid or 3-propene-l-carboxylic acid (Rule 64). Chemi¬ 
cal Abstracts uses the system which would designate this acid as 3-butenoic 
acid. 

The Greek letters a, 7, etc., were once used almost universally to desig¬ 
nate the position of carbon atoms, or the presence of attached substituents 
or unsaturation in aliphatic acids. Their use is now generally^ confined to 
the shorter chain fatty acids although the Greek letter w is often used to 
designate the last carbon atom of the chain irrespective of its length. The 
use of the system of Greek letters for designating specific carbon atoms 
finds its greatest vogue in biochemical literature, but even here it is being 
gradually displaced by the numerical system. However, it is in general 
use to designate the- amino acids, many of which are substituted aliphatic 
acids. 

The Greek letter A with a superscript numeral or numerals is commonly 
used to designate the presence and position of one or more double or triple 
bonds in the hydrocarbon chain of aliphatic acids. Thus, ordinary oleic 
acid is designated as A®*^®-octadecenoic acid, and tariric acid as A®’’-octa- 
decinoic acid. Some authors prefer to use only one number to designate 
the position of a double bond in which case oleic acid would be A®-octa- 
decenoic acid, as the double bond is assumed in this case to be between the 
carbon atom designated and the next higher-numbered carbon atom. 
Chemical Abstracts omits the use of the A and also uses only one number to 
designate the position of the double bond. Thus, linoleic acid is simply 
designated as 9,12-octadecadienoic acid rather than as A®*^®‘^®»'*-octa- 
decadienoic acid. 
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Unfortunately, there is no uniformity in the usage of the various nomen¬ 
clatures for the fatty acids and it is not uncommon to find the straight chain, 
saturated acid corresponding to the formula CsHisCOOH referred to as n- 
heptanoic, n-heptoic, heptylic, and oenanthic acid, while the acid corre¬ 
sponding to CgHirCOOH is referred to as pelargonic, n-nonanoic, n-nonoic, 
and nonylic. Several reasons can be ascribed to the confusion in the 
nomenclature of the various acids, namely, many common names, such 
as lauric, palmitic, stearic, etc., are well known, whereas recognition 
of the systematic names is more restricted, and the application of the 
systematic nomenclature often results in noneuphonious combinations of 
syllables which tend to militate against its universal usage. It is not un¬ 
common, therefore, to find an author using one system of nomenclature for 
one acid and a different system for another acid of the same series. This 
practice has been followed to some extent in the present work, and although 
precedence is generally given the Geneva system, or its modification used 
by Chemical Abstracts, long-established common names will also be used 
wherever they appear preferable. In a few instances the alphabetical sys¬ 
tem of designating the carbon atoms will be used to avoid confusion in re¬ 
ferring to original literature. 

It should also be mentioned here that Piper, Chibnall, and Williams* 
examined ^ considerable number of naturally occurring acids which have 
been generally designated by such names as lignoceric, cerotic, montanic, 
and melissic acids. In all cases, these natural acids were shown to consist 
of variable mixtures of two or more acids of the same homologous series. 
They, therefore, suggested that the use of these names should be discon¬ 
tinued when reference is made to the pure acids corresponding to the 
formulas C23H47COOH, C26H61COOH, etc. Their use is retained here be¬ 
cause of the very considerable literature which refers to these acids by their 
common names. The reader should, however, differentiate between the 
pure synthetic acids and a mixture of natural acids having the same mean 
molecular weight as one of the pure acids. 

3. Saturated Fatty Acids 

The empirical formula for all of the members of the saturated fatty acid 
series is CnH2n02 where n may be any even or odd integer. Since all the 
acids of the series, except formic, consist of an alkyl chain and terminal 
carboxyl group, they may be conveniently represented by the formula 
RCOOH and all members above acetic by the formula CH3(CH2)«COOH. 
The lower members of the series are liquids at ordinary temperatures, but 
as the series is ascended the individual members become increasingly more 
viscous and ultimately pass to crystalline solids. The lower members are 

S. H. Piper, A. C. Chibnall, and E. F. Williams, Biochem, 28,2175-2188 (1934). 
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Table 1 

SATURATED FATTY ACIDS, C„H2»02 

Systematic name Common name 
Molecular 
weight* 

Neutral¬ 
isation 
valued 

n-Mcthanoic, methoic Formic HCOOH 46.03 1218.96 
n-Ethanoic, ethoic Acetic CHaCOOH 60.05 934.26 
w-Propanoic, propoic Propionic CsHtCOOH 74.08 757.36 
n-Butanoic, butoic Butyric CjHjCOOH 88.10 636.79 
w-Pentanoic, pentoic Valeric C4H,C00H 

(JsHuCOOH 
102.13 649.34 

483.00 n-Hexanoic, hexoic Caproic 116.15 
n-Heptanoic, heptoic Heptylic'^ C.HisCOOH 130.18 430.96 
n-Octanoic, octoic Caprylic CtHuCOOH 144.21 389.05 
n-Nonanoic, nonoic Nonylic^ CgHi7COOH 158.23 354.56 
n-Decanoic, decoic Capric C,H,,COOH 

CioHsiCOOH 
172.26 326.69 

n-Undecanoic, undecoic Undecylio 186.29 301.17 
n-Dodecanoic, dodecoic Laurie CiiHjaCOOH 200.31 280.08 
n-Tridecanoic, tridecoic Tridecylic CijHjsCOOH 214.34 261.75 
w-Tetradecanoic, tetradecoic Myristic CijHnCOOH 228.36 245.68 
n-Pentadecanoic, pentadccoic Pentadecylic ChHjsCOOH 242.39 231.46 
n-Hexadecanoic, hexadccoic Palmitic C.sHnCOOH 266.42 218.80 
n-Heptadecanoic, hoptadecoic Margaric C1.H33COOH 270.44 207.45 
n-Octadecanoic, octadcjcoic Stiiaric CnHasCOOH 284.47 197.23 
n-Nonadecanoic, nonadecoic Nonadecylic CisHarCOOH 298.49 187.96 
n-Eicosanoic, eicosoic Arachidic C„Ha,COOH 312.52 179.52 
n-Heneicosanoic, hencicoaoic C20H41COOH 326.55 171.81 
n-Dooosanoic, docosoic Behenic C2iH«COOH 340.57 164.73 
n-Tricosanoic, tricosoic C22H46COOH 3M.60 158.22 
n-Tetracosanoic, tetracosoic liignoceric C2,H«C00H 

C24H«C00H 
368.62 152.20 

n-Pentacosanoic, pentacosoic 382.65 146.62 
n-Hexacosanoic, hexacosoic Cerotic CjsHsiCOOH 396.68 141.44 
w-Heptacosanoic, heptacosoic C2,H5,C00H 41,0.70 136.60 
n-Ootacosanoic, octacosoic Montanic CjiHmCOOH 424.73 132.09 
n-Nonacosanoic, nonacosoic CjsHejCOOH 438.75 127.87 
n-Triacontanoic, triacoiitoic Melissic CaHwCOOH 452.78 123.91 
n-Hentriacontanoic, hentria- 

contoic CjoHmCOOH 466.80 120.19 
n-Dotriacontanoic, dotriacon- 

toic C,.H„COOH 480,83 116.68 
n-Tritriacoiitanoic, tritriacon- 

toic C3»H«C00H 494.86 113.37 
n-Tetratriacontanoic, tetratri- 

acontoic CssHnCOOH 508.88 110.24 
n-Pentatriacontanoic, penta- 

triacontoic C,4H„COOH 522 91 107.29 
n-Hexatriacontanoic, hexatri- 

acontoic CajHj.COOH 536.94 104.49 
n-Heptatriacontanoic, hepta- 

triacontoic C„H„COOH 550.96 101.83 
n-Octatriacontanoic, octatri- 

acontoic CstHtsCOOH 564.99 99.30 

® Calculated on basis of the International Atomic Weights for 1940. 
^ The neutralization value of a monobasic fatty acid is equal to the number of milli¬ 

grams of^^^tassium hydroxide required to neutralize one gram of the acid, or 56.104 X 

« Also known as oenanthylic acid. Chemical AMroc/s, 39, 5892 (1045), recommends 
the adoption of enanthic as the common name for this acid. 

Also known as pelargonic acid. 
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soluble in water and exhibit weakly acidic properties compared to the 
strongly dissociated inorganic acids. As will be discussed more fully else¬ 
where, the boiling and melting points increase, and the specific gravity 
decreases with increased molecular weight, whereas the dissociation con¬ 
stant varies only slightly from member to member. 

The systematic and common names, formulas, molecular weights, and 
calculated neutralization values of all members of the saturated acid series 
from formic to octatriacontanoic are given in Table 1. The odd-numbered 
acids shown in Table 1 do not occur in natural fats. With but two or three 
exceptions, all of the odd-numbered acids have been prepared synthetically. 
All of the even-numbered acids from acetic to octatriacontanoic occur either 
in the free or combined state in nature, and all of them from butyric to 
octatriacontanoic are present either as glycerides or as monoesters in fats or 
waxes. 

Formic Acid.—The lowest member of the series of saturated acids does 
not occur as a constituent of fats but is obtained by pyrolysis of many 
organic substances. It was first obtained by distillation of the red ant, 
Formica rufa^ from which it derived its name. It has been reported to 
occur in the stinging nettle, pine needles, various fruits and other plants 
and plant organs, as well as in muscle and blood, and in caterpillars. 

Acetic Acid.—Acetic acid has not been demonstrated as a constituent of 
fats but occurs both free and combined in the form of esters of various 
alcohols in many plants. It is produced by fermentation through the 
action of various microorganisms and has been detected in animal secre¬ 
tions. 

n-Ptopionic Acid.—This acid does not occur in nature but is produced 
in small quantities in various fermentation processes. 

n-Butyric Acid,—Butyric acid is likewise a product of fermentation, 
especially by the action of bacteria on starches and sugars. It occurs in 
the form of monoesters in various ethereal oils and has been shown to be 
present in the free state in the juice of muscle, in perspiration, and in the 
feces of animals. It occurs in small proportions (2% to 4%) as a compo¬ 
nent of the milk fat of various mammals. 

n-Valeric Acid.—n-Valeric acid contains an odd number of carbon 
atoms and probably does not occur in fats or possibly elsewhere in nature. 
Isovaleric acid, (CH8)2CHCHaCOOH, occurs free in valerian root and as an 
ester in various ethereal oils. It is also reported to occur as a constituent of 
dolphin and porpoise oils. 

n-Caproic Acid.—This acid is found in milk fats to the extent of about 
2% and, in very small amounts (<1%), in coconut oil. At one time it 
was produced in relatively large quantities from butyl alcohol by the 
acetoacetic acid synthesis and used as an intermediate in the manufacture 
of hexylresorcinol. 
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n->Caprylic Acid.—Caprylic acid occurs in milk fats in small proportions 
and to the extent of 6% to 8% in coconut oil and in certain other kernel 
fats of the Palmae, 

n-Capric Acid.—Capric acid is found in the same fats which contain 
caprylic acid, and in small quantities in the head oil of the sperm whale. 

Laurie Acid.—Laurie acid is one of the three most widely distributed 
saturated acids found in nature, the other two being palmitic and stearic 
acids. It is found in practically all of the seed fats of the laurel family 
from which it derives its name. It occurs in varying and, oftentimes, in 
large proportions, in these seed fats and also in#the seed fats of the Palmae 
or Palmaceae where it usually comprises 45% to 50% of the total fatty 
acids. It is found in cow^s butter to the extent of 4% to 8% and also in 
the milk fats of other mammals. 

Myristic Acid.—Myristic acid is found in varying proportions in most 
animal and vegetable fats. Generally, it comprises only 1% to 5% of the 
total fatty acids but in milk fats it normally comprises 8% to 12% of the 
total acids. The head oil of the sperm whale has been found to contain 
as much as 15% of myristic acid and in some palm seed fats it may com¬ 
prise 20% of the total fatty acids. Myristic acid predominates in practi¬ 
cally all of the fats of the Myristicaceae. It occurs to the extent of 70% to 
80% in nutmeg (Myristica fragrans) butter, from which it derives its 
name.* 

Palmitic Acid.—Palmitic acid has been reported to be present in prac¬ 
tically every vegetable and animal fat examined to date. On the basis 
of the frequency of its occurrence it may be considered as the charac¬ 
teristic saturated acid of natural fats. However, the predominance of 
this acid in nature may be more apparent than real. Despite its wide 
distribution, it is generally not present in fats in very great proportions. 
It is a minor component, usually forming less than 5% in the majority of 
fats but in many of the common vegetable oils of commerce, such as pea¬ 
nut, soybean, and corn oils, and many fish and marine oils, it may comprise 
as much as 10% of the total fatty acids. Cottonseed and kapok oils may 
contain up to 20% or more of palmitic acid, while palm oil contains 35% 
to 40% and Chinese vegetable {stillingia) tallow contains 60% to 70% of 
this acid. It is the most common saturated acid in aquatic animal fats 
and generally comprises about 15% of the total fatty acids. 

Stearic Acid.—Stearic acid, although reported from fewer species of 
plants and animals and often in smaller amounts than palmitic acid where 
the two occur together, is of prime importance in commercial fats. It 
occurs in small amounts in most fruit-flesh and seed fats and in marine 
oils, and to the extent of 6% to 15% in milk fats. It is the predominant 
component of the body fats of practically all animals, and comprises 10% 
to 30% of the fatty acids of lard and tallows. 
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Arachidic Acid.—Arachidic acid, although fairly widely distributed, 
constitutes a minor component in most fats. It is found principally in 
peanut oil and in the oil of related species of plants. The quantity of 
arachidic acid in peanut oil is apparently influenced by variety and by 
climatic and soil conditions. The analytical separation of arachidic and 
lignoceric acids is extremely diflSicult, and consequently the relative propor¬ 
tions of this pair of acids is not known exactly. However, in certain species 
of Sapindaceae (rambutan tallow, kusum oil, etc.), arachidic acid is re¬ 
ported to exceed 20%. 

Behenic Acid.—Behenic acid is a liiinor component of a few oils such 
as peanut, rapeseed, and some of th|^ other mustard oils. It was first 
isolated from ben (behen) oil from which it derives its name. Traces 
have been reported in the fats of some sharks and a few other species of 
marine animals. 

Lignoceric Acid.—Lignoceric acid is widely distributed in natural fats, 
but occurs in very small amounts. It is found principally in the seed oils 
of the legume family. It is a minor constituent of peanut oil but occurs 
to the extent of 25% in the seed oil of Adenanthera pavonina of India. 

The remaining acids from to Css of Table 1 are found principally in 
waxes, especially those of insect and plant origin. The difficulties of quanti¬ 
tatively determining the relative percentages of these acids in a mixture of 
higher fatty acids, or even of isolating pure components from such mixtures, 
are almost insuperable. Except in the case of the plant waxes examined 
by Chibnall and co-workers, few rigorously purified, higher fatty acid homo¬ 
logs have been isolated from plant and animal organisms. 

4. Unsaturated Fatty Acids 

In addition to the saturated acids, there are found in nature a consider¬ 
able number of unsaturated acids. The known natural acids of this group 
are characterized by an even number of carbon atoms, and by the fact 
that they contain one or more double or triple bonds. This series of acids 
is more heterogeneous than the corresponding saturated acid series, and it 
can, therefore, be divided into several subgroups on the basis of the number 
of double bonds which characterize the individual members. As has been 
previously mentioned, the member§ of the various subgroups are desig¬ 
nated as monoethenoid, diethenoid, triethenoid, etc., acids depending on 
the number of double bonds present in the carbon chain. 

(a) Monoethenoid Acids, 

The monoethenoid acids contain two less hydrogen atoms than the corre¬ 
sponding saturated acids and can, therefore, be represented by the em¬ 
pirical formula C„H2ii-20a. Except for crotonic acid, CH3CH: CHCOOH, 
which occurs in croton oil, no naturally occurring monoethenoid with a 
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chain length below Cio is known. The more important monoethenoid 
acids which have been identified as components of natural fats are given in 
Table 2 together with some of their characteristics and sources. These 
acids differ from one another in chain length, position of the double bond, 
or both. 

Table 2 

MONOETHENOID FATTY ACIDS, C„H2n~202 

Systematic name Common 
name 

i 
Formula 

Molec¬ 
ular 

weight® 

Neu- 1 
trail za- 

tion 
value®* & 

Iodine 
value® 

Principal source 

A^fB-Decenoic Obtusilic CioHisOa 170.24 329.55 149.10 Lindera obtuailoha but- 

A*»*®-Decenoic Caproleic CioHisOt 170.24 329.55 149.10 
t0r 

Milk fat 
A*» *®-Dodecenoic Lauroleic CisHazOa 198.30 282.93 128.01 Lauraceae, sperm 

whale 
A*»®-Tetradecenoic CiiHjaOa 226.35 247.87 112.15 sperm whale 
A». »«-Tetradecenoic Myristoleic C14H26O2 226.35 247.87 112.15 Milk fats, sperm whale 
A». lO'Hexadecen oic Palmitoleic CieilioOa 254.40 220.53 99.78 Milk fats, marine ani¬ 

mals, seed fats 
A®>7-Octadecenoic Petroselinic Ci8H*402 282.45 198.63 89.87 Umbelliferae 
A“» w-Octadecenoic Oleic C18H24O2 282.45 198.63 89.87 Generally in plants 

and animals 
A ‘ b' *-Octadecenoic yacccnic C18H84O2 282.45 198.63 89.87 t Butter, tallow 
A»»*®-Eicosenoic Gudoleic CaoHjsOt 310.50 180.69 81.75 Fish and marine oils 
Ai^**-Eicosenoic CaoIIagOa 310.50 180.69 81.75 Joioba wax 
A”»n-Docosenoic Cetoleic C22II42O2 3.38.56 165.72 74.98 Marine animals 
A^*»*<-Doco8enoic Erucic CaalLsOa 338.56 165.72 74.98 Cmciferae 
A’*»**-Tetraco8enoic Sclacholcic Ct4H4«02 366.61 153.04 69.24 Fish oils 
A”»^®-Hexaco8enoic C2«Hm08 394.66 142.16 64 32 Ximenia americana 
A*b**-Tricosenoic CioHwOa 450.76 124.46 56.31 Ximenia americana 

« Calculated on the basis of International Atomic Weights for 1940. 
6 Neutralisation or acid value equals the number of milligrams of potassium hydroxide required to 

neutralize one gram of acid. 

In addition to the naturally occurring monoethenoid acids isolated from 
natural sources, many have been prepared synthetically. The mono- 
unsaturated acids which have been synthesized include both odd and even 
members of the series. Among the synthetic acids, especially those having 
relatively long carbon chains, the double bond has been confined pri¬ 
marily, although not exclusively, to the a and w carbon atoms of the methyl¬ 
ene chain, i, e,, to the carbon atom adjacent to the carboxyl and to the 
terminal methylene group. However, all of the various possible positional 
isomers of the lower members of the series have been synthesized. For 
example, the four hexenic acids corresponding to caproic or hexanoic acid 
of the saturated series, have been synthesized and many of their properties 
and reactions investigated. 

The majority of unsaturated fatty acids, whether mono- or polyethenoid, 
which have been isolated from plants and animals, contain a double bond 
between the ninth and tenth carbon atoms. Of these acids, oleic, CigH840a, 
and palmitoleic, CicHsoOa, are by far the most important. Both are widely 
distributed in nature and, in frequency of occurrence, constitute the pre¬ 
dominant natural acids of the monoethenoid series just as stearic and pal¬ 
mitic acids constitute the predominant natural acids of the saturated 
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series. A number of the naturally occurring monoethenoid acids have their 
double bond at other than the 9,10-position. These acids represent minor 
components of the fats in which they are found and are limited to a few 
families, and generally to a few species of plants and animals. The principal 
exceptions are the occurrence of petroselinic, C18H84O2, and erucic, C2*H4a02, 
acids. These acids, which have double bonds between the 6,7- and 13,14- 
carbon atoms, respectively, have been found to comprise 70% to 80% of 
the total fatty acids of a few seed fats. 

Decenoic Acid.—With the exception of crotonic acid, C4He02, decenoic 
acid, C10H18O2, appears to be the lowest molecular weight, monoethenoid 
fatty acid isolated from natural sources. Two isomers are known, one 
containing a double bond in the 9,10-position and the other in the 4,5- 
position. The former has been detected in milk fat to the extent of about 
0.2%. Traces of A®'^®-decenoic acid have also been reported to occur in 
the head oil of the sperm whale. Komori and Ueno® and Toyama^® re¬ 
ported the isolation of the second isomer from the seed oil of lAndera oh- 
tusihba grown in Korea. The acid, which was obtained in very small 
quantity (2.9 g. from 5 kg. of oil), was named obtusilic acid after its source. 

Dodecenoic Acid.— 3 isomeric dodecenoic acids, CwHaaOa, have been 
found to occur in nature. Lauroleic acid, the A®'^®-isomer, has been found 
in butter in very small proportions and the A^’®-isomer in the seed oil of 
Lindera obtusiloba. Hilditch and Lovem^^ reported the presence in sperm 
head oil of about 4% of A®'Modecenoic acid. Because of its occurrence in 
denticete whales it has been referred to as denticetic acid, 

Tetradecenoic Acid.—Myristoleic acid has been frequently used in 
the literature to refer to A®»^®-tetradecenoic acid because of its constitu¬ 
tional analogy to oleic and m3rristic acids. However, at least three isomeric 
tetradecenoic acids have been isolated from various sources. The A®»'®- 
isomer has been found in traces in the depot fats of some land animals 
(beef and pork), and in butter, and to the extent of about 1% in most 
marine animal oils. According to Atherton and Meara,^* this acid con¬ 
stitutes over 20% of the total fatty acids of kombo fat from Pycnanthvs 
kombo. The A^'Msomer, tsuzuic acid, has been found to be a minor com¬ 
ponent of the seed fat of Lindera obtusiloba^ and the A*'®-isomer, which is 
also known as physteric acid, has been reported as a constituent of sperm 
head oil to the extent of about 14%. With the exception of the A®*^®- 
and A®'®-tetradecenoic acids in kombo fat and sperm head oU, respectively, 
none of the monoethenoid acids referred to thus far have been found in any 
appreciable quantity, and they have seldom been isolated from a given 
source in quantities exceeding a few grams. 

• S. Komori and S. Ueno, Bull, Chem. Soc, Japan, 12, 226 (1937). 
" Y. Toyama, /. Soc, Chem. Ind. Japan, 40, 286-289B (1937). 
“ T. P. Hilditch and J. A. Lovern, /. Soc, Chem. Ind., 47,105-lllT (1928). 

D. Atherton and M. L. Meara, J. Soc. Chem. Ind., 58,353-367 (1939). 
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Hezadecenoic Acid.—Palmitoleic or A®'^®-liexadecenoic acid, like myrist- 
oleic acid, has been named from its analogy to palmitic and oleic acids. 
It has been found to occur quite widely throughout the plant and animal 
kingdoms. It has also been reported under the name zoomaric and physet- 
oleic acid. Palmitoleic acid appears to be the characteristic acid of cold¬ 
blooded animals (fish, amphibia, and reptiles); as oleic acid is of warm¬ 
blooded animals. It is also associated with the fats of lower orders of both 
plants and animals, and has been isolated in varying amounts from the 
head oil and blubber of whales, from porpoise blubber, seal oil, cod liver oil, 
and from fish oils in general, including the oils of various rays and sharks. 
It has also been found in algae, diatoms, plankton, bacteria, yeast, and cry- 
togamous spores, and in the depot fats of amphibia and reptiles. 

Marine animal oils usually contain 15% to 20% of palmitoleic acid; the 
depot fats of amphibia and reptiles from 8% to 15%; the depot fats of 
birds and^mammalian liver fats from 6% to 8%; mammalian depot fats 
2% to 3%; and milk fats, 3% to 4%. The seed fats usually contain only 
small proportions of palmitoleic acid. Cottonseed, peanut, soybean, palm, 
olive, and teasecd oils have been shown to contain this acid in small amounts 
usually less than 1% of the total fatty acids. 

Octadecenoic Acid.—Oleic or m-A®'^®-octadecenoic acid, C18HS4O2, is 
generally considered to be the predominant fatty acid of natural fats. 
It has been found in practically every plant and animal fat in some 
proportion and frequently comprises 50% or more of the total fatty acids. 
Relatively few fats contain so little as 10% of this acid. 

Of the 16 positionally isomeric cfs-octadecenoic acids only three authentic 
natural isomerides have been isolated and characterized, namely, ordinary 
oleic or A®’^°K)ctadecenoic acid, petroselinic or A®‘^-octadecenoic acid, and 
vaccenic or ii\^^**2^ctadecenoic acid. Petroselinic add has been observed 
to occur in many members of the Vmhelliferae and it has also been isolated 
from ivy seed oil. In parsley seed oil and other umbelliferous oils, it com¬ 
prises 20% to 75% of the total fatty acids and it is al^o the chief unsaturated 
fatty acid of nigaki oil. Vaccenic add has been reported by various workers 
as a minor constituent of butter, beef, and mutton fats, lard, and whale 
oil. 

Millican and Brown^* systematically investigated the oleic acid frac¬ 
tion of a variety of animal and vegetable fats and concluded that the 
octadecenoic acids of chicken fat, peanut, cottonseed, corn, and linseed oils 
appear to be identical with the oleic acid of olive oil. On the other hand, the 
octadecenoic acids of lard, beef tallow, beef adrenal phosphatides, pork 
liver lipids, human fat, and to a somewhat lesser degree, soybean and rape- 
seed oils appear to be mixtures of oleic acid with other isomeric octadecenoic 

” B. C. Millican and J. B, Brown, Biol Chem,, 154,437-460 (1944). 
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acids. Beef fat and lard appear to contain vaccenic acid as had been 
previously reported. Tlie authors conclude that octadecenoic acids, other 
than oleic acid, are of general occurrence in lipids of animal origin. In this 
connection, it might be mentioned that Channon, Irving, and Smith^^ 
suggested the presence of A^^’^^-octadecenoic acid in pork liver lipids. 

Until recently, oleic acid has probably never been obtained in anything 
approaching a high degree of purity, consequently nearly all of the older 
data relative to the physical constants and, in some instances, chemical 
behavior of this acid are, except in fortuitous cases, probably reliable only 
as approximations. 

Eicosenoic Acid.—Gadoleic or A®-^®-eicosenoic acid, C20H38O2, and the 
isomeric A^^’^^-acid represent the only authentic C20 monoethenoid acids 
thus far identified from natural sources. The former has been found in cod 
liver oil, sardine, herring, whale, and other fish and marine animal oils in 
varying proportions but usually less than 5% to 10% of the "total fatty 
acids. The A^^'^Msomer has been reported from only one source, namely, 
jojoba wax. 

Docosenoic Acid.—Erucic or A^^'^^-docosenoic acid, C22H42O2, and ceto- 
leic or ^cid appear to be the only authentic C22 mono¬ 
ethenoid acids thus far identified from natural sources. The absence in 
natural fats of the corresponding A®»^°-acid is difficult to understand. 

Cetoleic acid has been reported only from marine animal oils, usually in 
small proportions. Erucic acid has been found only in the seed fats of the 
Cruciferae and Tropaeolaceae and in these fats it is the characteristic acid. 
It constitutes 40% to 50% of the total fatty acids of rapeseed, mustard- 
and wallflowerseed, and it represents up to 80% of fatty acids of nasturtium 
seeds. The isolation of pure erucic acid has been even more difficult than 
the isolation of oleic acid. Dor6e and Pepper^® systematically investigated 
various methods of obtaining this acid from rapeseed and reported a pro¬ 
cedure which gives what they consider to be a relatively pure product. 

Tetracosenoic Acid.—Selacholeic or A^®'^®-tetracosenoic acid, C24H46O2 
also known as nervonic acid, has been reported to occur in small propor¬ 
tion in the elasmobranch fish oils, but not in the fats and oils of teleostid 
fish and other marine animals. It has also been shown to be a constituent 
of the cerebrosides of the brain, hence the name, nervonic acid. 

Hexacosenoic Acid.—Traces of a hexacosenoic acid have been reported 
in the body oil of the castor oil fish. 

(6) Diethenoid Acids^ 

In addition to the monoethenoid fatty acids of Table 2, there are known 
a number of polyethenoid acids which possess unbranched hydrocarlK)n 

N. J. Channon, E. Irving, and J. A. B. Smith, Biochem, J., 28, 840-852 (1934). 
C. Dor4e and A. C. Pepper, J, Chem, Soc,, 1942, 477-483. 
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chains and two or more double bonds. The principal acids of this class are 
listed in Table 3 together with some of their properties. Only two of these 
acids, namely, linoleic and linolenic acids, containing two and three double 
bonds, respectively, can be considered to occur in nature with appreciable 
frequency. No acyclic, polyethenoid fatty acids containing less than eighteen 
carbon atoms are known with certainty to occur in plant fats. Lovem,^® 
in a critical review of the occurrence of polyethenoid fatty acids in aquatic 
animals, mentions the occurrence of Cu and Cie acids of this type. Hira- 
gonic acid, C18H26O2, which lias been found in Japanese sardine oil appears 
to be the principal representative of these acids. 

Although the introduction of two or more double bonds in the carbon 
chain provides increased opportunity for the formation of positional iso¬ 
mers, actually fewer isomeric polyethenoid than monoethenoid acids have 
been detected in natural fats. For example, only one diethenoid fatty acid, 
namely, ordinary linoleic acid, has been unequivocally identified as being 
present in plant or animal fats, whereas sixteen monoethenoid acids have 
been identified from these sources. 

Linoleic Acid.—Linoleic or A®**®'^2-'^-octadecadienoic acid, C18H32O2, is 
widely distributed in the plant kingdom, and by frequency, as well as 
proportionality, it is the most important polyethenoid acid found in fats 
and oils. It is a characteristic, and oftentimes major component of many 
of the important fats of commerce, including cottonseed, soybean, peanut, 
com, sunflowerseed, poppyseed, linseed, and perilla oils. This acid almost 
invariably accompanies oleic acid in vegetable fats and is generally thought 
to be the characteristic acid of diying oils. However, unless modified in 
some maimer to improve their drying characteristics, oils containing fatty 
acids no more unsaturated than linoleic, find only limited employment in 
the drying oil industry. Oils, such as peanut, palm, olive, teaseed, kapok, 
etc., having less than 25% linoleic acid, have practically no value as drying 
oils. Oils such as com germ, cottonseed, sunflowerseed, poppyseed, ses¬ 
ame, etc., which contain 40% to 65% of linoleic acid but no linolenic acid, 
are sometimes classed as semidrying oils, but actually they find little em¬ 
ployment in the drying oil industry. Linoleic and other diethenoid fatty 
acids appear to be absent in all but a very few marine animal oils. 

Evidence that linoleic acid from whatever natural source is invariant as 
regards its chemical configuration is conflicting. Although long the sub¬ 
ject of investigation and discussion, the stmcture of the linoleic acid ob¬ 
tained from the great majority of plant sources is now firmly established as 
cfs-A®'^®-cis-A^*‘^*-octadecadienoic acid. The evidence on which this 
structure rests is very voluminous and has been ably summarized by Hil- 

J. A. Lovem, The Campoeitim cf the Depot Foie of ApuUie AnimaU» Food Investi¬ 
gation Board, Special Report No. 51, H. M. Stationery Office, London, 1942. 
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ditch.Although no positional or geometric isomer of ordinary linoleic 
acid has been isolated from plant fats and unequivocally identified, the 
existence of such isomers has been inferred. The principal basis for assum¬ 
ing the existence of isomeric linoleic acids has been the failure to obtain 
insoluble tetrabromo derivatives corresponding to known amounts of lino¬ 
leic acid used in bromination experiments even though the yield of a-tetra- 
bromostearic acid has been corrected as proposed by Brown and co-work- 
grsw-ai by multiplying the yield of petroleum ether-insoluble tetrabromides 
by a factor of 100/90.6 or 1.1037. 

For example, Inoue and Suzuki*^® isolated a linoleic acid from the oil of 
the silk worm pupa which gave no solid tetrabromide. On partial hydro¬ 
genation with one mole of hydrogen this isolinoleic acid gave oleic acid 
which on oxidative cleavage gave pelargonic and azelaic acids. The velocity 
of the hydrogenation of ordinary linoleic acid was found to be more rapid 
than that of the new isolinoleic acid. The authors claimed the original iso 
acid possessed a structure corresponding to A*|'^°'^2.i8.Qgtadecadienoic acid, 
thus indicating it was a geometrical rather than a positional isomer of lino¬ 
leic acid. 

Frankel, Stoneburner, and Brown® isolated from olive oil by low tem¬ 
perature crystallization, various fractions of linoleic acid which, on the 
basis of corrected tetrabromide and thiocyanogen values, apparently con¬ 
tained only 52% to 78% of the normal linoleic acid, whereas, on the basis 
of iodine numbers, they contained 81% to 96% of this acid. Linoleic acid 
prepared by the same method from corn, sesame, cottonseed, grapeseed, 
and poppyseed oils gave corrected tetrabromide and thiocyanogen values 
corresponding to 95% to 100% of the normal acid. These authors con¬ 
cluded, therefore, that the various linoleic acid fractions from olive oil con¬ 
tained 19% to 40% of an octadecadienoic acid which was not identical with 
m- A^*»^*-octadecadienoic acid. 

Ambiguity also exists concerning the nature of the linoleic acid obtained 
from sources other than the seed fats. Wherever the normal linoleic acid 
of the seed fats has been identified from animal sources, it has been pre¬ 
sumed to have been present as a result of ingestion and storage by the 
animal of the fat per se. The linoleic acid which is present in fish and 
marine animal oils, milk fat, liver and depot fats of beef and sheep, etc., is 
generally presumed to possess a configuration different from that of the 

T. P. Hilditch, The Chemical Conetituticn of Natural Fats, Chapman & Hall, Lon¬ 
don, 1940l^PP. 331-336. 

“ J. B. Brown and J. Frankel, J, Am. Chem. Soc.^ 60, 64-56 (1938), 
N« h, Matthews, W. R. Brode, and J. B. Brown, J. Am. Chem. 8oc.^ 63,1064-1067 

(1941). 
^ J. S. Frankel, W. Stoneburner, and J. B. Brown, J. Am, Chem. Soc,, 65, 259-262 

(1943). » » —» 
J. S. Frankel and J. B. Brown, J. Am. Chem. Soe., 65,415-418 (1943). 
y. Inoueand B. Suzuki, Proe. Imp. Acad, Tokyo, 7,16-18 (1931). 
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acid present in plant fats. Considerable evidence is available to the effect 
that linoleic acid, as well as linolenic and arachidonic acids, are not only 
essential to the maintenance of health and normal reproduction of animals, 
but also that at least some species of animals are incapable of synthesizing 
these acids and must obtain them by ingestion from other sources. If this 
is actually the case, the linoleic acid found in these animals must be the 
same as that contained in the ingested vegetable matter unless it under¬ 
goes rearrangement in the animal organism. Spectroscopic and other evi¬ 
dence indicates that the fatty acids which are stored in various fat depots 
of experimental animals correspond to those which the animal has ingested. 
If, indeed, this is the case, and also that different linoleic acids actually 
occur in animal organisms, then it may be assumed that they also occur in 
plants. On the other hand, it may be possible that the apparent dissimilari¬ 
ties in the linoleic acids derived from plants and animals may result from 
limitations in analytical techniques, and especially in the bromination and 
oxidation procedures, when applied to small amounts of linoleic acid in the 
presence of complex mixtures of other unsaturated fatty acids. 

(c) Triethcnoid Acids, Cnfhn-^^O^ 

Unlike the diethenoic acid series, which is represented by only one well- 
known member, namely, linoleic acid, the triethenoic series is represented 
by the equally well-known linolenic acid and several isomers. These acids, 
with one exception, contain Cis carbon chains and three double bonds 
either in isolated or in conjugated positions. 

Hiragonic Acid.—Hiragonic or A®'^'^°'^^'^^*^®-hexadecatrienoic acid, 
C16H26O2, is the only member of the triethenoid acid series which contains 
less than eighteen carbon atoms. Its presence was reported by Toyama and 
Tsuchiya^^ as a minor component of the oil of the Japanese sardine, Clu- 
panodon melanostica, 

Linolenic Acid.—Linolenic or A®'^°'^^'^®-^**^*-octadecatrienoic acid 
C18H30O2, is of frequent occurrence in many seed fats, although oftentimes 
in very small quantities. The presence of linolenic acid in oils markedly 
increases their dr3dng properties. However, it must be present in appreci¬ 
able proportion to produce effective drying and film formation. Oils con¬ 
taining relatively large proportions of linoleic acid, but less than 15% 
linolenic acid, e. g.,. soybean, safflower and walnut seed, find only limited 
direct use in the drying oil industry. Their principal use is in the prepara¬ 
tion of synthetic resins or in admixture with faster drying oils in the manu¬ 
facture of paints, varnishes, printing inks, linoleum, etc. When the propor¬ 
tion of linolenic acid exceeds 25%, the drying and film-forming properties 
become quite pronounced. Only a few oils of commerce, e. g., linseed, pe- 

** Y. Toyama and T. Tsuchiya, Bull, Chem, Soc, Japan, 10, 192-109 (1935). 
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rilla, and hempseed, possess a linolenic acid content of 25% to 50%, to¬ 
gether with an appreciable content of linoleic acid. Therefore, only such 
oils find direct employment in the manufacture of the majority of house 
paints and related products. 

An isomer of linolenic acid, namely, A®*^*®’^®'^2'^®-octadecatrienoic acid, 
has been isolated from the seed fat of the evening primrose, Oenothera 
biennis. 

Elaeostearic Acid.—Another isomer of linolenic acid, elaeostearic or 
acid is the principal acid occurring in tung 

or China wood oil. It occurs to the extent of 85% to 90% of the total 
fatty acids of this oil and has been reported to be present in small propor¬ 
tions in the seed fats of a few other plants. Unlike the other fatty acids 
mentioned thus far, its double bonds are arranged in conjugated instead of 
isolated positions. 

Arrangement of the double bonds of a fatty acid in conjugated positions, 
—C=C—C=C—C=C—, as contrasted with a similar number of double 
bonds in the isolated or nonconjugated positions, —C=C—C—C=C—C— 
C=C—, results in marked differences in chemical and physical properties 
of the two types of acids. The most apparent differences resulting from 
this difference in arrangement of double bonds are observed in the refrac¬ 
tive indices, absorption spectra, addition of halogens, rates of absorption 
of oxygen, and polymerization. A striking effect resulting from the pres¬ 
ence of double bonds in the conjugated position is noted in the melting 
points of such acids. All of the Cis unsaturated acids considered thus far 
are liquids at ordinary temperatures. It is generally assumed that the ef¬ 
fect of shifting double bonds toward the carboxyl end of the molecule tends 
to raise the melting point, and shifting them away from the carboxyl tends 
to lower it. However, nearly all of the polyethenoid acids contain a double 
bond in the 9,10-position with additional bonds farther removed from the 
carboxyl. When additional double bonds are introduced, the normal 
tendency is to depress the melting point (oleic 13-16^0., linoleic acid — 5°C. 
linolenic acid — 11°C.). The same number of double bonds in conjugated 
positions, however, appear to result in an increase in the melting point, 
e. g.f a-elaeostearic acid, 48-49®C.; iS-elaeostearic acid, 71®C.; punicic 
acid, 44®C.; trichosanic acid, 35~35.5°C. 

Fats and fatty acids containing conjugated double bonds do not add 
halogens to complete saturation in the same maimer as those containing 
nonconjugated bonds and, therefore, they give lower than the theoretical 
iodine values under standard conditions. On the other hand, they absorb 
oxygen and polymerize more readily to form alkali- and water-resistant 
films than is the case with nonconjugated fats and fatty acids, and they are, 
therefore, used extensively in the manufacture of rapid drying varnishes 
and enamels, insulation and waterproofing compounds, and similar prod- 
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ucts. The introduction of double bonds in conjugated positions likewise 
results in a tendency of these acids to form crystalline isomerides which can 
be differentiated primarily on the basis of melting points. The naturally 
occurring elaeostearic acid melting at 48~49°C. has been designated as a- 
elaeostearic. It is readily converted by the action of light and other agents 
to a higher melting form which has been designated /3-elaeostearic acid, 
m.p. 71^C. 

To date, no concluave evidence has been adduced to indicate that con¬ 
jugated double bond acids occur in animal fats and oils of either land or 
marine origin. In fact, Miller and co-workers^®’^^ have shown spectroscopi¬ 
cally that when conjugated fatty acids are ingested by animals they are 
stored as such in the various fat depots and their disappearance from theser 
depots is accompanied by the appearance of absorption maxima unrelated 
to any known fatty acid. 

Punicic and Trichosanic Acids.—^Two additional isomers of elaeostearic 
acid have been reported, namely, punicic acid, m.p. 44®C., from pome¬ 
granate oil and trichosanic acid, m.p. 35°C., from Trichosanthes cucu- 
meroides. Both are A®'^®‘^^-^2*^*'^^-octadecatrienoic acids and both can be 
converted by the action of light to jS-elaeostearic acid. They appear, there¬ 
fore, to be crystalline isomerides of a-elaeostearic acid. 

(d) Tetraethenoid Acids, CnHin-sOz 

The tetraethenoic acid series is represented by at least two members, 
namely, parinaric acid containing a Cis carbon chain, and arachidonic acid 
containing a C20 carbon chain. It is not improbable, however, that other 
tetraethenoid acids occur in nature. The difficulties involved in isolating 
these acids in pure form and of determining their structures increase with 
increasing degree of unsaturation and corresponding instability. 

Parinaric Acid.—Parinaric or A®»^®*“'^2’^*'^^’^®’^®-octadecatetraenoic acid 
is the only authentic acid containing four double bonds which has thus 
far been isolated from seed fats. The positions of the double bonds are 
not exactly known, but probably are as represented above. The naturally 
occurring modification, or a-form, melts at 85-86°C. but is readily con¬ 
verted to another modification, or /3-form, melting at 95~96®C. Farmer 
and Sunderland^® have shown that the acid contained four double bonds in 
a conjugated position. The high melting point and existence of two 
crystalline isomers are in accord with the conjugated position of its double 
bonds. 

Arachidonic Acid.—^Arachidonic or A®'®**®*“'i®*^^'^®-eico8atetraenoic 

*• E4 8. Miller and G. 0. Burr, Proc. 80c, ExpU. Biol Med., 726-729 (1937). 
^ £. 8. Miller, R. H. Barnes, J. P. Kass, and G. O. Burr, Proc. 1^. ExpU. Biol. Med., 

41 485-439 (19o9). 
* E. H. Fanner and E. Sunderland, J. Chem, Soc., 1935,769-761. 
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acid, CioHnOa, is an unsaturated acid containing four double bonds, none 
of which are in a conjugated position. The exact locations of the double 
bonds in this acid was a matter of controversy for a time but l^e positions 
assigned to them now appear to be firmly established. This structure was 
first proposed by Dolby, Nunn, and Smedley-Maclean** and definitely 
proved by Mowry, Erode, and Brown” on the basis of ozonolysis at dry ice 
temperatures and acetone-potassium permanganate oxidation of methyl 
arachidonate. Subsequently, this structure was also confirmed by Arcus 
and Smedley-Maclean.” 

Arachidonic acid has been found to occur in small quantities in the brain, 
liver, blood, and depot fats of cattle and pigs. It appears to be present in 
various amounts in the phosphatides of animals, especially the suprarenal 
phosphatides in which it has been found to comprise 20% of the total 
fatty acids. According to Turpeinen,” Smedley-Maclean and co-work¬ 
ers, Burr and co-workers,** Sinclair,** Quackenbush and co-workers,** 
and others, arachidonic, like linoleic acid, is an essential fatty acid which 
must be supplied in the diet for the maintenance of normal health and re¬ 
production. However, arachidonic acid does not occxn in plants, con¬ 
sequently it must be synthesized by herbivorous animals and there is some 
evidence which indicates that this is possible provided the animal organism 
is supplied with linoleic or linolenic acid. The presence of isomeric eico- 
satetraenoic acids has been reported to occur in marine animal oils but the 
structures of these acids have not been determined with certainty. 

(e) Other Polyethermd Acids 

A number of other polyethenoid acids, primarily, if not entirely, of marine 
animal origin, are known. They contain twenty or more carbon atoms and 
five to six double bonds. Those of most frequent occurrence and in largest 
proportion contain Cm and Cm skeletons. Considerable uncertainty exists 
with respect to the number and location of the double bonds in these acids. 

Clupanodonic Acid.—Clupanodonic or A*>*-*-*'“'***“’**’“'*®-docosa- 
pentaenoic acid, CmHmOj, contains five double bonds probably arranged as 
indicated above. It occurs in practically all marine animal oils from which 

“ D. E. Dolby, L. C. A. Nunn, and I. Smedley-Maclean, Biodiem. J., 34,1422-1426 
(1940). 

» D. T. Mowry, W. R. Erode, and J. B. Brown, J. Biol Chem,, 142, 679-91 (1942). 
*• C. L. Arcus and I. Smedley-Maclean, Biochem, 37,1-6 (1943). 
••0. Turpeinen, Proc, Soc. Bxptl Biol Med,, 37, 37-40 (1937); J. NtUrition, 15, 

361-366 (1938). 
« L. C. A. Nunn and I. Smedley-Maclean, Biochem. J., 32,2178-2184 (1988). 

I. Smedley-Maclean and L. C. A. Nunn, Biochem, J,, 34, 884-902 (1940). 
•• G. O. Burr, J. B. Brown, J. P. Kass, and W. O. Lundberg, Proc, Soc, ExpU, Bid, 

Med,,U, 242-244 (1940). 
•• R. Q, Sinclair, /. Nuirition, 19, 131-140 (1940^ 
^ F. W. Quackenbush, P. A. itummerow. and H. Steenbock, J, Nutrition, 24.213-224 

(1942). 
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source it was first isolated by Tsuiimoto. It has been shown to contain an 
aliphatic chain containing twenty-two carbon atoms and five double 
bonds,®®'*® whose positions were established by Toyama and Tsuchiya®^ 
to be as indicated in the formula above. The exact location of the double 
bonds of clupanodonic acid has been a matter of controversy for years, 
and on the basis of Lovern’s^® review of the subject it cannot be considered 
entirely settled. 

A docosahexaenoic acid, C22H32O2, containing six double bonds has been 
isolated from Japanese sardine oil by Toyama and Tsuchiya®® and from 
cod liver oil by Farmer and van den Heuvel.®* According to the latter 
authors it is the predominant unsaturated acid in cod liver oil. The exact 
location of the six double bonds in this acid has been the subject of contro¬ 
versy and at least five different structures have been assigned to it. The 
two structures which have received most general acceptance correspond 
to 18,19.21,22. ^ud A®'®'®'9'ii'i2.i4.i6.i7.i8.20.2i.docosahexaenoic 

acids. 
Scoliodonic Acid.—Scoliodonic is one of a number of <^24 unsaturated 

acids which have been reported to occur in very small proportions in 
marine animal oils. Ozonolysis indicates the presence of five double 
bonds. 

Nisinic Acid.—A tetracosahexaenoic acid, C24H36O2, containing six 
double bonds has been reported to occur in Japanese sardine oil. The 
acid is assumed to have a structure corresponding to ^4,5,8,9,12,13.16,1®.is,. 
19,21,22_tetracosahexaenoic acid. 

Other polyethylenic acids including a tetracosaheptaenoic, hexacosa- 
pentaneoic, octacosapentaenoic, and octacosaheptaenoic acids have been 
reported to occur in various marine animal oils.'®'^’ 

(/) Ethinoic Acids 

Although many aliphatic triply bonded or ethinoic acids are known, 
only two have been identified with certainty as components of natural fats. 
However, many acids of this series have been prepared in the laboratory. 
The majority of them have a triple bond at either the a or co position in the 
hydrocarbon chain, e. g,, propiolic or a-propinoic acid, HC:C*COOH, 
m.p. 9°C., b.p. 144°C.; tetrolic or a-butinoic acid, CHaCiC-COOH, 
m.p. 76°C., b.p. 203°C.; oi-pentiiioic acid, HC i C • CH2CH2COOH, dehydro- 
undecylenic or co-undecinoic acid, HCsC(CH2)8COOH, m.p. 43°C., b.p. 

** M. Tsujimoto, J, Soc. Chem. Ind, Japan, 23, 1007-1010 (1920); Bull, Chem, Soc. 
Japan, 3, 299-307 (1928). 

M. Tsujimoto and K. Kimura, J. Soc, Chem, Ind. Japan, 26,1162 (1923). 
Y. Toyama and T. Tsuchiya, BuU. Chem. Soc. Japan, 10, 411-463 (1935); 11, 

746-760, 751-753 (1936). 
Y. Toyama and T. Tsuchiya, BuU. Chem. Soc. Japan, 10, 539-543 (1935). 

•• E. II. Farmer and F. A. Van den Heuvel, J. Chem. Soc., 1938, 45^-430; J. Soc, 
Chem. Ind., 57, 24-31T (1938). 
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at 15 mm. 175°C. Some of the S3mthetic ethinoic acids have a triple bond 
elsewhere in the chain, e. g., stearolic or A® '^°-octadecinoic acid, CH3(CH2)7- 
C: C(CH2)7C00H. Stearolic acid is isomeric with naturally occurring tari- 
ric acid. 

Tariric Acid.—^Tariric or A®-^-octadecinoic acid, which is also designated 
as 6,7-stearolic acid, constitutes 90% of the glycerides of the seed fat of 
Picramnia Sow^ found in Guatemala. It is known to occur in the seed 
oils of a few other species of the Picramnia genus but in relatively small pro¬ 
portions. A related acid, A®*^'®'^®-octadeceninoic acid, which contains one 
double bond and one triple bond, has been isolated from the fatty acids of 
the seeds of Ongokea klaineana (Onguekoa Gore Engler),^^ It is not known 
with certainty which position contains the double bond and which the 
triple bond. 

Table 4 

MELTING POINTS (iN DEGREES C.) OP THE STEAROLIC ACIDS, C18H32O2, AND 

THEIR OXIDATION AND REDUCTION PRODUCTS® 

Position of 
triple bond RC-CR' RCI»=CIR' RCO—COR' rCH=CHR' RCOH—COHR' 

52.5 62 94 47.6 94 
(Tariric) 51.6 48 98 64 117.6 

AU 49.25 68.25 86.5 45.5 96.5 
Ai.9 47.6 67 63 98.5 
A®. 10 48 51 86 ‘ 45 95.5 
Aio.ii 47 45 52 97 

® M. S. Posternak, Compt. rend., 162, 944-946 (1916). 

In addition to the naturally occurring stearolic or tariric acid, several 
isomers of it have been prepared by adding hydriodic acid to tariric acid 
and treating the dihydroidide with alcoholic potassium hydroxide which 
results in a displacement of the triple bond to either the right or left of the 
position it originally occupied. By repeating the operation with the new 
isomer, a series of stearolic acids can be prepared. Corresponding elaidic 
acids can be obtained by treating the isomeric stearolic acids with hydriodic 
acid and reducing the reaction product with zinc in acetic acid solution. 
The melting points of a series of stearolic acids and corresponding oxidation 
and reduction products prepared by Posternak*^ are given in Table 4. 

Behenolic acid, CH8(CH2)7C;C(CH2)iiCOOH, m.p. 57®C., has been 
prepared from the dibromides of erucic and brassidic acids. Mild reduction 
of behenolic acid produces erucic acid while more vigorous reduction gives 
brassidic acid. 

^ A. Steger and J. van Loon, Rec. trav, chitn,, 52,693-600 (1933). 
A. Ste^r and J, van Loon, Fette u, Seifen, 44,243-246 (1937). 
M. S. Posternak, CompL rend,, 162,944-946 (1916). 
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5. Substituted Fatty Acids 

All of the fatty acids listed in Tables 1 to 3, and discussed in the pre¬ 
ceding pages, contain only unsubstituted, saturated or unsaturated hydro¬ 
carbon chains, and a terminal carboxyl group. There are also known a 
number of naturally occurring fatty acids which are differentiated from 
those previously mentioned by the substitution of various atoms and 
radicals for one or more of the hydrogen atoms of the hydrocarbon chain. 

The substituting groups may be alkyl, hydroxyl, keto, or pentacarbocyclic 
rings. The replacement of a hydrogen atom by an alkyl group produces 
branching in the hydrocarbon chain. The substituted acids may belong to 
the saturated or the unsaturated fatty acid series. 

(a) Suhstitvied Saturated Adds 

Among the few known, naturally occurring, saturated acids in which 
a methyl group has been substituted for hydrogen are isovaleric, tuberculo- 
stearic, phthioic, phytomonic, and others of uncertain structure. 

Isovaleric Acid.—Although n-valeric acid has never been identified as 
a constituent of fats, its isomer, 3-methylbutanoic or isovaleric acid, 
CH8CH(CH8)CH2C00H, has been reported as a constituent of dolphin 
and porpoise oils. Two things are noticeable regarding the structure of 
this acid, namely, that its longest straight chain contains four carbon atoms, 
the fifth being in a side chain, thus conforming, with respect to its long chain 
to the general rule that only even-numbered carbon atoms are found as 
constituents of natural fats; also, that the whole carbon skeleton is the 
same as that which occurs in isoprene, the monomeric unit of various 
natural polymers and condensation products, such as rubber, terpenes, 
hydrocarbon pigments, etc. 

Chevreul^® first reported the presence of isovaleric acid in the oil of the 
dolphin and porpoise and named it acide phocenique. The accuracy of the 
identification of this acid has been questioned at various times, but few 
serious efforts have been made to determine its exact identity by rigorous 
and irrefutable means. Perhaps the most thorough examination of the 
natural acid has been made by Andr6^^ who compared the product obtained 
from dolphin and from porpoise oil with a specimen of isovaleric acid from 
valerian root and one prepared synthetically from isobutylmagnesium 
bromide and carbon dioxide. The boiling points of the acids from each of 
the four sources were compared, also the melting and mixed melting points 
of the amides, and the refractive indices of the liquid acids. These proper¬ 
ties were also compared with those of a 60:50 mixture of n-butyric and w- 
caproic acids. On the basis of the latter comparison, it was concluded that 

M. E, Chevreul, Recher^ea chimiques sur les corps gras origins animals, Lev- 
rault, Paris, 1823, p. 116. 

« E. Andr6, Bull, soe, chinL, 35,867-868 (1924); Compl. rend., 178,1188-1191 (1924). 
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phocenic acid is not an equimolar mixture of but3nic and eaproic acids. 
Although the agreement in values for the acids and their derivatives from 
the four sources mentioned above were not in every case the best possible, 
it appears likely that the acid isolated by Chevreul and others from the head 
oil of the dolphin and from porpoise oil is indeed isovaleric or 3-methyl- 
butanoic acid. 

Subsequent to the work of Andr4, Gill and Tucker^® examined a sample 
of porpoise jaw oil which they claimed contained 26.7% isovaleric acid. 
The evidence for the presence of this acid was based on the observation that 
89.6% of the mixed fatty acids of porpoise jaw oil distilled at 170~171°C., 
and that this distillate fraction had a zero iodine value and a neutralization 
equivalent of 104 compared to 102 for valeric acid. The ethyl esters of the 
same fraction distilled over a range of 133--145°C., and since the boiling 
points of the ethyl esters of the four isomeric valeric acids vary from 133.5- 
144.6°C., the authors concluded their acid was isovaleric although they also 
state that the amount available did not permit them to determine which of 
the four isomers they had isolated. 

Klein and Stigol^® also reported the presence of isovaleric acid from the 
oil of the Black Sea dolphin. On distillation of the mixed fatty acid esters, 
a fraction distilling between 133° and 135°C. was obtained which had a 
characteristic fruity odor. They concluded that since the ethyl ester of 
isovaleric acid boiled at 134.3°C. and that of valeric acid at 145°C., the 
fatty acid they isolated was, therefore, isovaleric acid. Confirmation of 
the identity of the isovaleric acid consisted in the detection of a valerian 
odor of a specimen of the regenerated acid after treatment with sulfuric 
acid, and of a ferric chloride and copper acetate test for isovaleric acid. 

Tuberculostearic Acid.—Anderson and Chargaff^^ isolated an acid 
from tubercle wax which was reported by Spielman^* to have the formula 
C19H38O2 and corresponded to 10-methylstearic acid. This acid also con¬ 
stitutes an exception to the rule that natural fatty acids consist solely of 
straight chains containing only even numbers of carbon atoms. It is 
isomeric with n-nonadecanoic acid which has never been isolated from 
natural sources. The acid which was optically inactive, was not identical 
with synthetic dZ-lO-methylstearic acid. It melted at 10-11°C. while the 
S3rnthetic acid melted at 20-21 °C. However, the amides and tribromo- 
anilides of the natural and synthetic acids had the same melting points, 
namely, 76-77°C. and 93-94°C., respectively. Velick" examined natural 
tuberculostearic acid and its amides by x-ra}^ and concluded from the ob¬ 
served spacing values that it probably possessed a structure corresponding 

A. H. Gill and C. M. Tucker, Oil <fc Fat Industries, 7,101-102 (1930). 
A. Klein and M. Stigol, Pharm, ZentraihalU, 71,497-500 (1930). 
R. J. Anderson and E, Chargafif, J, BioL Chem,, SS, 77-88 (1929). 

« M. A. Spielman, J. BioL Chem., 106, ^-96 (1934). 
S. F. Velick, J. BioL Chem., 1S4,497-502 (1944). 
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to d- or MO-methylstearic acid previously assumed for it on the basis of 

chemical evidence. 
Phthioic Acid.—^Anderson and co-workers®®’®^ reported the isolation 

from tubercle bacillus of an acid which they designated as phthioic acid 
which melted at 20~-21°C. and was optically active, [ajo = +12.56°. 
Ultimate analysis of the acid and its amide indicated that it had the formula 
C2«H5202. On the basis of its melting point, optical activity, and ultimate 
analysis it was assumed to be a pol3nnethylated acid although no direct 
evidence was obtained of the number and position of the attached methyl 
groups. This acid would be isomeric with cerotic or n-hexacosanoic acid 
which is found in beeswax and in plant waxes. At least three other branched 
chain, optically active homologs, corresponding to C24H48O2, C26H60O2, and 
C27H64O2, were found to accompany phthioic acid from the acetone-soluble 
fat of an unidentified strain of tubercle bacillus.®^ 

Phytomonic Acid.—Velick and Anderson®^ and Velick®® isolated a liquid 
saturated fatty acid from the acetone-soluble fat and from the phospha¬ 
tide of the crown-gall bacillus, Phytomonas tumefadenSj which had an em¬ 
pirical formula corresponding to C20H40O2. Insuifficient physical and 
chemical data were obtained to permit determination of its structure, but 
it appeared to contain one or more branched chains. 

Saturated Hydroxy Acids.—Small amounts of various saturated hy¬ 
droxy acids are known to be present in fats. Dihydroxystearic acid is 
known to occur in castor oil.®^~®® Brain lipids contain at least three a-hy- 
droxylated saturated fatty acids in the form of phrenosins. They have 
been shown by Chibnall et c^.®^ to be a-hydroxy-n-docosanoic, a-hydroxy- 
n-tetracosanoic, and a-hydroxy-n-hexacosanoic acids. 

(b) Substituted Unsaturated Acids 

The substituted fatty acids of the unsaturated series are more numerous 
and constitutionally more variable than those encountered in the satu¬ 
rated series. Also, a number of the substituted acids of the unsaturated 
series are of considerable economic value wliile those of the saturated series 
possess little or no such value. Among the former are ricinoleic, licanic, 
and chaulmoogric acids. The more important substituted, unsaturated 
fatty acids are listed in Table 5 together with some of their properties. 

*® M. A. Spielman and R. J. Anderson, J, BioL Chem.^ 112, 759-767 (1936). 
L. G. Ginger and R. J. Anderson, J, Biol, Chem.^ 156, 443-451 (1944). 
8. F. Velick and R, J. Anderson, J. Biol, Chem,, 152, 523-531 (1944). 

« S. F. VeUck, J, Biol, Chem,, 152, 533-538 (1944). 
A. Eibner and E. Mtinzing, Chem, Umschau Feite Ok Wachee Harze, 32, 153-162 

(1925). 
“ P. Panjutin and M. Rapoport, Chem, Umschau Fette Ole Wachse Harze, 37,130-135 

(1930). 
H. P. Kaufmann and H. Bornhardt, Fetie u, Seifert, 46, 444-446 (1939). 
A. C. Chibnall, 8. H. Piper, and E. F. Williams, Biochem, J„ 30, 100-114 (1936). 
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Table 5 

SUBSTITUTED AND TRIPLE BOND UNSATUBATED ACIDS 

Systematic name Common 
name 

Formula Molec¬ 
ular 

weight® 

Neu¬ 
traliza¬ 

tion 
value®* & 

Theo¬ 
retical 
iodine 
value® 

Optical 
rota¬ 
tion, 
1«Id 

12-Hydroxy-A** *®-octadeC“ 
enoic Ricinoleic C«H.40» 298.45 187.98 85.06 5 +6.7 

4-Keto- A«.i®»”.«.»>.«-octa- 
decatrienoic Licanic CiiHjsO* 292.40 1 191.87 260.43 a-form I 

11- A*i«-Cyclopentenyl-n- 
undecanoic Hydno- 

carpic ChHmOj 262.38 222.30 100.68 

74-75 
5-form 
99.5 

59-60 +68 
13- A®>*-Cyclopentenyl-n- 

tridecanoic Chaul- 
moogric Cl8nj202 280.44 200.06 90.52 71 +56 

13- A-*»»-Cyclopentenyl-AM 
tridecenoic Gorlic C18H30O2 278 42 201.61 182.34 liq. +60 

A®»^-Octadccinoic Tariric C18H8202 280.44 200.06 181.03 liq. 

® Calculated on the basis of International Atomic Weights for 1940. 
^ Neutralization or acid value equals the number of milligrams of potassium hydroxide required to 

neutralize one gram of acid. 

Ricinoleic Acid.—Ricinoleic or 12«hydroxy-A®’^®-octadecenoic acid, 
C18H34O3, is found primarily in castor oil in which it comprises 80% or more 
of the total fatty acids. It has been reported in appreciable quantities 
from only a few other sources, fof example, ivory wood oil. Small quanti¬ 
ties of hydroxy acids have been reported to occur in various fats and oils 
but little work has been done on them and their constitutions and identities 
are uncertain. Ricinoleic acid is optically active, [a]^ ~ +6.7, owing to 
the molecular asymmetry which results from substitution of a hydroxyl for 

‘ a hydrogen at the twelfth carbon atom in the chain. Its melting point has 
been reported as 5° and 17°C., probably indicating its existence in two 
polymorphic forms. The presence of the hydroxyl group imparts to this 
acid, which is ojbherwise similar to oleic acid, a number of properties which 
enhance its utility. Formerly, the most important of its derivatives re¬ 
sulted from sulfonation, but the discovery by Fokin^ that ricinoleic acid 
can be dehydrated to form unsaturated, conjugated, and nonconjugated 
linoleic acids has led to its use in the drying oil industry as a replacement 
for elaeostearic acid. Other derivatives are of importance as plasticizers 
for resins and it serves as a source of sebacic acid which has a number of 
industrial uses. 

Licanic Acid.—Licanic or 4-keto-A®'^®’^^'^^'*®’^^-octadecatrienoic acid, 
Ci8H280s, is the only known naturally occurring fatty acid which contains a 
keto group. Besides the keto group attached at the fourth carbon atom, 
it contains three conjugated double bonds in the same positions as in elaeo¬ 
stearic acid. The naturally occurring acid is a solid at room temperature 

« 8. Fokin, J, Russ, Phya. Chem. Soc., 46, 224-226, 1027-1042 (1914)/ 
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and melts at 74~75°C. It is readily converted to a crystalline, isomeric, or 
/S-form, melting at 99.5°C.®®'®® The acid was first isolated from oiticica 
oil, ikcania rigida,^^ obtained from Brazil, but is now known to be present 
in a number of other oils, including cacahuananche or Mexican oiticica oil, 
Licania arborea, and po-yoak oil, Parinarium sherbroense, from Sierra 
Leone. Oiticica oil contains 75-80% of this acid, and po-yoak oil 45-50% 
together with about 30% of elaeostearic acid. Owing to the presence of 
three double bonds in conjugated positions, licanic acid readily undergoes 
polymerization and film formation in a manner similar to elaeostearic acid. 
The resulting films are alkali- and water-resistant, consequently the oils 
containing this acid are used in the drying oil industry much the same as 
tung oil is used. 

Chaulmoogra Acids.—Six acids containing cyclopentenyl rings have 
been isolated from the seed fats of various species of the Flacourtiaceae 
and especially from tlie genus Hydnocarpus. Chaulmoogric acid, Ci«H8202, 
and hydnocarpic acid, C16H28O2, contain a cyclopentenyl ring: 

CH2CH2CH— 
I I 
CH—CH 

and a saturated side chain containing thirteen and eleven carbon atoms, 
respectively. The acids are strongly dextrorotatory and are solids at room 
temperature. They are used primarily as medicinal agents especially in 
the treatment of leprosy. 

Four homologs of chaulmoogric acid have recently been isolated by Cole 
and Cardoso** from the oil of Hydnocarpus wighUanus, These unsaturated 
acids, differing primarily in the length of the side chain, were designated as 
akpricy ahpryliCf akpresticy and akproUc. Since all of them, as well as 
their ethyl esters, are optically active, they will be discussed further under 
the section on optical activity. 

Gorlic Acid.—Gorlic acid, CisHjoOa, like the chaulmoogra acids, con¬ 
tains a cyclopentenyl ring, but in addition it contains a double bond in 
the side chain between the sixth and seventh carbon atoms. Gorlic acid 
occurs principally in gorli seed oil obtained from Oncoba echinata of Africa. 
It forms about 10% of the total fatty acids of gorli seed oil. It is optically 
active and owing to the presence of a second double bond in the side chain 
it is a liquid at room temperature. 

W, B. Brown and E. H, F&rmei.Biochem. J,, 29, 631-639 (1935). 
•• R. S. Morrell and W. R. Davis, J. Chem. Soc., 1936,1481-1484; J. OH Colour Chem, 

Asaoc^ 19, 359-362 (1936). 
w H. A. Gardner, Natl Paint Vamuh Lacquer Assoc., Giro. No. 654, 28-34 (1943). 
« H. I. Cole and H. T. Cardoso, J. Am. Chem. Soc., 61,2349-2351, 2351-2353, 3442- 

3445 (1939); 60, 614-619 (1938). 
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Other Substituted Acids.—Hilditch, Meara, and Zaky** reported the 
presence of an unusual unsaturated acid containing an odd number of 

carbon atoms and a methyl side chain in so-called Java "olive" oil, Sier- 

culia foetida. The acid comprised more than 70% of the total acids pres¬ 

ent in the oil. Considerable difficulty was encountered in isolating the 

acid and determining its structure owing to its tendency to undergo poly¬ 

merization. By indirect methods its constitution was determined to be 

12-methyl- A* • “ ■ “ • ^‘-octadecadienoic acid: 

CH,- [CH2]6C*Me:CH-CH:CH- [CHjt-COOH 

Many substituted acids, both of the saturated and unsaturated series, 

have been prepared synthetically or by chemical treatment of natural acids. 

A number of them will be considered in subsequent sections. 

'• T. P. Hilditch, M. L. Meara, and Y. A. H. Zaky, J. Soc. Chem. Ind., 60,198-203T 
(1941). 



CHAPTER III 

ISOMERISM 

1. Introduction 

Many chemical, as well as physical, properties of the fatty acids like 
those of other compounds, depend upon molecular configuration, i, e., 
upon the mode of arrangement of the component atoms within the mole¬ 
cule. Many compounds are known which have the same empirical formula 
but differ in chemical and physical properties and therefore in molecular 
configuration. Such compounds are said to be isomeric. Isomerism is 
frequently encountered among the fatty acids, monoesters, glycerides, and 
other lipids (alcohols, hydrocarbons, ketones, etc.), which are found in 
various proportions in natural fats and waxes. 

Since the molecular structure or arrangement of atoms within the 
molecule may be of several different types, correspondingly different forms 
of isomerism may occur. The principal types of isomerism are as follows:^ 

(1) Simple structural isomerism 
(а) Nucleus or chain isomerism 
(б) Positional isomerism 
(c) Functional group isomerism 
Stereoisomerism or space isomerism 
(а) Optical isomerism 
(б) Geometrical or as-<rans-isomerism 

The differences between isomers included under structural isomerism can 
be adequately expressed by simple structural formulas. For example,* 
nucleus or chain isomerism results from differences in the arrangement of 
carbon atoms, as exemplified by butyric acid, CH8CH2CH2COOH, and 
isobutyric acid, CHsCHCOOH. Positional isomerism results from differ- 

I 
CH, 

ences in the position occupied by substituent atoms or radicals, or in the 
position of one or more double or triple bonds, in the carbon nucleus. This 
form of isomerism may be illustrated by the three isomeric hydroxybu- 
tyric acids — namely: 2-hydroxybutyric acid, CH8CH2CHOHCOOH; 3- 

^ R. L. Shriner, E. Adams, and C. S. Marvel, in H. Gilman, Organic Chemistry, 
2nd ed., Vol. I, Wiley, New York, 1943, pp. 214-488. 
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hydroxybutyric acid, CH3CHOHCH2COOH; and 4-hydroxybutyric acid, 
CH2OHCH2CH2COOH —or by oleic acid, CH8(CH2)7CH:CH(CH2)7- 
COOH, and petroselinic acid, CHa(CH2)ioCH:CH(CH2)4COOH. Func¬ 
tional group isomerism is represented by compounds which possess the same 
molecular formulas but have different functional groups, e., they belong 
to different homologous series. This type of isomerism may be illustrated 
by methyl-n-octyl ketone, CH3CO(CH2)7CH3, and n-capryl aldehyde, 
CH3(CH2)8CH0, which have the same empirical formula, namely, C10H20O, 
but different functional groups. Tautomerism is a special case of functional 
group isomerism and is best known in the form of keto-enol isomerism. 

Stereoisomerism or space isomerism occurs in compounds which have the 
same molecular formulas and the same functional groups, but which differ 
in the three-dimensional space arrangement of the atoms or groups within 
the molecule. One of the two types of stereoisomerism, namely, optical 
isomerism, results when the molecules of two compounds possess spatial 
structures which are mirror images and are not superimposable, one on the 
other. Such isomers, regardless of their physical state, rotate a plane of 
polarized light passed through them. They are said to be asymmetric 
because their structure is without complete asymmetry from a geometrical 
point of view. 

The second type of stereoisomerism, namely, geometric or ds-trans- 
isomerism, occurs in organic molecules which contain two unsymmetrically 
substituted atoms attached to each other by a double bond. This type of 
isomerism results from the restricted rotation in the molecule resulting from 
the double bonding of two atoms in a chain. Although double bonding may 
occur between various types of atoms, only the carbon to carbon double 
bonds are involved in cis-transAsomerism of the fatty acids and their 
derivatives. The phenomenon of cis-trans-momeuBm in fats has been known 
since 1819 when Poutet^ converted triolein into trielaidin by treatment of 
the former with the oxides of nitrogen. This transformation was, however, 
not recognized as cis-transAsomensm until many years later. 

2. Structural Isomerism 

(a) Nuclear Isomerism 

The naturally occurring saturated fatty acids, with few exceptions, do 
not exhibit isomerism of any form. The normal fatty acids consist of zig¬ 
zag chains of methylene groups with a terminal carboxyl group at one end 
of the chain and a terminal methyl group at the opposite end. The number 
of theoretically possible nucleus or structural isomers of the saturated fatty 
acids increases with increasing length of the carbon chain, but actually 
extremely few of them occur in nature. Such isomers have been reported 

* J. J. E. Poutet, Ann, chim, phya,, 12, 58-62 (1819). 
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from natural sources, but except in a few instances their apparent identi¬ 
fication has been a result of inadequate analytical technique or failure to 
apply critical methods of identification. 

Valeric acid, and a few other methylnsubstituted acids, may be excep¬ 
tions to this statement and also to the general rule that only fatty acids 
containing even numbers of carbon atoms are found in natural fats, n- 
Valeric acid, CH8CH2CH2CH2COOH, does not appear to occur naturally 
in fats and oils, but isovaleric acid, (CH8)2CHCH2COOH, has been re¬ 
ported to occur in dolphin and porpoise oils. It contains a branched chain 
consisting of a single methyl group. Tuberculostearic or 10-methylstearic 
acid, C19H88O2) is isomeric with n-nonadecanoic acid. It, too, is an exception 
to the rule of nonoccurrence in natural fats of branched chain and odd- 
numbered 6arbon acids. Phthioic acid, C26H62O2, has been reported from a 
natural fat. It is isomeric with cerotic or n-hexacosanoic acid and is pre¬ 
sumed to contain several branched chains consisting of one or more methyl 
groups. Three other branched chain homologs of phthioic acid, namely, 
C24H48O2, C25H60O2, and C27H64O2, have been reported from the same source. 
Phytomonic acid, C20H40O2, a homolog of tuberculostearic acid, contains a 
single branched chain. It has been reported from the phosphatides of 
crown-gall bacillus. All of these methyl-substituted saturated acids from 
natural sources are liquids at room temperature, whereas the isomeric 
normal fatty acids, except valeric, are solids melting above 70®C. 

Many branched chain isomers of the normal aliphatic series have been 
synthesized in recent years for comparison with the natural acids. Char- 
gaff* synthesized a series of a-substituted hexacosanoic acids. Birch and 
Robinson^ prepared a number of long chain substituted acetic and propionic 
acids. Schneider and Spielman* synthesized a series of 2-methyl- and 10- 
methyl-substituted fatty acids containing from nineteen to twenty-seven 
carbon atoms. Buu-Hoi and Cagniant* synthesized 2,2-dimethylmyristic, 
2,2-dimethylpaImitic, and 2,2-dimethylstearic acids. Polgar and Robinson^ 
synthesized a series of trisubstituted acetic and other branched chain acids. 
None of the synthetic acids possessed the properties of the natural acids. 

Nucleus isomerism, which is generally accompanied by positional isom¬ 
erism, occurs in a number of unsaturated acids. For example, linoleic 
and chaulmoogric acids have the same empirical formula, C18H88O2, but 
have a different arrangement of methylene groups and double bonds* 
Linoleic acid contains a straight chain of eighteen carbon atoms and chaul¬ 
moogric acid contains a cyclopentenyl ring and a straight chain containing 

* B. Chargaff, Ber^ 65,745-754 (1932). 
* A., J. Birch and iL ^binson, J. Chem, Soc., 1942,488-497. 
^ A. K. Schneider and M. A. Spielman, J, Biol Chem,^ 142, ^5-354 (1942). 
* N. P* Buu-Ho! and P. (ilagniant, Z. physiol Chem.^ 279, 76-86 (1943); Ber,, 76, 

689-693 (1943). ^ » » 
' N. Polgar and R. Robinson, /. Ckem, 80c., 1943,615-619. 
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thirteen carbon atoms. Nucleus isomerism of the same type is exhibited 
by linolenic and gorlic acids. 

(5) Positional Isomerism 

Positional isomerism, resulting from differences in the point of attach¬ 
ment of atoms or radicals, is observed in only a few natural fatty acids but 
it occurs in many derivatives of such acids, as well as in many synthetic 
acids, 6. g,, hydroxy and keto acids which have been prepared in consider¬ 
able number. Positional isomerism, due to differences in location of the 
double bonds in the unsaturated fatty acids, is not only of frequent occur¬ 
rence, but it is responsible for marked differences in the chemical and 
physical properties of several commercially important acids, e. g,, lino¬ 
lenic and elaeostearic. 

Isomeric Monoethenoid Acids.—Fatty acids which contain only 
one double bond may exhibit two types of isomerism, namely, positional and 
geometrical isomerism. The first type is represented by the variation in 
the position of the double bond, and the second by the spatial arrangement 
of the component parts of the molecule with respect to the double bond. 

Octadecenoic acid, Ci8H3402, occurs naturally in at least three posi¬ 
tionally isomeric forms, namely, oleic or A®'^®-octadecenoic, petroselinic or 
A®‘^-octadecenoic, and vaccenic or A^'^^-octadecenoic acid. In addition 
to these isomers, various other positionally isomeric octadecenoic acids 
have been prepared artificially. For example, when stearic acid is bromi- 
nated it forms 2-bromostearic acid which, upon treatment with alcoholic 
potassium hydroxide, splits out hydrobromic acid and forms A^'®-octade- 
cenoic acid. When this acid is treated with hydriodic acid and heated with 
alcoholic potash, A**^-octadecenoic acid is produced. By a repetition of the 
process of treating the monoethenoid acid with hydriodic acid and then 
with alcoholic potash, an extensive series of octadecenoic acids has been 
prepared. 

The melting points of both the natural and synthetic octadecenoic acids 
from A^'* to are given in Table 6. Both positional and geometric 
isomers are included in the table and the stereo configuration is indicated 
where known. It has been observed that the melting points of a series of 
positional isomers having the same geometrical configuration are inversely 
proportional to the distance of the double bond from the carboxyl group. 
In general this is true for the octadecenoic acids of Table 6. It might be 
assumed, therefore, that if the melting points given in Table 6 were plotted 
against the position of the double bond, two smooth parallel curves could 
be drawn through the points connecting all of the cis-isomers on the one 
hand, and all of the ^rana-isomers on the other. Actually this is not the 
case and it would appear that, either there is no regularity between the 
melting point and the position of tiie double bond, or the melting point 
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and/or the stereo configuration of a number of the individual acids is ques¬ 
tionable.^® 

Table 6 

MELTING POINTS OF ISOMERIC OCTADECENOIC ACIDS, C18H34O2 

Position of 
double bond 

Isomeric form 
and reference 

number 
M.p., ®C. Position of 

double bond 

Isomeric form 
and reference 

number 
M.p., ®C. 

59 AS.9 trans^’^ 53 
56-57 A9,10 trans^^'^^ 43.7(45)« 

A<'* 52-53 A9.10 cis^^ 13.4 a-form** 
16.3 jS-form** 

A».fl frans*' 47.5 A^o,n frans” 42 
A8-7 53“ An.i2 trans^^ 39* 
A«.’^ cia^* SO*- A‘2,13 irons 39.7-40.1 
A7.8 trans^^ 45.5 AJ2.13 cis^^ 9.8-10.4 

« Petrosclaidic acid. ® Elaidic acid. ^ Vacccnic acid. 
^ Pctroselinic acid. ^ Oleic acid. 

During the process of hydrogenation of linolenic and linoleic acids, and 
more particularly of glycerides containing these acids, there are produced 
various positional, as well as stereoisomers of 62S-A®»^^-oleic acid. The 
exact mechanism of hydrogen addition to double bonds of polyethenoid 
acids during catalytic hydrogenation is a matter of considerable controversy. 
According to Suzuki and Inoue,’® addition of hydrogen to linolenic and 
linoleic acids occurs preferentially at the double bond farthest removed 
from the carboxyl group, whereas, according to van der Veen^^ and Lemon^^ 
preferential hydrogen addition occurs at the middle double bond of linolenic 
acid. If hydrogen addition occurred in ^ completely preferential manner 
as assumed by Suzuki and Inoue, only one oleic acid would be produced 
by hydrogenation of linolenic and linoleic acids to the oleic acid stage. 
This acid would be identical with the naturally occurring m-A®'^®-oleic 
acid or its geometric isomer. 

W. Koczy and F. Griengl, Monatsh,, 57, 253-290 (1931). 
« H. R. LcSueur, J, Chem, Soc., 85, 1708-1713 (1904). 
• G. Ponzio, Atti accad. sci. Torino, 39, 552-560 (1903-04); Gazz. chim. ital., 34, 77- 

85 (1904). 
w A. Eckert and O. Halla, Monatsh., 34,1815-1824 (1913). 
“ S. Postemak, ComvL rend., 162, 944-946 (1916). 
** H. N. Griffiths ana T. P. Hilditch, J. Chem. Soc., 1932, 2315-2324. 

L, Mascarelli and G. Sanna, Atti accad. Lincei, 24, II, 91-97 (1915). 
A. Arnaud and S. Posternak, Coinpt. rend., 150,1130-1132 (1910). 
T. P. Hilditch and E. E. Jones, J. Soc. Chem. Ind., 46, 174-177T (1927). 
A. Arnaud and S. Posternak, Compt. rend., 150,1525-152$ (1910). 

w J. C. Smith, J. Chem. Soc., 1939, 974-980. 
” J. Boeseken and R. Hoevers, Rec. trav. chim., 49, 1161-1164 (1930). 
« S. H. Bertram, Biochem. Z., 197,433-441 (1928). 

A. Griin and W. Czerny, Ber., 59, 54-63 (1926). 
*®B. Suzuki and Y. Inoue, Proe. Imp. Acad. Tokyo, 6, 266-268 (1930); 7, 15-18 

(1931). 
** H. van der Veen, Chem. Umschau Fette Ole Wachse Harze, 38,89-96 (1931). 
« H. W. Lemon, Can. J. Researdi, F22,191-198 (1944). 
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On the other hand, if linolenic acid is preferentially hydrogenated at the 
12,13-double bond to form 9,10,15,16-linoleic acid, as shown by van der 
Veen on the basis of ozonization of partially hydrogenated linolenic acid, 
and spectroscopically by Lemon in the case of partially hydrogenated 
linseed oil, then it is possible that a different oleic acid, namely, 15,16- 
oleic could result on further hydrogenation. In fact, van der Veen con¬ 
cludes that during the first stage of hydrogenation a portion of the new 
isomer, 9,10,15,16-linoleic acid, undergoes rearrangement to form some 
10,11,14,15-linoleic acid. In the second stage of the hydrogenation, em¬ 
ploying two moles of hydrogen per mole of linolenic acid, van der Veen 
assumes that the 14,15-double bond of the 10,11,14,15-linoleic acid is 
saturated to produce 10,11-elaidic acid, and that the 15,16-double bond of 
the 9,10,15,16-lirioleic acid is saturated to produce normal 9,10-oleic acid 
which undergoes partial rearrangement to form 8,9-oleic acid and possibly 
some 10,11-oleic acid. 

As a matter of fact, Hilditch and Vidyarthi^® have shown that hydro¬ 
genation of oleic acid and its esters leads to formation of 8,9- and 10,11- 
oleic and elaidic acids and that during the partial hydrogenation of palmito- 
leic or A®*^®-hexadecenoic acid and of erucic or A^^'^Mocosenoic acid, the 
same migration of ethylenic linkages occurs. Thus, a partially hydio- 
genated fat, which originally contained linoleic acid, or linoleic and lino¬ 
lenic acids, may contain a variety of positional and stereoisomers of cis- 
A^-^®-octadecenoic acid, depending on the nature of the original fat and the 
conditions of hydrogenation. Up to the present there has been a con¬ 
siderable accumulation of experimental evidence bearing on the existence 
of both positional and stereoisomers of normal oleic acid but, except for 
elaidic acid, none of these isomers has been isolated from hydrogenated 
fats in sufficiently pure form to determine its exact structure. 

Isomeric Polyethenoid Acids.—When two or more double bonds are 
present in the same unsaturated fatty acid the opportunity for the occur¬ 
rence of positional isomers is increased. However, only a few such iso¬ 
mers have been observed in natural fats, and most of these belong to the 
trienoic acid series. The probable occurrence in nature of isomeric octa- 
decadienoic acids and the known occurrence of isomeric octadecatrienoic 
acids have been discussed under linoleic and linolenic acids. 

There is considerable evidence that, in addition to the natural isomers, 
other positional isomers of linoleic acid are produced by a variety of chenu- 
cal reactions, several of which are of industrial importance. These arti¬ 
ficial linoleic or octadecadienoic acids have their origin in three natural 
sources, namely: (1) fatty acids more highly unsaturated than linoleic acid, 
which on partial hydrogenation form isomeric acids, (S) normal linoleic 

« T. P. Hilditch and N. L. Vidyarthi Pro;. Boy. Soe. London, A122,562-563,663-670 
(1929). 
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acid whose double bonds may be shifted by isomerization catalysts, and (S) 
monoethenoid hydroxy acids, such as ricinoleic acid, which on dehydration 
form an additional double bond. 

The processes by which these isomeric acids may be produced include: 
(f) hydrogenation of conjugated and nonconjugated polyethenoid acids, 
{S) action of heat and isomerization catalysts, (S) debromination of tetra- 
bromostearic acids, and (4) action of heat and catalytic dehydration cata¬ 
lysts on partially oxidized unsaturated acids or on naturally occurring hy¬ 
droxy acids. 

Two general methods are available for the determination of the posi¬ 
tion of the double bonds in polyunsaturated acids, namely, oxidative fis¬ 
sion at the double bond and isolation of the oxidation fragments, and the 
application of spectroscopy (see sections on oxidation and spectroscopy). 
The first method is of limited application because it requires, first, that the 
unsaturated acid be isolated in reasonably pure form, and second, that 
oxidation and recovery of the fragments be accomplished quantitatively. 
The second method, namely, spectroscopy, is also limited in its application 
because although it provides information concerning the relative amounts 
of conjugated and unconjugated double bonds, it provides no information 
concerning their location in the aliphatic chain and it does not distinguish 
with certainty between cis- and ^rans-isomers. A third method, namely 
the reaction of conjugated acids with maleic anhydride, has been used to 
measure the presence and relative amounts of conjugation in fatty acids 
or esters but its application is more limited and less reliable than the spec¬ 
troscopic method. 

It is a well-established fact that naturally occurring linoleic acid possesses 
the structure CH3(CH2)4CH=CH—CH2—CH=CH(CH2)7COOH in which 
the double bonds are located at the and A^^'^®-positions. It is evi¬ 
dent that a shift of either double bond can lead to the formation of a new 
isomer. If either bond is shifted toward its neighbor a conjugated system 
of double bonds, —CH=CH—CH==CH—, corresponding to 
or A^»“'^*»'*-octadecadienoic acid will be formed. Spectroscopic examina¬ 
tion will reveal the presence of these conjugated isomers but will not differ¬ 
entiate between them. If either double bond is shifted away from its 
neighbor, new positional isomers will be formed corresponding to 
or A*»*®'“*^<K)ctadecadienoic acid. These acids cannot be differentiated 
spectroscopically but if available in relatively pure form the position of the 
double bond can be established by oxidation experiments. 

Hicinoleic acid is known to possess a structure corresponding to CH®- 
(CH2)«CHOHCH2CHs==CH(CH2)7COOH in which a double bond is present 
at the A®‘^®-position and a hydroxyl group at the twelfth carbon atom. 
By removal of the elements of water in the form of the hydroxyl group and 
an adjacent hydrogen, two isomeric linoleic acids may formed. If the 
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hydrogen removed with the hydroxyl group is removed from the eleventh 
carbon atom a conjugated A®'^®*^^*^*-octadecadienoic acid is obtained, and 
if from the thirteenth carbon atom an unconjugated A®’^®'^®'^®-octadeca- 
dienoic acid identical with naturally occurring linoleic acid is obtained. 
If ricinoleic acid is dehydrated and then halogenated and dehalogenated 
by removal of hydrogen halide, various isomeric unsaturated acids are 
formed. 

Other polyethenoid acids containing isolated double bonds are subject 
to the same types of rearrangement as occur with linoleic acid. However, 
when three or more double bonds are present, rearrangement may occur 
involving only one double bond or more than one double bond, either in the 
direction of conjugation or to a more isolated position, and it is conceivable 
that both types of rearrangement could occur in the same molecule. 

Linolenic acid possesses the structure CH8CH2CH==CHCH2CH==CH- 
CH2CH=CH(CH2)7C00H, in which unconjugated double bonds occur 
at the Preferential saturation with hydrogen of 
one of the double bonds of linolenic acid can lead to the formation of three 
isomeric linoleic acids, namely, A®*^®*^^'^*-octadecadienoic acid, identical 
with naturally occurring linoleic acid, and and A**^®»^®»^®-octa- 
decadienoic acids. 

Elaeostearic acid possesses the structure CH8(CH2)8CH=CH—CH= 
CH—CH=CH—(CH2)7C00H, in which the double bonds are located at 
the A®'^®*^^»'2'^'^^positions. Preferential hydrogenation of one double 
bond of elaeostearic acid can theoretically lead to the formation of a num¬ 
ber of isomers of linoleic acid containing either an isolated double bond 
system, or conjugated double bond systems, A®'^®'^'*^* and 
^11,12,18,14 

Evidence is available to substantiate the fact that the various reactions 
described above do occur and that at least certain of the isomers mentioned 
are actually formed. For example, Moore®® found that the controlled 
catalytic reduction of tung oil caused a shift in the position of the absorp¬ 
tion maximum of the mixed acids from 2700 to 2300 A. The saturation 
of one double bond of elaeostearic acid with hydrogen results in the forma¬ 
tion of an octadecadienoic acid containing two double bonds in conjugated 
positions. However, which of the two possible conjugated acids were 
formed could not be ascertained from the measurement of the absorption 
mayiTmim. 

In the commercial production of dehydrated castor oil, which is accom¬ 
plished by heating the oil, or the separated fatty acids in the presence of a 
dehydrating catalyst, a molecule of water is split out of each molecule of 
ricinoleic acid. As previously mentioned, this acid contains a hydroxyl 

« T. Moore, Biochem. J., 33,1685-1638 (1939), 
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group on the twelfth carbon atom which can combine, under the influence 
of high temperature and a dehydrating catalyst, with a hydrogen attached 
at either the eleventh or thirteenth carbon atom to form water. Since 
ricinoleic acid already contains a double bond at the A®'*®-position, the 
introduction of a second double bond at the or A^^»^*-position will 
produce either ordinary linoleic acid or a conjugated linoleic acid. All 
available evidence to date indicates that both reactions occur and at 
approximately the same rates under conditions of commercial dehydration. 
However, this is not the only reaction which occurs as is evident by the fact 
that Von Mikusch-® was able to isolate from the alkali-isomcrized dehydra¬ 
tion mixture, a solid isomer corresponding to A^°'^^*^^''*-octadecadienoic 
acid. This acid, which melted at 57°C., is presumed to have been formed 
by tlic isomerization of A®*^°'^2*^Minoleic acid which was produced by 
dehydration. Since other oils containing A®*^®'^^'^Minoleic acid, sucli as 
soybean and walnut, do not yield a solid fatty acid under similar treatment, 
it may be concluded that the linoleic acid present in dehydrated castor oil, 
or at least a portion of it, is not identical with ordinary linoleic acid but a 
stereoisomer thereof. Thus, at least three isomeric linoleic acids are known 
to be produced on dehydration or dehydration and isomerization of 
ricinoleic acid and the formation of other positional a^id geometric isomers is 
possible. 

Mitchell and Kraybill^® observed that the absorption spectra of linseed, 
soybean, corn, and cottonseed oils, and the esters of linoleic and linolenic 
acids, were quite dissimilar before and after bleaching with fuller's earth. 
Linoleic acid and the oils containing these acids, when subjected to the 
action of bleaching earths, were found to have developed a specific absorp¬ 
tion maximum at 2680 A. which is characteristic of triene conjugation. 
Ordinary commercial bleaching of the acid or oil with activated fuller's 
earth resulted in the formation of 0.1% to 0.2% of conjugated triethenoid 
acids or glycerides which were not present prior to bleaching. The propor¬ 
tion of conjugated product could not be increased by repeated or more 
drastic bleacliing. However, it was found that if the acid or oil was first 
oxidized by blowing it with air at 100°C., and then bleached with fuller's 
earth, the concentration of triene conjugation was increased. These authors 
conclude, therefore, that the action of bleaching earths results in dehydra¬ 
tion of pre-existing oxygenated acids or of similar acids which may be pro¬ 
duced by blowing the oil with air, in a manner analogous to the formation 
of the conjugated isomer of linoleic acid by dehydration of ricinoleic acid 
and castor oil. 

It was also observed that similar treatment of linolenic acid or of glyc¬ 
eride oils of linolenic acid led to the production of absorption bands at 

« J. D. Von Mikusch, J. Am. Chem. Soc., 64,1580-1582 (1942). 
» J. H. Mitchell, Jr., and H. R. Kravbill. J. Am. Chem. Soc.. 64.988-994 (1942). 
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2860, 3000, and 3160 A. which are characteristic of tetraene conjugation. 
The formation of tetraene conjugated double bond systems from triene 
unconjugated double bond systems was attributed to the same mechanism 
as described in the case of linoleic acid. 

Moore^^ observed that the fatty acids produced by prolonged saponi¬ 
fication with potassium hydroxide of fats containing ordinary linoleic acid 
exhibited absorption maximum at 2300 A. which is characteristic of the 
presence of conjugated double bonds. It was later established by Kass and 
Burr^® that when equal weights of linolenic acid and potassium hydroxide 
were heated for two hours with four volumes of ethylene glycol, the lino¬ 
lenic acid was converted into a new crystalline acid melting at 79®C. The 
acid gave a methyl ester which melted at 41 °C. and a hexabromostearic 
acid which melted at 152.5°C. On the basis of the results of disruptive 
oxidation, the acid was identified as A*®-^*'^2-^®’^^'^-octadecatrienoic acid 
and hence a positional isomer of naturally occurring elaeostearic acid. 
The acid was designated as pseudo-elaeostearic acid. 

Mowry, Erode, and Brown“" subjected the methyl ester of arachidonic 
acid, acid to alkali isomerization in ethyl¬ 
ene glycol obtaining a product which exhibited an absorption spectra 
characteristic of a tetraene conjugated system of double bonds. The re¬ 
covered acid melted at 95~98®C. and probably consisted of a mixture of 
conjugated acids, since the isolated double bonds may shift in several 
ways to produce conjugation. 

It was originally thought that relatively anhydrous conditions were 
essential for successful alkali isomerization, but it is now known that 
similar reactions occur when concentrated aqueous soaps of linoleic and 
linolenic acids are heated to high temperatures under pressure. In fact, 
isomerization of polyunsaturated fatty acids and oils can be effected, in the 
presence or absence of solvent, by heat and the action of alkalies,*®*®® 
siliceous earths,®^ metallic oxides,®* and various other catalysts. 

It has been known since the classical work of Rollett®® in 1909 that the 
bromination of linoleic acid leads to the formation of two tetrabromostearic 
acids, one a solid melting at 115.5°C. and the other a liquid at room tem¬ 
perature. Much argument has been waged concerning the nature of these 
bromination products and the acids wliich are regenerated from them on 
debromination. It was first believed that the bromo derivatives repre¬ 
sented geometric isomers of the m-^rans-type but more recently they have 

« T. Moore, Biochem. J., 31, 141-148, 148-154 (1937). 
« J. P. Kass and G. O. Burr, J. Am, Chem. Soc., 61, 3292-3294 (1939). 
«« D. T. Mowry, W. R. Brode, and J. B. Brown, J. Biol. Chem., 142,671-678 (1942). 
" G. O. Burr (to Regents of the Univ. of Minn.), U. S. Pat. 2,242,230 (May 20,1941). 
*0 T. F. Bradley and D. Richardson, Ind. En^. Chem., 34, 237-242 (1942). 

A. Turk and J. Feldman, Paint Oil Chem, Rev., 106 [13], 10-11 (1943). 
** A. Turk and P. D. Boone, Oil Soap, 21, 32i-322 (1944). 
»»A. Rollett, Z, physiol, Chem,, 62, 41Q-421 (1909). 
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been held to represent racemic mixtures of optical isomers.®*’** It was also 
believed that both tetrabromostearic acids produced the same linoleic acid 
on debromination. Erode et aZ.** have, however, shown that the nature 
of the linoleic acid produced on debromination is a function of both the 
structure of the original tetrabromostearic acid and the method of de¬ 
bromination, but principally the former. On the basis of melting point, 
iodine value, tetrabromide value, and absorption spectra analysis, the re¬ 
generated acids were generally found to consist of mixtures of conjugated 
and unconjiigated linoleic acids, and in some cases of triene and tetraene 
conjugated acids. The percentages of isomeric acids from the high melting 
tetrabromostearic acid ranged from 0 to 12, while those from the low 
melting bromide varied from 34 to 70. The formation of conjugated acids 
on debromination was attributed by the authors to the catalytic isomeriza¬ 
tion action of zinc bromide formed during debromination, and to the 
variation of the proportions of different stereoisomers in the original tetra- 
bromides. 

A number of the methods which have just been discussed have found 
commercial application in the manufacture of substitutes for tung oil from 
various oils possessing no conjugated double bond systems and none of 
the drying characteristics of tung and other oils which do possess conjugated 
double bonds. The first industrial products of this type were produced by 
catalytic dehydration of the fatty acids separated from castor oil followed 
by their re-esterification with glycerol or other alcohols. Later, it was found 
that castor oil could be dehydrated directly and the saponification, distilla¬ 
tion, and re-esterification steps could be avoided. Subsequently, other 
processes were developed by means of which the double bonds of linoleic 
and linolenic acids could be shifted to conjugated positions. Generally, 
this is accomplished by saponification of fats and oils, c. g., linseed and soy¬ 
bean, fractionally distilling the acids to obtain the desired imsaturated 
fraction, isomerizing the acids by treatment with alkalies, alkaline earths, 
siliceous earths, or metallic oxides at liigh temperature, and re-esterifying 
the isomerized acids with glycerol or other polyhydric alcohols. Similar 
types of synthetic or modified drying oils are produced from soybean and 
linseed oils by blowing them with air, or treatment with other oxidizing 
agents, followed by catalytic dehydration. The dehydration reaction leads 
to the formation of additional double bonds in both the linoleic and lino¬ 
lenic acids which are present in these oils. At least a portion of the newly 
introduced double bonds are conjugated and, therefore, represent positional 
isomers of the acids containing the same number of bonds in isolated posi- 

J. W. McCutcheon, Can. J. Research, B16,168-175 (1938). 
** R. W. Riemenschneider, D. H. Wheeler, and C. E. Sando, J. Biol. Chem., 127, 

391-402 (1939). 
W. R. Erode, J. W. Patterson, J. B. Brown, and J. Frankel, Ind. Eng. Chem., Anal. 

Ed., 16,77-80 (1944). 



STEREOISOMERISM 55 

tions. These isomerized acids and esters have distinct advantages for use 
in the production of various types of polymerized products such as alkyd 
resins. The polymerization speed of these acids reduces the time neces¬ 
sary for cooking compared with the natural acids, gives faster baking speed, 
better water resistance, and in the case of isomerized linoleic acid, better 
color retention in the finished product. 

It should be mentioned that in the case of these commercial products it 
is not possible to determine quantitatively the complete extent of the con¬ 
jugation produced by the dehydration or isomerization reactions owing to 
the fact that the production of conjugated double bonds under the condi¬ 
tions essential to induce conjugation also results in a variable amount of 
pol3nmerization which destroys some of the bonds. It is, however, possible 
to determine spectroscopically with relatively good accuracy the amount 
of conjugation existing in the dehydrated or isomerized product at any given 
time. It is not improbable that geometric as well as positional isomerides 
are formed in these reactions and that the final product is an even more 
complex mixture than is generally assumed. None of the available chemi¬ 
cal or spectroscopic methods differentiate with certainty between the 
various possible geometric isomerides containing the same number of 
double bonds. 

3. Stereoisomerism 

(a) Geometric Isomerism 

Of the two forms of stereoisomerism, geometrical or as-^rans-isomerism 
is a property common to all unsaturated fatty acids. The structural rela¬ 
tionships of this type of isomerism when of the simplest form, i. e., involving 
only a single carbon to carbon double bond, may be illustrated as follows: 

a—C—h a—C—h 

(I) cis (II) trans 

In the hypothetical compounds illustrated above, the one with two similar 
groups on the same side of the double bond is referred to as the cis-isomer 
(I) and the other as the <ran5-isomer (II). The spatial arrangements of 
the m- and <rans-isomers become more plainly evident when they are 
considered from the geometric point of view. The carbon atom is known to 
have a tetrahedral structure and when a double bond is shared between two 
carbon atoms it can be represented as occurring at the common edge as 
shown in (III) and (IV). The double bond is therefore a fairly rigid 
structure around which no rotation can occur in contrast to the free rota¬ 
tion at the single bond which is situated at the common apex of a pair of 
tetrahedrons. 
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In one of these structures it is evident that the two a groups are closer 
together (III) than they are in the other (IV). If a plane is passed through 

that edge of the tetrahedrons which is Mb a_- e shared between them and continued in 

^fi'Ch direction so as to bisect the lines 
joining the a and the b or c groups, the 

r\ similar groups are either on th6 same side 
/ \ of the plane, i. e,, in the m-position (III), 

or they fall on opposite sides of this plane 
and are in the <rans-positions (IV). The 

Carbon-carbon double bonds. four groups (aabc) fall in one plane, hence 
the mirror image of each form is identical 

with the object, and no optical isomers can exist in this series. 
It can also be seen that each of the atoms joined by the double bond 

must be unsymmetrically substituted. When one of the atoms carries two 
a groups, and is thus S3mimetrical (V and VI), the two molecules are super- 

(V) (VI) (VII) (VIII) 

Carbon-carbon double bonds.*®® 

imposable, and hence do not represent isomers. Even though all four 
attached groups are different (VII and VIII), only one pair of isomers is 
possible. 

The two forms of A®'^®-octadecenoic acid would be represented by the 
tetrahedral arrangement shown in IX and X: 

(CHalyCOOH 
(K) 

CM-Oleic acid. 

CHjCCHg), 

H (CH2)7C00H 
00 

/rans-Oleic or elaidic acid. 

H. Gilman, Organic Chemiatry, Vol. I, Wiley, New York, 1938, p. 369. 
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For convenience, instead of using tetrahedrons, the structural relationships 
of ds-transAsomers are usually represented by condensed formulas, for 
example: 

iic(CH2)7cn, ch3(ch2)7CH 

H(!!!(ch2)7COOH hI;(ch7),cooh 
(XI) m-Oleic acid (XII) ^rans-Oloic or elaidic acid 

It has been observed from a study of various cis-transAsomers whose 
configurations have been established that there is a surprising regularity 
in the difiFerence in physical properties between the cis- and ^rans-forms. 
The m-form usually has the lower melting point (Table 7), the greater 
solubility in inert solvents, the higher heat of combustion, and in the case 
of acids, the higher ionization constant. The unsymmetrical cfs-form 
exhibits a considerably higher dipole moment than the more symmetrical 
imns-form. The x-ray spacing of the cisAorm is shorter than that of the 
/rans-form. The m-forin is almost always found in nature whereas the /raws- 
form is generally produced by treatment of the m-form by chemical and 
physical agents. In most cases the cis-for’m is labile and the <mns-form 
stable, but, if the two forms are of the same approximate stability, equi¬ 
librium inversion will occur by proper treatment of either form. 

Table 7 

MELTING POINTS OF cis- AND ^ranS-ISOMERS OF MONOETHENOID ACIDS AND 

DIHYDROXY DERIVATIVES 

Number of 
C atoms 

Position Unsaturated acids, m.p., ®C. Dihydroxy acids, m.p., ®C. 

Acid of double 
bond cis'-acid (rans-acid 

ci«- 
addition 

frans- 
addition 

Myristoleic 14 9,10 1 
Palmitoleic 16 9,10 -0.5to0.5 87 (84) 124-i 
Petroselinic 18 6,7 30 53 114-5 122 
Oleic 18 9,10 a-form, 13.4 

/3-form, 16.3 
43.7 95 132 

Vaccenic 18 11,12 38.5-39 
Gadoleic 20 9,10 
Erucic 22 13,14 33.5”’ 60 ’ 100’ ‘ 133“' 
Selacholeic 24 15,16 39 69 (61) 
Hicinoleic 18 9,10 5.5 (17) 53 110-11^ 140-2** 

« Melting points in literature vary from 129® to 133 ®C. 
* Trihydroxystearic acid. 

Monoethenoid Acids.—All of the known monoethenoid fatty acids are 
capable of existing in the two geometric forms illustrated by oleic and 
elaidic acids but generally only the cfs-form occurs naturally. Any of the 
naturally occurring m-acids can be converted into the transform by 
treatment with appropriate reagents such as the oxides of nitrogen 
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(mercury and nitric acid), sulfur, selenium, etc. Griffiths and Hilditch*^ ** 
established the fact that the cts-<rans-transformation is an equilibrium re¬ 
action which is completely reversible so that the same equilibrium mixture 
is attained regardless of the nature of the isomer used. For the oleic-elaidic 
transformation, equilibrium is attained at 66% of elaidic acid. 

When the double bonds of 67&‘-oleic acnd and <mns-elaidic acid are satu¬ 
rated with hydrogen, the same stearic acid is obtained, whereas the addi¬ 
tion of halogens results in the formation of different dihalogenated stearic 
acids. Treatment of oleic and elaidic acids with bromine produces two iso¬ 
meric dibromostearic acids meriting at 28.5-29°C. and 29-30°C., respec¬ 
tively. On debromination with zinc and alcoholic hydrogen chloride each 
dibromo compound reverts exclusively to the acid from which it was 
prepared. It is, therefore, evident that the bromine has entered the mole¬ 
cules of oleic and elaidic acids at the same position on the carbon tetra¬ 
hedrons which were previously united in a double bond, and so-called cis- 
addition has occurred. These stereochemical relationships may be repre¬ 
sented as follows: 

H—C—(CH2)7C00H 

H—S—(CHj),CH, 

cts-Oleic acid 
m.p. 13.4'C. 

H00C(CIJ!)7—C—H 

H—<!!:(CHj),CH, 

/rana-Oleic (elaidic) acid 
m.p. 44*^0. 

Br, 
4 

Br, 

H 

—(CH2)7C00H 

Br—(!;—(CH,),CH, 

Dibromostearic acid 
m.p. 28.5-29 °C. 

H 

H00C(CH,)7—i—Br 

Br—(CH,),CH, 

l![ 
Dibromostearic acid 

m.p. 29-30”C. 

It has long been recognized that oxidation of maleic acid with alkaline 
potassium permanganate leads to the formation of mesotartaric acid, while 
similar treatment of fumaric acid produces dHartaric acid. The hydroxyl 
group enters the molecule at the same positions on the carbon tetrahedrons 
which were previously united in a double bond and cis-addition occurs in 
a manner analogous to the bromine addition to oleic and elaidic acids. 

When the dibromostearic acids produced by the addition of bromine to 
oleic and elaidic acids are treated with aqueous or alcoholic potash, two 
isomeric dihydroxystearic acids are formed which melt at 95° and 132°C., 

H. N. Griffiths and T. P. Hilditch, J. Chem. Soe,, 1932, 2315-2324. 
H. N. Griffiths and T. P. Hilditch, J. Soc. Chem, Ind., 53, 75-81T (1934). 
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respectively. The structures of the hydroxy acids correspond to those of 
the original ciV and trans-oleic acids. Oxidation of oleic and elaidic acids 
with peracetic or other per acids results in the formation of the same two 
dihydroxy stearic acids melting at 95° and 132°C., respectively. All of 
these reactions represent aVadditions, but cfs-addition does not always 
occur, especially under certain conditions of oxidation. For example, when 
oleic and elaidic acids are oxidized in alkaline media, especially with ice- 
cold aqueous alkaline potassium jiermanganate, the products of oxidation 
are exactly the reverse of those produced by per-acid oxidation, oleic acid 
yields dihydroxystcaric acid melting at 132°C. and elaidic acid 3delds a 
dihydroxystearic acid melting at 95°C.®®''*o Alkaline permanganate oxida¬ 
tion of oleic and elaidic acids, therefore, represents /mns-addition. The 
mechanism by which these <mns-additions are produced is not completely 
understood but Hilditch^^ has advanced the theory that alkali produces 
an inversion at the double bond similar to a Walden inversion at the in¬ 
stant that addition occurs. Any inversion or similar transformation must 
occur in the actual formation of the dihydroxystearic acids since both of 
them are perfectly stable even in boiling alkaline solution (see oxidation 
and hydroxylation). 

Although all of the naturally occurring and synthetic monoethenoid 
cis-acids can be converted to the corresponding trans-isomerSf only a few of 
the latter have been specifically investigated. Detailed knowledge of th^ 
physical and chemical properties of the <rans-isomers is much to be desired 
because various, and sometimes considerable, proportions of these acids 
are produced in the hydrogenation of fats containing polyethenoid fatty 
acids. For example, Bailey, Feuge, and Smith^^ found in a series of cotton¬ 
seed and peanut oils which had been moderately hardened by hydrogena¬ 
tion (I.V., 55 to 71) that iso-oleic acids were produced to the extent of 
5.0% to 22%. These iso-oleic acids probably comprise a mixture of posi¬ 
tional and geometric isomers in unknown proportions. Other hydrogenated 
oils such as fish oils and vegetable oils containing unsaturated acids, other 
than linoleic and linolenic, yield a variety of isomerides on hydrogenation. 

Diethenoid Acids.—When more than one unsymmetrically substituted 
double bond is present in a molecule, the number of geometric or ds-trans- 
isomers can be readily determined by writing out the possible structures. 
If the groups attached to the doubly bonded carbon atoms are such as to 
make all of the ethenoid units unlike, the number of isomers possible is 
2”, where n is the number of ethenoid linkages. Thus, the compound ab— 
C=CR—CR=C—cd can exist in four m-^ran^-forms. 

The only naturally occurring unsaturated fatty acids containing two 

A. Lapworth and E. N. Mottram, /. Chem, Soc., 127, 1628-1631 (1926). 
^ T. P. Hilditch, J, Chem. Sac,, 1926, 1828-1836. 
« A. E. Bailey, R. 0. Feuge, and B. A. Smith, OU dh Soap, 19,169-176 (1942). 
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double bonds which have been isolated in pure form belong to the Cig series. 
The principal, and perhaps the only authentic acid of this group is 
octadecadienoic or linoleic acid. Relatively recent investigations have 
indicated the probable existence of other linoleic acids but whether they 
are geometric or positional isomers is not certain. If the rule referred to 
above is applied to the naturally occurring A®-^o '‘^''Mirioleic acid, it is 
evident that the number of theoretically possible isomers is 2^ or 4. The 
configuration of these four acids may be represented as follows: 

CH,(CH2)4CH CH3(CH2)4('H II 
9-cts-12-cis 

11 
HCCHaCH 11 HCCHsC^H II 

9-cis-12-im/is 

HC(CH2)7C00H H00C(CH2)7CH 

CH3(CH2)4CH II 
CH3(CH2)4CH 

9-<ran«-12-cis HCCH2CH II Hc'lcHjCH 
II 

^-trans-\2-trans 

HOOC(CHo)7CH HC(CH2)7C00H 

The fact that four A^*^®'^“’^Minoleic acids are possible of existence and 
that each of th(\s(‘ four geometric isomers are theoretically capable of pro¬ 
ducing four tetrabromo or tetrahydroxy acids has resulted in general con¬ 
fusion concerning the nature of the known linoleic acids. However, on the 
basis of theoretical considerations, Riemenschneider, Wheeler, and Sando** 
concluded that tlu^ number of tetrabromo- or tetrahydroxystearic acids 
which would actually be obtained by bromination or oxidation of a given 
geometric isomer of linoleic acid would be two instead of four. They 
illustrate their basis for this conclusion by formulas XIII to XVIII. 

The addition of bromine to m-A^'^^’-cfs-A^-’^^-octadecadienoic or a- 
linoleic acid is assumed to occur in two steps which gives rise to two inter¬ 
mediate bromination products (XV) and (XVI) which undergo further 
bromination to produce products (XIII), (XIV), (XVII), and (XVIII). 
Since products (XIII) and (XVIII) and products (XIV) and (XVII) 
represent optical isomers, each pair of these isomers would produce one 
racemic acid and, therefore, but two tetrabromo- or tetrahydroxystearic 
acids would result from bromination or oxidation of the original linoleic 
acid. Actually only two such products are known. If the same reasoning 
is applied to the /runs-A®’*Mrans-A^^.u^ctadecadienoic or linolelaidic acid, 
there would likewise result but two end products of bromination or oxida¬ 
tion. In this case they would represent the racemates of the optical iso¬ 
meric pairs of acids represented by formulas (XIII) and (XIV), and (XVII) 
and (XVIII), respectively. The same conclusions concerning the identity 
of these isomers were arrived at independently by McCutcheon.^^*^® 

J. W. McCutcheon, Can. J. Research, B18, 231-239 (1940). 
** J. W. McCutcheon, M. F. Crawford, and H. L. Weli^, Oil Soap, 18,9-11 (1941). 
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H—0-(CH2)4“-CH3 

H—^—CHj-—OH 

HOOG-CCH*) Jm 
Probable 

first step in 
bromination 
or oxidation 

CH3 
J 

CH3 
J 

CH, 

(CH,)4 1 
(CHs). 

1 
(CH,)4 

j 

H—C—X H—i—X H—a—x 

H—i—X H—i—X Further H—C-X 

H—H f H—i—H 
bromina- 

tion 
H—(>-H 

h4-x" X—i—H 
or 

oxidation i_H 

H—C—X 1 X—c'::—H 1 Lh 
j 

(CH2)7 (CH:), (CHOt 

COOH COOH COOH 

(XIII) (XIV) (XV) 

CH, 
j CHa 1 

CHa 
1 

(CH3)4 (CH,). (CH,)4 

x4-h X—i—H X-ll-H 

X—(i>-H Further X—i-H X—i—H 

H—C—H 
bromina> 

tion -> H—i—H "g H—ll—H 

H-A 
or 

oxidation H—I3—X X-i>-H 

h4 1 H—i—X j 
x-Lh 

1 
(CH,), (CH,), (CH,), 

COOH COOH c'oOH 
(XVI) (XVII) (XVIII) 

The first known and most familiar linoleic acid is that found in linseed, 
cottonseed, peanut, soybean, corn, and many other commercial vegetable 
oils and it has been designated a-linoleic acid. The designations a and 
which are applied to linoleic acids have no geometric significance but have 
been generally used to differentiate the high melting and low melting 
forms of a pair of isomers of these acids. Much experimental work and even 
more cpntroversy has been carried on with regard to the geometric con¬ 
figurations of a- and iS-linoleic acids. The work and conclusions concerning 
the configuration of a-Iinoleic acid has been well summarized by Hilditch,^^ 
McCutcheon,®^-^® Riemenschneider et al,,^ and others. It is sufficient to 
state here that there is little doubt that the naturally occurring £x-linoleic 
acid is the m-A®'^®-as-A^^'^®-octadecadienoic acid. 

When a-linoleic acid is treated with oxides of nitrogen or with selenium, 
it undergoes elaidinization in a manner similar to oleic acid. The resulting 
linolelaidic acid (m.p. 28-’29°C.) corresponds to the fmns-A®'^Mrans- 
Ai2.n-octadedienoic acid. Kass and Burr^® found that, on isomerization, 
linoleic acid produced 16% of linolelaidic acid. The isomerization product 
was characterized by its melting point, the formation of an insoluble salt, 
and the fact that on bromination it gave equal parts of a crystalline tetra- 
bromostearic acid melting at 78°C. and a liquid tetrabromostearic acid. 

T. P. Hilditch, The Chemical Constitution of Natural Fats. Chapman A: Hall, London; 
Wiley, New York; 1940, pp. 331 et seq, 

" J. P. Kass and G. 0. Burr, Am. Chem. Soc., 61,1062-1066 (1939). 
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It also yields two tetrahydroxy acids melting at 146°C. and 122°C., respec¬ 
tively. These authors also reported the isolation of a liquid linolelaidic 
acid from the isomerization mixture which gave no solid tetrabromide and 
on oxidation yielded two tetrahydroxy acids melting at 156~158°C. and 
126~127°C., respectively. They concluded that this liquid acid is a third 
geometric isomer of naturally occurring a-linoleic acid and it would, there¬ 
fore, have to possess a cis-trans- or a <rans-as-configuration or possibly a 
mixture of the two. 

Both the naturally occurring a-linoleic acid and the corresponding isom- 
erized linolelaidic acid are reasonably well known but relatively little is 
known concerning the properties of the other two geometric isomers. 
a-Linoleic acid is chiefly characterized by the fact that on bromination it 
forms a tetrabromostearic acid melting at 115.5°C. (generally reported as 
114-115°C.) and a liquid tetrabromostearic acid in an approximate ratio 
of 1:1. On oxidation of a-linoleic acid with alkaline potassium permanga¬ 
nate it forms two tetrahydroxystearic or a- and /3-sativic acids which melt 
at 173° and 163.5°C., respectively. According to Riemenschneider et 
the tetrahydroxystearic acid melting at 157-159°C., which has been gen¬ 
erally reported to be present in the products of oxidation of a-linoleic acid, 
is a eutectic mixture of the a- and jS-sativic acids melting at 173° and 163.5°. 
On the basis of the analogy with the oxidation of oleic acid, these sativic 
acids would represent <rans-addition products. Oxidation of a-linoleic 
acid in an acid medium, e. g., peracetic or other per acid, produces two 
additional tetrahydroxystearic acids, designated as 7- and 5-sativic acids, 
melting at 145°C. and 134°C., respectively. In this case, which is also 
analogous to oleic acid, the sativic acids represent czs-addition products of 
a-linoleic acid. 

The geometrically isomeric linolelaidic acid also produces a solid tetra¬ 
bromostearic acid which melts at 78°C. and a liquid tetrabromostearic acid, 
in a 1:1 ratio. It yields the same sativic acids on oxidation as does a- 
linoleic acid. However, addition is the reverse of that occurring with a- 
linoleic acid, i. e,, oxidation in alkaline medium produces 7- and 5-sativic 
acids (m.p. 145° and 134°C,) and in acid medium, a- and i^-sativic acids 
(m.p. 173° and 163,5°C.). 

The isolation of linoleic acids which are not characterized by the above- 
mentioned bromination and oxidation products has been frequently re¬ 
ported. Suzuki and Inoue^® isolated a linoleic acid from the fat of silkworm 
pupae which failed to yield an insoluble tetrabromide and it was, therefore, 
designated as isolinoleic acid. When oxidized with alkaline potassium per¬ 
manganate in acetone, the isolinoleic acid yielded caproic and azelaic acids 
in the same manner as a-linoleic acid. When reduced with one mole of 
hydrogen it apparently yielded normal oleic acid, since the latter acid on 
oxidation gave the same dihydroxy acids as are produced by the oxidation 
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of oleic acid under the same conditions. The oleic acid formed by hydro¬ 
genation of the isolinoleic acid gave elaidic acid when subjected to isom¬ 
erization. a-Linoleic acid and the isolinoleic acid were hydrogenated in 
two stages and the velocity of the hydrogenation of the a-acid was ob¬ 
served to be greater than that of the iso-acid in both stages. 

Smith and ChibnalH® reported the isolation of a linoleic acid from cocks¬ 
foot and perennial ryegrass which gave no crystalline tetrabromide. The 
oily bromination product which they obtained contained 52.6% of bromine 
compared to 53.3% required by theory for Ci8H3202Br4. The product was 
considered to be a mixture of isomeric linoleic acids including a-linoleic acid 
since a small amount of sativic acid was produced on oxidation. Hilditch^ 
states that cod liver oil and whale oil contain about 10% of octadecadienoic 
acids but no a-linoleic acid and that the latter acid is absent in butterfat 
but that there is present in this fat other octadecadienoic acids. Also, 
according to Hilditch, liver and depot fats of oxen and sheep contain octa¬ 
decadienoic acids which do not give insoluble tetrabromides. 

Kass, Lundberg, and Burr^^ examined corn, cottonseed, peanut, poppy¬ 
seed, sunflowerseed, coconut, olive, and almond oils, and cocao butter with 
respect to their content of linoleic acid and concluded that only one octa¬ 
decadienoic acid was present in these oils although the yield of tetrabromo- 
stearic acid varied from 27% to 51% of the amount calculated to be present 
on the bawsis of the iodine-thiocyanogen determination. These authors 
concluded that the variation in the recovery of tetrabromostearic acid was 
due to the unreliability of the ‘insoluble bromide’^ method rather than 
to the presence of isomeric linoleic acids which failed to give insoluble 
derivatives on bromination. Frankel, Stoneburner, and Brown^* prepared 
linoleic acid from corn, sesame, cottonseed, grapeseed, and poppyseed oils 
by low temperature crystallization and concluded that in each case the 
acid was identical with a-linoleic acid prepared by debromination of a- 
tetrabromostearic acid. When the crystallization procedure was applied 
to olive oil, the linoleic isolated gave abnormally low yields of the high 
melting or a-tetrabromostearic acid, and the acid itself had an appreciably 
lower melting point than the corresponding acid isolated from other vegeta¬ 
ble oils. They, therefore, concluded that olive oil contains a mixture of 
isomeric linoleic acids in which a-linoleic acid predominates. No definite 
experimental evidence has been adduced by any of these investigators, 
with the exception of Suzuki and Inoue, which would distinguish between 
positional and geometric isomers. 

Much of the confusion concerning the existence of the natural isomers 

^ J. A. B. Smith and A. C. Chibnall, Biochem, 26, 218-234 (1932). 
T. P. Hilditch, loc. cit. pp. 336-337. 

J. P. Kass, W. O. Lundberg, and G. O. Burr, Oil dt Soap, 17, 50-63 (1940). 
^ J. S. Frankel, W. Stoneburner, and J. B. Brown, J, Am, Chem, Soc,^ 65, 259-262 

(1943). 
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of linoleic acid has resulted from numerous investigations of the nature of 
the broinination and debromination products of ordinary linoleic acid. 
Prior to the development of the low temperature crystallization procedure 
for the isolation of natural linoleic acid, the only known method of ob¬ 
taining this acid was by debromination of the high melting or ot-isomer of 
tetrabromostearic acid obtained by brominating the mixed unsaturated 
acids of natural fats and oils. The recent application of spectroscopic meth¬ 
ods has shown that debromination of «-tetrabromostearic acid may or may 
not yield pure a-linoleic acid.^ Various proportions of di-, tri-, and tet- 
raene conjugated acids are present in the debrominated acid (see the section 
on spectroscopy). Despite the considerable amount of work which has 
been reported on the subject, the exact nature of the debromination prod¬ 
ucts of the solid and liquid o'-tetrabromostearic acids has not been deter¬ 

mined with certainty. 
Hilditch and Jasperson^^ and Green and Hilditch^® concluded that the 

debromination of a-tetrahromostearic acid produced only a-linoleic acid 
but that |9-tetrabromostearic acid produced a mixture of equal parts of 
a- and /3-linoleic acids. On the other hand, McCutcheon,®^ Riemen- 
schneider d and Kass and co-workers^^-^^ claim that the linoleic acids 
obtained by debromination of the solid, a-, and the liquid, /3-tetrabromo- 
stearic acnds are identical with each other and with the naturally occurring 
linoleic acid. 

Frankel and Brown®^ and Brode et al.^ debrominated both a- and 
tetrabromostearic acids in a variety of solvents and concluded from an 
examination of the debromination products that both tetrabromostearic 
acids produce a mixture of isomeric acids whose composition depends on 
the nature of the solvent and other conditions obtaining during debromina¬ 
tion. They further concluded that the predominant acid in the product 
obtained by debrominating the a-tetrabromostearic acid is identical with 
the naturally occurring linoleic acid, while the product obtained by de¬ 
brominating )3-tetrabromost(iaric acid contains but 15% to 53% of this 
linoleic acid together with a mixture of other isomeric linoleic acids. They 
also claim that the isomeric acids are cisdrans- and/or irans-ct.s-modifica- 
tions and that they are definitely not the transdransAaomer, In the later 
publication they demonstrated the presence of considerable proportions 
of conjugated acids in the debromination products. 

Two conclusions may be drawn from the foregoing discussion, namely: 
(/) the exact nature of the debromination products of the solid, a-, and 
liquid, ^-tetrabromostearic acids has not been established with certainty, 
and (2) the existence of any natural linoleic acid other than 

T. P. Hilditch and H. Jaspcrson, J, Soc, Chem. Ind.^ 58, 233-241 (1939). 
T. G. Green and T. P. Hilditch, Biochem. J., 29, 1552-1563 (1935). 

** J. S. Frankel and J. B. Brown, J, Am. Chem. Soc., 65, 415-418 (1M3). 
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Ai2.i3-octadecadienoic acid is, to say the least, debatable. The possibility 
that the natural linoleic acids which failed to give normal yields of tetra- 
bromo and tetrahydroxy acids are positional isomers is ruled out, at least 
in some cases, by the fact that on disruptive oxidation they yield caproic 
and azelaic acids which is possible only if the double bonds are located at 
the A®*'®- and A^®*^®-positions. It may be significant that the linoleic acids, 
isolated from natural sources, which fail to respond to the tetrabromide test 
are always present as minor components and oftentimes represent an in¬ 
significant portion of the total mixed fatty acids or of the total unsaturated 
fatty acid fraction. 

It is now realized that at every step in the isolation and purification of 
polyethcnoid acids from natural sources, alteration of their structure can 
occur unless meticulous care is observed to avoid such changes. These 
alterations include oxidative changes, shifting of the double bond, espe¬ 
cially to form conjugated systems, polymerization, cyclization, etc. It is 
also recognized that the yield of insoluble tetrabromostearic acid which is 
obtained on bromination of the mixed unsaturated fatty acids may be 
markedly affected by the nature and amount of other acids and bromo 
derivatives which are present in the mixture. It is possible, therefore, that 
some of the anomalous behavior, which has been recorded with respect to 
certain naturally occurring linoleic acids, may be explained by limitations 
of the preparative and analytical methods rather than on the basis of the 
existence of isomeric, and especially geometrically isomeric, linoleic acids. 

At least it can be stated that no geometric isomer of linoleic acid has been 
isolated from natural sources by unequivocal methods and its identity 
established by rigid standards of chemical and physical homogeneity. 
All that can be stated with certainty is that two of the four theoretically 
possible geometric isomers of linoleic acid, namely, the 
and the <ran5-A®'^°-<rans-A^^-^^-octadecadienoic acids are relatively well 
known and their constitutions established uifequivocally. The first of these 
two acids is of common occurrence in vegetable oils and the second can 
be produced by the well-known elaidinization reaction. It is not at all 
improbable that one or both of the other two geometric isomers of linoleic 
acid are present in the products of debromination of jS-tetrabromostearic 
acid and possibly also to some extent of a-tetrabromostearic acid. It is 
also probable that they occur to some extent in the elaidinization products 
of a-linoleic acid. Ther- is also good reason to believe that geometric 
isomers of linoleic acid ?.i. dso produced on hydrogenation of linolenic acid 
or of oils containing these acids. 

Triethenoid Acids.—Since the number of geometric isomers of the poly- 
‘ ethenoid acids which are possible of existence increases exponentially with 
the number of double bonds, each positional isomer of the triethenoid 
series can exist in 2® or S different forms. Two of thosr forms would be 



66 III. ISOMERISM 

represented by m-m-czs- and <rans-^rans-/mns-configurations and the 
other six forms by various m-^rans-configurations. 

Of the eight possible geometric isomers of linolenic acid, only two are 
known with certainty, namely, ordinary or a-linolenic acid, and elaidolino- 
lenic or linolenelaidic acid obtained by treatment of the natural acid with 
oxides of nitrogen. The configurations of these two forms are not exactly 
known, but it has been assumed that they possess ds-ds-cis- and irans- 
irans-/rans-structures. However, it is possible that not all of the double 
bonds are elaidinized by treatment with oxides of nitrogen, in which case 
the known elaidolinolenic acid would be expected to possess one of the six 
possible cis-<rons-configurations or a mixture of these geometric isomers. 

The efforts which have been made to determine the geometric structures 
of the two forms of linolenic acid have paralleled those of linoleic acid, but 
the results have been more difficult to interpret. These difficulties have 
been increased owing to the fact that it has not been possible to obtain the 
natural acid in a high degree of purity by low temperature crystallization 
methods. Shinowara and Brown®^ prepared linolenic acid from linseed 
and perilla oils which, on the basis of analytical data, represented a maxi¬ 
mum purity of 88% on the assumption that the impurity was linoleic acid. 
The nature of the naturally occurring acid has, therefore, generally been 
inferred on the basis of knowledge derived from the linolenic acid obtained 
by debrominating a-hexabromostearic a>vid obtained by bromination of the 
mixed unsaturated fatty acids of linseed, perilla, and similar oils. 

The naturally occurring linolenic acid produces, on bromination, a solid, 
or a-hexabromostearic acid, melting at 185°C.®2« and a liquid, or jS-hexa- 
bromostearic acid. On oxidation with alkaline potassium permanganate, 
a-linolenic acid produces two hexahydroxystearic acids which are desig¬ 
nated as linusic (m.p. 203°C.) and isolinusic acid (m.p. 173-175^0.). 
Erdmann and Bedford^^ obtained a 25% yield of the solid, or a-hexabromo¬ 
stearic acid, and 75% of the Ifquid, or iS-hexabromostearic acid, when they 
brominated linolenic acid, originally obtained by debrominating the solid 
hexabromide. They therefore considered the original debrominated acid 
to be a 1:3 mixture of a- and jS-linolenic acids. Rollett®* disputed this view 
and assumed that the linolenic acid obtained by debromination of the solid 
hexabromide was a homogeneous substance identical with the naturally 
occurring acid, and that on rebromination four pairs of racemic hexabromo- 
stearic acids were produced, only one of which was an ether-insoluble crys¬ 
talline product. Rollett, and also McCutcheon,^^ claimed that both the 

** G. Y. Shinowara and J. B. Brown, /. Am, Chem. Soc.JHOf 2734-2738 (1938). 
T. R. Wood, F. L. Jackson, A. R. Baldwin, and H. E. Longenecker, J. Am, Chem, 

Soe., 66, 287-289 (1944). 
»»E. Erdmann and F. Bedford, Ber,, 42, 1324-1333 (1909); Z, physiol, Chem,, 69, 

76-84 (1910). 
A Rollett, Z. physiol Chem., 70, 404-107 (1911); 62, 422-431 (1909). 
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solid, a-, and the liquid, /S-hexabromostearic acids produced the same 
linolenic acid on debromination, and that the regenerated acid formed the 
same hexabromo- and hexahydroxystearic (linusic) acids as did the natural 
acid. 

On the other hand, Shinowara and Brown®^ found that linolenic acid 
prepared from linseed and perilla oils by low temperature crystallization 
yielded 30% to 36% of hexabromostearic acid, rather than 25% claimed by 
most workers. 

These workers, as well as Matthews, Erode, and Brown,“ concluded 
from a comparative investigation of the properties of the natural acid, 
prepared by low temperature crystallization, and the acid recovered by 
debrominating a-hexabromostearic acid, that the two were not identical, 
and that the debrominated acid consists of a mixture of isomeric linolenic 
acids. They further concluded that the linolenic acid produced by de¬ 
brominating a-hexabromostearic acid contains 12% to 15% of a cis4ram- 
isomer which yields no petroleum ether-insoluble or ethyl ether-insoluble 
hexabromide. Furthermore, Matthews et al, found that wliile the proper¬ 
ties (melting point, refractive index, hexabromide number, etc.) of various 
specimens of linolenic acid obtained by debromination of the solid hexa¬ 
bromide were similar, those of the acids produced from linseed oil and 
perilla oil by low temperature crystallization varied, and depended on the 
oil from which the acid was derived. For these reasons, they concluded 
that the linolenic acids from these two oils were not identical and repre¬ 
sented mixtures of isomeric acids and in both cases differed from the lino¬ 
lenic acid produced by debromination of a-hexabromostearic acid. 

In contrast to the attention given linolenic acid, little work has been done 
on the solid geometric isomer, elaidolinolenic acid. This isomer has been 
prepared by Kass, Nichols, and Burr®® by heating the ethyl ester of the nat¬ 
urally occurring acid with selenium for seventeen hours at 205~215®C. 
The regenerated and purified elaidolinolenic acid melted at 29~30°C. and 
gave a hexabromostearic acid melting at 169“170°C. The ethyl ester of 
the hexabromide melted at 114-115*^0. On the basis of a 31% yield of solid 
hexabromostearic acid (m.p. 169-170°C.) from elaidolinolenic acid and 
similar yields of hexabromostearic acid (m.p. 181.0-181.5®C.) from nat¬ 
ural linolenic acid, Kass and co-workers concluded that bromination of 
linolenic acid resulted in the formation of three pairs of racemic hexabromo¬ 
stearic acids instead of four, as was postulated by Rollett®^ and which 
would be expected for a triethenoid acid. Formation of the fourth pair was 
assumed to be impossible owing to stearic hindrance. They further con¬ 
cluded, from the nature of liquid bromides in the bromination products of 

** N. L, Matthews, W. R. Erode, and J. B. Brown, 7. Am. Chem. <Soc., 63,1064-1067 
941). 
•• J. Kass, J. Nichols, and G. O. Burr, J. Am. Chem. Soc., 63,1060-1063 (1941). 
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their elaidolinolenic acid, that there remained no demonstrable proof for 
the existence of or isolinolenic acids in drying oils. 

In view of the foregoing summary of the present knowledge of linolenic 
acid, it can only be said that the exact geometric configuration of naturally 
occurring linolenic acid is not known. It cannot even be stated with assur¬ 
ance whether this acid is a single geometric^ isomer or a mixture of isomers, 
and, if the latter, in what proportions. It is equally difficult to say whether 
the linolenic acids regenerated from the solid, a-, and the liquid, /3-hexa- 
bromostearic acids are identical with one another and whether they are 
definite entities or mixtures of geometrical isomers. 

Conjugated Triethenoid Acids.—Elaeostearic or 
decatrienoic acid is a doubly-conjugated, positional isomer of linolenic acid 
and is capable of existing in eight cis4rans- or geometric modifications, 
only two of which are known with certainty, namely, a-elaeostearic acid 
melting at 48-49°C. and /3-elaeostearic acid melting at 71 *^0. The exist¬ 
ence of two other isomers, namely, punicic and trichosanic acids has been 
reported. a-Elaeostearic acid is present in the form of glycerides in tung 
and related oils. On exposure to light a-elaeostearic acid, as well as punicic 
and trichosanic acids, are transformed into the higher melting /S-elaeostearic 
acid. 

Morrell and co-workers®^found that the a- and /3-forms of elaeostearic 
acid react with maleic anhydride to ])roduce two different diene addition 
products, melting at 62.5° and 77°0., respectively. According to these 
workers, the maleic anhydride condensation products of the a- and i3-acids 
have the following structures: 

CH=CHv 
CHa • (Clh)z • CH< >CH. CH5==CH • (CH2)7COOH 

\CH—CH/ 

oc ho 
Y 

ot-Elaeostearic diene product, m.p. 62.5 °C. 

CH==CHv 
CHa • (CH2)3 • CH=CH. CH< >CH • (CH2)7COOH 

\CH—CH^ 

a> 

Y 
jS-Elaeoetearic diene product, m.p. 77®C. 

On the basis of the maleic anhydride reaction products it is presumed that 
the original acids possessed m- and ^rans-configurations in the portions 
of the molecules which were involved in the Diels-Alder condensation. If 

R. S. Morrell and H. Samuels, J. Chem. 1932, 2251-2254. 
« R. S. Morrell and W. R. Davis, J. Soc. Chem. Ind., 55, 237-246T, 261-267T (1936) 
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this is indeed the case, it may be presumed that the natural or a-form 
possesses the m-configuration and the i3-form, the ^mTW-configuration. 

Toyama and Tsuchiya®® isolated two octadecatrienoic acids from common 
pomegranate, Punica granatum L., and Japanese snakegourd (karasu-uri), 
Trichosanthes cucumeroides Maxim., seed oils. Both acids were believed 
to be isomeric with elaeostearic acid, but since they differed from each 
other and from elaeostearic acid in various physical properties they were 
designated as punicic acid (m.p. 43.5~44°C.) and trichosanic acid (m.p. 
35~-35.5®C.). Punicic and trichosanic acids were shown to be identical 
with elaeostearic in having a conjugated system of double bonds at the 
^9,io.ii.i2,ia.i4.pQgj^jQjjg a-elaeostearic acid they are converted by 

the action of light into /3-elaeostearic acid. When the two acids were mixed 
with each other, or with a-elaeostearic acid, a marked depression was ob¬ 
served in the melting point of the pure acid. On the other hand, when the 
light-inverted forms were mixed with jS-elaeostearic acid no depression in 
the melting point was observed. On the basis of these observations the 
authors concluded that punicic and trichosanic acids were natural geo¬ 
metric isomers of a-elaeostearic acid. Later, Farmer and van den Heuvel®® 
re-examined punicic acid and confirmed the results of Toyama and Tsuchiya. 
X-ray powder photographs of a- and /3-elaeostearic and of punicic acids 
showed that they were distinct entities. Unlike a- and jS-elaeostearic acids, 
punicic acid does not give a maleic anhydride derivative. To date no at¬ 
tempt has been made to determine the geometric configuration of these 
two natural isomers of elaeostearic acid, and since the geometric configura¬ 
tions of a- and /^-elaeostearic acids are themselves not known with certainty, 
the exact identity of all four acids remains a problem for future solution. 

Licanic acid or 4-keto-A®’^®-“'^^'^®’^*-octadecatrienoic acid is, like all 
other triethenoid fatty acids, capable of existing in eight geometrically 
isomeric forms. Two such forms are known, namely, a-licanic acid (m.p. 
74~75°C.) and jS-licanic acid (m.p. 99.5°C.). The a-form which occurs 
naturally in oiticica and po-yoak oils passes to the fi-fovm on the action 
of light in the presence of traces of iodine or sulfur. The two forms of lica¬ 
nic acid are also distinguished by differences in their derivatives. a-Licanic 
acidjdelds a semicarbazone, melting at llO-lll^C., and a maleic anhydride 
addition product, melting at 79°C., whereas /3-licanic acid gives a semi¬ 
carbazone, melting at 138®C., and a maleic anhydride adduct, melting at 
97°C.« 

Parinaric acid or A®*^®'“-^®'^*»^^*^®'^®-octadecatetraenoic acid contains 
four double bonds and hence is capable of existing in 2* or 16 geometrically 

Y. Toyama and T. Tsuchiya, J, Soc. Chem. Ind. Japan^ Suppl. bind., 38, 182-185, 
185-187 (1985). 

E, H. Farmer and F. A. van den Heuvel, J. Chem, Soc,^ 1936,1809-1811 
« R. S. Morrell and W. R. Davis, J, Chem, Soc,, 1936,1481-1484. 
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isomeric forms. Actually only two forms are known, namely, «-parinaric 
acid (m.p. 85~86°C.) which occurs naturally in the seed fat of Parinarium 
Imirinum and j^-parinaric acid (m.p. 95-96°C.) which is produced by the 
action of light on the a-form in the presence of a trace of iodine. 

Other natural polyethenoid acids containing four to six double bonds are 
known and each of these acids is capable of existing in various geometric 
modifications. However, so little is known concerning the properties of 
these acids it is scarcely worth discussing them. The melting points of the 
various polyethenoid acids which are known to occur in two or more geo¬ 
metric forms are collected in Table 8. 

Table 8 

MELTING POINTS OF THE GEOMETRICALLY ISOMERIC POLYETHENOID 

FATTY ACIDS 

Acid Position of double bonds M.p., »C. 

Linoleic 9,10,12,13 -5.0 to -5.2 
Linolelaidic 9,10,12,13 28-29 
Linolenic 9,10,12,13,15,16 -11.0 to -11.3 
Elaidolinolenic 9,10,12,13,15,16 29-30 
a-Elaeostearic 9,10,11,12,13,14 48-49 
/3-Elaeostearic 9,10,11,12,13,14 71-72 
Psuedo-elaeostearic 10,11,12,13,14,15 79 
Punicic 9,10,11,12,13,14 43.5-44 
Trichosanic 9,10,11,12,13,14 35-35.5 
a-Parinaric 9,10,11,12,13,14,15,16 85-86 
/3-Parinaric 9,10,11,12,13,14,15,16 95-96 
or-Licanic 4-Keto-9,10,ll,12,13,14 74-75 
jS-Licanic 4-Keto-9,10,ll,12,13,14 99.5 

(h) Optical Isomerism 

Optical isomerism, which is detected by measuring the degree to which a 
given substance is capable of rotating a plane of polarized light, occurs in 
compounds having no complete symmetry from a geometric standpoint. 
The structural configurations of asymmetric molecules are such that one 
molecule is not identical with its mirror image. Such molecules and their 
mirror images are identical in all respects in their chemical and physical 
properties except in their ability to rotate a plane of polarized light. Optical 
activity occurs in: (f) compounds containing one or more asymmetric 
atoms, and {2) compounds which contain no individual asymmetric atoms 
but in which asymmetry is due to the absence of any of the necessary ele¬ 
ments of symmetry which permit the mirror image of the molecule to be 
superimposable. 

The isomer which rotates a plane of polarized light to the right is desig¬ 
nated as dextrorotatory and the one which rotates it to the left is designated 
as levorotatory. The optical activity of both isomers is the same in degree 
but opposite in sign. The two forms are often referred to as eriantiornorpha. 
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When equal amounts of the dextro- and feyo-isomers are mixed, the resulting 
product will show no activity owing to the fact that the optical effect of one 
form is neutralized by that of the other. Such a product is known as a 
racemic modification and is designated as a dZ-form. Most synthetic prepa¬ 
rations are dZ-modifications, since the reactions by which they are formed 
result in the production of equal amounts of each isomer. Generally, 
racemaies differ in many respects from their optically active isomers and in 
many cases they can be resolved into their component d- and Z-forms. 

A compound which would otherwise exhibit optical activity may be op¬ 
tically inactive owing to internal compensation. If the compound contains 
two asymmetric carbon atoms, one of which is dextrorotatory and the 
other levorotatory by exactly the same amount, the net rotation will be 
zero and the compound is inactive. Such compounds are designated as 
m65o-forms. The wcso-form of a compound differs from its dZ-form in 
physical properties, and both the mesa- and the dZ-forms differ from the 
individual d- and Z-forms. 

If a compound contains several asymmetric carbon atoms the optical 
rotation of the compound as a whole will be the algebraic sum of the indi¬ 
vidual rotations. The resultant sum of these rotations, which may individ¬ 
ually be relatively large, may be an immeasurably small value. Unfortu¬ 
nately, there is no known method whereby the absolute rotation of a single 
as3mimetric carbon atom can be determined in a compound containing two 
or more asymmetric carbon atoms. 

The optical activity of a compound may be expressed as specific rotation, 
[a], or molecular rotation, [M], The specific rotation of an optically active 
liquid was originally defined as the rotation produced by a layer of active 
substance one decimeter in length, or if a solution, of one gram of active 
substance in a volume of one cubic centimeter. However, the density of the 
liquid must be taken into account, therefore, the specific rotation, [a], at a 
temperature, Z, and definite wave length of light is expressed as [a]x == 
r/Zd, where r equals the observed polarimetric rotation in degrees, Z, the 
length of the column, and d, the density; or in the case of a solution, [a] == 
rv/lpf where v equals the volume in cubic centimeters and p the grams of 
substance contained in v volume of the solution. 

In order to intercompare the optical rotations of various substances, it is 
necessary to convert specific rotations to molecular rotations. The molec¬ 
ular rotation calculated on the basis of gram-molecular weights may be a 
very large value, and for convenience this value divided by 100 is used in 
expressing the molecular rotation (JIf ]. The molecular rotation is, there¬ 
fore, expressed as [Af ]x — m/100*rv/lp, where m is the molecular weight of 
the substance and the other symbols have the same significance as in the 
case of specific rotation. 

All of the known optically active natural or synthetic fatty acids are, as 
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would be expected, substituted aliphatic acids. The natural acids are gen¬ 
erally dextrorotatory, whereas both levo- and dextrorotatory synthetic acids 
have been prepared. Substituted acids, such as bromo and hydroxy acids, 
produced by bromination or oxidation of natural unsaturated acids, are 
racemic mixtures and, therefore, inactive. 

Synthetic Acids.—The most extensive investigation of the optical 
activity in the fatty acid series has been carried out by Levene and co- 
workers,®^’®® who prepared and determined the optical activity of alkyl-, 
hydroxy-, and halogen-substituted aliphatic acids as well as their related 
esters, alcohols, and hydrocarbons. They concluded from these investiga¬ 
tions that the optical rotation of each molecular species may be regarded 
as the resultant of two major contributions. In the case of acyclic hydro¬ 
carbons of the trisubstituted methane type, the two heavier groups should 
furnish contributions of opposite sign. In the series represented by 

Ri 
I 

H—C—Ra, an increase in the weight of Rs should bring about an increase 
I 

Ra 
of the molecular rotation toward the right, whereas an increase in the weight 
of Ra should have the opposite effect. When Ra and R3 are not simple 

Ri 
I 

alkyl radicals, as, for example, in H—C—(CH2)nCOOH (R), a prediction 
I 

R. (A) 
is impossible since the contribution of any group depends upon its structure 
and consequently it may function as a lighter or heavier group than an alkyl 
group of the same weight. 

Thus, if [ilf] = A + R and if A has a higher value than R, the direction 
of the rotation is determined by that of the contribution A. Then the 
values of the rotations of the consecutive members of the series, homolo¬ 
gous with respect to A, should progressively increase. If the value of R 
is greater than A, the direction of rotation is determined by that of the 
contribution R. In this case, if a series is formed homologous to A, the 
changes in the rotations of the members of the homologous series should 
be in the direction of A, although the values may progressively diminish. 
Thus, if A is positive, and R is negative and of a higher value than A, the 
substance should rotate to the left, but as A progressively increases in 
weight, R remaining approximately constant, the values of the negative 
rotations of the successive members of the homologous series should pro¬ 
gressively decrease, thus indicating a change toward the right. 

•• P. A. Levene and L..A. Mikeska, /. Biol, Chem,, 84,571-699 (1929). 
•• P. A. Levene and R. E. Marker, J. Biol, Chem,^ 91, 77-103 (1931); 92, 455-460 

(1931); 93,749-774 (1931); p5,153-164 (1932). 
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Tlie theoretical implications here described are illustrated in Table 9. 
The values of the rotations given in Table 9 for the members of the first 
vertical series are not the maximum values, whereas those of ail other 
members are maximum values. A comparative analysis of the second 
vertical series may serve as a key to the character of each of the two con¬ 
tributions in all the substances listed in Table 9. The rotation of the first 
member is negative and that of all successive members is increasingly posi¬ 
tive, indicating that the contribution of the heavier alkyl radical is positive, 
and that of the group containing the carboxyl is negative. In the first 
member the direction of rotation is determined by the group —(CH2)C00H; 
in the remaining members by that of the heavier alkyl radical. Assuming 
then that the direction of the contribution A remains constant for all these 
configurationally related substances, the conclusion is reached that in all the 
substances enumerated in Table 9 the contribution B is levorotatory. In 
the substances of column 1, the value of B is higher than that of A, hence 
all the members rotate to the left. In column ^ the negative value of B 
is smaller than in column 7, so that it determines the direction of rotation 
of the first member only. In column 3 the value of B is higher than A, so 
that all members rotate to the left, but the rotations progressively change 
toward the right because of the increase in the dextrorotation of the con¬ 
tribution A, Finally, in column 4 the value of B is still higher than that of 
Aj but not to the same extent as for the members of column 3; hence the 
values of rotation of the individual members are lower than those of the 
corresponding members of column 3 and again, the change of rotation of the 
individual members is progressively toward the right. 

Comparing the members of any horizontal row, one observes an alternat¬ 
ing change in the values of the rotations of individual members. Thus, it 
seems as if the carboxyl group attached directly to the asymmetric carbon 
atom furnishes a higher negative contribution than the corresponding 
group of the second horizontal member. The third member furnishes a 
higher contribution than the second member and lower than the fourth, 

thus the contributions are i > 3 < 3 > 4- Thus, the effect of distance 
upon the contribution of a polar group is to change the value only and not 
the sign. 

Levene, Rothen, and Marker®* reported comprehensive data on the 
rotary dispersion of a series of configurationally related fatty acids of the 

CHi 
I 

general type H—C—(CH2)n-COOH, where n varied from 0 to 1 and R 
I . 

R 
from C2H6— to C11H21—. All of these acids contain an asymmetric carbon 

P. A. Levene, A. Rothen, and R. E. Marker, J, Cfiem. Phys., 1, 662-676 (1933). 
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atom and are, therefore, optically active. Data pertaining to the molecu¬ 
lar rotation of these acids are given in Table 10. These authors, deter¬ 
mined the rotatory dispersions for a number of acids of Table 10 over a wide 
range of wave lengths of light extending into the far ultraviolet. 

Table 10 

MAXIMUM MOLECULAR ROTATIONS, OF CONFIGURATIONALLY 

RELATED ALIPHATIC ACIDS WITHOUT SOLVENT 

a-Methylbutyric acid. 
Ethyl ester. 

.-18.0 

.-22.9 
7-Methylcaproic acid. .-13.6 

a-Methylvaleric acid. 
Pithy 1 ester. 

.-21.4 

.-27.5 
7-Methylheptylic acid. .- 6.9 

a-Methylcaproic acid. .-24.3 7-Methylcaprylic acid. .- 4.1 
a-Methylnonylic acid. .-27.3 7-Methylnonylic acid. .- 1.9 
a-Methyldodecylic acid. .-27.5 5-Methylheptylic acid. .-11.1 
/3-Methylvaleric acid. 

Ethyl ester. 
iS-Methylcaproic acid. 

Ethyl ester. 

.-10.4 

.-11.5 
5-Methylcaprylic acid. .- 3.7 

.-f 3.6 

.+ 0.69 
6-MethyInonylic acid. .- 1.7 

/3-Methylheptylic acid. .+ 6.1 6-Methyldecylic acid. .- 0.6 
/3-Mcthylcaprylic acid. 

Ethyl ester. 
.4- 8.1 
.-f 4.1 

€-Methylcaprylic acid. .-12.2 

A number of optically active derivatives of the n-aliphatic acids have 
been prepared in which the activity is derived from the introduced radical. 
Optically active amyl, bornyl, and methyl esters and the brucine and 
cinchonine salts of the n-aliphatic acids have been prepared and their molec¬ 
ular rotations determined.®®""®’ 

Natural Acids.—A number of optically active fatty acids have been 
isolated from natural sources. The principal members of this class of 
acids are listed in Table 11 together with the values for their specific 
rotations. 

Hydroxy Acids.—When a hydrogen of the methylene chain of a fatty 
acid is substituted by another atom or radical there is produced in the 
molecule an asymmetric carbon atom and a plane of asymmetry. For 
example, if a hydroxyl group replaces a hydrogen atom in oleic acid, the 
resulting acid is optically active. For this reason, ricinoleic, or 12-hy- 
droxyoleic acid, is optically active whereas oleic acid is not. Its rotation 
has been reported®® to vary from [a]^ = 6.25 to 7.5. On conversion to its 
^ran«-isomeride by treatment with oxides of nitrogen its rotation remains 
the same, both in magnitude and sign, since ricinoleic and ricinelaidic acids 

“ T. P. Hilditch, J, Chem, Soc,, 95, 1570-1677 (1909). See also H. Christopher and 
T. P. Hilditch, J, Chem. Soc., 101, 192-202, 202-207 (1912). 

•• J. Minfin and E. G. de Bollemont, Compt, rend.^ 134, 608-610 (1902). 
P. A. Uuye and L. Chavanne, Compt. rmd.^ 119, 906-909 (1894); 120, 452-454 

(1895). 
•• P. Walden, Ber., 27, 3471-5478 (1894). 
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Table 11 

SPECIFIC OPTICAL ROTATIONS OF NATURAL FATTY ACIDS 

Systematic name Empirical Rotation 
Oommon. name formula 

[«1d T, ®C. 

12-Hydroxy- A*- '®-octadecenoic 
13 - A*'* - Cyclopentenyl - n- 

Ricinoleic C,,H,.0, 6.4 22 

tridecanoic 
11 - A*'* - Cyclopentenyl - n- 

Chaulmoogric C18HS2O2 60.3 25 

undecanoic 
9 - A*-* - Cyclopentenyl - n- 

Hydnocarpic C18H28O2 69.3 25 

25 nonanoic* Alepric C14H24O2 + 77.1 

7 - A*** - Cyclopentenyl - n- 
heptanoic® 

5 - A*'* - Cyclopentenyl - n- 
Aleprylic O12H20O2 90.8 25 

25 pentanoic® Aleprestic -flOO.5 i 
1 « A*,* - Cyclopentenyl - n- 

methanoic Aleprolic CJI,02 + 120.5 25 
13 - A*'* - Cyclopentenyl - A®*^- 

tridecenoic Gorlic + 60.7 25 
isoNonadecanoic Tuberculostearic C.,H„02 inactive 
isoHeneicosanoic Phytomonic f'soH.oOs inactive 
iaoTetracosanoic + 5.17 23 
woPentacosanoic C25HMO2 + 15.60 23 
isoR exacosanoic Phthioic C2«Hj202 + 12.78 23 
isoHeptacosanoic 
Dihydroxyoctadecanoic Dihydroxystearic 

C2,H„02 
c„H„o; 

+ 17.11 
0.15 

23 
50 

Mixture of hydroxy acids^ Phrenosinic • • • + 3.33 
Mixture of hydroxy acids Leprosinic + 4 

® Structure assigned by analogy with that of known homologs. 
^ Mixture of a-hydrdxydocosanoic, -tetracosanoic, and -hdxacosanoic acids. 

are geometrical and not optical isomers. The esters of ricinoleic acid are 
also optically active. Their activities, [a]^, have been reported®® to be as 
follows: methyl ricinoleate 5.20, ethyl ricinoleate 4.48, n-propyl ricinoleate 
4.35, isobutyl ricinoleate 4.22. 

A number of saturated hydroxy aliphatic acids are known to occur natu¬ 
rally, but few of them have been isolated in a pure state. King^® isolated 
dihydroxystearic acid, m.p. 141°C., from the sludge deposited on settling 
commercial ricinoleic acid. Polarization of this acid in warm alcohol 
solution gave a specific rotation of [«]» —0.15°, but the author concluded 
that the observed rotation of 0.7' was probably within the limits of experi¬ 
mental error. 

Chibnall, Piper, and Williams^^ found that phrenosinic acid obtained 
from the cerebroside, phrenosin, consisted of a mixture of a-hydroxy-n- 
hexacosanoic (15%) and a-hydroxy-n-tetracosanoic acids (85%). The 
purest product obtained melted at 102.3~102.6°C. and had an optical ro¬ 
tation in pyridine of [a]f +3.33°. For purposes of identification with the 

•» A. Haller, Compt rend., 144,462-466 (1907). 
G. King, J. Ckem. Soc., 1942, 387-391. 
A. C. Cmbnall, S. H. Piper, and E. F. Williams, Biochem. J., 30, 100-114 (1936). 
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natural acids the a-hydroxy acids of the series Cis to Cig were prepared, but 
since they represented racemates they were optically inactive. The results 
of Chibnall et ah were subsequently confirmed by Crowfoot.^^ 

An inseparable mixture of optically active hydroxy acids was isolated 
from the lipids of the leprosy bacillus by Anderson and co-workers^* and 
assigned the name leprosinic acid. 

Chaulmoogra Acids. - -The most extensive homologous series of naturally 
occurring optically active acids are those of the group of chaulmoogra 
acids. Seven acids of this series are known, all consisting of an aliphatic 
acid having an ^-substituted cyclopentenyl ring. They owe their optical 
activity to the presence of one or more asymmetric carbon atoms. The 
structural formulas foi* the three best known cyclopentenyl substituted acids 
are given below. Tlie specific rotations and other properties of the acids 

C 

H,c \!H ((:Hj),„ (:00H 

H(!:=ch 

Hydnocarpic acid, 

H* 
C 

H,({ CH-(CH^u-COOH 

h(!:=(!:h 

Chaulmoogric acid, CX8H82O2 

H,, 
C 

H,C CH(CHt),CH:CH(CHi)tCOOH 

Gorlic acid, CigHgoOa 

Table 12 

CONSTANTS OF OPTICALLY ACTIVE FATTY ACIDS FOUND IN CHAULMOOGRA OILS® 

Acid Molecular 
weight M.p.. ®C. 

Specific 
rotation, Iodine 

yalue 

Chaulmoogric 280.2 68.5 60.3 90.5 
Hydnocarpic 252.2 60.5 69.3 100.7 
Alepric 224.2 48.0 77.1 113,4 
Aleprylic 196.2 32.0 90.8 129.7 
Aleprestic 168.1 100.5^ 151.2 
Homolog not found 140.1 110.5'^ 181.5 
Aleprolic 112.1 120.5^ 226.7 
Gorlic 278.2 6.0 60.7 182.5 

® H. I. Cole and H. T. Cardoso, /. Am. Chem. Soc.^ 61, 234^2351, 2351-2353, 3442- 
3445 (1939). 

^ Calculated. 

D. M. Crowfoot, J. Chem. Soc., 1936, 716-718. 
R. J. Anderson, J. A. Crowder, M. S. Newman, and F. H. Stodola, /. Biol. Chem.^ 

113, 637-647 (1936). 
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Table 13 

CONSTANTS OP ETHYL ESTERS OP OPTICALLY ACTIVE ACIDS POUND 

IN CHAULMOOGRA OILS® 

Compound Molecular 
weight 

B.p., «C. 
(10 mm.) 

Specific 
rotation, 

[«ig 
Iodine 
value 

Refractive 
index, 

"d 

Specific 
gravity, 
25V25’* 

Ethyl chaulmoograte 308.3 222 55.4 82.5 1.4592 0.901 
Ethyl hydnocarpate ' 280.2 1 200 61.9 90.5 1.4578 0.907 
Ethyl aleprate 252.2 174 66.5 100.7 1.4562 0.915 
Ethyl aleprylate 224.2 148 79.1 113.4 1.4550 0.925 
Ethyl aloprestate 196.2 122^ 86.5* 129.7 1.4538* 
Homolog not found 168.1 96* 94.1* 151.2 1.4526* 
Ethyl aleprolate 140.1 70* 101.8* 181.5 1.4514* 
Ethyl gorlate 306.3 232 55.6 167.0 1.4667 o!9i2 

» H. 1. Cole and H. T. Cardoso, /. Am. Chem. Soc., 61, 2349-2351, 2351-2353, 3442- 
3445 (1939). 

‘ Calculated. 

and ethyl esters of the chaulmoogra series as reported by Cole and Car- 
doso^^ are given in Tables 12 and 13. 

Methylated Acids.—A number of optically active, methylated saturated 
fatty acids have been isolated from the acetone-soluble fats elaborated by 
various microorganisms. With the exception of tuberculostearic or 10- 
methylstearic acid, none of the structures of these acids has been estab¬ 
lished and in some cases doubt exists concerning the homogeneity o 
the products. Tuberculostearic acid, C19H38O2 (m.p. 10°C.) and the homolo¬ 
gous phytomonic acid, C20H40O2 (m.p. 24®C.) are both presumed to be 
optically active but possess a rotation too small to be measured. 

Phthioic acid, C26H62O2 (m.p. 21~22°C.), and the unnamed homologs 
corresponding to the formula.^ C24H48O2 (m.p. 23'-24°C.), C28H60O2 (m.p. 
17--18°C.), and C27HMO2 (m.p. 20-21®C.) are measurably dextrorotatory.^® 

H. I. Cole and H. T. Cardoso, J. Am. Chem. Soc., 61, 2349-2351, 2351-2353, 3442- 
3445 (1939) 

L. G. Ginger and R. J. Anderson, J. Biol. Chem.^ 156, 443-451 (1944). 
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CHAPTER IV 

CRYSTAL PROPERTIES 

1. Introduction^ 

In Chapter III it was pointed out that many of the chemical, as well as 
physical, properties of the fatty acids and their derivatives are dependent 
upon their molecular structure. There are, however, certain properties of 
fatty acids and their derivatives which are primarily dependent upon their 
crystal structure, i. 6., upon the manner in which the molecules are ar¬ 
ranged in the crystal unit or lattice of these substances. The crystal struc¬ 
ture and dependent properties of the long chain fatty acids are of consider¬ 
able theoretical as well as of industrial importance. 

Most of our knowledge of the crystal structure of the fatty acids is of 
recent origin and has been placed on a secure foundation only by the appli¬ 
cation of x-ray spectroscopy to these and related long chain aliphatic com¬ 
pounds. The present chapter is concerned with a discussion of these struc¬ 
tures and the concomitant subjects of crystallography, x-ray diffraction, 
polymorphism, and change of state, including change from one polymorphic 
form to another. 

2. Crystallography 

Only two solid states are recognized from the scientific point of view, 
namely, crystalline and amorphous, the essential distinction between them 
being the result of internal order. The order in the crystalline state is re¬ 
flected in the formation of plane bounding surfaces so oriented that they 
show some degree of S3anmetry. In addition to being bounded by plane 
surfaces, crystals are distinguished from amorphous material by the fact 
that some of the properties of the solid depend in magnitude upon the 
direction in which they are measured, i, c., they are anisotropic. For ex¬ 
ample, the refractive index, compressibility, coefficient of thermal expan¬ 
sion, electrical conductivity, and heat conductivity are properties which 
are direction-dependent in crystals. Amorphous solids are generally re- 

‘ The author wishes to acknowledge the very considerable assistance rendered by Mr. 
M. E. Jefferson and Mrs. Florence B. Kreeger of the Analytical, Physical Chemical, and 
Physical Division of the Southern Regionsd Research I^aDoratory in the preparation of 
this chapter, and especially the x-ray diffraction photographs painstakingly prepared 
from highly purified aliphatic compounds to illustrate the x-ray method for identifying 
these substances. 
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garded as liquids of great viscosity and do not possess definite transition 
points at which they undergo an abrupt change to the liquid state. Pure 
crystalline solids, on the other hand, have characteristically sharp tran¬ 
sitions to the liquid state with the absorption of heat. 

Early crystallographers were convinced by the study of the regularity 
of form and symmetry, the invariance of the angle between typical plane 
faces, and the phenomenon of cleavage, that crystals were formed by the 

regular arrangement in space of some 
fundamental unit. Hauy, in 1784, 
demonstrated that characteristic forms 
of calcite, CaCOa, could be obtained 
by stacking together extremely small 
cleavage rhombs as the elementary 
unit. In the century following, mathe¬ 
maticians and crystallographers, among 
others Seeber,^ Hessel,® Bravais,^ Fedo¬ 
rov,® Barlow,® and Schonflies^ utilizing 
the laws of symmetry and observations 
on the external forms of natural crys¬ 
tals, developed a purely geometrical 

Fig. 1. A space lattice of theory of the manner in which space 
points.^® might be divided by parallelohedra to 

account for the observed forms, and ex¬ 
tended it to the representation of these units by points regularly arranged 
in space, the points now being independent of the ^‘building block” origi¬ 
nally chosen. These points are arranged in a regular three-dimensional 
trellis work which embodies all the symmetry properties of the crystal. 
This network of points is known as the space lattice, a simple example of 
which is shown in Figure 1. 

These mathematical deductions and conclusions were beautifully veri¬ 
fied when Laue^s® reasoning that, since x-rays were apparently of the same 
order of magnitude (10~® to lO"® cm.) as atomic dimensions, a crystal 
might be expected to behave toward this radiation as a three-dimensional 

wmiimlllk 

* L. A. S. Seeber, Ann. Physik, 76, 229-248, 349-372 (1824), 
* J. F. C. Hessel, Krystallometrie^ oder Krystallonomie und Krystallographie auf eigen- 

thumliche weiae und mil zugrundelegung neuer altgemeiner lehren der reinen geaUdienkunde^ 
ao wie mit vollatdndiger herUckaichtigung der wichtigaten arbeiten und method^ anderer 
kryataUographen. . . Beaondera abgedruckt aua Gehler^a Phya{ikaliachea) Worierhtiche. 
Schwickert, Leipzig, 1831. 

* A. Bravais, J. icole polytech., 20, 101-276 (1851); 19, 1-128 (1850). 
»E. S. Fedorov, SU Peteraburg Mineralogiachen Geaell., 21, 1-279 (1885); 26,433-445 

(1890): Z. Kriat, 21, 679-694 (1893): 22, 70-71 (1894). 
* W. Barlow, Sci. Proc. Roy. Dublin Soc., 8, 527-690 (1897). 
^ A. SchOnfiies, KryataUayateme und KryaidUalruktur. Teubner, Leipzig. 1891. 

R. W. G. Wyckoff, The Structure of Cryatala. 2nd ed., Chemical Clatalog Co., New 
York, 1981, p. 15. 

* M. lAue, Sitaber. kaia. Akad. Wiaa. Munchen, 1912, 263-273. 
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grating, was demonstrated experimentally by Friedrich and Knipping.® 
W. L. Bragg offered a satisfactory interpretation of the observed diffrac¬ 
tion pattern which laid the foundation for methods of determining the ac¬ 
tual arrangement of atoms in a crystal. 

3. X-Ray Diffraction 

X-ray diffraction methods, wliich were first applied to inorganic crystals 
such as calcite, sodium chloride, etc., and to elemental substances such as 
metals, sulfur, etc., were later extended to organic compounds including 
the long chain hydrocarbons, fatty acids, alcohols, esters, glycerides, and 
ketones. Most of our knowledge of the crystal structure of these substances 
is due to the work of de Broglie, Friedel, Muller, Malkin, Piper, Shearer, 
Trillat, and a few others. 

Two methods have been generally used, one of which employs a single 
crystal and the other an oriented layer or film of the substance under* 
examination. The single crystal technique is tedious and extremely diffi¬ 
cult but it yields the maximum amount of information concerning the 
structure of a given crystal. The oriented layer or film method is rela¬ 
tively rapid and is particularly suited for use in determining the identity or 
the purity of isolated fatty acids, esters, and other aliphatic compounds, 
and also for determining the relative composition of a mixture of acids, 
esters, etc. Both methods have been applied to the investigation of the 
fatty acids and their derived products. 

Organic crystals, such as the fatty acids, are molecular in structure 
rather than atomic as is the case in elemental and inorganic substances. 
The points on the crystal lattice are occupied by molecules and conse¬ 
quently the unit cells of organic crystals are large. By unit cell is meant 
the smallest element which contains a representation of the lattice, the 
repetition of which unit builds up the crystal; or it is the smallest parallelo- 
piped which, when repeated, gives the macroscopic crystal. 

Although Friedrich” examined paraffin wax as early as 1913 by the 
powder-photograph method, the first attempt to analyze organic compounds 
was not made until 1921 by W. H. Bragg. The long chain aliphatic com¬ 
pounds were first successfully analyzed by Muller using diffraction photo¬ 
graphs obtained with single crystals. By means of this method Mliller” 
determined the crystal structure of stearic acid, CisHssOa and n-nonacosane, 
C2»H6o. These two substances are representative of the crystal structures 
encountered in long chain aliphatic compounds and they exhibit those 

* W. Friedrich, P. Knipping, and M. Laue« SUiher. kata, Akad. Wiss, MUncken^ 1912, 
303-322: Z. Kmt, 52,58-62 (1913): Le Radium, 10,47-57 (1913). 

“ W. L. Bragg, Prac. Cambridge PhiL Soc., 17, 43-57 (1912). 
“ W. FriedriS, Phyaik. Z., 14, 317-319 (1913). 
w A. MOller, Proe, Roy. Soe. London, A114, 542-561 (1927); A120, 437-459 (1928); 

Trana. Faraday Soc., 25,347-348 (1929). 
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characteristics which are common to most compounds of this class, as well 
as the differences which are attributable to differences in chemical con-, 
stitution. 

As a result of the work of Muller and of others, it is liow known that the 
unit cell of steaidc acid is an elongated monoclinic prism containing four 
molecules. The OTial dimensions of the elementary parallelopiped are a = 
5.546, b = 7.381, and c = 48.84 A. The 5-axis is perpendicular to the 
plane ac but the c-axis is inclined so as to produce the angle between the 
a- and c-axis of 63° 38' as shown in Figure 2. The hydrocarbon, n-nonaco- 

sane, differs from stearic acid by having 
its c-axis perpendicular to the plane 
be instead of inclined. 

In Tables 14 and 15 there are re¬ 
corded data which were collected by 
Hendricks^^ with reference to the axial 
dimensions, angle of inclination, etc., 
for lauric and stearic acids and related 
compounds. All of the acids in Table 
14 are monoclinic prismatic and the 
unit cell contains four molecules, 
whereas the hydrocarbon, although it 
also contains four molecules, is ortho¬ 
rhombic. The dicarboxylic acids listed 
in Table 15 are also monoclinic. The 
dicarboxylic acids with an even number 
of carbon atoms in the chain have but 
two molecules in the unit cell, whereas 
those with an odd number of carbon 
atoms in the chain have four molecules in the unit. cell. 

The chains of these aliphatic molecules are packed regularly with the 
chain axes parallel in flat sheets or layers of “heads" and “tails" of mole¬ 
cules forming the upper and lower sides or sheets. The direction of easiest 
cleavage of the crystal is parallel to the sheets or layers. When viewed from 
above, the upper surface of a sheet or layer of an odd-chain paraffin crystal 
will consist of a layer of CH3 groups. The next layer or sheet of molecules 
will lie below the top layer at a distance equal to the length of the paraffin 
chain. In the case of stearic acid, the molecules are oriented so that the 
carboxyl groups are in juxtaposition, consequently a layer or sheet consists 
of two molecules and the distance between planes, or the thickness of the 
sheets, is correspondingly increased. Methyl esters behave like stearic acid 

Fig. 2. Diagrammatic representation 
of the unit cell of a stearic acid crystal. 

S. B. Hendricks, Chem. Revs., 7, 431-477 (1930). 
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in fonning oriented double layers, whereas ethyl esters and symmetrical 
ketones form layers of single molecules. 

The distance measured from an x-ray photograph of a compound is the 
perpendicular distance between planes of identical composition. In the 
case of the odd-carbon atom paraflSns, the distance betw^n planes is equal 
to the chain length of a single molecule, but in the case of even-carbon atom 
acids this distance between two like planes of groups corresponds to some¬ 
thing less than twice the length of two hydrocarbon chains. In the case 
of stearic acid, the distance between two like planes of groups is 21 sin jS, 
where I equals the length of one aliphatic chain and jS equals the angle 
between the c-axis and the plane ac as indicated in Figure 2. As shown in 
Table 14 the c-axis, or the distance between alternate sheets of n-nonaco- 
sane, is 77.2 A. from which it can be calculated that the distance between 
alternate carbon atoms, i. c., twice the distance between carbon atoms is 

Fig. 3. Diagrammatic representation of the zigzag 
carbon chain of aliphatic acids. 

2.54 A. compared with 1.54 A. for the carbon-carbon distance in the dia¬ 
mond. 

If it is assumed that the distance between carbon, atoms is 1.54 A., as in 
the diamond, and that the carbon atoms are arranged in zigzag chains 
having an angle corresponding to the tetrahedral carbon angle, namely, 
109® 28', then it can be calculated that the distance between alternate 
carbon atoms should be 2.52 A. This value agrees with 2.54 A. obtained 
by experimental measurement of the c-axis of n-nonacosane, and this agree¬ 
ment between calculated and experimental values can be considered as 
evidence of the zigzag arrangement (Fig. 3) of the carbon atoms in long 
chain aliphatic compounds. 

According to Malkin,^® this zigzag arrangement of the carbon atoms 
accounts for the alternation of properties of long chain aliphatic compounds 
having odd- and even-numbered carbon atoms. In even-numbered carbon 
chains the end groups are parallel, while in the odd-numbered chains they 
lie at an angle to each other. This difference in orientation necessitates a 
difference in the inclination of the chains in the layers which in turn in¬ 
fluences the physical properties of the crystals. In the case of the long chain 

« S. H. Piper, /. Soc. Chem, Ind,, 56, 61-66T (1937). 
“T. Malkin, iSTofwre, 127, 126-127 (1931). 
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aliphatic coinpouiids of an odd or even liomolof»;ous series, the addition of 

each pair of ('Ih j2:roups affects the crystal lattice in only one direction, i. c., 

it increases t he ce ll l(*nj2;t,h or r-axis f)y 4.6 A. and it is, therefore, possible to 

identify any member of a homolofjons series of long chain alijihatic com¬ 

pounds by a singh'-ciystal measurement. 

The four molecules composing the unit cell of long chain aliphatic com¬ 

pounds such as /Huonacosaiu^ and vstearic acid are arranged in pairs of super¬ 

imposed (‘olumns, oiui pair of columns occupying the upper half of the 

cell and the other pair occupying the lower half of the cell. In Figure 2 

(page 85), the s(‘cond moh^cuh^ of the lower half of the cell lies in tb(» 

same plane and diiectly behind the one in evidence. This arrangement of 

molecules within th(‘ cell, or “jiacking distance” between adjacent chains 

is of tb(‘ ord(M* of 3.7 to 4.0 A., compared to a distance of approximately 1.54 

A. for th(' distance between carbon atoms in the chain. 

It may be statx'd by way of summary, that x-ray analysis of pure single 

crystals of fatty acids has provided the following information concerning the 

crystal structure' of these* subst.ance*s. 

(1) A singles cell consists of four molecules, two of which are in the upper half 
e)f the cell and two in the^ lower half. 

(2) The pairs of molecules are oriented with their carboxyl groups in juxta¬ 
position. 

(3) The mok'cules are |)acked side by side to form sheets which are super¬ 

imposed in the crystal. 
(4) The cross-sectional area of two hydrocarbon chains, i. e., ah sin ^ is essen¬ 

tially constant and is unaffecteMl by dissimilarity of end groups or atoms. 

(5) The long spacings measured by x-ray diffraction are tlue to the repetition 
of like jilanes ])opulated by the chain ends. 

(6) The carbon atoms in the long chains jmssess a zigzag arrangement with a 
distance of 2.52 A. between alternate carbon atoms. 

(7) The long axes of the carbon chains are inclined or tilted with respect to the 

I)arallel sheets. 
(8) The inclination or tilting of the carbon chain accounts for the alternation of 

properties of odd- and even-numbered carbon acids. 

(9) Different polymorphic modifications of the same acid contain chains with 

different angles of inclination or tilt. 

The application of x-ray spectroscopy to fatty acids and other long 
chain aliphatic compounds has not only provided considerable insight into 
their st ructures, but it has also provided a means for identifying adds, esters 
and related (iomfiounds and for detc^nnining their purity or the com|X)sition 
of homologous mixtures. It has been extensively used for these purposes 
especially in England by Piper, Malkin, and others, but it has been almost 
entirely neglected in this country. The most extensive application of x-ray 
methods to the identification of fatty acids, alcohols, ketones, etc., isolated 
from natural sources has been due to Chibnall and co-workers. 
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The foregoing bi-ief discussion is scarcely a satisfactory introduction to 
x-ray diffraction and crystallography and the interested reader is referred 
to such standard works as Bragg/® Wyckoff/^ Clark/® Davey/^ Compton 
and Allison/® and Fankuchen^®® for a comprehensive treatment of the rela¬ 
tionships in these fields. 

Although the technique of preparing and interpreting x-ray photographs 
of long chain compounds for analytical purposes has been described by 
Piper^^and in greater detail by Slagle,-- a brief recapitulation follows to 
show the simplicity and utility of this tool for identifying fat products of 
natural origin. 

Figure 4 is a schematic representation of the experimental technique 
used in photographing the diffraction of a beam of x-rays. A narrow 
beam of x-rays defined by two slits, S, falls on crystal C at grazing inci¬ 
dence; the diffracted rays arc recorded photographically on the plate at P. 

p 

n* 1 

n«2 

n“3 

n = 4 

Fig. 4. Schematic representation of x-ray diffraction method. 

In the application of x-ray diffraction, advantage is taken of the prop¬ 
erty of fatty acids, esters, etc., of crystallizing in thin plates. A small 
amount of fatty acid or ester, enough to produce a layer several tenths of a 
millimeter thick, is pressed on a thin piece of glass and this mount is placed 
in the x-ray apparatus at a distance, CP, of 5 to 15 cm. The mount is 
rocked through an angle of 10"^ to 20°. The exposure which is necessary for 
satisfactory detail at, say, 10 cm. plate-to-specimen distance, is 30 to 60 
minutes. The mount is then rotated 180° and the exposure repeated. 

One-half of a typical exposure with calibration lines to permit accurate 
determination of the plate-to-specimen distance, CP, is shown in Figure 5. 

W. H. and W. L. Bragg, ed., The Crystalline State. Bell, London, 1933. 
R. W. G. Wyckoff, The Structure of Crystals. 2nd ed.. Chemical Catalog Co., 

New York, 1931. Supplement for 1930-34 to the 2nd ed. Reinhold, New York, 1935. 
** G. L. Clark, Applied X-rays. 3rd ed., McGraw-Hill, New York, 1940. 

W. P. Davey, A Study of Crystal Structure and Its Applications. McGraw-Hill, 
New York, 1934. 

A. H. Compton and S. K. Allison, X-rays in Theory and Experiment. 2nd ed., 
Van Nostrand, New York, 1936. 

I. Fankuchen, in Physical Methods of Organic Chemistry, Vol. I. A. Weissberger, 
ed., Interscience, New York, 1946, Chapter 14. 

S. H. Pipc^r, A. C. Chibnall, S. J. ELopkins, A. Pollard, J. A. B. Smith, and E. F. 
Williams, Biochem. /., 25, 2072-2094 (1931). 

« F. B. Slagle and E. Ott, J. Am. Chem. Soc., 55,4396-4418 (1933). 
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A tfiin slip of mi(;a {d == 20.4 A.) produces the lines indicated by the arrows. 

The approximately equally spaced linens correspond to successive orders of 

reflection for which n == 1,2,3, etc. (see Fig. 4) in the Bragg equation, nK = 

2d sin By where X is the wave length of the radiation used, By the angle of 

\ \ \ 

Fig. 5. Typical diffraction pattern from “prerfsed” layer of long chain hydrocarbon. 

incidence and d, the planar spacing giving rise to the reflection. For large 

spacings the first order of reflecdioii will be close to the central image neces¬ 

sitating a narrow, well-defined x-ray beam, and an efficient stop; otherwise 

the direct radiation will fog a considerable area of tlie plate. 

The information which such photographs yield is disc.ussed in greater 

detail in the succeeding pages but it may be profitably summarized here. 

Figuni 0 is a reproduction of the dilTraction patterns obtained for the series 

of fatty acids from Cie to C21 and for the C23 acid, using Cu radiation 

with a nickel filter (0.0007 in. thick), and a plate distance of 5 cm. The 

Number of 
Carbon Atoms 

16 

17 

18 

19 

20 

21 

23 

Fig. 6. Effect of chain length on diffraction pattern of n-aliphatic acids. 

difference in separation of reflectioiLs clearly illustrates the “magnification” 
obtained. For example, the difference in the lengths of the chain in pal¬ 
mitic and stearic acids is 4.6 X 10"* cm. The alternation of intensity in the 
first 8 or 9 orders, i. e., n odd (1,3,5, etc.) strong, and n even (2,4,6, etc.) 
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weak, indicates that these acids form layers of double (carboxyl to carboxyl) 

cliain length. This alternation is more marked in odd-numbered than in 

even-numbered carbon chains. 

Figure 7 shows the diffraction pattern obtained from the C'22 acid and 

corresponding alcohol and the methyl and ethyl esters. The single (^hain 

layer structure of the ethyl ester is indicated by the disappearance of tlu' 

odd-even order intensity alternation and an increase in tlu^ sc^paration of 

lines. 

The presence of side chain substituents, e. g.y oxygen, hydroxyl, alkyl, 

etc., produces another intensity variation. Saville and Shearer^® showed 

that in ketones, if the oxygen atom is attached at 1/mth of the chain length, 

the mth, 2mth, dmthy etc., orders of reflection will tend to disappear. In 

double molecmles the odd-even alternation complicates this effect, but the 

intensity distribution may still be calculated. An interesting example of 

this application is found in the work of Velick^^ on the structure of tubercu- 

lostearic or 10-methylstearic acid. 

Fig. 8. Effect of side chain on diffraction pattern. 

A further example of the effect of a side chain substituent on the intensity 

variation and also of the application of the x-ray method to establishing 

the identity of natural compounds is illustrated in Figure 8. The upper 

portion of this figure is a photograph of the diffraction pattern produced 

by n-nonacosane, C29H6o> and the lower portion that obtained with 10- 

W. B. Saville and G. Shearer, J. Chem, Soc., 127, 591-598 (1925). 
** S. F. Velick, J. Biol Chem., 154, 497-502 (1944). 
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iionacosanol, C'29H69()H, both of which were isolated from the cuticle wax of 
apples.^® 

The photograplis were made with ("u K„ radiation at a 10 cm. crystal- 
toplate distance. The crystals were sufficiently well formed to allow 
pressing against a copper strip as a mount. The presence of twelve orders 
of reflection from the (0001) plane were clearly visible on the original plate 
from which the value of for the plane of greatest spacing was calculated 
to be 38.0 db 0.3 A., (0001) of AhOa, d = 22.48 A., being used for reference. 
This value corresponds to that found by Piper and co-workers^^ for an 
aliphatic chain of twenty-nini^ carbon atoms. The diffraction patterns for 
the hydrocarbon and secondary alcohol are similar, except that in the 
case of the long spacing of the alcohol the third, sixth, and ninth orders of 
reflection are missing, w4iich indicates that the hydroxyl group is attached 
to the carbon atom one-third the distance from the end of the chain, ^. c., 
either on the ninth or tenth carbon atom. In order to establish which of the 
tw'o possible positional isoiiKirs corresponded to the natural product, both 
of these ahiohols were prepared and other distinguishing properties 
compared. This compari.son, which was made by Piper et indicated 
the natural substance to be 10-nonacosanol. 

In addition to providing a measure of the chain length, x-ray diffraction 
patterns are useful in establishing the purity of compounds. The first 
effect of impurity in quantity is to alter the value of the spacing and to 
broaden the lines; also it will tend to reduce the number of high orders in a 
diffraction photograph. Preparations of high purity will give sharp, well- 
defined and high orders of reflection, and in general, reflections will be regis¬ 
tered over the entire angle of rock. Further discussion of the x-ray criteria 
of purity will be found in the papers of Piper et and Pollard et 
Imperfect crystallization cannot necessarily be attributed to impurities; 
solvent and crystallization procedures should be carefully checked and 
standard solvents and methods which have been found to produce uniform 
results should be used whenever practical. 

The common occurrence of polymorphic modifications in aliphatic com¬ 
pounds adds a degree of complication to the interpretation of the diffrac¬ 
tion patterns. Temperature is usually the predominant factor in the 
formation of a given polymorphic form. The nature of the solvent and the 
presence of certain impurities also influence the modification which pre¬ 
dominates and these factors must be investigated for any given case. Once 
the modifications are known and the proper conditions established, it is 
possible to construct a graph of the spacing of any homologous series as a 
function of the chain length (see Fig. 9, page 95). For a discussion of 

« K. S. Markley, S. B. Hendricks, and C. E. Sando, J, Biol Chem,, 98, 103-107 
(1932). 

S. H. Piper, A. C. Chibnall, and E. F. Williams, Biochem. 7., 28, 2175-2188 (1934). 
» A. Pollard, A. C. Chibnflil «».nd S. H. Piner Binckem. J. 27 1889-1893 n933^ 
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the significance and interpretation of x-ray diffra(;tion patterns of this 
type with respect to long chain structure the reader is referred to the early 
papers of Muller^“^ and Shearer.*^ 

4. Polymorphism 

In the introduction to this chapter it was pointed out that a number of 
the properties of fatty acids and related compounds depend on their 
crystalline structure. It must now be pointed out that these substances can 
crystallize in more than one solid or polymorphic form and tlierefore exhibit 
variations in these properties. 

Polymorphic forms are solid phases of tlie same chemic^al composition, 
differing among themselves in crystalline form, free energy, and othei* 
physical and chemical properties, but yielding identical liquid or gaseous 
phases upon fusion or evaporation. This definition differentiates poly¬ 
morphism from isomerism in which different solid phases or modifications 
have the same composition but maintain these differences in the liquid or 
gaseous state. In terms of the phase rule, every polymorphic; form exists 
as a separate phase, and the number of solid phases for a single component 
is therefore the number of existent polymorphic forms; whereas any sys¬ 
tem of isomers is a two-component or multi(;omponent system, since the 
phases cannot have their composition expressed by less than two terms. 

It should, however, be mentioned that these definitions ai)ply to ecpiilib- 
rium conditions and do not exclude the possibility of a metastable crystal¬ 
line form of a compound melting to form a metastable liquid phase. This 
phenomenon is well known in organic comi)ounds which melt (metastably) 
and resolidify as their temperature is raised to that corresponding to a more 
stable or higher melting form. Also it should be noted that in some cases 
inversion may be difficult to accomplish experimentally. 

Two types of polymorphism are recognized, namely, enantiotropic and 
monotropic. In the case of enaniiotropism the different forms possess vapor 
pressure curves which approach each other with change in temperature and 
intersect at a point called the transition point, at which point the vapor 
pressures of the two forms are identical. At such a transition temperature 
and only there, are both solid phases stable, and at this point an equilib¬ 
rium exists between them such that the addition of heat will effect a trans¬ 
formation into the form stable at higher temperatures, without, however, 
raising the temperature (isothermal transition) until the other form has dis¬ 
appeared, since the change occurs at an invariant or triple point Abstrac- 

« A. Mliller, J, Chem. Soc., 123, 2043-2047 (1923). 
” A. Muller and G. Shearer. J. Chem. Soc,, 123, 3156-3164 (1923). 

A. Muller and W. B. Saville, J. Chem. Soc., 127, 599-603 (1927). 
** G. Shearer, J. Chem. Soc., 123, 3152-3156 (1923). 
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tion of heat brings about the reverse change, also at constant temperature. 
Tliis form of polymorphism is completely reversible in the solid state. 

In the second type of polymorphism, namely, monotropisniy the vapor 
pressure curves of the two forms do not meet and such forms lack a tran¬ 
sition point. Under conditions where both forms can exist, the one form is 
always stable, and the other metastable. The nietastable form always has 
the higher vapor pressure, and will, therefore, change into the stable form 
by some process such as distillation. This form of polymorphism is not 
reversible in the solid state. 

The occurrence of polymorphism is commonly observed in long chain 
aliphatic compounds, and is generally the rule rather than the exception 
among the long chain fatty acids, esters, glycerides, alcohols, hydrocarbons, 
etc. Polymorphism is particularly important in the fat and oil industry 
because the consistency of many products such as lard, butter, shortening, 
oleomargarine, etc., is dependent on the particular pol3unorphic modifica¬ 
tions whicli are induced in these products during processing and use. The 
parti(;ular i)olymorphic form which is assumed when long chain aliphatic 
compounds crystallize depends on a variety of factors, particularly the 
purity of the compound, the solvent from which it crystallizes, the pres¬ 
ence or absence of particular crystalline nuclei, temperature, rate of cooling, 
and degree of supercooling. Each pol3nnorphic form is characterized by 
various properties, such as melting point, resolidification point, heat of 
crystallization, specific volume, x-ray spacing, etc., which distinguish it 
from any other form of the same compound. Certain forms are readily 
distinguishable by microscopic examination or even by visual inspection. 
Pure long chain hydrocarbons are often observed as dense, opaque crystals, 
or again as transparent crystals resembling clear ice, corresponding to each 
of two different polymorphic modifications. 

Both enantiotropism (reversible poljunorphism) and monotropism 
(irreversible polymorphism) are exhibited by the monoesters of the fatty 
acids, whereas the acids themselves exhibit only monotropism. 

(a) Polymorphism in n-Aliphatic Acid Series 

In 1939, Francis and Piper*^ published a r6sum^ covering the results of 
ten years of investigation on the cr3rstal properties of the higher normal 
aliphatic acids. In the course of these investigations they prepared and 
examined all of the even numbered fatty acids and their methyl and ethyl 
esters from Cu to Cag as well as the odd-numbered fatty acids from Cn to 

C29. 

The even-numbered acids were obtained in two polymorphic forms which 
were differentiated on the basis of their long spacing values and designated 

” F. Francis and S. H. Piper, J, Am, Chem, Sac,, 61t 677-681 (1939). 
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as B- and C-foiiiis, (ho /i-foiin liavinfi; the loiifjer s})a(*ing. It was estab- 
lisliod that tho alipliatio acids with an oven nninbor of carbon atoms gen- 
(‘rally crystallize iroin solvents in the unstable modification characterized 
by i^-spa('iiigs and an* ir!(‘versil)ly converted at tem])eratures about 5°C. 
below their melting points into the stable modification characterized by 
C-spacing's. Slow crystallization of the even-numbered carbon acids from 
hot glacial acetic acid gc'iuTally yields the polymorphic form possessing a 
(--spacing, whereas crystallization from benz(*ne generally yi(*lds tlu* form 
possessing the longer /i-spacing. TIk* marked difT(u*ences betw(*(*n the x-ray 
spacings of (he B- and (Morins of stearic acid are illustrated in Figure 8a. 

Fig. 8a. X-ray i)att(Tii of tho B (upper) and V (lower) forms of stearic acid. 

IMre //-eicosanoic acid appt^ars to b(^ an ex(*('ption to tliis general statt'nien( 
since it was found to yield a mixture of the B- and (7-forms when ciystal- 
lized from a(‘etic acid. Wlien (‘rystallization of jnire even-numbered (‘arbon 
acids occurs from a melted specimen, tlie (7-forjn is geiuu'aJly produ(*ed. 
Acids having an odd number of carbon atoms give the modification (*orre- 
sponding to the yi-form, irrespective of the solvent used in crystallization. 

Tablk U) 

LONG SPACING VALUKS OF THK EVEN-NUMBFULD NORMAL ALIPHATIC ACIDS® 

( ry.stal sp.icinKs, A. 
Number of 

carbon atorim 

R-foirn 

icids 

m 
Metliyl e.sters 

Ethyl cster.s 

R-ff>rm 

14 31 60 
16 39.1 35.60 43.45 
18 43.75 39.75 47.95 25^80 
20 48.45 44.15 52.30 
22 52 48 3 57.02 29’IK) 
24 57.75 h ’Z 6 61.70 32.15 
26 62.2 56.25 66 15 34.45 
28 67.15 61.05 70.80 36.65 
30 71.4 65 2 75.25 38.75 
32 76.3 69.25 79.95 41.1 
34 80.5 73.3 84.15 43.45 
36 85.25 78.1 89.30 46.3 
38 90.0 82 1 93.00 48.05 
46 108.2 99.05 121.7(?) 57.45 

^ F. Francis and S. IL Piper, J. Am. Chem. Soc., 61, 577-581 (1939). 
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TABIiE 17 

LONG SPACING VALUES OP THE ODD-NUMBERED NORMAL ALIPHATIC ACIDS* 

Number of 
carbon atoms 

Crystal spacings. A. 

Acid (J8-form) Methyl ester Ethyl ester 

17 40.45 46.3 24.75 
19 44.50 50.8 26.95 
21 49.25 55.25 29.35 
23 53.40 60.0 
25 57.65 64.55 
29 66.35 73.75 38.1 

• F. Francis and S. H. Piper, J. Am. Chem. Soc., <51, 577-581 (1939). 

Fig. 9. Variation in spacing values as a function of the number 
of carbon atoms in long chain aliphatic compounds.” 

The long spacing values for the fatty acids and the corresponding methyl 
and ethyl esters as determined by Francis and Piper’* are given in Tables 

. 16 and 17. If the values of the x-ray spacing for the same polymorphic 

'* F. Francis, F. J. E. CollinSk and S. H. Piper, Proe. Roy. Soe. London, A158, 691- 
718(1987). 
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modifications of the various homologous series of long chain aliphatic com¬ 
pounds are plotted against the number of carbon atoms in the chain, a 
series of straight lines are obtained as shown in Figures 9 and 10 which arc 
reproduced from the work of Francis, Collins, and Piper*® and of Piper. 
Tliis linearity in the relationship between the number of carbon atoms and 
spacing values contrasts with the curvilinear relationship or alternation 

exhibited by other properties of 
these compounds. 

(6) Polymorphism in the Methyl 

and Ethyl Esters 

The polymorphism exhibited 
by the long chain normal aliphatic 
acids is relatively uncomplicated 
compared to that obtaining in the 

10 15 20 25 30 35 40 45 50 55 60 65 70 correspondiiig methyl and ethyl 
NUMBER OF CARBON ATOMS ^ rx^i 

. , esters. The pure acids exhibit 

function of the number of carbon atoms in nionotropy and the two 
the normal paraffins and the two forms of are readily distinguishable 
fatty acids.on x-ray e.xamination. Owing to 

the fact that the acids are irre¬ 
versibly converted below their melting points to the stable form only one 
melting point is observed for each acid. 

The methyl, and especially the ethyl esters, possess multiple melting 
points and exhibit both monotropic and enantiotropic polymorphism de¬ 
pending on their chain length and whether they contain an odd or an even 
number of carbon atoms in the chain. Melting points, rather than x-ray 
diffraction, have been relied upon to distinguish the polymorphic forms of 
the esters, and a different system of designating the various modifications 
has been used. In the case of the acids the two monotropic forms were 
designated by Piper as B and C in correspondence with the values of the 
long spacings, the 5-form corresponding to the one with the higher value. 
The various modifications of the esters are designated a, p, 7, etc., in cor¬ 
respondence with the observed melting and transition points. In some cases 
the modifications distinguished by different melting points have been cor¬ 
related with differences in x-ray spacings. 

The complex nature of the polymorphic behavior of the esters of the long 
chain aliphatic acids has attracted many investigators whose combined 
efforts have resulted in considerable clarification, but no complete solution 
of the problem. Indeed, it is unlikely that such a solution will be forth¬ 
coming until quantitative specific heat determinations are made throughout 

the range of temperatures at which the various polymorphic forms can 
exist. The technique and applicability, as well as utility, of this type 
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of investigation are now well established,®^”"®^ and have been applied by 
Gamer et to the determination of the heats of crystallization and 
specific heats of the fatty acids and 
the methyl and ethyl esters. How¬ 
ever, owing to the limited range, 
generally 20° to 7()°C., over whic^h 
the specific heat measurements were 
made, this work is in need of re]Mi- 
tition and extension to much lower 
t^miperatures. 

Francis, Piper, and Malkin^® ob- 
sei'ved an unexpected increase in the 
long spacings of certain equimo- 
lecular mixtures of ethyl esters 
which subsequently led them, as well 
as othei s, to investigate the cause of 
this plienomenon, and thereby to 
the discovery tliat etliyl esters exist 
in two crystalline modifications, one 
of wliich is stable over a limited 
range of temperatures near the melt¬ 
ing point. The large spacings were 
found to be given by the form nor¬ 
mally stable only at high tempera¬ 
tures. In the case of mixtures such 
as were examined by Francis, Piper, and Malkin, the change from the 
metastable form into the normal stable modifi(;ation is greatly retarded, 
consequently the fused mixture solidifies (crystallizes) in the metastable 
form which is maintained over a considerable period. Since Francis et aL 

prepared their mixed esters by fusion, the binary mixtures were obtained 

A. E. Bailey, S. S. Todd, W. S. Singleton, and G. D. Oliver, Oil & Soap, 21, 293-297 
(1944). 

G. D. Oliver, W. S. Singleton, S. S. Todd, and A. E. Bailey, Oil Soap, 21, 297- 
300 (1944). 

A. E. Bailey and G. D. Oliver, Oil & Soap, 21, 300-302 (1944). 
A. E. Bailey, M. E. Jefferson, I'\ B. Kreeger, and S. T. Bauer, Oil & Soap, 22,10-13 

(1945). 
*8 W. E. Garner and F. C. Randall, J, Chem, Soc., 125, 881-896 (1924). 
8® W. E. Garner, F. C. Madden, and J. E. Rushbrooke, J. Chem. Soc., 1926, 2491- 

2502. 
W. E. Garner and J. E. Rushbrooke, J. Chem. Soc., 1927,1351-1358. 
W. E. Garner and A. M. King, J. Chem. Soc., 1929, 1849-1861 

8* A. M. King and W. E. Garner, J. Chem. Soc., 1931, 578-580. 
*8 A. M. King and W. E. Garner, J. Chem. Soc., 1934,1449-1456. 

A. M. King and W. E. Garner, J. Chem. Soc., 1936,1368-1372,1372-1376. 
*8 F. Francis, S. H. Piper, and T. Malkin, Proc. Roy. Soc. London, A128, 214-252 

(1930), 
8® S. A. Mumford and J. W. C. Phillips, Rec. trav. chim., 52,176-180, 181-194 (1933). 

Fig. 11. Freezing and melting point 
curves of the ethyl esters of the saturated 
fatty acids:'*® O, m. p. curve of the/5-form 
of even esters; •, m. p. curve of the /5- 
form of odd esters; A, f. p. curve of the 
a-form of the odd and even esters; f. 
p. curve of the 7-form of the odd and even 
esters. 
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in the metastable modification which exhibited the enhanced spacing values 
rather than the expected normal value. 

Mumford and Phillips^® investigated the polymorphic behavior of a 
large number of pure ethyl esters and their binary mixtures. The thermal 
data assembled by these authors for the pure esters are reproduced in 
Table 18 and graphically in Figure 11. Inspection of the curves in Figure 
11 indicates ttiat throughout the homologous series, the a-freezing points 
lie on a smooth curve but the /S-melting points alternate, the /3-melting 
point curve of the even esters being higher than and distinct from that of 
the odd. On examination of the a-freezing point and /3-melting point curves 
it is seen that just as the a-melting point curve intersects the /3-melting 
point curve of the odd esters at, or about the Cn member of the series, so 
in the other direction it will intersect the /3-melting point curve of the even 
esters above C22, e., the higher even members, like the odd, will exhibit 
enantiotropy. 

Malkin found that although the a to /3 transformation of the odd esters 

Table 18 

FREEZING AND MELTING POINTS OF POLYMORPHIC FORMS OF ETHYL ESTERS 

OF THE SATURATED ACIDS® 

Total Freesing 
point 01 

a-form 

Melting point of /9-form 
Freesing 
point of 

7 (Ci)-form 
number 

of carbon 
atoms 

Ester Even 
esters 

Odd 
esters 

8 Hexoate (f. p.) -67.5 
9 Heptoate -66.1 

10 Octoate (f.p.) -44.75 
(f. p.) -43.1 

11 Nonoate CO. —35 
(f. p.) -36.7 

ca. —42 

-44.45 
12 Decoate -20.3 

(f.p.) -19.9 
... 

13 Undecoate -27.& -15.0 -1^.5 
14 Laurate -16.5* - i.8 ca. -11* 

? -10.65 
15 Tridecoate - 4.’8* - b‘.‘8 ca. —3.5 
16 Myristate 4.45* 12.’3 
17 Pentadecoate 11.95 ca. 11.5* ca. 7* 
18 Palmitate 19.3 

19.4 
24.i 
24.18 

ca. 12* 

19 Margarate 26.25 26.6 17V2 
20 Stearate 30.8 

30.9 
33.'5 
33.4 

... ca. 22* 

21 Nonadecoate 35.7 
35.6 

... 28.9 25.6 
24.5 

22 Eicosoate 40.5 4iVo i ... 

• S. A. Mumford and J. W. C. Phillips, Rec. trav. chim,, 52,181-194 (1933). 
* Indicates extrapolated values. 

T. Malkin, /. Chem, Soe,, 1931, 2796-2805. 
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was definitely euantiotropie, reversibility did not occur in the case of the 
even esters, but as pointed out by Mumford and Phillips,^® the /3-melting 
points would lie very close to the a-freezing points and reversibility might 
therefore be difficult to detect. The freezing points of the 7(Ci)-modifica“ 
tions of the esters appear to fall on a curve which is approximately parallel 
to, but lower than, the /3-melting point curve of the odd esters, and inter¬ 
secting the a-freezing point curve at or near the Cis member of the series. 

In most cases the particular polymorphic foim which is obtained with 
pure esters can be recognized and identified, and the a- to /3-, or to a- 
transitions can be readily determined. However, it has been observed 
that, when ethyl imdecanoate cools, it forms large, hard, semitransparent 
crystals having a freezing point of — 20.5°C. and a melting point of —19.5®, 
but, on rubbing, th(*se crystals change exothcrmally into a softer, more 
granular and opaque form melting at — 15®C. Neither of these forms is the 
transparent a-modifieation. Ethyl pelargonate, the next lower odd ester, 
also exhibits two high melting crystalline forms, the large hard variety, 
freezing point about — 42®C'. changing very readily into the softer modifica¬ 
tion, freezing point about — 35.5®C. Mumford and Phillips^® concluded 
that of tliese two fonns the higher melting, stable form is the /3-modification 
and the lower melting, unstable form is a third or 7-modification. 

Further evidence of the existence of this third modification was obtained 
by Mumford and Phillips during an examination of the cooling curves of 
the a-forms of ethyl margarate and mixtures wdth its homologs. These 
curves exhibited two arrests whi(di were designated, respectively, Ci and C2. 
The second of these arrests apparently corresponded to the transition to the 
/3-modification, whereas, the first arrest corresponded to the transition 
from the a-form to an unknown form. It was concluded by these authors 
that the a- to j3-transition of ethyl margarate is complex and occurs through 
an intermediate Ci-modification. The latter modification |:)ersists through¬ 
out a series of solid solutions in many of the mixtures in which ethyl marga¬ 
rate is a component. For example, mixtures of ethyl palmitate and ethyl 
margarate exhibit this Ci-form throughout the series of binary mixtures 
containing up to 70 mole per cent of ethyl margarate. In the case of ethyl 
margarate and ethyl nonadecanoate, it persists throughout the whole 
range of compositions. In the case of binary mixtures containing ethyl 
margarate as one component, it i.s possible by extrajx)lation to determine 
the freezing jx)int of the Ci-inodification of the other member of the binary 
mixture. These extrapolated values are indicated in Table 18 by super- 
script b. This Ci-modification which appears in the case of binary mixtures 
containing ethyl margarate would seem to correspond to the unstable 
7-form which is observed in the case of pure ethyl imdecanoate and ethyl 
pelargonate. Its persistence, at least in metastable form, results from the 
addition of tlie second component to produce the binary mixture. 
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Mumford and Phillips concluded from their investigations that ethyl 
esters of the fatty acid series from C12 upwards exhibit three distinct kinds 
of alternation of polymorphic type as follows: 

0) Alternating monotropy, with esters up to Cie; the a-forms of both 
odd and even numbers being metastable and unobtainable except in mix¬ 
tures. 

(2) Alternating monoiropy and enantiotropy with esters from C16 to C22; 
the a-forms of the odd members being stable near the melting point, and 
those of the even members metastable but unobtainable. 

(3) Alternating enantiotropy with esters above C22; the a-forrns of both 
odd and even members being stable in the vicdnity of the melting point. 

Evidence based on the observations relative to the existence of a 7(^1)- 
modification of the etliyl esters of the odd-numbered acids from (\ to C21 

indicates that these esters may be trirnorphic. 
Smith^^ has summarized the available information up to 1939 relative 

to the polymorphism of the ethyl esters as follows: At least three kinds of 
polymorphism arc observed. For the esters up to ethyl rnyristate, the 
opaque /3-fornis of both ev(Mi and odd members are stable and the trans¬ 
parent a-forms are m(‘tastable {monotropic polymorphism)] from ethyl 
rnyristate to ethyl eicosanoate, a-forms of the odd members are stable near 
the melting point and change enantiotropically to the jS-forrns on cooling; 
a-forms of the even members are metastable (except in mixtures) and 
change monotropically to the ^S-forrns; above ethyl eicosanoate, the a- 
forms of both odd and even membei-s are stable near the melting point 
{monotropic polymorphism). 

The x-ray spacings of the methyl esteis of the fatty acids from Cie to C46 

are given in Tables 10 and 17. The corresponding melting points as re¬ 
ported by Francis and Piper*‘^ are reproduced in Tables 19 and 20. In¬ 
spection of the data in Table 19 indicates that the melting points of the 
7-modifications of the methyl esters of the Cn to C36 series of acids are ap¬ 
proximately 1.0 to 1.5°C. above their resolidification points. If the melting 
point is determined for that modification (jS-form) which separates on 
crystallization from the melt and before the tonperature has fallen more 
than 1°C"., it is fouml that in most cases a lower melting point is obtained 
which is about 0.5°('. above the resolidification point. The two forms of 
methyl esters can, therefore, be distinguished by determining the melting 
point, solidification point, and rcmelting point. The lower of the two values 
corresponds to the /3-form and the higher to the 7-form. The methyl esters 
of the odd-numbered acids are classified in a similar manner. 

The resolidification of the liquid methyl esters is very slow and in the 
lower members of the series it cannot be observed in a capillary tube with 

J. C. Smith, Ann. Repta. Progress Chem., 35, 257 (1939). 
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Table 20 

MELTING POINTS OP ACIDS WITH ODD CARBON CONTENT AND THEIR ESTERS® 

Carbon 
content 
of acid 

Acids 
Methyl esters Ethyl esters 

S. p. from 
graph esters 
even acids 

■' "P . y 
R. p. M. p. 

S. p. R. p. M. p. 8. p. R. p. M. p. M. p. 

17 60.81 60.85 61.3 28.1 28.6 29.7 25.4 
(25.15) 

25.4 25.7 

19 68.8 68.2 68.65 38.64 38.4 38.9 39.3 35.95 
(36.05) 

35.8 86.1 

21 73.5 73.7 74.3 _ 46.6 47.6 44.18 43.95 44.5 
23 78.69 78.4 79.1 53.5 54.4 51.05 51.1 51.4 
25 82.91 82.7 83.5 59.2 60.0 56.9 56.85 57.15 
29 ... 89.7 90.3 68.3 66.35 66.3 66.6 

o F. Francis and S. H. Piper, J. Am. Chem. Soc., 61» 577-581 (1930). 

any degree of certainty. The velocity of the change, however, increases as 
tha series is ascended, but it never appears to be as great as that of the 
corresponding ethyl esters. 

In addition to the two melting points corresponding to the and 7- 
modifications that can be observed in the methyl, esters, there is another 
phenomenon which can be observed if the molten ester is allowed to cool 
a few degrees below its resolidification point and the temperature then raised 
slowly. If, under these conditions, the solid esters are illuminated by 
transmitted light they appear to be translucent, and certain of the methyl 
esters are seen to become opaque about 0.4° to 0.7°C. below the melting 
point of the 7-modification. It has been assumed that this transformation 
may be due to the formation of liquid crystals. 

Malkin^® determined the long spacings of the a- and jS-forms of the 
methyl, ethyl, propyl, butyl, and amyl esters of palmitic, margaric, and 
stearic acids which are given in Table 21. According to Malkin the spac- 

Table 21 

LONG SPACINGS OF a- AND /3-FORMS OF VARIOUS ESTERS OF PALMITIC, 

MARGARIC, AND STEARIC ACIDS 

T. Malkin, Trans, Faraday jSoc., 29,977-982 (1933). 
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ings of the a-forms correspond to planes separated by vertical zigzag chains, 
whereas those of the shorter /3-forms correspond to tilted chains. The a- 
forms were found to give only one side spacing of 4.2 A., wliile the j3-forms 
give the two side spacings usually associated with long chain compounds, 
namely, 3.7 and 4.2 A. The esters therefore appear to behave in a manner 
similar to paraffins®® and the alcohols,®^ where the absence of the shorter 
side spacing in the a-form is attributed to rotation of the molecule about the 
chain axis. 

5. Thermal Properties and Crystal State 

As previously mentioned, each crystalline phase or polymorphic modifica¬ 
tion of the fatty acids and esters is characterized by a number of specific 
thermal properties. Any change in the physical state of these substances 
must necessarily be accompanied by a corresponding change in those 
properties, and it is evident, therefore, that their quantitative determina¬ 
tions should provide additional information concerning the existence of 
specific phases and the transitions from one phase to another. The thermal 
properties of the fatty acids and esters which are readily amenable to 
quantitative measurement are specific heat and heat of transition from one 
phase to another, including transition from one polymorphic form to 
another in the solid state, and the transition from solid to liquid or liquid 
to solid. The heat of transition from solid to liquid is more generally 
referred to as the heat of fusion and that from liquid to solid as the heat of 
crystallization. 

The heat-of crystallization or fusion and the heat of transition from one 
crystalline form to another are latent heats and occur at constant tem¬ 
peratures. They are entirely analogous to the latent heat of vaporization. 
The latent heat of any transformation is the amount of heat absorbed or 
evolved per unit of quantity of product transformed in the direction indi¬ 
cated, or in other words, it may be positive or negative. By specific heat is 
meant the quantity of heat necessary to raise the temperature of one gram 
of a substance through one degree centigrade at any temperature. 

(a) Specific Heat and Heat of Transition 

Our present knowledge of the specific heats, heats of crystallization, and 
heats of transition of the long chain fatty acids, esters, and related com¬ 
pounds is due primarily to the work of Garner- and co-workers extending 
over a period of nearly twenty years. During this period these workers 
made many quantitative measurements of the thermal properties of these 
compounds and applied the results to the elucidation of their crystal struc- 

» A. Mtiller, Proc. Roy, Soc. London, A137, 417-430 (1930); A138, 514-530 (1932) 
J. D. Bernal, Z. Krist,, 83, 158-155 (1932). 
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Table 22 

HEATS OF CRYSTALLIZATION AND TRANSITION AND SPECIFIC HEATS OP EVEN- 

NUMBERED CARBON ACIDS FROM ACETIC TO CEROTIC 

Acid 
Setting 
point, 
° K. 

Q, heat of 
cryntn,, 
kg,-cal,/ 

mole kg.-cal. 

Specific heat 
of solid, 

cal./g. 

Specific heat 
of liquid, 

cal./g. 

Mean 
specific 
heat of 
liquid 
(m.p. 

to 30° 
above), 
cal./g. 

Acetic 
Butj'ric 

289.5 
270 

2.77 
2.64 -0.13 

Caproic 271.5 3.60 0.96 0.4495 (-10 to -33) 0.5105 (23-0) 0.51 

Caprylic 289.5 5.11 1.51 0.4650 (12-0) 0.5050(46-18) 0.51 

Capric 304.5 6.69 1.58 0.5009 (24-0) 0.4989 (65-35) 0.50 

Laurie 316.8 8.75 2.00 0.5110 (39-19) 0.5146 (78-48) 0.51 

Myristic 326.7 10.74 1.99 0.5209 (43-24) 0.5157 (84-23) 0.52 

Palmitic 

Stearic 
335.8 
343.7 

12.98 2 24 

1.08 

0.4920(53 22) 

0.4597 (56-20) 

0.5416 (68-22) 0.54 

Araehidie 349.5 16.95 1.98 0.4772 (60-20) 0.5663 (100-22) 0.57 

Behenic 353.2 18.75 .... 1 0.4854(71 18). 0.5556 (109-80) 0.56 

Idgnoccric 350.1 21.10 I •••• i 0.4656 (78-18) 0.5855 (109-87) 0.59 

Cerotic 300.4 1 i 
1 • • • • i 0.4789 (70 17) 0.5712 (109 -79) 0.57 

Table 23 

HEATS OF crystallization AND TRANSITION AND SPECIFIC HEATS OF ODD- 

NUMBERED CARBON ACIDS FROM FORMIC TO PENTACOSANOIC 

Acid 

S(;t- 
fing 

point, 
° K. 

Q, 
heat of 

cry.stn., 
Itg.- 
ral./ 
mole 

i 
AQ per 
2 Clh., 
kg.-eal. 

i 

i Heat 
! of 

tran¬ 
sition 
a-^0, 
kg.- 
cal./ 
mole 

Speeifi(t heat 
of .solid 

<r(n - <2). 
cal./g. 

Specific heat 
of liquid 

<r(/? ~ (S). 
eal./g. 

Mean 
Kpeeifie 
heat of 
liquid 
(m.p. 

to 30° 
above), 
eal./g. 

Formic 
Propionic 
Valeric 

281.5 
251 
253 

2.52 
2.26 i 

1 
1 

! j 

-0.26 

Heptanoic 261.8 3.58 i 0.4752 (-15 to -35) 0.4928 (30-0) 0.49 

Pelargonic 285.5 4.85 1.27 1 1.37 0.4220 (24-0)« 
0.3653/3 

0.5044 (44-18) 0.50 

Undecanoic 301.5 5 99 1 1.14 1.84 ! ! 0.5323 (-hi to -9)« 
0.4069(15 1)^ 

0.5190 (67-36) 0.52 

Trideeanoic 314.7 8.02 2.03 0.94 0.4307« 
0.4322/3 

0.5456 0.55 

Pentadecanoic 325.5 10.30 2.28 1.20 0.4668« 
0.4603/3 

0.5316 0.53 

Margaric 334.5 12.22 1.55 0.4236-0.5063 
(53-18)^ 

0.5604 (99-64) 

Trico.sanoic 350.4 17.60 1.62 0.4166-0.5603 
(71-18)/3 

0.5762 (108 87) 

Pentacosanoic 353.6 20.00 1.47 

1 

0.4140 0.5351 
(72-20)/3 

0.5769 (110- 88) 

1 

lures. In 1926 Gaa’ner, Madden, and Rushbrooke^® summarized tlicir work 
and tiiat of others on the thermal properties of the normal aliphatic acids. 
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These data included all the even acids from acetic to arachidic and the odd 
acids from formic to pentadecanoic. In 1929 Gamer and King^^ extended 
the series of even acids to n-hexacosanoic and of the odd acids to n-penta- 
cosanoic. 

These data, which include the setting point, heat of crystallization, 
heat of transition from a- to /3-form in the solid state, and the specific heats 
of the solid and liquid forms of the normal fatty acids, are reproduced in 
Tables 22 and 23. Corresponding thermal data for the methyl and ethyl 
esters of the series lauric to triacontanoic acid were summarized by Bang and 
Garner^®'^^ in 1934 and 1936 and extended by Francis, King, and Willis®^ 
in 1937 to include ethyl tetratriacontanoate. These data are reproduced 
in Table 24. 

According to Garner and co-workers, the data in Table 22 for the even 
acids higher than Cio can be expressed in two equations as follows: 

(1) Q = 1.03 n - 3.61 

{2) Q/T = 0.002652 n - 0.0043 

which can be combined to give the following expression for the setting 
point: 

(3) T = (1.03 n - 3.61)7(0.002652 n~0.0043) 

Similarly, the data in Table 23 for the odd acids in the a-form from Ch 
to C26 can be expressed as in the form: 

(4) Q = 0.9651 n - 4.49 

(5) Q/T = 0.002505 n - 0.0071 

which, when combined, give the following expression for the setting point: 

(6*) T = (0.9651 n - 4.49)7(0.002505 n - 0.0071) 

Graphical treatment of the data in Table 24 gave the expression: 

(7) T - (1.083 n - 4.15)7(0.002839 n - 0.00185) 

for the melting points of the even methyl esters, and the expression: 

(8) T = (0.8389 n - 5.58)7(0.00224 n - 0.00904) 

for the melting points of the odd ethyl esters. 
When the data for the melting points of the ethyl esters of the even- 

numbered carbon acids are plotted against the number of carbon atoms 
in the acid chain (Fig. 12), two curves are obtained which intersect in the 

w F. Francis, A. M. King, and J. A. V. Willis, /. Chem, Soc., 1937,999-1004. 
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vicinity of n = 20. Tlie two curves (A, Fip;. 12) represent the melting 
points of two different crystalline forms (a and jS) of the esters. The jS- 
forms are stable at the melting point for members below m = 20 while the 
a-forms are stable above this value. The equations for these curves are 
(up to n = 20): 

{9) Tm = (0.7030// + 0.03)7(0.00170 n + 0.01475) 

and (above n = 20): 

(JO) = (0.7081 n - 3.28)7(0.001790 n - 0.0012). 

The equations for T make it possible to predict a inaxirnum or conver¬ 
gence temperature for the melting points of each homologous series. In the 

Fig. 12. Melting points and heats of crystallization as a function of the length of the 

hydrocarbon chain of ethyl esters of the w-fatty acids according to King and Garner**^ 

(A) melting point curves of a- (#) and (0) forms of ethyl esters; (B) heats of crystal¬ 

lization of the or tilted forms; (C) heats of crystallization at the setting point of the 

a~ or vertical forms; (X) point of inflection in slope of heat of crystallization of /3-forms. 

case of the even-numbered fatty acids this convergence temperature is 
115.5°C. or 388.5°K. (see Table 25, column 7). As a matter of fact, in all 
of the homologous series of long chain aliphatic compounds there is a con¬ 
vergence temperature at about 120®C. owing to the fact that the methylene 
chain ultimately becomes the dominant factor in determining the melting 
point. 

In contrast to the convergence of melting points of the odd- and even- 
numbered carbon acids with increase in chain length, the curves for the 
heats of crystallization diverge up to the tenth member and from there on 
arc parallel. The heats of crystallization are linear above decanoic acid as 
indicated by equations (/) and (4). 
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The mean specific heats of the acids in the liquid state over a tempera¬ 
ture range of approximately 30° C. above the melting point show no evi¬ 
dence of alternation but increase slightly as the series is ascended. The 
average mean specific heat of the stable form of the solid acids at the 
melting point is 0.46 cal. per g. which is somewhat lower than the mean 
specific heat for the same acids in the liquid state. 

The data given in Tables 22, 23, and 24, as well as other data of Garner 
and co-workers which are not reproduced here, were expressed by King and 
Garner^^ as a series of constants or average values for the individual mem¬ 
bers of several homologous series of aliphatic compounds as indicated in 
Table 25. The lower members of the homologous series show anomalies 
in the melting points, heats of crystallization, and related properties, but in 
the case of carbon chains of ten or more atoms these anomalies disappear. 
For example, considering the odd and even homologous series above Cio, 
it is observed that the molar heat of crystallization increases linearly with 
the number of methylene groups in the hydrocarbon chain and that the 
increment in the heat of crystallization (Table 25, column 2), due to the 
introduction of a methylene group into the chain, becomes constant for the 
higher members of any one series; also, that the increment in the entropy 
of crystallization (Table 25, column 3) per methylene group is constant for 
any one homologous series. 

An examination of the increments per methylene group for different 
series shows that the long chain compounds may be divided into two dis¬ 
tinct classes. In one group are those compounds for which the increments 
in the heats of crystallization and the entropies of crystallization are the 
same within the limits of experimental error. This group possesses specific 
heats for the solid in equilibrium with the melt which are normal in the 
sense that the values are lower than those for the liquid states (Table 25, 
column 4 and 5). X-ray analyses of the solids in this group have shown that 
the axes of the hydrocarbon chains are tilted with respect to the planes con¬ 
taining the terminal groups. 

In the second group are found the hydrocarbons and ethyl esters whose 
increments in the heats and entropies of crystallization are lower, and 
whose specific heats, cross-sectional areas, and coefficients of expansion are 
higher than those of the first group. Also, the values vary from one series 
to another. X-ray analysis shows that in this group the chains are* vertical 
with respect to the planes containing the terminal groups. 

Gamer and co-workers^®have applied their thermal data to the ex¬ 
planation of the baffling subject of alternation in the melting points be¬ 
tween the even and odd members of the various homologous series of long 
chain aliphatic compounds. Their thermal data, as well as that of other 
workers with respect to other physical properties of these compounds, 
indicate that alternation is due essentially to differences in crystalline 
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structure. For a more detailed discussion of the theory of melting of the 
fatty acids and esters the reader should consult the above-mentioned pub¬ 
lications of Garner et al. and the review of the subject by J. C. Smith. 

(6) Melting and Freezing Points 

The foregoing discussion of polymorphism in relation to the thermal 
properties of fatty acids and esters has included many references to melting 
and resolidification phenomena, primarily as characterizing criteria of the 
crystal states of these compounds. Aside from their significance in rela¬ 
tion to pol3miorphism, melting and freezing points are useful in establish¬ 
ing the identity and relative purity of naturally occurring acids and their 
derivatives. 

The melting point and freezing point are defined as the temperature at 
which solid crystals of a substance are in equilibrium with the liquid phase 
under its own vapor. If this equilibrium condition is approached by cool¬ 
ing the liquid, the temperature is referred to as the freezing point, and if 
approached by heating the solid, it is referred to as the melting point. 

Most crystalline compounds, if chemically and physically homogeneous 
and thermochemically stable up to a temperature at which they will exist 
as a liquid, possess a sharp and invariant melting point. Whether this 
melting point is observed or not in the case of any particular compound, 
such as a fatty acid or ester, depends on many factors, among which are its 
purity, thermochemical stability, and the method of determining the melt¬ 
ing point. 

Chemical homogeneity alone does not necessarily insure that the com¬ 
pound will possess an invariant melting point since the melting point can be 
affected by the presence of another polymorphic form of the same molec¬ 
ular species. For example, the presence of a second polymorphic form, 
usually metastable above its inversion temperature, may result in the 
observation of a melting range anywhere between the melting point of the 
lower form and that of the higher melting form. 

In the case of a chemically and physically homogeneous compound, the 
principal factor affecting the observed value of the melting point is the 
method and apparatus used in its determination. The melting point ob¬ 
served by the usual capillary-tube method is generally higher, sometimes 
by one to two degrees, than that observed with large samples by the heat¬ 
ing-curve method. The various factors, as well as the thermodynamic 
considerations and phase rule applications involved in determining melting 
and freezing points, are discussed by Skau and Wakeham.®* The types 
of apparatus and their effects on the melting point have been discussed by 

E. L. Skau and H. Wakeham, in Physical Methods of Organic Chemistry, Vol. 1. 
A. Weissberger, ed., interscience, New York, 1945, Chapter 1. 
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^rseng,*^ Francis and Collins," Markley," Hershberg," And others. 
Francis and Collins" conducted a painstaking investigation into the 

factors involved in the capillary-tube method of determining the melting, 
setting, and resolidification points of the fatty acids and esters. The 
factors investigated included the type of apparatus, the size of the capillary 
tube, amount of material used, effect of traces of impurities, etc. They 
concluded from this work that the setting point is the only thermal charac¬ 
teristic of the transition between solid and liquid states that can be repro- 

ducibly and reasonably accurately 
determined experimentally by 
means of the capillary-tube meth¬ 
od; also, that the melting point 
obtained by the capillary-tube 
method is invariably higher than 
the setting or true melting point, 
as determined by another appa¬ 
ratus described by Francis and 
Collins in the same paper. 

When the apparatus and tech¬ 
nique of Francis and Collins is em¬ 
ployed for determining the melting 
point by the capillary-tube method, 
the difference between the setting 
and melting points is much smaller 
compared to other similar methods. 
The particular type of apparatus 
employed by them renders it pos¬ 
sible to keep the substance under 
close observation at temperatures 

very near the melting point and, hence, it is possible to detect the existence 
of metastable forms fusing within one degree of each other. 

Francis and co-workers**'” employed the apparatus and technique de¬ 
scribed by Francis and Collins for the determination of the melting, setting, 
and resolidification points of the fatty acids and their derivatives of the 
series C12 to Cw From the graphical reproduction of these data** in Figure 
13, it is evident that the melting points of the homologous series of even- 
numbered fatty acids, alcohols, ethyl esters, and alkyl iodides, each lie on 
a smooth curve which tends to become parallel to the a;-axis as the chain 
length increases. As previously mentioned, the ultimate convergence 

16 18 20 22 24 26 28 30 32 34 36 38 
NUMBER OF CARBON ATOMS 

Fig. 13. Melting point as a function of the 
number of carbon atoms in (A) acids, 
(L) alcohols, (E) ethyl esters, and da) 
and (I^) iodides.** 

Chao-Lun Tsew J. Chinese Chem, Soc,, 1,143-182 (1933). 
•» F. Francis and F. J. E. Collins, J. Chem, Soc., 1936,137-142. 

K. S. Markley, fnd. Em, Chem,, Anal, Ed,, 6, 476 (1934). 
” E. B. Hershberg, Ind, Eng. Chem,, Anal. Ed., 8, 312-313 (1936). 



112 IV. CRYSTAL PROPERTIES 

temperature was calculated by King and Garner^^ to be about 120°C. for 
all long chain aliphatic compounds. 

The fact that the melting points of the even-numbered acids lie on the 
same curve is evidence that at the melting point each member of the homol¬ 
ogous series was in the same polymorphic form, namely, the high-melting 
C-form, into which the 5-form passes irreversibly about 5°C. below the 
melting point. If, however, the comparison had included the alternate odd- 
numbered acids obtained by crystallization from solvent, alternation in the 
melting points of the odd- and even-numbered acids would have been ob¬ 
served, since the odd-numbered acids crystallize in the 5-form irrespective 
of the solvent used in crystallization. With the exception of eicosanoic 
(arachidic) acid which gives a mixture of 5- and C-forms, only the C-form 
is obtained on crystallization of the even acids from glacial acetic acid. 

The melting point relationsiiips of the methyl and ethyl esters are con¬ 
siderably more complicated than those of the fatty acids owing to the 
greater complexity of their polymorphic behavior which has already been 
discussed. The complexity of the melting point phenomena exhibited by 
the ethyl esters is illustrated by the melting and freezing point data which 
were presented in Table 18 (page 98) and Figure 11 (page 97) and dis¬ 
cussed in connection with the dimorphic behavior of these substances. 
This discussion is recapitulated in part in the following pages. 

It has been mentioned that if the melting points of the ethyl esters of the 
even- and odd-numbered acids are separately plotted against the number of 
carbon atoms, each series falls on a smooth curve (Fig. 11), but if they are 
plotted on the same curve alternation is observed. The alternation, how¬ 
ever, results from the comparison of the melting ix>ints of different poly¬ 
morphic forms in the two series, namely, the opaque jS-forms of the esters 
of the even acids and the transparent a-forms of the esters of the odd acids. 
When, however, the comparison is made with the strictly comparable a- 
forms the alternation disappears and the entire series of ethyl esters of even- 
and odd-numbered acids lie on the same curve. 

Phillips and Mumford^ have pointed out that the esters of the even- 
numbered acids exhibit monotropic dimorphism, and that the different 
stabilities of the transparent a-forms are due to the fact that the a-forms 
of the odd esters are the stable form, but those of the even esters are the meta- 
stable form in the vicinity of the melting point. The iS-forms of the even 
esters are stable up to their melting points, whereas the /S-forms of the odd 
esters undergo transition into the corresponding a-forms below their melting 
points. However, this simple alternation does not hold throughout the 
whole series but only for esters above Cie. Below this, both even and odd 
members exist in monotropic modifications, the melting points of the 

*• J. W. C, Phillips and S. A. Mumford, J, Chem, Soc,, 1932, 898-906. 
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stable alteiiiating, but the freezing points of the metastable a- 
forms falling on a smooth curve/® 

In addition to the a- and fi-iorms of the ethyl esters, a third modification 
designated as the 7(Ci)-form has teen observed on cooling the melted ester. 
In the case of ethyl margarate, for example, the 7(Ci)-iftodification crystal¬ 
lizes without supercooling and changes spontaneously into the higher 
melting jS-form, but except when stabilized by the presence of homologs, 
its existence is masked by the enantiomorphic a to r(Ci) and the monotropic 
7(Ci) to transitions which take place simultaneously in the solid phase. 

The melting and setting point data (Tables 19 and 20) for the fatty acids 
and their methyl and ethyl esters which were obtained by Francis and 
Piper®^ have already been discussed in connection with the polymor¬ 
phism exhibited by these substances. Unfortunately, Francis and Piper 
designated the various melting and setting points which they observed by 
the Greek letters a, /3, and 7, which leads to some confusion owing to the 
fact that Malkin, Mumford, Smith, and others have used the same symbols 
to refer to polymorphic crystalline states which are not necessarily the same 
as those existing at the melting or resolidification points referred to by Fran¬ 
cis and I^per. 

The observed melting point of the metliyl esters of the even series, crys¬ 
tallized from either benzene or glacial acetic acid, are designated by 
Francis and Piper as 7-melting points (Table 19, page 100, column 8). 
As previously mentioned, these values lie between 1.0 and 1.5°C. above 
their respective resolidification points (Table 19, column 6). The melting 
point made on the form which crystallizes from the melt and before the 
temperature has fallen more than about l^^C., is designated as the jS-melting 
point and is found to be about 0.5®C. above the resolidification point. 
In the case of the even esters, a liquid crystalline state appears to occur on 
cooling the melted ester a few degrees below the resolidification point and 
then raising the temperature to within 0.4° to 0.7°C. of the 7-melting point, 
or in some cases at 1°C, below the i3-melting point. 

The melting points of the ethyl esters crystallized from solvent are, as in 
the case of the methyl esters, designated as 7-melting points and the 
melting points made after resolidification and cooling about 1°C. are 
termed a-melting points (Table 19, column 11). 

For purposes of ready reference and comparison, there have been as¬ 
sembled in Table 26 the melting and freezing point data for most of the 
fatty acids, and methyl and ethyl esters of the normal aliphatic series from 
Cl to C38. An effort has been made to select the best value for the form 
which is most likely to be observed with a pure compound by the capillary 
melting point method. However, in many cases there is no supplemental 
information available relative to the specific crystalline modification which 
existed at the observed melting point, consequently some of the recorded 
melting points may correspond to metastable forms. 
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Table 26 

MELTING POINTS OP NORMAL SATURATED ALIPHATIC ACIDS AND THEIR METHYL 

AND ETHYL ESTERS 

A<’id8 and euters 
Nun|> 
ber of 
carbon 
atoms 

Acid Methyl ester Ethyl ester® 

M.p., «C. F.p.. “C. M.p., ®C. F.p., *C. M.p., ®C. F.p.. ®C. 

Formic 1 8.4 -99.8 -80.5 
Acetic 2 16.6 -98.1 -83.6 
Propionic 3 -22 -87.5 -72.6 
Butyric 4 - 7.9 

(- 4,7) -19 -95 -93.3 
Valeric 5 -59 

(-34.5) 
Caproic 6 - 3.4 - 3.2 -67.5 
Heptanoic 7 -10 5 - 6.3 -66.1 
Caprylic 8 16.7 16.3 -41 -44.8 
Pelargonic 9 12.5 12.2 -44.4 -36.7 
Capric 10 31.6 31.2 -18 -20.3 -19.9 
Undecanoic 11 29.3 28.1 -15.0 -20.5 

(-27.8) 
Laurie 12 44.2 43.9 5(?) - 1.8 -11 

(-15.5) 
Tridecanoic 13 41 5 41.8 - 0.8 - 3,5 

(- 4.8) 
Myristic 14 53.9 .54 1 18.8 18.4 12.3 4.45 

(11.0) 
Pentadecanoic; 15 52.3 52.5 11.5 11.9 

(7.0) 
Palmitic 16 63.1 62.8 30.6 29.2 24.47 19.4 

(23.2) 
Margaric 17 61.3 60.9 29.7 28.1 25.77 25.4 
Stearic 18 69.6 69.3 39.1 37.8 33.97 31.0 
Nonadecanoic 19 68.6 68.8 39.3 38.6 36.17 35.9 
Arachidic 20 75.3 74.9 46,6 45.4 ! 41.67 40.4 
Heneicosanoic ! 21 i 74.3 73.7 1 47.6 46.6 44.5 44.1 
Behenic 1 22 79.9 79.7 ! 53.3 51.8 48.77 47.8 
Tricosanoic 23 79.1 78.7 54.4 53.5 51.47 51.1 
Lignoceric 24 84.2 83.9 58.4 57.5 54.87 54.2 
Pentacosanoic 25 83.5 82.9 60.0 59.2 57.27 56.8 
Cerotic 26 87.7 87.4 63.5 62.5 60.27 59.6 
Heptacosanoic 27 
Montanic 28 90.0 90.4 67.5 66.4 64! 6a 64!3 
Nonacosanoic 29 90.3 89.7 68.8 68.3 66.67 66.3 
Melissic 30 93.6 93.2 71.7 70.4 68.4a 68.3 
Hentriacontanoic 31 
Dotriacontanoic 32 96.0 95.5 ; 74.9 73.6 72! 5a 72!o 
Tritriacontanoic 33 
Tetratriacon- 1 

tanoic 34 98.2 98.0 77.9 77.0 75.4a 75.3 
Pentatriacon* 

tanoic 35 • • * t • • 

Hexatriacon- 
tanoic 36 99.9 99.7 80.9 79.9 78.6a 78.3 

Heptatriacon- 
tanoic 37 f t 

Octatriacon- 
tanoic 38 101.6 101.5 83.1 82.3 80.6a 80.3 

a and y refer to melting point designations as used by Mumford and Phillips/* 
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(c) Phase Diagrams 

In the absence of more precise methods (x-ray diffraction, specific heat 
curve, etc.) of identification, the determination of the degree of purity or 
the composition of a mixture of fatty acids, may be made by the assistance 
of phase diagrams of binary systems of these substances. Many such 
diagrams, or the data from which they may be constructed, have been pub¬ 
lished. Phase diagrams have also been constructed for various binary and 
ternary systems of fatty acid esters, amides, anilides, alcohols, etc. Not all 
of the data which have been published for these systems are of equal reli¬ 
ability, since the compounds used in some investigations have not been of 
the highest purity, and the techniques employed have not always been the 
most precise. 

The earliest work on the temperature-composition relationships of the 
fatty acids was done prior to the development of precision equipment for 
making temperature measurements and before rigid criteria of purity had 
been established for the fatty acids and their derivatives. In some cases 
reinvestigation has established the relative accuracy and reliability of 
existing temperature-composition data while in others no replicated data 
are available. Both melting point-composition and freezing point-com¬ 
position data have been used in the construction of temperature-com¬ 
position diagrams. Freezing point data are preferable for construction of 
temperature-composition curves because the freezing point is more re¬ 
producible than the melting point and less likely to be influenced by the 
appearance of metastable polymorphic forms. Oddly enough, few of these 
systems have been critically examined from the standpoint of classical 
phase rule criteria, hence the exact nature of some of the observed inflec¬ 
tions and liquidus-solidus phases are not entirely understood. 

Temperature-composition curves have been constructed for a number 
of binary systems of even-numbered fatty acids, which may be classified 
on a basis of their components as consisting of: (I) two saturated acids, 
(j^) one saturated and one unsaturated acid, (5) two unsaturated acids of 
geometrically similar form, and (4) two unsaturated acids of geometrically 
different form. 

The possible ternary systems are more numerous because of the greater 
possible number and variation of combinations which may occur by the 
introduction of a third component into each of the above-mentioned four 
systems. However, relatively few of these systems have been investigated. 

Binary systems of mixtures of even- and odd-numbered adjacent acids 
have also been investigated but these have been principally confined to the 
saturated fatty acid series. 

Binary Systems of Saturated Acids.—All of the binary systems of ad¬ 
jacent pairs of even-numbered saturated fatty acids from caproic, C^Hir 
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COOH, to tetratriacontanoic, C33H67COOH, have been investigated. Be¬ 
cause of its historical significance, frequency of its investigation, and be¬ 
cause it exhibits the characteristics typical of all the binary systems of 
saturated acids, that comprised of palmitic and stearic acids will be dis¬ 
cussed first and the other systems will be related to it. 

Of the various binary systems of aliphatic acids, palmitic-stearic has 
been most frequently investigated, followed by the palmitic-margaric and 
stearic-margaric systems. The impetus for the investigation of these three 
systems arose primarily from the repeated and conflicting reports of the 
occurrence of margaric acid in natural fats and oils. The existence of mar- 
garic acid in natural products is now no longer considered even a remote 
probability and the phase diagrams for these systems have, therefore, lost 
much of their original interest and utility. The binary and ternary systems 
of the higher acids of the series are at the present time of much more utility, 
because such mixtures of naturally occurring acids are difficult to resolve. 

Probably the earliest examination of the palmitic-stearic acid system 
was made by Heintz®^ in 1854. The sample of stearic acid used melted at 
69.2°C. and the palmitic acid at 62.0°C. indicating that they were relatively 
pure products especially for that time. Melting and solidification points 
were determined over the entire composition range. De Visser®® reported a 
similar investigation of the palmitic-stearic acid system but determined 
only the freezing points. Palmitic and stearic acids for this investigation 
were obtained from vegetable butters containing but one or the other of 
these two acids, in addition to little else except oleic acid. They were rigor¬ 
ously purified and apparently represented extremely pure products; the 
palmitic acid solidified at 62.618°C. and the stearic acid at 69.320®C. 
Fifty-gram samples were used for each freezing point determination and 
thirty-four determinations were made throughout the composition range. 
The purity of the acids used and the precision of the measurements are 
probably as great as any prior or subsequent investigation of this system. 
Shriner, Fulton, and Burks®' investigated the ternary system consisting of 
palmitic-margaric-stearic acids and each of the three binary systems of 
these acids. The acids used by these investigators melted 1° to 2°C. below 
the generally accepted values indicating the presence of impurities, which 
is also reflected in lack of sharpness of the intersections in their freezing 
point-composition curves. 

Smith®2 investigated the binary systems of palmitic-margaric and 
stearic-margaric acids (Fig. 14) and recalculated the data of de Visser for 

•• W. Heintz, Ber, Akad, Wiss. Berlin^ 1854, 207-213; Chem,-pharm, Centr,, 25, 585- 
589 (1854): jr. prakt Chem,, 63, 168-169 (1854). 

L. E. 0. de Visser, Rec, trav. chim,, 17,182-189 (1898). 
R. L. Shriner, J. M. Fulton, and D. Burks, Jr., J, Am. Chem, Soc.f 55, 1494-1499 

(1933). 
« J. C. Smith, J. Chem. Soc., 1936, 625-627. 
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the palmitic-stearic acid system to a mole percentage basis in order to ex¬ 
press the latter's results on a comparable basis with his own. The melting 
and freezing point data indicate that the acids prepared by Smith were 
probably the purest ever used in investigating the above-mentioned binary 
systems. Francis, Collins, and Piper®* examined the system of palmitic- 

MOLE PER CENT 

Fig. 14. Melting point-composition diagram for the 
binary systems of palmitic-stearic, palmitic-margaric, 
and stearic-margaric acids according to J. C. Smith.®* 

stearic acids and constructed a complete phase diagram (Fig. 15) for both 
the melting point-composition and the setting point-composition rela¬ 
tionships. The same system was examined by Schuette and Vogel®* to¬ 
gether with a number of other binary systems (Figs. 17 and 18) which will 
be discussed later; also by Ravich and Vornova,®*® Carlinfanti and Levi- 
Malvano,®**' and others. 

®® H. A. Schuette and H. A. Vogel, CHI dk Soap, 17,155-167 (1940). 
®*® G. B. Ravich and V. A. Vornova, Compt, rend, acad, Bci, U.R,S.S,, 37,59-^2 (1942). 

E. Carlinfanti and M, Levi-Malvano, Gazz, chim. Halt 39, II, 353-375 (1909). 
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The melting and freezing points for palmitic, stearic, and margaric acids 
obtained by various investigators, referred to above, together with those 

Fig. 15. Melting and setting point-composi¬ 
tion curves for palmitic-stearic acid system ac¬ 
cording to Francis, Collins, and Piper:*® O, 
m. p.; setting points; A, de Visser^s data. 

obtained by Francis and Piper, are given in Table 27. The variation in 
the observed melting and freezing points reflects both the differences in 
purity of the acids and differences in the techniques employed in making 
the determinations. 

Tabi^e 27 

MELTING AND FREEZING POINTS OF PALMITIC, STEARIC, AND MARGARIC ACIDS 

USED BY VARIOUS INVESTIGATORS IN CONSTRUCTING 

TEMPERATURE-COMPOSITION CURVES 

Palmitic acid Stearic acid Margaric acid 
Investigator 

M.p., ’C. F.p., -C. M.p.. -C. F.p„ -C. M.p.. -C. P.p.. 

62.0® 

62! 3« 
63.5- 
62.85- 

62.618* 
60.70 
62.67 
62.53 

69.2 

6917- 
70.5- 
69.9- 

69.320* 
68.40 
69.42 
69.32 

eoio- 
61.5- 

59! 35 
61.17 

von Heintz (1854) 
de Visser (1898) 
Shriner et al. (1933) 
Smith (1936) 
Francis, Collins, and Piper 

I (1937) 
Francis and Piper (1939J 
Schuette and Vogel (1940) 

62.9- 62.4 
62.22 

69.2- 1 69.6 
68.85 

60.85- 61.3 

• Capillary-tube method* 
* Fifty-gram sample. 
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As previously mentioned, the temperature-composition curve of the 
system, palmitic-stearic acid, is typical of all the adjacent even-numbered 
pairs of the fatty acid series. The phase diagram of this system (Fig. 15) 
consists of segments of three smooth curves, which in some portions are 
nearly linear, intersecting at a minimum or eutectic melting point and at 
an incongruent melting point corresponding to 27.5:72.5 mole per cent and 
50:50 mole per cent, respectively, of stearic and palmitic acids. 

The minimum melting point represents a eutectic point, or the invariant 
temperature at which the phase reaction of the system, upon removal of 
heat without change in temperature, results in the disappearance of the 
liquid phase. The other transition corresponds to dimolecular compound 
formation and incongruent melting, or to a meritectic point.®^ 

Oddly enough, both the dimolecular compound and the eutectic of pal¬ 
mitic and stearic acids are often obtained by crystallization of a mixture of 
these two acids from organic solvents. Since the melting point of any mix¬ 
ture of palmitic acid containing from about 5% to about 65% of stearic 
acid lies below the melting point (61.3°C.) of pure margaric acid, it is 
understandable why such mixtures, when obtained from natural sources, 
could have been mistaken for margaric acid. 

The phase diagrams of the odd and even binary mixtures of palmitic- 
margaric and stearic-margaric acids exliibit similar but less sharp intersec¬ 
tions. The lack of sharpness may be due to the effect of different poly¬ 
morphic forms occurring in the solid state when even- and odd-numbered 
acids are mixed, or to a lack of purity in one or both of the acids in the 
mixture, or to both of these conditions. Shriner et concluded that com¬ 
pound formation did not occur in the even-odd systems. However, it is 
probable that the presence of small amounts of impurities in their acids 
tended to obliterate or obscure intersections in the temperature-composi¬ 
tion curve. The slightly lower freezing points and the lack of sharp inter¬ 
sections in the binary mixtures investigated by Schuette and Vogel®® afe 
likewise indicative of the lack of extreme purity in their ori^nal acids. 
Francis, Collins, and Piper®® stated that the setting points of palmitic and 
stearic acids recorded by previous investigators of these binary systems 
indicate that their preparations contained small quantities of impurities 
and the characteristics of the phase diagrams appear to confirm this state¬ 
ment. 

The temperature-composition curves (see Fig. 14, page 117) of Smith®® 
are characterized by relatively linear segments and sharp intersections as 
well as by the occurrence of an inflection at a composition corresponding to 
40:60 mole per cent of stearic-palmitic acid. This latter inflection, which 
has also been observed by other workers, somewhat resembles a congruent 
melting point. 

^ S. T. Bowden, The phofie Huh and Phase Reac^^iom^ Macmillan, London, 1938, 
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The temperature-composition curves for the series of binary pairs of 
adjacent even-numbered acids from caproic to tetratriacontanoic are re¬ 
produced in Figures 16 to 19. 

The curves for the systems composed of caproic^caprylic, caprylic-capric, 
and capric-lauric acids (Fig. 16) are from the publication of Grondal and 
Rogers.®® The acids used by these investigators possessed sharp melting 
points and correspond to those given in Table 26. Each of the melting phase 

MOLE PER CENT OF HIGH MELTING 
POINT ACID 

Fig. 16. Melting point-composition 
curves for the binary systems caproic- 
caprylic, caprylic-capric, and capric- 
lauric acid.s according to Grondal and 
Rogers.®® 

MOLE PER CENT 

Fig. 17. Melting point-composition 
curves for the binary systems capric- 
lauric, lauric-myristic, and myristic- 
palmitic acids according to Schuette 
and Vogel.®® 

diagrams consists of three segments of smooth curves intersecting at a 
sharp minimum or eutectic point and at an incongrucnt melting or meritec- 
tic point, similar in all respects to the palmitic-stearic acid system. Mini¬ 
mum melting points occur at about 27.5 mole per cent and incongrucnt 
melting points at about 40 to 47 mole per cent of the higher acid. 

Kulka and Sandin®^ investigated the adjacent even-numbered binary 
systems consisting of capric-lauric and myristic-lauric acids, and the odd- 

®® B. J. Grondal and D. A. Rogers, Oil & Soap, 21, 303-305 (.1944); see also H. A. 
Schuette and H. A. Vogel, Oil & Soap, 22, 238-240 (1945). 

®® H. A. Schuette and H. A. Vogelf Ot7 & Soap, 16, 209-212 (1939). 
M. Kulka and R. B, Sandin, /. Am. Chem. Soc.^ 59,1347-1349 (1937). 
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even system undecanoic-'lauric. The phase diagrams of the first two sys¬ 
tems show sharp intersections at 27.5 mole per cent of the higher acid. The 
odd-even system did not exhibit sharp intersections but rather a definite 
change in slope near the middle of the system indicative of compound 
formation. 

The capric-lauric and lauric-myristic acid systems were also investigated 
by Schuette and Vogel.®® The diagrams for these systems and that of my- 
ristic-palmitic acid by the same workers are reproduced in Figure 17. 

Fig. 18. Freezing point-composition 
curves for the binary systems palmitic- 
stearic acids, stearic-arachidic acids, 
and arachidic-behenic acids as re¬ 
plotted from the data of Schuette and 
Vogel.” 

0 20 40 60 80 100 
MOLE PER CENT 

Fig. 19. Freezing point-composi¬ 
tion curves of the system behenic-lig- 
noceric acids from data of Schuette 
and Vogel®’ and melting point-com¬ 
position curves for the binary systems, 
Cu to C34, from data of Piper et al,^^ 

The curves, which have been redrawn for purposes of comparison, ex¬ 
hibit the same structure as the lower molecular weight series except for the 
somewhat greater departure from linearity in the middle segment. Mini¬ 
mum melting points occur at about 26 mole per cent of the higher acid and 
incongruent melting occurs very near the 50:50 mole per cent composi¬ 

tion. 
Figure 18 represents the freezing point-composition curves obtained by 

plotting the data of Schuette and Vogel®® for the binary systems palmitic- 

« S. H. Piper, A. C. Chibnall, and E. F. Williams, Biochem, 28,2175-2188 (1934). 
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stearic, stearic-arachidic, and arachidic-behenic acids. Figure 19 consists 
of the curve obtained from similar data of Schuette and Vogel®® for behenic- 
lignoceric acids and the melting point-composition curves from the data of 
Piper, Chibnall, and Williams®® for the remaining binary acid systems from 
C24 to C84. The curves in Figures 18 and. 19 are plotted on the same scale. 
In all of these curves sharp minima and incongruent melting points are 
absent and they exhibit only a continuous change in slope in the general 
vicinity where intersections should occur. 

The lack of sharp intersections in the systems composed of the higher 
fatty acids has been explained by their lower tendency toward strong 
association and compound formation and greater tendency toward forma¬ 
tion of solid solutions. However, this cannot be the case in the palmitic- 
stearic acid system which has been shown by various workers to give sharp 
intersections (Figs. 14 and 15) and it would not be expected that they would 
disappear abruptly with the next higher binary acid (stearic-arachidic) 
system. Whatever may be the explanation for the la(*.k of sharp intersec¬ 
tions in the highest molecular weight systems, their absence in the palmitic- 
stearic and the stearic-arachidic acid systems (Fig. 18) would appear to 
be due either to lack of purity of the original acids or to some inadequacy 
in technique. A similar difference in the apparent purity of the original 
materials is evident by comparing the curves of Schuette and co-workers®® 
for the binary pairs composed of tetracosanoic-hexacosanoic, hexacosanoic- 
octacosanoic, octacosanoic-triacontanoic acids, with similar curves ob¬ 
tained by Hper et al.^ While the curves of both authors show a tendency 
toward more rounded intersections, those of the former authors have almost 
disappeared and indeed do so in the two highest molecular weight systems.^® 

Various binary systems of adjacent pairs of odd- and even-numbered 
acids have been investigated. In addition to the undecanoic-lauric, pal- 
mitic-margaric, and margaric-stearic acid systems which have already been 
discussed, those comprised of docosanoic-tricosanoic and tricosanoic-tetra- 
cosanoic acids have been investigated by Chibnall, Piper, and Williams.^^ 
These authors also constructed melting point-composition curves for the 
odd-numbered binary acid systems consisting of tricosanoic-pentacosanoic 
and pentacosanoic-heptacosanoic acids. 

All of the melting point-composition diagrams of binary mixtures com¬ 
posed of even-numbered aliphatic acids which have been examined to date 
are similar in character and consist of a series of solid solutions, a eutectic 
mixture with a minimum melting point, and 1:1 compound formation in¬ 
dicated by an incongruent melting point. The evidence of bimolecular 
compound formation is now accepted and appears to have been securely 

•• H. A. Schuette, R. M. Christenson, and H. A. Vogel, Oil & Soap^ 20,263-265 (1943). 
^ H. A. Schuette, D. A. Roth, and R. M. Christenson, Oil cS; Soap, 22,107-109 (1946). 

A, C. Chibnall, S. H. Piper, and E. F. WiUiams, BiocKem. J., 30,100-114 (1936). 
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established by the work of Jantzen/^ who took special precautions to obtain 
equilibrium in his systems. 

It has also been shown by x-ray examination that the unit cell of pure 
crystalline acids consists of double layers with the carboxyl groups in juxta¬ 
position. Other evidence has demonstrated that in the liquid state these 
acids are similarly associated in double molecules or compounds.^* When 
two substances exist in double molecules, as for example A-A and jB-B, 
respectively, it may be expected that equimolar mixtures of these com¬ 
pounds should yield some of the compound A-B and indeed such is the 
case. According to Guy and Smith,^^ equimolar comp)ounds are also formed 
in the binary systems palmitamide-stearamide and palmitanilide-stearani- 
lide. Whether similar mixtures of methyl esters form double molecules is 
still debatable. It has been inferred from x-ray measurements*^ that 
methyl palmitate and methyl stearate crystallize in double molecules. 
Examination of the binary systems of esters has not given definite proof 
of the existence of double molecules probably owing to their polymorphic 
behavior and because of the tendency toward stabilization of metastable 
forms near the middle of the system. The greater stability of the trans¬ 
parent form of the methyl esters seems to indicate a weakness toward 
formation of double molecules which is in accord with the fact that the 
molecular weights of methyl esters in solution are normal. 

Binary Systems of Saturated and Unsaturated Acids.—The tempera¬ 
ture-composition diagrams of a number of binary systems consisting of a 
saturated and an unsaturated acid have been examined by several in¬ 
vestigators. These systems are represented by oleic-palmitic, oleic- 
stearic, erucic-behenic, and those formed with the corresponding geo¬ 
metrical isomerides, elaidic-palmitic, elaidic-stearic, isoerucic (brassidic)- 
behenic, and those of the diethenoid acid, linoleic-palmitic and linoleic- 
stearic. 

The systems composed of oleic-palmitic, oleic-stearic, elaidic-palmitic, 
and elaidic-fltearic acids have been investigated by Carlinfanti and Levi- 
Malvano,^ Lapworth, Pearson, and Mottram,^® Koczy and Griengl,^ 
Smith,’* Ravich, VoPnova, and Kuz^mina,’* and others. While all of these 
workers obtained melting point-composition curves for these systems, 
which are generally similar in character, only those of Smith will be dis- 

£. Jantzen, Z. anotw, CKem.f 44,482-483 (1931). 
P. Waentig and U. Pescheck, Z, physik, Chem,, 93, 529-569 (1919). 
J. B. Guy and J. C. Smith, J, Chem, Soc,, 1939,615-618. 
E. Carlinfanti and M. Levi-Malvano, Oau, chim, iUd.^ 39 II, 353-375, 375-385 

(1909). 
” A. Lapworth, L. K. Pearson, and E. N. Mottram, Biochem. 19, 7-18 (1925). 
" W. Koczy and F. Griengl, MoruUah., 57, 253-290 (1931). 
« J. C. Smith, J. Chem, 5oc., 1939, 974-980. 

G. B. Ravich, V. A. Vornova, and T. N. Kuz’mina, Compt, rend, aoad, eci, U,RJS,S,, 
29, 88-90 (1940). 
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cussed. The phase diagrams in Figure 20, reproduced from the publication 
of Smith, are typical of the saturated-monounsaturated acid systems. 

The acids employed by Smith were extremely pure judged by their 
melting and freezing points and the nature of the melting point-composi¬ 
tion curves. All of the systems were found to be of the eutectic type and 
in the oleic-stearic system the eutectic occurs at about 2.5 mole per cent of 

Fig. 20. Melting point-composition curves for the binary 
systems oleic-palmitic, oleic-stearic, elaidic-palmitic, and 
elaidic-stearic acids according to Smith.^** 

stearic acid. None of the systems gives in the liquidus curve any indication 
of compound formation such as is found in binary mixtures of long chain 
saturated acids. According to Smith, it was not expected that oleic acid 
would readily yield compounds, but elaidic acid, because of its higher melt¬ 
ing point and because of the structure of the ^rans-chain, might be expected 
to combine readily with palmitic or stearic acid. The behavior of oleic 
acid in solution indicates that it is less completely associated than stearic 
acid, but x-ray measurements of elaidic acid crystals definitely show that 
the unit cells contain double molecules (long spacing 48.95 A. as in the case 
of palmitic acid and stearic acid (long spacing 46.2 A., metastable form). 
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Lutton^®® reported x-ray diffraction data for the two polymorphic forms 
of oleic acid, melting respectively at approximately 13° and 16°C. Ac¬ 
cording to Lutton, the very striking differences observed in the patterns of 
the two forms point to profound differences in crystalline structure. The 
lower melting form, with its main short spacing of 4.19 A., its long spacing 
of 40.5 A., and its relatively strong intensity for the odd orders of long 
spacing, suggests similarities in structure to the jB- and C-forms of stearic 
acid. On the other hand, the higher melting form is probably unique in 
crystal structure among the forms of long chain monocarboxylic acids for 
which diffraction data have thus far been reported. This form has main 
short spacings of 4.65 and 3.67 A., a long spacing of 84.4 A. (possibly 
42.2 A.), and a very irregular and unusual distribution of intensity among 
the various orders of long spacing. 

It should be noted that in the eutectic region, two melting points are ob¬ 
tained for the binary mixture oleic-palmitic acid corresponding to the a- 
and /3-forms of the unsaturated acid.^®*®® With lower concentrations of 
oleic acid only the a-form appears to be stable. The formation of a eutec¬ 
tic at about 2.5 mole per cent of palmitic or stearic acid with oleic acid is 
particularly important in the preparation of the pure unsaturated acid by 
low temperature crystallization. The failure of this method to yield pure 
oleic acid results from the fact that the eutectic separates w'hen mixed fatty 
acids containing these components are submitted to low temperature frac¬ 
tionation. It is necessary, therefore, to separate the solid and liquid 
acids by distillation either before or after the oleic acid is separated by crys¬ 
tallization. 

The binary system comprising the C20 acids, namely, erucic-behenic and 
brassidic(isoerucic)-behenic acids, were investigated by Mascarelli and 
Sanna.®^ The melting point-composition curves are entirely analogous to 
the oleic-palmitic and elaidic-palmitic systems exhibiting eutectic forma¬ 
tion in the region of 2 to 8 mole^per cent of the saturated acid. 

The binary systems linoleic-palmitic and linoleic-stearic acids were in¬ 
vestigated by Koezy and GriengP who found no evidence of eutectic or 
compound formation, but merely a continuous series of solid solutions. 
However, their temperature-composition curves l)egin at a concentration 
of 5% saturated acid and any eutectic formed below this composition would 
not have been observed. Also the purity of their unsaturated acid (m.p. 
— 15°C.) is questionable. 

Binary Systems of Geometrically Similar Unsaturated Acids.—Only a 
few binary systems composed of unsaturated acids of the same isomeric 

^ E. S. Lutton, Oil & Soap, 23, 265-266 (1946). 
G. B. Ravich, V. A. Vornova, and T. N. Kuz'mina, Ada Physicochim, U.R,S,S,, 

14, 403-413 (1941). 
L. Mascarelli and G. Sanna, Atti accad, Lincei, 24,11, 91-97 (1915). 
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form and different degrees of unsaturation have been investigated. 
These include principally oleic-linoleic, oleic-linolenic, and linoleic- 
linolenic acids. The first mentioned system was examined by Koczy and 

Fig. 21. Melting point diagram of oleic- 
linoleic acid system. The upper curve is 
the /3-form of oleic acid.** 

100 90 80 70 60 50 40 30 20 10 0 
LINOLENIC ACID, mole per cent 

Fig. 22. Melting point diagram of 
oleic-linolenic acid system. The upper 
curve is the iS-form of oleic acid.** 

GriengP and by Stewart and Wheeler.®'^ The two latter systems were also 
investigated by Stewart and Wheeler and the phase diagrams obtained by 
them are reproduced in Figures 21 to 23. 

The oleic acid used in their investigations melted at 13.4®C. (a-form) 
and 16.2®C. (/S-form), and contained about 0.3% of saturated acids. Lino¬ 
leic acid was prepared by debromination of tetrabromostearic acid and may 
have contained one or more isomers of linoleic acid. It melted at “~6.5°C. 

100 90 80 70 60 50 40 30 20 10 0 
LINOLENIC ACID, mole per cent 

Fig. 23. Melting point diagram of linolenic-linoleic acid system.** 

and solidified at — 7.2®C. The linolenic acid was prepared by debromina¬ 
tion of hexabromostearic acid and may have contained isomeric linolenic 
acids. It melted at — 12.8°C. and solidified at — 13.4®C. 

*• H. W. Stewart and D. H. Wheeler, OU Soap^ 18, 69-71 (1941). 
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Oleic acid forms with linoleic and linolenic acids similar series of binary 
mixtures (Figs. 21 and 22). Over certain portions of the melting point- 
composition curves, two melting points were noted corresponding to the 
two forms of oleic acid. Eutectic formation was observed between linoleic 
acid and the two forms of oleic acid, one at — 10°C. corresponding to a 
composition of 76.2:24.8 mole per cent linoleic and a-oleic acids, the 
other at — 9.8®C. corresponding to a composition of 76.3:23.7 mole per cent 
of linoleic and jS-oleic acids. Similar eutectics were observed at 82.7 and 
85.5 mole per cent of linolenic acid at — 15.7®C. and —IS.l^C. for the a- 
and j5-forms, respectively. No evidence of compound formation was ob¬ 
served in either of these two binary 
systems. In contrast to this be¬ 
havior, the linoleic-linolenic acid 
system gave only a continuous 
series of solid solutions (Fig. 23). 

Binary Systems of Geomet¬ 
rically Different Unsaturated 
Acids.—Several binary systems 
consisting of geometrical isomers 
of unsaturated acids have been 
examined by means of phase dia¬ 
grams. These include principally 
oleic-elaidic, petroselinic-petro- 
selaidic, and erucic-brassidic (iso- 
erucic) acids. The related system 
of elaidic-linoleic acid has also 
been investigated. 

Phase diagrams for the first 
three mentioned systems have been 
examined by Griffiths and Hil- 
ditch** and are reproduced in 
Figure 24. The oleic-elaidic acid system was also investigated by Koczy 
and GriengF and the erucic-brassidic acid system by Mascarelli and 
Sanna.*^ With the exception of the curves obtained by Koczy and Griengl, 
all of the phase diagrams are qualitatively similar. Each system exhibits 
eutectic formation in the region of 85 mole per cent of the cts-form of the 
acid with no evidence of compound formation. The system of elaidic- 
linoleic acid examined by Koczy and Griengl consisted only of a series 
of solid solutions. The failure of most of Koczy and Griengl’s phase 
diagrams to exhibit minimum melting points is apparently due to the 
lack of purity in their original acids. This is especially evident when their 
binary phase diagrams are compared with similar curves for the several 
ternary systems which they investigated. 

^ H. N. Giifaths and T. P. Hilditch, J. Chem. Soc., 1932,2315-2324. 

Fig. 24. Melting point diagrams of the 
binary systems of oleic-elaidic, petroselinic- 
petroselaidic, and erucic-brassidic acids ac¬ 
cording to Griffiths and Hilditch.** 
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6. Application of Crystal Property Data for the Identification 
of Natural Acids 

The data relative to the crystal properties of the long chain aliphatic 
acids which have been brought together in the preceding pages, are fairly 
complete, and in the main relatively accurate, although they will probably 
require some revision when purer compounds and more refined techniques 
become available. They are, however, sufficiently accurate to permit their 
application in determining (1) the identity of a given pure acid, (^) the 
degree of purity of a given acid, (3) the composition of a binary mixture of 
acids, (4) the presence of branching in the hydrocarbon chain, and (5) the 
presence and location of polar substituents in the hydrocarbon chain. 

In order to identify and characterize a saturated fatty acid, it is required 
that the long spacing of the x-ray diffraction photograph be correct to at 
least 0.2% and that the reflections should give sharp lines and a large 
number of orders. With the use of proper solvents, well-defined crystals 
of the correct polymorphic form should be obtained and the (n + l)th or 
(n + 2)th orders of reflection of the diffraction photograph should show 
strong and sharp reinforcements. 

Lack of purity is indicated by small and poorly developed crystals, 
alteration in the spacing value, few orders of reflection, and oftentimes in 
a broadening of the lines. Since imperfect crystallization may result from 
the use of improper solvents, as well as from the presence of impurities, 
and because the particular polymorphic form assumed may be influenced 
by temperature, it is necessary to exercise care in the selection of the sol¬ 
vent and maintenance of the proper temperature conditions during the 
preparation and examination of long chain fatty acids. 

The melting and setting points should be accurate to 0.05°C. and should 
differ less than 0.1 °C. unless there is a transition near the melting point. 
Since 1.0% of palmitic acid will lower the melting point of stearic acid by 
no more than 0.24°C., and 20 mole per cent of tetracosanoic acid added to 
tricosanoic acid will lower the melting point of the latter acid by only 
0.45°C., the necessity for extreme accuracy in determining melting and 
setting points is obvious. 

In this connection it should be mentioned again that melting points 
determined by the usual capillary-tube method are generally 0.5° to 2°C. 
higher than the true melting point. For accurate determination of the 
melting point, from 1 to 3 g. of material should be used and the tempera¬ 
ture should be determined with a standardized thermometer immersed in 
the bath liquid or preferably with a standardized thermocouple immersed 
in the sample. Where only small amounts of material are available the 
procedures of Piper et or of Francis and Collins** are recommended. 

According to Francis and Piper, a determination of the acid alone, or of 
one of its esters, can be misleading, but identity can be established with 
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certainty from the melting point and resolidification point of the acid, and 

a measurement of the crystal spacings of a specimen obtained by crystalli¬ 

zation ftom benzene and of another specimen crystallized from acetic acid. 

As previously mentioned, each of these solvents produces a different poly¬ 

morphic form of the naturally occurring acids, but the same forms in the 

case of the odd-numbered synthetic acids. 

If the acid is not a pure substance, but is a binary mixture of saturated 

acids, the composition of the mixture may be determined by comparison 

of the spacing value and the melting and setting points of mixtures of known 

composition, i.c., by location of the melting point on the phase diagram. 

These criteria may not in themselves be sufficient to identify the mixture 

and comparison may also have to be made with the corresponding methyl 

or ethyl ester. 



CHAPTER V 

SPECTRAL PROPERTIES 

1. Introduction 

It was mentioned in the previous chapter that x-ray spectroscopy de¬ 
pended on the fact that the crystal lattice, or the arrangement of atoms or 
molecules within a crystal, was of such nature and dimensions that it could 
act as a three-dimensional grating for the diffraction of light in the region 
of 10 to 150 A. It was seen that this form of spectroscopy could be applied 
to measuring the distances between carbon atoms in long chain compounds 
such as the higher fatty acids and also to the determination of the number 
and arrangement of the molecules in a unit cell or crystal. 

When a molecWe is exposed successively to more or less monochromatic 
radiation of various frequencies, it may possess the ability to absorb the 
radiant energy corresponding to certain of these frequencies. This ab¬ 
sorbed energy will increase the internal energy (electronic, vibrational, or 
rotational) of the molecule. For a given molecule, the particular type of 
energy increase will depend upon the amount of energy in the incident light. 
Thus, ultraviolet radiation may increase the electronic energy of the mole¬ 
cule, whereas infrared radiation will usually possess only energy enough to 
enhance the vibrational or rotational states. Absorption at a given fre¬ 
quency will depend upon the molecular structure of the compound, i. e., 
on a particular grouping which can have an electronic, vibrational, or rota¬ 
tional change of state by exactly the energy associated with the given fre¬ 
quency. 

A study of the particular components of various molecular structures 
which absorb at certain frequencies, or a study of the particular frequencies 
absorbed by molecules of unknown structures is known as absorption spec¬ 
troscopy. It might be expected that the application of this form of spec¬ 
troscopy to the examination of fats and oils and their derivatives would 
yield considerable information concerning the chemical structures of these 
substances. Actually, the investigation of the behavior of all the available 
types of radiation with respect to fats and fat products has made possible 
a considerable expansion in our knowledge of the nature and conjugation of 
their chromophoric groups, the nature of substituent groups, and the con¬ 
figuration of the groups within the molecule. 

130 
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Another application of absorption spectroscopy depends on the fact 
that a considerable body of spectroscopic data for well-defined substances 
already exists in the literature and it is, therefore, possible by analogy with 
these known spectra to classify those of fats and oils and their derivatives, 
even though their structures may not be known. In fact, this method can 
be applied along with available chemical data in ascertaining the approxi¬ 
mate structure of many of these substances of unknown structure. Once 
the spectrum of a fatty compound is known, spectroscopy has further utility 
as an analytical method for the quantitative determination of this com¬ 
pound in mixtures. In all these applications absorption spectroscopy, in¬ 
cluding visual, infrared, and ultraviolet, has made rapid progress in recent 
years with respect to the chemistry of fats, oils, and associated lipids. 

The following discussion is intcmded to indicate the value of absorption 
spectroscopy as a tool for investigating fatty acids and fatty acid deriva¬ 
tives, and the general types of information which may be derived from the 
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Fig. 25. Relative spectral regions and units used in delimiting them.® 

application of spectrophotometry to these substances. Lack of space pre¬ 
cludes detailed descriptions of the apparatus and methods of measuring the 
frequency or intensity of the various types of spectra which are discussed 
here, but a number of excellent monographs and articles are available which 
treat in detail of the theory of spectroscopy, laboratory equipment, and 
methods of obtaining and measuring various types of spectra and the reader 
should consult them for information on these subjects. 

Since this chapter is concerned with absorption spectra ranging from the 
far ultraviolet on the one hand, to the far infrared on the other, it is in order 
to define the limits of the wave lengths of light included in each region and 
the terms used to describe them. The various spectral regions are shown 

* W. R. Erode, Chemical Spectroscopy. 2nd ed., Wiley, New York, 1943. 
* J. H. Hibben, The Raman Effect and Its Chemical Applications. Reinhold, New 

York 1939. 
* E. S. Miller, Quantitative Biological Spectroscopy. Burgess, Minneapolis, 1939. 
< R. B. Barnes, R. C. Gore, U. Liddel, and V. Z. Williams, Infrared Spectroscopy, 

Reinhold, New York, 1944. 
^ R, E. Burk and 0. Grummitt, Major Instruments of Science and Their Applications 

to Chemistry. Interscience, New York, 1945. 
* J. P. Kass, ^'Ultraviolet Absorption Studies of Drying Oils,^* in Protective and 

Decorative CooHngs^ Vol. IV. J. J. Mattiello, ed., Wiley, New York, 1944, pp. 362-405. 
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diagrammatically in Figure 25. It is evident, from this figure, that various 
units are used to designate the regions of the spectrum or the character of a 
given type of radiation. These units are wave length, wave number, and 
frequency and are designated by the symbols X, 1/X or v, and Vj respectively. 
They are introconvertible and bear the following relation to one another: 

1 , frequency 
- = wave number =-- 

wave length speed of light 

or: 

speed of light ^ ^, 
- _ _ frequency = speed of light X wave number 
wave length 

It follows that: 

1 

wave length (in A-) 

and: 

X 10* = 
1 

wave length (in m/x) 
X 10^ = 

wave number (in cm.""^ 

--— = wave length (in A.) 
number (m cm. v & \ wave 

and: 

wave number (in cm.“^) X 3 X 10”* = 
3 X 10® 

wave length (in A.) 

3 X 10® 
wave 

and: 

3 X 10® 
frequency (in /) 

::—= wave length (in A.) 

All of these units, as well as others, are currently in use either by arbi¬ 
trary choice or as a matter of necessity. For many purposes it is immaterial 
which units are used, but in some instances involving theoretical considera¬ 
tions and relationships between absorption spectra and the presence of 
chromophoric groups in the molecule, it is essential that the frequency 
scale be employed. For example, if the absorption in the ultraviolet is 
compared with fundamental bands in the infrared, as was done by Mowry, 
Erode, and Brown* in the case of isomerized arachidonic acid, it is essential 
that the absorption maxima be expressed in terms of frequencies, e. g., in 
fresnels or vibrations per second X 10 

Generally, preference will be given in this chapter to use of wave lengths, 
X in angstroms, and frequencies, / in fresnels or vibrations per second X 

Some of the graphical data reproduced from other sources express 

• D. T. Mowry, W. R. Erode, and J. B. Brown, J. Biol Chem., 142, 671-678 (1942). 
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wave lengths in m/u when referring to the ultraviolet, and /n when referring 
to the infrared regions. The relations of these units to angstroms are as 
follows: 1 /t = 1000 m/x ~ 10,000 A., or 1 A. = one ten-millionth of one 
millimeter, 1 m/x = one millionth of one millimeter, 1 ^ = one thousandth 
of one millimeter. 

In addition to absorption spectroscopy which has just been discussed, 
another branch of spectroscopy, namely, the Raman effect, is useful in 
investigating the characteristics of fat molecules. Owing to the difference 
in the magnitude of the frequencies and frequency shifts involved in the 
Raman effect as compared to the radiation involved in absorption spectros¬ 
copy, and because of the theoretical relation of the Raman effect to the 
internal structure of the molecule, wave numbers, 1/X ory, t. e., number of 
waves per centimeter, rather than wave lengths, are used to designate the 
radiation involved. 

2. Raman Spectra 

It is IK) doubt true, as stated by Hibben,^ that few physical discoveries 
have resulted in greater stimulation to investigations in a particular field 
than has the discovery of the Raman effect by Sir C. V. Raman in 1928. 
The application of Raman spectra to the investigation of organic com¬ 
pounds has yielded much valuable information concerning the internal 
characteristics of the molecule. By means of Raman spectra, it has been 
possible to determine the strength of bonds between atoms in their normal 
state and to calculate the frequency and amplitude of atomic vibrations. 
In some cases it has been possible to determine the spatial configuration 
and the anisotropy of the molecule. From this information the specific 
heats, relative heats of dissociation, and the heats of fusion of pure organic 
compounds may be estimated. 

Despite the wide utility of the Raman effect in the field of organic chem¬ 
istry, it has found only limited application in the field of fats and oils. The 
Raman spectra of only a few of the normal, straight chain fatty acids have 
been examined. They include the members of the homologous series from 
formic, HCOOH, to capric acid, CH3(CH2)8COOH. The corresponding 
methyl and ethyl esters, methyl ketones, acid anhydrides, and acid chlo¬ 
rides have also been investigated. These investigations, which are due 
principally to Kohlrausch and co-workers,®*® were primarily concerned 
with the characteristic frequency shifts resulting from the presence of car¬ 
bonyl groups in these compounds. The data with reference to the lower 

^ J. H. Hibben, Chem. Revs., 13, 345-478 (1933). 
• K. W. F. Kohlrausch and A. Pongratz, Ber., B66, 1355-1369 (1933). 
• K. W. F. Kohlrausch, F. K5ppl, and A. Pongratz, Z, physik. Chem., B21, 242-255; 

B22, 359-372 (1933). 
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frequency shifts of the aliphatic acids have been compiled by Hibben*® 
whose publication should be consulted. 

Raman Spectra of Umaturated Fatty Adds 

Many investigations have been made with respect to effect of ethylenic 
bonds on the Raman spectra of organic compounds, and especially the 
relation of the frequency shifts to m-/mns-isomerism. McCutcheon, Craw¬ 
ford, and Welsh “ appear to be the first to apply Raman spectra to an 
investigation of the cis- and transAsomevs of the Cis unsaturated acids. 
The characteristic Raman shifts of the ethyl esters of the Ci8 unsaturated 
acids, observed by McCutcheon et al., are given in Table 28. 

Table 28 

RAMAN LINES CHARACTERISTIC OF UNSATURATED ETHYL ESTERS® 

Oleate Elaidate Linoleate /3-Linoleate Linolelaidate Linolenate 

953 1 952 1 954 0 
962 1 

974 3d 972 5d 973 4d 977 1 971 2 
1250 1 

1267 7d 1269 1 1264 7d 1264 7d 1261 2d 1265 6d 
1643 6d 1643 5d 

1655 Sp 1658 10 p 1657 10 p 1656 10 p 1656 9 p 
1669 8p 1668 5d 

3009 6 p 3008 Sp 3012 5 p * 3012 5 p 3009 2p 3013 8p 

® J. W. McCutcheon, M. F. Crawford, and H. L. Welsh, Oil <St Soap, 18, 9-11(1941). 
Frequency shifts, relative intensities (scale 0-10) and p>olarization8 are listed 
separately; p = polarized, d « depolarized. 

Previous work has established the fact that the ethylenic bond in,all 
compounds of the type RCH==CHR' gives rise to a frequency in the neigh¬ 
borhood of Ap 1650 and that for m-compounds, this frequency is Av 10 to 
20 less than for the /rans-compound. It is also characteristic of ethylenic 
compounds that a Raman line occurs at approximately Av 3010 and that 
this line has about twice the intensity in cis-compounds as in the corre¬ 
sponding frans-compounds. The characteristic ethylenic frequency in ethyl 
oleate was^found by McCutcheon et at. to be 14 units lower than in ethyl 
elaidate and the intensity of the line at Av 3009 to be approximately twice 
as strong for ethyl oleate as for ethyl elaidate, which observations are addi¬ 
tional confirmation of the cis- and <rans-configurations, respectively, for 
oleic and elaidic acms. 

McCutcheon and co-workers*^ concluded from the examination of the 
Raman data obtained with a- and /3-linoleates, that these two substances 

“ J. H. Hibben, Chem, Revs., 18,1-232 (1936). 
J. W. McCutcheon, M. F. Crawford, and H. L. Welsh, Oil db Soap, 18,9-11 (1941). 
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were identical, thus substantiating the authors' conclusions^® as well as 
those of Biemenschneider, Wheeler, and Sando^’ and of Kass and Burr^* 
in this respect. However, these conclusions are at variance with those of 
Frankel and Brown and others, as has been p’-eviously mentioned in con¬ 
nection with the geometrical isomerism of these compounds. It is signifi¬ 
cant that the Raman data led McCutcheon to conclude that the elaidiniza- 
tion reaction of linoleic acid produces a reversal of not one, but of both 
double bonds from the cis- to the irans-configuration, t. e., linolelaidic acid 
is the trans-transAorm of this acid and ordinary linoleic acid, the ds-cis- 
form. On the basis of the Raman and infrared spectra of ethyl linolenate, 
McCutcheon concluded that the linolenate possessed a cis-cis-cis-arrange- 
ment of the double bonds. 

Although on the whole, these conclusions are correct and correspond 
with the generally accepted chemical evidence, some peculiarities of the 
Raman spectra which he obtained should be pointed out. It is well estab¬ 
lished, as stated by McCutcheon, that the transAorms of compounds of the 
type RCH==CHR' exhibit a greater frequency shift than the correspond¬ 
ing ctVforms. However, the relative weakness of the carbonyl shift as 
compared with the ethylenic one shown in the Raman diagram contained 
in the original publications of McCutcheon is somewhat anomalous, and 
the significance of the hydrogen frequency near Av 3012 seems to be over¬ 
emphasized. Frequencies do occur in this region for the simpler ethylene 
compounds, but there is apparently no frequency in this region in com¬ 
pounds containing more than six carbon atoms in the chain. However, it 
is in this region that a harmonic of the deformation vibration would appear, 
but it should not be polarized. As has been pointed out by Hibben,® the 
difference between the carbon-hydrogen symmetrical vibration and the m- 
and transAorms of dichloroethylene is very small. 

3. Visible Absorption 

The fatty acids are colorless substances and hence do not exhibit ab¬ 
sorption in the visual range, i, with wave lengths of light from about 4000 
to 7000 A. This is true also of pure glycerides, but it is not true of the 
natural fats and oils since they contain varying amounts of pigments which 
are capable of absorption in the visible region of the spectrum. For ex¬ 
ample, the presence of gossypol, which has a characteristic absorption band 
at 3660 A., carotene with a band at 4500 A., or chlorophyll with a band at 
6600 A., can be readily ascertained by visual absorption measurements, 

J. W. McCutcheon, Can, J, Research, Bl6,158-175 (1938). 
R. W. Riemenschneider, D. H. Wheeler, and C. E. Sando, J, Biol, Chem,, 127, 

891-402 (1939). 
J. P. Kass and G. O. Burr, J. Am, Chem, Soe., 61,1062-1066 (1939). 

“ J. S. Frankel and J. B. Brown, J, Am. Chem. Soc., 65, 415-418 (1943), 
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4. Infrared Absorption 

Infrared radiation or infrared light is similar in character and general 
properties to ordinary visible light and is a result of wave emission at the 
velocity of light from a body oscillating with a definite frequency. Infrared 
radiation suffers absorption and reflection exactly as does visible light. 
Because the infrared region begins at the point where the visible region ends, 
and because the human eye varies with respect to the limiting sensitivity at 
both ends of the visible spectrum, it is not possible to define exactly the 
infrared region. 

The visible spectrum is usually assumed to extend from 4000 to 7500 A., 

and the infrared spectrum may be considered as the region above 7500 A. 

The latter is generally divided into the short or near infrared from 7500 A. 

(0.75 /x) to 10,000 A. (1 Ai), a middle region extending from 10,000 to 60,000 
A. (6 At), and a lower or far infrared above 60,000 A. The upper limit of the 
far infrared region is generally undefined, but it may be considered as over- 
lapping the lower Hertzian region of radio frequencies. 

Many organic compounds which exhibit no marked absorption in the 
visible region may possess characteristic absorption in the infrared. In 
practice, a substance w^hose infrared absorption spectrum it is desired to 
determine, is irradiated with infrared light from a standard source and the 
percentage of transmission determined over a series of wave lengths. The 
percentage of light transmitted for each wwe length is plotted against 
the wave length and a curve is drawm through all the points to give a spec¬ 
tral transmittancy curve. It has been found that specific absorption maxi¬ 
ma which are observed in various organic compounds can be attributed to 
the presence of particular atomic groups in the molecule and are generally 
unaffected by spatial configuration. For example, the d- and Worms of 
pinene have identical spectra. Certain atomic groupings, as, for example, 
the amino, methyl, and hydroxyl groups give rise to specific absorption 
bands, 

Barnes, Liddel, and Williams^® investigated the infrared absorption 
spectra of 363 synthetic and natural organic compounds and prepared a 
library of representative absorption curves for comparison with others 
which may be obtained with unknown compounds. These curves which 
were taken in the region of 5 to 13 /x of the infrared spectrum have been 
published in a serially numbered collection. Among these spectrographs 
are several fatty acids, glyceride oils, and related substances. These sub¬ 
stances, together with the catalog number of the corresponding graph, are 
listed in Table 29. 

w R. B. Barnes, U. Liddel, and V. Z. Williams, Ind, Eng, Chem,, Anal. Ed., 15,659-709 
(1943). 
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Table 29 

INFRARED ABSORPTION SPECTRA CURVES CATALOGUED BY BARNES, LIDDEL, 

AND WILLIAMS® 

Substance Graph No. 

Acetic acid, ally I ester.167 
Acetic acid, methyl ester.161 
Acetic acid, polyvinyl ester.165 
Acetic acid, vinyl ester.166 
Acrylic acid, n-butyl ester.171 
Acrylic acid, ethyl ester.169 
Acrylic acid, ethyl ester, polymer.170 
Acrylic acid, methvl ester.168 
Adipic acid, diallyl ester.188 
Caproic anhydride.158 
Ethylene glycol. 91 
Laurie acid, methyl ester.175 
Linseed oil.199 
Linseed oil, ethyl esters.206 
Linseed oil, methyl esters.205 
NeaUs-foot oil.200 
Neofat, methyl ester.207 
Octadecadienoic acid, methyl ester.194 
Oleic acid, methyl ester.176 
Propionic acid, ethyl-^-ethoxy ester.164 
Sebacic acid, diallyl ester.189 
Soybean oil.201 
Tripalmitin.203 
Tristearin.202 
Triundecylenin.197 
Tung oil.198 
Tung oil, methyl esters.204 
Undecylenic acid.228 

« Ind, Eng. Chem., Anal Ed., 15, 659-709 (1943). 

Infrared Spectra of Unsaturated Fatty Adds 

McCutcheon et aZ.“ determined the infrared absorption spectra of the 
ethyl ester of oleic, elaidic, linoleic, linolelaidic, and linolenic acids. In the 
spectral transmission curves which are reproduced in Figure 26, the ratio 
of the transmission of the unsaturated ester to that of ethyl stearate is 
plotted against the wave length of the transmitted radiation. Strong 
absorption is observed in the region of 6.0 m (60,000 A.) in the case of the 
esters of oleic, linoleic, and linolenic acids, while elaidib and linolelaidic 
acids exhibit relatively weaker and wider absorption bands in this region. 
In the case of ethyl linolenate a secondary absorption occurs in the region 
of 5.25 IX (52,500 A.). On a basis of theoretical considerations, cis-acids 
should exhibit a strong absorption characteristic of the double bond in the 
region of 6.0 /a f60,000 A.). McCutcheon failed to observe a strong absorp¬ 
tion with ethyl elaidate and linolelaidate in this region. He interpreted the 
difference in absorption characteristics of ethyl linoleate and ethyl linole- 
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laidate in the region of 6.0 n (60,000 A.) as proof of the ds-cis- and trans- 
fran^-configurations, respectively, of these two esters. 

4.8 5.2 5.6 6.0 6.4 6.8 

A(M) 

Fig. 26. Infrared spectral transmission curves of the ethyl esters of 
oleic (1), elaidic (2), linoleic (3), linolelaidic (4), and linolenic (5) 
acids according to McCutcheon et 

As previously mentioned, McCutcheon concluded on the basis of the 
Raman and infrared spectra that the linolenate possessed a m-cis-cts- 
configuration. However, the dissimilarity between the absorption curve 
of the linolenate as compared to the curves for the oleate and linoleate is 
in need of clarification. 

Gamble and Barnett'^ examined the infrared absorption of the methyl, 
glycol, and glyceryl esters of oleic, linoleic, linolenic, and elaeostearic acids. 
The absorption spectra curves of the glyceryl esters are reproduced in 
Figures 27 and 28. All of the glyceryl esters show an absorption in the 
region of 6 /i (60,000 A.), characteristic of the double bond. The elaeo- 
stearate exhibits an additional strong absorption at 10.0 m (100,000 A.) 
which is ascribed by the authors to the presence of conjugation. However, 
a feeble absorption in the same region is evident in the other esters and may 
indicate traces of conjugated acids in the products examined. The absorp¬ 
tion at 8.4 M (84,000 A.) is attributed to the presence of an oxygen linkage. 

Gamble and Barnett also determined the infrared absorption spectra of 
methyl oleate and methyl elaeostearate (Fig. 29) before an(J after exposure 
to ultraviolet light. After the exposure of methyl elaeostearate to ultra- 

D. L. Gamble and C. E. Barnett, Ind, Eng, Chem., 32, 376-378 (1940). 
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Fig. 27. Infrared absorption spectra of 
glyceryl trioleate (1) and trilinoleate (2).^’ 

2 4 6 8 10 12 
WAVELENGTH.^ 

Fig. 28. Infrared absorption spectra of 
glyceryl trilinolenate (1) and trielaeo- 
stearate (2).^^ 

Fig. 29. Effect of ultraviolet radiation on 
the infrared absorption spectra of methyl 
elaeostearate^^: (1) unexposed; (2) after 
1500 hours in mercury arc. 

is normally attributed to the presence of a hydroxyl group and the shift of 
the band at 3.4 n (34,000 A.) toward 2.9 (29,000 A.) is attributed to the 
introduction of hydroxyl groups. It is probable, however, that the shift 

I H H 
is due to the formation of a hydroperoxide group, HOO—C—C==C—, 

H 
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which is readily formed even in oleic acid when irradiated with ultraviolet 
light in the presence of oxygen. 

5. Ultraviolet Absorption 

Ultraviolet radiation or light is similar in character and properties to 
ordinary light but is constituted of shorter wave lengths. The ultraviolet 
region of the spectrum is assumed to extend from the lower visible region, 
i, e.y 4000 A. to below 1000 A. Ordinary spectroscopic equipment is gen¬ 
erally adapted to measurements in the region from 3500 to about 2000 A., 
but equipment can be built which permits measurements to be made in 
the far ultraviolet. With specially sensitized photographic plates and an 
evacuated spectrograph Schumann succeeded in reaching 1200 A., and by 
the addition of fluorite optics Lyman made measurements down to 500 A. 
Thus, the lower limits of the ultraviolet may be considered as overlapping 
the region of x-ray spectra which was discussed in the preceding chapter 
(page 83-92). 

As in the case of absorption in the visible region, ultraviolet absorption is 
associated with a specific type of structure, i, e., with the presence of ultra¬ 
violet chromophores in the molecule, rather than with the molecule as a 
whole. This type of absorption differs from infrared absorption by virtue 
of the fact that the former is associated with a chromophore absorbing 
electronic energy, whereas the latter is associated only with simple atom 
groupings involving vibrational or rotational energies. The ultraviolet 
absorption spectrum may, however, be affected to some extent by the 
molecular environment or substituents attached to the chromophores, as 
well as by the nature of the solvent in which the measurements are made. 

Of the various types of absorption spectroscopy which may be applied 
to the investigation of fatty substances, ultraviolet absorption appears to 
possess the greatest theoretical and practical utility. This type of spectros¬ 
copy can be applied to the identification of specific compounds, the deter¬ 
mination of chemical homogeneity, the detection of the presence of specific 
linkages or configurations in the molecule, and for the quantitative estima¬ 
tion of specific components in a mixture. As will become evident in the 
following pages, ultraviolet spectroscopy has been applied with increasing 
frequency and fertility to a wide range of problems in the field of fats and 
oils and their associated products. 

It was originally thought that unsaturated aliphatic hydrocarbons did 
not exhibit selective absorption in the ultraviolet region, but it is now 
known that such compounds absorb strongly in the far ultraviolet and it is 
in this region that all long chain fatty acids must be examined. The satu- 

“ H. Booker, L. K. Evans, and A. E. Gilliam, J, Chem. Soc., 1940,1453-1463. 
“ M. M. Graff, R. T. O'Connor, and E. L. Skaii, Ind. Eng, Chem,, Anal, Ed,, 16, 

556-^57 (1944). 
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rated hydrocarbons, alcohols, and ethers are so transparent, when pure, 
that they are excellent solvents for measurements at wave lengths above 
2000 A.“ 

With the introduction of a carboxyl group, or one ethylenic bond in the 
hydrocarbon chain, specific absorption appears. With two double bonds 
present in the hydrocarbon chain several arrangements are possible. They 
may be in isolated positions as in 1,4-pentadiene, CH2=CHCH2CH=CH2; 
attached to the same carbon atom^^ as in ethylallene or 1,2-pentadiene, 
CH2=C=====CHCH2CH3; or in a conjugated position as in 1,3-pentadiene, 
CH2=MI)HCH====CHCH3. The absorption differs for each of the three types 
of arrangements of the pair of double bonds, the position of the maximum 
absorption increasing in wave length in the above order. 

Mixed fatty acids of glyceride oils exhibit absorption above 2000 A. 
owing to the presence of carboxyl and ethylenic groups. The saturated 
fatty acids show small differences in their absorption bands but the un¬ 
saturated acids absorb more strongly owing to the effect of both the 
ethylenic linkages and the carboxyl group. The presence of a hydroxyl 
group such as occurs in ricinoleic acid, appears to have little effect on the 
nature of the ultraviolet absorption in the region above 2000 A. 

(a) Ultraviolet Spectra of the Fatty Adds 

The ultraviolet absorption spectra characteristic of the various types of 
pure fatty acids have been assembled by Kass® into a composite graph which 
is reproduced in Figure 30. 

Examination of the individual curves of Figure 30 reveals the fact that 
the absorption above 2000 A. due to the carboxyl group in the saturated 
acids is very weak, whereas the introduction of a second ultraviolet chromo- 
phoric group in the form of a double bond in oleic acid increases the ab¬ 
sorption. The geometric isomer, elaidic acid, exhibits an absorption above 
2000 A. similar to oleic acid but shifted about 50 A. toward the longer 
wave lengths. The higher absorption in the longer wave lengths in elaidic 
acid as compared to oleic acid may be due to the presence of oxygenated or 
other compounds rather than to a difference in structure. Ricinoleic acid 
exhibits a similar but greater shift in the same region and all three acids 
exhibit relatively similar absorptions in the region from 2200 to 2400 A. 

The introduction of a triple bond as in stearolic acid appears to produce a 
shift of the spectral curve in the region of 2200 to 2600 A. Whether the 
entire shift can be attributed to the substitution of the triple bond for a 
double bond, or whether the shift, especially in the longer wave lengths, is 
due to partial oxidation or rearrangement during preparation of the acid 
cannot be stated with certainty at the present time. Increasing the number 

Cumulative double bonds. 
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of double bonds as in linoleic and linolenic acids increases the absorption 
in the region of shorter wave lengths. 

As previously mentioned, the presence of conjugated double bonds mark¬ 
edly increases the absorption, especially in the region between 2200 and 
2400 A. Not only is the absorption increased but the specific maxima 
characteristic of each system of conjugated double bonds (diene, triene, 
tetraene, etc.) becomes evident. The presence of a diene system of double 
bonds is characterized by an absorption band at about 2300 A. as may be 
observed (Fig. 30) in the curves for and A^®'“''2*^^-linoleic acid. 

WAVE LENGTH, m/i 

Triene conjugation is characterized by absorption bands at about 2700 A. 
and differs slightly for cfs- and irans-forms as may be seen in the curves for 
a- and jS-elaeostearic acids. Tetraene conjugation is characterized by 
absorption bands at about 3080 and 3200 A. 

The relationship between the ultraviolet spectral curve and unsaturation 
is even more clearly emphasized by the graph of Barnes, Rusoff, Miller, 
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and Burr,* reproduced in Figure 31. The five acids or esters range in 
increasing number of double bonds from zero in stearic to four in methyl 
arachidonate. The absorption values are plotted as the logarithm of the 
molecular extinction coefficients, t, against wave lengths in migstroms and 
are extended to 2100 A. at which value the greatest differences in absorption 
due to the double bond(s} are observable. At 2100 A. the molecular extinc¬ 
tion coefficients were found to be: stearic, 60; oleic, 180; methyl iinoleate, 
2500; methyl linolenate, 10,000; and methyl arachidonate, 14,500. Arachi- 
donic acid with an iodine number four times that of oleic acid a spec¬ 
tral absorption at 2100 A., approximately eighty times as great. 

4.S 

0.01-1-1_I_L I I I I 
2500 2400 2300 2200 2100 

WAVE LENGTH, k 

Fig. 31. JSffect of unsaturation on the molecular extinction coefficients of fatty acids 
at various wave lengths*®: (1) methyl arachidonate; (2) methyl linolenate; (3) methyl 
iinoleate; (4) oleic acid; (5) stearic acid, ' 

Recently, Rusoff, Platt, Klevens, and Burr*®® extended the investigation 
of the ultmviolet absorption of the fatty acids into the Schumann region 
(to 1700 A.) in which the saturated and nonconjugated unsaturated acids 
exhibit specific absorption. A wide variety of acids and esters, repre¬ 
senting saturated and unsaturated, conjugated and nonconjugated, and 
m- and ^rans-configurations, were examined. The compounds which were 
obtained from various sources and by different methods of preparation were 
not all of the same degree of homogeneity, but absorption spectra measure¬ 
ments on the whole confirmed most of the previous measurements made on 
these compounds and in addition provided for the first time information 

Klevens, and G. 0. Burr, J, Am, Chem, Soe,, 
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concerning the nature of the absorption for most of the compounds in re¬ 
gions below 2100 A. 

The saturated acids (acetic, caprylic, and myristic) were shown to have 
one broad band with a maximum at about 2050 A., and another region of 
very intense absorption beginning at 1850 A. and still rising steeply at 
1730 A., the limit of the measurements. 

Oleic and elaidic acids exhibited strong absorption in the region of 2000 
to 1700 A. with a maximum about 1830 A. The curve for elaidic acid was 
shifted approximately 40 A. toward the visible end of the spectrum and the 
maximum absorption was increased about 15%. The authors concluded 
that the increased absorption at 2350 A. was probably due to a trace of 
conjugated acid. On the other hand, the curves for ethyl linolenate and 
linolenelaidate showed that the absorption of the elaidinized product was 
shifted 25 A. toward the visible end of the spectrum and the maximum 
absorption in the region of 1900 A. was decreased about 11%. 

It is notable that myristic acid measured in a polar solvent (ethanol), 
and oleic acid and the nonconjugated polyunsaturated acids measured in 
nonpolar solvents, exhibited various amounts of absorption in the region of 
2300 A., whereas myristic acid in a nonpolar solvent exhibited only a steeply 
rising curve in this region. The authors, like most other workers in this 
field, attribute the absorption at 2300 A. in these compounds to the pres¬ 
ence of diene conjugation. However, this assumption seems inadequate to 
explain the difference in absorption in this region of the same sample of 
myristic acid measured in two different solvents, and the method of prepara¬ 
tion renders the presence of diene conjugation in the samples of oleic acid 
highly improbable. It would appear that some chromophore other than 
diene is present in these compounds. 

(5) Quantitative Expression of Absorption Data 

Before proceeding with a discussion of the literature and applications of 
ultraviolet absorption, it is necessary to mention the methods which have 
been used by various authors in expressing their data. 

Since the objective of different investigators of ultraviolet absorption 
phenomena has differed, the mode of presenting the results has varied and 
intercomparison is sometimes difficult. Some authors have expressed their 
data in percentages of light absorbed or transmitted, while others have 
used absorption or extinction coefficients. Furthermore, there has been 
no uniformity in the units used to express the absorption and extinction 
coefficients or even the magnitude and position of the absorption. It is 
common European practice to use absorption coefficients while American 
practice leans more toward the use of logarithms to the base 10 and the 
consequent extinction coefficients. 
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Van der Hulst-^ has published ultraviolet absorption data for a number 
of unsaturated fatty acids in the form of curves in which extinction coeffi¬ 
cients, log E (concentration in gram moles per liter), or log K (concentra¬ 
tion in grams per liter) are plotted against the wave length. Kraybill et 

expressed their results in terms of the specific absorption, i. e., 
specific a == (logm IolI)lcl, where a is the absorption coefficient; Jo, the 
intensity of radiation transmitted by the solvent; J, the intensity of radia¬ 
tion transmitted by the solution; c, the concentration of solution in g. per 
1000 ml.; and Z, the length in cm. of solution through which the radiation 
passes. Beadle and KraybilP^ have published a table of reference values 
in terms of absorption coefficients at various wave lengths obtained for 
alkali-isomerized linoleic, linolenic, and arachidonic acids. These values, 
which obtain only for the specific conditions of alkali isomerization used 
by the authors, are given in Table 30. 

Table 30 

REFERENCE VALUES FOR USE IN ULTRAVIOLET SPECTROPHOTOMETRIC 

ANALYSIS OP FATTY ACIDS® 

Isomerized fatty 
acid soap 

Relative absorption coefficients^ 

2340 A. 2680 A. 3010 A. 3160 A. 

Linoleic 86 .. 
Linolenic 60.9 53.2 

Arachidonic 59.3 53.4 25.8 22.6 

« B. W. Beadle and H. R. Kraybill, J. Am. Ckem. Soc., 66, 1232 (1944). 
^ These values apply only to the conditions of alkali isomerization used by Beadle and 

KraybilL 

Moore and co-workers,Erode et Burr and co-workers, 
and others have used extinction coefficients, to express absorption 
values as a function of wave length in angstroms, although Erode et 

L. J. N. van der Hulst, Rec. trav. chim., 54, 639-643, 644-650 (1935). 
** J. H. Mitchell, Jr., H. R. Kravbill, and F. P. Zscheile, Ind. Eng. Chem., Anal, Ed., 

IS, 1-3 (1943). 
** J. H. Mitchell, Jr., and H. R. Kraybill, Ind. Eng. Chem., Anal, Ed., 13, 765-768 

(1941). 
B. W. Beadle and H. R. Kr^bill, /. Am. Chem. Soc., 66,1232 (1944). 

» W. J. Dann and T. Moore, Biochem. J., 27, 1166-1169 (1933). 
*• T. Moore, Biochem. J., 31, 138-154 (1937). 
^ J. Houston, A. G. Cotton, S. K. Kon, and T. Moore, Biochem. J., 33, 1626-1629 

(1939). 
** E. M. Cruickshank, J. Houston, and T. Moore, Biochem. J., 33,1630-1634 (1939). 
** T. Moore, Biochem. J., 33, 1635-1638 (1939). 
»» D. T. Mowry, W. R. Erode, and J. B. Brown, J. Biol. Chem., 142, 671-678 (1942). 

W. R. Erode, J. W. Patterson, J. B. Brown, and J. Frankel, Ind. Eng. Chem., Anal. 
Ed., 16, 77-80 (1944). 

« E. S. Miller and G. 0. Burr, Proc. Soc. Exptl. Biol. Med., 36, 726-729 (1937), 
•• F. A. Norris, I. I. RusoflF, E. S. Miller, and G. 0. Burr, J. Biol. Chem,, 139, 199- 

206 (1941). See Ind. Eng. Chem., Anal. Ed., 16, 385-386 (1944). 
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prefer the use of frequencies expressed in fresnels or vibrations per second X 

Hogness and Potter** have discussed in detail the various methods of 
expressing absorption data as they relate to Beer’s law and have prepared a 
table of conversion factors for absorption and extinction coefficients (Table 
31). 

(c) Applications of Ultraviolet Spectroscopy to the Examination 
of Fatty Adds 

No attempt will be made to review all of the literature on the ultraviolet 
absorption of the fatty acids and esters, but a few of the more important 
applications will be mentioned and the significance of the results pointed 
out. 

Monoethenoid Acids.—Van der Hulst*^ determined the ultraviolet 
absorption spectra of so-called chemically pure and optically pure ethyl 
oleate. Whereas, the optically pure preparation showed no absorption 
maximum in the region of 2400 to 2550 A., the chemically pure product 
exhibited a series of maxima between 2150 and 3350 A., which was attrib¬ 
uted to the presence of polymerization and oxidation products. Van der 
Hulst also observed that A*’*-oleic acid in which the ethylenic bond is 
conjugated with the carbonyl double bond in the carboxyl group possessed 
a strong absorption in the region of 2300 A. although no distinct maximum 
was observable. 

Polyethenoid Acids.—No specific absorption was observed by van der 
Hulst*^ with optically pure ethyl 9,12-linoleate, but the conjugated 
linoleic acid gave a distinct maximum, attributable to diene conjugation, 
at 2300 A. which has also been reported by other workers as occurring at 
2300, 2320, and 2360 A. depending on the nature of the product under 
investigation. 

Ordinary linolenic acid, like linoleic acid, does not exhibit specific ab¬ 
sorption maxima, but Dingwall and Thomson,** van der Hulst,*^ and 
others found that the conjugated positional isomer, elaeostearic acid, ex¬ 
hibited strong absorption with three maxima in the region of 2600 to 2800 
A. due to triene conjugation Alpha and jS-elaeostearic acids were observed 
to pqssess similar absorption curves but the curve of the j9-acid was shifted 
approximately 40 A. toward the shorter wave lengths. 

(1) Alkali Isomerization.—^The detection by Dann and Moore** of 
absorption maxima at 2300 and 2700 A. in fats which had been subjected 
to prolonged saponification with alcoholic potash established the fact that 
isolated double bonds are capable of being shifted to conjugated positions 

T. R. Hogness and V. R. Potter, '^Spectrometric Studies in Relation to Biology,*' 
Ann. Rev. Btodiem., 10,509-680 (1941). 

“ A. Dingwall and J. C. Thomson, /, Am. Chem. Soc., 56,899-901 (1984). 
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by chemical treatment. Moore^® observed that prolonged saponification of 
linseed oil with alcoholic potash resulted in a partial conversion of the 
9,10,12,13,15,16-linolenic acid to a conjugated acid having strong absorp¬ 
tion maxima at 2300 A. and 2700 A. Kass and Burr®® found that a more 
rapid rearrangement could be brought about by reacting linolenic acid 
with concentrated solutions of potash in anhydrous butanol or ethylene 

WAVE LENGTH, mu 
400 300 250 

isomerization of arachidonic acid.*® 

glycol. They applied this method to the production of pseudo-elaeostearic 
acid (10,11,12,13,14,16-octadecatrienoic acid, m.p. 79°C.,* methyl ester, 
m.p. 41 °C.) from the unsaturateS fatty acids of linseed oil. 

Following the catalytic hydrogenation of tung oil, Moore*® found that 
the absorption maximum at 2700 A. was reduced, and that a maximum was 
produced at 2300 A., thus substantiating the fact that the absorption at 
2700 A. is due to the presence of three conjugated double bonds and the 

*• J. P. Kass and G. O, Burr, J. Am. Chem. Soc., 61,3292-3294 (1939). 
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absorption at 2300 A. to two conjugated double bonds. Moore also ob¬ 
served that the prolonged saponification of a large variety of fats and oils 
containing linoleic acid resulted in the development of appreciable absorp¬ 
tion at 2300 A., thus proving that this type of saponification results in the 
formation of varying amounts of conjugated linoleic acid from ordinary 
linoleic acid. The marine oils, when similarly treated, developed absorp¬ 
tion maxima at both 2300 and 2700 A. indurating the formation of doubly 
and triply conjugated acids. 

Mowry, Erode, and Brown^® investigated the changes in the absorption 
which occurred in arachidonic acid during alkali isomerization. Methyl 
arachidonate was saponified with potassium hydroxide in ethylene glycol 
solution. Samples were removed at intervals from the saponification mix¬ 
ture and examined with respect to their absorption properties. The curves 
are shown in Figure 32 in which the change in the absorption, as the iso¬ 
lated double bond system is shifted to a conjugated sj^stem. is readily dis¬ 
cernible. The extinction values at 2350, 2700, and 3000 A. indicate the 
quantities of two, three, and four double bonds which are conjugated. 
The new acid containing four double bonds in conjugated positions was 
isolated by crystallization from petroleum ether at — 20®C. Judged by its 
melting point, 95-98°C., the product was not of very high purity. 

Mowry, Erode, and Brown,*® made the theoretically important observa¬ 
tion that the three well-defined absorption maxima observed with the 
isomerized arachidonic acid in absolute ethanol at frequencies of 952, 1000, 
and 1048 f and the inflection at 1100 / with respective values of of 
2200, 2400, 1900, and 700, corresponded to the 20th, 21st, 22nd, and 23rd 
multiples of a fundamental infrared band at 47.6 /. These values check 
those of Kuhn and Grundmann*^ for the hydrocarbon, A*»*'^-®'®''^»*'®-deca- 
tetraene which has a similar system of conjugated double bonds. 

{£) Effect of Bleaching on the Absorption Spectra of Unsaturated Fatty 
Adds,—During the early applications of absorption spectroscopy, it was 
recommended that optically pure unsaturated acids be prepared by treat¬ 
ment with bleaching earth as a final step in their purification. However, the 
method cannot be applied to polyethenoid acids and probably not to mono- 
ethenoid acids even under the mild conditions recommended by the orig¬ 
inal proponents. 

Mitchell and Kraybill*® observed that treatment of methyl linoleate and 
ethyl linolenate with bleaching earth effected a change in the ultraviolet 
absorption of these esters. The change was found to be especially marked 
if the esters were first oxidized by blowing with air before treatment with 
bleaching earth. 

Treatment of oxidized linoleic esters with bleaching earth produced an 

R. Kuhn and C. Grundmann, Rcr., 71, 442-447 (1938). 
» J. H. Mitchell, Jr., and H. R. Kraybill, J. Am, Chem, Soc,, 64, 988-994 (1942). 
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absorption band at 2680 A. characteristic of triene conjugation, whereas 
similar treatment with alkali produced a band at 2320 A, characteristic of 
diene conjugation. Similar treatment of oxidized linolenic esters produced 
bands at 2860, 3000, and 3160 A. characteristic of tetraene conjugation as 

Pig. 33. Comparison of the absorption spectra of bleached and untreated poly- 
ethenoid esters and oils^: (1) ethyl linolenate; (lA) ethyl linolenate treated with 
Fuller's earth; (2) mixture of linoleate and linolenate treat^ with Puller's earth; (3) 
methyl oleate; (4) methyl linoleate; (4A) methyl linoleate treated with Fuller's earth; 
(5) unbleached soybean oil plus tung oil (0.11%); (6) bleached com oil. 
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well as a band at 2680 A. whereas alkali treatment of linolenic esters gave 
rise to bands at 2680 and 2320 A. characteristic of triene and diene conjuga¬ 
tion, respectively. The characteristic absorption curves for these products 
are shown in Figure 33. 

These results may be interpreted to indicate that treatment with alkali 
results in a shift of isolated double bonds already present in a polyunsatu¬ 
rated acid to conjugated positions, while treatment with bleaching earth 
causes the introduction of a new double bond in linoleic and linolenic acids 
in such a way that they are in conjugated positions. Since this result oc¬ 
curs only when the acid has been oxidized prior to treatment with bleaching 
earth, it may be concluded that the bleaching earth is acting as a dehydrat¬ 
ing agent to remove the elements of water to produce new double bonds in 
conjugated positions. Several mechanisms by which the oxidation and de¬ 
hydration might occur were postulated by the authors but proof is lacking 
as to their validity. 

(S) Preparation of Spectroscopically Pure Unsaturated Acids,—Ultra¬ 
violet spectroscopy is particularly useful in determining the purity of poly¬ 
unsaturated acids as has been demonstrated by Erode et aU^ These 
authors examined a total of ten specimens of linoleic acid prepared by de- 
bromination of a- and jS-tetrabromostearic acid. Di-, tri-, and tetraene 
conjugated acids were found in all samples in proportions varying from 
0.46% in the best sample to 6.4% in the worst sample. 

Wood and co-workers^® determined the percentage of di-, tri-, and tetra¬ 
ene conjugation in various preparations of linoleic and linolenic acids and 
their corresponding chlorides used in the preparation of pure synthetic 
glycerides of known structure. 

The utility of the spectrescrpic method as an aid in preparing highly 
pure polyunsaturated acids is illustrated by the following examples.^® 
The ultraviolet absorption spectra of four preparations of linoleic acid 
shown in Figure 34 were obtained by debromination of tetrabromostearic 
acid prepared from the same sample of corn oil. However, only by the 
introduction of one refinement after another in the generally accepted 
method of preparing linoleic acid was it possible to obtain the highly pure 
product shown in the last of the four spectral curves. 

The preparation illustrated by the first curve of Figure 34 was obtained 
from tetrabromostearic acid (m.p. 114.2-115.0°C.) prepared according to 
the method of McCutcheon.^^ The tetrabromides were debrominated in 
ethyl ether according to the method of Frankel and Brown^®; the ether was 
removed by evaporation in vacuo at room temperature and the acids frac¬ 
tionally distilled at 0.4 mm. pressure. 

** T. R. Wood, F. L. Jackson, A. R. Baldwin, and H. E. Longenecker, J, Am, Chem, 
See,, 66, 287-289 (1944). 

^ R. T. O'Connor, D. C. Heinzelman, M. Caravella, and S. T. Bauer, (HI dt Soap, 
23,5-9(1946). 
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Fig. 34. Ultraviolet absorption spectra of four specimens of linoleic acid of different 
degrees of purity, measured in optically pure cyclohexane. Note that the first curve is 
on a scale different from the others because of the greater intensity of absorption of 
the conjugated impurities in this sample, 
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The product illustrated by the second curve was prepared from tetra- 
bromostearic acid similar to that used in the first preparation, except that 
the bromides were dissolved in high boiling petroleum ether (Skellysolve L) 
and the solution treated with activated carbon. After crystallization of the 
bromides from petroleum ether, they were dissolved in ethyl ether, repre¬ 
cipitated by the addition of petroleum ether, and recrystallized from Skelly¬ 
solve L. The recrystallized tetrabromostearic acid melted at 115.5-115.8® 
C. Fractional distillation of the regenerated acid was carried out in a 
molecular still at 113-115®C. at 5 m pressure to give the final product. 

The preparation illustrated by the third curve of Figure 34 was obtained 
from thrice-crystallized tetrabromostearic acid, once from ethyl ether and 
twice from Skellysolve L. The tetrabromide (m.p. 115.5-115.8®C.) was 
debrominated in peroxide-free ether, and the ether solution of free acid 
filtered under an atmosphere of carbon dioxide, dried over sodium sulfate, 
and refiltered under the same conditions. The ether was evaporated under 
reduced pressure and the residual acid fractionally distilled at 113-115®C. 
at 4 /X pressure to obtain the final product. 

The preparation represented by the fourth curve was prepared from the 
same tetrabromostearic acid but debromination was carried out in an atmos¬ 
phere of nitrogen freed of oxygen by passage over hot copper. All subse¬ 
quent steps were conducted as before but always in the presence of oxygen- 
free nitrogen, followed finally by molecular distillation at 113.0®C. and 1 m 
pressure. 

The increased purity of each succeeding preparation of linoleic acid is 
illustrated by the spectral curves and the analytical data in Table 32. 
The results of these and related investigations emphasize the necessity for 
the rigid exclusion of oxygen during the preparation of unsaturated fatty 

Table 32 

ANALYSIS OF LINOLEIC ACID PREPARED BY FOUR DIFFERENT METHODS 

No. Iodine 
value* 

T.C. 
valuel> 

Per- 1 
oxide 

value® 

Percentage of conjugation 

Diene** Triene** Tetraene** Diene* j Trienc* Tetraene* 

1 177.0 95.5 0.408 0.104 0.0262 0.393 0.236 0.0145 
2 178.5 94.5 0.080 0.0105 0.0028 0.097 0.038 0.0018 
3 180.0 4.0 0.0311 0.0000 0.0013 0.0056 0.0009 0.0009 
4 180.2 97.0 2.7 0.0248 0.0001 0.0018 0.0050 0.0007 0.0012 

® Wijs (1 hr.) method; theoretical iodine value, 181.03. 
^ Theoretical thiocyanogen value, 90.5; accepted empirical value, 96.7. 
« Milliequivalents of peroxide per kilogram of acid. 
* Calculated according to the method of Brice et af.**-** 
• Calculated according to the method of Brode et al,*^ 

B. A. Brice, M. L. Swain, B. B. Schaeffer, and W. C. Ault, Oil dh Soap, 22, 219- 
224 (1945). 

** B. A. Brice and M. L. Swain, J. Optical Soc, Am,, 35, 532-544 (1945). 
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acids. The same observation was made by McCutcheon^* who found that 

unless ethyl oleate was distilled directly into evacuated Raman tubes, 

oxidation products were formed whose fluorescence obscured the Raman 

spectra. 

{4) Other Applications,—Other practical applications of ultraviolet 

spectroscopy in the field of fat and oil chemistry include the detection of 

soybean oil in mixtures with cottonseed oil,^* the determination of a- 

elaeostearic acid in tung oiV'* and measurement of the rate of oxygen ab¬ 

sorption by /3-eIaeostearic acid.'*® 

Burr and co-workers^’'^® **^ have applied ultraviolet spectroscopy to in¬ 

vestigations of the fate of ingested fats in the animal body. They found, 

for example, that when elaeostearic acid is fed to rats, it is quickly changed 

to a new acid having a high absorption at 2350 A. and a corresponding loss 

(jf absorption at 2700 A. This change in absorption indicates that one 

double bond of the elaeostearic acid is hydrogenated or otherwise destroyed 

after ingestion by the animal. 

Hilditch, Morton, and Riley confirmed the additive nature of the 

alkali isomerization of the esters of linoleic and linolenic acids with respect 

to ultraviolet absorption spectra, and extended the method of Mitchell 

et to the determination of linolenic and/or linoleic acid in the presence 

of elaeostearic acid. The method was applied to the determination of the 

unsaturated acids in sunflowerseed oil, niger seed oil, linseed oil, tung oil, 

and a mixture of liAseed and tung oils. 

The foregoing discussion of the applications of spectroscopic methods, 

while not all-inclusive, is sufficient to indicate the value and utility of 

these tools and techniques in solving many of the problems confronting the 

worker in the field of fats and oils. Beadle^® has recently reviewed current 

developments and summarized the present status of ultraviolet spectros¬ 

copy with examples of applications in the field of fatty acids and their 

derivatives. 

** R. T. O’Connor, D. C. Heinzelman, and F. G. Dollear, Oil & Soap, 22, 257-263 
(1945). 

R. T. O’Connor, D. C. Heinzelman, A. F. Freeman, and P. C. Pack, Ind. Eng, 
Chem., Anal Ed., 17, 467-470 (1945). 

^ R. W. Brauer and L. T. Steadman, J. Am. Chem. Soc., 66, 563-569 (1944). 
** E. S. Miller, R. H. Barnes, J. P. Kass, and G. 0. Burr, Proc. Soc. Exptl. Biol Med.^ 

41 485-489 (1939). 
G. 0. Burr and E. S. Miller, Chem. Revs., 29, 419-438 (1941). 

^ T. P. Hilditch, R. A. Morton, and J. P. Riley, Analyst, 70, 68-74 (1945). 
B. W. Beadle, Oil dt Soap, 23,140-145 (1946). 



CHAPTER VI 

THERMAL PROPERTIES 

1.. Introduction 

The utility and applicability of a given substance is determined by its 
physical properties, and more often than not, by the relative value of one 
specific property as compared to that of other members of the same class of 
compounds. For example, the sodium salts of lauric, myristic, and palmitic 
acids find extensive employment as components of soaps because, of all the 
saturated fatty acids, they possess solubilities and surface-acting proper¬ 
ties which render them most valuable as detergents. Similarly, castor oil 
and ricinoleic acid find many uses in the textile, petroleum, and lubrication 
fields because they exhibit certain viscosity behavior and surface-acting 
properties not found in other vegetable oils and fatty acids. 

Generally speaking, as our knowledge of the physical properties of a 
given material increases, the applications and uses of this material likewise 
increase. For a long time, man had to rely almost entirely on his percep¬ 
tive senses as a means of determining the nature and estimating the magni¬ 
tude of the properties of matter, and consequently, such knowledge as was 
obtained, was purely qualitative. Gradually one means after another has 
been devised to measure various specific properties. These devices in their 
original forms were relatively simple and not highly accurate, as, for ex¬ 
ample, the chemical balance, the thermometer, and simple lenses, but with 
the development of more 9omplicated and precise instruments, many new 
and sometimes quite abstract properties were* discovered and measured 
with an increasing degree of accuracy. Many of these have proved to be 
extremely valuable both from a theoretical as well as a practical point of 
view. 

Many organic, and especially synthetic organic, compounds have been 
systematically investigated with respect to a variety of physical properties, 
and data pertaining to them have been compiled, classified, and recorded 
in readily available form. This, however, has not been the case with regard 
to the naturally occurring higher fatty acids despite the fact that some of 
them have been known and have been the subject of scientific investigation 
for a century or more. Until very recently, such measurements as have been 
made were often made in an unsystematic manner and often on not very 
pure materials. Many of the measurements which have been reported are 

155 
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SO scattered throughout a voluminous literature that they are located only 
by chance, or by the expenditure of a disproportionate amount of time and 
energy. 

In the following pages there are brought together considerable data with 
reference to a number of the more important properties of the fatty acids 
and some of their derivatives. An effort has been made to do this in a 
critical manner but this has not always been possible, as in some cases only 
a single measurement of a given property has been reported. In other 
cases there is no way of judging the purity of the material used, or the 
accuracy of the method employed, in measuring a specific property. Many 
gaps occur in the data for some of the homologous series, and it is not al¬ 
ways possible to determine the approximate value of the undetermined 
property by interpolation of such data as are available. 

2. Heats of Formation and Combustion 

(a) Saturated Acids 

Practically all of the available information on the heats of formation and 
combustion of the higher fatty acids and their derivatives is due to Stoh- 
mann and co-workers. These investigations are now more than a half 
century old and were carried out with products of unknovm purity. 

Ediarasch® critically reviewed the literature on the heats of combustion of 
organic compounds and compiled a table of ‘^best” values available up to 
1929. This table includes a considerable number of saturated, unsatu¬ 
rated, mono- and polybasic, hydroxy, keto and other substituted aliphatic 
acids. The table also includes, in many cases, calculated values for heats 
of combustion and the experimentally determined values most nearly in 
agreement with the calculated value. Because of this selection, a much 
higher degree of correspondence is indicated between the experimental and 
determined values than would otherwise be expected on the basis of the 
probable purity of the acids generally available at the time many of the 
measurements were made. This is especially true of the unsaturated acids 
which have only recently been obtained in a relatively high state of purity. 
No unsaturated acid containing more than one double or one triple bond is 
included in the table. 

The heats of combustion in Kharasch’s table are expressed both in abso¬ 
lute kilojoules (at constant pressure) per gram molecular weight of sub¬ 
stance in vacuo and in kilogram-calories at 15°C. A selected group of 
compounds from this table are included in a compilation contained in the 

^ F. Stohmann, C. Kleber, H. Langbein, and P. Offenhauer, J, prakt. Chem,^ 49, 99- 
129 (1894). 

* F. Stohmann, Z, physik. Chem.j 10,410-424 (1892). 
* M. S. Kharasch, Natl, Bur. Standards J. Research, 2, 359-430 (1929). 
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International Critical Tablesbut the heats of combustion are expressed in 
1922 International Combustion Calories per gram formula weight {in 
vacuo) in the liquid state, when combustion is carried out at constant pres¬ 
sure of one atmosphere and at 18“20®C. to fo^^m gaseous carbon dioxide 
and liquid water. The heats of combustion for the saturated fatty acids 
from these two compilations are compared in Table 33. Heats of com¬ 
bustion of only a few aliphatic esters are found in either of the above- 
mentioned compilations, and those of Kharasch,^ which are the most ex¬ 
tensive, are given in Table 34. 

Table 33 

HEATS OF COMBUSTION OF SATURATED FATTY ACIDS® 

Acid 
Tnlernational 

Critical Tablet 

Kharasch 

Kg.-cal.i6® 

Experimental Calculated 

Formic 62.8 62.8 65.1 
Acetic 209.4 209.4 208.4 
Propionic 365 367.2 364.7 
n-Butyri(; 520 524.3 521.0 
n-Valeric 679 681.6 677.3 
C'aproic 831.0 831.0 833.6 
Heptanoic 986.1 986.1 989.9 
(’!apric 14,53 (s) 1458.1 1458.8 
Undecanoic 1610 (s) 1615.9 1615.1 
Laurie 1772 (s) 1771.7 1771.4 
Myristic 2086 (s) 2085.8 2084.0 
Palmitic 1 2380 (s) 2398.4 2396.6 
Stearic 1 2698 (s) 1 2711.8 2709.2 
Arachidic ! 3010 (s) 3025.9 3021.8 
Behenic ! 3338 (s) ] 3338.4 3334.4 

® All value.s for liquid state except wliere indicated by (s), which indicates solid state. 
^ Stdected experimental value nearest to calculated. 

Table 34 

HEATS OF COMBUSTION OF FATTY ACID ESTERS EXPRESSED IN KG.-CAL.uio PER 

MOLE IN THE LIQUID STATE EXCEPT WHERE OTHERWISE INDICATED® 

Acid 
Methyl ester Ethyl ester Triglyceryl ester 

Exptl. Calcd. Exptl. Calcd. Exptl. 

Formic 
Acetic 
Propionic 
Butyric 
Valeric 
Laurie 
Myristic 
Erucic 

233.1 
381.2 
552.3 (V) 
692.8 

38i!2 
537.5 
693.8 

391.7 
539.9 
690.8 
851.2 

1017.5 

••• 

693.8 
850.1 

1006.4 
1941.V 
2308.6 
5706.3 (s) 
6650.3 (s) 

10264.7 (s) 

® M. S. Kharasch, Natl. Bur. Standards /. Research, 2, 359-430 (1929). 

* National Research Council, Intet national Critical Tables. Vol. V, McGraw-Hill, 
New York, 1929, pp. 165-166. 
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(6) Unsaturated Acids 

Data relative to the long chain unsaturated fatty acids are likewise non- 
extensive, as is indicated by reference to Tables 35 and 36 containing the 
values for the heats of combustion of several saturated acids, the corre¬ 
sponding and <ran5-monoetbenoid isomers, the monoethinoid acids, and 
the dififerences in the heats of combustion for the several pairs of these acids. 

Table 35 

COMPARATIVE HEATS OF COMBUSTION OF SOME SATURATED AND UNSATURATED 

FATTY ACIDS, KQ.-CAL.200 PER MOLE 

Acid Formula Experimental 
(solid) 

Calculated 
(liquid) 

Number of 
double bonds 

Undecanoic CiiHsjOs 1615.9 1615.1 0 
Undecenoic CiiHjoOj 1579.7 1576.0 1 
Undecinoic C11H18O2 1537.8 1544.0 1 triple bond 
Stearic 2711.8 2709.2 0 

Oleic (da) C18H34OJ 
2681.81 
2657.0/ 2663.6 1 

Elaidic (trans) Cxt^HuOt 2664.2 2670.1 1 
Stearolic CisHjjOa 2628.6 2638.1 1 triple bond 
Behenic C22H44O2 3338.4 3334.4 0 
Erucic (cis) C22H42O2 3296.7 3295.3 1 
Brassidic (trans) C22H42O2 3290.1 3288.8 1 1 
Behenolic C22H40O2 3254.9 3263.3 1 1 triple bond 

Table 36 

DIFFERENCES IN HEATS OF COMBUSTION IN KQ.-CAL.20o PER MOLE FOR PAIRS 

OF ACIDS SHOWN IN TABLE 35 

Pairs of acids Experimental Calculated 

Undecanoic-undecenoi c 36,2 39.1 
Undecanoic-undecinoic 78.1 71.1 
Stearic-oleic 30.0 and 54.8 45.6 
Stearic-fitearolic 83.2 71.1 
Behenic-erucic 41.7 39.1 
Behenic-behenolic 83.5 71.1 
Oleic-elaidic 17.6 and -7.2 -6.5 
Erucic-brassidic 6.6 6.5 

From the data in Tables 35 and 36 it is evident that both the experi¬ 
mental and calculated values for the heat of combustion of oleic acid are 
out of line with those for the related acids. KefBer* refers to the publica¬ 
tions of Stohmann^ ® wherein the heat of combustion of oleic acid was re- 
poi4;ed to be 2682.0 kg.-cal. and that of solid elaidic acid as 2664.3 kg.-cal. 
When these values are corrected according to the Landolt-Bomstein tables, 
and the value for elaidic acid calculated for the liquid state, as was done by 

« L. J. P. KeiBer, /. Phys, Chem,, 34,1319-1325 (1930). 
* F. Stahmann, J, prakt, Chem,^ 31, 273-306 (1885). 
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KefBer, the two values become 2680.1 kg.-cal. for oleic acid, and 2677.2 
kg.-cal. for elaidic acid, or a difference of +2.9 kg.-cal. These values, al¬ 
though perhaps not entirely accurate, indicate that the m-isomer possesses 
theiiigher heat of combustion in accordance with Stohmann's rule that the 
cis-isomer of a given pair of geometrical isomers should have the higher heat 
of combustion. 

Keffler® determined the heats of combustion of oleic and elaidic acids, 
obtaining a mean value from four determinations of 9343 cal.2o<» per g., or 
2638.9 kg.-cal. per mole, for the solid isomer. The values for oleic acid 
varied from 9542 cal. per g., for a two-day-old sample, to 9412 cal. per g. 
for the same acid after two years, with various values in between depend¬ 
ing on the age of the sample. The heat of combustion of a sample of freshly 
distilled oleic acid was found to be 9473 cal. per g. when determined within 
two hours of preparation. This value decreased hourly to 9446 cal. per 
g. during the first 24 hours after preparation, or a change of 26 cal. per g. 
These values have been calculated to a kg.-cal. per mole basis and included 
in Table 37 together with other previously mentioned values for oleic acid. 

Table 37 

HEATS OF COMBUSTION OF OLEIC AND ELAIDIC ACIDS, KG.-CAL. PER MOLE 

Oleic acid Elaidic acid Difference Investigator 

2663,6® 2670.1“ 6.6 Kharasch 
2681.8) 
2657.OJ 

2664.1 17.7 Kharasch 

2680.1 2677.2 2.9 Stohmann-Keffler 
2695.1* 2638.9 56.2 Keffler 
2668.0' ... Keffler 
2659.5® ... KeflBer 

® Calculated. 
^ Fresh preparation. 
® Twenty hours after preparation. 
^ Two years after preparation. 

The different values for the heats of combustion of oleic and elaidic acids 
shown in Table 37 are not strictly comparable owing to differences in units 
employed in their calculations, but they are sufficiently so to indicate the 
fact that their heats of combustion are still not accurately knowm. The 
values obtained by different investigators reflect the difficulty of preparing 
and maintaining these acids in a pure state rather than a lack of precision 
in the experimental determination of the heats of combustion. It is signifi¬ 
cant that, with the exception of the lower value given by Kharasch,* the 
heat of combustion found for oleic acid is higher than for elaidic acid which 
is in accordance with other knowm facts concerning the relative stabilities 
of these two acids. It is obvious that the calculated values of the heats of 
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combustion, if reversed, would be more nearly in accord with the experi¬ 
mental values. 

Following the development of more rigorous methods of purifying oleic 
acid, KeffleF ® prepared a series of esters of oleic and elaidic acids and 
determined their heats of combustion with the results shown in Table 38. 
In each case the oleate was found to have the higher heat of combustion 
and the average isothermal heat of transition from oleate to elaidate was 
found to be about +1.6 kg.-cal. per mole. 

Table 38 

HEATS OF COMBUSTION OF LIQUID OLEATES AND ELAIDATES IN KG.-CAL.le® 

PER MOLE" 

Alkyl radical Oleate Elaidate Molecular heat of 
transformation 

Methyl 2837.2 2835.7 + 1.5 
Ethyl 2988.2 2988.9 -0.7 
Propyl 3146.2 3144.7 + 1.5 
Butyl 3302.3 3300.6 + 1.7 
Amyl 3456.5 

- L. J. V. Keffler and J. H. Mcl-A;an, J. Soc. Chern. Ind., 54,178-185T, 3t)2-367T (1935); 
L. J. P. Keffler, J. Phys. Chern., 41, 715-721 (1937). 

(c) Glycerides 

Few data are available for the heats of combustion of mono- and di¬ 
glycerides which are especially significant with respect to the structural 
symmetry and stability of these compounds. Clarke and Stegeman® 
determined the heats of combustion of a- and /3-monopalmitin which were 
found to be, respectively, 2778.78 and 2788.30 kg.-cal. per mole for the 
reaction at one atmosphere pressure and 25°C., or —9.52 kg.-cal.'per mole 
for the shift from the jS- to the a-position. 

Stohmann and co-workers determined the heats of combustion of many 
fatty acids and esters among which were glyceryl dierucate, m.p. 47°C., 
and glyceryl dibrassidate, m.p. 67°C. These esters were prepared by 
Stohmann and Langbein^® according to the method of Reimer and Will,^^ 
and nothing is known concerning their structural configuration or homo¬ 
geneity. The heats of combustion for glyceryl dierucate and dibrassidate 
were found to be 6979.0 and 6953.0 kg.-cal.is® per mole, respectively. The 
glyceride of the cis-isomer has the higher heat of combustion which is in 

^ L. J. P. Keffler and J. H. McLean, /. Soc. Chem. Ind., 54, 178~186T, 362-367T 
(1935). 

» L. J. P. Keffler, J. Phys. Chem., 41, 715-721 (1937). 
• T. H. Clarke and G. Stegeman, J. Am. Chem. Soc., 62, 1815-1817 (1940). 

F. Stohmann and H. Langbein, J. praki. Chem., 42, 361-382 (1890). 
“ C. L. Reimer and W. Will, Ber., 19,3320-3327 (1886). 
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accord with the known stability of such geometrical isomers. The classical 
work of Stohmann should be consulted for additional data and for more 
detailed information on the h^ats of combustion of the various compounds 
already mentioned, and for the natural fats, including lard, beef and mut¬ 
ton tallows, butter, and duck and goose fats. 

3. Vapor Pressure and Related Properties 

Of the various colligative properties of the higher fatty acids and esters, 
none is so important theoretically and practically as vapor pressure and the 
related properties, boiling point and heat of vaporization. It is only within 
the past few years that any systematic determinations have been made of 
these important properties of the fatty acids and much more work remains 
to be completed to place our knowledge of these properties on a par with 
that of other and much less important organic compounds. 

{a) Saturated Acids 

Lederer,'^ one of the first to determine the molecular heats of vaporiza¬ 
tion and the heat of vaporization of fatty acids at atmospheric pressure, 
stated, in an article published in 1930: *Tt appears almost incredible that, 
after fifty years of large-scale fatty acid distillation, data relative to these 
important properties are not known; at least they are not found in the 
literature.'^ To this statement Lederer appended a footnote which reads: 
“Here might be mentioned a fact which is not without its humorous angle. 
A famous German equipment company, which required a knowledge of 
heats of vaporization of fatty acids for use in fabricating a condenser for a 
fatty acid still, turned to research chemists (specialists in fats and oils) for 
this information. One ‘estimated' a heat of vaporization of 100 calories, 
another regretted that he could not find a value in the literature. One 
explained that fatty acids had in general no heats of vaporization at all, 
since they could not be boiled without decomposition (at atmospheric 
pressure)." In the fifteen-year interval since that time, our knowledge has 
improved considerably, but the opportunities for research in this field are 
far from exhausted. 

Although now somewhat outmoded, and not too exact in many respects 
owing to the lack of reliable experimental data, portions of Lederer's work 
are given here as an example of the early (1930) treatment of the vapor 
pressure-temperature relationships of fatty acids. 

Through the application of thermodynamic principles an equation 
can be derived for vapor pressure-temperature relation which can be 
brought to the form: 

(J) In r - — + c 

“ E. L. Lederer, Seifermeder-Ztg,^ 57,67-71 (1930). 
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where p is the vapor pressure at any optional absolute temperature T (°C. 
+ 273), Xo the molecular heat of vaporization at absolute zero, R the gas 
constant, e the temperature coefficient of the difference between specific 
heats in the liquid and gaseous state, and C' the so-called ^‘conventional 
chemical constant/* If the natural logarithm, In, is replaced by the com¬ 
mon logarithm, log, and there is substituted for the gas constant its numeri¬ 
cal value (1.985 cal./°C.), equation (f) becomes: 

From the data available in the literature for the boiling points of the 
higher fatty acids under different pressures, there can be calculated the 
values given in Table 39 which apply ivhen the vapor pressure is measured 
in millimeters of mercury. The heat of vaporization at any absolute tem¬ 
perature T can be expressed approximately by the equation: 

(S) X = (Xo + 1.75 RT - tr)(l - 

where the P is the critical pressure, which lies between 30 and 40 atm. for 
the higher fatty acids. If accurate data are not available, equation (S) 
can still be used for calculation when the pressure is not too high. At 
atmospheric pressure the factor in the second term of equation {3) has a 
value varying but little from unity (about 0.97), and at 100 mm. pressure 
it is only 0.996. 

A knowledge of the three constants Xo, €, and C makes it possible to cal¬ 
culate over a very restricted temperature interval, the vapor pressure at a 
given temperature, or, what amounts to the same thing, the boiling point 
of the fatty acid at a given pressure. These three constants are given for a 
series of fatty acids in Table 39. In addition, the molecular heat of evapo- 

Table 39 

CALCULATED CONSTANTS APPLICABLE TO VAPOR PRESSURE EQUATION FOR 

HIGHER ALIPHATIC ACIDS® 

Acid D « C n T» Trou* 
ton 

Capric 22990 0.0334 11.318 14660 85 543 27.0 22.3 
Laurie 23590 0.0349 11.408 13740 68.5 574.6 23.9 22.5 
Myristic 
Palmitic 

24960 0.0334 11.493 67.5 601 24.5 22.8 
26050 0.0326 11.568 58.5 625 24.2 23.0 

Stearic 27280 0.0317 11.636 15860 56 647 24.5 23.2 
Oleic 26660 0.0304 11.340 16050 57 642 25.0 23.1 
Erucic 29310 0.0264 11.458 ... ... ... ... ... 

• E. L. Lederer, Seifenneder-Ztg,, 57, 67-71 (1930). 
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ration at atmospheric pressure, can be calculated by means of equa¬ 
tion (3). The values for are given in column 5, Table 39, and in the next 
column are the heats of vaporization of the fatty acids at atmospheric 
pressure in Cal. per kg. 

It should be noted that the heats of vaporization of fatty acids at pres¬ 
sures occurring in industrial practice are very often higher than those 
obtaining at atmospheric pressure. By means of equation (3) it is easy to 
calculate, for example, that lowering of the pressure from 1 atm. to 100 
mm. increases the value of the heat of vaporization on the average 10 Cal. 
per kg. (about 20%); lowering it to 5 mm. increases this value by an average 
of 20 Cal. per kg. (about 40%). However, this is not important industrially 
because the increase in heat necessary for evaporation is small in compari¬ 
son with the usual heat losses resulting from radiation, conduction, etc. 

There are also given in Table 39 the absolute boiling points of the fatty 
acids at atmospheric pressure, as found in the literature (prior to 1930); 
also the proportion \a: r«. This proportion should agree with the values 
given in the last column of Table 39 which were calculated on the basis 
of the Trouton-Nernst rule. From the fact that the value of this proportion 
is always greater than that calculated by the Trouton-Nemst rule, it may 
be concluded that the fatty acids in the liquid state are fairly completely 
associated, while in the vapor state the vapor density corresponds to their 
normal molecular weight. 

With the aid of the data given in Table 39, the vapor pressures of the 
various acids at definite temperatures have been calculated and compared 
in Table 40 with the values given in the Landholt-Bomstein tables. Since 
the constants are derived from the data at atmospheric pressure and at 100 
mm. pressure, it is self-evident that the calculated and experimental values 
will agree at both these points. Their inclusion in Table 40 is, therefore, 
unnecessary. For oleic acid, pressures of 100 mm. and of 10 mm. were used 
for purposes of computation for lack of accurate data at atmospheric pres¬ 
sure. Because of the good agreement between the calculated and the 
experimentally determined values, equation (3) was assumed to be reliable 
for use in calculating the boiling point, using the constants given by Led- 
erer. It should be borne in mind, however, that at the time (1930) very 
few data were available in the literature by which this equation could be 
checked. 

It is evident from Table 39 that the values of the constants for the 
various fatty acids do not differ greatly, and this is ^specially true of the 
temperature coefficient of specific heat, €. It is evident that in equation 
(3) the terms, with the exception of the first and last, are merely correction 
factors, and it can be assumed therefore that the difference in the specific 
heats of the fatty acids in the liquid and vapor states is almost independent 
of temperature. Consequently, equation (3) may be written in a much 
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simpler form, or a graphical method may be used in its place, thus obviating 
the necessity for calculations in many cases. 

Inspection of equation {2) indicates that if both middle terms are dis¬ 
regarded, and the reciprocal values of the absolute temperatures be plotted 
as abscissas against the logarithms of the vapor pressures (in mm.) as 
ordinates, the result will be a straight line. If the middle terms are not 
disregarded, the plot of the data will depart slightly from a straight line as 

Table 40 

VAPOR PRESSURE AT VARIOUS TEMPERATURES FOR SEVERAL FATTY ACIDS 

ACCORDING TO LEDERER® 

Acid Teinperature, 
°K. 

Vapor pressure, mm. 

CalcfJ. F’ound 

("apric 458 45 50 
439 19.4 21 
426 10 10 

Laurie 484 55 50 
472 32 35 
465 27 27 
462 23 24 
451 14.4 13.2 

Myristic 506 54.6 50 
497 :?8.8 40 
493 7 34.8 ' 35 
490.4 30.5 30 
486.2 25.9 25 
480.6 20.6 20 
467.7 11.9 12 
463.8 10 10 

Palmitic 498 19.1 22.1 
493 15.8 15.7 
488 13.0 15 

Stearic 505 1 8.7 15 

Oleic 537 49 50 
523 29.5 30 
506 15.2 15 

* E. L. Lederer, SeAfensieder-Zig.^ 57, 67-71 (1930). 

is indicated in Figure 35. On the other hand, it can be assumed that, 
because of the small differences in the critical pressures of the fatty acids, 
their boiling points comprise corresponding states.*^®-''^* This is also the 
case at any temperature at which the quotient of the absolute boiling point 
and the temperature fn question is the same; and the desired data for any 
fatty acid whatever can be read from such a graphical plot, at least with 
accuracy sufficient for engineering calculation, when only the boiling point 

'*** G. van Iterson, Z. physik, Chem,^ 53, 633-640 (1905). 
J. H. Hildebrand, /. Am. Chem. Soc., 37, 970-078 (1915). 
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at atmospheric pressure (or eventually at any other given pressure) is 
known. 

The two curves reproduced in Figure 35 were obtained by plotting as 
abscissas, the quotients of the absolute boiling points at atmospheric pres¬ 
sure divided by the observed temperatures at any other pressure (TJT) 
and plotting as ordinates the corresponding pressures in mm. The ordinates 
at the right (pressure in mm.) and the abscissas at the bottom (atmos- 

Fig. 35. Relation between vapor pressure and boiling 
points of the fatty acids. 

pheric boiling points divided by the required temperatures) are read from the 
solid line, the ordinates at the left and the abscissas at the upper edge are 
read from the broken line; the solid line is drawn over a pressure range of 
from 600 to 3 mm. of mercury, the broken line over a range from 4 to 0.01 
mm. of mercury. The value and use of this graph are best illustrated by a 
few practical examples, as follows: At what temperature does stearic acid 
boil at a pressure of 20 mm. taking = 647°K. (374*^0.) from Table 39? 
By reference to the solid line it is found that a pressure of 20 mm. corre¬ 
sponds to an abscissa of 1.25; divided by 1.25 gives 517®K. or 244®C. 
As another example, it might be desired to know the pressure at which 
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mjTivStic acid would boil at a temperature of 228°C. (501°K.), Ta = 601°K. 
(328°C.). divided by 501°K. gives 1.20, for which abscissa the corre¬ 
sponding pressure is found to be 47 mm. 

For problems occurring in industry, the solid line will be generally used 
in dry distillation, but for steam distillation involving the determination 
of the boiling point at a given pressure, or the vapor pressure at a given 
temperature, frequent use must be made of the broken line. In the case 
of steam distillation other data are necessary, namely, the proportion by 
weight of steam used for distillation to the amount of acid to be distilled. 
However, both pressure and temperature may be given and the problem 
may be to determine the proportion by weight of steam and fatty acid. 

For steam distillation, Dalton’s Law of Partial Pressure can be applied 
as a good approximation. If the total pressure is p, the partial pressure of 
the fatty acid is x, the molecular weight of the fatty acid is M (that of 
steam is 18), and the proportion by weight of steam to fatty acid is y, then, 
with an accuracy sufficient for industrial use, v = 18(p—x)/Afx. The 
method of calculation may be illustrated by the following: At what tem¬ 
perature does palmitic acid boil at 100 mm. pressure when the proportion 
by weight of steam to acid is 1:1 {v = 1)? Here, p = 100, M = 256, and 
since v — 1, it can be calculated by means of the equation just given that 
X = 6,6 mm. At this ordinate (solid line) it is found that the abscissa is 
1.318 and, therefore, the temperature sought (T^ — 625) is 625 divided by 
1.318 = 475^K. = 202^C. 

It may be desired to know, for example, what pressure should be used to 
distill oleic acid (M = 282) at a temperature of 187°C. or 460°K., with 
twice the amount of steam {v — 2), Ta — 642, and 642 divided by 460 = 
1.39. This abscissa corresponds to a partial pressure, x = 1.9 mm. on the 
dotted line. By means of the above equation the desired total pressure p 
can be calculated as 61.4 mm. Another example might be to determine 
what proportion of water by weight should be used to distill stearic acid 
{M = 284) at a total pressure of 30 mm. and a temperature of 157°C. or 
430®K. Ta divided by 430 = 1.50. At this abscissa it is found from the 
broken line that the partial pressure is 0.3 mm.; therefore: 

= (18 X 29.7)/(284 X 0.3) = 6.2 

therefore, more than six times as much water as fatty acid must be used. 
Although sometimes desirable as a laboratory operation, distillation of a 

single pure fatty acid is very seldom conducted on an industrial scale, 
whereas distillation of mixtures of fatty acids is an important operation on 
both scales. In general, mixtures of fatty acids can be fractionated until a 
maximum boiling point is reached. At this temperature the mixture ex¬ 
hibits a constant toiling point and further separation by means of frac¬ 
tional distillation cannot be achieved. 



VAPOR PRESSURE AND RELATED PROPERTIES 167 

Since Lederer published his article, additional data have become avail¬ 
able with respect to the boiling points and vapor pressures of the fatty acids 
and their derivatives which may be applied as he has indicated in the 
solution of practical problems. 

Gensecke^^ investigated the vapor pressure-temperature relations of the 
fatty acids from acetic to docosanoic over a limited pressure range (2 to 
100 mm.) employing steam distillation under vacuum. The curves ob¬ 
tained by this means are reproduced in Figure 36 in which the temperatures 
in ®C. are plotted as abscissas against the logarithms of the vapor pres- 

NUMBER OF CARBON ATOMS 

Fig. 36. Boiling points of the fatty acids under conditions of vacuum-steam distillation.^* 

sures as ordinates. The vapor pressure curves obtained in this manner, 
although not as accurate as those obtained by the use of dry distillation, 
are nevertheless useful in cases where more accurate data are not available. 

The most accurate determination of the vapor pressure-temperature 
relationships for the fatty acids and their derivatives has been made by 
Ralston and co-workers. Pool and Ralston^^ determined the boiling points 
of the n-alkyl acids from Ce to Cis over a range of pressures from 1 to 760 
mm. and computed the data required to construct the corresponding vapor 
pressure-temperature curves which are reproduced in Figure 37. 

** W. Gensecke, in Chemie und Technologic der Fette und FeUproduhte* Vol. II, G. 
Hefter and H. Schdnfeld, eds., Sprin^r. Vienna, 1937, p. 608. 

W. O. Pool and A. W. Ralston, Ina, Eng. Chem., 34, 1104-1106 (1942). 
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Cramer^* determined the vapor pressures of the^ even-numbered fatty 
acids from caproic to stearic by the static method of Smith and Menzies'® 
with the results shown in Figure 37a. By means of the equation: 

d In p _ W 

Fig. 37. Vapor pressure curves of the n-alkyl acids containing from 6 to 18 carbon 
atoms. 

Fig. 37a. Relation between vapor pressure in millimeters and temperature of 
saturated fatty acids. Numbers refer to number of carbon atoms in acid.'* 

'* J. S. N. Cramer, Eec. irav. chim., 62, 606-610 (1943). 
A. Smith and A. W. C. Menzies, J, Am. Chem. Soc.^ 32,1412-1434 (1910). 
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where W is the heat of vaporization per gram mole, T the absolute tem¬ 
perature, and R the gas constant, he calculated the heats of vaporization 
of the acids at the temperatures shown in Table 41. 

Table 41 

CALCULATED HEATS OF VAPORIZATION OF SATURATED ACIDS AT VARIOUS 

TEMPERATURES® 

Acid Tempera¬ 
ture, °C. 

Heats of 
vaporisation, 

cal./g. 
Acid Tempera¬ 

ture, °C. i 

Heats of 
vaporiza¬ 

tion, 
cal./g. 

Caproic 94 133 Laurie 164 97 
135 129 247 77 
190 113 Myristic 182 93 

Caprylic 134 116 209 87 
172 108 243 75 
224 97 

Palmitic 1 202 84 
Capric 145 99 I 244 76 

187 99 
246 85 Stearic 242 

1 
67 

* J. S. N. Cramer, Rec. trav. chim.^ 62, 601^610 (194.S). 

The foregoing data relative to the experimental and calculated values 
for the boiling points and heats of vaporization, while still lacking in com¬ 
pleteness, nevertheless represent a very great improvement in our knowl¬ 
edge of these properties of the saturated fatty acids in comparison to that 
available fifteen years ago. 

(6) Alkyl Esters of the Saturated Acids 

The boiling points at atmospheric pressure of the alkyl esters of the 
lower molecular weight fatty acids are well known as indicated by the 
compilation of Reid*^ which is reproduced in Table 42. Recently, Althouse 

Table 42 

BOILING POINTS IN DEGREES CENTIGRADE AT ATMOSPHERIC PRESSURE 

OF ALKYL ESTERS OF LOWER MOLECULAR WEIGHT 

ALIPHATIC ACIDS 

Alkyl radical For¬ 
mates 

Ace¬ 
tates 

Propi¬ 
onates 

Buty¬ 
rates 

Valer¬ 
ates 

Hexo- 
ates 

Hepto- 
ates 

Octo- 
ates 

Methyl 31.8 57.1 79.9 102.3 127.3 149.5 172.5 192.9 
Ethyl 64.3 77.1 99.1 121.3 145.5 166.6 187.5 205.8 
Propyl 
Butyl 

81.3 101.6 123.4 143.0 167.5 185.5 206.4 224.7 
106.8 126.5 145.4 164.4 185.6 204.3 225.1 240.5 

Amyl 130.4 147.6 184.8 203.7 222.2 
Hexyl 153,6 169.3 205.1 223.8 

274 !0 Heptyl 176.7 191.5 208!! 225.2 243.6 259! 4 289 is 
Octyl 198.1 210.1 226.4 244.5 260.2 268.2 290.4 305.9 

E. E. Reid, College Organic Chemistry, Van Nostrand, New York, 1929. 
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and Triebold^* determined the boiling points of the methyl esters of the 
even-numbered, saturated acids from caproic to stearic, over the pressure 
range of 2 to 40 mm. as shown in Table 43. Vapor pressures for each ester 

Fig. 38. Vapor pressure curves of methyl 
esters of the even-numbered fatty acids 
from caproic to stearic^*; (1) methyl cap- 
roate; (2) methyl caprylate; (3) methyl 
caprate; (4) methyl laurate; (5) methyl 
myristate; (6) methyl palmitate; (7) 
methyl stearate. 

were determined by the dynamic 
method of Ramsay and Young^^and 
the corresponding vapor pressure 
curves were constructed by plotting 
the reciprocal of the absolute tem¬ 
perature X 1000 against the loga¬ 
rithm of the pressure in millimeters 
of mercury. The curves, thus con¬ 
structed, were extrapolated to 760 
mm. pressure as shown in Figure 38. 
These authors also determined the 
decomposition pressures and tem¬ 
peratures of the same series of esters 
as shown in Table 44. 

Subsequently, Norris and Terry*^® 
published the results of their deter¬ 
minations of the boiling points of the 
methyl esters of myristic, palmitic, 
stearic, oleic, and linoleic acids over 
the pressure range of 1 to 20 mm. 
(Table 45). The corresponding 
heats of evaporation were calculated 
by application of the Clausius- 
Clapeyron equation and compared 

Table 43 

BOILING POINTS IN D^IGREES CENTIGRADE OF METHYL ESTERS AT VARIOUS 

PRESSURES® 

Pressure in millimeters of mercury 
xuBier 

2 4 6 8 10 20 40 

Methyl caproate 15 26 33 38 42 55 70 
Methyl caprylate 45 58 65 71 76 89 106 
Methyl caprate 77 89 97 103 108 123 139 
Methyl laurate 1 100 113 121 128 134 149 1 166 
Methyl m3nristate 127 141 150 157 162 177 197 
Methyl palmitate 148 162 172 177 184 202 b 

Methyl stearate 166 181 191 199 204 b b 

® P. M, Althouse and H. O. Triebold, Ind. Eng, Chem,^ Anal, Ed,y 16, 605-606 (1944). 
^ Decomposes. 

» P. M. Althouse and H. O. Triebold, Ind, Eng, Chem,, Anal, Ed,, 16,605-606 (1944). 
« W. Ramsay and S. Young, J. Chem, Soc., 47, 42-45 (1885). 
•• F. A. Norris and D. E. Terry, (M & Soap, 22,41-46 (1945). 
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with those of the corresponding acids. Reference to these data in Table 
46 indicates that the latent heats of vaporization of myristic, palmitic, and 
stearic acids are 3200 to 3800 cal. per mole greater than tho^ne of the 
corresponding methyl esters. 

Table 44 

DECOMPOSITION PRESSURES AND TEMPERATURES OF METHYL ESTERS OF 

PATTY ACIDS® 

Ester Pressure in 
millimeters of mercury 

Temperature, 
®C. 

Methyl caproate >760 >150 
Methyl caprylate >760 >193 
Methyl caprato >760 >224 
Methyl laurate 160 204 
Methyl myristate 60 205 
Methyl palmitate 25 151 
Methyl stearate 18 221 
Methyl oleate 16 217 
Methyl linoleate 11 208 

« P. M. Althouse and H. O. Triebold, Ind, Eng, Chem,, Anal. Ed., 16, 605-606 (1944). 

Table 45 

BOILING POINTS IN DEGREES CENTIGRADE OF METHYL ESTERS AT VARIOUS 

PRESSURES® 

Methyl 
Pressure in millimeters of mercury 

1 2 5 10 20 

Myristate 114 125 143.5 157.6 172.5 
Palmitate 136 149 166.5 180.5 196.5 
Stearate 155.5 189.5 204.5 222 
Oleate 152.5 166.5 186 201 218.5 
Linoleate 149.5 163 182.5 

1 
198 215 

« F. A. Norris and D. E. Terry, Oil <fc Soajt,22y 41-46 (1945). 

Table 46 

HEATS OF VAPORIZATION FOR METHYL ESTERS AND PATTY ACIDS® 

Methyl Lv, oal./mole Acids L«, oal./mole 

Myristate 17,550 Myristic 20,800* 
Palmitate Palmitic 22,100* 
Stearate Stearic 22,800* 
Oleate ... . . . 
Linoleate 18,750 ... ... 

• F. A. Norris and D. E. Terry, Oil <fe <Soap, 22, 41-46 (1945). 
* OEJculated from data of Pool and Ralston. 
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(c) Unsaturated Acids and Esters 

Except for oleic acid and the methyl esters of oleic, linoleic, and linolenic 
acids, few data are available relative to the vapor pressure-temperature 
relationships of the unsaturated fatty acids and esters. 

Boiling points for oleic acid have been reported, among others, by 
Lederer^^ and by Brown and Shinowara,^^ and for methyl oleate by Alt- 

Table 47 

BOILING POINTS OF OLEIC ACID AND METHYL OLEATE 

Oleic acid j Methyl oleate 

Pressure, mm. 
B.p.. “C. Ref. No. Pressure. B.p., “C. Ref. No. 

Obs. Calcd. 

1.2 200 21 1 i 152.5 20 
5.0 215 21 2 166.5 20 

166.2 18 
10.0 225 21 4 182 18 
15.0 234 21 5 186 20 
15.2 15 233 12 6 192 18 
29.5 30 250 12 8 201 20 

199.5 18 
10 205.3 18 

49 50 264 12 20 ! 218.5 20 

Table 48 

BOILING POINTS OF METHYL LINOLEATE AND METHYL LINOLENATE 

Pressure, 
mm. 

Methyl 
linoleate, ®C. Ref. No. Methyl 

linolenate,<^ ®C. Ref. No. 

1 149.5 20 
2 166.5 18 

163 22 
2.5 175 22 i74 
4 182.4 18 184 
4.5 187.5 20 
5 182.5 20 
6 193.0 18 

193.5 22 23 
6.5 i98 
8 199! 9 18 

10 206.0 18 
198 20 

11 2ii 
12 2i2’ 22 
15 2i8 
17 224 22 
20 215 20 

i 

house and Triebold^* and by Norris and Terryas indicated in the com¬ 
pilation in Table 47. 

Owing to the thermal instability of the higher polyethenoid acids, accu¬ 
rate boiling point determinations can be made only over a limited tempera- 

J. B. Brown and G. Y. ShinoWara, J, Am, Chem, Soc., SQ, 6-8 (1937). 
« J. W. McCutcheon, Can, J, Research, B16, 168-175 (1938). 
w J. W. McCutcheon, Can, J, Research, BI8, 231-239 (1940). 
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ture-pressure range. Boiling point determinations have been reported for 
methyl linoleate by Norris and Terry,Althouse and Triebold/® and by 
McCutcheon,^^ and for methyl linolenate by McCutcheon,^® as shown in 
Table 48. While in general the boiling points of methyl linoleate shown in 

Fig. 39. Vapor pressure curves of methyl 
stearate, methyl oleate, and methyl linoleate 
according to Althouse and Triehold.** 

Fig. 39a. Vapor pressure curves 
of saturated and unsaturated methyl 
esters according to Norris and Terry.*® 

Table 48 are fairly consistent, some inconsistencies are noted, especially 
at the higher temperatures and prcvssures w here partial decomposition may 
have occurred. 

Althouse and Triebold'* and Norris and Terrydetermined the vapor 
pressures of methyl oleate and methyl linoleate and constructed the vapor 
pressure curves shown in Figures 39 and 39a. It is apparent from inspec¬ 
tion of the vapor pressure curves of the saturated esters that the lower 
members should be readily separable by distillation and that, as the series 
is ascended, this type of separation should become increasingly difficult. 
Comparison of the vapor pressure curves of methyl stearate, methyl oleate, 
and methyl linoleate indicates that their separation by distillation should 
be very difficult. 

Furthermore, comparison of the data of Althouse and Triebold with that 
of Norris and Terry reveals severarinconsistencies, principally in the rela¬ 
tive positions of the vapor pressure curves for the methyl esters of the three 
Ci8-acids. Althouse and Triebold found them to be in descending order 
stearate-oleate-linoleate, whereas Norris and Terry found them to be 
linoleate-oleate-stearate. According to the latter authors, these discrep¬ 
ancies are due to inaccuracies in the data of Althouse and Triebold. In 
substantiation of this view, they state that the order of Althouse and Trie- 
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bold's vapor pressure curves is contrary to practical experience since they 
obtained 95% methyl oleate in the first fractions from the distillation of a 
methyl oleate-methyl stearate mixture and some concentration of methyl 

Table 49 

BOILING POINTS OP SOME UNSATURATED FATTY ACIDS AND METHYL ESTERS® 

Acid Acid 
b.p., ®C. 

Methyl ester 
b.p.. ®C. Acid Acid 

b.p., ®C. 

A».i®-Decenoic 142* 115-16'* Erucic 281«> 226‘, 169-70* 
Dodecenoic 
A**««Tetrade- 

89-90‘ Ricinoleic ... 225'» 

cenoic 
Myristoleic 
Palmitoleic 

... 
110-11' 
108-109' 
134-35' 

Hydnocarpic 
Chaulmoogric 
Gorlic 

248«> 
203*® 
227*® 
219'* 

Elaidic • • • 150' Elaeostearic 235'* ... 
Petroselinic 150' Arachidonic 160-65' 
Eicosenoic 160' Clupanodonic 170-75' 

• Superscripts refer to pressures in millimeters of mercury. 

linoleate in the first fractions from the distillation of a methyl linoleate- 
methyl oleate mixture. 

The discrepancies between the results of these two groups of workers 
attest to the diflSculties encountered in the separation by distillation of the 
higher fatty acids and esters of the same chain length. See Chapter XXII 
for further treatment of this subject. 

Only a few scattered values for the boiling points have been reported for 
other than the three previously mentioned unsaturated acids. Typical of 
these data are the values collected in Table 49 which represent, for the most 
part, observations made during fractional distillation of mixtures of fatty 
acids or esters containing the specific compound as the principal product. 



CHAPTER VII 

SOLUBILITY OF FATTY ACIDS AND SOLUTION 
PROPERTIES 

1. Introduction 
A solution may be defined as a homogeneous mixture of various molec¬ 

ular species or as a one-phase system consisting of two or more molecular 
species. Pairs of substances which are capable of forming solutions when 
brought in contact, do so to very different degrees, depending on the na¬ 
ture of the two substances and the conditions under which they are mixed. 
For example, at some specified temperature water and acetic acid may be 
miscible in all proportions, whereas water and stearic acid may be almost 
immiscible. 

When two substances are mixed to form a solution, one component is 
referred to as the solvent and the other as the solute. In the case of solu¬ 
tions of two liquids either component may be considered as the solvent. 
For example, at -“3°C. a mixture of water and butyric acid will contain 
39.5% of butyric acid and the water may be considered as the solvent, 
whereas a mixture of caproic acid and water at 46°C. will contain 9.7% of 
water and caproic acid may be considered as the solvent. 

Solutions in general, and so-called ideal solutions in particular, exhibit 
the same interrelationships between colligative properties—vapor pressure, 
boiling points, freezing points, etc.—as are exhibited by pure liquids, and 
they are amenable to the same type of thermodynamic treatment, al¬ 
though the effect of changing concentrations complicates their quantitative 
treatment. Besides colligative properties, solutions possess other properties 
such as refractive index, viscosity, conductivity, etc., which are of impor¬ 
tance in evaluating or utilizing the systems comprising such mixtures. 
In the act of mixing two substances, physical phenomena involving changes 
in heat content, volume, density, etc., occur which may be of considerable 
magnitude and importance, especially when such processes are carried out 
on a large scale. 

The investigation of the solubility relationships and the properties of 
solutions forms one of the most important fields of physical chemical re¬ 
search, and one which has received a vast amount of attention over a 
period of many years. However, but little of the work in this field has been 
directed toward the fatty acids, and particularly toward the higher fatty 
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acids. This is probably due in part to the relatively low solubility of these 
substances in water and the fact that organic solutions are more difficult 
to investigate than are aqueous ty]:>es. Only in the past few years, and 
primarily through the efforts of a single group of workers, has our knowl¬ 
edge of the solubilities of the fatty acids and related compounds (alcohols, 
ketones, amines, amine salt, anilides, and diphenylamides) be^en placed in a 
comparable position with other and less important homologous series of 
organic compounds. 

The data with reference to solubility determinations may be expressed 
in several ways and the choice of the mode of expression is generally de¬ 
pendent on the use which is to be made of the results. Data collected in 
solubility tables are generally expressed as grams of solute in one hundred 
milliliters of solvent at a specified temperature, usually 20°C. Since dif¬ 
ferent solvents possess different densities, solubility properties are not 
readily comparable on this basis; therefore, it is often preferable to express 
the composition on a weight per cent basis, i. e., on the basis of the number 
of grams of solute which are soluble in one hundred grams of solvent. Al¬ 
though the latter method is preferable in many instances, it is not con¬ 
venient for use in investigations of the colligative properties of solutions 
which are dependent on the relative number of molecules present in the 
solution rather than the relative weights of the substances present. In this 
case it is necessary to express composition in terms of gram molecular 
weights or mole fractions, i. c., in moles, equivalents, or formula weights 
per liter of solution or per one thousand grams of solvent. 

2. Miscible Aqueous Systems 

(a) Solutions of Fatty AcAds and Water 

The fact that the normal fatty acids exhibit appreciable solubilities in 
water compared to the corresponding hydrocarbons is due to the presence 
in the former of the polar or hydrophilic carboxyl group. The lowest molec¬ 
ular weight hydrocarbons are slightly soluble in water at room tempera¬ 
ture but their solubility decreases rapidly as the carbon chain increases and 
above CgHig they are practically insoluble. In contrast to the hydrocarbons 
the first four members of the saturated fatty acid series are miscible with 
water in all proportions at room temperature and even valeric acid, C4H9- 
COOH, is soluble to the extent of 3.7 g. per 100 g. water. 

These relations are emphasized by the solubility values for the first seven 
normal hydrocarbons and those of the corresponding acids shown in Table 
50. It is evident, from the data in Table 50 that, as the hydrocarbon chain 
increases, the ability of the carboxyl group to bring about solubility of the 
acid in water becomes decreasingly effective. As will be shown later, its 
ultimate (jffect will be merely to orient the fatty acid with respect to a water 
surface. 
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Ralston and Hoerr^ reported the results of a systematic investigation of 
the solubility in water of the normal fatty acids from caproic to stearic at 
various temperatures between 0° and 60^C. Their results are reproduced 
in Table 51. Ralston and his co-workers^ also determined the effect of the 
addition of water on the depression of the freezing point of the same series 
of fatty acids with the results shown in Figure 40. Reference to the curves 

Table 50 

SOLUBILITY OF NORMAL HYDROCARBONS AND CORRESPONDING FATTY ACIDS 

IN WATER AT 20°C. (EXCEPT AS OTHERWISE INDICATED) 

Hydrocarbon Acid 

Name Formula K./lOOg. Name Formula «./100 «. 

Ethane CH3CH3 470 Acetic CH3COOH 00 
Propane CH,CH2CH3 650»* Propionic CH3CH2COOH 00 
Butane CH3(CH2)2CH3 1500^;a Butyric CH3(CH2)2C00H 00 
Pentane CH3(CH2)3CH3 0.036‘« Valeric CH3(CH2)3C00H 3.7 
Hexane CH3(CH2)4CH3 0.0138'* Caproic CH3(CH2)4C00H 0.9 
Heptane CH3(CH2)fiCH3 0.005'® Heptanoic CH3(CH2)6C00H 0.24 
Octane CH3(CH2)6CH3 0.001,6 Caprylic CH3(CH2)eCOOH 0.07 

Table 51 

SOLUBILITIES OF FATTY ACIDS IN WATER® 

Acid 
Grams acid per 100 grams water 

o.o^c. 1 20.0*C. 30.0®C. 45.0°C. 60.0*C. 

Caproic 0.864 0.968 1.019 1.095 1.171 
Heptanoic 0.190 0.244 0.271 0.311 0.353 
Caprylic 0.044 0.068 0.079 0.095 0.113 
Nonanoic 0.014 0.026 0.032 0.041 0.051 
Capric 0.0095 0.015 0.018 0.023 0.027 
Undecanoic 0.0063 0.0093 0.011 0.013 0.015 
Laurie 0.0037 0.0055 0.0063 0.0075 0.0087 
Tridecanoic 0.0021 0.0033 0.0038 0.0044 0.0054 
Myristic | 0.0013 ! 0.0020 0.0024 0.0029 0.0034 
Pentadecanoic 0.00076 0.0012 0.0014 0.0017 0.0020 
Palmitic 0.00046 0.00072 0.00083 0.0010 0.0012 
Heptadecanoic 0.00028 0.00042 0.00055 0.00069 0.00081 
Stearic 0.00018 0.00029 0.00034 

1_L 
0.00042 0.00050 

« A. W. Ralston and C. W. Hoerr, /. Org. Chem., 7, 546-555 (1942). 

of Figure 40 indicates that the maximum depression for any given acid is 
greater than that of the next higher member of the series; also that the 
maximum lowering of the freezing-point varies from approximately 2®C. 
in the case of caproic acid containing 2.2% of water to approximately 0.5°C. 
for stearic acid saturated with water. 

These authors also determined the approximate solubilities of water in 
fatty acids at various temperatures and computed those of the undeter- 

^ A. W. Ralston and C. W. Hoerr, /. Org, Chem,, 7, 546-555 (1942). 
* C. W. Hoerr, W. O. Pool, and A. W. Ralston, Oil Soap, 19,126-128 (1942). 
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Table 52 

APPROXIMATE SOLUBILITIES OP WATER IN SATURATED FATTY ACIDS 

AT VARIOUS TEMPERATURES® 

Acid ] Temp., «C. 1 Water. % Acid Temp., ®C. Water, % 

Caproic -5.4 2.21 Laurie 42.7 2.35 
12.3 4.73 75,0 2.70 
31.7 7.57 90.5 2.85 
46.3 9.70 Tridecanoic 40.8 2.00 

Heptanoic -8.3 2.98 Myristic 53.2 1.70 
42.5 8.98 Pentadecanoic 51.8 1.46 

Caprylic 14.4 3.88 90.0 1.62 
Nonanoic 10.5 3.45 Palmitic 61.8 1.25 
Capric 29.4 3.12 Heptadecanoic 60.4 1.06 
Undecanoic 26.8 2.72 Stearic 68.7 0.92 

57.5 4.21 92.4 1.02 

» C, W. Hoerr, W. O. Pool, and A. W. Ralston, Oil & Soap, 19,126-128 (1942). 

mined systems with the results 
shown in Table 52. From the data 
in this table it may be seen that in¬ 
creasing the temperature increases 
the solubility of water in the acids 
of low molecular weight, but in the 
case of the higher members it has 
only a very small effect. 

(5) Dissociation and Electrical 
Condtictance 

Solution of a fatty acid in water 
is accompanied by dissociation of 
the molecule into ions in a manner 
analogous to inorganic acids. The 
acidic properties, or the ionizable 
hydrogen of all the fatty acids, have 
their origin in the same portion of 

the molecule, namely, the carboxyl group. While the hydrogen of the 
carboxyl group is as replaceable by metals as that of inorganic acids, dis¬ 
sociation of fatty acids in aqueous solution occurs to a much smaller 
degree than is the case with strong mineral acids. 

The degree of dissociation of an acid and its relative strength is expressed 
as the dissociation constant. This constant, which is derived from the 
dilution law, relates the degree of dissociation of a weak acid and its dilution. 
If, in the case of the fatty acids which are dissociated as follows: 

Fig. 40. Effect of addition of water on 
the freezing point* of the fatty acids from 
C« to Cig. 

C»Hj»+iCOOH;; ± aHan+iCOO- + H+ 
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it is assumed that one gram mole of acid is dissolved in y liters of water, 
and X gram mole is dissociated, then the concentration of ions is xjy and that 
of the undissociated acid (1 — x)ly^ and from the law of mass action under 
equilibrium conditions: 

[H]+[CnH2n+iCOO]- _ X^ly^ _ X* 
rC„H2n+iCOOHl “ (l~x)/2/ y(l-x) 

The values of k for the normal fatty acids have been determined only for 
the series formic to nonanoic, because the solubility of the acids in water is 
very slight with chain lengths above C9. 

Closely related to the dissociation of fatty acids into ions, is the electrical 
conductance of their solutions. In fact, the conductance of such solutions 
serves as a measure of the degree of dissociation of the dissolved acids.* 
These relationships are emphasized by the values for the dissociation 
constants and equi,valent conductances of the acids shown in Table 53, 

Table 53 

DISSOCIATION CONSTANTS AND EQUIVALENT CONDUCTANCES FOR NORMAL 

FATTY ACIDS IN AQUEOUS SOLUTIONS AT 25°C.® 

Acid 
Dissociation 

constant, 
k X 10» 

Equivalent 
conductance. 

At 

Formic 21.0 404 
Acetic 1.813 390.8 
Propionic 1.32 386 
Butyric 1.50 383 
Valeric 1.56 381 
Caproic 1.40 379 
Heptanoic 1.30 378 
Caprylic 1.41 377 
Nonanoic 1.1 377 

® J. Kendall, in International Critical Tables, Vol. VI, McGraw-Hill, New York, 1929. 
pp. 259-304. 

From this table it is seen that formic acid undergoes dissociation to an ex¬ 
tent about ten times greater than acetic acid. Acetic acid has a dissocia¬ 
tion constant of 1.8 X 10~® and is, therefore, a weak and sparingly dis¬ 
sociated acid. AIM aqueous solution is dissociated only to the extent of 
0.4% compared to the strong mineral acids which are completely ionized 
in dilute solutions. Tenth normal acetic acid is only about one-hundredth 
as much dissociated as 0.1 AT hydrochloric acid, that is—it is only one- 
hundredth as strong as hydrochloric acid. 

Propionic acid is even more feebly ionized and as the series is ascended 
the dissociation constants and equivalent conductances decrease but 

* J. Kendall, ^Tlectrical Conductivity and Ionization Constants of Weak Electro¬ 
lytes in Aqueous Solution,” in InterruUional Critical Tables, Vol.' VI, McGraw-Hill, 
New York, 1929, pp. 259-^^. 
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slightly. Although all of these acids are feebly acidic, they are stronger 
than carbonic acid (ki = 3.4 X The relative dissociation constants 
of the fatty acids indicate that they will be liberated from their alkali 
salts by hydrochloric acid, and that they in turn will liberate carbonic acid 
from sodium bicarbonate. 

The degree of dissociation is often affected appreciably by tempera¬ 
ture, but in the case of the fatty acids variation of the value of the dissocia¬ 
tion constant is small. 

The alkali salts of the very w'eakly dissociated higher fatty acids are 
always considerably hydrolyzed in aqueous solution, and as a result their 
solutions react alkaline as indicated by the equation: 

CnHjn+iCOONa + HOH ;?==± CnH,„+iCOOH -f NaOH 

The normal aliphatic acids, or at least the lower members which have 
been investigated, are strongly associated, and at temperatures just above 
their boiling points have molecular weights twice the molecular weight 
corresponding to their empirical formulas. Because of the tendency of the 
fatty acids to exist as dimers they are capable of forming salts of the for¬ 
mula: C„H2n-HiCOONaCnH2„-HiCOOH. 

Substitution of various substituents, especially halogens and hydroxyls, 
for hydrogen in the methylene chain markedly affects the dissociation con¬ 
stant of the resultant acid. The most marked effect occurs when the 
substitution takes place in the methylene group nearest the carboxyl, and 
decreases with increasing distance from this group. The effect of substitu¬ 
tion of various atoms and radicals on the dissociation constant of fatty 
acids is illustrated in Table 54. 

Table 54 

EFFECT OF SUBSTITUTION AND POSITION OF SUBSTITUENT ON VALUE 

OP DISSOCIATION CONSTANT {k X 10®) OP FATTY ACIDS 

Substituent Aoetio 
a 

Propionic Butyric Valerio 
a a 0 a 0 7 

None 1.85 1.32 1.32 1.53 1.53 1.53 1.59 
CH, 1.32 1.48 1.53 1.69 1.67 1.59 1.46 
Cl 147.0 160.0 8.59 140.0 8.85 2.96 2.0 
Br 132.0 106.0 9.3 102.0 2.61 1.88 
I 70.0 . •. 8.6 2.26 1.68 
OH 15.0 13.6 3.07 3lVo 1.90 1.32 
SH 22.5 

The a,ci)-dibasic acids are both more soluble and more extensively dis¬ 
sociated than the corresponding monobasic acids. Since the dibasic acids 
contain two carboxyl groups, both of which yield hydrogen ions, they have 
two dissociation^ constants, ki and *2, of which the former is very much 
greater than the latter. 
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3. Immiscible Aqueous Systems 

It was mentioned previously that the solubility of the normal fatty acids 
in water resulted primarily from the presence of the carboxyl group in the 
otherwise insoluble or slightly soluble hydrocarbon chain of these com¬ 
pounds. It was also mentioned that, as the hydrocarbon chain increased 
in length, the effectiveness of the carboxyl group in producing solubility of 
the acids diminished almost to the vanishing point. It will now be seen 
that even when the carboxyl group is relatively incapable of effecting solu¬ 
tion it may still influence the behavior of a water-acid interface to produce 
oriented mono- and polymolecular films. 

(a) Monomolecular Films 

Nature of Monomolecular Films.—When a drop of an immiscible animal 
or vegetable oil, fatty acid, oxidized paraflSn hydrocarbon, fatty acid ester, 
higher alcohol, ketone, nitrile, amide, or other polar or semipolar substance 
is placed on water it spreads to form a thin uniform layer. Investigation 
of the properties of these films by means of the film balance has led to 
important discoveries concerning the forces between the molecules, the 
cross-section area of packed molecules, orientation of surfaces, and other 
related properties. 

Several theories have been advanced relative to the spreading of oil 
films on water. The theory of Langmuir^ is perhaps the simplest and most 
applicable to the naturally occurring fats and oils and their derived prod¬ 
ucts. According to Langmuir\s theory, nonpolar liquids, such as the hydro¬ 
carbons, do not spread on water, but if the molecules contain a polar or 
hydrophilic group and a nonpolar or hydrophobic group, the liquid will 
spread. Furthermore, most of the films formed in this manner are only one 
molecule thick and for any given substance have all their molecules simi¬ 
larly oriented, often simply perpendicular to the surface and parallel to 
each other. 

Investigation has revealed the fact that the molecules of these oriented 
films are arranged so that their polar (hydrophilic) portions, which possess 
an affinity for water, go into solution while the insoluble (hydrophobic) 
portion tends to float above the surface of the water. Oriented films of 
this type exhibit^ various properties which can be qualitatively observed 
and quantitatively measured. For example, they are subject to mechanical 
compression which produces several readily observable effects. A thin film 
of colorless mineral oil such as Nujol when placed on a clean surface of water 
does not spread, but if the oil is first slightly oxidized it spreads as a uniform 
polymolecular film. If the expanded film is subjected to compression by a 
movable barrier, it will exhibit a serjes of colors (yellow, gold, red-purple, 

* I. Langmuir, J, Am, Chem, Soe,, 39,1848-1906 (1917). 
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blue, and green) as the compression is increased. On further compres¬ 
sion the color spectrum will be repeated four or more times until a limiting 
compression value is reached when the film again becomes colorless. 

Measurement of Monomolecular Films.—The effect of this compres¬ 
sion can be measured quantitatively by means of the film or hydrophil 
balance. The film balance is a relatively simple device by means of which 
considerable quantitative information can be obtained concerning the 
nature of the material composing the film. One type of film balance (Fig. 
41), developed by Detroit Edison Company for determining the film-form¬ 
ing characteristics of oils, consists of a metal tray 65 cm. long, 14 cm. wide, 
and 1.5 cm. deep. A support which spans the tray carries a measuring 
device consisting of a torsion wire secured at both ends in torsion heads. 

Fig. 41. Film or hydrophil balance (courtesy Central Scientific Company), 

each of which is driven by a worm gear arrangement which permits very 
precise adjustment. 

The forward torsion head extends through a circular plate provided with 
a scale graduated from 0° to 360° and a vernier which permits readings to 
be made to 0.1°. This mechanism is attached to a mica float which rests 
lightly on the liquid medium. Any force exerted by the film on the mica 
float can be accurately measured by the torsion mechanism. The trough is 
graduated along its long dimension and is provided with a movable straight 
edge which permits changes to be made in the surface area of the film and 
makes possible the determination of any particular area of the oily film 
which is formed by movement of the barrier. The film balance is applied 
in determining the force exerted against the float when the film is com¬ 
pressed to any corresponding area. The force is measured in d3rnes per 
centimeter and the area in square centimeters. Other t3rpes of film-pres¬ 
sure measuring devices have been dessribed by Adam* as well as by others. 

* N. K. Adam, Proc, Roy, 8oe, London^ AlOl, 452-472 (1222). 
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Various methods may be used in producing the film to be investigated. 
A drop of liquid may be placed directly on the distilled water surface or the 
substance may be dissolved in a volatile solvent and the solution dropped 
on the water. On evaporation of the solvent, the film of the solute remains. 
In some cases a solid may be placed on the surface and allowed to spread. 
The long chain fatty acids, higher alcohols, ethyl esters, glycerides, and nat¬ 
ural oils have been extensively investigated with respect to their film¬ 
forming characteristics by means of various types of film balances. 

Monomolecular Films of Saturated Fatty Acids on Distilled Water.— 
Adam® made many quantitative measurements of the properties of mono- 
molecular films including those formed by the even- and odd-numbered 
carbon acids from C12 to C26. When spread on the surface of distilled water 
at a constant temperature of 20°C., all of the saturated fatty acids were 
found to exhibit essentially similar behavior with respect to the compressi¬ 
bility of their films. This behavior is illustrated by the force-area curve 
reproduced* ••® in Figure 42, from which it is seen that at areas greater than 
about 21 X 10“^® sq. cm. per molecule there is little or no measurable resist¬ 
ance to pressure. At this point there is observed a sudden opposition to 
further contraction, and the compressing force increases practically linearly 
with-decreasing area up to the point at which the film collapses due to pil¬ 
ing up of the molecules of the film. 

These results may be interpreted as evidence that when the area of a 
film of saturated fatty acids has been reduced to the extent where the 
molecules are closely packed together, the area occupied per molecule is 
21 X 10“”^® sq. cm. and is independent of the length of the carbon chain. 
The fact that the molecules occupy the same area independent of the 
length of the carbon chain, and the fact that the area formed (21 X 10“^® 
sq. cm.) is the area of the cross section of a CH2 group determined in other 
ways, is conclusive proof of the orientation of the molecules of fatty acids 
producing the film. It is evident, therefore, that because of the aflSnity 
of the hydrocarbon portion of the molecules for each other, the molecules 
spread on the surface of the water only far enough for their heads or hydro¬ 
philic parts to come in contact with water. The surface tension of the 
water, therefore, is not decreased unless enough fatty acid is added to cover 
the surface completely with a monomolecular film. By measuring the 
volume of fatty acid required to form a monomolecular film covering a given 
area, the thickness of the film can be calculated. Also, by placing a known 
number of molecules on the surface and measuring the area to which the 

• N. K. Adam, Proc, Roy, Soc. London, AQ9, 336-351 (1921); AlOl, 516-631 (1922); 
A103, 676-687, 687-695 (1923); see A106, 694-709 (1924); A110,423-441 (1926). 

•• Data from H. S. Taylor, ed., A Treatise on Physical Chemistry, Vol. 1, Van Noa- 
trand, New York, 1926, p. 13/. 
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film spreads before the surface tension becomes that of pure water, the area 
per molecule can be measured. 

Fig. 42. Force-area curve for Fig. 43. Force- area curve for monomolecular 
monomolecular films of saturated films of saturated fatty acids on 0.01 N hydro¬ 
fatty acids on distilled water at chloric acid solution.®" 
20 "C.®" 

Monomolecular Films of Saturated Fatty Acids on Dilute Acid Solu¬ 
tions,—Adam also measured the compressibility of the films formed 
with the saturated fatty acids on water at different pH values. When 
0.01 N hydrochloric acid solutions were used, the force-area curves were 
found to differ from those obtained with pure distilled water as may be 
seen by reference to Figure 43.®“ With areas greater than about 25 X 10~^® 
sq. cm. per molecule, little or no resistance to compression is observed, 
after which the compression force increases linearly to an area of 21 X 10 
sq. cm. The slope of the curve changes sharply at this compression value 
and resembles that obtained with water up to the point where the film 
collapses. 

This behavior of saturated fatty acid films is explained by the fact that 
the head of the molecule, i. c., the carboxyl group, occupies a greater area 
than the cross section of the chain. When the film is spread over distilled 
water the cross section of the chain gives the effective area, because of the 
different depths to which alternate molecules enter into the water. When 
the pH of the water is increased, as in the case of 0.01 N hydrochloric acid 
solution, the attraction of the carboxyl group for the water decreases and 

forces all these groups to the same level 
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The area, 25 X 10“”^® sq. cm. per molecule, therefore, corresponds to the 
cross section of the polar (COOH) group, and the area, 21 X 10sq. cm. 
per molecule, observed on compression to the point where the heads of the 
molecules have all been forced to the level at which all the carbon chains 
are again in close contact, corresponds to the cross section of the methylene 
(CH2) group. 

Effect of Temperature on Monomolecular Films.—Another observa¬ 
tion made by Adam relates to the effect of temperature on the compressi¬ 
bility of saturated fatty acid films. This effect is illustrated by the curve 
in Figure 44 for a monomolecular film of palmitic acid on 0.01 N hydro¬ 
chloric acid in which the temperature in °C. is plotted against the area in 
sq. cm. X 10““^® under a constant force of 1.4 dynes per cm. It may be seen 

Fig. 44. Effect of temperature on compressibility of a monomolecular film of pal¬ 
mitic acid on 0.01 N hydrochloric acid under a constant force of 1.4 dynes per cm.®® 

from this figure that when the force is maintained at 1.4 dynes per cm. and 
the temperature is raised, the area remains constant at 25.1 X 10“'® sq. 
cm. per molecule from 0° to about 28°C. As the temperature is increased 
above 28° a sharp expansion of the area occurs which continues to about 
36°C. after which the expansion likewise continues but at a very diminished 
rate. The expansion coefficient above 35°C. was found to correspond in 
magnitude to the thermal expansion coefficient of a gas and it was consid¬ 
ered that a change in state occurred, analogous to the change of a solid to a 
gas. 

It was found by Adam that, the longer the carbon chain, the higher was 
the observed temperature at which the expansion was observed. This 

Data from N. K. Adam, Proc, Roy, 8oe, London, AlOl, 519 (1922). 
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change appears to be due to a separation of the molecules from one another 
at the surface, brought about by the thermal agitation becoming so violent 
that the lateral attractions of the molecules for each other are overcome. 
Films in this state are referred to as expanded films in contrast to condensed 
films where the molecules are in close contact at low temperatures. Ex¬ 
panded films may be described as being formed from close-packed con¬ 
densed films by a rise in temperature, the change being complete in a few 
degrees at constant pressure, and being similar in nature irrespective of the 
substance. 

Monomolecular Films of Other Long Chain Acids.—Adam and Jessop^ 
examined the films formed by the dibasic acids containing 16, 20, 24, and 
32 methylene groups, and the diethyl esters containing 10, 11, 16, 20, and 
32 methylene groups and the monoethyl ester, COOH(CH2)i6COOC2H6. 
All of the diethyl esters, C2H500C(CH)nC00C2H5, were observed to form 
monomolecular films. The dibasic; acids formed similar films attached to 
the water surface by one carboxyl group only. The films were, however, 
rather unstable and tended to collapse under compression. 

Adam also examined films formed on 0.01 N hydrochloric acid by a num¬ 
ber of unsaturated acids, including A^^^-oleic, A*'^®-oleic, elaidic, erucic, 
and brassidic acids. All of these acids produced films in the expanded state. 
The presence of double bonds in the middle of the chain caused the films 
to expand more easily than films with saturated chains of similar length. 
Since unsaturated hydrocarbons behave similarly, it is assumed that the 
double bond attracts water more than a saturated linkage. Cis- and 
<ran«-acids behave somewhat differently. The m-form is more strongly 
attracted to the water than the transAovm. A double bond near the car¬ 
boxyl group, as in A^'^-oleic acid, lowers the expansion of the film com¬ 
pared with that observed when the double bond is near the middle of the 
chain. 

Fatty acids and glycerides having two or more double bonds exhibit 
interesting behaviors. If the double bonds are remote from the end group, 
expanded films are formed in w^hich the limiting area increases with the 
number of double bonds in the molecule. Stearolic acid with a triple bond, 
elaeostearic acid with three conjugated double bonds, triricinolein con¬ 
taining three double bonds and three hydroxyl groups, exhibit characteris¬ 
tic film-forming properties.®”” Many other lipids, including sterols, phos- 
phatides, ketones, alcohols, amides, nitriles, etc., have been examined with 
respect to their film-forming properties. 

’ N. K. Adam and G. Jessop, Proc. Roy, Soc, London, A112,362-375,376-380 (1926). 
• A. H. Hughes and E. K. Rideal, Proc, Roy. Soc. London, A140, 2^-269 (19^). 
* G. Gee and E. K. Rideal, Proc. Roy. Soc. London, A153, 116-128 (1935). 

G. Gee and E. K. Rideal, Proc. Roy. Soc. London, A153, 129-141 (19^); Trans. 
Faraday Soc., 32,187-195 (1936). 

” N. K. Adam, Proc. Ray- Soc. London, A140,223-226 (1933). 
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The data obtained by measurement of the properties of the monomolec- 
ular films of the long chain fatty acids and related compounds have been 
used for calculating certain molecular dimensions of these compounds, c. g., 
cross-section areas, chain length, etc., as shown in Table 55. The values 
thus obtained are generally smaller than those obtained by x-ray measure¬ 
ments which would indicate these compounds are more closely packed in 
monomolecular films than in crystals and are comparable with the actual 
dimensions of the molecule. 

For a more detailed treatment of the above-mentioned work on mono- 
molecular films, the reader is referred to Adam’s general work^* on surface 
films and to Harkins’ thermodynamic treatment^* of film formation and the 
effect of compression on surface films of fatty acids, alcohols, and esters. 

Table 55 

MOLECULAR DIMENSIONS OF LONG CHAIN ALIPHATIC ACIDS AND RELATED 

COMPOUNDS CALCULATED FROM MONOMOLECULAR FILM MEASUREMENTS 

Substance 
Number 

of 
carbon 
atoms 

Head group 
Cross sections. A. 
(as packed in nlms) Approx. 

lei^th. 
Chain Head 

Myristic acid 
Pentadecanoic 

14 CHr-COOH 21.0 25.1 21.1 

acid 15 —CHa—CH,--€OOH 21.0 25.1 22.4 
Stearic acid 18 —CH,--CHr-COOH 21.0 25.1 26.2 
Behenic acid 22 —CHr-CHj—COOH 21.0 25.1 31.4 
Iso-oleic acid 18 ~CH=CH—COOH 21.0 28.7 26.2 
Octadecyl urea 19 —NH--CO—NH, 21.0 26.3 28.8 
Stearic amide 18 —CONH, 21.0 Not greater 

than 21.5 
26.1 

Ethyl palmitate 
Ethyl behenate 

18 ' --COOCjHs 21.0 22.3 26.1 
24 -OOOCsH, 21.0 22.3 34.0 

Cetyl alcohol 16 —CHjOH 21.0 21.7 22.4 
Stearic nitrile 18 —CHjCN 21.0 27.5 

Monomolecular Films of Glycerides.—Long and co-workers^* applied 
a modified Langmuir film balance in measuring the force-area values of 
monomolecular films of stearic and oleic acids and the corresponding 
mono-, di-, and triglycerides as well as a number of other esters and salts 
with the results shown in Table 56. 

The cross-section area of stearic acid found by Adam, Langmuir, and 
Long et aL from monomolecular film measurements are in good agreement 
with one another, namely, 21.0,22.0, and 22.5 cm.* X 10““. Comparative 
values for oleic acid, triolein, and tristearin found by Langmuir and by 

“ N. K. Adam, The Physics and Chemistry of Surfaces, 3rd ed., Oxford Univ.! 
London, 1941. 

« W. D. Harkins, Chem, Revs., 29, 386-417 (1941). 
J. S. Long, W. W. Kittelbcrger, L. K. Scott, and W. S. Egge, Ind. Eng. Chem., 21, 

950-955 (19^. 
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Long ei al. are 52 and 52,126 and 127, and 66 and 72 cm.^ X 10*“^®, respec¬ 
tively. 

Long et al. also examined films produced with a number of oxidized and 
bodied linseed oils, and found that oxidation and heat bodjing resulted 

Table 56 

FORCE-AREA AND RELATED DATA FROM MONOMOLECULAR FILM 

MEASUREMENTS OF LINSEED OIL ACIDS AND ESTERS® 

Compound Refractive 
index 

Mol. 
wt. 

Area, 
cm.* X 

10->» 
cm. 

Molecule 
length, 

cm. X 10-« 

Area per 
mol. at 
point of 
collapse, 
cm.* X 

cm. 10“** 

Force at 
point of 
collapse, 

dynes/cm. 

Stearic acid 284.3 22.5 21.9 18 60 
Oleic acid 1.4606 282.3 52 10.2 28 28 
Mixed acids^ 1.4728 280 67 8.2 28 28 
Oleic monoglyceride 1.4605 356 47 12.8 25 29 
Oleic diglyceride 1.4661 621 86 12.7 63 16.7 
Oleic triglyceride 1.4709 885 127 12.3 100 12.3 
Stearic monoglyoeride 358 27 20.6 20 56 
Stearic diglyceride 625 49 21.3 41 56 
Stearic triglyceride 891 72 21.5 
Mixed monoglyceride 1.4788 354 61 10.3 35 25 
Mixed diglyceride 1.4811 617 103 10.3 73 15 
Mixed triglyceride 1.4832 879 143 10.7 110 12 
Lead oleate 767 100 10.5 47 27 
Manganese linoleate 615 125 7.46 57 26.5 
Ethylene glycol ester^ 1.4779 586 98 10.9 72 14 
Dimannitol eater^ 1.4880 706 105 11.5 75 15 
Diethylene glycol ester^ 1.4777 630 110 10.2 73 18.4 
Tetramannitol eater^ 1.4880 1230 176 12.1 147 8.2 

® J. S. Lonic, W. W. Kittelberger, L. K. Scott, and W. S. Egge, Ind. Eng. Chem., 21, 950-955 (1929). 
^ Chilled, filtered, and distilled fatty acids of linseed oil. 

in appreciable change in the force-area of these oils compared with un¬ 
treated oils. The changes in area, and in the shape of the force-area curves, 
were found to be a function of the time and temperature of “blowing” as 
indicated in Figure 45. The changes in these curves were found to be of 
sufficient magnitude to permit the use of the method as a means of follow¬ 
ing variations occurring during heat bodying of linseed oil. 

(6) Polymolecular Films 

In contrast to monomolecular films formed by long chain fatty acids and 
their derivatives on the surface of water, polymolecular films can be built 
up on metals by the Langmuir-Blodgett^® method. These polymolecular 
films, or layers of molecules, are formed by transferring any number of 
monomolecular films to a metallic block having a highly polished surface 

“ K. B. Blodgett, J. Am. Chem. Soc., 57, 1007-1022 (1936). 
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or to foils of transparent Resoglaz, by dipping them through a monomolec- 
ular film on a water surface. By minor variations in the technique of 
preparation it is possible to deposit either an even or an odd number of 
monolayers to produce a polylayer of any desired thickness, or to deposit 
layers of different polymorphic forms of the same substance. 

Polymolecular films thus formed can be examined by means of electron 
diffraction using reflection methods if produced on metals and transmis¬ 
sion methods if produced on transparent Resoglaz. When a beam of elec- 

AREA PER MOLECULE, cm^ x 10'*® 

FiK. 45. PJffect of heat bodying at 293 °C. on the force-area curves of monomolecular 

films of refrigerated linseed oil with 0.028% cobalt as linoleate.^* 

Curve 

1 
2 
3 
4 
5 

Time of testing, hrs. 

0.75 
2.25 
3.00 
4.50 
5.50 

Molecular weight 

960 
1332 
1510 
2223 
2500 

trons is permitted to fall on deposited films of these types, the electrons are 
diffracted like light waves and the diffraction pattern thus produced can be 
recorded on a photographic plate just as in the case of x-ray diffraction. 
Analysis of the diffraction pattern thus produced makes possible the 
determination of the arrangement of the molecules forming the multimolec- 
ular layer. 

Germer and Storks*^ examined, by means of electron diffraction patterns, 
various long chain fatty acids and their barium soaps using both reflec- 

L. H. Germer, in Recent Advances in Surface Chemistry and Chemical Physics. F, R. 
Moulton, ed., Am. Assoc. Advancement Sci., Pub. No 7. Science Press. Lancaster. 
Pa., 1939, pp. 47-53. 

L. H. Germer and K. H. Storks, J. Chem. Phys.^ 6, 280-293 (1938). 
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tion and transmission methods. They found that the hydrocarbon chains 
of barium stearate molecules formed hexagonal arrays with their axes nor¬ 
mal to the supporting surface and separated by distances of 4.85 A. Stearic 
acid molecules formed monoclinic crystals having the dimensions a = 8.27 
A., b == 4.96 A., 0 = 70°, the a and b axes lying in the plane of the sup¬ 
porting surface. These’dimensions are somewhat greater than those ob¬ 
tained by Muller^* from x-ray measurements of the crystal, which are; 
a = 6.54 A., b = 7.38 A., fl = 63“ 38'. 

Stenhagen^® prepared and examined a large number of built-up films of 
fatty acid monoesters and di- and triglycerides. He found that the mole¬ 
cules in these films in the crystal state can be arranged in four different ways, 
i. e.j the lattice planes can be separated by one or two, inclined or verti¬ 
cally oriented molecules. Built-up films of fatty acids and their barium, 
calcium, magnesium, copper, and lead salts have been examined by x- 
ray®®^** and by electron diffraction methods.®^ 

4. Solutions of Fatty Acids in Nonaqueous Solvents 

(a) Solubility of Fatty Acids at Ordinary and Elevated Temperatures 

The solubility behavior of the fatty acids, especially the higher fatty 
acids, and their derivatives in organic solvents is of considerable theoretical 
and industrial importance. Solubility data for the lowest members of the 
series in a wide variety of organic solvents are available and complete phase 
diagrams for many of these systems have been constructed. Numerous 
investigations dealing with systems composed of one or more of the first 
six members (formic to caproic) of the fatty acid series and various organic 
solvents have been reported and the data therefrom have been compiled 
by Seidell.^ 

Data with respect to the solubilities of the organic solvent-fatty acid 
systems from caprylic to stearic acid are due almost entirely to the efforts 
of Ralston and co-workers.*®-^’ These investigators determined the solu¬ 
bilities of eleven fatty acids in fifteen different organic solvents, including 
hydrocarbons, chlorinated hydrocarbons, alcohols, ketones, glacial acetic 
acid, esters, and nitrogen-containing solvents. Owing to the wide utility of 
these data, they are reproduced in tabular form in Tables 57 to 71, and, 

« A. Muller, Proc. Ray. Soc. London, An4, 542-661 (1927). 
“ E. Stenha^n, Trans. Faraday Soc., 34, 1328-1338 (1938). 

C. Holley and 8. Bernstein, Pays. Rev., 52,525 (1937); see S3,5^5137 (1938). 
« 8. Bernstein, J. Am. Chem. Soc., 60,1511 (1938); 62, 374-378 (IMO). 
** J. J. Bikerman and J. H. 8chulinan, Phys. Rev., 53, 909 (1938). 
w I. Fankuchen, Phys. Rev., 53, 909 (1938). 
*♦ E. Havinga and J. de Wael, Chem. Weekblad, 3^ 694-701 (193W. 
** A. Seidell, SohMUlies {^Organic Compounds. Vol. II, 3rd ed., Van Nostrand, New 

York, 1941. 
*• A. W. Ralston and C, W. Hoerr, /. Org. Chem., 7,546-555 (1942}* 
« C. W. Hoerr and A. W. Ralston, J. Org. Chem., 9,329-337 (1944). 
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in the case of eleven of the solvents, in graphic form in Figures 46 to 56. 
The numbers in the tables and on the curves refer to the total number of 

Table 57 

SOLUBILITIES OP PATTY ACIDS IN BENZENE® 

Number Qrame acid per 100 g. bensene 
of C atoms 10®C. 20®C. 40'»C. 50®C. 60®C. 

8 GO GO GO GO GO 

9 GO GO GO GO GO 

145 398 GO GO GO 

11 208 663 GO GO GO 

12 32.3 93.6 GO GO 

13 42.4 117 354 GO 00 

14 6.95 29.2 87.4 239 GO 

15 8.84 36.2 295 GO 

16 1.04 7.30 34.8 105 306 2170 
17 1.52 9.23 42.1 121 369 5450 
18 0.24 2.46 12.4 51.0 145 468 

A. W. Ralston and C. W. Hoerr, J, Org, Chem,, 7, 546-665 (1942). 
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carbon atoms in each acid investigated. The acids used in the solubility 
determinations were of relatively high purity judged by their freezing 

ACID, weight per cent 

Fig. 47. Solubilities of fatty acids in cyclohexane.*^ 

Table 58 

SOLUBILITIES OF FATTY ACIDS IN CYCLOHEXANE® 

Number Grams acid per 100 k. cyclohexane 

of C atumu 10.0®C. 20.0®C. ao.o^^c. 40.0®C. 60.0*0. 60.0*C. 

8 670 oo 00 00 00 oo 

9 2340 oo CO 00 00 00 

10 103 342 7600 00 00 00 

11 150 525 00 00 oo oo 

12 19.8 68 215 1310 oo 00 

13 31.0 100 330 8200 GO 00 

14 5.3 21.5 72 217 1310 00 

15 6.8 27.1 88 277 2460 00 

10 0.9 6.5 27.4 92 285 2530 
17 1.5 8.4 34.0 108 365 7600 
18 0.2 2.4 1 10.5 43.8 133 450 

* C. W. Hoerr and A. W. Ralston, J. Org, Chem., 9, 329-337 (1944). 



SOLUTIONS OF FATTY ACIDS IN NONAQUEOUS SOLVENTS 193 

points which are included in Table 26 in Chapter IV (page 114). The 
solubilities were generally measured either from 0°C. or from the freezing 

Fig. 48. Solubilities of fatty acids in trichloromethane.*^ 
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Table 69 

SOLUBILITIES OP FATTY ACIDS IN TRICHLOROMETHANE® 

Number Grams acid per 100 g. trichloromethane 

of C atoms 0.0®C. 10.0°C. 20.0®C. 30.()®C. 40.0°C. 60.0®C. 60.0®C. 

8 213 720 00 00 00 00 oo 
9 336 2340 oo oo oo 00 00 

10 61 122 326 6550 oo 00 oo 
11 74 161 485 OO 00 00 00 
12 22.4 39.1 83 207 2120 00 oo 
13 28.4 53 116 315 6550 00 00 
14 8.1 15.1 32.5 78 205 1000 oo 
15 9.5 17.7 38.1 91 246 1750 00 
16 2.9 6.0 15.1 36.4 91 250 1820 
17 3.6 7.5 17.8 42.6 106 297 5000 
18 0.4 2.0 6.0 17.5 48.7 124 365 

' C. W. Hoerr and A. W. Ralston, J. Org. Chem., 9, 329-337 (1944'). 

Table 60 

SOLUBILITIES OF PATTY ACIDS IN TETRACHLOROMETHANE® 

Number Grams acid per 100 g. tetrachloromethane 

of C atoms 0.0*C. io.o°r. 20.0’»C. 30.0®C. 40.0®C. .50.0®C. 60.0®C. 

8 115 370 oo 00 oo oo 00 
9 158 1150 00 00 oo 00 00 

10 27.0 64 210 4650 CO 00 00 
11 35.1 88 318 oo , 00 00 00 
12 9.2 20.5 53 160 835 00 00 
13 11.3 26.9 75 240 5450 00 00 
14 3.2 6.8 17.6 55 166 870 00 
15 3.8 8.4 22.2 69 208 1560 oo 

16 0.6 1.8 5.8 21.5 72 212 1590 
17 0.7 2.0 6.8 25.1 83 250 4650 
18 0.2 2.4 10.7 36.4 108 325 

<■ C. W. Hoerr and A. W. Ralston, J. Org. Chem., 9, 329-337 (1944). 

Table 61 

SOLUBILITIES OF FATTY ACIDS IN METHANOL® 

Number 
nt n 

Grams acid per 100 g. methanol 

atoms 0.0®C. 10.0®C. 20.0«C. 30.0®C. 40.0®C. 50.0 “C. 60.0®C. 

8 330 00 00 CO 00 00 
9 510 oo 00 00 00 00 

180 00 00 00 
11 105 235 00 00 00 00 
12 12.7 41.1 383 2250 00 CD 

13 12.6 48.5 148 515 oo 00 
14 2.8 5.8 17.3 75 350 00 
15 2.2 16.4 75 00 
16 0.8 1.3 3.7 13.4 77 
17 0.1 2.5 9.9 62 
18 ... 0.1 1.8 11.7 78 

« C. W. Hoerr and A. W. Raleton, J. Org. Chem., 9,329-337 (1944). 
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ACID, weight per cent 

Fig. 50. Solubilities of fatty acids in ethanol (95.0% by weight).** 

Table 62 

SOLUBILITIES OP FATTY ACIDS IN ETHANOL” 

Ethanol 
per cent 
by wt. 

Num¬ 
ber 

of C 
atoms 

Grams acid per 100 g. solvent 

O^C. 10®C. 20®C. 30 °C. 40®C. 50®C. 60®C. 

99.4 12 20.4 41.6 105 292 1540 00 00 

14 7.07 9.77 23.9 84.7 263 1560 00 

16 1.89 3.20 7.21 23.9 94.2 320 2600 
17 2.04 2.98 6.62 22.2 no 388 8230 
18 0.42 1.09 2.25 5.42 22.7 105 400 

95.0 8 262 1035 00 00 00 00 00 

9 393 3230 00 oo 00 00 00 

10 60.6 93.5 440 8980 00 00 00 

11 85.2 190 706 00 00 00 00 

12 15.2 34.0 91.2 260 1410 00 00 

13 15.5 34.5 104 336 6560 00 00 

14 3.86 7.64 18.9 68.7 238 1485 00 

1 15 3.82 7.18 19.5 78.5 295 2460 oo 
16 0.85 2.10 4.93 16.7 73.4 287 2280 
17 1.03 1.68 4.17 15.3 84.2 344 6560 
18 0.24 0.65 1.13 3.42 17.1 83.9 365 

91.1 16 0.76 1.94 4.60 15.3 
18 0.13 0.35 0.66 2.30 i3!5 *68.7 

80.8 18 CO. 0.06 0.10 0.20 0.81 3.20 50.8 238 

A. W. Ralston and C, W. Hoorr, /. Org. Chem., 7, 546-^ (1942), 
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point of the solution to 100® C. in the case of solvents boiling above this 
temperature. 

Two striking phenomena may be noted in the results of the work of 
Ralston et on the organic solvent-fatty acid systems, namely, the 
tendency toward pairing of the solubility curves and the formation of 
eutectics between some of the solvents and fatty acids. Eutectic formation 
with benzene, cyclohexane, and acetic acid was observed in the case of all 

Table 63 

SOLUBILITIES OF FATTY ACIDS IN ISOPROPANOL® 

Number Grams acid per 100 r. isopropanol 

of C atoms o.o°c. 1 10,0°C. 20.0°C. 30.0®C. 40.0®C. 50.0®C. 60.0®C. 

8 280 900 oo oo 00 00 oo 

9 422 2920 oo 00 oo oo 00 
10 67 140 360 5750 oo 00 oo 

11 82 182 540 00 00 00 00 
12 21.5 44.1 100 253 1270 00 00 
13 22.1 52 125 340 6550 00 00 
14 1 7.2 13.6 31.6 82 230 1210 00 
15 ! 6.2 13.3 34.4 95 272 2070 oo 

16 2.4 4.6 10.9 32.3 94 270 2460 
17 1.2 3.0 10.8 37.9 108 345 6550 
18 «0.1 0 4 2.0 10.0 38.1 118 422 

® C. W. Hoorr and A. W. Ralston, J. Org. Chem., 9, 329-337 (1944). 

the acids investigated. The composition of these eutectics and the corre¬ 
sponding eutectic temperatures have been assembled in Table 72. 

The peculiar pairing of the solubility curves for the odd- and even- 
numbered acids is readily discernible by inspection of Figures 46 to 56. 
Without exception, the solubility curve of the even-numbered carbon 
acid lies above the curve of the next higher odd-numbered carbon acid 
throughout all, or a considerable part of the temperature range, e. ^., 
myristic acid is generally less soluble than pentadecanoic acid, and 
palmitic acid is generally less soluble than margaric (heptadecanoic) acid 
in the same solvent at any given temperature. The even- and odd-num¬ 
bered acids, therefore, form two distinct solubility series in which the 
differences in spacing intervals between the curves produce the pairing 
observed in Figures 46 to 56. 

On the basis of the solubility data assembled in Tables 57 to 71 and 
Figures 46 to 56, Ralston concluded that the normal saturated fatty acids 
are generally more soluble in trichloromethane and less soluble in nitro- 
ethane and acetonitrile than in any of the fifteen organic solvents investi¬ 
gated. The solubility curves for tetrachloromethane and trichloromethane, 
and for cyclohexane and benzene, exhibit a similar type of pairing, i, e., 
the next higher odd-numbered homolog is the more soluble of the pair. 
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In the other solvents, all of which are more polar than trichloromethane, 
the adjacent homologs are also paired but the solubility curves intersect at 
moderate dilutions. Thus, the next higher odd-numbered homolog is the 
less soluble of each pair at temperatures below the intersection, and the 
solubilitiesofthe acids decrease without alternation as the series is ascended. 
In the less polar solvents, this intersection of the paired solubility curves- 

Table 64 

SOLUBILITIES OF FATTY ACIDS IN n-BUTANOL® 

Number Grams aoid per 100 «. n- butanol 

of C atoms 0.0®C. 10.0®C. 20.0‘*C. 30.0®C. 40.0®C. 50.0®C. 60.0*C. 

8 225 750 CO 00 OU 00 00 

9 355 2530 00 CO 00 00 00 

10 59 103 280 4650 00 00 00 

11 64 131 415 00 00 00 00 

12 21.4 37.2 83 217 1070 00 00 

13 21.5 39.8 100 295 5750 00 00 

14 7.3 13.1 28.7 71 194 980 00 

15 7.1 12.5 28.4 74 220 1680 00 

16 1.9 4.2 10.5 30.0 84 243 1960 
17 1.6 3.6 9.5 27.4 85 274 4900 
18 j 0.2 1.6 9.0 36.2 111 370 

C. W. Hoerr and A. W. Ralston, /. Org. Chem., 9, 329-^37 (1944). 
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occurs above lauric acid at ordinary temperatures, while in the more polar 
solvents it occurs also in the lower acids. 

The solubilities of the fatty acids in ethyl and butyl acetates are qualita¬ 
tively similar to those observed with acetone and 2-butanone, whose polari- 

Table 65 

SOLUBILITIES OF FATTY ACIDS IN ACETONE® 

Number 
of C atoma 

Grama acid per 100 g. acetone 

0®C. 10°C. 20®C. ao^c. 40®C. 56.6®C. 

8 221 975 00 00 00 00 
9 356 3740 00 00 00 00 

10 45.3 112 407 4660 00 00 
11 50.2 149 706 00 00 oo 
12 8.95 21.9 60.6 218 1590 00 
13 7.52 20.2 78.6 316 8230 00 
14 2.75 6.50 15.9 42.5 149 00 
15 2.20 5.27 13.8 49.3 183 00 
16 0.60 1.94 5.38 15.6 58.0 880 
17 0.40 1.50 4.28 14.6 67.5 1330 
18 0.21 0.80 1.54 4.93 17.0 220 

* A. W. Ralston and C. W. Hoerr, J. Org. Chem., 7, 646-555 (1942). 

ties approximate those of the acetates. The acids are, in general, more 
soluble in methanol than in n-butanol at higher temperatures, while at 
lower temperatures the order is reversed. They are somewhat more solu- 
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ble in the lower alcohols than in any of the other solvents investigated with 
the exception of trichloromethane. 

Except for their solubilities in the alcohols, the normal saturated fatty 
acids show a marked correlation between their solubilities and the polari¬ 
ties of the solvents. In the nonpolar solvents, the solubilities of the acids 
are almost linearly dependent upon temperature, but as the polarity of the 
solvent increases, the relation between concentration and temperature de¬ 
viates considerably from linearity. 

Table 66 

SOLUBILITIES OF FATTY ACIDS IN 2-BUTANONE® 

Num¬ 
ber GramB acid per 100 g. 2-butanone 

atomB 0®C. 10®C. 20®C. 30®C. 40*0. 60*C. 60®C. 

10 42.4 100 318 00 00 00 

11 47.9 139 521 CO 1 00 00 00 

12 11.5 24.7 64.7 1825 CO 00 

13 11.9 29.5 315 8230 00 00 

14 4.28 8.46 18.5 54.3 189 1230 00 

15 4.28 8.70 20.2 70.4 257 00 

16 0.90 3.09 8.57 20.6 66.1 228 2390 
17 0.71 2.88 7.41 77.7 288 6560 
18 0.25 1.01 

t- 
2.99 8.34 24,8 84.7 344 

A. W. Ralston and C. W. Hoerr, J. Org, Chem.f 7, 546-555 (1942). 
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Table 67 

SOLUBILITIES OF FATTY ACIDS IN GLACIAL ACETIC ACID® 

Number 
of C atoms 

1 Grams acid per 100 g. glacial acetic acid 

iO^’C. 30®C. 40®C. 50®C. 60 ®C. 

10 567 8230 oo 00 CO 

11 800 00 oo CO 00 

12 81.8 297 1480 00 00 

13 96.8 395 8230 CO 00 

14 10.2 51.1 289 1410 00 

15 8.76 62.0 350 2600 00 

16 2.14 8.11 51.7 313 2280 
17 1.27 6.52 61.0 384 6560 
18 0.12 1.68 7.58 74.8 485 

« A. W. Ralston and C. W. Hoerr, J. Org. Chem,, 7, 546-555 (1942). 

Table 68 

SOLUBILITIES OF FATTY ACIDS IN ETHYL ACETATE® 

Number Grams acid per 100 g. ethyl acetate 

of C atoms 
0.0®C. 10.0®C. 20.0®C. 30.0 ®C. 40.0®C. 50.()®{^ 60.0® C. 

8 161 610 oo 00 00 00 oo 

9 250 2020 00 00 00 00 oo 

10 34.2 90 289 78.50 00 00 oo 

11 38.7 114 1 425 OO 00 00 00 

12 9.4 18.5 52 250 1250 00 oo 

13 10.1 22.5 1 70 281 8200 oo oo 

14 3.4 6.6 15.3 44.7 164 1350 oo 

15 2.8 6.2 45.4 51 208 2370 00 

16 0 8 2 2 6.1 17.6 53 203 2340 
17 0.4 1.6 5.3 16.8 59 242 6000 
18 0.5 

1 
5.2 21.6 ; 78 348 

• C. W. Hoerr and A. W. Ralston, /. Org, Chem,, 9, 329-337 (1944). 

Table 69 

SOLUBILITIES OF FATTY ACIDS IN BUTYL ACETATE® 

Grams acid per 100 g. butyl acetate 

0.0®C. 10.0®C. 20.0®C. 30.0®C. 40.0®C. 50.0®C. 60.0®C 

8 206 00 00 oo oo oo 

9 316 00 00 00 00 00 

10 44.6 Ill 8230 00 00 00 

11 55 145 515 CO 00 00 oo 

12 26.8 68 212 1350 00 00 

13 14.5 95 322 oo oo 

14 4.8 9.9 21.6 61 208 1370 00 

15 4.5 9.7 22.3 66 253 2460 00 

16 1.5 3.8 8.9 23.4 69 226 2330 
17 1.2 3.5 8.7 24.0 75 269 6350 
18 <0.1 0.2 1.6 

1_ 8.1 28.7 97 350 

“ C. W. Hoerr and A. W. Ralston, J. Org, Chem.^ 9, 329-337 (1944). 
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Recently, Hoerr, Sedgwick, and Ralston^^® extended their investigations 
to include the solubilities of the acids from caprylic to stearic in toluene, 
o-xylene, chlorobenzene, nitrobenzene, 1,4-dioxane, furfural, l,2-<lichloro- 
ethane, and nitroethane. 

Table 70 

SOLUBILITIES OF FATTY ACIDS IN NITROETHANE® 

Num¬ 
ber Grams acid per 100 g. nitroethane 

atoms C.G^C. 10.0®C. 20.0®C. 30.0°C. 40.0°C. 50.0®C. 60.0®C. 

8 25.2 790 00 oo 00 00 00 

9 45.0 2340 00 00 00 CO 00 

10 9.2 12.5 55 7000 00 00 00 

11 8.1 13.2 131 oo CO oo 00 

12 1.9 2.8 5.4 16.3 1460 oo 00 

13 1.4 2.1 4.5 17.3 9000 00 oo 

14 0.3 0.5 1.2 3.3 10.7 i 1180 00 

15 0.1 0.2 0.7 2.4 10.2 1 2460 00 

16 ... « • • <0.1 0.7 2.6 10.0 1650 
17 . • • 0.2 1.9 9.6 4250 
18 

i 
0.3 2.7 14.0 

« C. W. Hoerr and A. W. Ralston, J. Org. Chem.^ 9, 329-337 (1944). 

C. W. Hoerr, R. S. Sedgwick, and A. W. Ralston, J. Org. Chem,, 11, 603-609 
(1946). » 
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Table 71 

SOLUBILITIES OP FATTY ACIDS IN ACETONITRILE® 

Num¬ 
ber 
of C 

atoms 

Grams acid per 100 g. acetonitrile 

0.0®C. 10.0®C. 20.0®C. 30.0®C. 40.0®C. 1 50.0®C. 60.0®C. 

8 44.5 1020 00 00 00 00 00 

9 51 3470 oo oo CO 00 00 

10 11.8 21.0 66 7600 00 00 00 

11 8.7 17.3 185 oo GO 00 00 

12 2.1 2.8 /. *3 24.4 1540 00 CD 

13 1.4 2.0 5.8 21.4 8600 oo 00 

14 0.7 0.9 1.8 4.1 13.0 1210 00 

15 0.4 0.5 1.1 2.9 10.5 2460 oo 

16 <0.1 0.2 0.4 1.0 2.8 9.9 1200 
17 <0.1 0.2 0.6 1.9 8.3 3600 
18 j <0.1 0.3 0.8 2.0 10.3 

® C. W. Hoerr and A. W. Ralston, J. Org. Chem,, 9, 329-337 (1944). 

Table 72 

EUTECTIC COMPOSITIONS OF SATURATED FATTY ACIDS WITH VARIOUS ORGANIC 

SOLVENTS 

Acid 

Eutectic with 
bensene 

Eutectic with 
cyclohexane 

Eutectic with 
acetic acid 

Fatty acid, 
% by wt. 

Tempera¬ 
ture, ®C. 

Fatty acid, 
% by wt. 

Tempera¬ 
ture, ®C. 

Fatty acid, 
% by wt. 

Tempera¬ 
ture, ®C. 

Caproic ... 97.7 -5.4 
Heptanoic 98.8 -6.5 
Caprylic 50.4 -lb.5 22 0 -14.0 80.0 3.1 
Nonanoic 54.0 -13.1 23.9 -17.5 83.6 1.6 
Capric 34.5 - 2.0 14.1 - 3.2 55.1 8.6 
Undecanoic 38.9 - 4.0 16.2 - 5.9 57.5 8.0 
Laurie 11.2 4.5 6.8 + 3.2 17.3 12.8 
Tridecanoic 14.6 3.7 8.6 1.9 15.9 13.1 
Myristic 2.88 5.20 2.4 5.6 5.3 15.18 
Pentadecanoic 3.65 5.15 2.9 5.4 4.3 15.40 
Palmitic 0.19 5.40 0.4 1 6.4 1.23 16.17 
Heptadecanoic 0.42 5.35 0.7 6.3 0.58 16.34 
Stearic 0.015 5.50 <0.1 6.6 0.03 16.48 

(b) Solubility of Fatty Adds at Low Temperatures 

Owing to the utility of low-temperature-solvent crystallization processes 
for laboratory and technical preparation of fatty acids and esters, Foreman 
and Brown^® investigated the solubility behavior of a number of higher 
fatty acids in several solvents over the temperature range +10° to — 70°C. 
The solubility of all of the even-numbered saturated acids from Cia to Ca 
and three unsaturated acids, namely, oleic, linoleic, and eicosenoic, were 
determined in Skellysolve B, methanol, and acetone over the temperature 
ranges shown in Figures 67 to 59. 

*• H. D. Foreman and J. B. Brown, Oil dt Soap^ 21, 183-187 (1944) 
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Because of the long time required to establish equilibrium at the lower 
temperatures, the solid and solvent were stirred for an arbitrary period of 
ten hours at the selected temperature prior to determining the solubility. 

Fig. 57. Solubilities of fatty acids in Skellysolve B.** 

Fig. 58. Solubilities of fatty acids in Fig. 59. Solubilities of fatty acids in 
methanol.* acetone.* 

Solubility values obtained by approaching the selected temperature from 
the warm side were found to be approximately 10% higher than those ob¬ 
tained by approaching it from the cold side. However, in low-temperature 
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crystallization, a solution of fatty acids is generally cooled to effect separa¬ 
tion of a specific component, consequently the determinations were made 
in this manner rather than by warming to a higher temperature. 

In addition to the data reproduced in graphic form. Foreman and Brown^® 
determined the solubility ratios of several pairs of fatty acids in various 
solvents which are reproduced in Table 73. These data are especially use¬ 
ful in selecting conditions for separating mixtures of these acids by means 
of low-temperature fractional crystallization. 

Table 73 

SOLUBILITY RATIOS OF FATTY ACIDS UNDER VARIOUS CONDITIONS® 

] 
Solvent Temp., ®C. Oleic Palmitic 

Ratio: 
oleic 

palmitic 

Methyl acetate -25 10.0 0.74 14.7:1 
Acetone -30 14.2 0.48 30.0:1 
Methanol -30 7.08 0.20 35.4:1 
Butanol -25 62.8 1.32 47.6:1 
Ethylidene dichloride -25 26.8 3.24 82.7:1 
Skellysolve B -30 11.8 0 09 130.0:1 
CariK)!! disulfide -30 15.7 <0.1 >157,0:1 
Toluene -30 50.2 <0.1 >500.0:1 
Ethyl ether -40 43.7 <0.1 >450.0:1 

Ratio: 
Solvent Temp. Linoleic Oleic linoleic 

oleic 

Skellysolve B -70 0.60 0.24 2.5:1 
Carbon disulfide -62 4.12 0.398 10.3:1 
Methanol -70 3,94 0.32 12.3:1 
Acetone -70 5.19 0.40 13.0:1 

® H. D. Foreman and J. B, Brown, Oil & Soap, 21, 183-187 (1944). Solubilities 
expressed in g. per 1000 g. solution. 

(c) Anomalous Solubility and Association 

The mutual solubility effect of one acid on another is of very common 
occurrence and of extreme practical importance, but it has received little 
attention. This phenomenon is responsible for the difficulty and sometimes 
impossibility of obtaining a pure component by crystallization of a mix¬ 
ture of several fatty acids; and also for the failure of small amounts of 
hexabromostearic acid to separate from a large amount of tetra- and di- 
bromostearic acid, or of small amounts of tetrabromostearic acid to sepa¬ 
rate from large amounts of dibromostearic acid. It is also responsible for 
the separation during crystallization of palmitic-stearic acid mixtures 
having the properties of margaric acid. This phenomenon is the cause of 
the inability to prepare absolutely pure unsaturated acids from mixtures 
of unsaturated acids by low-temperature crystallization. 
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The mutual solubility effect of one acid on another in certain solvents 
may be very large as was shown by Waentig and Pescheck^ who found 
that the solubility of palmitic acid in carbon tetrachloride was increased 
250% by the presence of lauric acid. These authors found that the mutual 
solubility effect decreased with increased concentration of the second com¬ 
ponent and ultimately approached a limiting concentration. An explana¬ 
tion of this anomalous solubihty effect was sought in the hypothesis that 
compound formation occurred between two acids and that the compound 
thus formed was more soluble than the pure acid. 

Various workers**' have found by means of ebullioscopic and cryo- 
scopic determinations of molecular weights of fatty acids in solution that 
these compounds are associated in certain solvents, e. benzene, acetic acid, 
cyclohexane, quinoline, pyridine, etc. Ralston and Hoerr*® showed that at 
the freezing point, the ratio of apparent to true molecular weight (Af/Jlfo) 

for caprylic acid in benzene approaches a value of 2 at about 0.5 molal, 
indicating association in solution. In solutions of lauric acid in benzene, 
the values of M/Mq approach 2 at 0.3 molal. Other investigators**”** 
have found that the values of M/Mq for various fatty acids in benzene 
approach limits somewhat less than 2, and their limiting value is approached 
in relatively higher concentrations. 

Ralston and Hoerr** also found from freezing point data that the values 
of M/Mo for lauric acid in acetic acid approach 1.65 at about 0.2 molal. 

It has already been shown in the chapter on crystal properties, that com¬ 
pound formation occurs between fatty acids in the solid state. Lederer** 
found that the value of the ratio of molecular heat of evaporation to the 
absolute boiling point, K/Ta, of fatty acids at atmospheric pressure is 
always higher than the ratio calculated according to the Trouton-Nernst 
rule which he interpreted as indicating that fatty acids in the liquid state 
are fairly completely associated while in the vapor state their density in¬ 
dicates they are monomolecular. 

Waentig and Pescheck** postulate the occurrence of three such com¬ 
pounds in a solution of two fatty acids which are capable of associating in a 
given solvent in accordance with the following equation: (L)^ + (P)2 ^ 
2{PL); and presupposes that each of the compounds would exert a mutual 
solubility effect. On this assumption a mutual solubility effect should not 
be observed in solvents in which association of the acids does not occur, and 
they claim this to be the case. Thus, mutual solubility effects were ob- 

P. Waentig and G. Pescheck, Z, phyaik, Chem,. 93,529-569 (1919). 
J. Meisenheimer and O. Doraer, Ann., 523, 299-301 (1936). 
K, Hrynakowski and A. Zochowski, ^er,, 70,1739-1743 (1937). 

»» H. Dunken, Z.phyaik, Chem., B45, 201-215 (1940). 
G. Broughton, rmnfi. Faraday 5oc., 30, 367-372 (1934). 
P. Matavuli, Bvll. sac. chim. ray. Y&ugoalav., 10,25-33 (1939). 
P. Matavulj and J. Khojnian, SttU aoc. chim. ray. YaugoaUw., 10,43-49 (1939). 

•• E, L. Lederer, Seifenaieaer'-Ztg., 57,67-71 (1930;. 



SOLUTIONS OP PATTY ACIDS IN NONAQUEOUS SOLVENTS 207 

served with solvents such as carbon tetrachloride, chloroform, benzene, 
toluene, and nitrobenzene, in which the fatty acids are dimolecularly as¬ 
sociated, but not with ethyl alcohol, ethyl ether, ethyl acetate, and benzal- 
dehyde, in which the fatty acids are monomolecular. 

These authors further concluded that the mutual solubility effect is in¬ 
dependent of temperature but that it is markedly affected by even traces 
of moisture. It has also been emphasized by Waentig and Pescheck that a 
determination of the temperature at which a definite amount of fatty acid 
just dissolves in a definite amount of solvent affords an extraordinarily 
precise determination of the purity of the fatty acid; more so than the 
determination of the melting point. 

Ralston and Hoerr®®® do not agree with the explanation offered by Waen¬ 
tig and Pescheck for the mutual solubility influence of one fatty acid on 
another. According to the former authors, the determination of the de¬ 
gree of association of the higher aliphatic compounds by cryoscopic and 
ebullioscopic measurements, upon which Waentig and Pescheck based their 
conclusions, tends toward erroneous results, and the more recent concept of 
hydrogen bonding indicates that the fatty acids (at least the lower homo¬ 
logs) exist as double molecules in all states, even in solution. 

Ralston and Hoerr determined the solubility of various binary mixtures 
of palmitic and stearic acids in benzene, acetone, chloroform, and ethyl 
acetate. They also determined the solubility of various mixtures of palmitic 
acid and hepadecane in 2-butanone. In the case of the palmitic-stearic 
acid mixture the greatest solubility was found to correspond to the 70:30 
palmitic-stearic acid eutectic rather than to the 50:50 compound. As a 
matter of fact the most soluble mixture was found to correspond to the 
minimum melting point composition of the palmitic-stearic acid system. 
The temperature-solubility curves of Ralston and Hoerr indicate that the 
chief factor which apparently governs the solubility of a given mixture is 
the melting point rather than the proportion of bimolecular complex present 
in the mixture. This observation is considered to be thermodynamically 
sound since solubility is a function of the latent heat of fusion of a solute 
according to interpretation of Raoult’s law. Furthermore, the solubility 
relationships were not appreciably altered by change of solvent; benzene 
(nonpolar), chloroform (slightly polar), ethyl acetate (moderately polar), 
and acetone (highly polar) gave temperature-solubility curves which ex¬ 
hibited remarkable uniformity. 

Solubility of Fatty Acids in Liquid Propane.—The hydrocarbon, pro¬ 
pane, CHJCH2CH8, boils at — 42.4°C. but can be liquefied at ordinary 
temperatures and can, therefore, serve as a solvent for fatty acids similarly 
to the higher boiling hydrocarbons. The specific gravity of liquid propane 

A. W, Ralston and C. W. Hoerr, J. Org, Chem,, 10,170-174 (1946). 
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in the region of its boiling point is 0.5824 or somewhat lower than n-hcxane, 
0.6594^“, which is widely used as a solvent for fats and fatty acids. 

The availability of propane in large quantities has led to its application 
in solvent refining (dewaxing) of lubricating oils and has attracted the at* 
tention of various workers as a possible medium for solvent refining of 
vegetable oils and for the fractionation of fatty acids. 

Hixson and co-workers^®*”"^®^ investigated the various binary and ter¬ 
nary systems composed of liquid propane and fatty acids, monoesters, tri¬ 
glycerides, and vegetable oils. These systems included: propane-oleic 
acid®®**; propane-refined cottonseed oil, propane-oleic acid-refined cotton¬ 
seed oil, propane-tristearin, propane-tripalmitin, propane-tricaprylin®®^; 
propane-stearic acid, propane-oleic acid, propane-cetyl stearate, and pro¬ 
pane-stearic acid-palmitic acid.®®^ 

The binary systems of liquid propane and fatty acids and esters exhibited 
typical U-shaped phase diagrams having critical solution temperatures as 
follows: oleic acid 91.1°C., stearic acid 91.4°, palmitic acid 96.9°, cetyl 
stearate 95.2°, tristearin 69.2°, tripalmitin 73.5°, tricaprylin 100.5°. A 
plot of the critical solution temperatures against effective molecular w'eight 
indicated that the free acids were associated in bimolecular form. 

The solubility curves for the binary saturated acid and binary mono- 
ester systems with liquid propane indicated complete miscibility in all 
proportions from the melting point of the acid or ester up to the critical 
solution temperature, which is near the critical temperature of propane. 
The solubility data for the propane-palmitic acid-stearic acid system show 
that separation of these two acids in liquid propane is impractical. 

(d) Solubilities of Other Long Chain Compounds 

111 addition to the organic solvent-fatty acid systems previously dis¬ 
cussed, Ralston and co-workers investigated a number of other related 
systems, including the higher aliphatic hydrocarbons,®^ symmetrical ke¬ 
tones,®® primary alcohols,®® primary amines,^® amine hydrochlorides and 
acetates,^^ secondary amines,tertiary amines,^® nitriles,^^ amides,^® 
anilides^® and Ar,iV'-diphenylamide8.^® 

^ A. W. Hixson and A. N. Hixson, Trans. Am. Inst. Ckem. Engrs., 37,927-954 (1941). 
A. W. Hixson and J. B. Bockelmann, Trans. Am. Inst. Chem. Engrs.^ 38, 891-930 

(1942). 
D. A. Drew and A. N. Hixson, Trans. Am. Inst. Chem. Engrs.^ 40,675-694 (1944). 

A. W. Ralston, C. W. Hoerr, and L. T. Crews, J. Org. Chem., 9, 319-328 (1944). 
“ F. M. Garland, C. W. Hoerr, W. O. Bool, and A. W. Ralston, J. Org. Chem., 8, 

344-357 (1943). 
C. W. Hoerr, H. J. Harwood, and A. W. Ralston, J. Org. Chem.., 9, 267-280 (1944). 
A. W. Ralston, C. W. Hoerr, W. 0. Pool, and H. J. Harwood, J. Org. Chem., 9,102- 

112 (1944). 
H. J. Harwood, A. W. Ralston, and W. M. Selby, J. Am. Chem. Soc., 63, 1916- 

1920 (1941). 
C. W. Hoerr, H. J. Harwood, and A. W. Ralston, J. Org. Chem., 9, 201-210 (1944). 
A. W. Ralston, C. W. Hoerr, and P. L. DuBrow, J. Org. Chem., 9,259-266 (1944). 
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SeidelP® has brought together in his solubility tables, data with reference 
to other fatty acid systems whose discussion has been omitted here. The 
most extensive series of these systems have ethanol as the solvent and a 
fatty acid (behenic, lignoceric, oleic, elaidic, erucic, and elaeostearic) or 
fatty acid ester (cetyl palmitate, cetyl stearate, dicaprin, dilaurin, dimyris- 
tin, dipalmitin, tricaprylin, tricaprin, trilaurin, trimyristin, tripalmitin, and 
tristearin) as solute. However, many of the systems, especially those with 
reference to the fatty acid esters, are comprised of solvents other than alco¬ 
hol, principally petroleum ether, benzene, dieth3d ether, chloroform, and 
carbon disulfide. The solubility of hexabromostearic acid has been re¬ 
ported for twenty-eight different solvents. 

C. W. Hoerr, E. F. Binkerd, W. 0. Pool, and A. W. Ralston, J. Org. Chem.^ 9, 68-80 
(1944). 

A. W. Ralston, C. W. Hoerr, and W. O. Pool, J. Org. Chem., 8, 473-488 (1943). 



CHAPTER VIII 

PROPERTIES OF THE FATTY ACIDS 
IN THE LIQUID STATE 

1. Introduction 

In addition to the colligative properties which have been discussed pre¬ 
viously, fatty acids possess other properties which are not only of theoretical 
interest but also of considerable practical importance. These properties, 
w'hich are of particular importance in the liquid state, include density, 
molar volume, viscosity, surface tension, refractivity, etc. They are de¬ 
pendent upon the kind, number, or position of atoms in the molecule, and 
upon the attractive or repulsive forces which one molecule exerts on another. 
This is true also of some of the other properties which have been discussed, 
such as optical rotation, melting point, etc. 

Some of these specific properties can be expressed on a molar basis, as, 
for example, molar volume and molar refractivity, while others exhibit no 
molar relationships and may be expressed by arbitrarily defined terms, 
e,g., dielectric constant. 

2. Density, Molar Volume, and Dilation 

The density, d, of any substance is the mass per unit volume, dw/dt^, 
w^here m is the mass and v the volume. Density, which is expressed in grams 
per cubic centimeter, is sometimes referred to as absolute density to dis¬ 
tinguish it from relative density or specific gravity, which is the ratio of the 
mass of a substance to the mass of an equal volume of water at 4°C. or at 
some other specified temperature, ordinarily denoted as djj. 

Molar volume is the volume occupied by one mole of a substance, and is 
derived by dividing the molecular weight by the density of the substance. 
Specific volume is the reciprocal of the absolute density. 

When a substance is heated or cooled, it expands or contracts, i. e,, 
it undergoes a change in volume and, therefore, in density. In the case 
of liquids, expansion or contraction usually can be expressed as some 
simple function of the temperature, but in the case of solids the change 
in volume may be complicated by changes in the crystalline state, i. e., 
from one polymorphic form to another, and in such cases it is not possible 
to relate in any simple manner, the volume at one temperature to that at 
another. 

210 
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The factor which relates the volume of a liquid at one temperature to 
that at another temperature is known as the coefficient of volume expansiony 
and it is defined as the ratio of the change in volume per degree to the 
volume at 0®C., if the substance is liquid at this temperature. The value 
of the coeflScient varies with temperature. The general equation for the 
magnitude m, (length or volume) at a temperature t, where m© is the mag¬ 
nitude at 0°C., is mt — mo (1 + at + bt^ + ct^. . .) where a, 6, c, etc., are 
empirically determined coefiicients. The volume expansion of liquids can 
be expressed as = Fo(l + hi). 

The above-mentioned properties and relationships are of considerable 
utility in their application to the fatty acids and derived products. They 
have, however, received little systematic attention and such data as are 
available are in some cases not too useful and others are of questionable 
accuracy. Although various isolated values for the densities or specific 
gravities of an appreciable number of the fatty acids and esters can be 
found in the literature, they are quite often not comparable owing to the 
different temperatures employed in determining them. Also, in some cases 
it is not certain whether the value reported refers to density or specific 
gravity. 

Table 74 

SPECIFIC GRAVITIES OF NORMAL FATTY ACIDS AND METHYL AND ETHYL 

ESTERS* 

Acid Methyl ester Ethyl ester 

Formic 1.220 0.975 0.906 
Acetic 1.049 0.933 0.899 
Propionic 0.992 0.917 0.891 
Butyric 0.959 0.898 0.879 
Valeric 0.942 0.910® 0.877 
Caproic 0.929 0.904; 0.875.“ 
Heptanoic 0.922 0.88i;‘ 0.872,“ 
Caprylic 0.910 0.887 0.878” 
Nonanoic 0.907 0.877»T» 0.866”* 
Capric 0.896»o 0.862 
Undecanoic 
Laurie 0.883 0.868r 
Tridecanoic ... 
Myristic 0.868r 
Pentadecanoic ... ... 
Palmitic 0.863J* 
Margaric 0.853«o 
Stearic 0.847W* ... 

« The superscripts refer to the temperatures at which the determinations were made 
and the suDscripts refer to the temperatures of cor^arison substances; where no sub- 
and superscripts are given the values are for 20 V4^C. 
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(a) Densities and Specific Volumes of Saturated Fatty Adds 

A compilation of specific gravities, typical of those found in the literature 
for the saturated fatty acids and methyl and ethyl esters are given in Table 
74. 

Garner and Ryder^ determined the densities and specific volumes of the 
saturated fatty acids from caprylic to lauric, by the so-called air thermom¬ 
eter method. Two measurements were made for each state, solid and 
liquid, and from these data the temperature coefficients per degree Centi¬ 
grade were calculated with the results shown in Table 75. They also 
determined the densities of the same acids in the liquid state by the pycnom¬ 
eter method at two temperatures, one of which was as close as possible to 
the melting point. The densities and calculated temperature coefficients 
for the liquid state are given in Table 76. 

Following the work of Gamer and Ryder few systematic investigations 
of the densities of the saturated fatty acids were reported until Dorinson, 
McCorkle, and Ralston ^ determined the densities of the homologous series 

Table 75 

DENSITIES, SPECIFIC VOLUMES, AND TEMPERATURE COEFFICIENTS 

OF FATTY ACIDS FROM Cg TO C12 BY THE AIR 

THERMOMETER METHOD 

Acid Temperature, 
°C. 

Density. 
R./ee. 

Specific 
volume, 1/d 

Temp, coeff. 
per ®C. 

Caprylic 10.0 1.0326 0.9685 0.00098 
15 1.0274 0.9733 
20 0.9109 1.0979 0.66046 
25 0.9090 1.1002 1 

Nonanoic 5.0 0.9952 1.0048 0.00074 
10 0,9916 1.0085 
15 0.9097 1.0993 o.66io4 
25 0.9011 1.1097 

Capric 15.0 1.0266 0.9741 0.000&5 
25 1.0176 0.9827 
35 0.8927 1.1202 o.66i28 
40 0.8876 1.1266 

Undecanoic 0.12 1.0431 0.9587 0.00054 
10.0 1.0373 0.9640 
20 0.9948 1.0052 0.66679 
25 0.9905 i 1.0096 
30 0.8907 1.1227 0.66693 
35 0.8871 1.1273 

Lauric 35.0 1.0099 0.9902 0.00087 
40 1.0056 0.9945 
46 0.8767 1.1406 o.66i42 
50 0.8713 1.1477 ... 

^ W. E. Gamer and E. A. Ryder, /. Chem, Soc,, 127, 720-730 (1926). 
• A. Dorinson, M. R. McCorkle, and A. W, Ralston, J. Am, Chem. Soc,, 64, 2739- 

2741 {1942). 
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Tablp 76 

DENSITIES AND TEMPERATURE COEFFICIENTS OF FATTY ACIDS 

FROM Cg TO Ci2 IN THE LIQUID STATE 

BY THE PYCNOMETER METHOD 

Acid Temperature, 
®C. 

Density, 
K./cc. 

Temp, coefl. 
per ®C. 

Caprylic 50.27 0.8862 0.00099 
20.02 0.9101 ... 

Nonanoic 50.17 0.8813 1 0.00097 
15.00 0.9087 

Capri c 50.17 0.8773 0.00095 ' 
35.05 0.8884 

Undecanoic 50.15 0.8741 0,00095 
30.00 0.8889 

Laurie 50.25 0.8707 0.00095 
45.10 0.8744 

Table 77 

DENSITIES OF NORMAL FATTY ACIDS FROM Ce TO Cis AT 80®C.® 

Acid Density Acid Density 

Caproic 0.8751 Tridecanoic 0.8458 

Heptanoic 0.8670 Myristic 0.8439 
Caprylic 0.8615 Pentadecanoic 0.8423 

Nonanoic 0.8570 Palmitic 0.8414 

Capric 0.8531 Margaric 0.8396 
Undecanoic 
Laurie 

0.8505 

0.8477 

Stearic 0.8390 

® A, Dorinson, M. R. McCorkle, and A. W. Ralston, J. Am. Chem. Soc., 64, 2739-2741 
(1942). 

of acids from caproic to stearic. The determinations were madtj in a modi¬ 
fied Ostwald pycnometer at a temperature of 80 ± 0.05°C., and all weigh¬ 
ings were corrected for the buoyancy of air. The values for the densities 
found by Dorinson et al. are given in Table 77. 

(6) Molar Volumes of Saturated Fatty Acids 

As previously mentioned, the molar volume of a substance in the liquid 
state may be ascertained by dividing the molecular weight of the substance 
by its density. In the case of the solid state, the molar volume is also re¬ 
lated to the cross-section area of the unit cell of the crystal for any given 
polymorphic form. If, for example, the molar volume in the solid state is 
known and the length of the unit cell is determined, e. gr., by x-ray measure¬ 
ment, then the cross-section area of the unit cell of the crystal can be calcu¬ 

lated. 
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Prior to the work of Garner and Ryder^ in 1925 no calculations had been 
made of the molar volumes of the higher aliphatic acids in the solid state 
and data for the acids in the liquid state were far from complete as indi¬ 
cated by the compilation of Pauly.® Garner and Ryder calculated the 
molar volumes of the fatty acids from caprylic to lauric in the solid state 
at 15°C. and in the liquid state at 50°C. Their results, together with those 
previously reported by Pauly, are given in Table 78. 

Table 78 

MOLAR VOLUMES IN CUBIC CENTIMETERS PER GRAM MOLE OF FATTY ACIDS IN 

SOLID AND LIQUID STATES 

Liquid Solid at 15®C. 
Acid 

Pauly® Garner 
and Ryderb 

Increment Garner 
and Ryder Increment 

Formic 41.2 

22.6 

Acetic 63.8 ... 
22.0 

Propionic 85.8 

22.4 

Butyric 108.2 

21.7 

Valeric 129.9 

22.7 

Caproic 152.6 

21.6 

Heptanoic 174.2 
[ 23.4 

Caprylic 197.6 162.61 

16.8 

140.2 

19.9 

Nonanoic 179.43 

16.8 

160.1 

17.7 

Capric 196.20 

16.8 

167.8 

18.7 

Undecanoic, a-form 212.95 186.5 

18.7 

Undecanoic, /3-form 

16.9 

180.0 
15.2 

Lauric 229,84 195.2 

® Temperature not specified. 
* At 50°C. 

According to the data of Pauly, the molar volumes of the lower members 
of the series increase by an average of 22.3 cc. per gram mole in the liquid 
state for each CH2 group added to the chain while Gamer and Ryder found 

* H. Pauly, Z, anorg, aUgem, Chem.^ 119,271-291 (1921). 
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this increment to be 16.8 cc. per gram mole in the liquid state. In the solid 
state alternation occurred as the series was ascended. On the basis of the 
data for the solid state and the values for the chain length obtained by x- 
ray measurements. Garner and Ryder calculated the cross section of a 
single molecule in the crystal to be 23.8 A. This cross section was found 
to be a nonalternating property, therefore changes in molecular volume 
must be due entirely to changes in chain length. 

Table 79 

MOLAR VOLUMES OF SATURATED FATTY ACIDS® 

Acid 
at 20®C. at 80®C. 

Exptl. Calcd. Exptl. Calcd. 

Formic 37.71 40.51 • • • 

Acetic 57.21 57.40 61.11 63.38 
Propionic 74.55 74.29 79.68 80.63 
Butyric 91.93 gl.l8 97.95 97.88 
Valeric 108.69 108.07 115.33 115.13 
Caproic 125.04 124.96 132.67 132.38 
Heptanoic 141.89 141.85 150.07 149.63 
Caprylic 158.57 158.74 167.30 166.88 
Nonanoic 174.53 175.63 184.50 184.13 
Capric 201.80 201.38 
Undecanoic 218.90 218.63 
Laurie 236.29 235.88 
Tridecanoic 253.27 253.13 
Myristic 270.41 270.38 
Pentadecanoic 287.61 287.63 
Palmitic / 304.56 304.88 
Margaric 321.90 322.13 
Stearic 338.85 339.38 

* A, Dorinson, M. R. McCorkle, and A. W. Ralston^ J. Am. Chem. Soc.^ 64, 2739-2741 
(1942). 

Using the values for the densities of the fatty acids given in Table 77, 
and additional values found in the literature, Dorinson, McCorkle, and 
Ralston calculated, by means of an empirical equation, the molar volumes 
at 20° and 80°C. for the normal fatty acids from formic to stearic. The 
calculations were predicated on the fact that the densities of the saturated 
fatty acids are linear functions of the temperature. 

The calculated and experimental values for the molar volumes of the 
saturated fatty acids according to Dorinson et al are given in Table 79. 
These authors found that at 20°C, the molar volumes of the acids from ace¬ 
tic to pelargonic (nonanoic) could be expressed by the equation Vm =» 
16.89 n + 23.62, where n is the number of carbon atoms in the chain; and 
at 80°C. the molar volumes of the acids from butyric to stearic could be 
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expressed by the equation Vm = 17.25 n + 28.88. Only the first three 
acids of the series deviated appreciably from linearity as expressed by the 
latter equation. 

(c) Specific Gravities^ Densities^ and Molar Volumes of Unsaturated Adds 
and Esters 

As in the case of most other properties of the unsaturated fatty acids, few 
data are available with respect to the specific gravity, density, and molar 
volume of these compounds. Values for the specific gravity of a few un¬ 
saturated acids and esters are assembled in Table 80. 

Table 80 

SPECIFIC GRAVITIES OF SOME UNSATURATED ACIDS AND ESTERS® 

Acid Methyl ester Ethyl ester 

Petroselinic 0.868“ 
Oleic 0.89.V" 
Erucic 0.860"' 0.870 0.865 
Linoleic 0.903 I 0.8846;“, 0.8776f 
Linolenic 0.914 0.8959;“, 0.8890;‘ 

“ The superscripts refer to the temperatures at which the detenninations were made 
and the subscripts refer to the temperatures of comparison substancc^s; where no sub- 
and sui)erscripts are given the values are for 20“/4°(\ 

Table 81 

DENSITIES OF OLEIC ACID AND ALKJi'L OLEATES® 

Temperature, 
“C. 

Oleic 
acid 

Methyl 
oleate 

Ethyl \ 
oleate ^ 

Propyl 
oleate 

Butyl 
oleate 

15 0.8939 0.8774 0.8724 0.8708 0.8704 
20 0.8905 0.8738 0.8687 0.8673 0.8669 
25 0.8870 0.8702 0.8651 0.8637 0.8634 
30 0.8835 0.8666 0 8613 0.8601 0.8599 
60 0.8634 0.8450 ' 0.8400 0.8389- 0.8390 
90 0.8429 0.8234 0.8183 0.8175 0.8178 

« L. Keffler and J. H- McU^an, J. Soc. Chem. Ind., 54, 178-18CT (1935). 

The most extensive and painstaking investigation of the densities of oleic 
acid and its methyl, ethyl, propyl, and butyl esters was made by Keffler 
and McLean.^ Highly purified oleic acid and alcohols were used in the 
preparation of the esters and measurements were made over a tempera¬ 
ture range from 15® to 90®C. as indicated in Table 81. On the basis of the 
values of the densities for the temperature range 30° to 90°C., the calcu¬ 
lated temperature coefficients of density were found to be: oleic acid 

' L. Keffler and J. H. McLean, J. Soc. Chem. Ind., 54,178-186T (1936). 
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0.00068, methyl oleate 0.00072, propyl oleate 0.00071, and butyl oleate 
0.00070. 

Keffler and McLean, using the density values in Table 81, calculated the 
molar volumes and increments in molar volume of oleic acid and the alkyl 
oleates, corresponding to temperatures of 30^, 60°, and 90°C. as shown in 
Table 82. 

Table 82 

MOLAR VOLUMES AND INCREMENTS IN MOLAR VOLUMES FOR OLEIC ACID 

AND ALKYL OLEATES® 

Compound 
Molar 

volume at 
.S()°C. 

Incre¬ 
ment 

Molar 
volume at Incre¬ 

ment 
Molar 

volume at 
OO^C. 

Incre¬ 
ment 

Oleic acid 319.5 
1 

326 9 334.9 
Methyl oleate 341.9 22.4 350.6 23.7 359.8 24.9 
Ethyl oleate 360.3 18.4 369.4 18.8 379.2 19.4 
Propyl oleate 377.1 16.8 386.6 17.2 396.7 17.5 
Butyl oleate 393.5 16.4 403.3 16.7 413.7 17.0 

“ L. Keffler and J. H. McLean, J. Soc. Chem. Ind., 54, 178~185T (1935). 

(d) Dilation of Fatty Aci(h 

As has been previously mentioned, all substances undergo a change in 
volume on heating, the magnitude of which is generally determined by 
measurement of the density of the substance at various temperatures. It is 
difficult and, in many cases, impossible to follow changes in density by direct 
measurement over a wide range of temperatures, but such changes can be 
determined with comparative ease and simplicity by means of the dilatom- 
eter. Furthermore, the use of a dilatometer permits continuous observa¬ 
tion or measurement of the change in volume of a substance in both the 
solid and liquid states, and, in addition, reveals other useful information, 
such as changes from one polymorphic form to another, or from solid to 
liquid. The melting point can be very accurately determined by use of the 
dilatometer and in the case of fats is the only method by which this can be 
done with a high degree of accuracy. 

In principle the dilatometer is not unlike a thermometer and consists 
essentially of a reservoir, which is filled with the substance whose change 
in volume it is desired to measure and a confining liquid, attached to a IT- 
shaped capillary graduated or otherwise provided with a means of ob- 
.serving the change of volume as a function of change in temperature of the 
system. 

Various types of dilatometers and the methods of applying them in 
investigations of fatty acids and natural fats have been described by 
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Normann,® van Roon,® Jensen/ Reinders, Doppler, and Oberg,* Coffey 
and Spannuth,® Hofgaard,^® and Bailey and co-workers. 

The Dilatometer.—Although not as yet applied to the measurement of 
the dilation of fatty acids, the dilatometers described by Bailey and 

dilatometer. ^ ^ t3rpe B or gravimetric type. ‘ ^ 

Kraemer^^ represent improvements in construction over those used by 
Normann,® Hofgaard,^® and others, and they are described here in prefer- 

• W. Normann, Chetn. Umschau Fette Ole Wachse Harze^ 38,17-22 (1931). 
• J. D. van Roon, Chem. Weekblad, 27, 498-502 (1930). 
^ H. R. Jensen, The Chemistry^ Flavouring and Manufacture of Chocolate Confectionery 

and Cocoa, Blakiston, Philadelphia, 1931. 
• W. Reinders, C. L. Doppler, and E. L. Oberg, Rec. trav. chim,, 51, 917-939 (1932). 
» C. A. Coffey and H. T. S^nnuth, Ot7 d Soap, 17,41-42 (1940). 

K. Hofgaard, IHlatornetriske Fedtstof-Unaersf^gelaer, Dissertation, Danmarks 
Tekniske. H0j8kole. G. E. C. Gad Forlag, Copenhagen, 1938. 

“ A. E. Bailey and E. A. Kraemer, Oil <fc Soap, 21, 251-253 (1944). 
E. A. Kraemer and A. E. Bailey, Oil & Soap, 21, 254-256 (1944). 
A. E. B^ey and W. 8. Singleton, Oil & Soap, 22,265-271 U945). 
W. S. Singleton and A. £. Bailey, Oil & Soap, 22,2^299 (1945). 
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ence to older types. The dilatometers of Bailey and Kraemer are of two 
types, the constructions of which are illustrated in Figures 60 and 61. 

Type A (Fig. 60) is of the usual volumetric variety, not essentially dif¬ 
ferent from that first described by Normann. Its novel features consist of 
the introduction of a ground-glass joint between the bulb and the side arm, 
to facilitate filling and cleaning, and the provision of a scale of new design. 
The scale is made from a section of a 50-ml. burette, and is attached per¬ 
manently to the side arm. The capillary must of course be calibrated. 
In this dilatometer water is usually employed as the confining liquid, 
although mercury may also be used. It is useful chiefly for the examina¬ 
tion of fats of relatively low melting points, in cases where extreme accu¬ 
racy in the measurements is not required. 

In filling this dilatometer, complete displacement of air is effected by 
permitting the confining fluid to enter through the side arm and force a 
small portion of the sample out through the stopcock. The weight of the 
fat actually retained in this bulb is determined at the conclusion of the 
experiment by washing out the interior of the bulb through the ground- 
glass joint, weighing the bulb plus the fat retained in the outlet tube and 
stopcock bore, and subtracting the weight of this fat from the weight of the 
original sample. The weight of the confining fluid must also be determined, 
so that the total observed expansion can be properly distributed between 
sample and confining fluid. 

Dilatometer B (Fig. 61) is of the gravimetric type, and may be con¬ 
sidered a modification of the instrument described by Burlew.^*" In this 
dilatometer mercury is used as the confining liquid; the mercury thread in 
the capillary side arm communicates with a reservoir of mercury in the 
small flask, F. Volume changes in the fat cause mercury to be expelled 
into the reservoir or withdrawn therefrom. Readings are made by de¬ 
taching and weighing the flask and its contents. In the event of formation 
of an air bubble in the capillary as a result of detaching the flask for weigh¬ 
ing, the bubble may be eliminated by raising the dilatometer from the bath 
a sufficient distance to expose expansion bulb E, and by gently warming the 
bulb. 

After the sample is placed in the bulb, the side arm is sealed on by fusion. 
The filling device illustrated in Figure 61 is provided for filling the dilatom¬ 
eter with mercury. The dilatometer containing the sample is connected 
to the filling device by means of the ground-glass joint provided for the 
purpose, and the sample is melted and degassed under vacuum. The as¬ 
sembly of dilatometer and filling device is then tilted, to bring the mercury 
in the latter over the tip of the capillary, and the stopcock is turned to shut 
off the vacuum and admit air which forces mercury into the dilatometer. 

“ J. S. Burlew, J, Am, Chem, Soe,, 62,690-695 (1940). 
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Manipulation of the assembly is simplified if the fat is chilled until pasty 
before the mercury is admitted to the system. A high vacuum should be 
employed, to completely eliminate air bubbles in the bulb. 

Before the reservoir flask is attached, lubricant should be removed from 
the male joint on the end of the capillary, to insure constant weight of the 
flask and to permit the joint to pass sufficient air to avoid building up 
pressure in the flask as the mercury expands. 

This latter type of dilatometer is recommended for all precise work, and 
particularly for use with highly saturated fats, which must be carried to 
relatively high temperatures, and which are inclined to undergo very slow 
polymorphic transformations. Since the instrument is sealed to form one 
solid, all-glass apparatus the possibility of leakage is eliminated. Ordi¬ 
narily mercury can be weighed with greater accuracy than its volume can be 
measured; hence smaller volume changes can be detected with this dilatom¬ 
eter than witii those of the usual type. The use of mercury as the con¬ 
fining fluid eliminates slight inaccuracies due to the appreciable solubility 
of w^ater in fats. 

Method of Determining the Expansion of Fatty Acids.—The dilatom¬ 
eter has found increasing application in the investigation of fats and fat 
products, especially in the past few- years, but it has found little applica¬ 
tion in the examination of the fatty acids and none at all in the case of the 
monoesters. Normann^ appears to be one of the first to apply dilatometry 
to the investigation of the expansibility of fats and oils and their derived 
fatty acids. He used a simple type of dilatometer consisting of a calibrated 
cylinder of approximately 15 ml. capacity, closed with a ground-glass stop¬ 
per, and having attached at the lowest point, a vertical, graduated capillary 
side arm which was closed at the upper end with a rubber bulb from a 
dropping bottle. 

In using the dilatometer in investigating the expansibility of fatty acids 
it w'as weighed, filled with boiled water to the desired point, i, e., to a point 
one-third to two-thirds the height of the anticipated maximum expansion, 
and then weighed again. It w^as then warmed and while warm filled with 
melted, air-free fatty acid, and then closed, cooled, and weighed again. 
The filled dilatometer was placed in a thermostatically controlled water 
bath and allowed to remain 15 to 20 minutes, after which the temperature 
and height of the water in the capillary were read. The temperature of the 
bath was raised by increments, and after 20 minutes the temperature and 
capillary height w'ere again recorded. This sequence of operations was 
repeated throughout the desired temperature range, and up to approxi¬ 
mately 10°C. above the melting point of the fatty acids. 

The calculations were made from the known weights of the dilatometer, 
water, and fat. Since the expansion of water per gram per degree rise in 
temperature w^as known, the total expansion of the contents of the dilatom- 
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eter was read on the graduated capillary, and from these data the ex¬ 
pansion due to the fatty acid was calculated. From these values the ex¬ 
pansions per gram, or per one hundred grams of fatty acid were calculated 
and the results plotted in the form of graphs. As pointed out by Normann, 
these values represent apparent expansions in glass and are related to the 
original volume rather than the original weight of the fatty acid. By mak¬ 
ing use of the specific gravity of the acid, the specific volume expansions 
could be calculated, but these too are apparent values in glass and not 
absolute values. 

Normann determined the expansibility over a limited temperature range, 
and the melting dilation of stearic and elaidic acids by the method and 
apparatus just described. The results are reproduced in Table 83 and 
graphically in Figure 62. It is evident from the curves in Figure 62 that 
the melting point of the sample of elaidic acid used by Normann is rela¬ 
tively sharp wdiile that of the stearic acid is anything but sharp, thus in¬ 
dicating the effect of impurities in the commercial acid used in making these 
measurements. Also, it may be noted that the expansion of elaidic acid 
between 17® and 30°C. is practically zero which is probably due to the 
balancing of two thermal changes. 

Table 83 

RELATIVE EXPANSIONS OP STEARIC AND ELAIDIC ACIDS BY THE NORMANN 

DILATOMETER METHOD® 

Stearic acid (m.p. 68-70°C.) 1 Elaidic acid (m.p. 44^*0.) 

Temperature, Relative Temperature, Relative 
"C. expansion °C. expansion 

48.2 16.9 
52.3 465 20.7 0.0 
57.3 1155 27.5 54 
59.8 1455 32.7 181 
62.2 1956 37.2 435 
64.4 3100 41.0 1030 
67.3 3705 43.9 6490 
71.8 15450 46.4 15540 
75.3 16650 49.0 15800 
78.1 17280 52.2 16150 
81.2 17550 55.6 16500 

60 0 16950 

® W. Normann, Chem. Umschau Fette Cle Wachse Harze, 38, 17-22 (1931). 

Normann also determined the expansion of oleic acid over a series of 
temperature ranges, namely, 20® to 72®C., 0° to 15.5®, 0® to 77®, —21® to 
81® and —12® to 39.0®. When these data were plotted in graphic form, it 
was found that all of the curves were parallel above 20®C. but below this 
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temperature the various samples appeared to behave anomalously and it 
was, therefore, concluded that the oleic acid used was impure. Although the 
sample of oleic acid was probably impure as stated by Normann, neverthe¬ 
less part of the apparent anomaly was due in the lower temperature region 
to unrecognized transitions from one polymorphic form to another. It is 
now known^®“^^ that the prior history of the sample is an all-important 

consideration in interpreting the 
results of dilatometric measure¬ 
ments. Normann recognized this 
to some extent in the observation 
that the original temperature in the 
solid state affected the subsequent 
expansion, and he recommended 
that, in the examination of com¬ 
mercial fats, they all be brought 
to an arbitrary minimum tempera¬ 
ture of 20°C. However, this tem¬ 
perature is well above many of the 
transitions occurring in various fats, 
fatty acids, and fatty acid deriva¬ 
tives, consequently these materials 
must be cooled to relatively low 
temperatures and tempered to pro¬ 
duce the most stable modification. 
Unfortunately, the more refined 

methods of dilatometry described by Hofgaard^® and Bailey and co- 
workers^^“^* have not yet been applied to the measurement of the dilation 
of fatty acids and monoesters. 

Fjg. 62. Expansibility and melting 
dilation of stearic and elaidic acids ac< 
cording to Normann.* 

3. Viscosity 

According to Bridgman^® viscosity is perhaps the most significant non- 
thermodynamic property of a liquid, and this is certainly true of the fatty 
acids, esters, and natural fats. This property is especially important wher¬ 
ever movement through or by these substances occurs in the liquid state. 

A liquid offers no permanent resistance to forces tending to change its 
shape, yielding steadily to the slightest deforming force. However, different 
liquids yield at different rates or offer different resistances to deformation. 
This resistance is termed internal friction or viscodty. Some liquids, like 
glycerol or oleic acid, flow much more slowly down an inclined plane or 
tube than does water. Such flow consists in a continuous change in shape 
of each part of the liquid. 

P. W, Bridgman, Proc, Am, Acad, ArUSci,, 61,57-99 (1926). 
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In flow down an inclined plane, the motion is greater near the surface 
than at the bottom; heiice a shearing stress is created; and the ratio of 
this shearing stress to the rate of shear is a constant for a given liquid, but 
differs for different liquids. The constant ratio of the shearing stress in a 
liquid to its rate of shear is called the coefficient of viscosity. In other words, 
if a fluid is flowing in a plane ah with a velocity v it exerts on an adjacent 
plane a tangential drag equal to ni^v/dx) per unit of area, rj is called the 
viscosity f coefficient of viscosity ^ or coefficient of internal friction. 

The unit used to express viscosity is denoted a poise. If the tangential 
force per unit area, which one layer of a fluid exerts on an adjacent one, is 
one dyne when the space rate of variation of the tangential velocity from 
layer to layer is unity, the viscosity of the fluid is one poise, or 1.00 g. per 
cm. per second. The 1/100th part of this unit, or the centipoise (0.01 
poise = 1 centipoise), is quite often used in practice. The absolute viscos¬ 
ity of Water at 20.20°C. is 1.000 centipoise, and at 20°C. is 1.0050 centi¬ 
poise. Reference is also often made to kinematic viscosity which is the 
ratio of the viscosity in poises to the density of a fluid in grams per cubic 
centimeter. 

Various methods have been devised for measuring both absolute and 
relative viscosities. The most common of these methods involves the meas¬ 
urement of flow through a tube of very small bore. With colloidal solutions 
the method of the falling sphere is preferable. Descriptions of the various 
methods and viscometers used in determining viscosity are given by Reilly 
and Rae. Cannon and Fenske^® devised a modified viscosity pipette which 
permits the determination of kinematic viscosity with a high degree of pre¬ 
cision. 

Perhaps the best instrument available for accurately determining the 
absolute viscosity of liquids over a wide range (0.65 to 100,000 centipoises) 
at temperatures up to 50°C. is the Hoeppler viscometer, which has been 
adopted by the International Standards Committee on Viscosimetry.* 
Bingham and Jackson^® have described in detail methods for standardizing 
viscometers and the preparation of standard reference liquids. 

(a) Viscosities of the Saturated Fatty Acids 

The investigation of the relations between viscosity of liquids and their 
chemical nature by Thorpe and co-workers®® is classical in scope and 
thoroughness. These workers included in their investigation the low^er 

J. Reilly and W. N. Rae, Physico-chemical Methods. 3rd ed., 2 vole., Van Nostrand, 
New York, 1940. 

M. R. Cannon and M. R. Fenske, Ind. Eng. Chem., Anal. Ed., 10, 297-301 (1938); 
13, 299-300 (1941). 

£. C. Bingham and R. F. Jackson, BuU. Nail. Bur. Standards, 14, 59-86 (1918). 
T. E. Thorpe and J. W. Rodger, Phil. Trans. Roy. Soc. London, A185, 397-710 

(1894); A189, 71-107 (1896). 
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members of the aliphatic series of acids and most of their analogs, including 
the corresponding anhydrides, alcohols, ethers, monoesters, hydrocarbons, 
and halides. The viscosities of these compounds were generally determined 
over their entire liquid range and the data reported in both tabular and 
graphic form, together with the calculated values for the molecular viscosity 
workj i. e.f viscosity times the specific molecular volume of the liquid. 
Unfortunately, the series of acids was restricted to the first four members 
as indicated by the data reproduced in Table 84 which gives the coefficients 
of viscosity in dynes per sq. cm. as a function of temperature in °C. Deter¬ 
minations of the viscosities of the remainder of the fatty acid series up to 
and including stearic acid w^ere reported by Dunstan and co-workers, 
but the temperature range was relatively narrow, generally from the point 
of liquefaction to about 95°C. A similar series of viscosity measurements 
was reported by Gartenmeister^^ for the acids from acetic to caprylic. 

Table 84 

VISCOSITIES IN DYNES PER SQUARE CENTIMETER OF FIRST FOUR MEMBERS 

OF FATTY ACID SERIES® 

Tempera¬ 
ture, ®C. 

Formic 
acid 

Acetic 
acid 

Propionic 
acid 

Butyric 
acid 

0 SoUd Solid 0.01519 0.02284 
10 0.02245 Solid 0.01286 0.01849 

, 20 0.01782 0.01219 0.01099 0.01538 
30 0.01457 0.01036 0.00956 0.01301 
40 0.012155 0.00901 0.00841 0.011175 
50 0.010315 0.00791 0.00747 0.009715 
60 0.00887 0.00700 0.006685 0.008535 
70 0.00775 0.00625 0.006015 0.00756 
80 0.00682 0.00560 0.005445 0.00674 
90 , 0.00606 0.00505 0.00495 0.006045 

100 0.00542 0.004575 0.00452 0.00545 
no 0.004165 0.004135 0.00494 
120 i 0.003795 0.004495 
130 f 0.003495 0.00409 
140 0.003215 0.00374 
150 0.00343 
160 0.00314 

® T. E. Thorpe and J. W. Rodger, Phil. Trans. Roy. Soc. London, A185, 397-710 
(1894); A189, 71-107 (1896). 

Owing to the differences in solidification points it is not possible to com¬ 
pare the viscosities of an extended series of fatty acids at temperatures be- 

A. E. Dunstan, T. P. Hilditch, and F. B. Thole, J. Chem. Soc., 103,133-144 (1913). 
“ A. E. Dunstan, F. B. Thole, and P. Benson, J. Chem. Soc., 105, 782-795 (1914). 

A. E. Dunstan, J. Chem. Soc., 107, 667-672 (1915). 
** R. Grartenmeister, Z. physik. Chem., 6, 524-551 (1890). 
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low 70°C. Comparisons at several selected temperatures are made in 
Table 85 and graphically over an extended temperature range in Figure 63. 
Comparison of the data in Table 84 for acetic, propionic, and butyr*c acids 
would indicate that viscosity was an alternating property of the fatty 
acids, but no alternation is evident in the temperature-viscosity curves of 
Figure 63 for the acids from Ce to Cg. 

Table 85 

VISCOSITIES OF SATURATED FATTY ACIDS AT SEVERAL SELECTED 

TEMPERATURES® 

Acid Temperature, ®C. Viscosity, 
centipoises^ 

Formic 20.0 1.782 
Acetic 20.0 1.219 (1.234) 
Propionic 20.0 1.099 (1.109) 
Butyric 20.0 1.538 (1.599) 
Valeric 20.0 2.30 (2.23) 
Caproic 20.0 3.23 (3.19) 
Heptanoic 20.0 4.33 (4.35) 
(^aprylic 20.0 (50.0) 5.74 (2.62) 
Nonanoic 20.0 (50.0) 8.08 (3.79) 
Capric 50.0 (70.0) 4.34 (2.88) 
Undocanoic 50.0 7.30 
Laurie 50.0 (70.0) 7.3 (4.43) 
Myristic 70.0 5.83 (6.76) 
Palmitic 70.0 7.8 
Stearic 70.0 9.87 (9.4) 

“ Water at 20.20 °C, = 1.000 centipoises. 
Where two values are reported for only one temperature, both appear equally credit¬ 

able. 

From Figure 63 it is seen that the viscosity decreases with increased 
temperature but the change is not linear. However, it has been shown 
by Dunstan, Hilditch, and Thole, and later confirmed by Dunstan, Thole, 
and Benson22 and by Dunstan, that the curves connecting the logarithms 
of the viscosities with molecular weights are approximately linear for the 
normal fatty acids and the methyl, ethyl, and certain other alkyl esters 
This linearity does not appear to hold for the first two acids (formic and 
acetic) of the series. The curves also depart considerably from strict linear¬ 
ity at the upper end of the series. This departure in the linear relationship 
may be the result of differences in association of the various liquids at the 
particular temperatures at which their viscosities were measured, 

Dunstan®* observed that the series of fatty acids presented several 
marked peculiarities. The viscosities of formic and acetic acids are much 
higher relatively than those of the succeeding members, formic acid being 
more viscous than acetic acid. The average value of the homologous incre- 
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ment throughout the series was found to be considerably in excess of that 
obtaining in such series as the esters, ethers, paraflins, and ketones, where 
agreement between the various CH2 group differences is relatively good. 

(6) Viscosities of Alkyl Esters of Saturated Acids 

Data with reference to the viscosities of the methyl and ethyl esters of 
the saturated fatty acids are considerably less extensive than for the 
corresponding acids. Except for the first three members2°* most of the 

Fig. 63. Temperature-viscosity relationships for the saturated fatty 
acids from Ce to Cig. 

determinations have been reported for single temperatures, and the series is 
relatively incomplete, as is evident by reference to Table 86. Dunstan, 
Thole, and Benson^* determined the viscosities of a number of the fatty 
acid esters of the higher alcohols, and more recently Gill and Dexter^® 
prepared the methyl, ethyl, propyl, butyl, and amyl esters of the acids from 
acetic to caproic and determined their viscosities at 25°C. The latter 
authors plotted the logarithms of the viscosities in poises against the 
number of carbon atoms in the ester and found the points were scattered 
about a straight fine, but it is difficult to conclude anything of significance 
from the plot of these data. 

It has been observed that, in general, a decrease in viscosity of fatty 
acids and esters accompanies an increase in temperature, and that this 
decrease becomes continuously smaller, the higher the temperature. The 
influence of temperature is greatest in those substances having the greatest 
viscosity. 

» A. H. Gill and F. P. Dexter, Jr., Jnd. Eng, Chem,, 26,881 (1934). 
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Table 86 

VISCOSITY OF METHYL AND ETHYL ESTERS OF SATURATED FATTY ACIDS 

Acid 
Methyl ester Ethyl ester 

Temp., 
»C. 

Viscosity, 
centipoises 

Temp., 
°C. 

Viscosity, 
centipoises 

Formic 20 0.367 20 0.413 
Acetic 20 0.383 20 0.452 
Propionic 20 0.461 20 0.536 
Butyric 20.38 0.572 20 0.666 
Valeric 20 0.711 20 0.836 
Heptanoic 25 1.11 
Caprylic 25 1.26 25 1.38 
Nonanoic 25 1.69 
Laurie 2,') 3.08 25 3.08 
Palmitic 25 5.76 
Stearic 50 3.75 

(c) Viscosities of Unsaturated Adds and Esters 

Data relative to the viscosity behavior of the unsaturated aliphatic 
acids and esters are almost nonexistent. Oleic acid and its geometrical 
isomer, elaidic acid, are the only long chain unsaturated acids which have 
received any appreciable attention. Such data as are available are due 
almost entirely to Thole^® and to Keffler and McLean. 

Thole^s work on the unsaturated acids and esters was confined to the 
determination of the viscosities of oleic and elaidic acids, and the corre¬ 
sponding ethyl esters, in amyl acetate solution and at only one temperature, 
namely 24.70®C. Keffler and McLean determined the viscosity of relatively 
pure oleic acid over the temperature range 20° to 90°C., using a specially 
designed quartz viscometer of the capillary-flow type. These authors also 
prepared a series of n-alkyl oleates and determined the viscosities at 30°, 
60°, and 90°C. The values for the density, viscosity, and fluidity for oleic 
acid and its esters obtained by Keffler and McLean are reproduced in 
Tables 87 and 88. 

The logarithms of the viscosities of the alkyl oleates were plotted by 
Keffler and McLean against the number of carbon atoms in the chain but, 
unlike the normal saturated acid esters investigated by Thole,*® no simple 
linear relationship was noted. The fluidities of the esters of oleic acid were 
observed to be about four times as great as that of the acid, which fact 
the authors attributed to the very high molecular association of oleic acid. 
The fluidity of the esters increased about threefold over the temperature 

w F. B. Thole, J, Chem. iSoc., 101, 552-558 (1912). 
L. Keffler and J. li. McLean, J. Soc. Chem, Ind., 54,178-185T (1935). 
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range 30® to 90®C., compared to a fivefold increase for the acid. The 
fluidity of the esters appeared to decrease with increasing molecular weight 
although the increment per CH2 group varied from one pair to another. 

Table 87 

VISCOSITY OF OLEIC ACID® 

Temp., 
^C. 

Flow time, 
sec. 

Density, 

di 
Viscosity, 

poises 
Fluidity, 

rhes 

20 1313 0,8906 0.3880 2.96 
25 1078 0.8870 0.2764 3.62 
30 901 0.8836 0.2301 4.35 
35 765 0.8802'' 0.1946 1 5.14 
45 558 0.8735'» 0.1408 7.10 
60 377 0.8634 0.0941 10.63 
90 199 0.8429 0.0485 20.63 

® L. Keffler and J. H. McLean, J. Soc. Chem. Ind.^ 54, 178-185T (1935). 
** Interpolated. 

Table 88 

VISCOSITIES OF n-ALKYL OLEATES® 

Ester Iodine Temp., Flow Density, Viscosity, Fluidity, 
value ®C. time, sec. d[ poises 

1 
rhes 

Methyl 

00 30 149.9 0.8666 0.0488 20 5 
60 107.1 0.84^50'' 0.0262 38.2 

i 90 68.8 0.8234'^ 0.0164 61.1 
P^thyl 81.7 30 208.0 0.8622 0.0518 19.3 

60 113.7 0.8409 0.0276 36.2 
90 72.2 0.8192 0.0171 58.5 

Propyl 77.9 30 235.8 0.8601 0.0586 17.1 
60 126.3 0.8389 0.0306 32.7 
90 79.0 0.8175 0.0187 53.6 

Butyl 74.4 30 261.1 0.8599 0.0649 15.4 
60 137.8 0.8390 0.0334 29.9 
90 87.5 0.8178 0.0207 48.4 

« L. Keffler and J. H. Mclxjan, J. Soc. Chem. Ind., 54,178-185T (1935). 
* Interpolated. 

Effect of Pressure on the Viscosity of Oleic Acid.—The effect of pres¬ 
sure on the viscosity of many liquids was determined by Bridgman,^® 
who included oleic acid among the liquids investigated. The oleic acid 
used in this work was obtained from a chemical supply house and was 
used without further purification. The viscosity was measured at several 
pressures and at two temperatures, namely, 30® and 75®C. The results, 
expressed as logarithms of the relative viscosities as functions of pressure 
and temperature, and with the viscosity at 30®C. and atmospheric pres- 

P. W. Bridgman, Proc. Natl. Acad. Sci. U. S., 11, 603-606 (1925); Proc. Am. Acad. 
Arts Sci., 61, 57-99 (1926). 
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Table 89 

EFFECT OF PRESSURE ON VISCOSITY OP OLEIC ACID® 

Pressure, 
kg,/8q. cm. 

loKlO 

so^c. i 75®C. 

1 0.000 9.419 3.811 
500 1 0.306 9.671 4.315 

1000 j 0.616 9.989 4.236 
2000 0.255 
4000 0.843 

« P. W. Bridgman, Proc, Nail. Acad. Sci. U. S., 11, 603-606 (1923); Proc. Am. Acad, 
Arts Sci., 61, 57-99 (1926). 

sure as unity, are given in Table 89. Bridgman used the logarithm of the 
viscosity instead of the viscosity itself because the variation with pressure 
was very rapid, and the curve of viscosity against pressure exhibited rapidly 
varying curvature, whereas the curve of the logarithm of viscosity against 
pressure was found to approach a straight line at high pressures and was 
not too mucli curved at low pres¬ 
sures. Like practically all liquids, 
except water, the viscosity of oleic 
acid increases with increasing pres¬ 
sure. At low pressures, the viscosity 
increases linearly with pressure, but 
beyond a pressure of the order of 
1000 kg. the rate of increase rapidly 
increases. Under the influence of 
increasing pressure, oleic acid solidi¬ 
fies at 30°C. between 100 and 1600 
kg. per sq. cm., and at 75°C. it 
melts below 5000 kg. per sq. cm. 

(d) Specific Viscosity 

Staudinger^ introduced the term 
specific viscosityj risp.y which he de¬ 
fined as the increase in viscosity pro¬ 
duced in a solvent by dissolving a 
unit quantity of a substance in a 
unit volume of solvent. He related 
the specific viscosity to the carbon 
chain length by the expression rt^p /c 
of a primary molal solution (1.4% 

Fig. 64. Relation between specific 
viscosity (in 1.4% solutions of carbon 
tetrachloride) to carbon chain length** 
of (1) n-fatty acids in pyridine, (2) 
n-fatty acids, (3) esters of n-fatty acids, 
(4) w-paraffins, and (5) n-alcohols. 

== KLy where c is the concentration 
= CH2/IOOO), K a constant, and L 

the length in angstrom units of the carbon ctain of the compound. 

*• H. Staudinger, Die hochmolekularen organischen Verbindungen, 
1932. 

Springer, Berlin, 
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For example, in the case of normal organic compounds such as the 
aliphatic acids and esters, the specific viscosity of a molal solution may be 
expressed as itsv. (1-4%) = wy + a?, where n is the number of carbon atoms 
in the chain, y the viscosity of a single carbon atom, and x that of oxygen. 
For many compounds y is approximately constant. The linearity of the 
specific viscosity as a function of carbon chain length of the fatty acids and 
other homologous aliphatic series is evident from Figure 64 which is re¬ 
produced from Staudinger^s work.^ From the plot of the specific viscosity 
against the carbon chain length of the various homologous series shown in 
Figure 64, the values of x for each series can be determined from intercepts 
on the rispjc axis. 

4. Surface and Interfacial Tension 

Between particles of a liquid, as in solids, there are attractive forces 
which keep the liquid together, and these forces must be overcome by ex¬ 
ternal forces if the particles are to be separated. These forces are molecular 
in nature and are exerted over only very short distances. The evaporation 
of a liquid entails overcoming these molecularly attractive forces and the 
heat required for evaporation is a measure of the strength of the force. 

To demonstrate directly the existence of the molecular attractive force 
of a liquid is very difficult, but the order of magnitude of these forces can 
be observed by a simple experiment. If a glass tube is completely filled 
with water at an elevated temperature and then sealed, it will be found on 
cooling that the water will continue to fill the tube even after it is cooled to 
a low temperature. The w^ater will not contract until it has exerted a ten¬ 
sile force of about 73 lbs. per sq. in. on the walls of the tube. 

These molecular forces within the body of a liquid produce certain re¬ 
markable effects at the surface of the liquid. For example, the surface of a 
liquid tends to contract to the smallest admissible area. The ultimate 
contraction results in the production of a sphere, because a sphere presents 
the least surface area for a given volume. The tendency to assume a 
spherical surface is observed in the formation of raindrops, liquid lead fall¬ 
ing from a shot tower, the rounding of a rod of glass or sealing wax when 
heated, soap bubbles, etc., and this tendency to form a surface of minimum 
area is a manifestation of the phenomenon of surface tension. 

Many analogies have been used to illustrate the phenomenon of surface 
tension. One of the simplest is the consideration of a particle. A, in the 
body of the liquid at some distance below the surface. This particle may 
be considered as being in the center of a sphere of force produced by the 
attractive force of all the surrounding particles If a second particle, J5, is 
situated at or very close to the surface, it too is subject to a sphere of force 
which is, however, not uniform since the particle is more strongly attracted 
by the force due to surrounding liquid than it is to the vapor above it. 
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It will, therefore, be attracted inward more than outward. To take a 
particle from position A to position B requires that work be done against 
this inward attraction. 

When the surface of a liquid is increased, for example in stretching a 
soap film, more particles are drawn to the surface; hence work is done by 
the stretching force and an opposing force is overcome. The required 
stretching force is parallel to the surface and the liquid exerts an opposing 
or contractile force parallel to the plane of the surface and this force is 
known as surface tension. Although the field of force giving rise to surface 
tension is actually downward, it is defined and expressed mathematically 
as a force parallel to the surface. Thus, surface tension is defined as the 
force in dynes per unit length (1 cm.) of surface of liquid in a direction 
parallel to the surface. 

The tension produced at the surface of a liquid in contact only with 
vapors of the liquid phase, or with air, or an inert gas such as nitrogen, is 
referred to as surface tension^ whereas the tension at the interfacial surface 
of a solid-liquid system or a liquid-liquid system is referred to as inter- 
facial tension. Strictly speaking, surface tension should refer only to a 
liquid-vapor interface containing only one component. 

The surface tension and the interfacial tension of liquids have within 
recent years become of importance in the control and development of in¬ 
dustrial processes. By means of surface tension measurements small 
changes in the concentration of impurities may be detected during the 
refining of petroleum. The effect of oxidation on lubricating oils is readily 
detected by changes in the surface tension. Likewise, the presence of very 
small amounts of alkali soaps remaining in vegetable oils after refining 
may be detected by surface tension measurements. This property is also 
of importance in the application of vegetable oils in the tinning of sheet 
steel to produce tin plate and in other industrial operations involving emul¬ 
sification, miscibility, solubility, and absorption phenomena. 

(a) Measurement of Surface Tension 

The three most common methods generally used in measuring the sur¬ 
face tension of liquids are (f) the capillary-height method, {2) the drop- 
weight method, and {3) the method of maximum pull on a ring. These 
methods are described in standard textbooks and manuals on physical 
chemistry. Of the three methods the drop-weight method is probably the 
most precise, since it gives results accurate to 0.1% at a water interface 
and about 1.0% at a mercury interface. 

Although possibly somewhat less accurate, the method of maximum 
pull on a ring is most commonly used and is especially applicable to the 
measurement of the surface tension of fats and oils and their derived prod- 
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nets. The application by du Noiiy,^ of the Rockefeller Institute for Medical 
Research, of the torsion balance to the ring method of determining surface 
and interfacial tension has simplified the method and increased the rapidity 
>\^ith which measurements can be made. With the best du Noiiy instru¬ 
ment, surface tension measurements of fats and oils can be made with a 
precision in good agreement with those obtained by the capillary-rise 
method and with a reproducibility of the order of 0.05 dyne. Both upward 

and downw^ard interfacial measure¬ 
ments, as w^ell as surface tensions, 
can be made with the same instru¬ 
ment. 

The du Noiiy tensiometer, illus¬ 
trated in Figure 65, consists of a sen¬ 
sitive torsion balance which applies 
a slowly increasing force to an ac¬ 
curately constructed platinum-irid¬ 
ium ring in contact w’^ith the sur¬ 
face of the liquid under measure¬ 
ment. The amount of applied force 
is indicated upon a circular gradu¬ 
ated scale which, when calibrated, 
gives readings in dynes of force. 
For a detailed discussion of the 

Fig. 65. Du Noiiy tensiometer (courtesy application of the du Noiiy ring 
Central Scientific Company). method of determining surface and 

interfacial tensions of liquids, as w^ell 
as the comparative accuracy of the method, the reader is referred to Adam's®^ 
The Physics and Chemistry of SurfctceSf as well as to the work of Alexander 
and Teorell,®^ Zuidema and Waters,^^ and others. 

(b) Surface Tension of Fatty Acids 

Despite the availability of equipment, the simplicity of the method, and 
the value and utility of surface and interfacial tension data, relatively few 
systematic measurements have l>een reported for these important proper¬ 
ties of the fatty acids and esters. Typical of the data of this type which can 
be found in the literature are those compiled in Table 90. 

The surface tension of the fatty acids varies with temperature, de¬ 
creasing with increasing temperatures and reaching zero at the critical tem- 

P. L. du Nouy, Surface Equilibria of Biological and Organic Colloids. Chemical 
C'atalog Co., New York, 1926, 

N, K. Adam, The Physics and Chemistry of Surfaces. 3rd ed., Oxford Univ. Press, 
London, 1941. 

” A. E. Alexander and T. Teorell, Trans, Faraday Soc.^ 35, 727-733 (1939). 
** H. H. Zuidema and G. W. Waters, Jnd. Eng. Chem., Anal. Ed.^ 13, 312-313 (1941). 
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perature. For the greater part of the temperature range, the relation be¬ 
tween surface tension and temperature is nearly linear. The interfacial 
tension at the phase boundary is generally influenced more by the presence 
of impurities than is the case with the surface tension. Since the acids and 
esters which have been used in determining surface and interfacial tensions 
have not always been of the highest purity, the reported values are not 
always reliable. 

Table 90 

SURFACE AND INTERFACIAL TENSION OF TYPICAL FATTY ACIDS AND ESTERS 

Compound Temperature, 
®C. 

Surface tension 
against air, 
dynes/cm. 

Interfacial tension 
against water, 

dynes/cm. 

Heptanoic acid 20 28.31 7.00 
Caprylic acid 18.1 28.82 8.217 
Undecanoic acid 25 30.64 10.14 
Oleic acid 20 32.50 15.59 
Ricinoleic acid 16 35.81 14.25 
Ethyl caproate 20 25.81 19.80 
Ethyl nonanoate 20 28.04 23.88 
Ethyl oleate 20 21.34 

(c) Surface Tcnsiori of Fatty Acid Soaps 

Because of the importance of surface tension phenomena to detergency, 
various investigations have been made of the surface tension of aqueous 
soap solutions. Data available up to 1929 with respect to the surface ten¬ 
sion of such solutions, which include the soaps of lauric, myristic, palmitic, 
and stearic acids, and dilute solutions (0.1%) of the acids from Cio to C20 

have been assembled by McBain.^^ 
The surface tension of sodium oIep,te has been more thoroughly investi¬ 

gated than that of any other soap.®® Cavier®® measured the surface tension 
of the sodium soaps of oleic, linoleic, linolenic, ricinoleic, dibromoricinoleic, 
lauric, a-bromolauric, hydroxystearic, hydnocarpic, and chaulmoogric acids. 
He concluded from these measurements that the greater the degree of 
unsaturation in the hydrocarbon chain, the lower w^as the surface tension. 
Ricinoleic acid, containing a hydroxyl group and one double bond, was 
found to give a greater lowering at high concentrations and a lesser lower¬ 
ing of surface tension at low concentrations than was observed with the 
soaps of the saturated acids. 

** J. W. McBain, ‘Troperties of Soaps and Their Aqueous Solutions,” in Interna¬ 
tional Critical Tables, Vol. V, McGraw-Hill, New York, 1929, pp. 446-460. 

» R. Cavier, Compt. rend., 212, 1146-1148 (1941). 
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5. Refractivity and Refractive Index 

It has been known since ancient times that a beam of light is more 
or less deviated or refracted in passing from air into water, and the law of 
refraction was established by Willebrod Snell in 1621. He found by experi¬ 
ment that the ratio of the sines of the angles of incidence and of refrac¬ 
tion is a constant at the boundary between two media, i.e., sin t’/sin r = n. 
The refractive index, ??, of any substance is the ratio of the velocity of light 
in a vacuum to the velocity of light in the substance. It is a measure of the 
interaction of the electrostatic and electromagnetic fields set up by atoms 
in a molecule with the electromagnetic and electrostatic components of 
the traversing light waves, and it is dependent upon the intermolecular 
attractive forces which determine molecular volume and internal pres¬ 
sure. 

Except for the thermal expansion effect, the refractive index is inde¬ 
pendent of temperature, but it varies with the wave length of light, there¬ 
fore it is necessary to specify the wave length at which any given measure¬ 
ment of the refractive index is made. This is usually done by means of a 
subscript, e. g., indicates the refractive index was observed with the 
sodium D line; the hydrogen a line, n546i the green line of mercury, etc. 

Related to the refractive index are specific refractivity, molecular refrac¬ 
tion, and molecular dispersion. The dependence of the refractive index 
upon specific volume has been related by the equation r = (n — l)/d, 
where r is the specific refraction and d the density. A more useful relation 
proposed by Lorenz^® and Lorentz®®" is: 

— 1 1 

"" n^ + 2d 

a relation nearly independent of temperature and pressure. The difference 
between the specific refractions for any two wave lengths is a measure of 
the dispersion for these two wave lengths. This difference is called the 
coefiUcient of dispersion and is expressed as 

The molecular refraction, Af, of a substance is obtained by multiplying 
its specific refraction by the molecular weight. The difference between the 
molecular refractions measured at any two wave lengths is known as the 
molecular dispersion and is designated as 

(a) Refractive Indices and Molar Refractivities of Saturated Fatty Acids 

The refractive index, specific refractivity, and molecular refractivity are 
especially useful properties of fatty acids, esters, and natural fats. Al¬ 
though numerous measurements have been made of the refractive indices 

•• L. Lorenz, Ann, Physik Chem., 11, 70-103 (1880). 
••• H. A. Lorentz, Ann. PhyBik Chem., 9, 641-665 (1880). 
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of various fatty acids, esters, glycerides, and natural fats, only a few sys¬ 
tematic investigations, and these are of very recent origin, have been made 
of these substances. Some of the investigations are more than fifty years 
oid87,88 made with products of dubious purity. 

The earlier reported determinations of the refractive indices of the 
fatty acids were made at arbitrary and scattered temperatures, although 
the work of Falk®* on butyric acid is an exception to this statement. Falk 
determined the densities and refrac¬ 
tive indices of a sample of butyric 
acid at 10® intervals from 10® to 
80®C. 

In 1942, Dorinson, McCorkle, and 
Ralston^ reported the results of 
their systematic investigation of the 
refractive indices of the saturated 
fatty acids from caproic to stearic. 
Determinations were made over a 
temperature range of 20® to 80®C. 
for the lowest molecular weight acids 
and from just above the melting 
point to 80°C. for the remainder of 
the series. Their results were pre¬ 
sented in tabular form, and are 
reproduced in part in Table 91 and 
in graphic form in Figure 66. 

The values for the refractive in¬ 
dices in Table 91 were not corrected 
for the effect of temperature on the 
refractometer prism, whereas those 
in Figure 66 have been corrected 
by applying the factor 0.00006 {t — 
which the measurement was made. 

with temperature" of the normal satu¬ 
rated fatty acids from C« to Cu. 

- 20), where t is the temperature at 
The refractivities for each acid fall on 

a straight line between 40® and 80®C. but, as indicated by the dotted line, 
deviate from linearity below 40®C. 

These authors calculated the molar refractivities at 80®C. by the Lorenz- 
Lorentz equation: 

M 

““n2 + 2‘d 

” J. F. Eijkman, Rec. trav, chim,, 12, 167-197 (1893). 
« L. T. C. Scheij, Ree, trav. chim., 18,169-210 (1899). 
»»K. G. Falk, J, Am. Chem. Soc., 31, 86-107 (1909). 
" A. Dorinson, M. R. McCorkle, and A. W. Ralston, /. Am. Chem. 8oe., 64, 2739- 

2741 (1942). 
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and with the values of n from Table 91 and of d from Table 77. Dorinson 
ei ah also used their own equation Rm = 4.654 n + 3.83. The two values 

Table 91 

REFRACTIVE INDICES (n^) OF NORMAL SATURATED FATTY ACIDS® 

Acid 20.0‘‘C. 25.0‘’C. 30.0®C. 40.0°C. 50.0°C. 60.0®C. 70.0®C. 80.0®C. 

Caproic 1.4170 1.4150 1.4132 1.4095 1.4054 1.4012 1.3972 1.3931 
Heptanoic 1.4230 1.4209 1.4192 1.4155 1.4114 1.4073 1.4037 1.3993 
Caprylic 1.4280 1.4260 1.4243 1.4205 1.4167 1.4125 1.4089 1.4049 
Nonanoio 1.4322 1.4301 1.4287 1.4250 1.4210 1.4171 1.4132 1.4092 
Capric 1.4288 1.4248 1.4210 1.4169 1.4130 
Undecanoic .... .... 1.4319 1.4279 1.4240 1.4202 1.4164 
Laurie 

1 
.... i 1.4304 1.4267 1.4230 1.4191 

Tridecanoic .... 1.4328 1.4290 1.4252 1.4215 
Myristic 1.4310 1.4273 1.4236 
Pentadecanoic 1.4329 1.4292 1.4254 
Palmitic 1.4309 1.4272 
Margaric 1.4324 1.4287 
Stearic 1.4337 1.4299 

® A. Dorinson, M. R. McCorkle, and A. W, Ralston, J. Am. Ckem. Soe., 64, 2739-2741 (1942). 

are in excellent agreement, as indicated by the comparison in Table 92. 
From the results of Dorinson et ah, Davis^^ constmcted a nomograph for 
use in determining the refractive index of the normal saturated acids from 
caproic to stearic at any given temperature within the applicable tem¬ 
perature range. 

Table 92 

MOLAR REFRACTIVITIES OF NORMAL SATURATED FATTY ACIDS AT 80°C.® 

Acid Rfn (exptl.)6 Rf,^ (calcd.)® Acid Rm (exptl.)fr Rm (calcd.)® 

Caproic 31.70 31.75 Tridecanoic 64.35 64.33 
Heptanoic 36.34 36,40 Myristic 69.00 68.99 
Caprylic 41.08 41.06 Pentadecanoic 73.65 73.64 
Nonanoic 45.66 45.71 Palmitic 78.30 78.30 
Capric 50.36 50.37 Margaric 83.01 82.95 
Undecanoic 
Laurie 

55.02 
59.73 

55.02 
59.68 

Stearic 87.59 87.61 

® A. Dorinson, M. R. McCorkle, and A. W. Ralston, J. Am. Chem. Soc.. 64, 2739- 
2741 (1942). 

^ Calculated from the Lorenz-Lorentz equation. 
® Calculated from the equation of Dorinson et al. 

(b) Refractive Indices of Methyl Esters of Saturated Fatty Acids 

No data comparable to those for the fatty acids are available for the 
refractive indices of the monoesters of these acids. Incidental to an in- 

« D. S. Davis, Ind. Eng. Chem., 35, 1302 (1943). 
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vestigation of the degree of separation obtainable by fractional distillation, 
Wyman and Barkenbus^^ determined the refractive indices of the methyl 
esters of the even-numbered fatty acids from caprylic to stearic. The 
measurements which were made at only one temperature (45°C.) with an 
Abbe refractometer are given in Table 93. 

The work of Wyman and Barkcnbus was extended by Mattil and Longe- 
necker,^^ who determined the variation in refractive index as a function of 
temperature for the series of methyl esters from caprate to stearate. They 
also determined the variation in refractive index as a function of composi¬ 
tion of a series of binary mixtures of the methyl esters of both saturated and 
unsaturated acids. These relationships which are shown in Figures 67 and 
68 are especially useful in following the fractionation of fatty acid mixtures 
by distillation or by low-temperature crystallization. 

Table 93 

REFRACTIVE INDICES OF METHYL ESTERS 

OF EVEN-NUMBERED FATTY ACIDS 

FROM CAPRYLIC TO STEARIC® 

Methyl eater n 4i 

D 

Caprylate 
Caprate.. 
Laurate.. 
Myristate 
Palmitate 
Stearate.. 

1.4069 
1.4161 
1.4220 
1.4281 
1.4317 
1.4346 

" F. W. Wyman and C. Barkenbus, Ind, Eng. Chem.f Anal. Ed.^ 12, 658-661(1940). 

(c) Refractive Indices of Unsaturated Acids and Esters 

Few data are available relative to the refractive indices of the unsatu¬ 
rated acids and esters. Wood et aU^ reported the refractive indices of pure 
oleic, elaidic, linoleic, and linolenic acids at 50°C. to be 1.4487, 1.4468, 
1.4588, and 1.4678, respectively. McCutcheon^^ determined the refractive 
indices of ethyl linoleate and ethyl linolenate over the temperature range 
23° to 60°C. with the results shown in Tables 94 and 95. The refractive 
indices for ethyl linoleate were measured with a butyrorefractometer with 
light filtered through a dichromate solution to approximate sodium light, 
while those for ethyl linolenate were determined by means of an Abbe re¬ 
fractometer with sodium light. 

** F. W. Wyman and C. Barkenbus, Ind. Eng. Chem., Anal. Ed.^ 12, 658-661 (1940). 
** K. F. Mattil and H. E. Longenecker, Oil & Soap^ 21, 16-19 (1944). 

T. R. Wood, F. L. Jackson, A. R. Baldwin, and H, E. Longenecker, /, Am. Chem. 
Soc., 66, 287-289 (1944). 

« J. W. McCutcheon, Can. J. Research, B16, 158-175 (1938); B18, 231-239 (1940). 
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Values for the refractive indices obtained by Mattil and Longenecker for 
methyl oleate, and for mixtures of methyl oleate-methyl linoleate and 
methyl linoleate-methyl linolenate, are included in Figures 67 and 68 

below. 

Fig. 67. Relation of refractive index 
to temperature for highly purified methyl 
esters.** 

HIGHER REFRACTIVE INDEX 

Fig. 68. Relation of refractive index 
to weight percentage composition of 
binary mixtures of highly purified 
methyl esters.** 

Table 94 

REFRACTIVE INDICES OF ETHYL LINOLEATE ACCORDING TO MoCUTCHBON® 

Temperature, 
•c. 

Butyrorefraotometer 
reading 

Refraoitve 
index 

26.8 47.70 

29.0 45.85 

34.0 43.10 1.4546 

36.0 42.60 1.4542 

39.0 40.25 1.4626 

41.0 I 1.4618 

44.0 1 1.4605 

48.0 1.4489 

60.0 28.75 1.4443 

• J. W. McCutcheon, Can. Research, B16, 168-176 (1938); B18, 231-239 (1940). 
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Table 95 

REFRACTIVE INDICES OF ETHYL LINOLENATE ACCORDING TO McCUTCHEON® 

Temperature. Butyrorelractometer 
reading (calc.) 

Refractive 
index 

23.0 63.7 1.4683 
30.2 58.9 1.4652 
33.6 56.9 1.4639 
38.0 54.2 1.4621 
43.7 50.7 1.4598 
47.6 48.3 1.4582 
60.0 40.9 1.4530 

“ J. W. McCutcheon Can. J. Research, B16, 168-175 (1938); B18, 231-239 (1940). 

(d) Molecular Refractivity and Unsaturation 

It has been known for many years that when molecular refractivities are 
calculated from the atomic constants, adding in such constitutive factors as 
may be necessary, it is often found that an appreciable difference exists 
between the calculated value and the measured value calculated in terms 
of the Lorenz-Lorentz formula. This difference, called molecular excdta- 
tionj EMf has been traced to certain peculiarities in structure, and partic¬ 
ularly to the presence of conjugated double bonds. Although the effect 
is evident in the refractive index and the density, it is magnified when 
expressed in molar terms. However, this multiplication may result in 
obscuring the effect in comparing compounds of different molecular weights. 
To avoid this difficulty it is customary to use specific exaltatioUj or JKS = 
100{EM/m)f where m is the molecular weight. 

From the analysis of exaltation data, certain generalizations have been 
made relative to the effect of unsaturation on molecular refraction. One 
double bond in a compound produces no exaltation beyond that involved 
in the double bond increment used in calculating the theoretical molecular 
refraction. Two isolated double bonds in the compound likewise produce 
no abnormal exaltation. However, if the two double bonds are conjugated, 
a distinct exaltation is produced. The amount of the exaltation due to 
conjugation is, however, influenced by the length of the conjugated system, 
the presence of substituents, and branching of the conjugated chain. Ex¬ 
altation increases as the length of conjugated chain increases, and is 
greatest for a linear conjugated system and decreases as the system be¬ 
comes more branched. 

The phenomenon of molecular exaltation should be especially significant 
in the study of polyunsaturated fatty acids, monoesters, and glycerides, 
and, particularly, in investigations involving shifts of isolated double 
bonds to conjugated positions. Actually, but little attention has been given 
to systematic studies of this type, and now that emphasis is being placed 
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on absorption spectrophotometry, exaltation phenomena have lost con¬ 
siderable practical value in isomerization investigations. 

6. Specific Conductivity 

The electrical conductivity of any substance is its ability to carry an 
electric current or it is the reciprocal of its resistance. The resistance 
offered by conductors depends upon their nature and form; consequently, 
to compare the resistances of different substances they must possess the 
same form. Two such forms have been used, namely, a cube whose edge 
is one centimeter long, and a cylinder one meter in length and one square 
millimeter in cross section. 

The conductance of a homogeneous substance of uniform cross section is 
proportional to its cross section, a, and inversely proportional to its length. 
If i. e.f L — Xa/Z. The proportionality factor, X, which is the conductance 
when the cross section is one square centimeter and the length one centi¬ 
meter, is called the specific conductance and is the reciprocal of the specific 
resistance. 

In the case of the fatty acids the conductance may be determined for the 
acid per se, or in solution in some solvent. When measured in an ionizing 
solvent such as water, the conductance of a fatty acid arises from the mo¬ 
tion of its ions. In order to compare such solutions it is necessary to do so 
on a gram equivalent weight basis. These conductances are therefore re¬ 
ferred to as equivalent conductances. It was pointed out in a previous 
chapter that the conductances of the fatty acids in aqueous solution are 
accurate measures of the degree of their dissociation in that medium. 

The conductivity can also be measured in other solvents, such as acetone, 
and its value calculated as the difference between that of the pure solvent 
and of the solution. Under these conditions the conductivity can be meas¬ 
ured over only a limited temperature range, which for the fatty acids is 
generally too low to be of value in many industrial applications, conse¬ 
quently it is preferable to measure their conductivities directly. At room 
temperature the tendency of the higher fatty acids to dissociate, and hence 
act as conductors, is small, but with increasing temperature this tendency is 
markedly increased. 

Lederer and Hartleb^® determined the specijic conductivities of caproic, 
myristic, and palmitic acids, and of technical stearic (m.p. 56®C.) and 
oleic acids. Measurements were made on the liquid acids at various tem¬ 
peratures between 100° and 200°C. with the results given in Table 96 and 
Figure 69. From the curves in Figure 69 the temperature coefficients of 
conductivity can be determined. The specific conductivity decreases with 
increasing chain length in correspondence with the well-known decrease 

E. L, Lederer and 0. Hartleb, Seifensieder-Ztg,, 50, 345-347 (1929). 
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Table 96 

SPECIFIC CONDUCTIVITIES OF SEVERAL FATTY ACIDS AT VARIOUS 

TEMPERATURES® 

Caproic acid Myristic acid Palmitic acid Stearic acid Oleic acid 

°C\ X X 10»» X X 10“ “C. X X 10“ “C. X X 10“ »C. X X 10“ 

108 2.5 105 1.8 105 1.5 100 0.6 100 2 
116 3.5 112 3.0 116 1.8 116 1.4 114 5 
130 6.5 133 5.3 131 4.4 128 2.3 134 11 
138 9.5 143 7.4 140 6.0 143 4.0 140 14 
155 15.5 153 10.3 151 7.4 152 5.6 153 23 
160 21.5 158 11.8 160 10.3 159 7.3 158 26 
165 24.5 165 14.8 166 13.3 165 9.3 165 32 
168 28,1 171 16.3 170 10.7 170 38 

i75 20.7 175 12.3 175 i 44 
180 23.6 isi I9V2 180 14.0 180 50 
188 29.6 189 25.1 188 i 17.3 188 62 

191 26.6 191 19.0 192 68 
i95 38.4 196 22.3 197 74 

200 83 

® E. L. Lederer and O. Hartleb, Seifensieder-Ztg., 56, 345-347 (1929) 

Fig. 69. Specific conductivity as a function of tem¬ 

perature for several fatty acids. ^ 

in the strength of the acids and corresponding ease of hydrolysis of their 
salts as the series is ascended. 
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The marked increase in conductivity of oleic acid compared with stearic 
acid is in accord with the known fact that the salts of unsaturated acids are 
more strongly dissociated and, therefore, better conductors than those of 
the saturated acids of the same chain length. 

It has been observed that the curves for the temperature vs. the logarithm 
of the coefiRcient of electrical conductance of fused salts are generally linear 
in form. Lederer and Hartleb found that this was only partly true for the 

Fig. 70. Relation between the logarithm of the specific 
conductance and temperature of the higher fatty acids." 

fatty acids which they examined. When the logarithm of the conductivity 
was plotted against the temperature, the curves (Fig. 70) were found to be 
linear up to about 140®C. but above this temperature they tended to be¬ 
come concave to the temperature axis. 

Lederer and Hartleb found that their data could be fitted to the equation 
In X —a + 6/ — in which X is the specific conductance and o, b, and c 
are constants having the values shown in Table 97 opposite the corre¬ 
sponding acid. By substituting for t the temperatures corresponding to the 
melting and boiling points of the acids, the specific conductances for these 
temperatures were found to correspond to those given in Table 98. 
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Table 97 

CALCULATED CONSTANTS FOR TEMPERATURE COEFFICIENT EQUATION 

OF SPECIFIC CONDUCTANCE® 

Acid a b c 

Caproic 13.007 0.0274 0.000042 
Myristic 13.143 0.0278 0.000042 
Palmitic 13.407 0.0281 0.000042 
Stearic, tech. 13.692 0.0289 0.000042 
Oleic, tech. 12.843 0.0275 0.000042 

* E. L. Lederer and O. Hartleb, Seifenaieder-Ztg.f 56, 345-347 (1929). 

Table 98 

CALCULATED SPECIFIC CONDUCTIVITY FOR SEVERAL FATTY ACIDS AT THEIR 

MELTING AND BOILING POINTS® 

Acid X X 10“ at m.p. X X 10» at b.p. 

Caproic 0.07 2.1 
Myristic 0.16 1.7 
Palmitic 0.15 1.9 
Stearic 0.14 1.7 
Oleic 0.03 2.8 

« E. L. Lederer and O. Hartleb, Seifenaieder-Ztg,, 56, 345-347 (1929). 

7. Dielectric Constant 

Dielectric constant is that property of a solid or liquid which, when the 
material is used as the dielectric medium in an electrical condenser, causes 
the capacitance of that condenser to be greater by some factor than when air 
is used as the dielectric in the same condenser. The specific inductive capac¬ 
ity or dielectric constant, c, is a function of the force/of repulsion between 
two point charges, e, c', of electricity at a distance, r, apart in a uniform 
medium of great extent, i. e.,f « ce'/cr*. 

The theory underlying this effect may be explained by stating that the 
molecules of substances align themselves in an electric field and so add the 
unbalanced electron charges existing in the molecule to the electron charges 
existing on the condenser plates. The greater the extent of their alignment 
and the greater their unbalanced electron charges, the higher will be the 
dielectric constant, therefore an increase in either viscosity or temperature 
tends to oppose this alignment. Increasing the temperature causes greater 
random distribution of the molecules. The higher the frequency of the 
current used, the more difficult it is for the molecules to follow the current 
reversals against the viscosity of the medium. 

It should be mentioned that the dielectric stiungth, S, of a material is 
defined as the minimum value, in the material, of the electric field intensity, 
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Ey at which a disruptive charge occUrs. In many cases it is doubtful if S 
is a constant^ as it appears to vary with certain experimental conditions. 

The dielectric constant may be determined by several methods, namely, 
from measurements of electrical capacities of mechanical forces between 
charged conductors, or of the wave lengths of electrical waves. Hazle- 
hurst^^ has described a simple apparatus and a method for determining the 
dielectric constants of fats and oils. The test cell consists of a brass bar 
0.75 in. in diameter and 13 in. long, insulated from, and held concentric 
within, a brass tube 1 in. in inside diameter, together with the necessary 
end caps and means for making electrical contact. This device is constant 
in capacitance, and is easily dismantled and cleaned. The cell must be 
accurately checked for replacement capacitance, that is, the area that is 
filled by the liquid under test, and since the dielectric constant of pure 
benzene has been accurately determined it can be used as the standardizing 
medium. There is also required a precision variable condenser, a special 
Shering-t3q>e bridge, a.c. voltage sources covering the desired frequency 
ranges, and bridge balance detectors. These items of equipment are all 
standard and can be purchased from instrument manufacturers. According 
to Hazlehurst, a temperature of 30* **^0. and for most purposes a frequency 
of 200 kilocycles per second, are satisfactory for making dielectric measure¬ 
ments. 

At one time considerable interest was evinced in the dielectric constants 
of the fatjiy acids and the corresponding esters. During the 1890^s, a 
considerable number of papers appeared with reference to the dielectric 
constants of the lower members of the fatty acid series (formic to caprylic), 
and of the corresponding methyl, ethyl, propyl, butyl, isobutyl, and amyl 
esters. Many such measurements were reported prior to 1900 by Drude,^ 
Lowe,^® Jahn and Moller,®® Tereschin,®' Linebarger,®^ Landolt and Jahn^® 
and others. Between 1910 and 1925, Dobroserdov,*^^ Jackson,^^ Grimm and 
Patrick,®® and others reported the results of new determinations on many 
of these same acids and esters. 

Although there is a considerable accumulation of data with reference to 
the dielectric constants of the lower members of the fatty acid series, those 
for the higher members are much less extensive. Kahlenberg®^ determined 
the dielectric constants of oleic acid and a number of its metallic salts. 

*7 E. Hazlehurst, PairU Ind. Mag., 58, 262, 264, 266, 268, 270 (1943). 
« P. Drude, Ann. Physik, 58 ,1-20 (1896); Z. physik. Chem., 23, 267-325 (1897). 

K. F. Ldwe, Ann. Physik Chem., 66, 390-410, 682-596 (1898). 
» H. Jahn and G. Moller, Z. physik. Chem., 13, 385-397 (1894). 

S. Tereschin, Ann. Physik, 36, 792-804 (1889). 
** C. E. Linebarge^ Z. physik. Chem., 20, 131-134 (1896). 

H. Landolt and H. Jahn, Z. physik. Chem., 10, 289-320 (1892). 
** D. K. Dobroserdov, J. Russ. Phys.-Chem. Soc., 43, 73-130, 225-318, 454-496 (1911). 
“ L. C. Jackson, Phil. Mag.,4Sy 481-489 (1922). 

F. V, Grimm and W. A. Patrick, J. Am. Chem. Soc^ 45, 2794-2802 (1923). 
L. Kahl^berg, Trans. Am. Electrochem. Soc., 7, 167“169 (1906). 
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Three samples of reagent-grade oleic acid were measured at 20®C. and the 
dielectric constants were found to be 2.50, 2.57, and 2.60. The dielectric 
constants for the corresponding salts at 20°C. were: ferric 2.68, aluminum 
2.40, copper 2.80, sodium 2.75 to 2.83, and lead 3.27 at 18®C. and 3.70 at 
the melting point. 

Kahlenberg also examined a number of natural oils (olive 2.60, com 2.50, 
cottonseed 2.30) having a high content of oleic acid and found that the free 
acid and oils had relatively similar values. In view of the presence of a 
carboxyl group and a double bond in oleic acid, he considered the dielectric 
constant of this acid to be abnormally low. He also stated that it was 
curious that the specific inductive capacity of oleic acid was so slightly 
changed by the introduction of heavy metals. It is possible that the di¬ 
electric constants observed by Kahlenberg were due to the poor quality of 
oleic acid which was available at the time (1905) that these measurements 
were made. 

Walden^® measured the dielectric constant of isobutyl ricinoleate at 21 ^C. 
which he found to be 4.7. Morgan and Yager^® reported the dielectric 
constants of a large number of organic compounds including several esters 
of fatty acids which are assembled in Table 99. These authors concluded 
that the dielectric constants of the esters of fatty acids are not large, rang¬ 
ing from 6 to 7 for esters of lower molecular w'eight, such as methyl and 
ethyl acetate, down to 3 to 4 for the long chain esters, such as butyl stearate 
and oleate. 

Table 99 

DIELECTRIC CONSTANTS OF SEVERAL FA.TTY ACID ESTERS® 

Ester Dielectric i 

constant, c i 
Temperature, 

®C. 

Methyl acetate 6.7 25 
Ethyl acetate 6.15 20 
Bornyl acetate 4.6 21 

1 

Butyl stearate 3.3 25 
Butyl oleate 4.0 25 
Glyceryl triacetate 9.4 24 

® S. O. Morgan and W. A. Yager, Jnd. Eng. Ckem., 32, 1519-1528 (1940). 

Because of the anomalous transitions ejdiibited by ethyl behenate, 
Buckingham®® determined the dielectric constant, density, and molecular 
volume of ethyl behenate in the liquid and solid states. The results of the 
dielectric constant measurements w^ere expressed in the form of graphs in 

« P. Walden, Z. physik. Chem., 70, 569-619 (1910). 
S. O. Morgan and W. A. Yager, Ind. Eng. Chem.y 32, 1519-1538 (1940), 

^ R. Buckingham, Trans. Faraday Soc,^ 30, 377-386 (1934), 
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which the dielectric capacity was plotted against temperature. From the 
changes in the dielectric capacity and density between the melting point 

and room temperatures, Buckingham concluded that this ester exists in at 

least four polymorphic modifications which he designated ai, oti, fii, and 
ft. The ai-form was metastable but could be observed betw^een 45°C. 

and the melting point, and could be produced by cooling a melt. At 45®C. 

it was found to pass irreversibly into the orform which was also metastable 
but could be examined between 43°C. and the melting point. At 43°C. 

the aj-form passed to the ft-form which in turn passed reversibly to the 

ft-form at 30°C. The inversion of the aj-form to the ft-form was accom¬ 

panied by marked changes in the density, polarization, x-ray spacing, and 
energy content. The changes from ai to az, and from ft to ft were not 

accompanied by abrupt alteration of these properties. 



D. CHEMICAL REACTIONS 
OF THE FATTY ACIDS 





CHAPTER IX 

SAtTS OF FATTY ACIDS 

1. Introduction 

In the opening chapter it was mentioned that one of the reasons for the 
neglect of the natural fats and fatty acids during the period of development 
of the classical organic reactions could be attributed to the fallacious views 
which were current concerning the lack of reactivity of these substances. 
In the following chapters it will be shown that the fatty acids are not only 
capable of participating in a wide variety of reactions but that many of the 
products possess utility and economic value. Some of these reactions offer 
a challenge to the organic chemist to solve various problems with respect 
to the mechanisms involved, to the physical chemist to determine the kinet¬ 
ics of these reactions, and to the physicist to determine the specific proper¬ 
ties and physical phenomena exhibited by the reaction products. 

Although our knowledge of the chemistry of petroleum products is con¬ 
siderably greater than that of the fatty acids, this is true not because the 
components of petroleum are more reactive than those of the fats, but 
primarily because they have received the attention of more workers. The 
natural fats represent raw materials equally as attractive and interesting 
as petroleum, but with the difference that the former await the same in¬ 
tensive attention which has been accorded the latter. The primary reason 
for the disparity in our knowledge of the chemistry of the two raw materials 
is not a result of a greater degree of reactivity of the hydrocarbons com¬ 
pared to fatty acids, but rather a difference in economy. Petroleum has 
been a relatively abundant and inexpensive raw material compared to the 
natural fats, but this may not always be the case. 

It is true that the higher fatty acids possess relatively simple structures, 
consisting as they do of long hydrocarbon chains and a terminal carboxyl 
group. However, the hydrocarbon chains vary in degree of unsaturation, 
isomerism, and substitution both in the natural state and after they have 
been subjected to modification by reaction with various chemical reagents. 
The fatty acids undergo many of the reactions of the petroleum hydro¬ 
carbons, as w'ell as other specific reactions associated with inherent molec¬ 
ular configurations not found in the natural hydrocarbons^ 

249 
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2. Ionic Reactions 

The simplest reactions which the fatty acids undergo consist in the forma¬ 
tion of salts on treatment with bases or base exchange salts. A number of 
these salts are of considerable economic importance and by far the most 
important from the standpoint of volume of production are the sodium and 
potassium salts. These salts are widely employed as detergents, and as 
wetting and emulsifying agents. Lead, aluminum, calcium, and other 
water-insoluble salts are important constituents of greases; lead, manganese 
cobalt, and other heavy metal salts of the unsaturated acids are used ex¬ 
tensively as driers in the protective coating industry; sodium, calcium, 
tin, lead, zinc, and other metallic salts are used as catalysts for various 
chemical reactions; and zinc and other metallic salts are used in the prepa¬ 
ration of pharmaceuticals and cosmetics. 

The production of metallic salts of the fatty acids consists in the simple 
replacement of the hydrogen of the carboxyl group with a metal. This can 
be accomplished in several w^ays, e.g.y by the action of a base (hydroxide 
or oxide) on a fatty acid; by double decomposition of a soluble salt of a 
fatty acid and a salt of a mineral acid; or by saponification of glycerides or 
other esters of fatty acids with a base or metallic oxide. 

The term soap, which is usually used to designate the sodium or potas¬ 
sium salts of the higher fatty acids, is also applied to the salts of other 
metals whether soluble or insoluble in water. Generally, soaps are made 
by heating fats and oils with aqueous alkali, usually caustic soda, but for 
special soaps, potash, slaked lime, and barium hydroxide may be used. 
The latter two reagents form, with many higher fatty acids, water-insoluble 
soaps used principally in the manufacture of lubricating greases. The 
process of saponification is discussed elsewhere in this volume since it does 
not directly involve the replacement of hydrogen atoms with a metal. 

(a) Preparation of Metallic Soaps for Use as Driers 

Many special soaps are produced from fatty acids by the action of bases 
or oxides on the free acid or by double decomposition reactions. Driers 
which are manufactured for use in preparing paints, varnishes, enamels, 
and other protective coatings, are of three general t3q)es which are desig¬ 
nated as hettle’-cookedy fused, and precipitated. In the kettle-cooked t3q)e of 
drier, metallic salts or oxides such as lead oxide or acetate, manganese 
oxide or borate, cobalt acetate, zinc oxide, calcium oxide or hydroxide are 
generally heated wdth oils, primarily linseed oil. The oxides or salts split 
the glycerides and react with the acid residues to form fatty acid salts. 

The fused type of driers are prepared by reacting fatty acids with metal¬ 
lic oxides or salts to form the corresponding salt of the fatty acid in accord¬ 
ance with the following types of reactions: 
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il) 2 RCOOH + PbO-► Pb(OOCR)2 + H2O 

(2) 2 RCOOH 4- Co(Ac)2-► Co(OOCR)2 + 2 HAc 

Precipitated driers, which are the principal type used today, are formed 
by the interaction of the sodium soap of the fatty acid and a water-soluble 
metallic salt. A solution of sodium linoleate, made by the reaction of caus¬ 
tic soda and commercial linoleic acid, is treated with an aqueous solution of 
a metallic salt, such as lead acetate or nitrate, manganese sulfate, cobalt 
sulfate, or zinc sulfate. Other fatty acids, such as elaeostearic, may be 
used in place of linoleic acid. The reaction may be illustrated as follows: 

2 Na(Ci7H«COO) -f Pb(CH3COO)2-► Pb(CiTH3iCOO)2 -f 2 NaOOC CH, 
Sodium linoleate Lead acetate Lead linoleate Sodium acetate 

Since the heavy metal salts of many of the fatty acids are insoluble in 
water they precipitate and are readily recovered by filtration or decanta¬ 
tion. For more detailed information on the methods of producing various 
types of driers the reader is referred to Mattiello’s^ Protective and Decorative 
Coatings, 

(b) Preparation of Metallic Soaps for Use in Greases 

Greases consist primarily of a liquid phase, generally mineral or vege¬ 
table oil, and a dispersed or gel phase which is generally a soap of a fatty acid. 
A wide variety of metallic soaps are used to produce an equally wide variety 
of greases. Cup greases, for example, usually consist of calcium oleate or 
stearate dispersed in mineral lubricating oils. Highly unsaturated acids or 
saturated acids with less than eight carbon atoms find little use in the 
manufacture of greases. A wide variety of fats, oils, and waxes are em¬ 
ployed in compounding lubricating greases or for. the production of soaps 
used in formulating these products. These include castor, rapeseed, com, 
cottonseed, soybean, and palm oils, tallow, lard oil, bone and other greases, 
fish and sperm oils, beeswax, spermaceti, etc. 

The calcium soaps of fatty acids which are used in the preparation of 
lubricating greases are generally produced by the action of calcium chloride 
on the sodium soaps of thejatty acids according to the equation: 

CaCla + 2 CiTHa»C(X)Na-► CaCCiTHajCOO), + 2 NaCl 
Sodium stearate Calcium stearate 

However, the calcium soap can be and often is produced by the direct 
action of hydrated lime on the glycerides according to the equation: 

i CaH.CGffHwCOO), -f 3 Ca(OH),->2 CiHaCOH), + 3 Ca(C,THttCOO)2 

Triglyceiylstearate Calcium stearate 

' J. J. Mattiello, Protedive and Decoratwe Coalings, Vol. I, Wiley, New York, 1941. 



252 IX. SALTS OF FATTY ACIDS 

or by the direct action of hydrated lime on the fatty acids as follows: 

2 CirHasCOOH + Cd(OH)2-> Ca(Ci7H85COO)2 + 2 H2O 
Stearic acid Calcium stearate 

Aluminum soaps, for example aluminum oleate, are generally produced 
by the double decomposition of water-soluble sodium soaps of the fatty 
acids and a solution of aluminum sulfate or alum according to the equation: 

6 NaCOOCnHaa -f ^2(804)3-> 2 AlCCirHsaCOOs + 3 Na2S04 

Sodium oleate Aluminum Aluminum oleate 
sulfate 

McBain and McClatchie^ investigated this reaction and found that the 
composition of the reaction product corresponded more nearly to the mono- 
oleate than to either the di- or trioleate. Even when aluminum sulfate 
was added in considerable excess, the aluminum content of the precipi¬ 
tated soap was found to correspond to the mono-oleate. 

Lead soaps are also used extensively in the manufacture of greases. 
Lead oleate is prepared by the reaction of sodium oleate and a lead salt in 
aqueous solution. The sodium soaps of a variety of fats and oils such as 
whale, castor, and linseed are often used in the place of commercial oleic 
acid. The lead soaps of stearic, iso-oleic, and erucic acids are also used in 
formulating special greases. Lithium soaps, and especially lithium stea¬ 
rate which has become important in airplane lubrication, are generally pro¬ 
duced by treating fatty acids with lithium hydroxide. The resulting soaps 
are incorporated with lubricating oil by mixing and working in a batch or 
continuous process to produce a product with the desired lubricating prop¬ 
erties.® Zinc soaps, especially the stearate and oleate, are used in lubricants 
and are produced by the reaction of zinc sulfate or acetate with the corre¬ 
sponding sodium soaps. 

Barium and magnesium soaps are used in spme types of lubricating 
greases. The former are prepared by the direct saponification of fats, 
generally rapeseed oil or tallow, with barium hydroxide or by the reaction 
of barium hydroxide and the fatty acids. Chromium, iron, cobalt, and 
nickel soaps have been proposed or used for producing special effects ’in 
lubricating greases. Their manufacture is accomplished by the methods 
mentioned above. Many other metallic soaps have been produced and a 
few are used to a limited extent in special greases. These include cadmium, 
mercury, strontium, cerium, copper, silver, and tin. For detailed informa¬ 
tion on the manufacture of greases the reader is referred to Klemgard^s^ 
Lubricating Greases: Their Manufacture and Use, 

* J. W. McBain and W. L. McClatchie, J. Am. Chem. Soc., 54, 3265-3268 (1932). 
* H, G. Houlton, B. D. Miller, P. A. Lenton, J. A. Taylor, and B. E. Adams, Oil <& 

Soap 21, 258-263 (1944). 
* E. N, Kiemgard, Lvbricating Greases: Their Manufacture and Use, Reinhold, New 

York, 1937. 
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(c) Preparation and Use of Metallic Soaps in Products Other Than Driers 
and Greases 

Sodium and calcium soaps are used as catalysts in the manufacture of 
mono- and diglycerides. These soaps may be formed in situ by addition 
of sodium or calcium hydroxide to the fat or they may be prepared from 
fatty acids and added to the fat. Tin, lead, zinc, and other metallic salts of 
the fatty acids act as catalysts for esterification or rearrangement of glyc¬ 
erides. In the rearrangement reaction, glycerol, which is added to the fat, 
may be considered as the primary catalyst and the metallic salt as the 
secondary catalyst. 

Many of the metallic salts serve as catalysts in oxidative reactions for 
fatty acids or glycerides. Metallic soaps, for example, lead and chromium, 
are used as hydrogenation catalysts in preparing fatty alcohols from fatty 
acids. Sodium soaps are important as emulsifiers in the polymerization of 
butadiene, or in the copolymerization of butadiene and such polymerizable 
compounds as acrylonitrile, styrene, acrylic esters and the like, to produce 
synthetic rubber.®*® For this purpose, the acid radicals must possess rela¬ 
tively low unsaturation, i. they must contain no acids more unsaturated 
than linoleic because the more unsaturated acids poison or destroy the poly¬ 
merization catalyst and materially reduce the yield of polymer. However, 
according to a recent patent,^ the use of the free acid or partially neutralized 
acid is preferred to neutral soaps because the reaction can be materially 
hastened, the temperature of polymerization materially lowered, the yield 
increased, and the quality of the polymer improved as compared with the 
use of sodium soaps of the same acids. According to this patent, myristic 
and palmitic acids or the mixed fatty acids of coconut oil are preferable to 
other acids and other types of oils. 

Zinc salts, e. g., zinc oleate and zinc stearate, are used as antiseptic and 
astringent agents in pharmaceutical preparations. Calcium oleate is used 
in modeling waxes to control their hardness. When relatively pure metallic 
salts are required they are prepared either by the direct action of the metal¬ 
lic base or oxide on the fatty acid or by the double decomposition reaction 
mentioned above. 

* C. F. Fryling, Ind. Eng, Chem.^ Anal. Ed.y 16, 1-4 (1944). 
• C. F. Fryling and E. W. Harrington, Ind. Eng. Chem., 36, 114-117 (1944). 
^ C. F. Fryling (to B. F. Goodrich Co.), U. S. Pat. 2,366,325 (Jan. 2, 1945). 



CHAPTER X 

ESTERIFICATION AND INTERESTERIFICATION 

1. Introduction 

Constitutionally the fatty acid esters have been considered to be analo* 
gous to metallic salts and hence have been defined as alkyl salts of fatty 
acids. This definition arose from the assumption that esters are formed as a 
result of the replacement of the hydrogen atom of the carboxyl group by 
an alkyl group derived from an alcohol. According to more recent concepts 
of esterification, the fatty acid esters are presumed to be formed through 
substitution of the hydroxyl group of the carboxyl by the alkoxy group 
of an alcohol. An ester is therefore preferably defined as a compound 
which, on hydrolysis, yields an alcohol and an acid. 

Esters may be formed by the reaction of an acid chloride and an alcohol 
or an alcoholate; 

(1) RCOCl -f R'OH-► RCOOR' -f HCl 

by the reaction of an acid anhydride and an alcohol: 

O 

RC 
\ 

/ 
0 + 2 R'OH 2 RCOOR' + H2O 

RC 

by the reaction of a salt or an organic acid and an alkyl halide or sulfate: 

(5) RCOONa + R'Cl-► RCOOR' + NaCl 

by direct esterification of an acid and an alcohol; 

4) RCOOH + R'OH-► RCOOR' + H,0 

by interesterification of an ester with an alcohol, acid, or another ester: 

(5) RCOOR' + R-^OH-► RCOOR" + R'OH 

Of the above-mentioned methods only those of esterification and interesteri¬ 
fication are considered in detail. 

Esterification reactions and the products of esterification, whether pre¬ 
pared artificially or found in nature, are of foremost importance in the 

254 
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chemistry of the fatty acids. All vegetable and animal fats and waxes are 
esters of mono- or polyhydric alcohols. The occurrence of esters in nature 
is, however, not limited to fats and waxes. Many so-called essences consist 
of one or more esters of the lower aliphatic acids and low molecular weight 
monohydric alcohols. Also many esters of complex alcohols and fatty acids, 
e, g., vitamin A palmitate, sterol esters, sapogenic esters, etc,, are known to 
occur in nature. These and other types of esters are found throughout the 
plant and animal kingdom and esterification may, therefore, be considered 
as one of the fundamental vital processes. 

2* Classification of Esters 

Since the number and kind of acids and alcohols which may react to 
form esters are very large, an extremely large number of esters are theoreti¬ 
cally possible. For example, if the first twenty members of the homolo¬ 
gous series of n-fatty acids were each reacted in turn with the first twenty 
alcohols of the corresponding homologous series, there would result a total 
of four hundred esters. When the number of iso-alcohols and iso-acids 
are considered, not to mention various classes of substituted alcohols and 
acids, it is obvious that an almost infinite number of esters are possible. 

Although the number of esters which are theoretically possible is very 
great, their consideration may be simplified by division into a few types or 
classes. One method of classifying these compounds may be made on the 
basis of the alcohols which may be esterified with a given acid. The alco¬ 
hols may be divided into: (1) monohydric alcohols, containing an alkyl 
chain and a hydroxyl group, ROH; and (^) the polyhydric alcohols, con¬ 
taining an alkyl chain and two or more hydroxyl groups, c. g., glycol, 
HOCH2CH2OH, glycerol, CH2OHCHOHCH2OH, erythritol, CH2OHCH- 
OHCHOHCH2OH. The monohydric alcohols may in turn be subdivided 
into primary alcohols, RCH2OH; secondary alcohols, R'R*^CHOH; and 
tertiary alcohols, R'R*'R'"COH. In the primary alcohols, the hydroxyl 
group is attached to the terminal carbon atom, but in the secondary or 
tertiary alcohols it may be attached anywhere along the carbon chain 
except at the terminal carbon atom. Any of these alcohols may be either 
saturated or unsaturated with respect to their carbon-carbon bonds, or 
they may contain other substituents in place of one or more hydrogens of 
the carbon chain. Also the carbon chains may be linear, branched, or 

cyclized. 

3. Esters of Aliphatic Monohydric Alcohols 

(a) Properties of Monoesters 

The homologous series of methyl and ethyl esters of the saturated fatty 
acids are fairly complete and relatively well known, and a considerable 
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number of the esters of the next higher alcohol homologs (propyl, butyl, 
amyl, etc.) have been prepared and investigated. However, data are still 
lacking with respect to many of the physical properties even of the simpler 
esters. 

The calculated molecular weights, saponification values, and in the case 
of the unsaturated acids, the iodine values, are given in Tables 100, 101, 
and 102 for the methyl and ethyl esters of the more common or better 

Table 100 

MOLECULAR WEIGHTS AND SAPONIFICATION VALUES® OF THE METHYL AND 

ETHYL ESTERS OF THE SATURATED FATTY ACIDS 

Acid radical Formula 

Methyl ester, 
C«H»n+iCOOCH» 

1 Ethyl ester, 
1 CnH,n+iCOOC,H* 

Molecular 
weight 

Saponi¬ 
fication 
value 

Molecular 
weight 

Saponi¬ 
fication 
value 

Formate HCOOR 60.05 934.26 74.08 757.36 
Acetate CHaCOOR 74,08 757.36 88.10 636.79 
Propi<mato CjHfiCOOR 88.10 636.79 102.13 549.34 
Butyrate C3H7OOOR 102.13 549.34 116.16 483.00 
Valerate C4H,C00R 116.16 483.00 130.18 430.96 
Caproate CfiHnCOOR 130.18 430.96 144.21 389.05 
Heptanoate (J«H|3C00H 144.21 389.05 158.23 354.56 
Caprylate C7H16COOR 158.23 354.56 172.26 325.69 
Nonanoate C8H17COOR 172.26 325.69 186.29 301.17 
Caprate C,H„COOR 186.29 301.17 200.31 280.08 
Undecanoate CjoHaiCOOR 200.31 280.08 214.34 261.75 
Laurate CHH23COOR 214.34 261.75 228.36 245.68 
Tridecanoate C12H25COOR 228.36 245.68 1 242.39 231.46 
Myristate C,3H27C00R 242.39 231.46 256.42 218.80 
Pentadecanoate CUH29COOR ' 256.42 218.80 270.44 207.45 
Palmitate CislhiGOOR 270.44 207.45 284.47 197.22 
Margarate CidinCOOll 284.47 197.22 298.49 187.96 
Stearate C17H36COOR 298.49 187.96 312.52 179.52 
Nonadecanoate C18H37COOR 312.52 179.52 326.55 171.81 
Arachidate Ci»H39000R 326.55 171.81 340.57 164.73 
Behenate . C21H43COOR 354.60 158.22 368.62 152.20 
Lignocerate C23H47COOR 382.65 146.62 396.68 141.44 
Cerotate C26H51COOR 410.70 136.60 424.73 132.09 
Montanate C27HWCOOR 438,75 127.87 452.78 123.91 
Melissate C29H6«C00R 466.81 120.19 480.83 116.68 
Dotriacontanoate C3iH«COOR 494.86 113.37 508.88 110.25 
Tetratriacontanoate C33H37COOR 522.91 107.29 536.94 104.49 
Hexatriacontanoate C36H71COOR 550.96 101.83 564.99 99.30 

® Saponification value equals the number of milligrams of potassium hydroxide re¬ 
quired to saponify one gram of ester or 56.104 X 1000/M.W. ester. 

known fatty acids. Data with respect to the vapor pressure, boiling point, 
and related properties are given in Chapter VI. The melting points of a 
number of low molecular weight monoesters are given in Table 103 while 
those of the high molecular weight esters are given in Chapter IV together 
with other crystal properties of these compounds. 
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The melting and boiling points of the methyl and ethyl esters are lower 
than those of the corresponding acids. With increasing chain length of the 
alcohol, the values for the melting and boiling points increase and ulti¬ 
mately become higher than those of the corresponding acids. The esters 
are generally insoluble in water but are soluble in various organic liquids 
and the lower members are themselves good solvents for many organic com¬ 
pounds, including most lipids, and especially for cellulose-type lacquers. 
The esters of the lower and medium molecular weight acids and alcohols 
are pleasantly aromatic and are used in the manufacture of synthetic es¬ 
sences. The natural fruit essences consist of mixtures of these esters. 
Most of the monoesters of the higher saturated fatty acids are colorless, 
odorless, crystalline solids. Those of the very long chain acids and alcohols 
are hard, brittle, lustrous, crystalline solids which are generally referred to 
as waxes. Most of the highest molecular weight esters of this class are 
generally not known in pure form but only as complex mixtures comprising 
the naturally occurring waxes. A number of straight chain esters contain¬ 
ing an unsaturated acid or an unsaturated alcohol, or both, are known to 
occur naturally both in plants and animals. 

The monoesters are neutral substances but the lower members slowly 
hydrolyze in w^ater to form free acids and alcohols. This reaction is ac¬ 
celerated by high temperature, the presence of alkalies, and various 
catalysts. As the molecular weight increases, the tendency to hydrolyze 
decreases, so that elevated temperatures and the presence of an alkali or 
catalyst are necessary for rapid reaction. Since many of the monoesters 
are relatively stable toward heat in the absence of moisture, they are 
generally distillable without decomposition. They are, therefore, often 
employed in processes of separation and identification of mixed fatty acids. 

(b) Structure of Monoesters 

The constitution of the aliphatic monoesters has long been established 
by double decomposition reactions and indirect alkylation methods. These 
methods employ the reaction of alkyl halides or dialkyl sulfates with ali¬ 
phatic acids or their salts, or the reaction of monohydric alcohols wdth acid 
chlorides. Both of these types of reactions generally proceed smoothly 
with the formation of esters as illustrated in the following equations: 

C»H*n + lCOOAg + ICsHs -> CnH^n + lCOOCA + Agl 

CnH^n+iCOCl 4- HOC2H5-► CnH^n+lCOOC^Hfi 4- HCl 

A unique indirect method of ester formation especially applicable to 
difficultly esterifiable acids, or acids impossible of direct esterification, has 
been described by Prelog and Piantanida.^ It is especially applicable to 

^ V. Prelog and M. Piantanida, Z. physiol Chem.^ 244,66-58 (1936). 
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Table 103 

MELTING POINTS IN DEGREES CENTIGRADE OF SOME ESTERS 

OF LOW MOLECULAR WEIGHT 

Ester Formate Acetate Propionate Butyrate Valerate 

Methyl -99.8 -98.0 -87.5 -91.0 

Ethyl -80.5 -82.4 -72.6 -93.3 -91.2 

Propyl -92.9 -92.5 -75.9 -95.2 

Butyl -90.0 -76.8 
Amyl -75.0 -75.0 

the polyterpenoid acids and sapogenins, such as oleanolic acid, chinovic 
acid, elaemolic acid, etc. The method depends on the thermal decom¬ 
position of the tetramethylammonium salt of the acid, which occurs readily 
at fairly high temperatures but within the thermal stability range of the 
polyterpenoid esters. The polyterpenoid acid is dissolved in methanol and 
treated with a methyl alcoholic solution of tetramethylammonium hy¬ 
droxide. The corresponding salt is recovered and heated to decompose it to 
the methyl ester. The method is not especially valuable for the preparation 
of esters of n-aliphatic acids. 

Although the double decomposition methods mentioned above are of 
general applicability, esters are ordinarily prepared by interaction of an 
acid and an alcohol. For many years it was assumed that ester formation 
of this type consisted in the replacement of the acidic hydrogen of the 
carboxyl group by the alkyl group of the alcohol: 

R 4- HO -CHs R^-OCH> + HOH 

However, evidence has been obtained that the obverse course may be fol¬ 
lowed, z.e., the acid furnishes the hydroxyl group and the alcohol furnishes 
the hydrogen: 

//^ 
OCH,-> Il-C-OCH, + HOH 

Evidence that the latter and not the former reaction occurs may be found 
in the reactions of the thio acids and thio alcohols. For example, when 
thiobenzoic acid is reacted with ethyl alcohol, ethyl benzoate and hydrogen 
sulfide are formed according to the following reaction: 

CeHsCOSH -f HOC2H6-► C.HsCOOCaHs + H^S 

On the other hand, when benzoic acid is reacted with ethyl mercaptan an 
ester of thiobenzoic acid and water are obtained according to the follow¬ 
ing equation: 

R d^ioii + h4- 
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CeHfiCOOH + HSC2H4-► C.H5COSC2H6 + H2O 

The esterification of neopentyl alcohol or ^eri-butylcarbinol, (CH8)8C- 
CH2OH, with carboxylic acids lends further support to the view that the 
alcohol provides the hydrogen rather than the hydroxyl radical in this 
reaction. All of the reactions which lead to a loss of the hydroxyl group in 
neopentyl alcohol result in the formation of terlrBxnyl derivatives. How¬ 
ever, when this alcohol is esterified with acetic acid it forms neopentyl 
acetate exactly like any other alcohol. On hydrolysis of neopentyl acetate, 
neopentyl alcohol and acetic acid are regenerated.^® The reactions of neo¬ 
pentyl alcohol with acids lend support to the hypothesis of Henryk that 
both esterification of acids and the hydrolysis of esters take place through 
addition reactions at the carbonyl group according to the following scheme: 

OH 
/ 

R'^ -f R^'OH 
% 

O 

OH - 

\ 
OR'J 

O 
/ 

R'—C + HOH 
\ 

OR' 

Other evidence bearing on the source of the oxygen entering the esteri¬ 
fication reaction has been obtained by the use of isotopic oxygen. Roberts 
and Urey® investigated the esterification of benzoic acid, containing oxygen 
of normal isotopic composition, with methyl alcohol, containing a larger 
proportion of O'®, and found the reaction to occur as follows: 

C,H.(^ + CH,0“H-> C,H,d^ + HsO*' 

\“H \“CH, 

Additional evidence bearing on this mechanism may be observed in 
reactivities of the primary, secondary, and tertiary alcohols with fatty 
acids as compared with the reactivities of the same alcohols with highly 
ionized acids like hydrochloric. As will be discussed in more detail later, 
the rates of reaction of n-aliphatic acids with monohydric alcohols decrease 
in the order primary > secondary > tertiary, whereas the reverse is true 
with hydrochloric acid. Hydrochloric acid does not react at a measurable 
rate with ?i-butyl alcohol at room temperature, whereas ter^-butyl alcohol 
reacts instantly to form icr^-butyl chloride under the same conditions. 
On the other hand, acetic acid reacts to the extent of 48.6% with n-butyl 
alcohol in one hour at 155®C. compared to 1.4% with ter^-butyl alcohol 
(see Table 104) under the same conditions. This difference in reactivity is 

^ F. C, Whitmore, Organic Chemistry, Van Nostrand, New York, 1937, p. 128. 
* P. Henry, Z. physik, Chem,^ 10,9^129 (1892). 
»I. Roberts and H. C. Urey, J, Am, Chem. Sac,, 60, 2391-2393 (1938); 61, 2684- 

2587(1939). 
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explainable in the case of the fatty acids if it is assumed that the hydroxyl 
group entering into the formation of water is supplied by the fatty acid and 
the hydrogen is supplied by the alcohol In the case of the halogen acids, 
the hydroxyl group must be derived from the alcohol since no hydroxyl 
group is present in these acids. 

(c) Esterification Kinetics 

The esterification reaction which is readily reversible represents a classi¬ 
cal example of the mass action law. If an alcohol and acid are allowed to 
react to form an ester and water under conditions which do not allow any 
of the products to escape, the same equilibrium will be attained with re¬ 
spect to the concentration of the reactants and products as would be ob¬ 
tained by hydrolysis of the ester with water under the same conditions, 
t. e., RCOOH + HOR' ^ RCOOR' + HOH. 

According to the mass action law the velocity of a reaction is propor¬ 
tional to the amounts of the reactants which are present in a unit volume, 
usually expressed as gram moles per liter. The velocity constant for the for¬ 
ward reaction (esterification) may be written: 

[RCOOH] [HOR'j 

that for the reverse reaction (hydrolysis): 

= A;'[RCOOR'][HOH] 

and at equilibrium: 

fcIRCOOHllHOR'l - *'[RGOOR'J[HOH] or “ I' “ ^ 
As the ratio of the velocity constants k and A:' is a constant, it may be 

represented by K which is the equilibrium constant. The magnitude of K 
indicates which substance will predominate when equilibrium is reached. 
If is large, the product [RCOOR'][HOH] will be large compared with 
[RCOOH][HOR'] and, if the reaction starts with the ester, it will disappear 
only to a small extent. If K is small the reverse will be true, while if K has 
a medium value, considerable concentrations of all four reactants will co^ 
exist. 

The mass action law, and hence the equilibrium constant, applies only 
when all the reacting substances coexist in homogeneous solution. If one 
reactant or reaction product escapes, or is removed from the reaction 
medium, the equilibrium is readjusted accordingly. In the case of the un¬ 
catalyzed, homogeneous esterification of one mole of ethyl alcohol with one 
mole of acetic acid, equilibrium is established at 66.6% of the ester. If the 
concentration is increased to two moles of alcohol per mole of acetic acid, 
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equilibrium is established at about 82% of the ester. Beyond this con¬ 
centration of alcohol the equilibrium is not greatly affected and esteri¬ 
fication cannot be made complete regardless of the excess of alcohol. 

In esterifying high molecular weight alcohols and acids which dissolve 
little water, the water which forms by esterification separates in a layer 
and may be removed. As will be discussed later, when glycerol and a high 
molecular weight acid such as stearic acid is esterified under reduced pres¬ 
sure the water may be removed by bubbling a stream of inert gas through 
the esterification mixture. With volatile alcohols or acids other expedients 
must be resorted to if the reaction is to be carried beyond that indicated 
by the equilibrium constant obtaining with all reactants present in the 
reaction mixture. 

The equilibrium constant is generally affected by temperature, but in 
the case of esterification of aliphatic acids and alcohols this change is rela¬ 
tively small. The change in the equilibrium constant with temperature is 
given by the equation: 

din jiT _ ^ 

dT RT^ 

where In K is the natural logarithm of the equilibrium constant, T is the 
absolute temperature, R is the gas constant, and AH is the heat evolved by 
the reaction. In esterification reactions the heat evolved is relatively small 
and the change in the equilibrium constant is, therefore, correspondingly 
small. 

The equilibrium constant in the homogeneous reaction is unaffected by 
the presence of catalysts but the velocity constant may be markedly af¬ 
fected. Thus, the addition of 3% to 5% of anhydrous hydrochloric or 
sulfuric acid to a mixture of acetic acid and ethyl alcohol will enormously 
accelerate the rate of esterification but the reacton will come to equilibrium 

with the formation of the same percentage of ester which would be obtained 
at equally effective concentrations of reactants in the absence of a cat¬ 
alyst. The same statement holds true for the reverse reaction; hydrolysis 
of ethyl acetate in the presence of hydrochloric acid will come to the 
same equilibrium as the forward reaction either with or without the added 
catalyst. In the case of vapor phase esterification in the presence of 
a catalyst, both the equilibrium and velocity constants may be affected 
by the temperature of the reaction. However, there is an optimum tem¬ 
perature at which the maximum esterification occurs. 

The equilibrium and velocity constants for the esterification of numer¬ 
ous fatty acids and monohydric alcohols were determined in the course of 
many classical investigations of this subject, and especially by Menschut- 
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kin,^ Kistiakowsky,® Meyer,Sudborough, Goldschmidt,Hinshel- 
wood,^®~^* and others. 

Menschutkin^ established the fact that branched chain acids were more 
difficultly esterified with a given alcohol than normal acids, and that the 
degree of branching and increasing molecular weight of the side chains 
tended to retard esterification. The data given in Tables 104 and 105 
from the work of Menschutkin indicate the relative rates of esterification 
of various alcohols and acids in the absence of added catalyst. These data 
illustrate the effect of branching in the alcohol chain. Esterification with 
a given acid occurs to the extent of 65% to 70% in the case of primary alco¬ 
hols, 50% to 60% in the case of secondary alcohols, and less than 5% in 
the case of tertiary alcohols. 

Table 104 

PERCENTAGE OF ESTERIFICATION OF VARIOUS ALCOHOLS BY ACETIC ACID 

IN ONE HOUR AT 155°C. 

Primaiy 
alcohol 

Per 
cent 

Secondary 
alcohol 

Per 
cent 

Tertiary 
alcohol® 

Per 
cent 

Methyl 55.6 Dimethylcarbinol 26.5 Trimethylcarbinol 1.4 
Ethyl 46.9 Methylethylcarbinol 22.6 Dimcthylethylcarbinol 0.8 
Propyl 46.9 Methylhexylcarbinol 21.2 
n-Butyl 46.8 Methylisopropylcarbinol 18.9 Methyldiethylcarbinol 1.0 
n-Octyl 46.6 Diethylcarbinol 16.9 Dimethylpropylcarbinol 2.1 

Dimethylisopropylcarbinol 0.9 

* Dehydration also takes place. 

The comparison of acids with respect to their relative rates of reaction 
with a given alcohol cannot be made as readily as it can with a given acid 
and a series of alcohols, because the rate of esterification is a function of the 
concentration of the catalyst and the catalyst is the acid or one of its dis- 

*N. Menschutkin, Ann., 195, 334-364 (1879); 197, 193-225 (1879); Ann. chim. 
phys., 20,289-361 (1880); 23,14-85 (1881); 30, 81-144 (1883). 

® W. A. Kistiakowsky, Z, physik. Chem.^ 27,250-266 (1898). 
• V. Meyer, Ber,, 27, 510-512 (1894). 
^ V. Meyer and J. J. Sudborough, B«f., 27,1580-1592; 3146-3153 (1894). 
• J. J. Sudborough and L, L. Lloyd, J, Chem, Soc., 75,467-483 (1899). 
• W. A. Bone, J. J. Sudborough, and C. H. G. Sprankling, /. Chem. Soc., 85, 534-555 

(1904). 
J. J. Sudborough and E. R. Thomas, J. Chem. Soc.f 91,1033-1036 (1907). 
J. J. Sudborough and J. M. Gittins, J. Chem. Soc., 93,210-217 (1908); 95,315-321 

(1909). 
J. J. Sudborough and M. K. Turner, J. Chem. Soc,, 101, 237-240 (1912). 

“ E. R. Thomas and J. J. Sudborough, J. Chjsm. Soc., 101, 317-328 (1912). 
H. Goldschmidt and O. Udby, Z. physik. Chem., 60,728-755 (1907). 
H. Goldschmidt and A. Thuesen, Z. physik. Chem., 81, 30-67 (1912). 
C. N. Hinshelwood and A. R. Le^rd, J. Chem. Soc., 1935,587-596. 
A. T. Williamson and C. N. Hinshelwood, Trans. Faraday Soc., 30, 1145-1149 

(1934). 
“ R. A. Fairclough and C. N. Hinshelwood, J. Chem. Soc., 1939, 593-600. 
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Table 105 
PERCENTAGE OP ESTERIFICATION OF VARIOUS ACIDS BY IBOBUTYL ALCOHOL 

IN ONE HOUR AT 155°C. 

Acid Per cent Acid Per cent Acid Per cent 

Formic 61.7 Butyric 33.3 a~Methylbutyric 21.5 
Acetic 44.4 Caprylic 30.9 Trimethylacetic 8.3 
Propionic 41:2 Isobutyric 29.0 Dimethylethylacetic 3.5 

sociation products, the solvated proton. Therefore, when the rates of 
esterification of two acids are measured, the resultant rate is a function 
of the rate of reaction of the acid and also of the activity of the acid as a 
catalyst. In the range of concentration where the rate of esterification is 
proportional to the hydrogen ion concentration, it is possible to calculate 
the rate of reaction to a standard hydrogen-ion concentration. 

Goldschmidtobserved that although the reaction between an alcohol 
and an acid, in the presence of hydrogen chloride, is bimolecular, when a 
large excess of alcohol is present it may be regarded as monomolecular. 
It will be recalled that for a bimolecular reaction the equation: 

(a-x)(6~x) 

is generally applied and that the original data of Berthelot and de St. 
Gilles^® for the reaction of acetic acid and ethyl alcohol agree within limits 
of experimental error for this bimolecular equation. Goldschmidt also 
showed that the velocity of esterification depends on the catalytic agent 
employed. It is relatively constant with hydrochloric or hydrobromic acids 
but is appreciably reduced with picric acid. In dilute alcoholic solutions, 
the velocity is proportional to the concentration of the hydrogen chloride. 

Kistiakowsky® found that under identical conditions the velocity con¬ 
stants of esterification and hydrolysis are identical and that in the presence 
of hydrochloric acid the constants are proportional to the concentration of 
hydrochloric acid, i, e., the velocity constant of hydrolysis of an ester, 
RCOOC2H5, by a solution of hydrogen chloride in a mixture of water and 
alcohol is identical with the esterification constant of the acid, RCOOH, 
when an aqueous alcoholic solution of hydrogen chloride of exactly the same 
strength is employed. 

Sudborough and co-workers calculated the velocity constants for a large 
number of esterification reactions of methyl and ethyl alcohols and a wide 
variety of acids, including many of the common aliphatic acids. They 

w H. Goldschmidt, Ber., 28, 3218-3227 (1895). 
M. Berthelot and P. de Saint-Gilles, Ann, chim. pkys., 65, 385-442; 66, 5-110 

(1862). 
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applied the equation for monomolecular reactions, namely, Jk = - In -, 

in which t is the time in hours and a is the initial concentration of the acid. 
In order to determine the velocity constant for any esterification reaction 
he assumed that it was only necessary to determine by titration the amount 
of unreacted organic acid after any interval of time ty and substitute these 
values in the equation given above. 

Since the velocity of the reaction is proportional to the concentration of 
hydrogen chloride in the mixture and is affected by the temperature, Sud- 
borough and Lloyd® proposed the use of the expression EmcOHj EEtoH? etc., 
to represent the esterification constant calculated on the basis of a con¬ 
centration of hydrochloric acid in the reaction mixture equal to one normal 
hydrochloric acid. 

The velocity constants of esterification determined by Sudborough and 
co-workers are those generally referred to at the present time. However, 
these constants have been recalculated to a more comparable basis which 
leads to somewhat different though entirely comparable values. The re¬ 
calculated values for AjmcOH referred to HCl = 1 which are given in Table 
106 are those found in the International Critical Tables}^ Reference to 
Table 106 will reveal the fact that in the ease of the saturated acids the 

Table 106 

VELOCITY CONSTANTS FOR THE ESTERIFICATION OF VARIOUS FATTY ACIDS 

AND METHYL ALCOHOL CATALYZED BY HYDROCHLORIC ACID® 

Acid k Acid k 

Formic 2568 Laurie 121.9 
Acetic 239 Myristic 120.9 
Propionic 211.7 Palmitic 114.4 
Butyric 115.2 Stearic 123.7 
Valeric 123.2 Undecenoic 53.0 
Caproic 118.7 Oleic 54.4 
Heptanoic 120.9 Elaidic 54.4 
Caprylic 125.8 Erucic 51.2 
Nonanoic 123.5 Brassidic 51.8 
Caprio 119.3 A*»*-01eic 1.3 

•A. Skrabal, '^ChemicalKinetics/'IntemationalCriticalTables. Vol. VII, McGraw- 
Hill, New York, 1930, p. 138. 

value of the velocity constant decreases rapidly with the increase in the 
number of CH2 groups in the acid up to butyric acid after which it is nearly 
the same for all of the homologous acids. The velocity constant for the 

•^A. Skrabal, "Chemical Kinetics,” in International Critical TabUSy VoL VII, 
McGraw-Hill, New York, 1930, p. 138. 
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corresponding unsaturated acids having a double bond near the center of 
the hydrocarbon chain is less than half that for the corresponding saturated 
acid. Cis- and trans-isomers have almost identical velocity constants. 
When the double bond is adjacent to the carboxyl group the velocity con¬ 
stant decreases to a very low order, e. g., 1.3 for A^'^-oleic acid compared to 
54.4 for A®»^®-oleic acid and 123.7 for stearic acid. 

Smith and Reichardt^^ reinvestigated the acid-catalyzed esterification 
of the normal fatty acids from acetic to lauric, in dry methanol, and deter¬ 
mined the rate constant and energy of activation of the reaction. Through¬ 
out the series of normal acids the activation energy was a constant and had 
a value of 10,000 cal. per mole. 

Although the mineral acids, particularly hydrochloric and sulfuric, are 
primarily used as esterification catalysts with low molecular weight mono- 
hydric alcohols, other catalysts, especially the aromatic sulfonic acids, are 
also used. Zaganiaris and Varvoglis-^ investigated the utility of TwitcheU's 
reagent in the preparation of esters of low molecular weight alcohols and a 
variety of fatty acids from acetic to palmitic. An excess of alcohol equiv¬ 
alent to 3 to 10 times the weight of acid was used with 1% to 2% of cata¬ 
lyst. For example, palmitic acid esterified for 8 hours with 10 times its 
weight of absolute ethanol containing 1% of Twitchell reagent gave approxi¬ 
mately 81% of ester. 

Swern and Jordon^^ described the preparation of a series of alkyl esters 
of 9,10-dihydroxystearic acids (m.p. 95° and 130°C.) in which esterifica¬ 
tion was accomplished by heating the acids for eight hours with the corre¬ 
sponding alcohols in benzene solution containing naphthalene-/3-sulfonic 
acid as catalyst. The water formed during the reaction was removed azeo- 
tropically and the benzene was returned to the reaction mixture. 

The action of the sulfonation catalysts in esterification has been as¬ 
cribed to the formation of intermediate compounds between the —SO3H 
radical and alkyl group of the alcohol, and in the case of hydrolysis, es¬ 
pecially of fats, to the increased solubility of the ester in water. 

(d) Preparation of Monoesters 

The foregoing discussion of the esterification of monohydric alcohols and 
monocarboxylic acids indicates that the reaction varies with the nature of 
the reactants and the medium employed. In general, esterification is qar- 
ried out by heating a concentrated mixture of alcohol and acid in the pres¬ 
ence of a catalyst. The catalyst most commonly employed is anhydrous 
sulfuric or hydrochloric acid. The concentration of mineral acid employed 

»* H. A. Smith and C. H. Reichardt, /. Am. Chem. Soc., 63, 605-608 (1941). 
« J. N. Zaganiaris and G. A. Varvoglis, Ber. 69, 2277-2282 (1936). 
^ D. Swern and E. F. Jordon, Jr., J. Am» Chem. Boc., 67, 902-903 (1945). 
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is usually 3% to 5%. However, some workers^® use methyl alcohol satu¬ 
rated with dry hydrochloric acid or saturate the esterification mixture with 
dry hydrogen chloride prior to refluxing. Dehydrating agents such as 
calcium chloride are also employed in conjunction with hydrochloric acid. 

Since the lower molecular weight alcohols and acids are liquids which are 
mutually soluble over a considerable temperature range, no solvent is 
necessary in these esterifications. With mixtures of high molecular weight 
alcohols and acids a solvent such as benzerie or toluene may be employed. 

Although the method of esterification used in the preparation of the 
methyl and ethyl esters of the higher molecular weight fatty acids may be 
stated simply in the general terms indicated above, the details given in the 
literature are surprisingly variable. Most authors are prone to state that 
so many grams or moles of fatty acid and alcohol, containing a specified 
percentage of catalyst, were refluxed for a specified number of hours, or 
until the reaction was completed, after which the ester was recovered from 
the reaction mixture. Some authors recover the unesterified acid and sub¬ 
ject it to a second esterification. 

Standard references on fat chemistry devote little space to the subject 
of esterification in so far as it pertains to laboratory procedures, and es¬ 
pecially to the optimum conditions for carrying out the reaction. Hilditch,^® 
in his latest edition of The Chemical Constitution of Natural Fats, states 
that mixed fatty acids “are converted into methyl esters by boiling with 
about twice their weight of methyl alcohol in the presence of about 2 per 
cent, of concentrated sulfuric acid, and subsequently removing unesterified 
acid by washing the ether solution of the esters with dilute potassium car¬ 
bonate solution. The conversion into methyl esters is usually 97 to 98 
per cent., but if by accident it falls below this figure, the unesterified acid 
should be recovered and re-esterified.'^ 

In his monograph. The Industrial Chemistry of the Fats and Waxes^ 
Hilditch^^ states: “Each of the fractions of the fatty acids resulting from 
the lead salt separation is converted to methyl or ethyl esters by dissolving 
in about four times its weight of the alcohol (to which 2 per cent, of con¬ 
centrated sulfuric acid is added), and boiling under reflux for about two 
hours. Esterification proceeds very readily and almost to completion, and, 
after removal of as much alcohol as possible by distillation on a water-bath, 
the residue is dissolved in ether and waphed, first with water to remove 
mineral acid, and then cautiously wdth dilute sodium carbonate in order to 
remove unchanged fatty acid with as little formation of soap-ether emul¬ 
sion as possible.^' 

A. O. Cruz and A. P. West, Philippine J, Sci., 48, 77-88 (1932). 
*« T. P. Hilditch, The Chemical Constitution of Natural Fats. Wiley, New York, 

1940, p. 373. 
” X. P. Hilditch, The Industrial Chemistry of the Fats and Waxes. 2nd ed., Bailli^re, 

Tindall & Cox, London, 1941, p. 88. 
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Dean® in his monograph, Utilization of Fats, states: ‘The ‘solid' and 
‘liquid' acids are then esterified by boiling with two to three times their 
weight of methyl alcohol containing 4 per cent, of sulfuric acid." Jamie¬ 
son,® Bull,® and Bloor*^ fail to discuss esterification from the preparatory 
standpoint. Several special methods have been described®^ for the prepara¬ 
tion of specific esters, as for example n-butyl-n-butyrate, ethyl adipate, 
and ethyl-n-tridecanoate. In the preparation of n-butyl-n-butyrate 
simultaneous oxidation of butyl alcohol and esterification by means of 
sodium dichromate and sulfuric acid is employed. The yield of ester in 
this process is only 41% to 47% of theory. 

For preparing ethyl adipate, a mixture of toluene and ethyl alcohol is 
employed to form an azeotropic mixture of alcohol-toluene-water which 
distills between 75° and 78°C. The distillate can be freed of water with a 
dehydrating agent and returned to the reaction mixture. This method 
makes it possible to obtain a high yield of ester without using an unduly 
large proportion of alcohol; actually an excess of only two moles of alcohol 
per mole of adipic acid is required with a concentration of sulfuric acid equal 
to one per cent of the weight of organic acid used. 

A similar method of esterification has been described by Locquin and 
Elghozy®^ using toluene and hydrochloric acid, while van Rysselberge^^ 
employed benzene and sulfuric acid for the same purpose. Direct esteri¬ 
fication of adipic acid and ethyl alcohol has also been described by Arppe,® 
Curtius,® and Bouveault and Locquin. 

Ethyl-n-tridecanoate is prepared by refluxing 95% alcohol containing 3% 
to 5% by weight of anhydrous hydrogen chloride with crude ?^-tridecanoic 
acid. Anhydrous calcium chloride is added to the mixture after which it is 
refluxed for 24 hours. The ester layer is separated and refluxed for an 
additional 24 hours with alcohol, hydrogen chloride, and calcium chloride. 
Despite the use of an excess of 13 moles of alcohol the yield is 84% or less 
of the theoretical. This esterification procedure while obviously useful for 
some preparations is not very eflicient or economical. Ethyl pentadecano- 
ate has been prepared by the same procedure. 

Although the esterification of a given quantity of fatty acids Is usually 
considered fairly complete as described by many authors, actually this is 
often not the case. However, the actual degree of esterification can be 
readily determined by withdrawing a sample of the esterification mixture 

H. K. Dean, Utilizatum of Fats. Chemical Pub. Co., Brooklyn, 1938, p. 75. 
*• G. S. Jamieson, Vegetable Fats and Oils. 2nd ed.. Reinhold, New York, 1943, 

H. B. Bull, The Biochemistry of the Lipids. Wiley, New York, 1937. 
W. R. Bloor, Biochemistry of me Fatty Adds. Reinhold, New York, 1943. 

** Organic Syntheses, Collective Volumes I and II. Wiley, New York, 1932, 1942. 
** R. Locquin and F. Elghozy, Bull. soc. chim., 41, 445-448 (1927). 
** M. van Rysselberge, Bull. soc. chim. Belg., 35, 311-328 (1926). 
“ A. E. Arppe, J. prakt. Chem., 95,193-211 U865). 
*• T. Curtius, J. prakt. Chem., 91,1-38 (1915). 

L. Bouveault and R. Locquin, Bull. soc. chem., 3,437-441 (1908). 
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and titrating it with alkali. If an acid catalyst is used due allowance must 
be made for its presence. 

When the esterification mixture contains any appreciable amount of un¬ 
reacted fatty acids, troublesome emulsions are often encountered if so¬ 
dium or potassium hydroxide or carbonate is used in an effort to remove 
them. Buxton and Kapp“ have described a method for circumventing this 
difficulty, especially when large amounts of high molecular weight esters 
are prepared. Their procedure is as follows. The unreacted alcohol is 
distilled from the esterification mixture, and the residue of free acids, crude 
ester, and catalyst is dissolved in two to five parts by weight of ethylene 
dichloride to one part of ester. After determination of the amount of free 
acid by titration with 0.6 iV alcoholic potassium hydroxide, an equivalent 
weight of concentrated aqueous potassium hydroxide (38%) is added 
slowly with stirring. The potassium soaps of the unreacted fatty acids will 
rise to the surface and the potassium salt of the mineral acid catalyst will 
precipitate. Both products may be separated by filtration. After washing 
the separated precipitate with ethylene dichloride the combined washings 
and filtered ester is distilled. The advantage of the method is that it elimi¬ 
nates the use of ether with its attendant hazards and avoids the formation 
of emulsions. 

4. Esters of Other Monohydric Alcohols 

In addition to the monoesters formed by the reaction of the normal and 
branched chain aliphatic alcohols, many esters of other monohydric alcohols 
and fatty acids are known. Many of these monohydric alcohols are cyclic; 
some are heterocyclic compounds, such as the ether alcohols, furfurol, tetra- 
hydrofurol, etc. 

(a) Esters of Heterocyclic Alcohols 

The ether alcohols, obtained by dehydration of polyhydric alcohols, 
have been used in the preparation of monoesters. For example, glycidol, 
H2C—CHCH2OH, which may be considered as the dehydration product 
\0/' 

of glycerol, may be esterified with fatty acids. Kester, Gaiser, and Lazar^ 
prepared a series of glycidyl esters by reacting epichlorohydrin with lauric, 
myristic, palmitic, stearic, and oleic acids according to the equation: 

H,C-CHCHiCl + NaOOCR-► HiC-CHCHjOOCR + NaCl 

O ^ 0 

In contrast to glycidol, the glycol ethers generally retain their poly¬ 
hydric structures since the dehydration may be considered as occurring 

•• L. O. Buxton and R, Kapp, J. Am, Chem, Soc., 62,988 (1940). 
E. B. Kester, C. J. Gaiser, and M. E. Lazar, Org. Chem., 8,550-668 (1943). 
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between two or more molecules of glycol rather than intramolecularly. 
Another series of ether alcohols is obtained through substitution of an alkyl 
group for one of the hydrogen atoms in one of the two hydroxyl groups of 
the glycols. The ethylene glycol monoalkyl or monoaryl ethers, ROCH2- 
CH2OH, which are also known as Cellosolves, have been used in the prepara¬ 
tion of fatty acid esters. Diethylene glycol forms a similar series of ether 
alcohols of the general formula ROCH2CH2OCH2CH2OH which are referred 
to as Carbitols, The Cellosolve and Carbitol acetates are liquids which 
have application as solvents for gums, resins, nitrocellulose, etc. 

The isopropylidene monohydric alcohol esters are of considerable im¬ 
portance in the synthesis of glycerides. The isopropylidene group is intro¬ 
duced into glycerol by allowing freshly distilled, anhydrous glycerol to 
stand in contact with acetone saturated with dry hydrogen chloride and 
fused anhydrous sodium sulfate. The excess hydrogen chloride is then re¬ 
moved, the acetone distilled off, and the isopropylideneglycerol is distilled. 
The reaction may be represented as follows: 

CH2OH 

inoH 
('jHjOH 

+ oV 
CH, 

CH, 
(!;ho/^ch, 

(!;h,oh 

The isopropylidene derivative is therefore a monohydric alcohol which 
can be esterified with fatty acids in the presence of dry hydrogen chloride. 
If desired, the isopropylidene group may then be removed by reaction of the 
ester in ether solution with concentrated hydrochloric acid. With esters 
below lauric acid the hydrolysis must be carried out below —15® to 0®C. 
in 5 to 10 minutes. 

Benzaldehyde reacts with glycerol in a similar manner to produce 1,2- 
benzylideneglycerol which, like isopropylideneglycerol, contains a free 
hydroxyl group and may, therefore, be esterified with fatty acids. 

Esters of furfuryl and tetrahydrofurfuryl alcohols have been prepared 
and described. For example, Norris and Terry^ prepared the furfuryl 
esters of palmitic, oleic, and linseed oil fatty acids using an ester interchange 
method. Van Schaack^' patented the preparation of the fatty acid esters 
of tetrahydrofurfuryl alcohol. The esterification is carried out in benzene 
solution using a slight excess of the alcohol and 0.1% of sulfuric acid, based 
on the weight of fatty acid, as catalyst. 

(6) Esters of Hydroaromatic Alcohols 

Various esters of hydroaromatic alcohols have been described. For ex¬ 
ample, a number of bomyl esters of n-aliphatic acids have been prepared by 

F. A. Norris and D. E. Terry, OH Soap^ 21,193-196 (1944). 
R. H. Van Schaack, Jr. (to Van SohaacK Bros. Chemical Works, Ine.), U. S« Pat. 

1,802,623 (April 28,1931). 
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Minguin and de BoUemont/^ The menthyl esters of the n-aliphatic acids 
from formic to stearic have been prepared by Hilditch^® and some of their 
properties, especially their molecular rotatory power, have been determined. 
These esters were not prepared by direct esterification but by reaction of the 
acid chlorides and menthol. The related brucine and cinchonine salts of the 
higher fatty acids (myristate to stearate) were likewise prepared by Hil- 
ditch. 

Van Schaack^^ patented the preparation of the fatty acid esters of the 
hydrogenated aromatic alcohols, such as cyclohexanol. 

5, Esters of Polyhydric Alcohols 

The fatty acid esters of many polyhydric alcohols have been prepared 
and, in some cases, their properties and reactions studied in detail. Com¬ 
paratively few investigations have, however, been made of the reaction 
mechanisms owing to the inherently greater complexity of these reactions 
compared to those involved in the formation of monoesters. 

The most important polyhydric esters are the natural fats, or the glyceryl 
esters of the higher fatty acids, but the esters of a number of other poly¬ 
hydric alcohols have attained industrial importance and all are of scientific 
interest. The polyhydric alcohols which have been esterified with various 
fatty acids include the diols, triols, tetrols, pentitols, and hexitols. The 
closely related polyhydric ethers which have been reacted with fatty acids 
include the polyalkylene glycols, polyglycerols, polymerized pentaeryth- 
ritols (hexitols), hydroxyalkyl ethers or polyhydric alcohols, as well as 
the simpler carbohydrates (mono-, di-, and trisaccharides). 

Two classes of polyhydric alcohol esters may be distinguished, namely, 
(1) those in which all the alcoholic hydroxyl groups have been esterified; 
and (2) those which are incompletely esterified. The esters formed by 
partial as well as by complete esterification of polyhydric alcohols are of 
considerable industrial importance. 

It is now more than 100 years since the first synthesis of a triglyceride 
was reported by Pelouze and G^lis (1844) who esterified glycerol with 
butyric acid. The first nonglycerol, polyhydric alcohol esters of the fatty 
acids were described in 1855 by Berthelot^® who prepared various esters of 
erythritol, dulcitol, mannitol, and glucose. The first glycol esters were 
prepared in 1859 by Wurtz.^ 

Goldsmith^^ has published a comprehensive review of the literature on 

** J. Minguin and E. G. de Bollemont, CompL rend,, 134, 608-610 (1902). 
« T. P. Hilditch, J, Chem, Soc,, 95, 331-341, 1570-1683 (1909); 101, 192-202, 202- 

207 (1912). 
** R. H. Van Schaack, Jr. (to Van Schaack Bros. Chemical Works, Inc.), U. S. Pat. 

1,697,296 (Jan. 1, 1929). 
" M. Berthelot, CompL rend., 41, 462^56 (1856). 
*• A. Wurtz, Ann. Mm. phys., 55, 400-478 (1859). 
" H. A. Gddsmith, Chem. Revs., 33,257-349 (1943). 
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the preparation, physical and chemical data, and industrial applications of 
the higher fatty acid esters of the polyhydric alcohols and polyhydroxy 
ethers. 

Menschutkin^® included in his classical investigation of esterification both 
monohydric and polyhydric alcohols. The polyhydric alcohols include a 
series of glycols (ethylene, propylene, and trimethylene), glycerol, eryth- 
ritol, mannitol, and dulcitol. The reaction velocities were determined 
for a number of different acids with each polyhydric alcohol and with vary¬ 
ing ratios of alcohol to acid. For example, ethylene glycol was esterified 
with one to six moles of acetic acid. The esterification velocity was found 
to be affected by isomerism (chain branching) in the polyhydric alcohols 
just as was found to be the case with the monohydric alcohols. 

The tri-, tetra-, and hexahydric alcohols were likewise esterified with one 
to six moles of acetic acid. With increasing numbers of hydroxyl groups, 
and with molar ratios of acid equal to the number of hydroxyl groups in the 
alcohol, the reaction velocity progressively decreased as indicated by the 
equilibrium concentrations of the esters shown in Table 107. When, how- 

Table 107 

EQUILIBRIUM VALUES OF ESTERIFICATION OF VARIOUS ALCOHOLS 

WITH ACETIC ACID 

Alcohol Mole ratio 
acid/alcohol 

Equilibrium concentration 
of ester, % 

Ethanol 1 66.57 
Ethylene glycol 2 53.94 
Glycerol 3 46.00 
Erythritol 4 40.07 
Mannitol 5 26.42 

ever, the same alcohols were esterified \yith only one mole of acid the 
equilibrium was not greatly different; methanol, 69.59; glycol, 69.86; 
glycerol, 70.08; erythritol, 65.73; mannitol, 62.53%. The experiments 
of Menschutkin refer to uncatalyzed, homogeneous conditions of esteri¬ 
fication. However, like monohydric alcohols, the esterification of poly¬ 
hydric alcohols is affected by catalysts, temperature, agitation, and removal 
of water produced during the reaction. 

Unlike monohydric alcohols, an excess of polyhydric alcohol cannot be 
employed when complete esterification is desired. Because of the tendency 
of specific hydroxyl groups to esterify preferentially, i. e., to form mono- 
rather than polysubstituted alcohol esters, the fatty acids tend to distrib¬ 
ute themselves among all the molecules of alcohol present rather than to 
completely esterify any given molecule of the polyhydric alcohol. 

" N. Menschutkin, Ann. chim. phys., 23,14-86 (1881). 
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Water may be removed in a variety of ways depending on the nature of 
the polyhydric alcohol employed in esterification. If the alcohol is water- 
soluble, another solvent may be added and the water removed by azeo¬ 
tropic distillation. If the alcohol is water-insoluble, the water may be dis¬ 
tilled azeotropically by adding excess alcohol. Other methods make use of 
efficient vacuums, inert gases, combinations of vacuums and inert gases, 
the addition of a dehydration agent, and other expedients. Catalysts are 
generally employed to reduce the time of reaction and to reduce the tem¬ 
perature of esterification in the case of acids of low thermal stability. 

(a) Esters of Glycols and Ether Glycols 

The glycols consist of hydrocarbon chains with two hydroxyl groups at¬ 
tached to two of the carbon atoms and are, therefore, the simplest poly¬ 
hydric alcohols which may be esterified with the higher fatty acids to form 
polyesters. The lowest member of the series is ethylene glycol, HOCH2- 
CH2OH. With more than two carbon atoms in the chain, positional iso¬ 
mers become possible since the two hydroxyl groups may be attached to 
any two of the carbon atoms in the chain, thus there are two propylene 
glycols, four butylene glycols, etc., exclusive of additional isomers resulting 
from branching of the hydrocarbon chain. Only a few of the large number 
of theoretically possible glycols have been used in the preparation of esters 
of higher fatty acids. The most important ones are listed in Table 108 
together with some of their properties. 

Table 108 

GLYCOLS USED IN THE PREPARATION OF ESTERS 

Glycol Formula 'iMi 
Ethylene ! CH,QHCH,OH 197.2 -11.5 
1,2-Propylene CH,CHOHCH,OH 187.4 
1,3-Propylene CH,OHCH,CH,OH 210 (214 dec.) 
1,2-Butylene CH,CH,CHOHCH,OH 192 
2,3-Butylene CH,CHOHCHOHCH, 184 (180) 27 
1,3-Butylene CHaCHOHCH,CH,OH 204 
1,4-Tetramethy lene CH,0H(CH,),CH20H 230(108""^) 
1,5-Pentamethylene CH,OH(CH,),CH,OH 239 
1,6-Hexamethylene CHrf)H(CH,)4CHaOH 250 42 

The lower members of the glycol series are high boiling liquids which 
are heavier than water. Since they contain two hydroxyl groups they can 
form mono- and diesters. The monoesters containing a primary alcohol 
group and an ester group have solvent properties, especially when the 
ester group is of low molecular weight. The higher molecular weight mono- 
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esters of the glycols are useful interface-modifying agents. The high molec¬ 
ular weight diesters of glycol are similar to the glycerol esters, while those 
of the highest molecular weight are waxlike substances. Depending on the 
nature of the attached fatty acid, they may serve as lubricant modifiers, 
plasticizers, emulsifying agents, etc. 

Another closely related group of glycols are the polyethylene glycols 
which have the general formula HOCH2CH2(OCH2CH2)nOH, where n 
may have any value from one to nine. The simplest member of the series 
is diethylene glycol, HOCH2CH2OCH2CH2OH. Structurally, these com¬ 
pounds are dihydric ethers, hence the name glycol ethers. The best known 
polyethylene glycols are, in addition to diethylene glycol, triethylene gly¬ 
col, H0CH2(CH20CH2)2CH20H; tetraethylene glycol, H0CH2(CH*0- 
CH2)8CH20H; hexaethylene glycol, H0CH2(CH20CH2)6CH20H; and 
nonaethylene glycol, H0CH2(CH20CH2)8CH20H. These glycols are higher 
boiling liquids (244° to 325°C.) than the corresponding simple glycols, and 
they become increasingly viscous with increasing molecular weight. 

The polyethylene glycols, like the simple glycols, may be esterified with 
fatty acids to produce corresponding mono- and diesters. Both classes of 
glycols may be directly esterified with fatty acids in the same manner as 
the monohydric alcohols. For complete direct esterification an excess of 
fatty acid is required, whereas for the preparation of monoesters an excess 
of glycol is used. The reaction, although random with respect to the hy¬ 
droxyl group first attacked, obviously takes place in two steps involving 
first one and then the second hydroxyl group. The reaction velocity is in¬ 
creased by high temperature, the addition of catalysts, agitation and re¬ 
moval of moisture. 

Dry hydrogen chloride has been suggested or used as a catalyst at ele¬ 
vated temperatures. Sulfuric and phosphoric acids, and various acid salts 
have been reconunended as catalysts for the esterification of the glycols. 
Acetyl chloride and the Twitchell reagents (sulfonic acids of benzene, tolu¬ 
ene, naphthalene, or camphor) have also been proposed or used. Finely 
powdered metals such as zinc, tin, iron, manganese, etc., have been pro¬ 
posed as catalysts for the esterification of the glycols. 

The use of agitation and/or carrier solvents increase the speed and effec¬ 
tiveness of the esterification, particularly where the fatty acid and glycol 
are not completely miscible. Aeration with various gases speeds the re¬ 
action both by agitation and removal of water and in certain cases may 
protect the reactants or products from oxidation. Glycol esters may also 
be prepared by reaction of fatty acid anhydrides or chlorides and glycols. 

(6) Esters of Glycerol 

As has been mentioned previously, the oldest known esterification reac¬ 
tion involving polyhydric alcohols and fatty acids is that employed in the 
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formation of triglycerides. In 1844, approximately twenty years after 
Chevreul established the constitution of natural fats, Pelouze and G41is^® 
synthesized tribut3rrin by direct esterification of glycerol and butyric acid 
in the presence of sulfuric acid as a catalyst. Ten years later Berthelot®° 
began his systematic S5rnthesis of the glycerides in the course of which he 
prepared the mono-, di-, and triglycerides of practically all of the then 
available fatty acids. The higher fatty acids included palmitic, stearic, 
and oleic. The glycerides were obtained principally by variations in the 
method of direct esterification, although in some cases acetonebromohydrin 
and diacetonechlorohydrin were used in the synthesis of specifically oriented 
glycerides. The direct esterification of glycerol and fatty acids has been 
the subject of many investigations since the appearance of Berthelot's 
classical work. 

The process of esterification of glycerol with the higher fatty acids is 
often referred to as re-esterification because the original source of the acids 
is the natural fats or waxes from which acids are obtained by hydrolysis. 
When a homotriglyceride is required, direct esterification is oftentimes the 
easiest and most desirable method of preparation. However, the reaction 
cannot be made sufficiently specific to produce any desired mono- or diglyc¬ 
eride with respect either to configuration or to homogeneity, and it is not 
possible to produce, by direct esterification, specifically oriented triglyc¬ 
erides with two or three different fatty acids in the molecule. In these 
cases recourse must be had to less direct methods of synthesis. 

The formation of triglycerides by esterification of glycerol with fatty 
acids may be represented in its simplest form by the following equation: 

HaCOH HOOCR HaCOOCR 

HioH + HOOCR-► nioOCR + 3 HjO 

HjcIjOH HOOCR HjdlOOCR 

Actually the reaction proceeds in stages beginning with the formation of 
monoglycerides which are further esterified to form diglycerides, and these 
in turn are esterified to form triglycerides. The esterification reaction is, 
however, further complicated by the fact that acyl radicals tend to migrate 
from one position to another within the glycerol molecule. It is a well 
established fact that |3-monoacylglycerides tend to rearrange to a-mono- 
acylglycerides*^ and that this reaction is accelerated by the presence of 
small quantities of acids and alkalies.®^'” The tendency of the jS-acyl- 

J. Pelouze and A. G^lis, Ann. chim. phys., 10, 434-456 (1844). 
w M. Berthelot. Campt. rend., 36, 27-29 (1853); 37, 398-403, 403-406 (1853); 38, 

668-673(1854); Ann. chim., 41, 216-319 (1854). See Chimie organique fondie mrla 
aynthese, Mallet-Bachelier, Paris, 1860, Vol. II, pp. 17-164. 

E. Fischer, Ber., 53,1621-1633 (1920). 
B. F. Stimmel and C. G. King, J. Am. Ckem. Soc., 56,1724-1725 (1934). 

•* B. F. Daubert and C. G. King, J. Am. Chem. J^., 60, 3003-3005 (19^). 
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glycerides to rearrange to a-acylglycerides is in line with the observed dif¬ 
ferences in the heats of combustion and specific heats of these two isomeric 
glycerides.®* 

The course of the esterification reaction can, therefore, be more accurately 
represented by the following scheme: 

CH2OOCR CH2OOCR 

djHOH v 

iHjOOCR 

CHjOOCR 

(Ijhoocr 

^HjOH 

CH^OOCR 

(*:hoocr 

in^CR 

The selection of the particular hydroxyl group of the glycerol molecule 
for attack by any given molecule of acid to form the original monoglyceride 
is apparently relatively random in nature and is probably only slightly 
affected by environmental conditions. Although the reaction cannot be 
made entirely specific with respect to the particular hydroxyl group or 
groups which undergo esterification, the reaction can be made relatively 
complete in the case of the higher fatty acids with respect to triglyceride 
formation. This is not the case, however, with respect to mono- or di¬ 
glyceride formation since these reactions are nonspecific and incomplete 
regardless of the ratio of glycerol used. Also, it is not the case where esteri¬ 
fication of very low molecular weight fatty acids is involved. For example, 
esterification of glycerol and acetic acid, regardless of the excess of acetic 
acid, results in the formation of a mixture of mono-, di-, and triacetin which 
is extremely dfficult to separate. Triacetin has, therefore, generally been 
prepared by the reaction of glycerol and acetic anhydride. However, it is 
claimed that triacetin can be produced by direct esterification which em¬ 
ploys a process of continuous distillation patented by Grolea and Weyler.*® 
This process involves the continuous removal by distillation from the 
esterification mixture of a weak solution of acetic acid and continuous addi¬ 
tion of fresh glycerol and acetic acid. 

When only one kind of acid is involved in the esterification only one tri¬ 
glyceride can be formed. However, if two or more acids, are involved in 
the esterification, the reaction product will consist of a mixture of esters 
in various proportions. A njzmber of factors are operative in determining 
the ultimate composition of the mixture, including the concentration of 
each acid present and the relative rates of esterification and acyl migration 

T, H. Clarke and G. Stegeman, J, Am, Chem, Soc,^ 62,1816-1817 (1840). 
« J. Grolea and J. L. Weyler, British Pat. 131,678 (Sept. 4,1919), 
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under the conditions employed. It might be expected that equilibrium 
would be established when maximum heterogeneity, with respect to the 
distribution of the fatty acids among the glycerol molecules, occurred 
under the conditions of the reaction. The tendency for this to occur is 
undoubtedly considerable, but differences in the activity of the hydroxyl 
groups in the glycerol molecule and differences in the rates of reaction of 
the different fatty acids would prevent this result from being completely 
realized experimentally. In some cases it may be very closely approached, 
e. g., in the esterification of equimolar quantities of palmitic and oleic acids 
which have nearly the same reaction velocities. 

Esterification Conditions.—A wide variety of conditions have been de¬ 
scribed for the esterification of glycerol with the higher fatty acids, but 
few kinetic investigations have been made of the reactions under the 
various conditions employed. Each modification appears to have been 
introduced or employed by a given author because of some particular ad¬ 
vantage which it appeared to offer. Because of lack of adequate compara¬ 
tive data, it is often difficult to determine which of the many esterification 
methods is most advantageous. The following are typical of the condi¬ 
tions which have been described by workers since Berthelot's contribu¬ 
tions in this field. 

Berthelot®® heated glycerol and a large excess of fatty acid to tempera¬ 
tures between 200° and 270°C. in a sealed tube. Since the water produced 
in the reaction remained in the reaction mixture, equilibrium was estab¬ 
lished between the reactants under the conditions employed. Scheij®® 
employed a stream of air or inert gas to remove the water from the reaction, 
and Bellucci and co-workers®’accomplished the same result by means 
of reduced pressure. Either method tends to displace the equilibrium to¬ 
ward complete esterification but provision must be made for returning the 
glycerol to the reaction or supplying fresh glycerol which may be lost. 

Steger and van Loon®® esterified dry glycerol which had been distilled 
in vacuo with the theoretical quantity of petroselinic acid and 2% of pow¬ 
dered zinc as catalyst. The reaction mixture was maintained at 180°C. 
under a partial vacuum while a stream of carbon dioxide was drawn through 
it to provide agitation and to assist in the removal of the water formed 
during esterification. After 5 hours it was found that the acid value did 
not further decrease. Owing to the loss of about 10% of the glycerol, the 
fatty acid remained in excess, thus assuring the absence of mono- and di¬ 
glycerides. 

w L. T. C. Scheij, Eec, tra». ckim,, 18,169-210 (1879). 
I. Bellucci, Qaaz» ckim, iUd,. 42, II, 28Sk-305 (1912). 

“ I. Bellucci and R. Manzetti, AUi accad. Lincei, 20,1,125-128, 503-504 (1911), 
** I. Bellucci, AUi accad, LinceL 20,1,23^2^ (1911). ^ 
®® A, Steger and J. van Loon, Rec. traiv. chim., 46,703-708 (1927). 
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Locquin and Elghozy*^ suggested the use of benzene, toluene, and similar 
solvents as esterification media and to remove the water of reaction. For 
this purpose the reaction fiask is provided with an air condenser which con¬ 
denses and returns the glycerol and allows the solvent-water mixture to 
escape. After condensation and removal of the water, the solvent can be 
returned to the reaction mixture. Xylene is now generally preferred for 
removal of the water of reaction. 

Most of the Twitchell saponification catalysts have been used as esteri¬ 
fication catalysts following their 
original application for this purpose 
by Twitchell®® himself. For ex¬ 
ample, Bhattacharya and Hilditch®® 
prepared various heteroglycerides 
by heating a mixture of fatty acids 
(about 110 g.) with 80% to 90% 
of the theoretical quantity of glyc¬ 
erol and 0.5% of naphthalene-/3- 
sulfonic acid at a temperature of 
135-145°C. for 5 to 6 hours under 
a vacuum of 1 mm. Esterification 
under these conditions is relatively 
complete and no mono- or diglyc¬ 
erides are formed. Mixtures of 
oleic, linoleic, lauric, palmitic, and 
stearic acids in different proportions 
were submitted to esterification and 
the composition of the resulting glyc¬ 
erides were determined by acetone- 
permanganate oxidation. It was 
observed that the rate of esterifica¬ 
tion of the solid acids was a function 
of the molecular weight, lauric acid 
being more readily esterified than palmitic or stearic acids, while palmitic 
and oleic acids were esterified at approximately the same rates. 

Feuge, Kraemer, and Bailey®^ investigated various factors involved in 
the re-esterification, under reduced pressure, of the mixed fatty acids ob¬ 
tained by saponification of peanut oil. The uncatalyzed reaction was 
found to be bimolecular in character but proceeds in two stages, of which 
the latter has the lower velocity constant as is evident from the curves in 

R. Locquin and F. Elghozy, BuU, soc. Mm., 41, 445-448 (1927). 
•* E. Twitchell, J. Am. Chem. Soc., 29, 586^571 (1907). 
•• R. Bhatta^arya and T. P. Hilditch, Proc. Roy. Soc. London, A129, 468-476 

(1930). 
R. 0. Feuge, E. A. Kraemer, and A, E. Bailey, Oil Soa^, 22,202-207 (1945). 

Fig. 71. Curves showing the bimo¬ 
lecular nature of the uncatalyzcd reaction 
of peanut oil fatty acids and glycerol at 
various temperatures (®C.).** Reciprocal 
of acid concentration (moles/lOO g.) v«. re¬ 
action time (hours). 



280 X. ESTEKIFICATION AND INTBRESTERIFICATION 

Figure 71. Velocity constants were determined for the initial and final 
stages of the reaction, at intervals between 166® and 241 °C. The calculated 
heats of activation for the initial and final stages of the reaction were found 
to be respectively 12,300 and 10,800 cal. per mole. The free fatty acid 
concentration corresponding to the termination of the first stage decreased 
progressively as the temperature of the reaction increased. 

Of a wide variety of metal oxides and chlorides tested, zinc and tin 
chlorides were outstanding in catalytic activity. The reaction, when 
catalyzed with these materials, is complex and no longer simply bimolecular. 
The authors believe that tin and zinc chlorides react initially with free fatty 
acids and free glycerol to form metal soaps and chlorohydrins, and that 
esterification proceeds through interaction of these two initial reaction 
products. Other metal chlorides, including the chlorides of aluminum, 
antimony, mercury, nickel, magnesium, manganese, lead, iron, and cad¬ 
mium did not appear to be capable of reacting in this manner, and were 
relatively poor catalysts. The oxides of tin and zinc were also deficient 
in catalytic activity, as was hydrochloric acid. 

The reaction proceeds at a reasonable speed, ^. e., the free fatty acid 
content of the product is reduced to about 3% in 6 hours, if 0.0008 mole of 
tin chloride per 100 g. of fatty acids is used as a catalyst at 175®C. or if a 
similar amount of zinc chloride is used as a catalyst at 200®C. Equally 
rapid esterification is obtained without a catalyst only above 250®C. 
Esterification is assisted by maintaining a vacuum above the reaction 
mixture to remove water vapor from the reacting material as rapidly as it 
is formed. A vacuum of about 20 mm. pressure of mercury is satisfactory. 

If zinc or tin chloride catalysts are employed, the metals may be com¬ 
pletely removed from the esterified oils by ordinary alkali refining. These 
catalysts do not cause the oil to polymerize during the course of esteri¬ 
fication, do not cause conjugation in the oils, and are not detrimental to 
the color of the product. 

Incomplete Esterification of Glycerol.—Similar but less extensive in¬ 
vestigations have been made of the esterification of glycerol for the pro¬ 
duction of mono- and diglycerides. Hilditch and Rigg®® found that, even 
with an excess of 10 moles of glycerol per mole of fatty acid, esterification 
in the presence of naphthalene-jS-sulfonic acid led primarily to the produc¬ 
tion of diglycerides, while the monoglycerides scarcely ever exceeded 40% 
of the reaction product. This predominance of diglycerides is explained by 
Hilditch and Rigg on the basis of the comparative immiscibility of glycerol 
and the higher fatty acids or their glycerol esters, consequently the mono¬ 
glycerides which are first formed pass mainly into the fatty acid phase 
where they undergo reaction to form di- and even triglycerides. It is pre- 

w T. P. Hilditch mi JT. G. Rigg, J. Chem. Soc., 193S, 1774-1778, 



ESTEBS OP POLYHYDRIC ALCOHOLS 281 

Burned that these conditions refer to unagitated or only moderately agitated 
reactions. 

Hilditch and Rigg also found that by employing a reaction medium in 
which both free fatty acids and glycerol were freely soluble the reaction 
could be made relatively specific with regard to the formation of mono¬ 
glycerides (about 90%). Camphor-d-sulfonic acid which is a more active 
catalyst than naphthalene-/3-sulfonic acid was employed with phenol as 
solvent in the esterification of glycerol with lauric, palmitic, stearic, and 
oleic acids. It was found that the degree of esterification was a function of 
the ratio of glycerol to fatty acid, the amount of catalyst, the temperature, 
and duration of the reaction. 

REACTION TIME AT 200 ‘C.. hours 

Fig. 72. Course of reaction of fat 
with 16.63% of its own weight of added 
glycerol.^ 

175 200 225 250 

TEMPERATURE. *0. 

Fig. 72a. Maximum amount of 
glycerol miscible and reactable with 
fat at different temperatures.®^ 

It was observed that, in general, the greater the ratio of glycerol to fatty 
acid, the higher the yield of monoglyceride. An increase in the concentra¬ 
tion of catalyst, temperature, or duration of the reaction increased the iotal 
amount of glycerides produced but reduced the proportion of monoglyc¬ 
eride. Similar behavior was observed when ethylene glybol replaced glyc¬ 
erol in the esterification reaction. 

Kawai®® investigated the direct esterification of glycerol and oleic acid 
with respect to the ratio of mono- to diglyceride formation. With ratios 
of 1.0 to 1.4 moles of glycerol per mole of oleic acid and reaction times of 
0.6 to 1 hour at 230® to 240®C., the best yield of monolein was about 40%. 

A recent investigation by Feuge and Bailey®^ has shed new light on the 
nature of the glycerol-fatty acid reaction. Instead of starting with free 
fatty acid and excess glycerol they reacted a relatively completely hydro- 

®® S. Kawai, Soc, Chem, Ind, (Japan). Suppl. bind., 43, 220-221B (1940). 
R. 0. Feuge and A. E. Bailey, Oil<& Soap, 23,259-264 (1946). 
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genated fat with an excess of glycerol. This fat, hydrogenated cottonseed 
oil, which consisted essentially of heterotriglycerides containing palmitic 
and stearic acids, was reacted at 200®C. with 16.63% of its own weight of 
glycerol, i.e., approximately sufficient glycerol to convert all the triglyc¬ 

erides to monoglycerides. In the 
presence of 0.1% of sodium hy¬ 
droxide as catalyst, it was found 
that equilibrium was established 
after approximately 3.5 hours, and 
the reaction product which formed 
contained approximately 18.5% 
glycerol. The course of the reaction 
in terms of total glycerol combined 
as mono-, di-, and triglycerides in the 
reaction product is illustrated in 
Figure 72. 

As has been previously mentioned, 
Hilditch and Rigg®^ have pointed 
out the limitation imposed on the 
esterification of glycerol and fatty 
acids by the comparative immisci- 
bility of glycerol with the fat formed 
in the reaction. Feuge and Bailey 
experimentally determined the 
maximum amount of glycerol which 
is miscible and reactable with the fat 
at equilibrium at different tempera¬ 
tures. Their results are shown 
graphically in Figure 72a in which 
the logarithm of the percentages of 
glycerol added to the original fat, 
and exclusive of the glycerol origi¬ 
nally combined with the fat in the 
form of triglycerides, are plotted 
against the reaction temperature 

It is apparent from these results that within the temperature range 
176-“260®C. there exists a linear relationship between the reaction tem¬ 
perature and the logarithm of the maximum content of glycerol which 
is miscible and reactable under equilibrium conditions of the reaction be¬ 
tween fatty acids and glycerol. It follows, therefore, that if it is required to 
effect reaction of further proportions of glycerol, a solvent must be em¬ 
ployed to increase the solubility of the glycerol in the fat phase as suggested 

by Hilditch and Rigg. 

Fig. 72b. Glyceride-Glycerol distribu¬ 
tion curves for homogeneous solutions of 
glycerol and glycerides at equilibrium.®^ 
The curves represent theoretical values 
while the circles represent experimental 
values. 
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Feuge and Bailey extended their investigations to include an appreciable 
series of reactions with different proportions of fat and glycerol and dif¬ 
ferent reaction temperatures. The conditions were chosen which would 
produce a condition of equilibiium within the allowed time of reaction, and 
which would yield a homogeneous reaction product, free from undissolved 
glycerol. The results are shown graphically in Figure 72b, in which the 
actual compositions of the equilibrium reaction mixtures are compared 
with compositions calculated on the basis of random distribution of fatty 
acid radicals to the esterifiable hydroxyl groups of glycerol present. The 
graphical comparison indicates that, at temperatures below 200°C., at 
equilibrium, and within the range of glycerol concentration in which the 
reaction product becomes homogeneous, the proportions of free glycerol, 
mono-, di-, and triglycerides conform closely to a pattern of random dis¬ 
tribution with respect to glycerol hydroxyl groups esterified. 

Technical Preparation of Glycerol Esters.—In recent years re-esteri¬ 
fication of fatty acids with glycerol, as well as with other polyhydric alco¬ 
hols, has assumed appreciable industrial importance and a number of 
processes have been described for conducting this operation. In general 
temperatures of 160^ to 170®C. are employed but in some cases they may 
be as high as 220° to 250°C. Franzen®* has described a stepwise process of 
esterification of glycerol wdth fatty acids in which the temperature is main¬ 
tained for one hour at 160°C., then raised to 165°C. for another hour, 
then to 195°C. for a third hour, and finally to 210°C. for a fourth hour. 

Mineral acids are generally not used as catalysts in industrial esterifica¬ 
tion but rather aromatic sulfonic acids (Twitchell reagents), zinc, tin and 
other metals. A variety of other esterification catalysts have been claimed 
in various patents*®’^® including lead, antimony, bismuth, titanium, man¬ 
ganese; alkali, alkaline earth, and aluminum silicates; soaps, and tin in 
the form of alloys, colloidal suspensions, and soaps. 

Processes have been described which employ reduced pressures varying 
from 30 to 40 mm.^^ down to 1 to 2 mm.^* Vapor phase esterification of 
glycerol and glycols with higher fatty acids is covered by a number of 
patents.’"®'^* Glycerol or glycol and the fatty acids are reacted in vapor 
form or as a fine mist at 220°C. and 60 mm. pressure. Esterification to the 

•* H. Franzen, Z, angew. Chem., 46, 410 (1933). 
•• E. H. 2^11inger (to E. Zollin^er-Jenny), Swiss Pat. 94,452 (May 1, 1922); Swiss 

Pat. 95,465 (July 1. 1922); British Pat. 183,897 (Aug. ^ 1922); German Pat. 403,644 
(Sept. 30, 1924). See E. Zollinger and A. (JrOn, U. S. Pat. 1,4^,826 (Feb. 26, 1^); 
F. Gruber, French Pat. 677,711 (^arch 13,1930). 

^ M. Luther and W. von KnUling (to I. G. Farbenindustrie), German Pat. 514,603 
(June 10,19J^. 

I. Bellucci. Octzz, chim. ital,, 42, n, 283-305 (1912). 
f* MetfiJlb^ik und Metallurgische Gesellschaft, British Pat. 291,767 (August 1,1928). 

I. G. Farbenindustrie, British Pat. 341,158 (Jan. 15, 1931). See R. Held and H, 
Franzen (to I. G. Farbenindustrie), (Jerman Pat. 665,477 (Dec. 1, 1932). 

E. R. Bolton and E. J. Lush, British Pat. 163,352 (Sept. 30, 1919). 
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extent of 90% or more occurs rapidly and the reaction product condenses 
owing to its low vapor pressure. Unreacted alcohol and acid are recovered 
and recycled to the reaction chamber. 

Various processes of continuous esterification have been patented. In 
one such process/^ peanut oil fatty acids are emulsified with 87% of the 
calculated amount of glycerol and 0.1% of magnesium oxide. The emul¬ 
sion is heated to 80® to 100®C. and fed continuously into a reaction chamber 
maintained at 170®C. and 20 mm. pressure, where a mixture of mono- and 
diglycerides is formed. The mixture then flows to a second chamber main¬ 
tained at 210®C. where there is added 0.1% of alumina or colloidal tin sus¬ 
pended in oil. The reaction mixture leaves the second chamber with less 
than 10% free fatty acid and passes to a third chamber maintained at 
240®C. where the remaining diglyceride and free fatty acid undergo reac¬ 
tion. Under proper operating conditions the final product contains some 
glycerol and less than 0.2% free fatty acid which are removed by steam dis¬ 
tillation. 

Polyglycerol Esters.—When glycerol is subjected to dehydration, 
variable mixtures of di-, tri-, and other polyglycerols are formed depend¬ 
ing on the dehydration conditions. The dehydration may occur either 
inter- or intramolecularly to produce two types of products. When 
one molecule of water is eliminated intramolecularly from a molecule of 

rOn 
glycerol, a glycide, CH2CHCH2OH, is produced. When the dehydration 
occurs intermolecularly, a di- or polycondensation product is formed, e. fif., 

OH ^ OH 
I I 

HOCH2CHCH2CH2CHCH2OH. However, both intra- and intermolecular 
dehydration may occur with the formation of glycidic condensation prod- 

0 o 

ucts, e. g.j CH2CHCH2CH2CHCH2OH. In the same manner tri- and higher 
polyglycerols result from the dehydration of three or more molecules of 
glycerol. Methods have been described for the preparation of various 
polyglycerols which are presumed to consist principally of one or another 
of these dehydration products,’® but the commercial product usually con¬ 
sists of a mixture of the various condensation products. 

Since the polyglycerides always contain one or more free hydroxyl groups, 
they can be esterified under conditions similar to those employed with glyc¬ 
erol. Either partially or completely esterified polyglycerols may be pro¬ 
duced depending on the reaction conditions. The esters prepared by react- 

E. Wecker and R. Held (to I. G. Farbenindustrie), German Pat. 563,626 (Nov. 17, 
1932). See German Pats. 663,203 (Nov. 17, 1932); 6^,821 (June 30, 1932); 561,86.8 
(June 7, 1932). 

J. W. Lawrie, Glycerol and the Glycoh, Chemical Catalog Co., New York, 1928. 
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ing, for example, coconut oil fatty acids with polyglycerol are used as deter¬ 
gents.^’ 

(c) Esters of Erythritol and Pentaerythritol 

Erythritol, CH2OHCHOHCHOHCH2OH, and pentaerythritol, C(CH2- 
0H)4, are the principal tetrahydric alcohols which have been esterified 
with the higher fatty acids. The esters of these polyhydric alcohols are 
prepared by methods similar to those used with the glycols except that a 
solvent is often required. 

Pentaerythritol has been esterified with a variety of saturated and un¬ 
saturated fatty acids. The esters formed by the reaction of pentaerythritol 
and unsaturated fatty acids are valued for their film-forming properties. 
Acetic acid and pentaerythritol react on heating to form a tetra-acetate.’* 
Soybean and linseed oil fatty acids react to form pentaerythritol esters of 
the mixed fatty acids’® of these oils. Bruson,®*’ Gauerke,®* and Arvin®® 
have been granted patents covering the reaction of pentaerythritol with 
the fatty acids of various oils (tung, linseed, soy, etc.). 

Drinberg®® has described the esterification of pentaerythritol with the 
fatty acids 6f tung, linseed, fish, and other oils and has presented detailed 
data on the properties of the films produced from these esters. Blagon¬ 
ravova and Drinberg®^ investigated the esterification of pentaerythritol 
and pure monoethenoid acids such as oleic and erucic, and determined a 
number of the properties of the resulting esters. Unlike triolein, penta¬ 
erythritol tetraoleate forms films which dry dust-free in 48 hours and com¬ 
pletely in 60 hours. 

Blagonravova and Lazarev®® investigated the kinetics of the esterifica¬ 
tion of linoleic arid oleic acids with pentaerythritol and found the reaction 
to be most effectively accomplished at temperatures of 200° to 240°C. 
With equimolar ratios of the polyhydric alcohol and these acids the process 
was strictly bimolecular. The reaction velocity with a mixture of Cw 
acids of varying degrees of unsaturation was found to be the same as for 
the individual members of the mixture. The magnitude of the energy of 

Lever Brothers, Ltd., R. Furness, and A. Fairbourne, British Pat. 439,435 (Dec. 6, 
1935). See Lever Brothers, Ltd., and R. Furness, British Pat. 442,950 (Feb. 19, 1936). 

H. T. Clarke (to Eastman Kodak), U. S. Pat. 1,583,658 (May 4, 1926). 
H. Krzikalla and W. Wolff (to I. G. Farbenindustric), Grerman Pat. 529,483 (July 

17, 1930); French Pat. 703,792 (May 6, 1931). 
w H. A. Bruson (to Rohm & Haas), U. S. Pat. 1,835,203 (Dec. 8, 1931). 

C. G. Gauerke (to E. I. du Pont de Nemours), U. S. Pat. 1,979,260 (Nov. 6, 1934); 
British Pat. 405,827 (March K 1934). 

J. A. Arvin (to E. I. du Pont de Ne^lours), U. S. Pat. 2,029,851 (Feb. 4, 1936). 
A. Y. Drinberg, Org, Chem, Ind, U.S.S.R,, 4, 114-117 (1937). 

** A. A. Blagonravova and A. Y. Drinberg, J. Applied Chem. U.S.S,R., 11, 1642- 
1647 (1938). 

** A. A. Blagonravova and A. M. Lazarev, J. Applied Chem. U.S.S.R., 13, $79-883 
(1940). 
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activation of esterification of the polyhydric alcohols was not greater than 
for the simple primary alcohols and the corresponding acids. 

Burrell*® compared esterification rates of erythritol and pentaerythritol 
with linseed fatty acids. The reactions were carried out with equivalent 
quantities of the alcohols and acids at 250°C. under an atmosphere of 
carbon dioxide. The rate of reaction was considerably more rapid with 
pentaerythritol than with erythritol indicating clearly the eiffect of second¬ 
ary hydroxyl groups in the latter alcohol. Similar reactions with linseed 
oil fatty acids were carried out at 230° and 200°C. in the presence of an 
azeotropic solvent and various catalysts, and with an excess of the poly¬ 
hydric alcohol in the absence of solvent and catalyst. Burrell concluded 
the account of his work on esterification of pentaerythritol and fatty acids 
with a detailed description of the commercial production of pentaerythritol 
esters with respect to temperature, agitation, preferred catalyst, removal 
of water, etc. 

Konen, Clocker, and Cox*’ investigated the effect of various factors on 
the direct esterification of a number of polyhydric alcohols including glyc¬ 
erol, erythritol, pentaerythritol, dipentaerythritol, and sorbitol. The ef¬ 
fect of temperature, catalysts, and methods of removing water on the 
characteristics of the esterification products were compared. Of the many 
catalysts investigat<ed, none were found to be of appreciable value either 
for laboratory or industrial esterification. Generally, the catalyst increased 
the initial rate of esterification, but for relatively complete esterification the 
total reaction time was the same either with or without a catalyst. Alkaline 
earth catalysts had the least, and acid catalysts the most marked effect on 
the color of the final product. 

Sulfur dioxide was used as an inert atmosphere to prqtect the reaction 
mixture and to remove water. It also acted as a catalyst in the early stages 
of the reaction but had little effect on the total reaction time. The use of 
steam under vacuum was also effective in removing the water of reaction. 
The optimum temperature for esterification of the polyhydric alcohols was 
found to be 450°F. (232°C.). An excess of 5% of the theoretical amoimt 
of alcohol was generally found to give the best esterification product. 

The effect of the various factors mentioned above on the rate of esteri¬ 
fication of linseed, soybean, and castor oil fatty acids with polyhydric 
alcohols was investigated and the results presented in a series or reaction 
velocity curves. In general, it was found that the initial esterification rate 
was relatively high but fell rapidly in the later stages of the reaction. 
Complete esterification generally could not be obtained irrespective of the 
conditions employed. Pol3mierization reactions during heating were 
found to be negligible under the best conditions of esterification. 

•• H. Burrell, Oil A Soap, 21, 20ft-211 (1944). 
J. C. Konen, £. T. Clocker, and R. P. Cox, Oil db Soap, 22,57-60 (1045). 
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Carson and Maclay®® prepared a series of fatty acid esters of the next 
higher homolog of erythritol, namely xylitol, CH20H(CH0H)sCH20H, and 
investigated their use as plasticizers. 

(d) Esters of Hexitols 

Sorbitol, mannitol, and dulcitol are the principal hexitols which have 
been esterified with fatty acids. Sorbitol and the isomeric hexahydric 
alcohol, mannitol, are widely distributed in nature and are now produced 
commercially by the hydrogenation of glucose.®® 

Both sorbitol and mannitol, as well as their anhydro derivatives, have 
been esterified with various monobasic aliphatic acids to form synthetic 
fats and oils. Owing to the high temperature required for the esterifica¬ 
tion, more or less dehydration of the alcohol occurs so that the final product, 
at least when produced on an industrial scale, is a mixture of hexitol and 
anhydrohexitol esters. 

The polyhydroxy alcohols containing more than three hydroxyl groups 
form inner ethers by elimination of a molecule of water. Whereas glycidol, 
the inner ether of glycerol, contains but one ether linkage and one free 
hydroxyl group, tetra-, penta-, and hexahydric alcohol ethers may contain 
one or more ether linkages and one or more free hydroxyl groups. By split¬ 
ting a molecule of water from sorbitol or mannitol, there are formed tetra- 
hydroxymonoanhydro products, C6H80(0H)4, which are known as sor- 
bitans or mannitanSf and by splitting two molecules of water from the same 
alcohols they form dihydroxydianhydro products, CeH802(0H)2, which are 
known as sorbides or'mannides. 

Both drying and nondrying oils have been produced from sorbitol and 
mannitol by direct esterification with fatty acids, by alcoholysis, and by 
ester interchange.®® Bradner, Hunter, Brewster, and Bonner®^ reported 
the results of a systematic investigation of the influence of temperature, 
ratio of reactants and catalysts on the esterification of sorbitol and linseed 
fatty acids. All of the products of the reactions were collected and analyzed 
to obtain accurate material balances and data for calculating the degree 
of esterification under each set of conditions. The esterifications were 
carried out at 180® or 200®C. until the reaction rate diminished to approxi¬ 
mately 10% of its maximum value and then the temperature was raised to 
250®C. and held until the reaction was completed. The rate of esterifica¬ 
tion was followed by determining at intervals the amount of unreacted 
acid in the mixture. 

When the logarithm of the percentage of unreacted acid was plotted 

•» J. F. Carson, Jr., and W. D. Maclay, J. Am. Chem. Soc,, 66,1609-1610 (1944). 
•• H. J. Creighton, Trans. Electrochem. Soc.. 75, 289-307 (1939). 
•• R. M. Qoepp, Jr., and K. R. Brown, Ind. Eng. Chem.f 30,1222-1227 (1938). 

J. D. Bradner, R. H. Hunter, M. D, Brewster, and R. E. Bonner, Ind. Eng. Chem.^ 
37,809-812 (1945). 
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against time, most of the points were found to fall on a straight line which 
has a curvature at the beginning, indicative of an induction period during 
which the reaction proceeds very slowly. The authors account for this 
induction period by the immiscibility of sorbitol and linseed fatty acids. 
Toward the end of the reaction, the rate again deviates from linear, pre¬ 
sumably because of the steric effect of several adjacent fatty acid groups 
which hinder the esterification of the last hydroxyl group. First-order 
rate constants were calculated for the linear portion of the reaction curves. 

The rate of reaction was determined at several temperatures and it was 
found that it doubled, approximately, when the temperature was raised 
from 180° to 200°C. The rate of reaction, measured by first-order rate 
constants, was found to increase with an increase in the ratio of linseed 
fatty acids to sorbitol. Several catalysts were found to accelerate the re¬ 
action of sorbitol and linseed fatty acids. The most effective catalysts are 
the acetates, carbonates, oxides, and hydroxides of calcium and barium. 
The addition of approximately 0.5% of a mixture of three parts calcium 
acetate and one of barium acetate was observed approximately to double 
the rate of esterification at all ratios of linseed fatty acids to sorbitol. 

The degree of esterification of sorbitol is directly related to the mole 
ratio of linseed fatty acids to sorbitol and in general it is possible to vary 
the degree of esterification over a wide range by varying the ratio of the 
reactants. Thus, when 4 moles of fatty acids were heated with 1 mole of 
sorbitol without catalyst at 200°C., the product contained 2.5 moles of 
linseed fatty acids combined per mole of sorbitol, and when 6 moles of fatty 
acids were employed the product contained 4.3 moles of linseed fatty acids 
combined with each mole of sorbitol. In a series of catalyzed reactions at 
ISO'jt. in which 10 moles of fatty acids per mole of sorbitol were used, 5.2 
moles of linseed fatty acids were combined. 

The degree of esterification varied with the temperature of reaction. 
Usually, the lower the reaction temperature, the greater was the degree of 
esterification with a given mole ratio of reactants. However, if the reaction 
was carried out at a lowpr temperature the time for maximum esterification 
was greatly increased. The effect of catalysts was found to increase the 
rate of reaction at a given temperature. 

As previously mentioned, more or less dehydration of sorbitol or man¬ 
nitol may, and usually does occur during esterification but it is also possible 
to dehydrate these alcohols to form polyhydric alcohol ethers prior to esteri¬ 
fication. It is, of course, not possible to produce a specific anhydro alcohol 
and mixtures of hexitans and hexides are generally formed. When these 
polyhydric alcohol ethers (alkylene oxides) are subjected to esterification 
with long chain fatty acids, a variety of products are formed which have 
considerable utility owing to the diversity of the substituents in the ester 
molecule. 
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The principal commercial products are monoesters of the higher acids. 
These commercially produced esters represent mixtures of products be¬ 
cause dehydration of the hexitols produces a mixture of anhydro alcohols 
(hexitans and hexides), the acids which are derived from natural fats are 
not homogeneous, and esterification of the various available hydroxyl 
groups is not specific. The heterogeneity of tlie esterification product de¬ 
rived by reaction of a fatty acid with anhydrosorbitol may be illustrated 
by the accompanying formulas (reproduced from the literature of a manu¬ 
facturer of these products®^). 

Artificial fats produced by esterification of sorbitol and mannitol with 
fatty acids have been investigated from the preparatory and nutritional 
point of view.^^“®® 
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CH L 

/®\ 
CHj CH—CHjOCOR 

HO—CH CH—OH 

\c/ 
ii/ N)h 

HO—CH—CH—OH 
-HjO i 

HO-in i; 
H /S 

H—OH 

OH 

HO—CH—CH-^H 

Ha CH—CH—CHa 

\o/ I I 
^ OH OH 

Ih* ll HOOCR CH—CH—CHa 
\o/ I 1 

OH OCOR 

-HiO 

HO—CH 

Ihj i—(i; 
\0/H 

^O. 

HOOCR 
HO—CH- 

H—OH Ih. i-1 
Vo/H 

^H, 

CH—OCOR 

Types of anhydro alcohol and esters formed by dehydrating sorbitol. R represents the 
residue of a long chain fatty acid. 

Atlas Powder Company, Spans and Ttoecns, December, 1943. 
•* A. Lapworth and L. K. Pearson, Biochem, 13, 296-^ (1919). 

W. D. Halliburton, J. C. Drummond, and R. K. Cannan, Bioch^. 13, 301-305 
(1919). 

•» W. R. Bloor, /. Biol Chem., 11,141-159, 421-427 (1912). 
W. E. Evans, Jr., H, Wollenweber, M. Ruppersberger, and J. C. Krantz, Jr., Proc, 

Soc, Expa, Biol Med,, 51,222-223 (1942). 
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(e) Esters of Mono- and Polysaccharides 

The mono- and polysaccharides which have been esterified with fatty 
acids include arabinose, glucose, sucrose, and raffinose. The esters of these 
sugars are prepared by methods similar to those used with glycols and other 
polyhydric alcohols except that a solvent is generally required.®’' However, 
products such as a-glucose pentacaproate have been prepared by heating 
glucose and caproic anhydride at lOO^C. with zinc chloride.®* Esterifica¬ 
tion of these sugars can be accomplished with acid anhydrides in the pres¬ 
ence of a solvent and catalyst at temperatures below lOO^C.®® 

(/) Properties of the Polyhydric Alcohol Esters 

Extensive data with respect to the properties of pure polyhydric alcohol 
esters are lacking, but such data as are available have been compiled in 
readily available form by Goldsmith.’®® These data include melting points, 
densities, refractive indices, solubilities, boiling ranges, optical rotations, 
and in some cases saponification, iodine, and acetyl values. Although a 
wide variety of polyhydric alcohols and fatty acids have been investigated, 
few series of these derivatives are complete enough to permit many generali¬ 
zations concerning their physical and chemical properties. However, a 
few such may be made. For example, the melting and boiling points of the 
polyhydric alcohol esters increase in proportion to the increase of the molec¬ 
ular weights of their acid radicals, while, in general, their solubilities de¬ 
crease. As would be expected, the unsaturated acids form lower melting 
and more soluble esters than the saturated acids. The diesters of the gly¬ 
cols melt at distinctly higher temperatures than the corresponding mono¬ 
esters which is in contrast to the glycerol esters. The monoesters of glyc¬ 
erol melt at higher temperatures than the corresponding diesters as may 
be seen from the data in Table 109. 

Goldsmith's compilation includes data for the mono- and diesters of 
ethylene, propylene, and butylene glycols and the saturated fatty acids 
from lauric to stearic; the diesters of oleic, linoleic, and elaeostearic acids; 
the mono- and diesters of the mixed acids from coconut, rapeseed, linseed, 
tung and castor oils, and various fatty acid esters of diethylene, triethylene, 
tetraethylene, hexaethylene, nonaethylene, and dodecaethylene glycols. 

The erythritol esters include di- and tripalmitate, mixed tri- and tetra- 
palmitate and stearate, and tetraoleate. The pentaerythritol esters include 
the palmitate, oleate, erucate, and the linseed oil fatty acid esters. The 
fatty acid esters of the higher polyhydric alcohols, mono- and polysaccha- 

^ H. Gault and P. Ehrmann, Chemie et industrie. Special Number 574 (May, 1924). 
H. Staudinger and H. Schwalenstocker, Ber., 68,727-749 (1935). 

” E. I. du Pont de Nemours and Co., British Pat. 436,885 (Nov. 14, 1935). See G. 
de W. Graves (to E. I. du Pont de Nemours), U. S. Pat. 1,990,483 (Feb. 12, 1935). 

H. A. Goldsmith, Chem, Revs., 33, 257-349 (1943). 
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rides include Z-arabinose tetrapalmitate; the tri- and tetrapalmitates and 
stearates of a-methyl-d-glucoside; the mannitan and mannitol esters of 
lauric, myristic, palmitic, stearic, oleic, erucic, and ricinoleic acids; and 
various esters of sorbitol and dulcitol. The glucose esters of the higher 
fatty acids include di- and pentalaurate, pentapalmitate, mono-, di-, tri-, 
and pentastearate, and pentaoleate; the sucrose esters include the octapal- 
mitate and stearate, the linoleate and elaeostearate; and the raffinose 
esters include the hendecapalmitate and stearate. For information con¬ 
cerning the properties of these esters and references to the original work the 
reader should consult Goldsmith\s article. 

(g) Esters of Poly carboxylic Acids 

Poly carboxylic acids may be esterified with monohydric or polyhydric 
alcohols. The esterification vekxuty of the dibasic acids from oxalic to se- 
bacic, containing from none to eight methylene groups in the carbon chain, 
with methyl alcohol has been rather thoroughly investigated and the two 
velocity constants determined. 

Esterification reactions between polyhydric ahjohols and polybasic acids 
are of considerable industrial importance in the manufacture of synthetic 
resins. Although synthetic resins may be produced solely by direct esteri¬ 
fication, they are more often produced by a combination of esterification 
and interesterification, hence discussion of these products are considered 
under the latter heading. 

6. Interesterification 

The term intercsierificaiion is used broadly herein to refer to a number of 
reactions in which an ester of a fatty acid may react with fatty acids, alco¬ 
hols, or other fatty acid esters to produce an tester differing in composition 
from the original ester. The reaction involving the replacement of the 
alkoxy group of an ester with the alkoxy group of an alcohol is more specifi¬ 
cally termed alcoholysis. Ester iViZcrc/iangc should perhaps be restricted to 
those reactions involving an exchange of the alkoxy group of one ester 
for that of a different ester. By analogy with alcoholysis the displacement 
of the acid radical of an ester by another acid should be called acidolym. 
Many authors make no distinction between these various reactions and refer 
to them generally as ester interchange or Umesterung, 

The three types of interesterification reactions may be illustrated by: 

0) Alcoholysis, RCOOR' -f R"OH RCOOR" -f R'OH 

(^) Ester interchange, R'COOR" + R'''COOR''''R'COOR"" -|- R'^COOR" 

(S) Acidolysis, R'COOR" -f- R'"COOH ^ R'^COOR" -h R'COOH 

M. H. Palomaa, Ann, Acad, Set, Fennicae, AlO, (16), 1-26 (1917). 



INTERESTERIFICATION 293 

(a) Alcoholysis 

Alcoholysis is, in many respects, similar to esterification of an acid with 
an alcohol. The reaction may occur between (1) monoesters and mono- 
hydric alcohols, monoesters and polyhydric alcohols, (S) polyesters and 
monohydric alcohols, and (4) polyesters and polyhydric alcohols. When 
carried out with a specific alcohol it may be referred to as methanolysis, 
ethanolysis, propanolysisj glycerolysis, etc., depending on the nature of the 
alcohol. 

Ordinarily, the ester of one alcohol can be transformed into the ester 
of another alcohol by refluxing the ester with an excess of the second alcohol 
in the presence of a catalyst, such as an alcoholate or an acid. Oftentimes 
only a trace of catalyst is necessary. In general, it is easier to replace a 
higher molecular weight alcohol by a lower one.'®^ 

The discovery of the phenomenon of alcoholysis has been ascribed to 
Purdie^®* by some authors, but actually it was known and applied as early 
as 1846 in which year Rochleder^®^ described the ethanolysis of castor oil 
for the production of glycerol. Rochleder dissolved castor oil in absolute 
ethanol and passed into the warm solution a stream of dry hydrogen chlo¬ 
ride. After the reaction was completed, water was added, and the acidi¬ 
fied aqueous layer was siphoned off, evaporated to a syrup, and extracted 
with ether. The ether insoluble residue was shown to consist of glycerol, 
and the process was stated to consist of a reaction whereby the alcohol 
converted the glycerides of the fat to ethyl esters with the simultaneous 
liberation of glycerol. 

Since 1846, alcoholysis has been the subject of many investigations. 
It is an especially useful process where ordinary saponification and re¬ 
esterification leads to undesirable side reaction products. For example, the 
furfuryl esters of fatty acids cannot be prepared by direct esterification of 
furfuryl alcohol and fatty acids in the presence of an acid catalyst, because 
under these conditions the alcohol undergoes rapid polymerization. The 
method is most often applied to the preparation of monoesters from natural 
fats and has proved particularly valuable for the conversion of phosphatides 
to simple esters. When applied to the production of glycerol and mono¬ 
esters, the reaction is entirely analogous to the splitting of a fat with water 
as indicated by the following equation for methanolysis. 

CH2OOCR CH2OH 

l^HOOCR + 3 CH,OH ; : d^HOH + 3 RCOOCH3 

CIHtOOCR 

“• E. M. Bellet, Compt. rend., 193,1020-1023 (1931). 
“* T. Purdie and W. Marshall, J. Chem. Soc., S3,391-398 (1888). 
“* F. Rochleder, Ann., 59, 260-261 (1846). 
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Alcoholysis of Monoesters with Monohydric Alcohols.—Although of 
less practical importance than some of the other types of alcoholysis, 
the simplicity of the reaction between a monoester and a monohydric 
alcohol has led to the investigation of this reaction as a prototype of the 
kinetics involved in most interesterification phenomena. The mechanism 
of this type of alcoholysis has been investigated by Kremann,^®* Haller,^®® 
Jones and Lapworth,^®^ Bellet,^°® Townshend,^°® and others. According 
to these authors, the reaction is catalyzed by both acids and bases and the 
reaction velocity is dependent on the structure of the acyl group as in the 
case of hydrolj'sis. 

Bellet^®® investigated the alcoholysis of esters of high molecular weight 
alcohols with low molecular weight alcohols in the presence of small amounts 
of sodium hydroxide. He found the speed of the reaction was a function 
of the temperature and the difference in molecular weights of the two 
alcohols. Esters of the higher tertiary alcohols were observed to react more 
rapidly in alcoholysis reactions than those of the higher primary and 
secondary alcohols. 

Although agreeing with previous workers that alcoholysis reactions were 
catalyzed by alkalies, Bellet concluded that they did not conform to the 
accepted definition of catalytic action. According to Bellet, when inter¬ 
esterification occurred between ethanol and benzylacetate, CH3COOCH2- 

CeHs, in the presence of 1, 2, and 3% of the amount of alkali required for 
complete saponification, the reaction occurred in two stages, the first of 
which involved addition of ethanol, followed by the second stage in which 
benzyl alcohol was split from the addition product. The first stage w^as 
found to be very rapid and essentially complete in two hours, w^hile the 
second stage is much slower. According to Bellet, the first stage of the 
reaction is proportional to the amount of alkali present, and ceases when 
it is consumed. The second stage is independent of the presence of alkali 
and in fact occurs in neutral solution. The reaction is presumed to involve 
addition of a molecule of alcohol at the carbonyl group followed by sub¬ 
sequent slow elimination of the displaced alcohol: 

CH2C.H5 
-h HOC2H6 

NaOH /OCH2CeH6 
CBzC(~OH -► 

\0C2H6 

CH3COOC2H6 + H0CH2C«H5 

Since the alkali also acts as a saponification agent, it is gradually con¬ 
sumed and upon its disappearance the first phase of the reaction ceases. 
Bellet assumed that saponification occurred by exactly the same mechanism, 

R. Kremann, Monatsh., 26, 783-822 (1905). 
A. Haller, Compt, rmd,, 143,657-661 (1906). 
M. Jones and A. Lapworth, Proc. Ch0m. Soc, London^ 30,141-143 (1914). 
E. M. Bellet, Ctmpt rend., 193, 1020-1023 (1931); 194, 1655-1658 (1932). 
A. S. Townrfiend, Trans. Roy. Soc. Can., HI, 23, 225-226 (1929). 
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namely, the addition of alkali at the double bond of the carbonyl group 
followed by subsequent splitting out of the alcohol. These conclusions 
are probably valid provided some water is present in the reaction mixture. 
However, the smoothness, rapidity, and completeness with which the alco¬ 
holysis of natural fats occurs under relatively anhydrous conditions in the 
presence of very low concentrations of alkali would seem to indicate that a 
simpler mechanism is involved under the latter conditions. 

The equilibrium constants for various alkyl groups have been calculated 
for the alcoholysis reaction, ROH + AcOCHs AcOR + CHjOH, and the 
relative values have been found to be similar to those for the corresponding 
esterification reaction, ROH + AcOH ^ AcOR + HOH. Reference to 
the values for the alcoholysis equilibrium constants for the alkyl and aryl 
groups given in Table 110 indicates that these are all greater than the 
value for hydrogen (0.19).^^® “* 

Table 110 

ALCOHOLYSIS EQUILIBRIUM CONSTANTS FOR VARIOUS ALKYL 

AND ARYL GROUPS 

Alkyl or 
aryl group 

Equilibrium 
constant" 

Alkyl or 
aryl group 

Equilibrium 
constant" 

2-Ethylhexyl 1.02 scc-Heptyl 0.5 
Methyl 1.00 2-Octyl 0.46 
n-Amyl 0.95 Isobutyl 0.44 
n-Heptyl 0.77 2-Phenylethyl 0.42 
n-Dodecyl 0.71 Allyl 0.38 
3-PhenylpropyI 0.69 Benzyl 0.35 
Ethyl 0.66 Isopropyl 0.30 
«6c-Amyl 0.64 Cyclohexyl 0.32 
n-Butyl 0.64 scc-Butyl 0.28 
n-Propyl 0.62 

* Value for hydrogen (0.19) is less than for any alkyl group. 

The velocity constants have been determined for a few alcoholysis re¬ 
actions by Dasannacharya”^ and Dasannacharya and Sudborough^^* 
where one of the alcohols was optically active. The constants are given in 
Table 111. The velocity is proportional to the concentration of hydro¬ 
chloric acid used as catalyst and the constant k is referred to IHCl] as 1. 

The reaction of monoesters frith monohydric alcohols was investigated 
by Wright et using methyl esters of the higher fatty acids and some 

P. R. Fehlandt and H. Adkins, J, Am, Ckem. Soc., 57,193-195 (1935). 
G. B. Hatch and H. Adkins, / Am. Chem. Soc., 59,1694-1696 (1937). 
B. Dasannacharya, J. Am. Chem. Soc.^ 46, 1627-1^0 (1924). 
B. Dasannacharya and J. J. Sudborough, J. Indian Inst. Sci., 4,181-203 (1921). 
H. J. Wright, J. B. Segur, H. V. Clark, S. K. Coburn, E. E. I.Angdon, and R. N 

DuPuis, Oil <& Soap, 21,145-148 (1944). 
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of the more complex alcohols, e. g., furfurol, tetrahydrofurfurol, benzyl 
Cellosolve and methyl Cellosolve. Compared with the conversion of 
polyesters to monoesters, to be discussed later, these reactions required 
the use of higher temperatures and different catalysts. 

Table 111 

VELOCITY CONSTANTS FOR THE ALCOHOLYSIS OF ESTERS 

WITH VARIOUS ALCOHOLS 

Eater Alcohol A; X 10* 

Menthyl butyrate Methanol 6,200 
Ethyl butyrate Methanol 90,200 
Ethyl butyrate Menthdl 58 
Methyl butyrate Menthol 94.4 
Methyl butyrate Ethanol 19,800 

Alcoholysis of Monoesters with Polyhydric Alcohols.—Alcoholysis 
with polyhydric alcohols may be applied to monoesters or to polyesters. 
The reaction between monoesters and polyhydric alcohols is of much 
less practical importance than the reaction between polyesters and poly¬ 
hydric alcohols, and only a few investigations have been made of the 
former type of reaction. 

This reaction was investigated by Grtin, Wittka, and Scholze”* using 
ethyl and isoamyl esters of fatty acids and glycerol. Unless the lower boil¬ 
ing monohydric alcohol is continuously removed the reaction will be in¬ 
complete regardless of other reaction conditions. By continuously remov¬ 
ing the more volatile alcohol 94% to 100% conversion of ethyl and isoamyl 
esters to the corresponding glycerides was attained in 15 hours at 270°C. 

One of the most extensive investigations of the alcoholysis of monoesters 
with polyhydric alcohols was reported by Wright and co-workers. These 
authors found that if the methyl esters of the higher fatty acids were heated 
from 200° to 300°C. with a polyhydric alcohol in the presence of catalysts 
such as lead salts or alkaline earths, methanol will distill from the reaction 
mixture and the esters of polyhydric alcohols will be formed. The method 
has been applied to the reaction of the methyl esters of fatty acids, methyl 
glusocide, and ethyl glucoside and a variety of polyhydric alcohols, includ¬ 
ing glycols, pentaerythritol, mannitol, and polyglycerol. The methyl esters 
of linseed oil fatty acids were reacted with pentaerythritol under various 
conditions of time, temperature, and concentrations of the polyalcohol. 
The acid and hydroxyl numbers of the reaction products indicated that 
complete reaction is difficult of attainment. 

The natural waxes, which are composed of mixtures of monoesters of 
long chain fatty acids and monohydric alcohols, may be modified by inter- 

A. Grtin, F. Wittka, and J. Scholze, Ber., 54, 290-299 (1921). 
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esterification with glycerol or other polyhydric alcohols. Several products 
have been described which are produced by the reaction of montan wax 
with glycerol.^^®"”® Ethylene glycol, as well as monohydric alcohols, have 
also been reacted with montan wax to produce modified waxes. Simi¬ 
larly, certain marine oils which consist largely of monoesters of higher 
fatty acids and monohydric alcohols may be modified by interesterification 
with polyhydric alcohols. 

Alcoholysis of Polyesters with Monohydric Alcohols Catalyzed by 
Acids.—Haller^®® applied the method of alcoholysis to butter, cocoa butter, 
coconut oil, margarine, tallow, linseed oil, poppyseed oil, and castor oil. 
With methanol, Haller found that hydrochloric and phenolsulfonic acids 
were equally effective catalysts. Usually twice the weight of absolute 
methanol to fat and 1% to 2% of hydrochloric acid were used in the 
alcoholysis reaction. Complete homogeneity was usually not attained 
and the upper liquid layer was removed and additional alcohol added to 
complete the reaction. Yields seldom exceeded 95% to 96% of methyl 
ester. Butter, coconut oil, castor oil, and the drying oils were more 
difficult to intercsterify than the other oils investigated. The use of a 
neutral solvent such as ethyl ether, benzene, and carbon tetrachloride 
materially accelerated the alcoholysis. 

In a subsequent investigation of the alcoholysis of coconut oil, Haller 
and Youssoufian^^® employed both methanol and ethanol and carried out 
the reaction at 35®C. with continuous agitation. Haller^^^ also subjected 
castor oil to alcoholysis using methanol, ethanol, propanol and isobutanol 
and 1% to 2% hydrochloric acid as catalyst. Distillation of the monoesters 
makes it possible to prepare relatively pure esters of ricinoleic acid with 
any of the above-mentioned alcohols. Haller reported the boiling points, 
densities, specific and molecular rotations, and refractive indices of methyl, 
ethyl, n-propyl, and isobutyl ricinoleates prepared b}’^ alcoholysis of castor 
oil and fractional distillation of the resulting esters. 

Madinaveitia^^^ subjected castor oil, almond oil, butterfat, and triacetin 
to methanolysis using 3% hydrochloric acid as catalyst. He also subjected 
spermaceti, isoamyl and cyclohexanyl acetates to ethanolysis under the 
same conditions. Taylor and Clarke‘S® prepared the methyl esters of coco- 

E. Schliemanns Export-Ceresin-Fabrik, G.m.b.H., German Pat. 244,786 (March 
14, 1912). 

W. Pungs and M. Jahrstorfer (to I. G. Farbenindustrie), U. S. Pat. 1,737,975 
(Dec. 3, 1929); German Pat. 563,394 (Nov. 8, 1932). 

F. W. Guthke and W. Pungs (to I. G. Farbenindustrie), U. S. Pat. 1,834,056 (Dec. 
1, 1931); German Pat. 558,437 (Sept. 7, 1932); British Pat. 296,145 (St^pt. 20, 1928). 

I. G. Farbenindustrie A.-G., British Pat. 376,276 (June 27, 1932). See French 
Pat. 726J73 (June 3, 1932). 

A. Haller and Youssoufian, Compt rend,, 143, 803-806 (1906). 
A. Haller, Compt, rend,, 144, 462-466 (1907). 

'•* A. Madinaveitia, Anales soc, espafl, quim., 12, 426-428 (1914). 
E. R. Taylor and H. T. Clarke, J, Am, Chem, Soc,, 49, 2829-2831 (1927). 
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nut oil in large quantity (130 kg.) by methanolysis. The reaction was 
carried out by refluxing on the steam bath, for 48 hours, mixtures consist¬ 
ing of 8 kg. of coconut oil, 9.6 kg. of methanol, and 500 g. or 2.7% of sul¬ 
furic acid on the basis of the total weight of the mixture. 

Toyama and Tsuchiya^^^ found that ethanolysis of olive oil with hydro¬ 
chloric acid as catalyst led to the formation of relatively large amounts of 
mono- and diglycerides. The acetyl value of the reaction mixture first 
increased to a maximum and then began to decrease. Under the same 
conditions methanolysis proceeded more rapidly than ethanolysis which 
was indicated by the fact that the acetyl value reached a maximum in a 
shorter time. Olcott and MattilU^® prepared the monoesters of lard, palm 
oil, and hydrogenated cottonseed oil by methanolysis and ethanolysis in the 
presence of 2% to 3%-of hydrogen chloride. Smull and Saylor^'^® prepared 
the methyl esters of linseed oil fatty acids by refluxing alkali-refined, neu¬ 
tral linseed oil with an excess of absolute methanol containing hydrogen 
chloride, and distilling the methyl esters at 200°C. under 6 mm. pressure. 

Coleman and Moore^^^ patented the production of monoesters by alco-' 
holysis of ethylene diesters and described particularly the production of 
ethylene glycol monoacetate from ethylene glycol diacetate. The use of 
substantially anhydrous ethanol, propanol, and butanol, as well as second¬ 
ary and other iso alcohols, with hydrochloric, sulfuric, and phosphoric acids 
as catalysts, and reaction temperatures up to the boiling point of the mix¬ 
tures was covered by their patent. Reaction times of two to ten hours were 
employed depending on the reaction conditions. 

The conversion of the fatty acids, combined in the form of phosphatides, 
to monoesters is a tedious and troublesome process when conducted by a 
combination of saponification and re-esterification. Shinowara and 
Brown^^ observed that this conversion could be more readily accomplished 
by direct alcoholysis. Failure of previous workers to accomplish the direct 
alcoholysis of phosphatides appeared to be due to the use of insufficient 
mineral acid to catalyze the reaction. When hydrochloric acid is used in 
ordinary amounts (1% to 2%) its concentration is apparently reduced by 
reaction with the choline of the phosphatides to an amount insufficient 
for catalytic effect. By increasing the concentrations of hydrochloric acid 
in the reaction mixture to 5%, or by the use of 7.5% to 12% of sulfuric 
acid, direct alcoholysis of phosphatides gave good yields of methyl, ethyl, 
propyl, butyl, and 7i-amyl esters. 

Y. Toyama and T, Tsuchiya, J, Soc. Chem. Ind. Japan.^ Suppl. bind., 36, 232~233B 
(1933). 

H, S. Olcott and H. A. MattilL J, Am. Chem. Soc,, 58, 2204-2208 (1936). 
**• J. G. Smull and J. S. Saylor, J. Am. Chem. Soc., 64, 3054 (1942). 

G. H. Colenmn and G. V. Moore (to Dow Chemical Co.), U. S. Pat. 2,010,689 
(Aug. 6,1935). 

G. Y. Shinowara and J. B. Brown, Oil Soap, 15, 151-152 (1938). 
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Alcoholysis of Polyesters with Monohydric ^cohols Catalyzed by 
Alkalies.—As indicated by the foregoing examples, the acid-catalyzed 
reaction between polyesters and monohydric alcohols has considerable 
utility. However, the alkali-catalyzed reaction possesses many advan¬ 
tages over the corresponding acid-catalyzed reaction, especially with re¬ 
spect to the speed, completeness, and relatively low temperature at which 
it can be effected. 

Rowe^^ investigated the ethanolysis of coconut oil, lard, olive oil, tri¬ 
olein, linseed oil and butterfat dissolved in various organic solvents to 
which were added alcohol and caustic potash in concentrations varying 
from one to one-twentieth of the exact equivalent required to saponify the 
fat. The reaction conditions were generally not such as permitted complete 
reaction, consequently large amounts of mono- and diglycerides were 
formed. 

Toyama and co-workers^^® found that in a homogeneous solution both 
ethanolysis and methanolysis were completed rapidly (two hours) at room 
temperature when olive oil was shaken with equivalent amounts of 0.50 N 
to 0.75 N alcoholic sodium hydroxide. Experiments conducted over a 
temperature range of 0® to 60^C. indicated that the reaction rate increased 
with increase in temperature. The amount of soap formed was very small 
in relatively anhydrous media but increased with an increase in the amount 
of water in the reaction mixture. 

Kurz^^^ investigated the velocity of the methanolysis and ethanolysis of a 
number of vegetable oils (olive, sesame, linseed, and tung). The alcoholy¬ 
sis reaction was carried out at 20°C. in the presence of ethyl ether with 
potassium hydroxide as catalyst. The extent of interesterification was 
followed by determining the percentage of the total glycerol which was 
liberated, and by determining the saponification and acetyl values of the 
reactants. 

It was found, in agreement with Rowe^^® and with Toyama and co- 
workers,^*® that alcoholysis catalyzed by potassium hydroxide consisted of 
two reactions, namely, saponification followed by re-esterification. The 
velocity of the saponification reaction was found to be increased, within 
limits, with the increase of water in the alcohol, and with an increase in the 
concentration and total alkali content of the reaction mixture. The re¬ 
action was found to be comparatively rapid and imder optimum conditions 
resulted in the liberation of approximately 95% of the glycerol from ses¬ 
ame, linseed, and tung oils within 60 minutes. The reaction velocity be¬ 
came very slow after one hour as may be seen from the data in Table 112 

G. K. Rowe, J. Soc. Chem. In(L 52. 49-52T (1933). 
Y. Toyama, T. Tsuchiya, and T. Ishikawa, J, Soc. Chem, Ind. Japan, Suppl. bind., 

36,230~231B, 231-232B (1933). 
H. Kurz, FeUe u. Seifen, 44,144-146 (1937). 
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for the methanolysis of olive oil which was determined as follows. To 
each 50 ml. of a 20% solution of olive oil in ethyl ether, there were added 
35 ml. of neutralized methanol and 1.05 ml. of 0.5 N potassium hydroxide 
in methanol. The mixture was allowed to stand at 20°C. and at the end 
of a specified time, the reaction was stopped by the addition of sufficient 
0.5 N sulfuric acid to neutralize the alkali. Owing to the mild reaction 
conditions, namely, low temperature (20°C.) and low concentration of 
alkali, the method of Kurz possesses considerable superiority over the usual 
method of saponification and re-esterification for the preparation of methyl 
and ethyl esters, especially when applied to fats containing acids whose 
structures are easily altered. 

Table 112 

ALKALI-CATALYZED METHANOLYSIS OF OLIVE OIL AT 20°C. 

Reaction 
time, hrs. 

. 

1 Glycerol liberated, % 

By weight Of total 

24 10.47 98.31 
48 10.52 98.78 
72 10.59 99.44 

Norris and Terry^^^ prepared the furfuryl esters of linseed oil fatty acids 
by reacting furfuryl alcohol and linseed oil containing 0.5% metallic sodium 
as catalyst at a temperature of 60°C. for three hours. Furfuryl oleate and 
palmitate were prepared from the corresponding methyl esters by a similar 
process of alcoholysis. Other furfuryl esters have been prepared by various 
workers using modifications of the alcoholysis process. 

The process of alcoholysis for the preparation of soaps and recovery of 
glycerol was patented by Bradshaw and Meuly.^”*^®^ Somewhat different 
reaction conditions are used in the commercial process as compared to the 
laboratory process where completeness of the reaction and minimization of 
alteration in the structure of the acids are paramount. The reaction is 
carried out in ordinary iron vessels. Neutral fat and anhydrous commercial 
grade methanol (99.7%) containing 0.1% to 0.5% caustic soda or potash 
are mixed in the molar ratio of approximately 1 to 1.6, and heated to 80®C. 
After stirring for a few minutes the mixture is allowed to stand, whereupon 
the glycerol begins to separate immediately and settle to the bottom of the 
reaction vessel. The reaction is about 98% complete within an hour but 
only about 90% of the glycerol separates from the mixture, the remainder 
is present in the upper layer of methyl esters, unreacted alcohol, alkali, and 
soap. The methyl esters can be freed of impurities by washing with water. 

F. A. Norris and D. E. Terry, Oil & Soap, 21,193-196 (1944). 
G. B. Bradshaw and W. C. Meuly (to E. I. du Pont de Nemours), U, S. Pat. 2,271,- 

619 (Feb. 3^1942). 
G. B. Bradshaw, Soap Sanit ChemicaU^ 18 (No. 6), 23-24, 69-70 (1942). 
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Wright et aZ.“^ extended the method of Bradshaw and Meuly to include 
a variety of alcohols. They have described the general conditions for 
methanolysis and ethanolysis as follows. A typical reaction would re¬ 
quire 1,6 equivalents of anhydrous alcohol per equivalent of neutral oil 
and as catalyst, 0.5% of sodium hydroxide on the basis of the oil used. 
The reaction may be carried out at ordinary or elevated temperatures. 
Separation of glycerol is apparent at the end of thirty minutes and Is com¬ 
plete in one to two hours. The glycerol layer is withdrawn and the ester 
layer is acidified to decompose any soaps which may be present, and washed 
free of glycerol, alcohol, and salt. 

When ethanol is used, the acid number of the oil must be below one. 
Excess alkali must be added if the acid number is above this value, other¬ 
wise insuflBicient alkali will be available for catalysis. However, when excess 
alkali is added the resulting soap produces emulsification of the ester and 
glycerol and the reaction mixture must be acidified to separate it into an 
alcohol-glycerol layer and an acid-ester layer. The total amount of water 
in the reaction mixture must be well below 0.3% and preferably below 0.1%, 
otherwise the alkali will be consumed in the formation of soaps, thereby re¬ 
sulting in incomplete ester formation or liberation of glycerol. An excess 
of alcohol or excess of alkali above that required for catalysis must be used 
to compensate for the presence of excessive water, but again acidification 
must be resorted to for the separation of glycerol. 

Wright and co-workers, using cottonseed oil, demonstrated the effect 
of the variables, ethanol, water, and alkali, on the yield of glycerol. The 
highest yield (96.6%) was obtained under the following conditions: 100 
g. of anhydrous cottonseed oil, 30 g. of ethanol (99.5%), 1.0 g. of sodium 
hydroxide, maximum concentration of water in mixture 0.11%, For coco¬ 
nut oil, the maximum yield (95.4%) of glycerol was obtained with the fol¬ 
lowing conditions: 100 g. of anhydrous coconut oil, 30 g. of ethanol (99.5%), 
2.0 g. of sodium hydroxide, maximum concentration of water in mixture 
0.11%. 

Normal propanol was found to be less reactive than either methanol or 
ethanol which could be compensated for in part by increasing the ratio of 
alcohol to oil. The reaction mixture must always be acidified when pro¬ 
panol is used in order to effect the separation of the glycerol and propyl 
esters. With peanut oil and n-propyl alcohol, a maximum yield (98.5%) 
of glycerol was obtained under the following conditions: 100 g. of peanut 
oil, 40 g. n-propanol (199% of theory), 2.0 g. of sodium hydroxide. 

Isopropanol was found to be impractical from the commercial point of 
view owing to the necessity of removing its moisture by metallic sodium. 
Furfuryl alcohol and the Cellosolves were found to react, but required ex¬ 
cessive ratios of alcohol to oil for even moderately complete reaction, and 
the glycerol did not separate from the reaction mixture. 
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Alcoholysis of Polyesters with Polyhydric Alcohols.—Interesterifica¬ 
tion between polyhydric alcohols and polyesters occurs in a manner analo¬ 
gous to that between monohydric alcohols and polyesters and may be 
carried out with any polyhydric alcohol and polyester. Although a re¬ 
action generally occurs with any combination of alcohol and ester, equilib¬ 
rium may be established at concentrations of the products which are 
such as to make the reaction of little practical value. This is quite often 
the case when the displaced polyhydric alcohol cannot be readily removed 
from the reaction mixture owing to its high boiling point. 

Few investigations have been devoted to the replacement of glycerol in 
triglycerides or natural fats with other polyhydric alcohols, primarily be¬ 
cause of the difficulty of removing the high boiling glycerol (b.p. 290®C.). 
Only those polyhydric alcohols which are stable at temperatures of 200^ 
to 300°C. and have a boiling point above that of glycerol under the reaction 
conditions can be used. Such polyhydric alcohols include pentaerythritol, 
methyl and ethyl glucosides, mannitol, sorbitol, and the polyglycerols. 

'The reaction is carried out with 1 to 1.6 equivalents of the polyhydric 
alcohol in the presence of 0.5 to 2.0% of lead or alkali salts as catalyst. If 
the reaction is carried out at atmospheric pressure, a temperature of 275° 
to 300°C. is required to remove the glycerol, consequently it is preferable 
to employ a vacuum of 40 to 300 mm. under which conditions the tempera¬ 
ture can be reduced to 200° to 250°C. The reaction has also been carried 
out under other conditions, namely, with steam-vacuum distillation and by 
a continuous method employing a heated and evacuated column."* 

Blagonravova^^ and also Burrell"® compared the alcoholysis of refined 
linseed oil with glycol and with pentaerythritol and concluded among other 
things that pentaerythritol should not be present in great excess owing to 
the tendency of the polyhydric alcohol to carbonize. Best results were 
obtained with a maximum ratio of 2 moles of pentaerythritol per mole of 
oil. With increasing temperature from 220° to 270°C. the rate of alco¬ 
holysis increased. Mannitol has been employed to replace glycerol in tri¬ 
stearin and in olive oil under a relatively high vacuum (14 mm.), a tempera¬ 
ture of 275°C., and the presence of sodium methylate as catalyst. 
Sorbitol and pentaerythritol esters have been prepared in a similar man- 
ner.i«-i« 

A. A. Blagonravova, M. A. Antipova, O. N. Sawina, and E. M. Svetlichnaya, /. 
Applied Chem7U.8.SM,, 14, 192-197 (1941). 

H. Burrell, Oil Soap, 21,206-211 (1944). 
V. P. ^lendeev,/. Oen. Chem, U,S.S,R,, 6,1841-1846 (1936). 
J. C. Irvine andH. S. Gilchrist, J, Chem. Soc., 125,10-15 (19iW). 
A. Lapworth and L. K. Pearson, Biochem. J., 13, 296-300 (1919). 
J. A. Arvin (to E. I. du Pont de Nemours), U. S. Pat. 2,029,851 (Feb. 4, 1936). 
E. I. du Pont de Nemours, British Pat. 436,885 (Nov. 14,1935). 
A. A. Blagonravova and M. A. Antipova, ByulL Obmena Oput. Lahokraaochnol 

Prom., 1940, No. 10, IS-IO. 
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When it is not necessary to remove the glycerol from the reaction mix¬ 
ture or when either mixed alcohol esters or partially esterified mixed alcohol 
esters are desired, the reaction between natural fats and various polyhydric 
alcohols is of considerable importance. For industrial scale production 
of completely esterified polyhydric alcohols, direct reaction between the 
alcohol and acid is generally preferable to any other method. However, 
direct reactions of polyhydric alcohols with fatty acid.s for the production 
of partially esterified products possess the disadvantage that they cannot 
be made very specific with respect to the degree of esterification obtained. 
Regardless of the excess of alcohol used, a certain amount of complete 
esterification occurs. Also, because of the poor miscibility of fatty acids 
and many polyhydric alcohols, the fatty acids tend to react with the ester 
product which is first formed rather than with the alcohol, thereby increas¬ 
ing the degree of esterification beyond that ^hich may be desired. For 
these reasons it is simpler and more practical to react a completely esteri¬ 
fied ester with an excess of piolyalcohol to produce the desired partially 
esterified product. 

The reaction is of primary importance when applied to the interesteri¬ 
fication of triglycerides, especially the natural fats. Numerous investiga¬ 
tions of the reaction between polyalcohols and triglycerides have been 
made employing most of the available polyhydric alcohols under a wide 
range of conditions of pressure, temperature, catalyst and time of reaction. 

Although most of these reactions proceed in the absence of a catalyst 
they are greatly accelerated by certain catalytic agents. Generally, acidic 
substances are ineffective or very poor catalysts. The alkalies and their 
carbonates and alcoholates are most effective, and the oxides of calcium, 
magnesium, and lead are somewhat less so. Interesterification of most poly¬ 
hydric alcohols and polyesters can be carried out at temperatures between 
170® and 250°C., either at atmospheric pressure or under vacuum. 

Production of Mono- and Diglycerides by Glycerolysis of Fats.—The 
reaction of glycerol with triglycerides for the production of mono- and 
diglycerides represents a special case of interesterification of polyhydric 
alcohols and polyesters which may be referred to as glycerolysis. The 
reaction is carried out industrially on a large scale for the production of a 
variety of partially esterified products. 

When a triglyceride is reacted with glycerol the reaction may occur in 
several different ways as illustrated in the following equations: 

HjCOOCR HOCH2 H2COH H2COH 

IlioOCR -f HO^H H(!:OOCR + hI^OH 

h,<!xx)cr Hoinj niioocR Hjix)ocR 

Triglyceride Glycerol Diglyceride Monoglyoeride 
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H,COOCR 

nioocR 

HjioOCR 

HjCOOCR 

2H(!;oocr 

HjioOCR 

HOCH, H,COH 

4-2HO(!jH ,.3HcloH 

HodiH, HjioOCR 

HOCH, H,COH 

+ Hoin , .- 3H(joOCR 

Hoin, H,ioOCR 

From these equations it is seen that theoretically, at least one mole of 
triglyceride can react with one-half, one, or two moles of glycerol to form, 
respectively, one and a half moles of diglyceride, one mole each of di- and 
monoglyceride, or three moles of monoglyceride. Assuming a mean mo¬ 
lecular weight of 860 for the triglyceride and 92 as the molecular weight of 
glycerol, these three reactions would require for theoretical conversion, 
respectively, 5.3, 10.7, and 21.4% of glycerol on the basis of the weight of 
triglyceride. In actual practice all three glycerides generally coexist re¬ 
gardless of the ratio of triglyceride to glycerol employed, although condi¬ 
tions can be selected such that one of the glycerides may predominate and 
the proportion of triglyceride can be made relatively small. 

A further difficulty in producing monoglycerides by interesterification of 
triglycerides and glycerol is the tendency of the monoglycerides to form 
diglycerides under the influence of alkali catalysts. Fischer and co- 
workers^^® observed that glycerol-a-monobenzoate or acetate, in ethereal 
solutions containing potassium carbonate as a catalyst, is moderately 
rapidly converted to a mixture of glycerol and glycerol dibenzoate or di¬ 
acetate, Chloroform solutions of monobenzoylglycol undergo similar re¬ 
actions to form dibenzoylglycol. 

Tsuchiya and Akiyama^^^ investigated the glycerolysis of hardened fish 
oil with respect to the effect of time, temperature, and ratio of glycerol. 
The highest acetyl value was obtained when the oil was heated for 0.5 hour 
at 270° to 280°C. with 25% to 100% of its weight of glycerol. Even the 
highest acetyl value obtained was lower than that corresponding to com¬ 
plete conversion to monoglyceride; hence, it was assumed diglycerides 
were present in the reaction product. Alkali carbonates, hydroxides, and 
the oxides of magnesium, calcium, and zinc accelerated the reaction and 
made possible a considerable decrease in the reaction temperature. Hard¬ 
ened soybean oil, tallow, coconut, olive, and castor oils, behaved similarly 
to fish oil with respect to glycerolysis. The higher molecular weight alco¬ 
hols were readily liberated from sperm and hardened sperm oils by glycer- 
olysis. 

E. Fischer, E. Hahler, and F. Brauns, Ber., 53B, 1634-1644 (1920). 
T. Tsuchiya and G. Akiyama, J, Soc, Chm. Ind, Japan, Suppl. bind., 36, 233- 

234B (1933). 
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Kawai and Yamamoto^^® investigated the conditions requisite for the 
maximum production of monoglycerides of teaseed oil by interesterification 
with glycerol. Teaseed oil was heated to temperatures of 170^^ to 180®, 
210® to 220®, and 240® to 250®C. with 1.4 times the amount of glycerol 
necessary to convert all of the triglycerides to monoglycerides. The re¬ 
action was carried out both in the presence and in the absence of a catalyst. 
Potassium carbonate, tin, zinc, and oleic acid, and combinations of these 
were used as catalysts. The acid, saponification, and hydroxyl values were 
determined at intervals on samples withdrawn from the reaction mixture. 
All of the catalysts, and especially the combination of metallic catalysts 
together with oleic acid, produced marked acceleration of the reaction. 
The product of highest hydroxyl value was calculated to contain 10% of 
triglyceride and 40% each of di- and monoglycerides. 

A number of processes and procedures for the industrial production of 
mono- and diglycerides by glycerolysis are described in the patent and 
scientific literature. According to Bailey^^® the reaction is generally car¬ 
ried out at atmospheric pressure and a temperature of 200® to 235®C. in 
closed vessels constructed of aluminum or stainless steel and provided with 
mechanical agitation. About 0.05% to 0.20% of catalyst on the basis of 
the weight of fat is used. Various alkaline catalysts (caustic soda, caustic 
potash, sodium alcoholates) are employed with a reaction time of one to 
two hours. When the maximum production of monoglycerides is desired 
it is preferable to use the theoretical quantity of glycerol (about 20%). 
A greater excess is of no practical advantage since equilibrium occurs when 
about 13.5% of glycerol has reacted. In the absence of appreciable tri¬ 
glycerides, this glycerol consumption corresponds to the formation of a 
mixture of mono- and diglycerides in the proportion of 70 to 30. For further 
details concerning the commercial preparation of mono- and diglycerides 
the reader is referred to Bailey and the patents of Edeler and Richardson, 
Eckey and Clark,Richardson and Eckey,^^® Christensen,'®® and Hilditch 
and Rigg.'®' 

European practice, according to Grun,'®^ differs somewhat from that 
followed in the United States for the production of mono- and diglycerides. 

S. Kawai and S. Yamamoto, J. Soc, Chem, Ind. Japan. Suppl, bind., 43, 219- 
220B (1940). 

A. E. Bailey, Iridusinal Oil and Fat Products. Interscience, New York, 1945.P- 679. 
A. Edeler and A. S. Richardson (to Procter & Gamble), Canadian Pats. 340,803 

to 340,805 (April 10, 1934). 
E. W. Eckey and C. C. Clark (to Procter & Gamble), U. S. Pat. 2,065,520 (Dec. 29, 

1936). 
A. S. Richardson and E. W. Eckey (to Procter 3c Gramble), U. S. Pat. 2,132,437 

(Oct. 11, 1938). 
C. W. Christensen (to Armour), U. S. Pat. 2,022,493 (Nov. 26, 1935). 
T. P. Hilditch and J. G. Rigg (to Imperial Chemical Industries), U. S. Pat. 2,073,- 

797 (March 16,1937). 
A. GrUn, in Chemie und Technologie der Fetle und Fettprodukte. Vol. 1, G. Hefter 

and H. Schonfeld, eds.. Springer, Vienna, 1936, pp. 276-278. 
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For maximum monoglyceride production 12% to 15% of glycerol is used 
on the basis of the weight of fat to be converted. The reaction is carried 
out in vacuo at a temperature of 170°C. in tin-lined vessels. For maxi¬ 
mum diglyceride production 6% to 8% of glycerol is used with a reaction 
temperature above 180°C. and below 250°C. Also, according to Griin, at 
180®C. disproportionation of monoglyceride to diglyceride and glycerol 
occurs, and above 250°C. interesterification occurs with the formation of 
triglycerides and glycerol. As the temperature increases glycerol tends to 
form di- and polyglycerols and their esters. 

According to Griin, the earliest catalysts used in glycerolysis were min¬ 
erals such as kieselguhr, which were superseded by metallic oxides such as 
titanium, thorium, and aluminum oxides. These oxides were not very 
active, partly because of their conversion to metallic soaps, and they were 
in turn superseded by the oxides, carbonates, and especially the alcoholates 
of the alkali and alkaline earth metals. Zinc and tin,^®^ particularly the 
latter, are preferred as catalysts since they are excellent accelerators and 
are readily recovered with little loss. When powdered catalysts are used 
the reaction mixture is cooled sufficiently to permit filtration or centrifuga¬ 
tion to remove the suspended material after which it is washed with water 
to recover the unreacted glycerol. Because of the surface-modifying prop¬ 
erties of mono- and diglycerides, water washing is a difficult operation and 
Griin does not state how this can be effectively accomplished. Griin claims 
that the commercial product, whether principally mono- or diglyceride, 
contains up to 10% or more of triglyceride and it is difficult to obtain more 
than 60% to 70% of either mono- or diglyceride, respectively, under any 
practical reaction conditions. 

Ordinarily, the glyceride mixture thus obtained is used without separa¬ 
tion of the components but where this is desired recourse is had to frac¬ 
tionation from alcohol. Mono-, di-, and triglycerides may be separated by 
means of/alcohol of different strengths. Hot, undiluted alcohol extracts 
considerably more mono- and distearin than tristearin. On cooling the 
alcoholic extract, distearin is chiefly separated while the monostearin re¬ 
mains in solution. By repetition of this process reasonably pure distearin 
can be obtained. By concentration of the mother liquor and recrystalliza¬ 
tion of the residue from more dilute alcohol or dilute alcohol-glycerol solu¬ 
tion, at least 90% of the monostearin can be recovered. For the direct 
separation of monostearin the crude reaction product is treated with 84% 
to 88% alcohol by volume. 

(6) Ester Interchange 

Ester interchange has generally been applied in the sense that the term 
interesterification has been used here, rather than in the restricted sense of 

Anton Jurgens Vereenigde Fabrieken, German Pat. 277,041 (Sept. 7, 1914), 
G. Schicht A.-G. and A. Grttn, German Pat. 402,121 (l^pt. 13, 1924). 
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the exchange of acyl radicals between two or more esters. If two esters, 
such as ethyl acetate and methyl butyrate, are heated together in the pres¬ 
ence of a catalyst they will interact to form an equilibrium mixture of ethyl 
butyrate, methyl acetate, and the original esters according to the following 
equation: 

CH3COOC2H5 -f CaH7COOCH3 ;==± C3H7COOC2H5 -h CH»COOCH3 

Similar reactions occur with esters of the higher aliphatic acids of both 
monohydric and polyhydric alcohols. 

The reaction illustrated in the equation given above is of no particular 
economic importance but similar reactions with polyesters, and especially 
those of the triglycerides, are the basis of a number of industrial processes. 
A more practical example of true ester interchange is represented by the 
reaction which occurs when ester gum (glyceryl abietate) is heated with 
linseed or other natural oil in the production of varnish. The rearrange¬ 
ment of the acyl groups in natural fats by heating them in the presence of a 
catalyst represents still another practical example of true ester interchange. 
Ester interchange reactions are entirely analogous to many other well 
known double decomposition reactions. 

These ester interchange reactions have been the subject of numerous 
scientific investigations and many practical applications thereof are dis¬ 
closed in the patent literature. For example, Normann^®^ heated one part 
by weight of tristearin with two parts by weight of almond oil, and two 
moles of tristearin with one mole of triacetin without a catalyst, and in both 
cases ester interchange proceeded only to the extent of approximately 
50% after 72 hours. With tin as a catalyst, ester interchange betw^een a 
mixture of coconut oil and ethyl stearate was appreciably greater than 50% 
after 16 hours. Naphthalene-iS-sulfonic acid and sodium ethylate were also 
found to be*active catalysts for the reaction. Tristearin and coconut oil 
(1:4) were reacted in the presence of naphthalene-jS-sulfonic acid and of 
sodium ethylate as catalysts. With 1% naphthalene-/3-sulfonic acid, a 
reaction temperature of 250°C., a reaction time of 2.5 hours, and atmos¬ 
pheric pressure, the melting point of the tristearin dropped from 57.3® 
to 34.5®C. With 0.1% to 0.2% sodium ethylate, a temperature of 140®C., 
reaction time of 0.5 hour, and reduced pressure, the melting point of the 
tristearin dropped from 57.7® to 31.4®C. The reduction in the melting 
point is indicative of the degree of ester interchange which occurred in the 
two cases. 

Griin*®® heated equimolar quantities of tricaprylin and tristearin in the 
presence of tin for three hours at 230°C. Analysis of the reaction mixture 

Olwerke Germania G.m.b.H. and W. Normann, German Pat. 417.215 (Sept. 7, 
1925). 

A. Grtin, Z. angew, Chem.y 38, 827 (1925). 
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gave results indicating that the reaction product contained 9% of tricap- 
rylin, 20% of tristearin, and 71% of caprylostearoglycerides, of which the 
major component was stated to be caprylodistearin. Further interesteri¬ 
fication gave a product corresponding to a mixture of caprylodistearin, tri- 
caprylin, and stearodicaprylin. Other pairs of glycerides, namely, tristearin 
and triolein, triolein and tricaprylin, tricaproin, tributyrin, etc., gave analo¬ 
gous results. 

Konen, Clocker, and Cox^®’ have indicated the utility of the ester inter¬ 
change reaction in the preparation of the glyceryl esters of highly reactive 
acids such as elaeostearic. This acid cannot be directly esterified with 
glycerol by ordinary methods because polymerization (gelation) occurs long 
before esterification is complete. However, these authors were able to 
prepare the glyceryl ester of elaeostearic acid by reacting equivalent quanti¬ 
ties of anhydrous glyceryl acetate and methyl elaeostearate in the presence 
of 0.05% of dry sodium methylate. The methyl acetate was removed by 
distillation under vacuum at a temperature of 60° to 100°C. 

Many natural fats possess relatively specific molecular configurations 
with respect to the distribution of the acyl groups in their triglycerides. 
Artificial triglycerides prepared by esterification of glycerol and a mixture 
of fatty acids possess random arrangements of acyl groups owing to the 
fact that the reaction of any given hydroxyl group and acyl radical is a 
relatively statistical one. When a natural fat is subject to rearrangement 
under the influence of a catalyst, a mixture of glycerides is formed in which 
the distribution of acyl groups is similarly statistical. 

Since the physical and chemical properties of the individual triglycerides 
depend on their molecular configurations, it is obvious these properties will 
be altered by shifting the configuration of a mixture of glycerides from a 
highly specific to a completely random distribution of acyl groups. For 
example, a mixture of equal parts of triolein and tristearin will have quite 
different properties from a mixture of monoleindistearins and monostearin- 
dioleins resulting from a random distribution of the acyl groups among the 
glycerol molecules. Completely random distribution of the acyl groups 
would result in four compounds having configurations corresponding to 
a-oleo-fta'-distearin, oj-stearo-/^, a'-diolein, j9-oleo-a,a'-di8tearin, and 
8tearo-a,a'-diolein, in addition to the original two homotriglycerides. 

As has been pointed out by Bailey, lard consists of a mixture of more or 
less specifically oriented glycerides with respect to the distribution of acyl 
groups. This specificity in glyceride configuration is responsible for the 
formation of relatively large, coarse crystals on solidification of hydro¬ 
genated and unhydrogenated lards. When lard is subjected to ester inter¬ 
change which produces a random distribution of the acyl groups, this tend- 

J. C. Konen, E. T. Clocker, and R. P. Cox, Oil <fc Soap, 22, 57-60 (1945). 
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ency to form large crystals disappears and the emulsifying properties of 
the rearranged product is enhanced. 

The rearrangement of natural fats or artificial mixtures of triglycerides 
can be accomplished by heating them to 200®C. or higher in the presence of 
a small amount of glycerol, monoglyceride, or diglyceride to initiate the 
reaction. It can be accomplished more readily, however, by the addition 
of a catalyst, such as sodium ethylate, stannous hydroxide, and sodium 
hydroxide. 

Interesterification affords a means of improving many natural fats which 
otherwise possess limited applications. Beef and mutton tallows, and 
very hard oils containing large percentages of tristearin, palmitodistearin, 
and other glycerides having melting points above body temperature are 
difficultly absorbed and digested by many animals. On the other hand, 
certain liquid fats are available which require hardening to produce de¬ 
sirable products. By mixing these hard and soft fats in proper proportions 
a product of butterlike consistency can be obtained but the digestibility of 
the high melting glycerides in the mixture remains imaltered. By inter¬ 
esterification in the presence of glycerol and a catalyst, mixed fats, relatively 
rich in high and low melting glycerides, respectively, can be converted to a 
fat of more acceptable consistency and utility. When tributyrin and other 
low molecular weight glycerides are added to the interesterification mixture, 
products similar in composition to natural butter can be produced. Many 
variations of this ester interchange reaction are possible with a correspond¬ 
ing diversity of end products. 

The process of ester interchange is equally applicable to the modification 
of drying oils. Scheiber^®^ has described various improved drying oils ob¬ 
tained by reacting tung oil, linseed oil, fatty acids, and glycerol, or a mix¬ 
ture of linseed or soybean oils with tung oil fatty acids at a temperature of 
200®C. Schwartz^®® described a similar product obtained by the reaction 
of castor oil and fatty acids. 

Ester interchange, or a combination of esterification and ester inter¬ 
change, is widely used in the manufacture of modified alkyd resins. Such 
resins are prepared by reacting glycerol, or other polyhydric alcohols, with 

“• C. van Loon (to Anton Jurgens Margarinefabrieken), U. S. Pats. 1,873,513 (Aug. 23, 
1932) and 1,744,596 (Jan. 21, 1930); Dutch Pat. 16,703 (Aug. 15, 1927); British Pat. 
249,916 (Dec. 30, 1^4). See also C. M. Gboding (to Best Foods, Inc.), U. S. Pat. 
2,309,949 (Feb. 2, 1943). 

F. A. Norris and K. F. Mattil, Oil & Soap, 23, 289-291 (1946). 
^ G. Schicht A.-G. and A. GrOn, Austrian Pat. 96,522 (April 1, 1924); British Pat* 

160,840 (April 28,1921). 
»» Olwerke Germania G.m.b.H., German Pat. 357,877 (Sept. 1,1922). 

O. Schmidt, German Pat. 102,539 (April 22,1898). 
w* J. Scheiber, German Pat. 513,309 (Nov. 26, 1930); 555,496 (July 26, 1932). See 

British Pat. 306,453 (April 17,1929). 
G. L. Schwartz (to E. I. au Pont de Nemours), U. S. Pat. 1,558,299 (Oct. 20,1925)* 

i®® E. A. Bevan, J. Oil Colour Chem, A«ac., 26,165-168 (1943). 
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dibasic acids such as phthalic, maleic, succinic, sebacic, etc.^®^ When 
polyhydric alcohols and polybasic acids are heated together a series of esteri¬ 
fication and condensation reactions ensue which result in the formation of a 
mixture of products that have properties resembling those of natural 
resins. 

With glycerol and phthalic anhydride, the reaction may be represented 
as occurring in two ways according to the following schemes: 

H2COH 

HCOH + 3 C.H4(C0)20 

H2COH 

H2C0(0CC6H4C00H) 

Hio(OC-C«H4COOH) 

H2io(OC*C6H4COOH) 

H2COH 

2 H^OH 4- 3 C6H4(C0)20 

H2COH 

/COOv yOOC\ 
C»H4< >C'3H5(000 • C6H4 • C00)C3H5< V)eH4 

These products represent only the early stages of the reaction which are 
followed by further condensation and polymerization. 

These unmodified alkyd resins have only limited use owing to certain 
inherent disadvantages. They are, therefore, modified by incorporation of 
various substances such as triglyceride oils, fatty acids of an oil, or other 
synthetic or natural resins. The number of possible modifications are 
extremely numerous since any vegetable oil, fatty acid, or mixture of fatty 
acids may be used in their production. As a consequence of the great di¬ 
versity of modified alkyds which are possible with corresponding differences 
in properties, a voluminous patent and technical literature has appeared 
on the subject.^®* 

One class of modified alkyd resins results from their interaction with non¬ 
drying oils or their derived fatty acids. In general, the incorporation of 
monobasic acids into alkyd resins increases their solubility. The short 
chain acids (acetic, butyric, etc.) cau.se considerable softening of the resin 
while the long chain acids, stearic, palmitic, oleic, ricinoleic, derived from 
nondrying oils result in increased flexibility. When drying oils or their fatty 
acids, e, g., linoleic acid, are used as modification agents, the resulting resins 
harden rapidly at ordinary temperatures owing to the greater ease of oxida¬ 
tion and polymerization of the unsaturated acids. 

Modified alkyd resins may be formed by several different methods as 
follows: (f) the monobasic fatty acid, glycerol, and dibasic acid, e. g,, 

C. Ellis, The ChemiHry a/ Synthetic Reeine, 2 vols., Reinhold, New York, 1935. 
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phthalic acid, may be heated together; (0) mono- and diglycerides of the 
monobasic fatty acids may be condensed with the dibasic acid; {3) the 
polybasic acid or its anhydride may be heated with glycerol and a triglyc¬ 
eride oil. Depending on the reaction conditions, more or less interesteri¬ 
fication will occur, especially in the early stages preceding the subsequent 
polymerization reactions. 

(c) Acidolysis 

Acidolysis is used here in a sense analogous to alcoholysis, i. e., the re¬ 
placement of an acyl group of an ester by an acyl group of a free fatty acid. 
If a fatty acid ester is heated with an excess of fatty acid in the presence 
of an esterification catalyst, an exchange of the acyl groups will occur 
between the free acid and ester. This tendency of one fatty acid to replace 
another is a function of their relative molecular weights. Low molecular 
weight acids tend to displace those of higher nu.lecular weight. For ex¬ 
ample, formic, acetic, aJnd propionic acids have been used to replace the 
fatty acids in coconut oil. 

In the case of acetic acid and coconut oil, there results a mixture of lauro- 
diacetin, myristodiacetin, etc., which is used as a plasticizing agent for 
nitrocellulose. The reaction is, however, not confined to the replacement 
of high molecular weight acids. According to Barsky*®® the fatty acids 
derived from cottonseed and palm oils can replace those of coconut oil 
when the former are reacted with the latter at 260° to 300°C. even without 
a catalyst. Eckey^®®® was granted a patent covering the reaction of free 
fatty acids, as for example, oleic acid with triglycerides (tristearin) or 
natural fats (hydrogenated cottonseed oil) using water (0.25 to 10%) as 
catalyst. 

Interesterification is presumed to occur between diterpenoid carboxylic 
acids and the triglycerides present in natural oils, although apparently under 
the conditions obtaining in the varnish kettle the degree of interchange 
between the acid radicals is not extensive. Investigations of the reactions 
of triglycerides with natural rosin or abietic acid have been conducted with 
a view to developing improved types of varnishes. According to the review 
of the subject by Ellis^®® little interchange occurs between the triglycerides 
and abietic acid. Tristearin and refined linseed oil w ere reacted with abietic 
acid by Pistor'®’ but little reaction was observed under the conditions 
employed. Ragg'®® came to the same conclusion from similar experiments. 
Scheiber,‘®® on the other hand, believed that some reaction occurred between 
rosin, Congo, and Manila resins and the triglycerides. 

G. Barsky (to Wecoline Products), U. S. Pat. 2,182,332 (Dec. 5, 1939). 
E. W. Eckey (to Procter Sc Gamble), U. S. Pats. 2,378,005-7 (June 12, 1945). 

K. Pistor, Farhen.-Ztg., 30, 3056-3057 (1925); Farbe u. Lack, 1925, 466. 
M. Ragg, Farben-Ztg,. 26, 2336-2336 (1921). 
J, Scheiber, Farbe u. Lack, 1929,393-394,404-406, 418-419. 
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(d) Mechanism of Interesterification 

It has been presumed that in ester interchange the acyl group of one 
glyceride molecule may be directly replaced by another acyl group from 
another glyceride molecule according to the following scheme: 

04^C0R' 
/ !. 

C,H5--0—COR' 

COR' 

R'^CO-^-O 
\ 

+ R^CO-O—CaHfi 

R'CO— 

In the presence of glycerol (alcoholysis), or of a small amount of glycerol 
and free fatty acid (acidolysis), interesterification may occur according to 
one of the following schemes: 

/O—CO—R' /OH /OH 
CjHaCOH), + CaHaeO—CO—R'-> CaHsf O—CO—R' -f CaHa^OH 

^O—CO—R' No—CO—R' \0—CO—R' 

+ R'COOH +|r'C(X)H +|2R*'C00H 

/O—CO—R' /O—CO—R' 
-► C,H^O-CO—R' CjHb^O—CO—R' 

\0—CO—R' \0—CO—R' 

_T 
+ 2 R'COOH 

Similar equations can be written for other alcohols whether mono- or poly- 
hydric, and for any corresponding ester. 

The nature of the various agents which effect ester interchange in natu¬ 
ral fats are usually such as would tend to produce small initial amounts 
of mono- or diglycerides and it would, therefore, appear that the process is 
fundamentally one of alcoholysis in which glycerol, mono- or diglycerides 
are constantly generated and subsequently reacted to form new triglycerides. 
The reaction, when continued sufficiently long, will come to kinetic-equilib- 
rium with attainment of a relatively high degree of randomness of the 
glyceride configurations. It is not improbable that even in the absence of 
a catalyst sufficient moisture may be present to produce the small amount 
of hydrolysis necessary to initiate the interesterification reaction. 

The exact nature of the interesterification mechanism which obtains in 
the complex reactions involved, for example, in the modification of alkyd 
resins, is extremely difficult to determine. Flory^’° investigated the kinet¬ 
ics of less complex interesterification systems exemplified by decamethyl- 
ene adipate polyesters and decamethylene glycol and lauric acid, and com¬ 
pared them with the kinetics of the esterification of diethylene glycol with 
adipic acid, and of decamethylene glycol and adipic acid. He found that 

170 R J. Flory, J. Am. Chem. Soc., 58, 1877-1885 (1936); 61. 3334-3340 (1939); 62, 
2255-2261, 2261-2264 (1940). 
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the interesterification reaction was proportional to the acid catalyst present, 
but diminishes somewhat with an increase in the concentration of hydroxyl 
groups. The results obtained with both decamethylene glycol and iauryl 
alcohol agreed with the theory that the ester groups of the polymer mole¬ 
cules are attacked at random. 

He also found that the rate of polyesterification with p-toluenesulfonic 
acid as catalyst, and a temperature of 109°C., was about eleven times as 
rapid as the corresponding alcoholysis reaction. In the uncatalyzed or 
carboxylic acid-catalyzed reaction, the rate constants were approximately 
the same for the same acid. 



CHAPTER XI 

ALKYLATION AND ALKOXYLATION 

A variety of alkylation reagents and methods are available for the prepa¬ 
ration of derivatives of fatty acids. The choice of methods necessarily de¬ 
pends on the derivative desired and the constitution of the reacting acid, 
i, the nature of the substituent groups. The available alkylation re¬ 
agents include diazomethane, dimethyl and diethyl sulfates, alkyl halides 
and metallic alcoholates, the last producing alkoxy derivatives. The prod¬ 
ucts which may be produced include esters, ethers, ketones, extended 
normal hydrocarbon chains, and side chains. 

1. Alkylation 

Esters are normally prepared by direct esterification of acids and alcohols 
in the presence of a catalyst as has been previously described, but certain 
types of esters cannot be formed by this method. Very long chain acids 
cannot be readily esterified with very long chain alcohols but corresponding 
esters can be formed by the action of the acid chlorides with alcohols or 
sodium alcoholates. 

Certain nonaliphatic acids, e. gf., ursolic, oleanolic, and other sapogenic 
acids, cannot be directly esterified even with low molecular weight alcohols, 
but on treatment with dimethyl sulfate, diazomethane, or by the action of 
methyl iodide on the silver salt, methyl esters of extreme stability can be 
prepared.^ Higher homologous n-alkyl esters of these sapogenic acids can 
also be prepared by the reaction of the acid chloride with the appropriate 
alcohol, e, g., propyl, butyl, etc. By this method, Sdl and Kremers^ in¬ 
troduced in turn all of the n-alkyl groups from C2H5 to CgHn into mono- 
acetylursolic acid to form the corresponding alkyl esters. The acids can¬ 
not be regenerated from the esters by saponification with alcoholic alkali. 

Ketones are formed by the reaction of acid chlorides with zinc alkyls or 
magnesium alkyl halides, in accordance with the equation: 

2 CHaCOCl H- 2 CaHsMgl-► 2 CHaCOCjH* -h MgCh -|- Mgl, 

This method is generally limited to ketones of low molecular weights. The 
higher ketones are generally produced by pyrolysis of the alkaline earth 

1 H. M. Sell and R. E. Kremers, J, Biol Chem., 126, 601-603 (1938). 
»H. M. Sell and R. E. Kremers, J. Biol Chem., 125, 461-463 (1938). 
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salts of the long chain fatty acids. The long chain symmetrical and unsym- 
metrical ketones are produced by a modification of the Robinson-Robinson 
sjmthesis.® A typical product is 12-nonaco8anone, CH8(CH2)ioCO(CH2)i6- 
CHs, which is prepared from palmitic acid and dodecanoyl (lauroyl) 
chloride. Ethyl palmitate is reduced with sodium to n-hexadecanol and 
converted to n-hexadecyl iodide with iodine and red phosphorus. The 
iodide is reacted with the sodio salt of ethyl acetoacetate to form ethyl-2- 
acetyl-n-octadecanoate, CH8(CH2)i6CHAcCOOEt. This compound is 
treated with sodium to form the sodio derivative and then with dodecanoyl 
chloride. The resulting 12-keto-13-acetyl-13-carbethoxy-n-nonaco8ane is 
then hydrolyzed to form the corresponding 12-nonacosanone. In this re¬ 
action the alkyl and acyl halides, namely, n-hexadecyl iodide and dodec¬ 
anoyl chloride are introduced, successively, into ethyl acetoacetate to form 
the final reaction product. 

Ethers are formed when acids or esters containing hydroxyl groups in the 
carbon chain are treated with diazomethane or dimethyl sulfate. For ex¬ 
ample, ricinoleic acid esters are converted to the corresponding ethers by 
treatment with diazomethane according to the following equation: 

CH,(CH2) 5CHOH CHjCCHj) ftCHOCH, 
j -f CH2N2-> T + N2 

ROOC(CHa)7CH: CHCH2 ROOC(CH2)7CH; CHCH2 

Smull and Saylor'* cairied out an alkylation reaction with the mixed 
methyl esters of linseed oil on the assumption that the CH2 group in 
=CHCH2CH= of linoleic and linolenic acids would react similarly to ma- 
lonic ester and cyclopentadiene. The esters were prepared from linseed 
oil by interesterification with methyl alcohol. The resulting esters were 
treated with sodium ethoxide in absolute ethanol, and then with ethyl 
iodide. The pure esters could not be isolated, but on the basis of analytical 
data it was concluded that alkylation had been fairly complete. 

2. Alkoxylation 

Alkoxylation has been employed by Darzens and co-workers to prepare a 
number of derivatives of the higher fatty acids. Darzens and Levy**em- 
ployed the method of alkoxylation to prepare a-alkoxy fatty acids and vari¬ 
ous derivatives by treating'the esters of a-bromo acids with various sodium 
alcoholates. The a-alkoxy fatty acid on heating in the presence of copper 
undergoes decomposition to the next lower aldehyde, carbon monoxide, 
and alcohol according to the following equations : 

RCHj 

icWH 

RCHBr 

(!:ooh 

RCHOR' 

dlOOH 
RCHO + CO + R'OH 

* S. H. Piper, A. C. Chibnall, S. J. Hopkins, A. Pollard, J. A. B. Smith, and E. F. 
Williams, Biochsm. J., 25, 2072-2094 (1931). 

* J. G. Smull and J. S. Saylor, J, Am, Ch^, 5oc., 64,3054 (1942). 
* G. Darzens and A. Levy, Compt rend,, 196, 34^^ (1933). 



316 XI. ALKYLATION AND ALKOXYLATION 

Saponification of the methyl ester of a-methoxyheptanoic acid prepared 
by this method gives the corresponding free acid which distills without de- 
comTposition at 122°C. at 15 mm. pressure. On distillation at atmospheric 
pressure in the presence of a little reduced copper, it undergoes decomposi¬ 
tion with the formation of hexanal in 70% yield. 

Saponification of the ester of a-methoxylauric acid gives the corre¬ 
sponding acid (m. p. 52°C.) which distills at 145°C. at 4 mm. pressure. On 
distillation at atmospheric pressure it undergoes decomposition with the 
formation of undecanal in 75% yield. 

a-Methoxystearic acid (m.p. 62.5°C.) distills without decomposition at 
190°C. at 5 mm. pressure. By heating for thirty minutes at 300®C., it 
decomposes with a theoretical yield of margaric aldehyde (heptadecanal). 

Darzens and Meyer® have described another method for preparing long 
chain aliphatic aldehydes in the course of which a-ethoxy acids are pre¬ 
pared as intermediates. The method is a form of malonic ester synthesis 
in which an alkyl halide is reacted with sodiocthoxymalonic ester to form 
the corresponding alkylethoxymalonic ester. The ester is saponified to 
give the dibasic acid which on distillation passes into the corresponding 
a-ethoxy acid and on further heating at 280° to 300°C. at atmospheric 
pressure, produces the corresponding aldehyde. 

Lauryl alcohol on treatment with hydrobromic acid produces lauryl bro¬ 
mide and the latter when reacted with sodioethoxymalonic ester gives 
laurylethoxymalonic ester. The dibasic ethoxy acid which melts at 75°C. 
is obtained by saponification and when distilled gives a-ethoxymyristic 
acid. On further heating, the acid passes over to tridecylic aldehyde ac¬ 
cording to the following reactions: 

COOR 

Na-C-OCgHfi 

COOR 

CijHwBr 
COOR 

C,2H26—C-OC2H5 

saponification 

COOR 

COOH 
I distillation _ 

C—OQH5 -. Cj 
I 

COOH 

i—OCjHs ■ 
heat 

COOH . H 

a-Ethoxymyristic acid 
C,2H25CH0 -f CaHftOH + CO 

Tridecylic aldehyde 

Meyer’ elaborated this method to include the preparation of a-ethoxy 
unsaturated acids of the general formula RCH(OC2H5)COOH by the action 
of ethylenic halides on sodioethoxymalonic ester. Ethoxymalonic ester is 
prepared by the condensation of malonic ester with ethyl orthoformate 

• G. Darzens and M. Meyer, Compt. rend,, 196, 489-490 (1933). 
» M. Meyer, Compt. rend., 203,1074-1077 (1936). 
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which in turn is treated with metallic sodium to produce sodioethoxyma- 
lonic ester according to the following equations: 

COOR COOR COOR 

H(!:H + HCCOCjHi),-> HcioCjH. —*-> NaCOCjH, 

ioOR <!::OOR 
Malonic ester Ethoxymalonic Sodioethoxy- 

ester malonic ester 

Alkyl halides react with sodioethox3ntnalonic ester (I) to give the alkyl- 

substituted ethoxymalonic esters (II) which, on saponification and decar¬ 
boxylation, yield a-ethox5'’aliphatic acids (III) according to the following 
equations: 

COOC2H5 
I 

RX + NaC-OCiHfi 

(!:ooc,Hi 
(I) 

COOCjHs 

R—OCsHs 

('jOOCjH, 
(II) 

COOH 
I 

R——OC2H6 ■ 

(!;ooh 

RCH(OaH,)COOH 
(III) 

This method can be applied to the preparation of a-ethoxy acids not 

otherwise obtainable, and especially where R is an uiivsaturated radical of 
any chain length. For example, Meyer^ prepared 2-ethoxy-A^'®-pentadec- 
enoic acid, CH2:CHCH2CH(OC2H5)COOH, and 2-ethoxy-Ai2-*Hridec- 
enoic acid, CH2:CH(CH2)9CH(OC2H5)COOH, by this method. Both of 
these compounds which are liquids boiling at 120°C. at 15 mm., and 170°C. 
at 4 mm., respectively, were converted into the corresponding acid chlo¬ 

rides by treatment with thionyl chloride. The chlorides, boiling at 56®C. 
at 12 mm. pressure and 136°C. at 4 mm. pressure, respectively, on treat¬ 
ment with ammonia gave amides melting at 69.5°C. and 49®C., respec¬ 

tively. 



CHAPTER XII 

PYROLYSIS 

Pyrolysis may be defined as the conversion of one substance into another 
by the agency of heat alone, or of heat with the aid of a catalyst. The 
conversion may consist of thermal decomposition whereby compounds of 
lower molecular weight are formed, or it may consist of thermal polymeri¬ 
zation whereby compounds of higher molecular weight are formed from less 
complex molecules. Thus defined, pyrolysis includes such reactions as 
decarboxylation, dehydration, and polymerization, which are especially 
important in the field of fats and oils. Sometimes one, and sometimes two 
or more, of these reactions occur simultaneously or in sequence. Many 
fatty acids and their numerous derivatives have been subjected to pyrolysis 
as even a cursory examination of Hurd^s^ review of the subject will indicate. 

1* Decarboxylation of Saturated Acids 

The preparation of ketones by heating the calcium or barium salts of 
fatty acids is an old and well^-known decarboxylation reaction.^ The reac¬ 
tion is generally carried out by dry distillation of the salts using diminished 
pressure in the case of the longer chain acids. The same results may be 
accomplished by passing the vapors of the acids over heated zinc oxide or 
thoria. When the salts of a single acid are pyrolyzed, the resulting product 
is a symmetrical ketone, whereas a mixture of symmetrical and unsym- 
metrical ketones results on heating the salts of two different acids. If one 
of the salts of the mixed acids is calcium formate, an aldehyde* is obtained 
instead of a ketone. If, however, the calcium salt is heated with lime or 
other metallic hydroxide a hydrocarbon is obtained.^ Each of these reac¬ 
tions may be considered as a process of removing a molecule of carbon di¬ 
oxide from the acid in the form of calcium carbonate: 

(R'COOaCa + Ca(OOCR'^)2-► 2 R'CCR*^ -f 2 CaCO, 

(RCOOaCa + Ca(OCOH),-► 2 RCHO -f 2 CaCO, 

(RCOO),Ca -f- Ca(OH),-► 2 RH -f- 2 CaCO, 

* C. D. Hurd, The Pyrolysis of Carbon Compounds, Chemical Catalog Co., New 
York, 1929. 

* A. Williamson, Ann.. 81,73-87 (1852). See C. Friedel, Ann., 108,122-125 (1858); 
E. B. Ludlam, J, Chem, Soc., 81,1185-1193 (1902). 

* H. Limpricht, Ann., 97, 361-371 (1856). 
* R. Piria, Ann. chim, phys,, 48,113-115 (1856). 
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When the calcium salts of the higher fatty acids, such as lauric, myristic, 
palmitic, or stearic are heated with calcium formate according to the method 
of Krafft,® dimeric aldehydes, (RCHO)2, are produced but these can be 
readily depolymerized by vacuum distillation.® Dipropyl ketone has been 
prepared by the pyrolysis of calcium butyrate at 300® to 400®C.^ The 
product, although consisting principally of butyrone, contains other ke¬ 
tones.® These mixed ketones have been used as a motor fuel under the 
trade name “Ketol.'' Calcium isobutyrate and isovalerate, when sub¬ 
jected to pyrolysis,*”^^ produce a mixture of ketones and aldehydes. 

Pictet and Potok^* claimed to have obtained a mixture of hydrocarbons, 
especially C10H22, Ci4Hao, C15H32, and C34H70, by distilling sodium stearate 
at 13 to 15 mm. pressure, but Griin and Wirth^® failed to observe the for¬ 
mation of high molecular weight parajBins when sodium stearate was py- 
rolyzed at 550® to 600®C. The principal product was found to consist of 
unsaturated hydrocarbons (60%) including an unidentified fraction melt¬ 
ing at 50® to 55®C. 

Laurone is produced by dry distillation of barium laurate and preferably 
by heating barium laurate with soda-lime, followed by distillation at 15 
mm. pressure. Myristone^® and palmitone are produced by distilling 
the calcium and barium salts of myristic and palmitic acids. Stearone was 
prepared by Heintz^® as early as 1855 by heating the calcium salt of stearic 
acid. Sato and co-workers^^*^® investigated the thermal decomposition of 
calcium and magnesium stearates and oleates, both as a function of time 
at a fixed temperature (400®C.), and also as a function of temperature 
(100® to 500®C.). The primary reaction products consisted of the corre¬ 
sponding ketones, the other products being carbon monoxide and unsatu¬ 
rated hydrocarbons. 

The magnesium soaps of the acids were found to decompose more rapidly 
and at lower temperatures than did the corresponding calcium soaps. De¬ 
composition of the magnesium salts begins at about 300®C. and becomes 
very rapid between 350® and400®C. whereas decomposition of the calcium 

»F. Krafft, Bcr., 13, 1413-1418 (1880). 
« R. Feulgen and M. Behrens, Z. ^physiol. Chem.y 177, 221-230 (1928). 
7 L. LeFranc, U. S. Pat. 1,656,488 (Jan. 17, 1928). 
• E, D4passe, BuU. assoc, chim, suer, dist.^ 43, 409-414 (1926). 
• G. A. Barbaglia and P. Gucci, Ber., 13,1672-1573 (1880). 

C. Gliicksmann, Monatsh,^ 16, 897-905 (1896). 
“ W. Dilthey, Bcr., 34, 2115-2125 (1901). 
“ A. Pictet and J. rotok, Helv. Chim, Acta^ 2, 601-510 (1919). 
« A. Grttn and T. Wirth, Ber., 53,1301-1312 (1920). 

F. Krafft, B«r., 15.1711-1727 (1882). 
“ W. Delffs and A. Overbeck, Ann, Physik, 86, 587-594 (1852). 

W. Heintz, Jakresber, Chem,^ 8, 514-617 (1856): Ann, Physik, 94, 272-288 (1855); 
96, 66-^ (1866); J, prakt, Chem,, 64,413-416 (1855). See H. Rose, J, prakt. Chem,, 66, 
121-122 (1866). 

” M. ^to, /. Soe, Chem, Ind, Japan, 30,252-260 (1927). 
^ M. Sato and C. Ito, /. Sac, Chem, Ind, Japan, 30, 261-267 (1927). 
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salts begins at 350° to 400°C. and becomes rapid at 450° to 500°C. At 
400°C. magnesium stearate forms approximately 80% of acetone-soluble 
products compared to about 30% for calcium stearate at 450°C. 

Although the lower normal fatty acids may be readily distilled at ordi¬ 
nary pressures and the higher members in a vacuum, they can also be py- 
rolyzed under certain conditions. Ketonization of free fatty acids of low 
molecular weight occurs in the vapor state in the presence of various con¬ 
tact substances. Ketonization of the higher fatty acids usually does not 
occur in the presence of the same substances which generally produce crack¬ 
ing. For example, heating stearic acid for six hours at 300°C. in the pres¬ 
ence of the oxides of silicon, titanium, thorium, copper, or zinc, produces 
not more than 6% or 7% of ketones; under the same conditions oxides 
of cadmium gave 13%, and oxides of iron, aluminum, and manganese on 
kieselguhr give about 17% to 24% of ketones. If the reaction is carried 
out in glass at 340° to 360°C., the sdeld can be raised to 30%. 

On the other hand, when stearic acid is heated for four hours in iron re¬ 
action ves.sels on a commercial scale, yields of 91% of the corresponding 
ketone are obtained and further heating produces practically quantitative 
yields. According to Griin, Ulbrich, and Krczil,'“ the hot walls of the ves¬ 
sel are the best catalyst for this reaction, but addition of a small amount of 
commercial iron assists in the reaction. Griin et al. heated lauric, myristic, 
palmitic, stearic, and behenic acids under these conditions to temperatures 
of 270° to 300°C. for about three hours, whereupon the corresponding ke¬ 
tones were obtained in approximately quantitative yields. The melting 
points of the ketones were as follows: laurone, 70.3°; myristone, 76.5°; 
palmitone, 83°; stearone, 88.5°; and behenonc, 92°C. 

2. Pyrolytic Decomposition of Unsaturated Acids 

Whereas the dry distillation of the alkaline earth salts of the saturated 
fatty acids produces primarily the corresponding ketones, similar treat¬ 
ment of the salts of unsaturated acids leads to more complex reactions. 
Easterfield and Taylor*" distilled the barium salt of oleic acid in an atmos¬ 
phere of hydrogen and obtained a greenish oil from which 2% of oleone 
separated on cooling. The unsaturated ketone melted at 58.5°C. and was 
identified by preparation of the corresponding oxime. The remaining por¬ 
tion was described as a viscous liquid whose analysis corresponded closely 
to that of oleone. When oleic acid was heated with iron filings, oleone 
(m.p. 59.5°C.) was obtained amounting to 10% on the basis of the oleic 
acid used. Elaidone (m.p. 70°C.) and brassidone (m.p. 80°C.) were ob¬ 
tained from elaidic and brassidic acids, respectively, when they were sim- 

“ A. Griin, E. Ulbrich, and F. Krczil, Z. angew. Chem., 39, 421-428 (1926). 
“ T. H. Easterfield and C. M. Taylor, J. Chem. Soc., 99, 2298-2307 (1911). 
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ilarly heated with iron filings. Pure erucone could not be obtained from 
erucic acnd under the same conditions. 

Pictet and Potok^^ pyrolyzed sodium oleate in vacuo and obtained a 
greenish colored distillate which was found to consist principally of a mix¬ 
ture of olefins corresponding to C9H18, C10H20, C11H22, and C13H26. Breuer 
and Weinmann^^ investigated the pyrolysis of the calcium salts of oleic and 
undecenoic acids. Vacuum distillation of a mixture of calcium oleate and 
lime gave a clear yellow liquid which on standing precipitated a colorless 
crystalline product. Analysis of this product indicated that it consisted 
j)rincipally of hydroxyoleones admixed with oleone, and some hydroxy- 
stearic and oleic acids. The latter substances were presumed to be derived 
from the impurities present in the original oleic acid. The mother liquor, 
which had an iodine value corresponding to oleone, after standing a week 
precipitated a white crystalline product melting at 58.5°C. and was other¬ 
wise similar to Easterfield and Taylor^s oleone. The oily residue, after 
separation of the solid oleone, gave on vacuum distillation a yellow oil 
which by analysis and preparation of the oxime corresponded to oleone. 
The principal products obtained by pyrolysis of calcium oleate appear, 
therefore, to consist largely of liquid oleone, a small amount of solid oleone 
probably a fran«-isomer of the liquid product--- and a small amount of hy- 
droxyoleone. 

Vacuum distillation of calcium undecenoate gave an oily liquid which 
deposited w^hite crystals melting at 51 ®C. and corresponding in composi¬ 
tion to undecylenone. Ruzicka and co-workers’^’* distilled undecenoic acid 
wdth iron filings and obtained an undecylenone melting at 42°C. 

Neuberg^^ heated a mixture of valeric and oleic acids (1:8) for 16 hours 
at 350°C. in sealed tubes with a view to obtaining information on the rela¬ 
tion of this reaction to the genesis of petroleum. The tubes were opened 
periodically to release the pressure and at the end of the reaction the mix¬ 
ture w^as examined to determine the nature of the products w’hich were 
formed. A light yellow^ oil was obtained wiiich, after removal of free acids, 
aldehydes, and ketones, w^as found to be optically active, possessed a naph¬ 
tha-like odor and apparently consisted of a mixture of hydrocarbons. 

Barium ricinoleate on dry distillation m vacuo yields methylhexylketone 
as a distillate and an isomeric ricinoleate as a residue.^® 

3. Pyrolytic Decomposition of Mixed Fatty Acids 

In countries lacking adequate supplies of petroleum oil but possessing 

A, Pictet and J. Potok, Helv. Chim. Acta^ 2, 501-510 (1919). 
** G. Breuer and K. Weinmann, Sitzber. Akad. Wiss. Wien^ Math, naturw, Klasse Abt 

lib, 144, 616-624 (1935); MonatsL, 67, 42-50 (1935). 
L. Ruzicka, M. Stoll, W. Scherrer, H. Schinz, and C. F. Seidel, Helv. Chim. Acta 

15, 1459-1467 (1932). 
** C. Neuberg, Biochem. Z., 7,199-212 (1908), 
» F. Krafft, Ber., 21, 2730-2737 (1888). 
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a large actual or potential production of vegetable oils, the pyrolysis of the 
latter has always offered attractive possibilities for the production of both 
lubricating oils and fuel oils of the Diesel type. Considerable work on the 
pyrolysis of vegetable oils has been carried out in China and Japan as well 
as other countries lacking in natural deposits of petroleum. 

Various species of vegetable oils, as well as the soaps of their derived fatty 
acids, have been subjected to pyrolysis for the production of hydrocarbons. 
Hirose and Yamada^® pyrolyzed the sodium soaps of the mixed fatty acids 
of herring oil and obtained approximately 53% of oil and an appreciable 
yield of hydrocarbon gas, rich in methane. Although the oil was highly 
unsaturated (iodine value, 117.9), no naphthenic hydrocarbons appeared 
to be produced. 

Sato and co-workers'^^investigated the pyrolysis and subsequent hy¬ 
drogenation of the calcium and magnesium soaps of the mixed fatty acids 
derived from soybean oil. The maximum yield of oil was obtained by heat¬ 
ing the calcium or magnesium soaps below 450‘^C. for several hours fol¬ 
lowed by distillation above 500®C. The distillation time was shorter, and 
the specific gravity of the oil was higher, in the case of the magnesium soaps 
when the cracking and distillation were carried out at the same tempera¬ 
ture. The crude product was fractionated to produce a light oil (100*^ to 
175°C.), a middle oil (175® to 300®C.), and a residue. The first fraction 
was hydrogenated both in the vapor and liquid phases, and the middle 
oil in the liquid phase using a nickel catalyst in all cases. 

Heptane, octane, and nonane were isolated from the hydrogenated light 
oil fraction. The hydrogenated middle oil gave constituents whose boiling 
points and ultimate compositions corresponded to C11H24, C13H28, and Cm- 
Hao but the specific gravities w^ere higher than the known values for these 
parafi^. It was inferred from these results that the light oil consisted 
entirely of straight chain hydrocarbons, whereas the middle oil probably 
contained naphthenic hydrocarbons as well as paraffins. 

In 1937 China turned to tung and other vegetable oils as a source of fuels 
and since that time has erected several plants for cracking them into gaso¬ 
line and other liquid fuels. According to Cheng,^® two processes are used, 
emplo3ing respectively, high pressure and atmospheric pressure cracking. 

In the pressure process, oil is pumped to a constant-level vessel from 
which it is sprayed through nozzles into the cracking still under pressure 
of 50 to 150 lbs. per sq. in. and a temperature of 400® to 500®C. When 
the proper temperature and pressuie are attained a release valve is opened 
to the distillate receiver. The cracking rate is controlled by regulating the 

M. Hirose and C. Yamada, J. Chem. Ind. Japan, 25,1428-1438 (1922). 
« M. Sato, J, Soc, Chem, Ind. Japan, 30, 242-245 (1927). 

M. Sato and H. Matsumoto, J. Soc, Chem, Ind. Japan, 30, 245-252 (1927). 
»»F.-W. Cheng, Chem. & Met. Eng., 52, No. 1, 99 (1945). 
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temperature and opening of the release valve. The optimum cracking 
temperature was found to be about 450°C. although distillation begins 
about 400®C. The crude product, resembling crude oil, is produced at the 
rate of 75 lbs. for every 100 lbs. of charging stock. Half of this product 
yields a light spirit on refining and the other half kerosene, diesel oil, and 
lubricating oil fractions. 

In the atmospheric cracking process the vegetable oil is first .saponified 
by lime and the lime soaps catalytically cracked, preferably with aluminum 
chloride. The yield of crude oil is only 55% by weight in this process com¬ 
pared to 75% by the pressure method. 

4. Pyrolytic Decomposition of Monoesters 

The products of pyrolysis of the fatty acid esters depend primarily on the 
nature of the ester radical. The normal aliphatic esters yield acids and 
olefins on pyrolysis, whereas in the case of the phenyl testers, the phenyl 
group cannot be separated as an unsaturated hydrocarbon. The first of 
these reactions may be illustrated by the following equation: 

RCOOCH2CH2R'-> RCOOH 4* CHiiCmV 

This reaction has been known for a long time. Heintz®” showed that the 
pyrolysis of cetyl palmitate led to the formation of palmitic acid and hexa- 
decene according to the equation: 

CisHsiCOOCieHaa -> CiJIaiCOOH -f CuUn 

Krafft*^ established the reaction as a method for the preparation of a- 
unsaturated hydrocarbons. With reduced pressure (300 to 400 rnm.), 
the formation of secondary reaction products is minimized and distillation 
is practically complete. Gault and Altchidjian^^ obtained a yield of 25% 

of pure hexadecene by pyrolyzing cetyl palmitate under the above-men¬ 
tioned conditions. 

Octadecyl palmitate undergoes pyrolysis when it is distilled at 120 to 
140 mm. pressure with the production of palmitic acid and a-octadecene, 
Ci6H33CH:CH2; tetradecyl palmitate pyrolyzed at 500 mm. pressure 
yields the corresponding tetradecene, C14H28, while dodecyl palmitate 
yields dodecene, C12H24. Since dodecyl palmitate is itself readily distillable 
at low pressure, it is necessary to carry out the pyrolysis at about 600 mm. 
pressure. However, at high pressures there is a tendency to form ketones. 
As a practical method it is necessarily confined to esters of relatively long 
chain acids and long chain alcohols, although other esters behave in an 

w W. Heintz, Ann. Physik, W, 481-606 (1864). 
« F. Krafft, Ber,, 16, 3018-3024 (1883); 19, 2218-2223 (1886). 
•• H. Gault and Y. Altchidjian, Ann, chim., 2, 209-268 (1924). Set' H. Gaull and F. 

A, Hsflsel, t6id., 2,319-377 (1924). 
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analogous manner. For example, ethyl stearate slowly decomposes when 
heated to 300°C. in a sealed tube to form stearic acid and ethylene. 

The aromatic esters such as phenyl palmitate and phenyl stearate behave 
quite differently compared with the aliphatic esters since, as was previously 
mentioned, the phenyl group cannot be removed in the form of unsatu¬ 
rated hydrocarbon. When these two phenyl esters are heated at 300® to 
320®C. under pressure in the presence of nitrogen, tridecane and pentadec- 
ane, respectively, arc obtained,'*'^ which should leave ])henyl acrylate as 
the other product of pyrolysis. However, flie phenyl acrylate, which no 
doubt is formed, undergoes further pyrolysis to a(;etylene and phenyl for¬ 
mate together with a small amount of phenol. The over-all reaction ap¬ 
pears to be as follow^s: 

HCH2CH2COOC6H5 -> RH + [CH2:CHC^00C6TT6] -► 

+ m)OOC\lh-> CO + CeHfiOH 

If phenyl stearate is pyrolyzed at 320®C. at atmospheric pressure, neither 
acetylene nor ethylene is evolved and no other hydrocarbon appears to 
form despite the fact that (^arl)on monoxide and phcmol are j^roduced in ac¬ 
cordance with the e(iiiation just given. Phenyl laurate likewise produces 
phenol when pyrolyzed at 300® to 320®C\ 

5, Pyrolytic Dehydration 

Dehydration reacjtions may occur in compounds which contain a hy¬ 
droxyl radical and an adjacent hydrogen atom which can be removed in the 
form of a molecuk? of water. They may also occur betw^een two molecules 
of the same or different substances where one molecule contains a hydroxyl 
group and the other a removable hydrogen. These dehydration reactions 
may be brought about by the action of heat alone, by a dehydrating agent, 
or a combination of the tw^o, either with or without the aid of a catalyst. 
Pyrolytic dehydration may be accompanied by other reactions such as 
decarboxylation, polymerization, etc. In some cases, the*se simultaneous 
or subsequent reactions cannot be separated while in others, one or the 
other can Ix) made to i)redominate. 

Few" natural higher fatty acids are known which contain hydroxyl groups, 
but a number of them have been prepared artificially from ordinary fatty 
acids. The best known natural hydroxy acids of high molecular w^eight 
are ricinoleic and dihydroxy^earic, both of which occur in castor oil. 

(a) Dehydration of Saturated Hydroxy Adds 

The a-hydroxy acids undergo two types of pyrolytic reactions one of 
which results in the formation of aldehydes and ketones, and the other 

« S. Skraup and F. Nieten, Bcr., 57,1294-1310 (1924). 
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yields unsaturated acids. These two reactions may be represented by the 
following equations: 

(1) RCH2CHOHCOOH -> RCH2CHO + CO + H2O 

(e) RCH2CHOHCOOH -► RCHrCHCOOH + H2O 

Blaise®^ showed that the distillation of lactides led to the formation of 
aldehydes in 50% to 60% yield and it is apparent that a-hydroxy acids 
when heated to distillation temperatures pass to the corresponding lac¬ 
tides, after which the lactide loses carbon monoxide in accordance with 
equation (1), As was pointed out by Blaise, this reaction makes it pos¬ 
sible to pass in a stepwise manner from a higher fatty acid to the next lower 
acid, and by repetition of the process descend the entire series. The steps 
involved are as follows: (a) Preparation of the of-bromo derivative of the 
normal acid; (6) conversion of the bromo acid to the corresponding a- 
hydroxy acid; (c) pyrolysis of the a-hydroxy acid to form the lactide, and 
distillation of the lactide to form the aldehyde containing one less carbon 
atom than the original acid; and (d) oxidation of the aldehyde to the cor¬ 
responding acid and ref)etition of the process. 

These reactions have been applied to caproic, nonanoic (pelargonic), 
lauric, myristic, and palmitic acids. For example, Bagard"*^ obtained a 
50% 3deld of caproic aldehyde by pyrolytic distillation of a-hydroxyhep- 
tanoic acid, together with various other reaction products such as butyl 
ethylene, heptenoic acid, and a-hydroxyheptanolactide. By conversion 
of the heptanoic acid to a-acetyoxyheptanoic acid followed by pyrolysis, 
the yield of aldehyde can be increased to approximately 70%. Bagard 
also obtained nonaldehyde in 70% yield by distillation of a-hydroxycapric 
acid. a-Hydroxyundecanoic acid gave 52% of capric aldehyde. 

Pyrolysis of a-hydroxypalmitic acid at 170°C. and 20-25 mm. pressure 
yields pentadecyl aldehyde.^® Pyrolysis of a-hydroxystearic acid at 270°C. 
produces heptadecyl aldehyde in 50% to 60% yield. According to Le 
Sueur, ^^heptadecyl aldehyde is formed both directly from a-hydroxystearic 
acid and from its lactide. Yields of 50% of heptadecyl aldehyde are ob¬ 
tained by heating a-hydroxystearic acid at 240° to 250°C. and very slowly 
at 270° to 280°C. because of intermediate formation of lactides. 

By heating jS-hydroxy acids to high temperatures, they are generally 
converted to a,i8-unsaturated acids according to the following equation: 

RCHOHCH2COOH -► RCH:CHCOOH + H2O 

Both normal and iso acids form a,j3-unsaturated acids when subjected to 
pyrolytic distillation. The reaction has been applied to a number of the 

E. E. Blaise, Cmnpt. rend,^ 138,697-699 (1904). 
** M. P. Bagard, Bull. soc. chim.^ 1,307-320 (1907). 
»« S. Landa, Chem. Listy, 19, 264-267 (1925). 

H. R. Le Sueur, J. Chem. Soc., 85,827-838 (1904); 87,1888-1906 (1905). 
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lower acids, including fl-hydroxybutyric,**'®® jS-hydroxyvaleric, and /3- 
hydroxyisocaproic,^® but does not appear to have been applied to the higher 
/3-hydroxy acids. 

The 7- and 6-hydroxy acids pass so readily to lactones that any pyrolytic 
action occurring must be attributed to the lactone rather than the hydroxy 
acid. Few^ high molecular weight 7- or 6-hydroxy acids have been sub¬ 
jected to pyrolysis reactions. 6-Hydroxy-n-valeric acid has been obtained 
as an oily liquid which on distillation at 110° to 120°C. at 13 to 14 mm. 
pressure passes to a polymer of 6-valerolactone. 

(b) Dehydration of Ricinoleic Acid 

The pyrolysis of ricinoleic acid, its salts, and esters, is of considerable 
industrial importance because of the variety and utility of the end products 
which are obtained by variations in the reaction conditions. 

Goldsobel^^ and Vernon and Ross^® reported that destructive distilla¬ 
tion of the sodium or calcium salt of ricinoleic acid resulted in the produc¬ 
tion of heptanal and A^®-^Mindecenoic acid. Similarly, Perkins and Cruz^® 
have shown that the in vacuo pyrolysis of castor oil, which consists of about 
80% of triricinolein, produces heptanal and undecenoic acid, and forms a 
ready source of both of these products. The distillation is carried out 
rapidly at a relatively high temperature. 

Pyrolysis of sodium ricinoleate in the presence of sodium hydroxide and 
a supply of oxygen produces principally a capryl alcohol, or octanol-2, and 
sebacic acid according to the following equation: 

CH,(CH,)5CHOHCHiOT : CH (CHj)7COON8 - 
Sodium ricinoleate 

CH,(CH2)*CH0HCH, + H00C(CH2)8C00H 
«6C“Capryl alcohol Sebacic acid 

(octanol-2) 

The production of sebacic acid on an industrial scale is accomplished by this 
reaction. 

The most important pyrolytic reaction of ricinoleic acid and its esters is 
that of dehydration to produce octadecadienoic acids. The dehydration 
of castor oil involves dehydration of the ricinoleic acid and dihydroxy- 
stearic acid residues which comprise approximately 80% and 2%, respec¬ 
tively, of the fatty acids of this oil. This dehydration was carried out 
practically as long ago as 1898 without any knowledge of the actual reac- 

•• W. Moldenhauer, Ann,^ 131,323-343 (1864). 
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tion which occurred. Two German patents^^'^® described a process for 
solubilizing castor oil in mineral oil and for preparing a substitute for lin¬ 
seed oil by heating the former to 300°C. until it had lost 10% of its volume. 

Subsequently, Fokin^® described the action of various dehydrating agents, 
including oxalic acid, phosphoric anhydride, and zinc chloride, on ricinoleic 
and hydroxystearic acids and their glycerides. He showed that these de¬ 
hydrating agents acted to remove from hydroxy acids the elements of 
water in the form of the hydroxyl group and an adjacent hydrogen atom. 
In the case of monohydroxystearic acid there results on dehydration, a 
monounsaturated acid, while in the case of ricinoleic acid, which already 
contains one double bond, there results a diunsaturated acid. Since the 
hydroxyl group can combine with a hydrogen atom on either adjacent car¬ 
bon atom, it is obvious that a mixture of isomeric unsaturated acids will 
be formed by dehydration. These reactions may be illustrated by the 
following formulas: 

CH,(CH2)«CH2CH0HC:H2(CH2)7C00H — 

10-Hydroxy stearic acid 

CH3(CH2)7CH : CH (CH2)7COOH 
A».io-Octadecenoic acid 

CH3(CH2)«CH : CH (CH2)8COOH 
^io,ii.Octadecenoic acid 

CH,(CH2)4CH2CH0HCH2CH : CH(CH2)7COOH 
Ricinoleic acid 

CH3(CH2)4CH : CHCH2CH: CH(CH2)7COOH 
A*' 10, IS, i«-Octadecadienoic acid 

CH,(CH2)6CH:CHCH:CH(CH2)7C00H 
10,11.1 *-Octadecadienoic acid 

In the case of ricinoleic acid, one of the resulting octadecadienoic acids 
will contain a system of isolated double bonds, whereas the other will con¬ 
tain a system of conjugated double bonds. If the dehydration were quan¬ 
titative and equal amounts of conjugated and nonconjugated octadeca¬ 
dienoic acids were formed, it might be expected that the product would 
have drying properties intermediate between linoleic and linolenic acids 
on the one hand, and elaeostearic acid on the other. In actual practice 
the dehydration is probably neither quantitative nor the ratio of isomeric 
acids exactly 1:1. Nevertheless, when applied to castor oil, the process 
leads to the formation of a product with excellent drying characteristics 
and is an acceptable substitute for, and in some uses superior to, tung oil. 

The dehydration of ricinoleic acid or its glycerides may be carried out 
under a variety of conditions which have been described in various pat- 

** H. N5rdlinger (to Chemische Fabrik Florsheim), German Pat. 104,499 (Feb. 18, 
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and literature*^on the subject. Since both conjugated and 
nonconjugated bonds are produced as a result of dehydration, it is evident 
that the dehydration reaction will be accompanied by more or less poly¬ 
merization, and unless protected by an inert gas or vacuum, by a certain 
amount of oxidation. The principal differences revealed by the various 
patents applicable to this reaction are the nature of the catalyst and the 
temperature and time of the reaction. The variations in these conditions 
affect the extent of the dehydration and the subsequent polymerization. 
The catalysts and dehydrating agents which have been used and claimed 
to be effective in promoting dehydration include phosphorus pentoxide,^® 
acid clays,*^’*^'®® various metallic oxides including oxides of tungsten, 
thorium, uranium, molybdenum,^® ** ®® silicotungstic, phosphotungstic, 
borotungstic acids,** acetic anhydride,** silica gel,*® *® potassium persul¬ 
fate and pyrosulfate,*® and many other sulfates and oxides.*® The opti¬ 
mum temperature for maximum dehydration appears to lie between 225° 
and 240°,®® although temperatures from 170° to 310°C. have been em¬ 
ployed.*^®® Carbon dioxide, nitrogen, and vacuum have been used to 
minimize oxidation. 

6. Polymerization of Fatty Acids and Monoesters 

Generally, polymerization phenomena have been of importanc.e pri¬ 
marily in the case of the fatty oils rather than their derived acids, and only 
recently has attention been given to the polymerization of the free acids 
and their monoesters. Heat polymerization of fatty oils to produce bodied 
oils has been practiced for many years, whereas heat polymerization of 
fatty acids is of very recent practice. Interest was stimulated in the 
phenomenon of heat polymerization of fatty acids to a considerable extent 
by Bradley*s®^~®* development of the theory of functionality as applied to 
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film formation, production of synthetic resins, oil bodying, and related 
phenomena. According to Bradley's theory of functionality, which is an 
extension of the work and theories of Carothers,®® ®^ Kienle,®®"”^^ and 
Staudinger,^^~^^ a minimum number of functional groups are required to be 
present in the reacting substance in order that polymer formation may oc¬ 
cur. In the case of the fatty acids the functional groups may be unsatu¬ 
rated linkages, hydroxyl groups, and carboxyl groups, two or more of which 
must be present in heat polymerization reactions. Thus, the saturated 
acids are incapable of undergoing heat polymerization per sc. However, 
if only double bonds are present then only addition polymerizations ai-e 
I)ossible, and if only hydroxyl and carboxyl groups are present, only con¬ 
densation reactions are possible. When both types of functional groups 
are present both types of polymerization can occur. 

When (certain types of unsaturated fatty acids are heated under condi¬ 
tions which result in polymerization, the unsaturation decreases with the 
formation of essentially dimeric products by the process of ring closure. 
Such a reacition occurs, for example, when elaeostearic acid or its esters are 
heat polymerized. In this c.ase the reaction occurs through a diene reac¬ 
tion to produce a substituted six-membered hydroaromatic ring sys¬ 
tem. 

The mechanism of heat polymerization of the nonconjugated fatty acids, 
such as linoleic and linolcnic, cannot occur through a diene mechanism 
unless a previous shift of isolated to conjugated double bonds occurs. 
However, all existing evidence points to the formation of a dimer as the first 
product of heat polymerization in these acids. According to Bradley®^ the 
fatty acids of the natural drying oils i)ossess a normal functionality of but 
two, one function resulting from the presence of the carboxyl group and the 
second from the entire system of unsaturated carbon-to-carbon double 
bonds. 
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Bradley and Johnston*® experimentally investigated a large number of 
monoesters of unsaturated fatty acids and showed that on heating these 
substances to 300®C. polymerization occurred with the formation of dimers 
as the primary reaction product. The conclusions of these authors are of 
such fundamental significance that they are reproduced in part as follows: 

(1) The predominant reaction is polymerization by the bimolecular 
addition of unsaturated fatty acid radicals leading to the production of di¬ 
basic acid esters in yields ranging as high as 60% to 70%. Such yields are 
diflScult to attain within short periods unless the reactants are conjugated. 

(^) The dimerized esters are not identical but may be classified in three 
groups according to their densities which, in turn, are determined by the 
original degree of unsaturation and ultimately from structural differences. 

(S) The physical and chemical constants strongly favor a bicyclic 
structure for the dimers which are derived from the octadecatrienates and 
a monocyclic structure for those which are derived from the octadecadien- 
ates. Although these nonvolatile dimers vary somewhat as a result 
of certain impurities, the best preparations show a surprising degree 
of conformity with the theoretical constants of the postulated structures. 

(4) The observed constants denote that the polyene esters yield en¬ 
tirely analogous (isomeric) and possibly identical dimers, regardless of 
whether they originate from conjugated or nonconjugated esters. This 
supports the isomerization theory of Scheiber®* and the conclusions of 
Brod, France, and Evans. 

(5) On the basis of the present data and pertinent considerations in¬ 
volved, it is postulated that the conjugated and nonconjugated methyl 
octadecatrienates polymerize by a bimolecular addition which is followed 
by, or which also involves, an additional intramolecular ring closure, lead¬ 
ing to a compound of the structure shown in Formula I or to isomers of it: 

(CH2)7C-^CH3 

(I) 

/h\ 
HC %C—(CH»)7C—OCH, 

? ? yL h(!:h I> 
CH,(CH,),C=C—dH Hc/ 

ch,(ch,),(!;h in 
\<j/ 

i 
(6) The present data support the prior conclusions of others that the 

octadecadienate esters dimerize by a 1,4-diene addition, leading to com¬ 
pounds having the structure shown in Formula II or isomers of it: 

•® J. Scheiber, Farbe u. Lack, 1929,586-587. 
J. S. Brod, W. G. France, and W, L. Evans, Ind. Eng. Chem,, 31, 114-118 (1939). 
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H H 

A-L, 

<CH. 

/P CH,(CH2)b—CH"HC~(CH2)TC<f 
T J \0CH, 

CH,(CH2)6--CH CH 

H 

(II) 

(7) During the thermal treatment of these esters, reactions other than 
the normal diene additions occur. One of the most prominent and im¬ 
portant of these side reactions has been recognized to involve the 
thermal decomposition of a portion of the reactants, which leads to the for¬ 
mation of unsaturated hydrocarbons and esters of low molecular weight. 
These reactions increase as the time of thermal treatment is extended and 
therefore become most prominent in the case of the nonconjugated esters. 

(5) The decomposition reactions create fragments which are indicated 
to unite and form polymers of lower density and molecular weight than the 
dimeric ester polymers. Such variations as occur in the physical and 
chemical constants of the dimers are attributed to the presence of the 
abnormal polymeric impurities which originate from certain of the de¬ 
composition products. The low saponification numbers are due to this 
cause. 

(^) Monomeric products of reduced unsaturation and of high density 
have been detected in the case of the tung and linseed esters to the extent 
of about 10%. Such cyclized monomers have been detected previously 
by others. Their lack of conjugation and low degree of unsaturation do 
not conform with suggested structures. 

{10) Methyl oleate has been indicated to undergo polymerization at 
300°C. since the methyl esters of the acids of olive oil have been shown to 
form 20% of polymers of which several distill within the range of 200® to 
220®C. at 1 mm. 

In a subsequent publication, Bradley and Johnston®® reported on the 
nature of the product produced by polymerizing at 300®C., a mixture of 
^9.10.11.12, A®'^®*^2'^®-methyl linoleates obtained by methanolysis from 

dehydrated castor oil. They found that ordinary vacuum distillation re¬ 
moved the unreacted monomeric ester and that the residue completely 
volatilized in the molecular still. The distilled polymer had a molecular 
weight less than 1000 and consisted predominantly of a dimer with only a 
small amount of a trimer. They concluded that A®'^® '^’^Minoleic acid and 
its esters should produce a dimer as the predominant polymerization prod¬ 
uct and that polymerization should cease at the trimeric stage because of 
the nature of the terminal substituents and the loss of conjugation as illus¬ 

trated by: 
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R R 
1 

R 
1 

in Ah R 
1 
CH R R CH 

II / \ / / \ 
CH 

1 _ 
CH CH 

. M 1 
CH CH 

. II 1 
CH CH 

CH :5H—CH )H- 
1 1 

-HC CH 
11 \ / % \ / \ / 
CH 

1 
CH 

1 
(:;h 

1 
CH 

1 
CH 

1 
1 
R' 

1 
IC R' R' R/ 

Thermal polymerization of methyl-9,11-oetadecadienate 
where R = CH3(CH)5— and R' - —(CH2)7COOCHa. 

Prior to the publication of Bradley^s work on polymerization of the fatty 
acids and monoesters, the production and utilization of these products 
was patented by Hill and Walker.*- Their patents covered the polymeri¬ 
zation of the fatty acids and monoesters of a wide variety of fatty oils 
(linseed, tung, perilla, chia, oiticica, soybean, poppyseed, sunflowerseed, 
hempseed, rubber seed, maize, wheat, menhaden, and sardine oils), sepa¬ 
ration of the unreacted monomer by distillation, and esterification of the 
polymer with glycols, glycerol, pentaerythritol, mannitol, and other poly¬ 
hydroxy alcohols to produce synthetic fats or stand oils. A modification 
of the process consists in polymerizing the alkyl esters, distilling off the 
unpolymerized portion, and saponifying the residue to produce the poly¬ 
merized acids. 

Cowman and Falkenburg** have describc^d the preparation and properties 
of various synthetic oils made from the dimeric and trimeric fatty acids of 
soybean oil and various polyalcohols such as glycerol, pentaerythritol, 
and mannitol either per se or modified with polybasic anhydrides. 

7. Polymerization of Dibasic Acids 

The cyclization or polymerization of the dibasic acids is important from 
the standpoint of the development of synthetic resins and fibers. The 
presence of two carboxyl groups in the dibasic acids renders possible the 
formation of cyclic anhydrides by dehydration. However, the first two 
members of the series, namely, oxalic and malonic acids, do not form cyclic 
anhydrides on heating, but undergo decarboxylation instead. When, 
however, succinic and glutaric acids are heated above their melting points 
for some time they form anhydrides having the formulas shown in III and 
IV. These anhydrides are more conveniently prepared by heating the 
acid with acetic anhydride or chloride. 

Adipic acid, the next higher horaolog in the series of dibasic acids, is con¬ 
verted by refluxing it with acetic anhydride into a microcrystalline poly- 

A. Hill and E. E. Walker (to Imperial Chemical Industries), British Pat. 428,864 
(May 15,1935); French Pat. 781,293 (May 11,1935). 

” J. C. Cowan and L. B. Falkenburg, Oil dt Soap, 20,153-157 (1943). 
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(HI) 

CHj- 

Succinic anhydride 
(m.p. 120 °C.) 

CH 
/ 

H2C 

CH 
% 

O 
Glutaric anhydride 

(m.p. 57“C.) 

(IV) 

meric anhydride melting at 70° to 85°C. The product appears to be a 
mixture of linear polymers of varying chain lengths; 

H00C{CH,)4C00H + [HOOC(CHj)4COOHL —♦ 
0 0 0 

HOOC(CH.)4l:—0[I!:(cHj)4 lU LH 

Instead of intramolecular condensation occurring to form a heterocyclic 
ring with seven atoms in the ring, similar to the five- and six-membered 
rings formed by succinic and glutaric-acids, an intermolecular reaction 
occurs with different molecules to form polymers of various chain lengths. 
This tendency toward intermolecular reaction or polymer formation in¬ 
creases with increasing numbers of methylene groups in the chain of the 
dibasic acid. Pimelic and suberic acids containing five ajid eight methylene 
groups, respectively, yield similar linear polymers. 

Adipic acid forms similar polymers which on heating in a high vacuum 
produce a distillate consisting of the normal cyclic anhydride, thus indi¬ 
cating the polymerization is reversible. The monomer distills from the 
equilibrium mixture and is a stable but reactive substance which can be 
repol3mierized by the catalytic action of a trace of water. 



CHAPTER XIII 

HALOGENATION 

1* Introduction 
The halogen derivatives of fatty acids are of importance in fat chemistry 

because they serve as intermediates in the preparation of desirable deriv¬ 
atives and because they provide a means of separating and identifying the 
components in mixtures of unsaturated acids. Few systematic investi¬ 
gations have been made of the halogenation products of fatty acids and no 
very extensive homologous series of halogen derivatives has been prepared 
and investigated in detail. Not a few of the halogen derivatives of the 
fatty acids which have been prepared and described in the literature are of 
dubious purity owing to lack of homogeneity of the parent acid or because 
of contamination with secondary reaction products. 

Halogenation is one of the more frequently applied reactions in fat 
chemistry, at least on the laboratory scale, primarily because it provides 
the basis for several analytical methods used for determining the degree of 
unsaturation of fatty acids and glycerides. These methods involve the 
addition of iodine, chlorine, or bromine to the double bonds which are 
present in the reacting acid or ester. Addition reactions are, however, not 
the only halogenation reactions which these substances can undergo, and 
free halogens are not the only halogenating agents which are used. Be¬ 
sides addition reactions, fatty acids imdergo substitution reactions, both 
in the carboxyl radical and in the carbon chain. In addition to the free 
halogens, other halogenation reagents such as thionyl chloride, sulfur 
monochloride, phosphorus trichloride, phosphorus pentachloride, phos¬ 
phorus oxychloride, halogen hydrides, hypochlorous acid, oxalyl chlo¬ 
ride, and phosgene are used to introduce halogens into various types of 
fatty acids. 

2. Addition Reactions 

(a) Halogen Addition to Monoeihenoid Adda 

The free halogens—chlorine, bromine, and iodine—^as well as iodine 
monobromide and iodine monochloride, generally add to the double bonds 
of unsaturated acids. The rate and extent of the reaction depend on the 
halogenating agent, the conditions under which the reaction is carried out, 

334 
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and the constitution of the unsaturated acid. In decreasing order of ac¬ 
tivity, the halogens are chlorine,- bromine, and iodine. 

The relative rates of halogen addition are a function of the structure 
of the monoethenoid acids as was demonstrated by Ponzio and Gastaldi^ 
by means of iodine absorption. As indicated in Table 113, relatively little 

Table 113 
RELATIVE REACTIVITY OF MONOETHENOID ACIDS WITH VARIOUS 

HALOGENATION AGENTS 

Aoid 

Iodine value 

Calod. Habl 
(4 hre.) 

WiiB 
(0.5 hr.) 

Han tie 
(0.6 hr.) 

CH,CH:CHCOOH 17.4 4.3 
CH,(CH,)i,CH: CHCOOH 99.8 6.6 1.9 
CH,(CH2)i4CH : CHCOOH 89.7 1 8.7 3.0 
CH,(CH*)7CH: CH(CH,)tCOOH 89.7 rheoretical 
CH,:CH(CH,)«COOH 137.8 1 \ 135.1 

addition of halogen occurs at the double bond in the proximity of the 
carboxyl group, whereas relatively complete addition occurs at remote 
double bonds whether located near the center of a long aliphatic chain or at 
a terminal methylene group. Ponzio and Gastaldi observed that even 
when the reaction time was extended to 70 and more hours, the addition 
of halogen to A^'*-octadecenoic acid was only about 50% of the theoretical. 

The increasing ease of halogen addition with increasing distance of the 
double bond from the carboxyl group was even more strikingly demon¬ 
strated by Eckert and Halla* who found the iodine value of A*'*-, 
and A^'®-octadecenoic acids (oleic acids) by the Hiibl method to be 9.04, 
16.27, and 26.96, respectively, compared to 89.87 required by theory. 

If the concentration of halogen, reaction temperature, or reaction time is 
excessive, some substitution in the hydrocarbon chain occurs. Therefore, 
both in the quantitative determination of unsaturation and in the prepara¬ 
tion of derivatives, these conditions must be rigidly controlled. In the 
quantitative determination of unsaturation, dilute solutions of the halo- 
genation reagent are used at room temperature for a specified time. For 
the preparation of derivatives, e. bromo addition products, the halogen 
is added very slowly at low temperatures, 0° to — 10®C. The rate of reac¬ 
tion is also affected by light of various wave lengths and catalysts, such as 
mercuric chloride and mercuric acetate.*** 

The naturally occurring monoethenoid acids generally add halogens 
normally to produce dihalogenated derivatives. The lower members of the 

1 O. Ponzio and C. Gastaldi, Qan. chim. ital^ 42, n, 92-95 (1912). 
* A. Eckert and O. HallaJl/onatoA, 34,1815-1824 (1913). 
* H. D. Hoffman and C. E. Gr^n, Oil & Soap. 16,236-2^ (1939). 
* F. A. Norris and R. J. Buswell, Ind. Eng. Cnem., Anal. Ed., 15,258-259 (1943). 
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series are liquids at room temperature and few of their melting and freezing 
points or other properties have been determined. In the case of the posi¬ 
tionally isomeric, halogen-substituted, long chain, monoethenoid acids, the 
melting point decreases as the distance of the halogen from the carboxyl 
group increases. In the case of cts-^rans-isomers the halogen-substituted 
^rans-isomers melt above those of the corresponding cis-isomers. These 
melting point relationships are illustrated in Table 114. 

Table 114 
MELTING POINTS OF THE DIBROMO DERIVATIVES OF SOME 

MONOETHENOID ACIDS 

Halogenated acid M.p., “C. Reported by 

A®* i®-Dibromopalmitic 

A*' <-Dibromostearic 

A*.*-Dibromostearic 
A®. i®-Dibromostearic (cis) 
A®-i®-Dibromostearic (trans) 
AH.n-Dibromostearic (trans) 
Aia.ia-Dibromostearic (cis) 
AI». i*-Dibromobehenic (ds) 
Aii'i^-Dibromobehenic (trans), 

29 
/71-72, 
1 67 

62 
28.5-29 
29-30 

33 
liq. at —20 

46.5 
54 

Bomer and Grossfeld* 
Ponzio® 
Eckert and Halla® 
Eckert and Halla* 
Holde and Gorgas^ 
Holde and Gorgas^ 
Bertram® 
Grun and Czerny® 
Lewkowitsch 1® 
Holtii 

(6) Halogen Addition to Nonconjugated Polyethenoid Acids 

Most polyunsaturated acids having all of their double bonds in non- 
conjugated positions add halogen normally with the production of a mix¬ 
ture of stereoisomers. For example, halogens add rapidly and smoothly 
to A®*^°'^2-^Minoleic acid, but it has generally been assumed that the addi¬ 
tion occurs in two stages, first at the 9,10-double bond and then at the 
12,13-double bond. Toyama and Tsuchiya^^ investigated the addition of 
bromine and thiocyanogen to linoleic acid and found that in the case of 
thiocyanogen, addition actually occurred in this manner. However, just 
the reverse order of addition was observed to occur in the case of bromine, 
the 12,13-double bond of linoleic acid was first saturated followed by satu¬ 
ration of the 9,10-double bond. 

The position at which halogen addition occurred was established by 
treating linoleic acid with one mole of bromine and subjecting the reac- 

• A. Bdmer and J. Grossfeld, in Handhuch der LebensmitUl-Chemie^ Vol. IV, A 
Juckenack et aL, eds., SpringerJBerlin, 1939, p. 218. 

• G. Ponzio, Atti accad. sci, Torino, 39,552-560 (1903-1904). 
’ D. Holde and A. Gorgas, Z. angew. Chem., 39,1443-1446 (1926). 
• S, H. Bertram, Biochm, Z., 197,433-441 U928). 
• A. GrUn and W. Czerny, Bet., 59,54-63 (1926). 

J. Lewkowitsch, Chemical Technology and Analysis of Oils, Fats, and Waxes, Vol. I, 
6th ed., MacmiUan, 1921-1923, p. 580. 

A. Holt, Bcf., 24,4120-4129 (1891). 
1* Y. Toyama and T. Tsuchiya, /. Soc, Chem. Ind. Japan, Suppl. binding, 38, 36- 

38B (1935). 
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tion product to ozonolysis. Azelaic acid, HOOC(CH2)7COOH, and a 
bromo derivative were obtained. On debromination and reduction the 
bromo derivative gave nonanoic (pelargonic) acid. These results indicate 
that the dibromo addition product of linoleic acid is 12,13-dibromo- 
octadecenoic acid. When linoleic acid was treated with one mole of iodine 
chloride, ICl, and the iodochlorooctadecenoic acid isolated and subjected 
to ozonolysis, it was found that the halogen had also added to the 12,13- 
double bond forming 12,13-chloroiodo-A®'^°-octadecenoic acid^^ which is in 
agreement with the behavior of linoleic acid with bromine. 

The partial halogenation of linolenic acid with one mole of bromine, and 
subsequently with two moles of bromine, followed at each step by ozonol¬ 
ysis, indicated that addition occurred first at the 15,16-double bond, fol¬ 
lowed by addition at the 12,13-double bond. When linolenic acid was 
treated with one mole and then with two moles of iodine chloride and sub¬ 
jected to ozonolysis at each stage, it was found that addition occurred 
first at the 15,16-double bond and then at the 12,13-double bond.^^ This 
method of partial halogenation followed by ozonolysis was applied by 
Toyama and Tsucihiya^^ to the determination of the structure of clupano- 
donic acid. 

(c) Halogen Addition to Conjugated Polyethenoid Adds 

If the double bonds present in unsaturated fatty acids are conjugated, 
halogen addition is generally erratic and incomplete under the same condi¬ 
tions in which nonconjugated acids react normally. Whereas 
linoleic acid adds two moles of halogen. A®'^-linoleic acid adds one 
mole of halogen normally, but the second mole adds slowly and incom¬ 
pletely even after many hours. It has generally been assumed that halogen 
adds rapidly to the 9,10-double bond followed by slow addition to the 11,12- 
double bond. However, the behavior of A®'^®’^^'^Minoleic acid with respect 
to halogen addition is very suggestive of the 1,4-addition observed with 
many dienes. It has been repeatedly observed that in many dienes con¬ 
taining the group —CH:CH—CH:CH—, halogen addition occurs first at 
the 1,4-positions with the simultaneous formation of a new double bond at 
the 2,3-position. Thus, addition of bromine to A2'3»'4.6^hgxadiene results 
in the formation of 2,5-dibromo-A^’^-hexene according to the equation: 

CHgCH:CHCH:CHCH3 -f- Bra-► CH,CHBrCH:CHCHBrCH, 

It is not improbable that 1,4-addition occurs in the case of aliphatic acids 
containing two double bonds in conjugated positions. 

In the case of doubly-conjugated acids, e. gf,, elaeostearic acid, halogen 
adds normally to two of the three double bonds but with considerable 

Y. Toyama and T. Tsuchiya, J, Soc, Chem, Ind, Japan, Suppl. binding, 39, 219- 
220B (1936). 

Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan^ 10,441-443 (1935). 
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difficulty, or not at all, to the third double bond. Two assumptions have 
been made to explain this observation, namely, that addition occurs first 
at the 9,10-double bond followed by addition at the 11,12-double bond, 
while the 13,14-double bond reacts very slowly or not at all, or alterna¬ 
tively that normal addition occurs at the two extreme double bonds while 
the central or 11,12-double bond is unreactive. Actually, the order of 
addition has not been established exactly, but it is not unlikely that 1,4- 
addition occurs in the case of doubly conjugated double bonds. For ex¬ 
ample, in the case of elaeostearic and similarly conjugated acids, 1,4- 
addition may occur with either pair of conjugated double bonds with 
formation of a new double bond which does not add halogen. The di- 
halogenated acid thus formed would then contain two double bonds in 
isolated positions, one of which is an original double bond. The original 
double bond farthest removed from the halogen may then be saturated 
leaving the other double bond unsaturated. Such a mechanism would pro¬ 
duce a mixture of tetrahalogenated acids. 

If addition of bromine to elaeostearic acid occurred in this manner, two 
positionally isomeric tetrabromo acids would be formed in which the re¬ 
maining double bond would occupy the 10,11- and the 12,13-position8, re¬ 
spectively. On bromination of elaeostearic acid and its naturally occur¬ 
ring isomers, punicic and trichosanic acids, in p>etroleum ether solution, all 
three acids form crystalline tetrabromides melting at 113.5--114°C.^* The 
fact that all three of these acids form tetrabromides of the same melting 
point might be considered as evidence against 1,4-addition. However, by 
subjecting these tetrabromo derivatives to ozonolysis the position of the 
remaining double bond could be determined and the mode of halogen addi¬ 
tion established. 

(d) Halogen Addition to Ethinoid Acids 

Stearolic, behenolic, and similar acids which contain a triple bond add 
only one molecule of halogenaccording to the following equation: 

CH,(CHa)7C:C(CH,)7COOH + Br,-► CH,(CH,)7BrC:CBr(CH2)7COOH 

^io,n.Undecinoic acid, CH:C(CH2)8COOH, adds only one mole of halogen 
by the Han us iodine method. 

(e) Halogen Hydride Addition to Unsaturated Adds 

Halogen acids of the hydride type, HX, add to the double bonds of mono- 
unsaturated fatty acids under certain conditions to form monohalogen 

“ Y. Toyama and T. Tsuchiya, J. Soc, Chem, Ind. Japan, Suppl. binding, 38, 182- 
185B (1935). 

A. Grtin, Analyse der Fette und Wachse. 2 vols., Springer, Berlin, 1925-1929. 
" P. L. Harris and J. C. Smith, J* Chem. Soc,, 1935,1572-1576. 
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derivatives of the corresponding saturated acids. The halogen hydrides 
are considerably less reactive in this respect than are the halogens them¬ 
selves or the oxygenated halogen acids, HOX. Owing to the lesser.activity 
of halogen hydrides, their reactions may be more readily controlled. The 
ease of addition depends on the number, kind, and location of the double 
bonds in the unsaturated acid chain, as well as on the presence of catalysts 
and orienting substances in the reaction mixture. 

Addition of the halogen atom may occur statistically at either carbon 
atom connected by the double bond or specifically at one or the other. 
Relatively little systematic work has been reported on the rate and speci¬ 
ficity of the addition of the halogen hydrides as a function of the position 
of the double bond in the carbon chain. On the basis of such information 
as is available, addition at the double bond adjacent to the carboxyl group 
and at the double bond of the terminal methylene group of the hydro¬ 
carbon chain probably occurs at quite different reaction rates with the 
formation of differently oriented end products. Addition at any inter¬ 
mediately located double bond will vary from the extremes observed in the 
two types of terminal addition in proportion to the distance of the double 
bond from the carboxyl and the terminal methyl group. 

The older literature contains frequent references to the preparation of the 
monohalogen derivatives of various fatty acids by addition of halogen hy¬ 
drides. For example, Piotrowski^* reported the preparation of monochlo- 
rostearic acid from oleic and elaidic acids. The unsaturated acids were 
dissolved in four times their weight of acetic acid and saturated with dry 
hydrochloric acid at 0°C. After standing four days, water was added to 
precipitate the chlorostearic acid which in both instances melted at 38®C. 
Albitzky^® was unable to prepare chlorostearic acids by this method and 
therefore resorted to heating an acetic acid solution of oleic and elaidic 
acids, saturated with hydrochloric acid, to 150®C. in a sealed tube. Ac¬ 
cording to Albitzky, both acids gave the same monochlorostearic acid which 
melted at 38-41 ®C., solidified at 12~13®C. and remelted at 20-22°C. When 
heated in a sealed tube at 170°C. for six to seven hours with aqueous po¬ 
tassium hydroxide, the chlorostearic acids from either source were con¬ 
verted to the same hydroxystearic acid. However, the melting and freezing 
points of all the products varied considerably, and it is probable that none 
of them was of high purity. In the light of more recent work, it can be 
safely assumed that these early preparations represented mixtures of posi¬ 
tional isomers and, in some cases, of both geometrical and positional iso¬ 
mers. 

Addition of halogen at a double bond adjacent to the carboxyl group and 
at a terminal methylene group appears to occur more specifically than at 

“ S. Piotrowski, 23,2631-2633 (1890). 
« A. Albitzky, i. prakL Chem,, 61,94-98 (1900). 
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an intermediate double bond. According to Ponzio,^ hydrobromic acid 
adds to A^’®-octadecenoic acid, and forms 2-bromostearic acid melting at 
54^C. . 

Eckert and Halla^ prepared a series of monoiodostearic acids by treating 
A^’^-octadecenoic acid with hydriodic acid and then treating the mono- 
halogenated acid with alcoholic potassium hydroxide to produce A^*^- 
octadecenoic acid. By the same sequence of reactions, the A^-^-octade- 
cenoic acid was produced from A®-^-octadecenoic acid, and from it, by treat¬ 
ment with hydriodic acid, the corresponding iodostearic acid was prepared. 
The melting points of the 2-, 3-, and 4-iodostearic acids prepared in this 
manner were found to be 54°, 57°, and 58.5°C., respectively. 

Halogen Halide Addition at Terminal Methylene Bonds.—The addi¬ 
tion of halogen acids to unsaturated fatty acids containing a terminal 
methylene group has been investigated in some detail by J. C. Smith and 
co-workers. As a result of this work, the mechanism of the addition of 
hydrogen bromide, chloride, and iodide to the double bond of undecenoic 
and related acids is now fairly well understood. Prior to the work of 
Ashton and Smith,it was observed that addition of hydrogen bromide 
to A^®‘^^-undecenoic acid, CH2:CH(CH2)8COOH, occurred nonspecifically 
to produce either 10- or 11-bromoundecanoic acid. These authors found 
that, in any solvent and in the absence of air^ addition of hydrogen bromide 
to undecenoic acid produced primarily 10-bromoundecanoic acid, CHs- 
CHBr(CH2)8COOH, m.p. 35.1°C., in accordance with the Markownikoff 
rule of halogen addition. In the 'presence of air the reaction product was 
found to vary with the solvent^ some solvents enhancing and some hindering 
the so-called peroxide effect. The 11-bromoundecanoic acid, CH2BrCH2- 
(CH2)8C00H, m. p. 51 °C., was the principal product of reaction when un¬ 
decenoic acid was treated with hydrogen bromide in petroleum naphtha 
solution in the presence of air. 

Ashton and Smith^^ found that the addition of hydrogen bromide to 
ethyl undecenoate was entirely analogous to the addition which occurred 
in the case of the unesterified acid, i. c., formation of ethyl 10-bromounde- 
canoate which is in contrast to the peroxide-catalyzed addition which gave 
ethyl 11-bromoundecanoate. Esterification of the carboxyl group was, 
therefore, without effect on the orientation in the addition reaction. When 
the corresponding alcohol, undecenol, was halogenated, no peroxide effect 
was observed and the product obtained was found to be 10-bromoun- 
decanol. However, when the terminal hydroxy group was blocked by forma¬ 
tion of the corresponding acetate, the use of a peroxide catalyst with hydro¬ 
gen bromide resulted in the formation of the 11-bromoundecanol. This 

G. Ponzio, Attiaccad, ad, Torino^ 40,970-973 (1906). 
R. Ashton and J. C. Smith, J, Chem, Soc,, 1934,436^40. 

** R. Ashton and J. C. Smith, J, Chem, Soc,, 1934,1308-1310. 
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reaction is of importance in the preparation of dicarboxylic acids by way of 
the bromo alcohol. 

Abraham and Smith^’ investigated the addition of hydrogen chloride 
to A^°'^Mindecenoic acid. Hydrogen chloride was allowed to react with 
undecenoic acid in benzene solution both with and without a catalyst and 
in the presence and absence of air. In every case the main product was 
found to be lO-chloroundecanoic acid, m.p. 32°C. The same product was 
produced by treating 10-hydroxyundecanoic acid (m.p. 49-49.5°C.) with 
phosphorus pentachloride followed by hydrolysis of the chloro-acid chlo¬ 
ride. When 11-hydroxyundecanoic acid was treated in the same manner, 
11-chloroundecanoic acid, m.p. 40.5°C., was obtained. 10-Iodoundecanoic 
acid, m.p. 22-23®C., was prepared by the addition of hydrogen iodide to 
^lo.iuundecenoic acid and by treatment of 10-bromoundecanoic acid with 
sodium iodide in acetone. The isomeric 11-iodoundecanoic acid, prepared 
by Ashton and Smith,melted at 66^C. 

It is apparent from the work of Smith et al. that hydrogen bromide differs 
from hydrogen chloride and iodide in its reactivity with unsaturated fatty 
acids and other olefins containing a terminal methylene group, by the fact 
that addition may be accelerated and the orientation reversed in the pres¬ 
ence of oxidative catalysts in the former, but not in the latter. 

It should be mentioned here that w-bromo derivatives of the normal 
fatty acids can be prepared by a method which leaves no doubt as to the 
position occupied by the halogen. This method, which was used by Chuit 
and Hausser^^ to prepare all the a>-bromo aliphatic acids from Cs to C21, 
consists in the direct replacement of a terminal hydroxyl group with a 
halogen. Under these conditions no isomeric derivatives can be formed. 

Harris and Smith^® investigated the reaction of hydrogen bromide wdth 
fatty acids containing a terminal triple bond. In the case of the addition 
of hydrogen bromide to A‘®’“-undecmoic acid, CH:C(CH2)8COOH, m.p. 
43®C., it was found that the reaction was not subject to a peroxide or oxir 
dard effect. A^®»“-Undecinoic acid in the presence of perbenzoic acid was 
found to add one mole of hydrogen bromide to form monobromoundecenoic 
acid melting at 18.6°C. In the presence of diphenylamine (antioxidant) 
the same acid added hydrogen bromide to form a monobromoundecenoic acid 
melting at 12.1°C. Both reaction products apparently were mixtures of 
10- and 11-bromoundecenoic acid, but the predominant bromo derivative 
obtained in the presence of perbenzoic acid was ll-bromo-A^®'^'-unde- 
cenoic acid, BrHC: CH(CH2)8COOH, while that obtained by reaction in the 
presence of diphenylamine was predominantly 10-bromo-A^®'^*-undecenoic 
acid, CH2: CBr(CH2)8COOH. 

»« E. P. Abraham and J. C. Smith, y. Chem, Soc,, 1936,1606-1607. 
** P. Chuit and J. Hausser, Helu. Chim, Acta. 12,463-492 (1929). 
« P. L. Harris and J. C. Smith, /. Chcm, Soc., 1935,1672-1676. 
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Harris and Smith also prepared a bromo-A^°'^^-undecenoic acid, m.p. 
41-42°C., which was previously prepared by Krafift®* as a by-product of the 
action of alcoholic potassium hydroxide solution on 10,11-dibromounde- 
canoic acid. Krafft suggested that his acid was <raw«-ll-bromo-A^®'^^-unde- 
cenoic acid. Harris and Smith, on the basis of the results of the catalytic 
reduction of their acid, concur in the assumption that the acid is 11-bromo- 
A^ ii-undecenoic acid, but that it possesses a ds- rather than the trans- 
configuration. 

Proof of the randomness of halogen halide addition in the case of non¬ 
terminal methylene groups was obtained by Harris and Smith^^ and by 
Abraham, Mowat, and Smith,who observed that HBr added to A®»‘®- 
undecenoic acid, CH8CH:CH(CH2)7COOH, to give equal amounts of 9- 
and lO-bromoundecanoic acids. The equilibrium ratio of the two posi¬ 
tional isomers was unaffected by the presence of catalysts or solvent, but 
the rate of reaction was found to be affected by the solvent used. If the 
amide or corresponding alcohol was used instead of the acid, the proportion 
of 9- and 10-bromo compounds remained unchanged. It may be inferred 
on the basis of this work that, when the double bond is situated at a dis¬ 
tance of more than one carbon atom from the terminal methyl group, 
addition of hydrogen bromide is statistical and at equilibrium a mixture of 
the two bromo acids is produced in a ratio of 1:1. 

(/) Addition of Oxygenated Halogen Acide to Unsaturated Acids 

Hypochlorous and hypobromous acids add to the double bonds of un¬ 
saturated fatty acids to form chlorohydrins or bromohydrins. Under 
proper conditions, chlorohydrins may also be prepared from unsaturated 
acids by reaction with chlorine. Except as intermediates for the prepara¬ 
tion of polyhydroxy acids, the halohydrins have been of no great practical 
value and consequently little attention has been afforded these reactions. 
Most of the investigators of the addition products of the higher unsaturated 
acids with h3rpochlorous and hypobromous acids haVe been concerned 
with problems of isomerism. 

The most extensive investigation of these reactions was reported by 
Albitzky^’*® more than forty years ago. He prepared a series of addition 
products of oleic, elaidic, erucic, and brassidic acids from which, in turn, 
were prepared the corresponding dihydroxy acids and the mono- and di¬ 
acetyl derivatives. 

The work of Albitzky, although comprehensive, is vitiated by the fact 
that the unsaturated acids which he used were not very pure, their correct 

*• F. Krafft, Ber., 29,2232-2240 (1896). 
” P. L. HarrisandJ. C.Smith,C/iem.Boc., 1935,1108-1111. 
" £. P. Abraham, £. L. R. Mowat, and J. C. Smith, J, Chmt, Soc,, 1937,948-954. 
*» A. Albitzky, J. Russ. Phy8.^hem, Soc., 31,76-100 (1899); 34,788-810 (1902). 
» A. Albitzky, J. prakt, Chem,, 61,65-94 (1900). 
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configurations were unknown at the time, and the nature of some of the 
reaction products was not recognized. For example, he assumed a tram- 
configuration for oleic and erucic acids and a m-configuration for elaidic 
and brassidic acids, whereas the reverse configurations are now known to 
be correct. Consideration was not given the fact that the hydroxyl group 
and halogen atom of hypochlorous acid can add to oleic acid at either the 
ninth or tenth carbon atom to give a mixture of cis-9-hydroxy-lO-chloro- 
and cis-9-chloro-lO-hydroxystearic acids, and that similar additions occur 
with elaidic acid to give two <raw8-chlorohydroxystearic acids. The addi¬ 
tion products of each acid represent pairs of positional isomers and they 
may also represent different stereoisomers as well. However, when the 
chlorine atoms are replaced by hydroxyl groups, the same positional isomers 
are produced in all cases, and the stereoisomerism evident in these com¬ 
pounds corresponds to the cis- and ^rans-configurations of the parent acids. 

Furthermore, all four of the chlorohydroxystearic acids, and both of the 
dihydroxystearic acids contain two asymmetric carbon atoms; therefore 
four optically active dihydroxystearic acids are theoretically possible, two 
of which represent cis-j and the other two trans-y configurations. These 
relationships are indicated in the following accompanying schemes in which 
the asymmetric carbon atoms are indicated by asterisks. 

CHiCCHOtCH 

h|!(CH0>CCX)H 
Elaidic acid 

CH,(CHj)7CH HOCl 

R 

Hoi*H 

nijj Alcoholic KOH 

Jl' 1-► Hol*H 
I 

HOOC(CHoi:H R 1-► HOC*H 
Oleic acid 

*XI KOH I 

HOCl 

A. 

R 

ho(!;*h 

h(!;*ci 

I 
R 

ci<!j*h 

Hcil^OH 

ll' 

Dihydroxystearic acid 
(m.p. 95 ®C.) 

Alcoholic KOH 

Alcoholic KOH 

R 

HOC^*H 

DiLydroxystearic acid 
(m.p. 182*C.) 

Albitsky prepared his halohydroxylated acids by the addition of hsrpo- 
chlorous or hypobromous acid to the alkali salt of the unsaturated acid 
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dissolved in a large volume of water. The excess reagent was destroyed 
by addition of sulfurous acid, and the halohydroxy acid which was formed 
was precipitated by addition of dilute sulfuric acid. The resulting halo- 
hydrins generally comprised viscous oily liquids which were not com¬ 
pletely characterized, but such analytical data and dcvscription as Albitzky 
gives seems to indicate that the products were not very pure. According 
to Nicolet and Poulter,^^ chlorohydrins of oleic and elaidic acids can be pre¬ 
pared by carefully controlled action of chlorine on solutions of their potas¬ 
sium salts containing potassium carbonate. The chlorohydrins obtained 
in this manner are uncrystallizable viscous oils and were considered by 
Nicolet and Poulter to be similar to those obtained by Albitzky by addition 
of hypochlorous acid. 

In order to discuss the probable identity of the chlorohydrins, it is neces¬ 
sary to refer to their epoxy and dihydroxy conversion products. The halo- 
hydrins which Albitzky prepared were converted into dihydroxy acids by 
reacting them with potassium, barium, and silver hydroxides. The reaction 
conditions in all cases were relatively severe. For example, the reaction 
with potassium hydroxide was carried out by dissolving an equal weight 
of the halohydroxy acid and alkali in water or alcohol and heating the solu¬ 
tion in a sealed tube at a temperature of about 150°C. for eight hours. 
When barium hydroxide was used, the halohydrin was dissolved in five 
volumes of alcohol to which was added twice the weight of alkali dissolved 
in the minimum amount of water, and the solution refluxed for two days. 
When silver oxide was used, one part of the halohydrin was stirred with 
three parts of the oxide and heated to the melting point until the reaction 
was completed, after which it was boiled with hydrochloric acid, filtered, 
and extracted with alcohol. 

In view of the severity of the reaction conditions, it is not surprising 
that the yields of dihydroxy acids were low, often less than ten per cent, 
and it is not unlikely that they were accompanied by a variety of side reac¬ 
tion products. On the basis of the melting points of the various fractions 
which were obtained, Albitzky concluded that treatment of the chlorohy- 
drin obtained from oleic acid by the action of alkali produced only the low 
melting dihydroxystearic acid (m.p. 95°C.), and that the same treatment 
of the chlorohydrin of elaidic acid produced the corresponding high melting 
dihydroxystearic acid (m.p. 132®C.). 

When the same products were prepared by treatment of the two chloro¬ 
hydrins with silver oxide, the^elting points of the dihydroxystearic acids 
were found to be reversed and corresponded to those obtained by direct 
oxidation of oleic and elaidic acids with alkaline permanganate, e., the 
high melting hydroxy acid was obtained from the chlorohydrin of oleic 

« B, H. Nicolet and T. C. Poulter, J. Am. Chem. Soc., 52,118a“U91 (1930). 
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acid and the low melting one from the chlorohydrin of elaidic acid. It was 
also observed that the dichlorostearic acids prepared from oleic and elaidic 
acids gave, on treatment with potassium hydroxide, the low melt.ing di- 
hydroxystearic acid from oleic acid and the high melting acid from elaidic 
acid. It was, therefore, postulated by Albitzky that treatment of the 
chlorohydrin with alcoholic potassium hydroxide removed the halogen with 
simultaneous inversion of the acid, whereas silver oxide removed the chlo¬ 
rine without inversion. These postulates were generalized to include the 
bromohydrins and other pairs of isomeric acids such as erucic and brassidic. 

However, when the data of Albitzky are critically examined, the evidence 
for his conclusions is not too convincing. As mentioned before, the yields 
of dihydroxy acids were generally quite low and the melting points of the 
fractions varied over wide limits. In the case of the bromohydrins ob¬ 
tained from oleic and elaidic acids, the melting point data seem to indicate 
that both dihydroxystearic acids were obtained regardless of which isomer 
was used. In fact, Albitzky concluded that both high and low melting 
dihydroxystearic acids were obtained when bromohydroxystearic acid 
prepared from oleic acid was treated with silver oxide. Moreover, he re¬ 
ported that saponification with alcoholic potassium hydroxide of the mono¬ 
acetyl derivative of chlorohydroxystearic acid obtained from elaidic acid 
gave both high and low’ melting dihydroxystearic acids in almost equal 

amounts. 
Theoretically, at least, there appears to be no reason for assuming that 

hypochlorous or hypobromous acids should add to the double bond of oleic 
or elaidic acid preferentially to produce specifically either the 9-halo-lO- 
hydroxy- or the lO-halo-9-hydroxystearic acids; also theoretically, at least, 
it should be possible to replace the halogen of either acid by a hydroxyl 
group without alteration of the stereo-configuration. 

In light of the present knowledge of the configurations of oleic and elaidic 
acid, the assumption that inversion occurred when the halogen was removed 
by potassium and barium hydroxides, and that inversion did not occur when 
silver oxide was used to remove the halogen, probably needs to be revised. 
It appears that the low melting cis-oleic acid actually gave the low melting 
dihydroxystearic acid and the high melting trans-elsddic acid gave the high 
melting dihydroxystearic acid as would be expected if the various addition 
and substitution reactions occurred writhout concomitant alteration of the 
geometrical configurations of the respective acids. 

It is necessary, therefore, to assume that the treatment of the halohydrins 
with potassium and barium hydroxides did not cause inversion, but that 
treatment with silver oxide did. It must also be assumed that mild oxida¬ 
tion by alkaline permanganate is accompanied by inversion since oleic and 
elaidic acids produce the high melting (132°C.) and the low melting (95®C.) 
dihydroxystearic acids, respectively, by this treatment. 
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In contrast to the conditions employed by Albitzky, Nicolet and Poulter*‘ 
refluxed the chlorohydrins of oleic and elaidic acids for two hours with an 
excess of sodium ethylate in 95% alcohol, whereby the acids were converted 
into the corresponding epoxides in 45% and 75% yields, respectively. Both 
epoxides were solids melting at 53.8®C., but apparently were not identical 
as their mixture melted at 45-47°C. Treatment of the epoxides with aque¬ 
ous alkali or acid resulted in slow hydrolysis to produce dihydroxy acids. 
Only the low melting dihydroxystearic acid was obtained from the oleic 
epoxide and only the high melting dihydroxystearic acid was obtained from 
the elaidic epoxide. 

Treatment of the epoxides of oleic and elaidic acids with dry hydrogen 
chloride in dry ether resulted in the regeneration of chlorohydrins, but un¬ 
like the original chlorohydrins from which the epoxides were formed, they 
were obtained as solids melting at 35° and 50°C., respectively. Nicolet and 
Poulter, therefore, concluded that the original chlorohydrins were 9-chloro- 
10-hydroxystearic acids, while those regenerated by way of the epoxide 
were 9-hydroxy-lO-chlorostearic acids. According to Nicolet and Poulter, 
the epoxides are formed quite readily when the chlorohydrins are treated 
with alkali, whereas the dihydroxystearic acids are formed from the epoxides 
with considerable difficulty. Likewise, the chlorohydrins are readily re¬ 
generated from the epoxides; in fact they can be quantitatively deter¬ 
mined by means of this reaction. All of these reactions appear to occur 
without inversion, the cis-acids giving only m-derivatives, and the trans- 
acids giving only ^raTW-derivatives. 

The observations of Albitzky and of Nicolet and Poulter may perhaps 
be interpreted by assuming that hypochlorous acid adds to the double 
bonds of monounsaturated aliphatic acids to form a mixture of isomeric 
chlorohydrins which on treatment with alcoholic potassium hydroxide are 
converted first to epoxides and then to dihydroxy acids. In contrast to 
the original acids which form oily mixtures of isomeric chlorohydrins when 
treated with h3qx)chlorous acid, the epoxides when treated with hydrogen 
chloride form specific chlorohydrins having definite melting points. 

These reactions may be represented by the equations on page 347 in which 
oleic acid is used as the prototype to which other similar acids may be re¬ 
ferred. All of the products are presumed to possess a cts-configuration, 
whereas all of the corresponding products from elaidic acid are presumed 
to possess a frans-configuration. 

Nicolet and Cox** prepared the dichlorodihydroxy- and dibromodihy- 
droxystearic acids by treatment of linoleic acid with potassium hypochlo¬ 
rite and hypobromite, respectively. The linoleic acid was prepared by 
bromination of the fatty acids of cottonseed oil and separation of the 

” B. H. Nicolet and H. L. Cox, /• Am, Chem, Soe,, 44,144-152 (1922). 
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CH,(CH.),CH HOCi 

HCX)C(CH07<!!H 
Oleic acid 

(m.p. 13*»andl6®C.) 

R 

R' R' 

Chlorohydrin (m.p. 35®C.) 

tetrabromides followed by debromination to regenerate the linoleic acid. 
The reactions were carried out by dissolving the acid in a 1% solution of 
potassium hydroxide and adding two moles of 2 N hypochlorite or hypo- 
bromite. The reaction products were precipitated by passing into the solu¬ 
tion a stream of carbon dioxide. They were obtained as light brown vis¬ 
cous oils which could not be crystallized or distilled at a pressure as low as 
10 mm. 

Since it is possible for the halogen and hydroxyl group to add at both the 
9,10 and the 12,13 double bonds of linoleic acid in two different orienta¬ 
tions, the product obtained by the reaction of linoleic acid and hypochlo- 
rous acid or hypobromous acid should be a mixture of four positional iso¬ 
mers. As such, they are of little practical value except as intermediates 
in the production of tetrahydroxy acids into which they can be converted 
by treatment with alkali, as has been discussed under the corresponding 
halohydrins of the monoethenoid acids. 

3. Substitution Reactions 

(a) Suhstitution of Halogen for Hydrogen 
in the Hydrocarbon Chain 

Several types of substitution reactions are possible when the higher ali¬ 
phatic acids are reacted with halogenating reagents. Free halogens may 
replace one or more hydrogens in the hydrocarbon chain; halogen derived 
from thionyl chloride, phosphorus pentachloride, and other halogenating 
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agents may replace a hydroxyl group in the carboxyl radical or elsewhere 
in the carbon chain of hydroxy acids. 

The first type of halogen substitution is difiicult to control with respect 
to the_ number and position of the replaceable hydrogens. Precautions 
must be taken in the quantitative determination of unsaturation to avoid 
simultaneous or subsequent replacement of hydrogen in the hydrocarbon 
chain. Chlorine is much more reactive in this respect than iodine or bro¬ 
mine, and its activity is more readily affected by concentration, time, 
temperature, light, catalysts, etc.^^® 

The hydrogen atoms attached to the carbon atom adjacent to a car¬ 
boxyl group are more susceptible to substitution than those farther re¬ 
moved. This activity is partially explained on the basis of the enolization 
of the carbonyl group of the carboxyl radical. Alpha-substitution of the 
lower members of the aliphatic acid series is readily accomplished by treat¬ 
ment of the acid with halogen in the presence of a catalyst. The alpha- 
halogenation of acid chlorides and esters occurs more readily than in the 
case of the free acids. The a-chloro and a-bromo acids may be prepared 
by the action of dry chlorine or bromine on the anhydrous acid in the pres¬ 
ence of phosphorus. All of the a-chloro and a-bromo acids from acetic to 
stearic have been prepared in this manner. 

Hell and co-workers^® prepared the a-monobromo derivatives of 
myristic, palmitic, and stearic acids by reacting the free acids with bro¬ 
mine in the presence of amorphous phosphorus and subsequently hy¬ 
drolyzing the a-monobromoacyl bromide to the corresponding acid ac¬ 
cording to the following scheme: 

RCHjCOOH > RCHBrCOBr - > RCHBrCOOH 
P 

The method of preparation follows. Dry stearic acid, for example, is 
thoroughly mixed with dry amorphous phosphorus in a flask fitted with 
a reflux condenser and dropping funnel. Bromine is admitted slowly to the 
reaction mixture which is warmed on the steam bath. The reaction, which 
is violent at first, soon subsides with further addition of bromine. When 
the reaction is complete, the mixture is slowly poured into water whereupon 
the a-bromostearic acid is regenerated from the corresponding bromo- 
acyl bromide. It is washed with water by decantation and dissolved in 
petroleum ether from which solvent the monobromostearic acid crystal¬ 
lizes on standing. 

Mendel and Coops®* used a very similar method of preparing methyl 

**“ H. H. Guest and C. M. Groddard, Jr., J. Am. Chem. Soc.^ 66, 2074-2075 (1944). 
** C. Hell and S. Twerdomedoff, Bcr., 22,1745-1748 (1889). 

C. Hell and C. Jordanoff, Ber., 24,936-943 (1891). 
“ C. Hell and J. Sadomsky, Ben, 24,23^-2396 (1891). 
^ H. Mendel and J. Coops, Rec. trav, chim,^ 58,1133-1143 (1939). 
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cfbromopalmitate and a-bromostearate prior to their conversion into the 
corresponding a-hydroxy acids. 

The higher a-monobromo acids are soluble in the usual fat solvents and 
are readily esterified with ethyl alcohol. When refluxed with alcoholic 
alkalies they are converted into the corresponding a-monohydroxy acids. 
These a-hydroxy acids, like the bromo acids from which they are prepared, 
are soluble in ether, benzene, chloroform, hot alcohol, and acetic acid. 

(b) Preparation of Acyl Halides 

The acyl or fatty acid halides are derived from the acids by replacement 
of the hydroxyl of the carboxyl group by a halogen. The preparation and 
reactions of the acyl halides are important in fatty acid chemistry pri¬ 
marily because the reaction products are essential intermediates in the 
preparation of pure synthetic glycerides and other esters of known consti¬ 
tution. Although any of the halogens may be substituted for the hy¬ 
droxyl group, only the chlorides have been extensively prepared and used. 
In the case of the lower members of the aliphatic acid series (acetic to 
butyric) the fluorides, chlorides, bromides, and iodides have been prepared. 
All are liquids having relatively low boiling points. The boiling points in¬ 
crease as the molecular weights of the halogens increase from fluorine to 
iodine and as the homologous series is ascended. Alternation does not occur 
in the boiling points as it does in the melting points of the ascending series 
of acids. 

Acid chlorides may be prepared by any of the reactions illustrated in 
equations (I) to (7). 

{!) RCOOH -f PCU-> RCOCl + HCl POCU 

(2) 3 RCOOH + PCI,-► 3 RCOCl -f HaPO, 

(5) 2 RCOONa 4- POCl,-► 2 RCOCl -f NaPO, 4- NaCl 

(4) RCOOH 4- SOCI2-► RCOCl 4- SO, 4- HCl 

{6) RCOOH 4- SO2CI2-► RCOCl -f HCl 4- SO, 

(6) RCOOH 4" (COCl)2-► RCOCl 4- CO2 4- CO 4- HCl 

(7) RCOOH 4- COCI2-► RCOCl 4- CO2 + HCl 

One of the earliest methods,*^ but now little used, consisted of the treat¬ 
ment of the salt of the acid with phosphorus oxychloride (see Eq. S), 
Treatment of the salt with half the theoretical amount of oxychloride re¬ 
sults in the formation of the corresponding acid anhydride according to 
equation (5). 

{8) 6 RCOONa 4- POCl,-► 3 (RCOaO -f 3 NaCl -f Na,P04 

« C. Gerhardt, Ann. 87,57-84 (1853). 
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Bauer** reported a comprehensive and systematic investigation of the 
preparation of the higher fatty acid chlorides by all of the reactions men¬ 
tioned above save those involving sulfuryl chloride and phosphorus oxy¬ 
chloride. Acid chlorides were prepared from lauric, myristic, palmitic, 
stearic, oleic, elaidic, and linoleic acids. He concluded on the basis of 
yields, ease of handling, and cost of reagent, that phosphorus tri- and penta- 
chlorides are superior to other chlorinating agents for the preparation of pure 
saturated acid chlorides, and that oxalyl chloride was preferable for use in 
preparing unsaturated acid chlorides. 

The acyl bromides can be prepared by treating the ahphatic acids with 
phosphorus bromides in the same manner used in preparing acyl chlorides. 
The acyl iodides are usually prepared from the anhydrides or salts of the 
aliphatic acids by the action of phosphorus iodide or preferably by the 
action of calcium iodide on the acid chlorides. Acyl fluorides are produced 
when the corresponding chloride is treated with silver fluoride, anhydrous 
zinc fluoride, or potassium fluoride. 

Reactions of Fatty Acids with Phosphorus Chlorides.—^Phosphorus 
trichloride and phosphorus pentachloride have been generally employed 
for replacing specific hydroxyl groups with chlorine and especially for the 
preparation of acid chlorides. More recently, thionyl chloride and oxalyl 
chloride have been used extensively for this purpose, but they have not en¬ 
tirely superseded the use of either phosphorus trichloride or phosphorus 
pentachloride. In fact, advantages and disadvantages as well as variable 
yields have been claimed for each of these chlorinating agents in the hands 
of different workers. 

Krafft and Tritschler*® described a number of monounsaturated acid 
chlorides, c. g., undecenoyl, oleoyl, elaidoyl, and brassidoyl chlorides, which 
were prepared by treatment of the free acid with phosphorus pentachlo¬ 
ride. The general method of preparation consisted in cooling the acid to a 
low teihperature (ice) and treating it with slightly more than an equimolar 
quantity of phosphorus pentachloride, then heating the mixture slightly to 
complete the reaction. The phosphorus oxychloride formed in the reac¬ 
tion was removed by distillation under reduced pressure and the acid chlo¬ 
ride purified by several distillations. Nearly quantitative yields were 
claimed. The corresponding anhydrides, nitriles, amides, and benzoyl 
derivatives were prepared from the acid chlorides. 

The method of Krafft and Tritschler has been followed by later workers, 
especially for the preparation of oleoyl chloride. Sulzberger*® prepared 
oleoyl chloride by treatment of oleic acid with phosphorus pentachloride 
and with thionyl chloride obtaining identical 3rields (75%) by both methods. 

»»S. T. Bauer, Oil dt Soap, 23,1-6 (1946). See R. R. Ackley and G. C. Tesoro, Ind, 
Eng, Chem,, Anal, Ed,, 18, 444r445 (1946). 

» F. Krafft and F. Tritschler. Ber., 33,3680-8585 (1900). 
^ N. Stjdzfaerger, Z. angew. Chem., 27,40 (1914). 
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The reaction with phosphorus pentachloride was carried out by adding pure 
oleic acid (15 g.), divided into three or four portions, to one mole of finely 
powdered phosphorus pentachloride. On the addition of the first portion 
of the acid at room temperature instantaneous evolution of hydrochloric 
acid occurs which continues as long as the acid is added. The mixture, which 
warms only slightly during the reaction, is allowed to stand until the evolu¬ 
tion of hydrochloric acid is complete, whereupon the oily reaction product 
is poured off ^^om the excess phosphorus pentachloride. The product is 
distilled in vacuo to separate the oleoyl chloride from the phosphorus oxy¬ 
chloride, 

Taufel and Kiinkele^^ prepared oleoyl chloride both by means of phos¬ 
phorus trichloride and phosphorus pentachloride. Thionyl chloride was 
also used, but its use was considered to be unsatisfactory for reasons which 
will be mentioned later. Taufel and Kiinkele employed moderately large 
quantities of oleic acid but the yields obtained were low, 48% with phos¬ 
phorus pentachloride and 46% with phosphorus trichloride. According 
to their method, 200 g. of oleic acid was cooled with ice water and con¬ 
tinuously shaken, while about 150 g. of phosphorus pentachloride was 
added in small amounts at about ten-minute intervals or until no further 
reaction was evident. The liquid was separated from solid unreacted 
pentachloride and distilled. The phosphorus oxychloride distilled over 
first, followed by the oleoyl chloride at a temperature of 180®C. and a 
pressure of 8 mm. 

Chlorination with phosphorus trichloride was carried out by Taufel and 
Kiinkele in a manner similar to that described by Aschan^^ using relatively 
small amounts of oleic acid. Five grams of phosphorus trichloride was 
added to 20 g. of ice-cold oleic acid. The mixture was maintained in an 
ice bath for one-half hour and then shaken for the same length of time at 
room temperature followed by warming at 60°C. in a water bath for 10 
minutes. The reaction mixture was then cooled again in ice to bring about 
separation of the oleoyl chloride and phosphorous acid (HsPOs). The oleoyl 
chloride was decanted and distilled in vacuo. Fractional distillation, fol¬ 
lowed by analysis of the fractions and comparison of the boiling points 
with the boiling point-composition curve of oleic acid and oleoyl chloride 
at 6 mm. pressure, indicated that the reaction products obtained by 
T&ufel and Kiinkele were mixtures of oleic acid (40%) and oleoyl chloride 
(60%). The boiling points at 6 mm. for oleic acid and oleoyl chloride 
were foimd to be 204® and 170°C., respectively. 

B5mer and co-workers^*»*^ foimd that the method of Krafft and Tritschler 

K, T&ufel and F. Kiinkele, Fettchem. Umachau, 42,27-29 (1935). 
O. Aschan, Rer., 31, 2344^ (1898). See H. Bichet, Bull. soc. chim., 1946,52-54. 
A. BCiner and W. Kappeller, Fette u, Seifm, 44, 34(H343 (1937). 
A. Btoer and J. Stather, FeUe u, 44,29-31 (1937). 
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was applicable to the preparation of elaidoyl chloride. Twenty grams of 
cold elaidic acid was reacted with a molar quantity of phosphorus penta- 
chloride (14.6 g.) added in small portions. The reaction mixture was 
warmed to about 45®C. and allowed to stand one-half hour before distilling 
off the phosphorus oxychloride in vacuo. After removal of the phosphorus 
oxychloride, the temperature was raised to 90® and the colorless elaidoyl 
chloride distilled. When the temperature was allowed to rise above 130® 
the acid chloride underwent decomposition and became^brown. This 
change also occurs on long standing at lower temperatures. According 
to Bomer and Kappeller, this method results in a yield of 98% of elaidoyl 
chloride which is in agreement with the observations of Krafft and Trit- 
schler. 

Reactions of Fatty Acids with Thionyl Chloride.—Thionyl chloride, 
SOCI2, is a useful reagent for the introduction of chlorine in place of various 
groups, e, g., OH, SH, NO2, SO3H, or of hydrogen or oxygen.'*^ It may also 
be used as a dehydrating agent, polymerization catalyst, etc. In the 
chemistry of fatty acids it is principally of value for introducing chlorine 
in the place of the hydroxyl group to form acid chlorides. 

The reagent, when pure, is a colorless liquid, fuming in air and boiling 
at 78.8®C. At about 150° it decomposes into a mixture of sulfur chloride, 
sulfur dioxide, and chlorine. It often contains traces of phosphoryl chlo¬ 
ride, stannic chloride, and oxides of sulfur. Tests for these impurities and 
methods of removal are described by Silberrad.^^ Verkadc^ claims that 
prior purification of thionyl chloride by distillation over quinoline or 
boiled linseed oil is essential to the prevention of the formation of tarry re¬ 
action products when oleic acid is reacted with thionyl chloride. 

The frequent use of thionyl chloride for the preparation of acid chlorides 
is due piimarily to the fact that it is easier to handle than phosphorus penta- 
chloride and the end products of the reaction are volatile and therefore 
easy to remove. The preparation of many acid chlorides by the action of 
thionyl chloride on free acids or their alkali salts has been described, but 
few of them pertain to long chain aliphatic acids. 

The usual method is to heat the pure dry acid or the sodium salt with 
an excess of thionyl chloride at the boiling point of the latter, followed by 
distillation of the excess thionyl chloride. In some cases it is unnecessary 
to heat the reaction mixture excqpt to remove the excess thionyl chloride. 
Meyer,^^ for example, prepared a number of acid chlorides by reaction of 
the acid with a large excess of thionyl chloride in the cold for 24 hours and 
then removed the excess reagent by distillation. By treatment of the acid 
chloride with ammonia, he prepared the corresponding amides. 

^ C. A. Silberrad, Chemistry <fe Industry in J. 80c. Chem. Ind,, 45,36-38,65-67 (1926). 
^ P. E. Verkade, Rec. trav, chim., 62,393-397 (1943) 
" M. Meyer, Compt. rend., 203,1074-1077 (1936). 
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McMaster and Ahmann^ reported an investigation of the action of thi- 
onyl chloride on organic acids in which sixteen acids were reacted with 
thionyl chloride. None of the normal aliphatic acids was included al¬ 
though the method described is stated to be generally applicable for the 
preparation of the aliphatic acid chlorides. According to the method of 
McMaster and Ahmann, 15 to 25 g. of purified acid is treated with two to 
three times this weight of thionyl chloride. In some cases reaction occurs 
spontaneously but generally it is necessary to reflux the mixture to com¬ 
plete the reaction. Where the acid is insoluble in thionyl chloride, a solvent 
such as benzene, naphtha, or pyridine may Ix) used. The by-products of 
the reaction are generally volatile and are removed when the excess thionyl 
chloride is removed by distillation from the reaction mixture. Daubert, 
Fricke, and Longenecker^*’ found the method of McMaster and Ahmann to 
be quite satisfactory for the preparation of the saturated acid chlorides but 
they preferred the use of oxalyl chloride for the preparation of oleoyl chlo¬ 
ride. 

Carr^ and Liliermann^® found that many acids which react with diflSiculty 
or not at all with thionyl chloride do so readily when the reaction is carried 
out in the presence of pyridine. When the reaction is carried out in anhy¬ 
drous ether, pyridine, equivalent to one mole of the free acid, is added; 
when carried out in pyridine alone, two to three moles of pyridine are used 
for each mole of acid. Pyridine hydrochloride separates from the ether 
solution as the reaction proceeds and at the end of the reaction an ethereal 
solution of hydrochloric acid is added to precipitate the excess pyridine 
which is filtered off. These authors observ^ed that when monobasic anhy¬ 
drides were treated with thionyl chloride they were easily and quantita¬ 
tively converted into acid chlorides according to the equation: 

(RC0)20 + SOCh-> SO2 -f 2RCOa 

Black and Overley®^ prepared 9,10,12,13-tetrabromostearoyl chloride 
from the corresponding tetrabromostearic acid by treatment of the latter 
with thionyl chloride. A slight excess of thionyl chloride was added in 
small portions to tetrabromostearic acid heated to 120°C. After the 
reaction was completed, the mixture was cooled to room temperature and 
dissolved in anhydrous petroleum naphtha, and then cooled to —26®. The 
acid chloride, which was separated by filtration, melted at 59.5-60®C. 

Taufel and Kiinkele^^ attempted to prepare oleoyl chloride with thionyl 
chloride and stated that although they varied the reaction conditions over 
wide limits, they were not successful.. Among other products, they gener- 

" L. McMaster and F. F. Ahmann, J. Am. Chem. Soc.^ 50,145-149 (1928). 
B. F. Daubert, H. H. Fricke, and H. E. Longenecker, J. Am. Chem. Soc., 65,2124- 

2144(1943). See H. Richet, BuU. soc. chim,^ 1946, 52-54. 
P. Carr6 and D. Libermann, Compt. rend.. 199,1422-1423 (1934). 
H. C. Black and C. A. Overley, J. Am. Chem. Soc., 61,3051-n3052 (1939). 
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ally obtained a substance which melted at 50®C. It contained no chlorine 
and had an iodine number of 90.4 and a saponification number of 191. It 
apparently consisted principally of an iso-oleic acid of unknown configura¬ 
tion, A similar chlorine-free product melting at 38®C. and having an 
iodine number of 86.7 was obtained when the chlorination was carried out 
with an insufficient amount of phosphorus pentachloride. 

These results are in contrast to those of Sulzberger^® who prepared oleoyl 
chloride by warming oleic acid on a water bath with a small excess of thi- 
onyl chloride. The mixture was distilled to remove the excess thionyl chlo¬ 
ride after which the temperature rose to 190°C. whereupon the oleoyl chlo¬ 
ride distilled under a pressure of 9 mm. Analyses indicated that the prod¬ 
uct, which was obtained in 76% yield, was relatively pure. 

Verkade^® obtained oleoyl chloride in 90% yield by reaction of thionyl 
chloride with oleic acid, but only when the inorganic chloride was first dis¬ 
tilled over quinoline and boiled linseed oil to remove impurities. 

The reaction of thionyl chloride with long chain hydroxy acids does not 
appear to have been extensively investigated. Apparently a variety of 
reactions occur depending on conditions. These include, besides forma¬ 
tion of the acid chloride, addition of SOCl in place of the hydrogen of the 
hydroxyl group in the carbon chain, replacement of the hydroxyl group of 
the carbon chain with chlorine, and formation of various condensation and 
polymerization products. 

Reactions of Fatty Acids with Oxalyl Chloride.—Oxalyl chloride, 
(COCl)2, has been extensively used for preparing acid chlorides. Stau- 
dinger*^’^^ described a convenient method for the preparation of pure oxalyl 
chloride and investigated many of its reactions. Adams and co-workers^^-^ 
extended these investigations to various types of alcohols, phenols, and 
acids, especially in the presence of pyridine, and included also an investi¬ 
gation of the use of oxalyl bromide. Adams and Ulich*»^ found that ali¬ 
phatic acids, either alone or in benzene solution, when warmed with two 
moles of oxalyl chloride were converted quickly and almost quantitatively 
into the corresponding acid chlorides. When the sodium salt was used, 
these authors found that one mole of the salt reacted with 1 to 1.5 moles 
of oxalyl chloride in benzene to give sodium chloride and the corresponding 
acid chloride in practically quantitative yields. The latter method is of 
more general applicability and requires less oxalyl chloride to give the de¬ 
sired acid chloride. The acid anhydride may be used in the place of the 
free acid or sodium salt, likewise, with an almost quantitative jleld of the 

« H. Staudinger, Ber., 41,3658-3566 (1908). 
« H. Staudinger and E. Anthes, Ber., 46,1426-1437 (1913). 

R. Adams and H. Gilman, J. Am, Chem, Soc., 37,2716-2720 (1916). 
» R. Adams and L. F. Weeks, J, Am, Chem. Soc,, 38,2514-2519 (1916). 
•• R. Adams, W. V, Wirth, and H, E. French,/. Am, Chem, See,, 40,424-431 (1918). 
« R. Adams and L. H. Ulioh, J. Am, Chem. &c,, 42,699-611 (1920). 
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corresponding acid chloride. On the other hand, acid anhydrides may be 
formed from the acid by the reaction of one mole of oxalyl chloride on two 
or more moles of the sodium salt of the acid suspended in benzene solution. 

The mechanism of the formation of the acid chlorides is explained by the 
assumption that treatment of the aliphatic acid with oxalyl chloride re¬ 
sults in the formation of a double anhydride, followed by its decomposition 
into a simple anhydride and conversion of this anhydride into the corre¬ 
sponding chloride by the following reactions: 

2 RCOOH + (COCDj-► (RCOOCO)^ -f 2 HCl 

(RC00C0)2-> (RCOiO + CO2 + CO 

{RC0)20 + (COCl)2-> 2 RCOCl 4- CO2 + CO 

Lauroyl chloride is prepared according to the general method of Adams 
as follows: 25 g. of lauric acid and 40 g. of oxalyl chloride are placed in a 
round bottom flask connected with a ground-in glass condenser and 
warmed slightly to start the reaction, after which it is allowed to proceed 
spontaneously for 15 to 20 minutes. After this period, the mixture is re¬ 
fluxed for about two hours, followed by distillation of the reaction mixture 
at atmospheric pressure until the excess oxalyl chloride is collected. Then 
the chloride of the aliphatic acid is distilled under diminished pressure. 
The yield of lauroyl chloride (b.p. 145--147°C. at 20 mm.) by this method 
was found to be 27 g. or 99% of the theoretical. 

Oxalyl bromide was found to react exactly like oxalyl chloride to produce 
the corresponding acid bromides. When aromatic acids were added to 
phosphorus pentabromide suspended in benzene and refluxed for one to 
two hours, the corresponding acid bromides were produced but the yield 
was only about 50% of theory. The use of the sodium salt in place of the 
free acid gave larger yields. 

Averill, Roche, and King“ prepared a number of fatty acid chlorides for 
use as intermediates in the synthesis of pure glycerides of known constitu¬ 
tion, by reacting higher saturated acids with oxalyl chloride according 
to the method of Adams and Ulich. Wood et found the thionyl chlo¬ 
ride method unsatisfactory for the preparation of unsaturated fatty acid 
chlorides. However, application of the method of Adams and Ulich to the 
preparation of oleoyl, elaidoyl, linoleoyl, and linolenoyl chlorides was con¬ 
sidered satisfactory although the only yield reported was that for linoleoyl 
chloride (82%). 

Reactions of Fatty Acids with Phosgene.—In 1870, Kempf®® found that 
acetyl chloride was formed when acetic abid was treated with phosgene at 

“ H. P. Averill, J. N. Roche, and C. G. King, J. Am, Chem. Soc,, 51,866-372 (1929). 
•• T. R. Wood, F. L. Jackson, A. R. Baldwin, and H. E. Longenecker, J, Am, Chem, 

3oc., 66,287-289 (1944). 
T. Kempf, J. prakt, Chem,, 1,402-416 (1870). 
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110“-120°C. Later, Hentschel®^ noted that treatment of the sodium salts of 
the lower fatty acids converted them into mixtures of acid chlorides and 
anhydrides. The reaction does not seem to have found much favor as a 
laboratory method of preparing acid chlorides but several patents®^®^ have 
been issued which describe the preparation of the fatty acid chlorides by 
the action of phosgene on the corresponding acids. 

The earliest of these patents was issued to Hochstetter®^ and describes 
generally the vapor phase reaction of phosgene and acid in contact with a 
porous surface contained in an externally heated chamber, and specifically, 
the reaction at 200°C. of phosgene and chloroacetic acid in contact with 
charcoal to form chloroacetyl chloride. A British patent®® describes the 
preparation of higher fatty acid chlorides by reaction of fatty acids and 
phosgene in the presence of specially activated charcoal. According to 
the claims of the patent, the method obviates the use of solvents and pro¬ 
duces pure chlorides in practically quantitative yields. The process is 
claimed to be extremely simple and can be applied in the preparation of both 
saturated and unsaturated acid chlorides. An example is cited in which 145 
to 150 parts of stearic or oleic acid is heated to about 150°C. in the pres¬ 
ence of 1.5 to 3.0 parts of finely divided activated charcoal and the stirred 
mixture treated with phosgene until evolution of hydrochloric acid ceases, 
after which the pure, colorless chloride is separated by filtration. A more 
recent disclosure, contained in a Swiss patent,®^ describes the preparation 
of palmitoyl and stearoyl chlorides by reaction of palmitic or stearic acid 
with phosgene at a temperature above 140°C. in the presence of a small 
quantity of a tertiary amine salt, such as pyridine hydrochloride. 

Prat and Etienne®® described the preparation of lauroyl, palmitoyl, 
stearoyl, and oleoyl chlorides by reaction of phosgene and the corresponding 
fatty acids at temperatures of 140-145^0. in the absence of a catalyst. 
They used a reaction vessel having a fritted glass bottom to admit the 
phosgene in a finely divided form into the acid heated to the reaction tem¬ 
perature. The authors investigated a variety of reaction conditions in¬ 
cluding the influence of inert and activated dispersing media (broken glass, 
pumice, activated carbon), solvents (toluene and xylene), temperature, and 
flow of phosgene through the acid. The presence of solvents at reflux tem¬ 
perature resulted in a slow rate of reaction. At temperatures between 120° 
and 160°C., a flow rate of 10 g. per hr. of phosgene through the fatty acid 
(120 g.) gave an increased reaction rate which reached a maximum with 
a flow rate of 60 g. per hr. With lauric acid, a flow rate of 60 g. per hr. 
and a temperature of 150° gave a maximum production (about 94%) of 

« W. Hentschel, Ber,, 17,1284-1289 (1884). 
«* A: Hochstetter, German Pat. 283,896 (April 27,1915). 

I, G. Farbenindustrie A.-G., British Pat. 515,963 (Dec. 19, 1939). 
Soci6t4 pour Tindustrie chimique k B&le, Swiss Pat. 213,047 (April 16, 1941). 

w J. Prat and A. fiticnno, Bull soc. chim,^ 11,30-34 (1944). 
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lauroyl chloride in four hours and only slightly less (about 90%) in three 
hours. At 160° and the same flow rate, oleic acid gave a maximum yield 
(85%) of oleoyl chloride in two hours. With palmitic and stearic acids, 
imder the same conditions, 70% to 75% yields of acid chlorides were ob¬ 
tained. 

Bauer®’ was unable to prepare saturated acid chlorides by reaction of 
fatty acids and phosgene. For example, little reaction occurred by heat¬ 
ing stearic acid for six hours at a temperature of 150°C., either with or 
without a catalyst, when phosgene was passed into the reaction mixture at 
a slow rate. The use of a solvent for either the fatty acid or the phosgene 
failed to effect appreciable reaction. The use of xylene boiling at 140° 
failed to increase the reaction between myristic acid and phosgene. Bauer 
concluded that excessive amounts of phosgene were required for chlori¬ 
nation and the use of this reagent for laboratory preparation of acid chlo¬ 
rides was not practical owing to the necessity for recycling the reagent. 

(c) Properties and Reactions of Acid Chlorides 

The normal aliphatic acid chlorides are generally liquids at room tem¬ 
perature, and possess a pungent odor and fume in contact with air owing 

Table 115 

PHYSICAL PROPERTIES OF THE FATTY ACID CHLORIDES® 

Chloride Formula M.p., •C. B.p.. ®C. df 

Ethanoyl (acetyl) CHaCOCl -112 51-52 1.104 
Propionoyl C2H5COC1 - 94 78-80 1.065 
Butyroyl CaHiCOCl - 89 101-102 1.028 
Valeroyl CaHaCOCl 128 1.016« 
Caproyl CfiHnCOCl 152-153 
Heptanoyl C«Hi,COCl 175 
Capryloyl C7H15COC1 195 
Nonanoyl CsHirCOCl 220 
Capryl CaHiaCOCl 114« 
Lauroyl CiiHjaCOCl -17 142 
Myristoyl CiaHjTCOCl I - 1 168‘® 
Palmitoyl Ci^HaiCOCl 12 192« 
Stearoyl CirHaaCOCl 23 215»* 
Undecenoyl CioHiaCOCl 128.51^ 
Oleoyl CnHaaCOCl 2131* 
Elaidoyl CirHaaCOCl 216»» 
Brassidoyl C21H41COCI 

1_11:_ 

“ The nomenclature of the acid chlorides is confused by the use of two different suf¬ 
fixes, -yl and -oyl. The first is intended to apply with the common names of the acids 
(e.gf., acetyl, capryl, ol^l, etc.), the other with the Geneva names ethanoyl, decanoyl, 
octadecenoyl, etc.). The Geneva system makes no provision for the use of the -ciyl 
suffix with common names. There is a growing tendency, however, to use the -oyl 
suffix with the common names of acids, which has been done here with the exception of 
caproic and capric acids, whose chlorides would be indistinguishable under this iwstem. 
See paragraph 140 of “Introduction, With Key and Discussion of the Naming of Chemi¬ 
cal Compounds for Indexing,” Chem, AbstractSy 39, 5891 (1945). 

•• S. T. Bauer, Oil <fc Soap^ 23,1-5 (1946). 
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to their ready hydrolysis in contact with water. Some of their properties 
are given in Table 115. 

Owing to the great lability of the chlorine atom in the acyl chlorides, 
these substances are useful intermediates in the synthesis of glycerides and 
in other reactions. The halogen atom is readily replaced by HO, C2H6O, 
NHi, NHOH, NHNHs, Na, etc., as indicated in the following reactions of 
fatty acid chlorides: 

{!) RCOCl 4- HjO- RCOOH 4- HCl 

(«) RCOCl + HOR- RCOOR + HCl 

(S) RCOCl -h NH,- -► RCONH, 4- HCl 

U) RCOCl + NHjR- —► RCONHR 4-HCl 

(S) RCOCl + HNR,- RCONR2 4- HCl 

(e) RCOCl 4- NaOCOR - -► RCOOCOR 4- 

As indicated by these reactions, it is possible to form esters amides 
(5), alkylamides (4), dialkyamides (^), and anhydrides (6) by reaction 
of acid chlorides and the corresponding alcohol amino compound, or 
salt of a fatty acid (^), respectively. 

Ralston and Selby®^ investigated the reaction of sodium on the higher 
aliphatic acid chlorides in ether solution. They found that lauroyl, my- 
ristoyl, palmitoyl, and stearoyl chlorides reacted smoothly at the boiling 
point of ether to give the corresponding diesters of the unsaturated diols in 
60% to 70% yields. This observation is contrary to those of previous 
workers who found that the lower aliphatic acid chlorides yield diacyls 
(RCOCOR) and that benzoyl chloride yields ethyl benzoate®® when treated 
with sodium in anhydrous ether. Ralston and Selby postulated the follow¬ 
ing mechanism to explain the formation of the diesters of unsaturated diols 
by the action of sodium on acid chlorides: 

+ 2Na 
RC—CR 
J J ■f2Na 

RC==CR J) 
T T +2RC<f • 
6Na ONa \C1 RO 

rC==CR 

ICk!) (!)0CI 

^ A, W. Ralston and W. M. Selby, J, Am, Chem, Soc,, 61,1019-1020 (1939). 
•• I. A. Pearl, T. W. Evans, and W. M. Dehn, J, Am, Chem, Soc,, 60, 2478-2480 

(1938). 



CHAPTER XIV 

HYDROGENATION AND HYDROGENOLYSIS 

1. Introduction 

Hydrogenation reactions are of paramount importance in the chemistry 
of fats and oils and many of their derived products. Various processes 
based on these reactions are conducted on a large scale to produce annually 
millions of pounds of solid or plastic fats from liquid oils for use in prod¬ 
ucts such as shortening, margarine oils, hardened soap stock, and for such 
purposes as improving the hardness, plasticity, and stability of lard. Hy¬ 
drogenation is also applied to the reduction of carbonyl groups in fatty 
acid esters and glycerides to produce fatty alcohols for use as intermediates 
in the manufacture of detergents, wetting agents, and other products pos¬ 
sessing surface-modifying properties. 

In the laboratory, hydrogenation processes are applied to saturate the 
double bonds of unsaturated acids, esters, glycerides, and natural oils; 
for the reduction of carbonyl groups including reduction of esters to alco¬ 
hols and the reduction of keto acids to hydroxy and normal acids; for the 
reduction of hydroxyl groups; and for the preparation of fatty acid amines 
from nitriles. Hydrogenation involving reduction rather than addition to 
unsaturated linkages is sometimes referred to as hydrogenolysis to dis¬ 
tinguish the two types of reactions. 

Various reducing agents and methods are available for accomplishing 
these reactions, the foremost of which comprises the action of molecular 
hydrogen in the presence of a suitable catalyst. Other methods involve 
the use of metals such as sodium and zinc, or agents such as hydrazine, 
hydriodic acid, etc. The function of sodium, zinc, and other metals is 
generally to produce nascent or atomic hydrogen by their action on alcohols 
or weak acids. Certain types of hydrogenation reactions which require 
high pressures or temperatures when molecular hydrogen is used, proceed 
smoothly and rapidly at atmospheric pressure and low temperatures in the 
presence of atomic hydrogen. Consequently, molecular hydrogen in the 
presence of a catalyst is generally employed industrially, while in the 
laboratory the use of nascent hydrogen in the absence of a catalyst is quite 
frequently preferred. However, both practices are carried out in the 
laboratory and the method used is oftentimes a matter of choice or avail¬ 
ability of facilities. In other cases where the structure of a compound is 

359 
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being investigated and preferential action is required, a specific method of 
reduction may have to be employed, thus precluding the use of less selective 
methods. 

Although reactions involving catalytic hydrogenation of organic sub¬ 
stances were known prior to 1897, it was the classical work of Sabatier^ 
and his associates which led to the general introduction of this method into 
industry and in laboratory research. Great impetus was given industrial 
hydrogenation by the discovery in 1903 by Normann,^ that liquid marine 
and vegetable oils could be converted by this method into hard white fats. 
A year later, Ipatieff discovered that the application of high pressures led to 
hydrogenation reactions not possible at atmospheric or moderately low 
pressures. Within a few years following the discoveries of Normann and 
Ipatieff, most of the useful applications and methods of hydrogenation 
were brought to a high state of development for both industrial and labora¬ 
tory use. 

It is obvious that a process of such economic importance and practical 
application as a research tool would result in a flood of publications which 
has grown beyond all possibility of review^ing and cataloguing. Important 
applications, especially to the research worker, are often dilBBcult or im¬ 
possible to locate owing to the fact that they may be described incidentally 
to an investigation in which it was merely the means of obtaining some inter¬ 
mediate for the preparation of a desired product. Many reviews, as well as 
monographs, varying from a few to nearly a thousand pages have been 
written on the subject of catalytic hydrogenation and the reader is re¬ 
ferred to them for both historical and practical treatments of the subject. 
These include the classical work of Sabatier translated by Reid,' Ellises 
comprehensive survey,^ and Adkins'^ practical treatment from the stand¬ 
point of the research chemist. Reference should also be made to the 
reviews of Armstrong and Williams,® Wurster,® Mitchell,^ and especially to 
the critical and practical description of hydrogenation processes by Bailey.® 

Despite the vast amount of work and the flood of publications, only four 
catalysts for the reaction of hydrogen have found a permanent place in 
industry and in the laboratory. These are platinum, palladium, nickel, 

1 P. Sabatier, Catalym in Organic Chemistry, Trans, by E. E. Reid, Van Nostrand, 
New York, 1922. 

* W. Normann, British Pat. 1515 (Jan. 21,1903). See Herforder Maschinenfett-und 
Olfabril^ Leprince Siveke, German Pat. 141,029 (April 4, 1903). 

* C. Ellis, Hydrogenation of Organic SubstanceSf 3rd ed., Van Nostrand, New York, 
1930. See H. W. Lohse, Catalytic Chemistry. Chemical Pub. Co., Brooklyn, 1945. 

* H. Adkins, Reactions of Hydrogen with Organic Compounds over Copper-Chromium 
Oxide and Nickel Catalysts, Univ. of Wisconsin Press, M^son, 1937. 

® E. F. Armstrong and K. A. Williams, Chemistry & Industry^ 59, 3~9 (1940); Chem, 
Age London, 41,271-272,285-288 (1939). 

« O. H. Wurster, Ind. Eng, Chem,, 32,1193-1199 (1940). 
^ II. R. Mitchell, Food Manufacture, 18, 369-373, 401-404 (1943); Chem, Age Lon¬ 

don, 48,471-475,495-499 (1943). 
* A. E. Bailey, Industrial Oil and Fat Products, Interscience, New York, 1945. 
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and copper chromite, of which only the last two are of primary importance 
in industry. All of these metals may be treated in various ways to improve 
their catalytic activity so that the actual number of catalysts in use is 
considerably larger than the number of metals might indicate. Reaction 
pressures vary from atmospheric to 400 atmospheres and reaction tempera¬ 
tures from room temperature to 400°C. Generally speaking, the use of 
higher pressures is preferred to higher temperatures. 

For the saturation of double bonds of fatty acids and oils, nickel catalyst, 
molecular hydrogen, and low temperatures and pressures are generally used; 
while, for the reduction of carbonyl groups, copper chromite catalyst and 
moderately high pressures and temperatures are employed industrially and. 
in some laboratory operations. However, the use of sodium and alcohol 
is much more generally used for the reduction of carbonyl and nitrile link¬ 
ages on a laboratory s(;ale. The methods of preparation and industrial use 
of nickel catalysts are described and comprehensively discussed by Bailey,® 
and both nickel and copper chromite catalysts for laboratory use are simi¬ 
larly descril>ed and discussed by Adkins^ and are therefore omitted here. 

2. Saturation of Double Bonds by Hydrogenation 

Hydrogenation for the purpose of reducing double bonds consists simply 
of adding one molecule of hydrogen to each double bond in the compound 
undergoing reduction to produce a completely or partially saturated prod¬ 
uct. In the case of oleic acid this reaction consists of the addition of one 
mole of hydrogen to a molar quantity of the acid to produce a mole of 
stearic acid according to the following equation: 

H 
I 

H 

CH3(CH2)7C=C(CH2)7C00H 
H2 

II 
I 

11 

CH3(CH2)7C—C(CH2)7C00H 
I I 

H H 

This reaction is generally uncomplicated by side reactions since the final 
product is completely saturated and entirely symmetrical with respect to 
the orientation of the hydrogen atoms of the methylene groups. Both oleic 
acid, which has a cis-configuration, and elaidic acid, which has a trans- 
configuration, are reduced to the same stearic acid. However, complica¬ 
tions arise as soon as a second double bond is present in the molecule w^hich 
is subjected to reduction and still greater complications arise in the pres¬ 
ence of a third or a fourth double bond, a hydroxy or other reducible group. 

Despite a vast amount of work on the subject, the exact mechanism of the 
hydrogenation reaction is not known. A number of theories have been 
proposed to explain the various steps in the over-all reaction but none of 
them has been proved unequivocably. It is generally assumed that reac¬ 
tion first occurs between the catalyst and the unsaturated compound to 
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form an adsorption complex or intermediate at the surface of the catalyst. 
This adsorption complex: 

--CHj—CHr-CH=M:H~-CH2-CHr~- 

—Ni—^Ni— 

then reacts with hydrogen to form the corresponding saturated bond and 
simultaneously regenerates the catalyst with liberation of heat. 

It has been experimentally observed that the addition of hydrogen, short 
of complete saturation, to polyunsaturated acids or esters produces a variety 
of end products including so-called iso acids. In order to account for the 
appearance of these iso acids several theories have been advanced, namely: 
(Jf) Addition of hydrogen occurs randomly at all of the double bonds of a 
polyunsaturated acid; (^) polyunsaturated acids are hydrogenated pref¬ 
erentially in a progressive or stepwise manner; (S) hydrogen is not only 
added at the double bonds but at high temperatures in heterogeneous 
media, dehydrogenation also occurs; (4) hydrogenation is accompanied by 
wandering of double bonds; (6) any one or all of these reactions may occur 
simultaneously or successively depending on the conditions of hydrogena¬ 
tion. 

Although unequivocal proof for any of these assumptions is lacking, 
available experimental evidence indicates that certain of them are rea¬ 
sonably valid as indicated in the following discussion. 

If one mole of hydrogen added randomly to a mole of linolenic acid, 
there would be produced a mixture of three isomeric forms of linoleic acid, 
namely, and A®*^®’^®'^®-linoleic acid. If in the course 
of the hydrogenation geometric isomerization occurred, the number of 
isomers formed would be correspondingly increased since four geometric 
isomers are possible for each positional isomer. As will be pointed out 
later, evidence exists that such geometric isomers are actually formed 
during the hydrogenation of the esters or acids derived from certain oils. 

Random addition of a second molecule of hydrogen to the three posi¬ 
tionally isomeric linoleic acids mentioned above would yield three posi¬ 
tionally isomeric oleic acids, namely, A®*^®-, and A^®’'*-oleic acid, 
and since each of these can occur in either cis- or ^rans-modifications a total 
of six isomeric oleic acids are therefore possible. Thus, on the assumption 
that hydrogen adds in a random or statistical manner in the partial hydro¬ 
genation of a fat containing linolenic acid, it is theoretically possible to have 
twelve linoleic acids and six oleic acids in the mixture. 

In contrast to the assumption of random addition, it has been assumed 
that the hydrogen adds preferentially to a particular double bond at such a 
rate (or for some other reason) that this bond is completely saturated in a 
large number of molecules before a second bond is attacked. This pref¬ 
erential addition to a specific double bond reduces the number of isomers 
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formed from linolenic acid to one specific positionally isomeric or, if in¬ 
version also occurs, to two geometrically isomeric linoleic acids. Further 
hydrogenation, if also specific, then leads to only two oleic acids, one cis and 
the other trans. 

The third assumption to be considered is the preferential hydrogenation 
of specific bonds to produce relatively simple mixtures of the reduction 
products, but accompanied by dehydrogenation to produce unsaturated 
acids similar to those which would be produced by purely random addition 
of hydrogen. 

Experimental evidence appears to indicate that all of the double bonds 
in the hydrocarbon chain of unsaturated fatty acids are dissimilar with re¬ 
spect to their energy of activation and hence, rates of reactivity, since they 
apparently do not add hydrogen with the same ease. On the basis of this 
evidence it appears that the saturation of double bonds in long chain fatty 
acids occurs preferentially. This preferential addition of hydrogen to spe¬ 
cific double bonds is sometimes referred to as selectivity^ although the word 
has also been applied to the relative production of geometrical isomers of the 
ds-trans-ty^. 

Selectivity has also been used to refer to preferential hydrogenation as a 
function of molecular weight. Ueno® found that the higher molecular 
weight fatty acids (C20 and C22) of sardine oils are more slowly reduced than 
those of lower molecular weight (Cig), and he therefore considers the hydro¬ 
genation reaction as being selective with respect to the reduction of lower 
as compared to higher molecular weight acids of the same degree of un¬ 
saturation. 

Whenever the subject of selective hydrogenation is discussed, reference 
is invariably made to the formation of iso acids, especially isolinoleic and 
iso-oleic acids. Oftentimes it is not clear whether the authors refer to 
positional isomers or geometric isomers or to both. 

This lack of specificity with reference to the kind of iso acids which are 
meant has led to much confusion. Unfortunately the various positional 
and geometric isomers which are probably produced on partial hydrogena¬ 
tion of a highly unsaturated acid have seldom been prepared in pure form 
and therefore their properties have not been determined. 

^9,io^01eic and elaidic acids have been prepared in pure form and their 
melting points, solubilities, and other properties of the acids, esters, and 
common salts are known. On the other hand, little or nothing is known 
concerning the corresponding A®*®- and A^®*^^-oleic acids. It may be sur¬ 
mised that the cts-forms of these positional isomers are liquids like A*»^®- 
oleic acid and that their properties are rather similar. The corresponding 
irans-acids are probably solids and their properties similar to elaidic acid. 

» S.-L Ueno, J. Soc. Chem. Ind, Japan, 28,1235-1239 (1926). 
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It may be further surmised that ordinary oleic, m-A*’®-oleic, and czs- 
oleic acids add halogens and hydrogen under similar conditions at about 
the same rates and that their lead salts have relatively similar solubilities; 
also that ordinary elaidic acid, ^rans-A®'®-oleic, and /mns-A‘-oleic acids 
yield insoluble lead salts and react with halogens and hydrogen quite simi¬ 
larly. If these assumptions are correct, the m- and ^mns-acids can be 
separated and distinguished from each other as a group, but the com¬ 
ponents of each group will be difficult or impossible to separate and identify. 

Similar assumptions may be made with regard to ordinary linoleic and 
linolelaidic acids, i. e., all of the m-cis-acids having two unconjugated 
double bonds in the vicinity of those present in ordinary linoleic acid will be 
liquids having soluble lead salts and other similar properties. The corre¬ 
sponding linolelaidic or trans-trans positional isomers may be expected to 
have higher melting points and somewhat less soluble lead salts. The isom¬ 
erization of the linoleic acids is, however, much more complicated because 
two other geometric isomers are possible for each positional isomer, namely 
a cis-trans- and a <rans-cts-isomer. It would not be unexpected if the chem¬ 
ical and physical properties of these two geometric isomers were found to be 
intermediate between those of the cis-cis- or ordinary linoleic acid and the 
trans4rans*~ or linolelaidic acid. 

The difficulties of distinguishing between the various possible positional 
and geometric isomers of linoleic acid which may be postulated as products 
of hydrogenation of more highly unsaturated acids are almost insuperable 
in the present state of development of our analytical methods. However, 
the above possibilities should be borne in mind in any discussion of selective 
hydrogenation until unequivocal proof is at hand regarding the specific iso¬ 
mers which are actually present in any given type of hydrogenated oil. 

(a) Hydrogenation of Linoleic and Other Polyethenoid Acids 

The selectivity of the hydrogenation reaction was first pointed out in 
1917 by Moore, Richter, and Vati Arsdel,‘° and was confirmed by Richard¬ 
son, Knuth, and Milligan, ‘ ‘ Hilditch and Moore, and others. According 
to these early workers linoleic acid, m-cis-A®'‘®'‘2'‘®-octadecadienoic acid, or 
its esters, is practically completely converted to oleic acid or its esters be¬ 
fore saturation of the second double bond occurs. Hilditch and Vidyarthi‘^ 
state that on hydrogenation of methyl lipoleate or methyl linolenate ‘^no 

“ H. K. Moore, G. A. Richter, and W. B. Van Arsdel, J. Ind, Eng. Chem,^ 9,451-462 
(1917). 

“ A. S. Richardson, C. A. Knuth, and C. H, Milligan, Ind. Eng. Chem.f 16, 519-522 
(1924); 17,80-83(1925). 

« T. P. miditch and C. W. Moore, J. Soc. Chem. Ind.^ 42,15-17T (1923). 
” D. R. Dhingra, T. P. Hilditch, and A. J. Rhead, J. Soc. Chem. Ind., 51, 195-198T 

(1932). See T. P. Hilditch and A. J. Rhead, ibid., 51, 198-202T (1932); T. P. Hilditch 
and E. C. Jones, ibid., 51,202-203T (1932). 

T. P. Hilditch and N. L. Vidyarthi, Proc. Roy. Soc. London, A122,563-570 (1929). 
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fully-saturated ester is produced until nearly 90% of the polyethylenic 
ester has been transformed into monoethylenic compounds (t. 6., methyl 
oleate and iso-oleates)/' Hilditch and Moorehave shown this to be true 
for a considerable number of natural oils as well as the monoesters prepared 
from them. This probability was also pointed out by Armstrong and 
Hilditchas early as 1919. 

Such specific action is difficult to explain except on the assumption that a 
preferential orientation occurs at the instant the catalyst-reactant com¬ 
plex is formed at the catalyst surface which involves only the 12,13-double 
bond. But, if the complex dis-associates after saturation of the double 
bond, it is difficult to understand why no new complex would be formed 
involving the monoethenoid compound until after all, or nearly all (90%), 
of the dienoic acid is hydrogenated to the monoethenoid stage. This pref¬ 
erential or selective action appears to be independent of the nature of the 
catalyst as it has been observed to occur with a variety of catalysts and 
conditions of hydrogenation. For example, Suzuki and Inoue^® found that 
methyl linoleate was reduced in two stages when hydrogenated in tetralin 
in the presence of palladium-barium sulfate catalyst. After one mole of 
hydrogen was consumed the product was subjected to oxidation whereupon 
fission occurred at the 9,10-double bond to produce pelargonic acid, CH*- 
(CHOtCOOH, and azelaic acid, COOH(CH2)7COOH. 

These authors obtained identical results in the case of an isolinoleic acid 
isolated from silk worm pupa.^^ This acid was shown to be a 
octadecadienoic acid but it was not identical with ordinary linoleic acid 
since on bromination it gave no solid tetrabromide. Nevertheless, the 
partially reduced isolinoleic acid gave pelargonic and azelaic acids when 
oxidatively cleaved at the remaining double bond. The velocity of the 
hydrogenation reactions of linoleic and the isolinoleic acids were measured 
and it was found that in both stages normal linoleic acid hydrogenated more 
rapidly than the iso acid. It should be borne in mind that oxidative cleav¬ 
age provides no information regarding the geometric configuration of the 
acid, and all four geometric isomers of ordinary linoleic acid would give the 
same oxidation products on complete fission. 

It has been postulated that if linolenic acid, A*''®’^®'^®»i®*^®-octadecatri- 
enoic acid, is substituted for linoleic acid in the reaction, saturation of the 
16,16-double bond occurs almost exclusively prior to addition at either 
the 12,13- or the 9,10-double bonds. Moore'® found that catalytic hydro¬ 
genation of tung oil or the elaeostearic acid thereof resulted in a decrease of 
the maximum absorption at 2700 A. and a corresponding increase in the ab- 

“ E. F. Armstrong and T. P. Hilditch, Proc, Roy. Soc. London, A96,137-146 (1919). 
“ B. Suzuki and Y. Inoue, Proc, Imp. Acad. Tokyo, 6,266-268 (1930). 

Y. Inoue and B. Suzuki, Proc. Imp. Acad. Tokyo, 7,16-18 (1931). 
“ T. Moore, Biochem. J., 33,1635-1638 (1939). 
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sorption at 2300 A. This change in absorption is produced by a disappear¬ 
ance of triene conjugation and an increase in diene conjugation, which can 
occur only as a result of the saturation of the 9,10- or 13,14-double bond of 
eleaostearic acid. Saturation of the middle or 11,12 double bond would 
produce an acid absorbing at neither 2700 A. nor 2300 A. 

In contrast to the behavior of elaeostearic acid, van der Veen^* reported 
that the hydrogenation of methyl linolenate with one mole of hydrogen at 
180®C. and 1.0 to 1.6% of nickel-kieselguhr catalyst (0.2% to 0.3% 
nickel) resulted in addition first at the 12,13- or middle double bond to form 
^9,io,i6ii64ijioleic acid. This acid isomerized in part to form some 
linoleic acid. Subsequent hydrogenation with a second mole of hydrogen 
resulted in the formation of A^®'^^-elaidic acid, several positionally isomeric 
(and A^°*^^-oleic) acids, and stearic acid. 

The composition of the reaction mixture and constitutions of the com¬ 
ponent acids were established by determination of iodine and thiocyanogen 
values, the percentage of saturated acids by the Bertram oxidation method, 
and by ozonization. The formation of the end products of hydrogenation 
were explained by assuming that the A®* ^•-linoleic acid which first 
formed underwent partial isomerization to form some A^®'^^’^^’^®-linoleic 
acid. The latter product then underwent hydrogenation at the 14,15- 
double bond and simultaneous elaidinization to form A^®»^^-elaidic acid. 
The A®’^®’^®*^®-linoleic acid underwent hydrogenation at the 15,16-double 
bond and shifting of the 9,10-double bond to the 8,9- and, to a lesser ex¬ 
tent, to the 10,11-position without formation of normal oleic acid. 

The conclusions of van der Veen were substantiated in part by Lemon^ 
who showed by alkali isomerization and absorption spectra techniques that 
linolenic acid on partial hydrogenation produced A®'^®'^®»^*-linoleic acid 
whose double bonds could not be shifted to form a conjugated system. 

The observations of van der Veen and Lemon were confirmCed and ex¬ 
tended by Bailey and Fisher,**® who hydrogenated cottonseed, soybean, 
and linseed oils under selective conditions, after which they determined 
the composition of the products in terms of the component fatty acids. 
The data thus obtained were applied in calculating the relative reactivities 
of the component fatty acids toward hydrogenation, which were found to be 
in the ratios of the following whole numbers: oleic acid, 1; iso-oleic acid, 1; 
isolinoleic (A®»^®'^*’^®-linoleic) acid, 3; linoleic acid, 20; linolenic acid, 40. 

Gunstone and Hilditch**** and Hilditch*** reported that the relative rates 
of oxidation of methyl oleate, linoleate, and linolenate were approximately 
in the ratio of 1:12:25, and Hilditch**® pointed out that in l^th hydro- 

** H. van der Veen, Chem. Umachau FeUe Ole Wachae Haru, 38,89-96,219 (1931). 
« H. W. Lemon, Can. J. BeaearOi, F22,191-198 (1944). 
^ A. E. Bailey and G. S. F^her, Oil d Soap^ 23, 14-18 (1946). 
^ F. D. Gunstone and T. P. Hilditcdi, J. Chem. Soe., 1945, 8^841. 

T. P. Hilditoh, NtUure 157, 586 (1946); 
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genation and oxidation the effect of the —CH:CHCHjCH:CH— group is 
to increase the rate of reaction 12-20 times over that for the monoethenoid 
system, and that the introduction of a second reactive —CH2 group 
doubled the rate again. 

Much less is known concerning the hydrogenation of acids containing 
more than three double bonds. According to Ubbelohde and Savanoe,*^ 
clupanodonic acid absorbs sufficient hydrogen to pass directly to linoleic 
acid without the intermediate formation of linolenic acid. On bromination 
of progressively hydrogenated whale oil, these authors*^ were able to isolate 
octabromides and tetrabromides from the hardened oil but did not observe 
the formation of any hexabromides. 

Toyama and Tsuchiya** observed that the methyl esters of the highly un¬ 
saturated acids obtained from Japanese sardine oil were also preferentially 
and stepwise hydrogenated in the presence of nickel imder ordinary pres¬ 
sure and at temperatures of 185° to 210°C. The original mixed esters of 
fatty acids containing up to four double bonds had an iodine value of 350.6 
and the acids gave 127.1% of ether-insoluble bromides. During the course 
of the hydrogenation in which the iodine value of the acids was reduced to 
173.1, the amoirnt of ether-insoluble bromides was reduced to 1.67% and 
still later when the iodine value was reduced to 134.9 no ether-insoluble bro¬ 
mide was found. No solid acids were formed up to this point but immedi¬ 
ately afterward solid fatty acids were formed in substantial amounts. It is 
thus apparent that, up to the point of disappearance of acids giving an 
ether-insoluble bromide, only hydrogenation of the polyethenoid and di- 
ethenoid (linoleic) acids occurred. Following the completion of this stage 
of the hydrogenation, the diethenoid acids were' then further hydrogenated 
to monoethenoid (oleic) acids, and no doubt to saturated acids. 

As mentioned above, solid acids formed rapidly at or just below an iodine 
value of 134.9 and evidence was obtained that at least part of these acids 
contained two double bonds probably as a result of the formation of geo¬ 
metric isomerides having a <rans-configuration at one or both of the double 
bonds. 

(6) Hydrogenation of Oleic and Other Monoethenoid Acids 

Formation of Positional Isomers.—^Pigulevskil and Artamonov,^^ using 
platinum black as a catalyst, hydrogenated a series of octadecenoic (ol^ic) 
acids in which the double bond occupied different positions in the hydro¬ 
carbon chain. They found that the highest rate of hydrogenation occurred 

L. Ubbelohde and T. Savanoe, Z. angew. Chenu, 32,1, 257-262, 269-272, 276-280 
(1919). 

L. Ubbelohde and T. 8a,yasioe,Seifensieder-Ztg., 46,681 (1919). 
•• Y. Toyama and T. Tsuchiya, J. Soc, Chem, Ind. 10^1087 (1925). 

V* Rgulevekh and P. A. Artamonov, J, Qen, Chem. UJSJSM.^ 12, 510-517 
(194S0. 
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with the double bond in the 9,10-position and the lowest rate when the 
bond was in the 2,3-position, which is in accord with the observation of 
Ponzio and Gastaldi^® and others regarding the relative rates of absorption 
of halogens by these double bonds. 

It has been held by various investigators that hydrogenation is probably 
accompanied by dehydrogenation, at least under certain conditions, pri¬ 
marily because hydrogenation-dehydrogenation is an equilibrium reaction 
which, however, is generally carried out in such a manner that the equi¬ 
librium is always far to the right. In fact, Sabatier, on purely theoretical 
grounds, concluded that the action of nickel catalyst is reversible and con¬ 
firmed this conclusion experimentally. Subsequent investigators have con¬ 
tributed confirmatory evidence relative to the dehydrogenation reaction. 

As early as 1921, Levey^® indicated in a patent that the dehydrogenation 
of oleic acid was entirely practical but Suzuki and Kurita*’^ were unable 
to substantiate this claim regardless of the type of catalyst or reaction con¬ 
ditions which were used. A year later, Hilditch and Vidyarthi^* found that 
hydrogenation of methyl oleate, methyl palmitoleate, and methyl erucate, 
when carried out to reduce the iodine value about 30%, resulted in the 
formation of both positional and geometric isomers. Hydrogenation of 
methyl oleate at different temperatures (217-220®C. and 114-118°C.) gave, 
in addition to some elaidic acid, both A®*®- and '-oleic acids; methyl 
palmitoleic acid gave A®*®- and A'® "-octadecenoic acids; and methyl 
erucate gave and A'^ 'Mocosenoic acids. These isomeric acids ap¬ 
peared to be formed in apparently equal amounts in each case. 

These observations are explained by Hilditch and Vidyarthi^® as follows: 

*Tf, in the association of an ethylenic linkage with nickel 

—CHr-CHj—CH=CH—CH2—CHz— 

—Ni—Ni— 

followed by union with hydrogen and formation of the corre8ix>nding saturated 
compound, the possibility of reversal of the process (dehydrogenation) before the 
saturated compound leaves the catalyst surface is considered, it appears most likely 
that such dehydrogenation will occur in the same position as that occupied by the 
original double bond, and lead to the formation of the original ethylenic compound 
or its geometrical isomeric form. Alternately, dehydrogenation may ensue on 
either side of either of the carbon atoms which, as components of the original 
ethylenic linkage, were brought into association with the catalyst. 

'*We are thus led to ascribe the formation of both geometrical and structural 

" G. Ponzio and C. Gastaldi, Gckzz. chim, iiaL, 42, U, 92-95 (1912). 
*• H. A. Levey, U. S. Pat. 1,374,689 (April 12,1921). 
^ T. Suzuki and T. Kurita, Sci. Papers Inst. Phys. Chem. Research Tokyo. Suppl., 0, 

5-^(1928). 
T. P. Hilditch and N. L. Vidyarthi, Proe. Roy. Soc. London, A122, 552-563, 663- 

670(1929). 
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isomeric forms of oleic acids during hydrogenation (dehydrogenation) prior to the 
dis-association (or desorption) of the freshly-formed saturated compound from the 
catalyst surface/' 

Mazume^® investigated the hydrogenation of the methyl esters of oleic 
and linoleic acids and concluded that in the hydrogenation of methyl oleate 
a large amount of iso-oleic acid was formed at the initial stage of hydrogen¬ 
ation and the iso-oleic acid thus formed was gradually transformed into 
oleic acid by further hydrogenation. Here again it may be assumed that 
hydrogenation-dehydrogenation occurred during the course of which equi¬ 
librium mixtures of positionally and geometrically isomeric oleic acids were 
formed. 

Gutmann®® found that at low temperatures dehydrogenation of ethyl 
oleate did not occur, but that it did occur at high temperatures (300°C.). 
He also confirmed the selective or progressive hydrogenation of linoleic and 
linolenic acids and the formation of solid iso acids. 

Tzonev and YavneP^ appear to have been the first to demonstrate that 
dehydrogenation of a fat actually occurs under conditions similar to hydro¬ 
genation but in the absence of hydrogen. When sunflowerseed oil (iodine 
value, 131.4) was subjected to dehydrogenation for four hours at tempera¬ 
tures of 270®, 300°, and 320°C. in the presence of nickel-mercury catalyst 
in an atmosphere of carbon dioxide, the iodine values increased to 142,145, 
and 144.4, respectively. 

Tyutyunnikov and Kholodovskaya,^® on the basis of hydrogenation of sun¬ 
flowerseed oil, concluded that unsaturated solid acids were not formed by 
desaturation of stearic acid but this type of dehydrogenation would prob¬ 
ably not occur in the same manner as in the case of an unsaturated com¬ 
pound, i. e., immediately following the hydrogenation of the catalyst- 
unsaturated acid complex. These authors concluded that two-thirds of the 
linoleic acid in sunflowerseed oil was reduced in 90 minutes to solid 
oleic acid. To explain these reactions it is necessary to assume that the 
9,10-double bond is preferentially reduced and that simultaneously the 
12,13-double bond is isomerized to give a solid /rans-oleic acid. In order to 
explain the high proportion of liquid oleic acid in the latter stages of hy¬ 
drogenation, the authors concluded that the solid A^®'^®-oleic acid is con¬ 
verted to liquid A®’^®-oleic acid, thus necessitating a shift of the double 
bond and simultaneous isomerization back to a cfs-configuration. 

Zinov'ev and Kurochkina®® observed that the maximum content of iso- 

••T. Mazume, J, Soc. Chem, Ind, Japan, 31, 470-472 (1928); Suppl. binding, 112- 
113B. 

R. Gutmann, Madoholno Zhirovoe Delo, 1931, No. 8-9,32-36. 
** N. Tzonev and N. Yavnel, Maslobolno Zhirovoe Delo, 1930, No. 62-63,19, 
** B. Tyutyunnikov and R. Kholodovskaya, MaMbolno Zhirovoe Delo, 1929, No. 5, 

53-61. 
** A, Zinoviev and N. Kurochkina, Mastobotru) Zhirovoe Deh, 11,308-312 (1935). 
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oleic acid formed on hydrogenation of sunfiowerseed oil occurred when 
one-half the linoleic acid had been reduced and concluded, therefore, that 
at this point for each molecule of linoleic acid which had been reduced to 
A®'^®-oleic acid another molecule of linoleic acid had also been reduced to iso- 
Ai2.is-oleic acid. 

Forbes and Neville®^ investigated the liquid phase dehydrogenation of 
oleic acid using different concentrations of Raney nickel and freshly pre¬ 
cipitated chromic oxide. The use of the latter catalyst produced a product 
having about 3% greater unsaturation than the original acid. Vapor phase 
experiments with copper gauze as catalyst and temperatures up to 360®C. 
were unsuccessful, but when freshly precipitated chromic oxide on coke 
was used, the unsaturation was increased 9%. When the oleic acid was 
first heated with 1 to 2% of sulfur and the heating continued at 200~250°C. 
in the presence of sodium acid sulfate, hydrogen sulfide was evolved. When 
oleic acid was heated for 1 to 1.5 hours with 1% of sulfur, the unsaturation 
increased 10.5%; with 2% sulfur imder the same conditions unsaturation 
increased 12.5%. 

Although the evidence for the dehydrogenation of unsaturated acids is 
not indisputable, it does point to the possibility that hydrogenation-dehy¬ 
drogenation to form positional isomers may occur at any double bond in¬ 
volved in the hydrogenation of mono- and polyunsaturated acids and 
esters. The importance of the dehydrogenation reaction varies with the 
degree of hydrogenation which is desired, i. e., with the iodine value of the 
final product. If the hydrogenation is carried to complete saturation all 
of the newly formed, as well as the original, double bonds will be saturated. 
However, if the hydrogenation is stopped when the unsaturated acids have 
all been converted to oleic acids there will be present in addition to normal 
oleic acid some positional iso-oleic acids, or if hydrogenation is stopped 
while linoleic acid is present there will also be present variable quantities 
of positional iso-linoleic acids. Some of these positional isomers are 
probably formed as a result of dehydrogenation and some as a result 
of random addition of hydrogen at the double bonds of polyunsaturated 
acids. 

Formation of Geometric Isomers.—It has been unequivocally established 
that partial hydrogenation of mono- as well as polyunsaturated acids is 
accompanied by the formation of solid unsaturated isomers. Moore,*® as 
early as 1919, hydrogenated ethyl oleate with palladium and nickel catalysts 
at various temperatures and found that both liquid and solid oleic acids 
were produced. He concluded that solid iso-oleic acid was a mixture of 
AM0-, 410.11, ajjj A“»^*-iso-oleic acids and it is more than probable that they 

were in each case ^rans-isomers. On the basis of the observation that elaidic 

W. C. Forbes and H. A. Neville, Ind. Ena. Chem., 32,665-658 (1940). 
C. W. Moore, J. 8oe. Chem. Ind., 38,320426T (1919). 
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acid on hydrogenation produced liquid oleic acid, Moore concluded that 
hydrogenation caused a reversion from the trans- to the m-form and it is 
probable that positional isomers were also produced at the same time. 

The formation of solid iso-oleic acid during partial hydrogenation of 
ordinary oleic acid can scarcely be explained on any assumption other than 
that of dehydrogenation, probably by some such mechanism as has been 
suggested by Hilditch and Vidyarthi.^* On theoretical grounds the forma¬ 
tion of solid iso-oleic acid by hydrogenation of ordinary linoleic acid appears 
to be the result of the same mechanism. Since ordinary linoleic acid pos¬ 
sesses a cts-cis-configuration, hydrogenation of either double bond would 
produce oleic acids also possessing a cis-configuration and they should be 
liquids instead of solids. The liquid acids could then be converted to solid 
^rans-acids by subsequent hydrogenation-dehydrogenation. 

Kaufmann and Hansen-Schmidt^® attempted to determine the nature of 
the addition of hydrogen in peanut and sunflowerseed oils during hardening 
by determining at intervals during hydrogenation the iodine and thio- 
cyanogen values of the oils and of the separated acids. They concluded 
that hardening resulted priinarily from the formation of glycerides of higher 
melting isomeric oleic acids rather than from the formation of saturated 
acids which remained practically constant throughout the process. The 
percentage of oleic acid glycerides and its isomers increased from 61.2 to 
83.8 while the percentage of glycerides of linoleic acid were reduced from 
19.2 to 0. The oleic acid glycerides amounted to 61%, or 10% less than the 
original oil. Glycerides of solid isomeric oleic acids amounted to 32.8% and 
saturated acid glycerides to 16.5%. These results seem to constitute ample 
evidence of the inversion of normal oleic acid to solid iso-oleic acid. The 
reduction of normal oleic acid glycerides to a value 10% less than in the 
original oil without an increase in the saturated acids can only be explained 
by their isomerization to solid oleic acid glycerides. 

Similar results were reported by Ubbelohde and Savanoe*^ using less 
accurate methods than those employed by Kaufmann. Waterman and 
Bertram*^ applied the same analytical methods used by Kaufmann to an 
investigation of hydrogenated soybean oil (iodine value 133.7, saturated 
acids 14%) and found a constant increase in the saturated fatty acids as 
the iodine value decreased from 103.4 (17% saturated acids) to 61.9 
(33.6% saturated acids). 

The catalytic hydrogenation of cottonseed and peanut oils was investi¬ 
gated by Bailey and co-workers** with respect to the factors influencing 
the formation of solid iso-oleic acid. The factors included temperaturei 
pressure of hydrogen, degree of agitation, and the concentration and nature 

^ H. P. Kaufmann and £. Hansen-Sohmidt, Ber., B60,50-67 (1927)^. 
H. I. Waterman and S. H. Bertram, J. Soc. Chem, /nd., 48» 79-80T (1929). 

•• A. £. BaUey, R. O. Feuge, and B. A. Smith, Oil A Soap, 19,169-176 (1942). 
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of the nickel catalyst. The following conclusions were drawn by the au¬ 
thors from forty-one separate hydrogenation experiments. 

‘The formation of stearic .acid was found to be repressed and the formation of 
i8<H)leic acid simultaneously favored by increasing the temperature, increasing the 
catalyst concentration, decreasing the pressure, and decreasing the agitation. 

“The nature of the nickel catalyst, as influenced by its method of preparation, 
may have a large effect on the composition of the hydrogenated product. One of 
the nickel catal3rsts investigated formed excessive amounts of iso-oleic acid without 
being correspondingly selective. 

“In the hydrpgenation of cottonseed oil, within a comparatively wide range of 
conditions, the production of total solid acids with a given catalyst is relatively 
constant, since the conditions leading to the formation of stearic and iso-oleic 
acids are mutually exclusive. Extremes in either direction, however, lead to the 
production of excessive amounts of total solid acids.^^ 

The amounts of both normal and iso-oleic acids produced on hydro¬ 
genation of cottonseed oil varied over a wide range but in no case was the 
normal oleic acid found to be less than in the original oil as was observed by 
Kaufmann and Hansen-Schmidt. However, Bailley and co-workers did not 
carry their hydrogenation to the complete disappearance of linoleic acid 
although in some cases only 2% to 3% of this acid remained. 

In a considerable number of experiments it was observed that linoleic 
acid was converted to normal and solid iso-oleic acids in a ratio of 1:1, but 
other ratios such as 2:1 and 3:1 were also observed. 

(c) Hydrogenation of Glycerides 

A complicating factor in the selective principle of hydrogenation which is 
fairly well established in the case of monoesters is the point of attachment 
of the unsaturated acid to the glycerol molecule in the case of a natural 
oil. In general the fatty acid attached at the jS-position of the glycerol 
molecule is less reactive than that attached at the a- or a'-position. Whether 
this lesser activity has any marked influence on the hydrogenation of the 
unsaturated acid attached at the jS-position is not known with certainty. 

It is possible that in the case of a triglyceride containing oleic, linoleic, 
and linolenic acids, the selectivity with respect to hydrogenation of the 
most highly unsaturated acid, followed by the next most highly unsatu¬ 
rated acid, etc., might be appreciably altered as compared to the correspond¬ 
ing monoesters both as to the particular acid which is first attacked and the 
position of the first double bond to be saturated. For example, linolenic 
acid attached at the imposition may be less readily hydrogenated than lino¬ 
leic acid in the a-position, or linoleic acid in the /S-position may be less 
readily hydrogenated than oleic acid in the a-position. 

Hilditch and Paul®’ summarize the problem as follows: 

** T. P. Hilditch and H. Paul, J, Soc, Chem. Ind,, 54,336-338T (1935), 
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, the alterations in component glycerides during hydrogenation of a fat are the 
resultant of a number of factors, and the changes in question are not so simple in 
character as may appear at first sight. The glyceride structure of a hydrogenated 
fat depends, in fact, on (a) the glyceride structure of the original fat, (6) the manner 
in which the fatty acid radicals per se are affected during hydrogenation (t. e., pref¬ 
erential hydrogenation of linoleic to oleic, etc.), and (c) the manner in which mixed 
glycerides of different configuration behave towards catalytic hydrogenation (i. c., 
the apparent reluctance with which an unsaturated /3-acyl group is hydrogenated in 
comparison with an unsaturated a-acyl group in the glyceride molecule).^' 

Experimental evidence adduced by Hilditch and co-workers,while 
throwing some light on the problem does not provide a quantitative answer 
to the problem if indeed such is at all possible. 

{d) Conjugated Hydrogenation 

The term conjugated hydrogenation has been used to refer to a form of 
catalytic hydrogenation-dehydrogenation involving the use of a hydrogen 
donor and an unsaturated substance to be reduced. The reaction, which is 
probably molecular in nature, resultsirom the direct transfer of hydrogen 
from an alcohol such as ethanol or propanol to the unsaturated compound 
with the formation of the corresponding aldehyde. Methanol is not reac¬ 
tive but any higher alcohol may be used. The reaction may be represented 
as occurring in accordance with the following equation: 

CH,(CH,)20H -f CH3(CH2)«CH:CH(CH2)„R-► CHaCHaCHO -f 

CH3(CH2)nCH*CH2(CH,)nR 

The process appears to have received little attention outside of Russia 
where it has been systematically investigated principally by Lyubarskif and 
co-workers. As in the case of hydrogenation with molecular hydro¬ 
gen, a nickel catalyst is employed at elevated temperature. The reaction 
with an alcohol as a source of hydrogen is apparently much more rapid than 
when molecular hydrogen is used. Under specified conditions, the same 
degree of hydrogenation is attained in one hour at 220°C. as in three hours 
at 200®. At 250® the same degree of hydrogenation is obtained in 15 
minutes as at 200® in six hours. With alcohol as a source of hydrogen, the 
iodine number of cottonseed oil could not be reduced below 64 to 67, ir- 

^ T. P. Hilditch and E. C. Jones, J, Chem. Soc,. 1932,806-820. 
T. P. Hilditch and W. J. Stainsby, Btochcm. J., 29,90-99 (1936). 

« A. Banks, H. K. Dean, and T. P. Hilditch, J, Soe, Chem. Ind.^. 77-82T (1936). 
T. P. Hilditch and H. Paul, /. 8oc. Chem. Ind., 54, 331-336T, (1936). 

** W. J. Bushell and T. P. Hilditch, J. Chem. Soc., 1937,1767-1774. 
** T. P. Hilditch, M. B. Ichaporia, and H. Jasperson, J. Soc. Chem. Ind.y 57,363-368T 

" E. I. Lyubarskil, J. Applied Chem. U.8.8.R., 5,1026-1046 (1932). 
V. A, Rush, I. L. Dvinyaninkova, and E, I. Lyubarskil, J. Applied Chem. UJS.8.R., 

10,702-708(1937). 
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respective of the excess of ethanol over that required by theory or of cata¬ 
lyst above 0.9%. 

The nature of the catalyst has a marked effect on the degree of destruc¬ 
tion of the aldehyde which is formed on dehydrogenation of the alcohol as 
indicated in Table 116. In the case of conjugated hydrogenation, there can 

Table 116 

CONJUGATED HYDROGENATION OP SUNPLOWERSEED OIL 

WITH PROPANOL AT 260°C. POR FIFTEEN MINUTES 

Composition of product 
1 Type of catalyst 

Unsupported nickel Nickel on kieselguhr 

Saturated acids, % 12.5-12.8 12.8-14.8 
Oleic acid, % 50.8-54.6 53.2-56.3 
Iso-oleic acid, % 33.1-27.4 22.0-26.8 
linoleic acid, % 3.6-5.3 4.7-10.3 
Aldehyde destroyed, % 35.7 16.8 

be no doubt of the hydrogenation-dehydrogenation nature of the reaction 
and Lyubarskil has shown that the two reactions are balanced at the critical 
hydrogenation temperature. It may also be noted from Table 116 that 
the process is highly selective with respect to the formation of iso-oleic acid 
which seems to be further evidence that iso-oleic acid originates primarily 
as a result of a dehydrogenation reaction. 

3. Reduction of Carbonyl Groups 

(a) Reduction of Fatty Esters to Alcohols 

Prior to 1903, four methods were available for the production of primary 
aliphatic alcohols by means other than distillation of wood and fermenta¬ 
tion, both of which furnish only the lower members of the series, e. g,, 
methyl, ethyl, propyl, isobutyl, and isoamyl alcohols. Two of the four 
methods are those of Wurtz and of Friedel, both of which involve the use of 
the acid corresponding to the desired alcohol. The other two methods 
employ a lower homolog of the alcohol desired. 

The Wurtz method involves reduction with sodium amalgam of the 
corresponding aldehyde obtained by the calcination of calcium formate 
and the calcium salt of another acid. The second method involves reduc¬ 
tion by sodium amalgam or zinc-copper couple of the chloride or anhydride 
of the corresponding acid. These methods are tedious and give poor 
yields of the desired alcohols. The third method, which is due to Guerbet," 

« M. Querbet, Comj^ rend., 128,511-513,1002-1004 (1899): 133,1220-1222 (1901): 
134,467-469 (1902); BvU. soe. chim. 21,487-489, 489-491 (18W); 25,300-302 (1901); 
27,578-581,581-584,1084-1086,1036-1088 (1902), 
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consists in condensing^ at high temperature and in the presence of sodium, 
two molecules of the same or different alcohols to produce the desired 
higher alcohol. The fourth method, namely, that of Grignard and Tissier,^ 
consists in the condensation of trioxymethylene (metaformaldehyde) with 
derivatives of organomagnesium. 

In 1903, Bouveault and Blanc“ described a method which made it pos« 
sible to prepare moderately large quantities of higher aliphatic alcohols by 
the reduction of the corresponding aliphatic esters with sodium and ethanol. 
Ten years later, Chablay®^ showed that the esters of aliphatic acids could 
be reduced to the corresponding alcohols by treatment with metal ammo¬ 
niums, NHsK and NHsNa. 

In 1931, Adkins and co-workers,®^»^® Schrauth, Schenck, and Stickdom,®^ 
Normann,®® and others described processes for accomplishing the same re¬ 
sult by the catalytic reduction of ethyl esters at moderately high tempera¬ 
tures (200® to 250®C.) and correspondingly high pressures in the presence 
of copper-chromium oxide. These two methods have made it possible to 
obtain on a laboratory and industrial scale practically any desired aliphatic 
alcohol from the corresponding fatty acid ester. 

(6) Reduction with Sodium and Alcohol 

According to Bouveault and Blanc, ethyl esters of fatty acids are re¬ 
duced with sodium and absolute ethanol to form primary alcohols according 
to the equations which they stated to be as follows : 

RCOOC2H5 + 2 H,-► RCHjOH + C,H50H 

RCOOCiH, + 4 Na 4- 3 Cja^OH-► RCH2OH + 4 C,HjONa 

Methanol or amyl alcohol can be substituted for ethanol. Yields up to 80% 
and higher were claimed under the best conditions in the case of normal 
alcohols. The method was found to be applicable to the preparation of 
secondary and tertiary alcohols from the corresponding acids, and even 
aromatic acids of the phenyl acetic series as well as normal aliphatic amides 
were observed to undergo reduction to form corresponding alcohols. 

Two methods were originally described by the authors of which the pre¬ 
ferred procedure comprises solution of the ester to be reduced in three to 
four times its weight of absolute ethanol and allowing the mixture to fall 
in small portions into a flask containing six atomic equivalents of sodium 
cut into large pieces. The flask was fitted with an efficient condenser and 

" V. Grignard and L. Tissier, CompL rend., 134,107-108 (1902). 
•• L. Bouveault and G. Blanc, Campt. rend., 136, 1670-1678 (1903); BvM. eoc. chim.. 

29,787-788(1903): 31,666-672,672-676 (1904). 
E. Chablay, Compt. rend., 154, 364-^ (1912); 156,1020-1022 (1913). 

•* H, Adkins and R. Connor, J. Am. Chem. Soe., 53,1091-1095 (1931). 
•* H. Adkins and K. Folkers, J. Am. Chem. Soc., 53,1095-1097 (1931). 
M W, Schrauth, O. Schenck, and K. Stickdom, Ber., 64,1314-1318 (1931). 

W. Normann, Z, angew* Chem., 44,714-717 (1931). 
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the rate of introduction of the ester solution was limited to the capacity 
of the condenser. The reaction was found to be very rapid and the sodium 
generally melted rapidly. Once the reaction subsided, boiling was main¬ 
tained by application of heat for about six hours. If any sodium remained 
undi’ssolved at the end of this time, additional absolute ethanol was added 
to dissolve it, and enough water to produce a homogeneous mixture. 
Steam distillation was employed to remove the ethanol and then the newly 
formed alcohol if it was volatile under these conditions. 

The method of Bouveault and Blanc has many advantages because of the 
specificity of the reduction process. For example, esters of hydroxy acids 
can be reduced to glycols because the hydroxy group of the ester is unat¬ 
tacked during the reduction of the carbonyl group. Thus, Chuit and co- 
workers^ were able to reduce the methyl ester of lO-hydroxynndecanoic 
acid to 2,11-undecanediol: 

CHaCHOHCCHOsCOOR-> CH3CH0H(CH2)8CH20H 

It also has the advantage of effecting little change in the unsaturation of the 
hydrocarbon chain and can, therefore, be applied in the preparation of un¬ 
saturated alcohols from esters of unsaturated fatty acids. 

Although possessing many advantages, the method of Bouveault and 
Blanc also has some disadvantages, the most serious of which is the fact 
that the strong alkaline reaction medium results in considerable saponi¬ 
fication of the ester and consequent reduction in yield of the desired alcohol. 
To overcome this objection, the use of phenyl and other difficultly saponi¬ 
fied esters has been proposed together with a large excess of sodium and 
absolute ethanol. However, even under these conditions, Jantzen and 
Tiedcke®^ obtained only 60% of octadecanol on reduction of phenyl stearate. 
To obtain this 3ield it was necessary to use a ratio of 1 part of phenyl ester 
to 200 parts of absolute ethanol. 

Levene and Taylor®* and Levene and Allen®® prepared all of the normal 
aliphatic alcohols from Cis to C23 by reduction of the corresponding ethyl 
esters with sodium dust and ethanol in toluene solution. On the basis of 
the ester consumed the yields were stated to be 60% to 65%, but when 
allowance was made for the acid recovered, the yields were 90% to 95%. 
Marvel and Tanenbaum,*® employing the same method, prepared lauryl and 
myristyl alcohols in 65 to 70% and 63 to 75% yields, respectively, from the 
corresponding ethyl esters. 

P. Chuit, F. Boelsing, J. Hausser, and G. Malet, Helv» Chim, Acta, 9, 1074-1093 
(1926). 

E. Jantzen and C. Tiedcke, J. prakt, Chem., 127,277-291 (1930). 
“ P. A. Levene and F. A. Taylor, /. BioL Chem., 59,906-921 (1924). 

P. A. Levene and C. H. Allen, J, Biol. Chem., 27, 433-462 (1916). 
C. S. Marvel and A. I. Tanenbaum, J. Am. Chem. Soc., 44,2645-2650 (1922). 
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Prins®^ devised a method for circumventing excessive saponification by 
stratifying the ester to be reduced in an ether solution above a concentrated 
solution of sodium acetate. According to this procedure the solutions are 
cooled to — 5®C. and the ether layer vigorously stirred while small pieces of 
sodium are added, followed by the dropwise addition of 30% acetic acid to 
keep the ether layer neutral or weakly acid to litmus. According to Prins, 
yields of alcohols up to 97% can be obtained by this method, but the re¬ 
duction requires three to five days. 

Bleyberg and Ulrich®^ claimed they were unable to duplicate the yields 
obtained by Levene and Taylor and devised a method for carrying out the 
reduction in petroleum naphtha solution. They dissolved the ester in low 
boiling petroleum naphtha in which sodium ethylate is practically insoluble, 
added 300% to 400% of the theoretical amount of sodium wire, warmed the 
solution, and slowly added over a period of an hour only as much absolute 
ethanol as was required to react with the sodium. All of the ethanol is 
consumed in the formation of sodium ethylate which is insoluble in the 
petroleum naphtha, hence saponification is reduced to a minimum. After 
heating for several hours, during which time most of the sodium is con¬ 
sumed, an excess of 95% ethanol is added to destroy the unreacted sodium 
and dissolve the reaction products. The mixture is then boiled an additional 
hour to saponify any unreduced ester. According to the authors, the use 
of this method makes possible the preparation of 100-g. c^uantities of the 
higher aliphatic alcohols in 80% yields starting with any ester melting below 
ethyl behenate. With ethyl behenate (m.p. 49°C.), the method requires 
modification because the sodium behenate formed on saponification of 
ethyl behenate is difficultly soluble in both water and dilute ethanol and 
the yield is therefore lowered to 60%. Substitution of butanol for ethanol 
leads to yields of 95% of docosanol from ethyl behenate. 

Ford and Marvel®® have described a modification of the method of 
Levene and Allen®* for the preparation of lauryl alcohol by the reduction of 
ethyl laurate with sodium and ethanol which gives 65% to 75% yields of 
the desired product. The method has also been applied to the preparation 
of undecanyl, myristyl, and cetyl alcohols from the corresponding ethyl 
esters in yields of 70%, 70 to 80%, and 70 to 78%, respectively. Although 
the yields are slightly less than those claimed by Bleyberg and Ulrich,®2 
the method is simple and rapid. The reaction is carried out in dry toluene 
(200 ml.) in which the sodium (70 g.) is dispersed by heating in an oil bath 
until it has melted, after which it is finely divided by rapid stirring. After 
the sodium is dispersed, the mixture is cooled and the ethyl ester (0.6 mole) 

H. J Prins, Eec. Irav, chm., 42,1050-1062 (1923). 
•* W. Bleyberg and H. Ulrich, Ber., 64,2604-2513 (1931). 
•* S. G. Ford and C. S. Marvel, in Organic SyntheaeSf Vol. 10. Wiley, New York, 

1930, pp. 62-64, 
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dissolved in absolute ethanol (160 ml.) is added, followed by the rapid 
addition of more alcohol (500 ml.). The time required for the addition of 
the ethyl ester and ethanol should not exceed five minutes and preferably 
not more than two or three minutes. After the reaction has subsided the 
mixture is heated on a steam bath until the sodium has completely dis¬ 
solved, after which it is steam-distilled to remove the toluene and ethanol. 
The residue is shaken in a separatory funnel with water and ether to sepa¬ 
rate the aliphatic alcohol and sodium soaps, and the alcohol is then re¬ 
covered by the usual procedure. 

According to a British patent,®^ a considerable improvement can be 
effected in the 3deld of alcohol by reducing the ester under a hydrogen 
pressure of the order of 15 to 20 atmospheres. A variation of this process 
employs finely divided sodium dispersed in toluene and the introduction of 
carbon dioxide into the reacting system which is under hydrogen pressure. 
Under these conditions the sodium alcoholate formed during the reaction is 
decomposed and its saponifying action on the still unattacked ester is pre¬ 
vented. On the other hand, no excess of acid can arise in the solution. 

Mechanism of the Sodium-Alcohol Reduction Process.—The mecha¬ 
nism of the sodium-alcohol reduction was investigated by Bouveault 
and his associates who concluded that the reaction was one of simple 
reduction by nascent hydrogen produced by the action of sodium on 
ethanol or other alcohol. In one experiment, Bouveault and Blanc®® dis¬ 
solved methyl caprylate in ethyl ether and floated the solution on water. 
When sodium was added to jthe aqueous layer a considerable portion of the 
ester was reduced and only traces of sodium caprylate were found in the 
aqueous layer. The ester was maintained out of contact with the sodium 
and only in contact with the hydrogen, consequently, they concluded the 
reaction occurred according to the equation: 

RCOOCJHi 4- 4 H-> RCH,OH -f C,H,OH 

It was observed that small amounts of by-products accompanied the 
formation of the alcohol. These products consisted of glycols, RCHOH- 
CHOHR, and acyloins, RCOCHOHR.®® The glycols were shown not 
to be intermediates in the production of the alcohols as they were resistant 
to reduction by sodium and absolute ethanol. They assumed that the 
hydroxy ketones were formed as a result of the action of sodium on the ali¬ 
phatic ester and not as a result of hydrogenation. The mechanism of the 
reaction was assumed to be as follows: 

2 RCOOR' -f 4 Na-► 2 NaOR' + RC(ONa)««C(ONa)R 

RC(ONa)«C(ONa)R + 2 Hrf)-► RC(OH)«-C(OH)R -f 2 NaOH 

RC(OH)«*C(OH)R-► RCHOHCOR 

H. Th. B6hme Britiah Pat. 346,237 (April 30,1031). 
L. Bouveault and R. Looquin, BviU. $oc, chim.^ 35,629-633.683-636 (1906). 
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Other mechanisms have been suggested by Scheibler and co-workers, 
Egorova,®® and others. 

By modifying the reaction conditions used for the reduction of esters to 
alcohols, Bouveault and Locquin obtained yields up to 80% of acyloins. 
The reaction was carried out at 0®C. in acetic acid for several days. Corson, 
Benson, and Goodwin®® improved the method by materially reducing the 
reaction time whereby 50% 3delds were obtained with the ethyl esters of the 
normal and iso acids from propionic to caproic. Snell and McElvain^® also 
investigated the reaction of sodium on aliphatic esters with respect to the 
formation of acyloins and diketones and showed that the diketones were the 
intermediate products in these reactions. They concluded that the reaction 
occurred in two steps, in the first of which two molecules of the ester reacted 
with two atoms of sodium to form a diketone-sodium ethoxide addition 
product. The diketone-sodium ethoxide addition product then reacts with 
two more atoms of sodium to form sodium ethoxide and the sodium salt of 
the acyloin. 

Most of the ethyl esters of the higher fatty acids have been subjected to 

Table 117 

PROPERTIES OF ALIPHATIC ALCOHOLS PREPARED BY REDUCTION OP ETHYL 

ESTERS WITH SODIUM AND ETHANOL 

Ethyl 
Alcohol 

B.p., "C. M.p.. *0. Specific 
Name Formula gravity 

Caproate Hexyl CsHnCHjOH 157 -52(-90) 0.833 
Heptanoate Heptyl 

Octyl 
CeHiiCHjOH 176 -35.5 0.836 

Octanoate CtHisCHjOH 194.5 -14 0.839 
Nonanoate Nonyl CsHitCHsOH 213 -5 0.842 
Decanoate Decyl 

Undecyl 
i 

C»H»CH,OH 231 7 0.839 
Undecanoate CioH«CH,OH 131“ 

124* mm. 
19 0.833i» 

Laurate Dodecyl 
(lauryl) 

CuHmCHjOH 143W mm. 24 0.831i* 

Myristate Tetradecyl 
(myristyl) 

Hexadecyl 
(cetyl) 

CuHrCH^OH iriaomm. 39-39.5 0.824 

Palmitate Ci*H«CH,OH 180“ 48.5-49.5 0.798 

Stearate" Octadecyl 
(stearyl) 

CnHwCHiOH 210.6“®“* 58.5 0.812 

Behenate Docosyl 
(behenyl) 

C»iH4iCH,OH 70.0-70.5 

Tetracosanoate Tetracosyl C»H47CH,0H 75.2-75.5 ... 
Hexaoosanoate Hexacosyl CfftHttCHiOH • * a 79.3-79.6 ... 
Octacosanoate Octacosyl CrHttCHiOH 1 82.9-83.1 

» Alcohol not prepared by sodium-ethanol reduction process. 

•• H. Scheibler and J. Voss. Ber.. 53,388-409 (1920). 
« H. Scheibler and F. Emden, Ann., 434,265-284 (192&). 
•• V. I, Egorova, /. Russ. Phys.-Chem. Boc., 60,1199-1210 (1928). 
•• B. B, Corson, W. L. Benson, and T. T. Groodwin, J. Am. Chem. Boc., 52, 3988- 

3995(1930). 
J. M. Snell and S. M. McElvain, J, Am. Chem. Soc., 53,750-760 (1931). 
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sodium-ethanol reduction for the preparation of the corresponding alcohols 
as indicated by the compilation in Table 117. 

(c) Reduction with Sodium-Ammonia 

Chablay^^ showed that the ethyl esters of fatty acids could be reduced to 
the corresponding alcohols by treatment with sodium-ammonia prepared 
by dissolving metallic sodium in liquid ammonia. The over-all reaction 
was assumed to occur according to the following equation: 

3 RCOOC2H5 + 2 (NHaNa)^-> 

2 RCONH2 + RCHgONa -h 3 NaOCjHs + 2 NH« 

Since the yield of alcohol is theoretically only one-third of the original ester, 
owing to the simultaneous formation of the amide, Chablay sought to in¬ 
crease the yield by reducing the amide as rapidly as it was formed by carry¬ 
ing out the reaction in absolute ethanol. 

The method as finally developed is as follows: A solution of sodium- 
ammonia is prepared by placing a quantity of sodium wire in a one-liter 
flask and adding 200 to 300 ml. of liquid ammonia. The ester to be reduced 
is dissolved in absolute ethanol and added through a dropping funnel into 
the solution of sodium-ammonia previously cooled to — 80®C. The blue 
color of the sodium-ammonia solution is rapidly decolorized as the reduc¬ 
tion proceeds. The ammonia is allowed to evaporate and the residue 
treated with water after which the alcohol is recovered by distillation or 
other means. 

Although the conversion of ester to alcohol proceeds in part according to 
the equation shown above, this is followed by a further reaction involving 
the reduction of the amide by nascent hydrogen as follows: 

2 CaHiOH -f (NH3Na)2-> 2 CaHsONa + 2 NH3 + H2 

RCONH2 -f 2 H2-► RCH2OH + NHa 

The over-all reaction may therefore be written: 

RCOOC2H6 + 2 C2H5OH + 2 (NH3Na)2-► RCH20Na + 3 C2H50Na -h 4 NH, 

When considered from the viewpoint of the over-all reaction, the reduction 
may be assumed as being brought about entirely by nascent hydrogen pro¬ 
duced by the action of sodium on ethanol and, therefore, it is essentially 
similar to the method of Bouveault and Blanc. 

Chablay applied his method to the preparation of most of the normal 
aliphatic alcohols from butanol to hexadecanol by reduction of the methyl 
or ethyl esters of the corresponding acids. The method is applicable to the 
reduction of dibasic acids to produce the corresponding glycols. Phenyl- 
acetic ester gives phenylethanol and methyl cinnamate is reduced to phenyl 

E. Chablay, Compt, rend^y 156,1020-1022 (1913). 
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propyl alcohol as the double bond of the side chain and the carbonyl group 
are reduced simultaneously. 

(d) Reduction with Copper Chromite 

From the industrial viewpoint the use of sodium and alcohol as a reducing 
agent for carbonyl groups possesses a number of disadvantages, especially 
high cost, poor yields, undesirable side reaction products, and operational 
difficulties, consequently considerable efforts have been devoted to the de¬ 
velopment of catalytic hydrogenation methods to accomplish this reduc¬ 
tion. These efforts resulted in the almost simultaneous development by a 
number of workers of several processes for the production of alcohols by the 
catalytic hydrogenation or hydrogenolysis of aliphatic esters and acids. 
Several processes employing copper,copper in the presence of a promoter,^® 
and especially copper chromite,^^"^® were developed and described in the 
patent and scientific literature within a period of less than a year. This 
almost simultaneous description of these processes has resulted in con¬ 
siderable confusion concerning the priority and independence of these dis¬ 
coveries which has never been completely clarified. 

When finely divided copper or copper on kieselguhr is used as catalyst, 
temperatures of 300° to 400°C. and pressures of 100 to 200 atmospheres 
are required for the reduction of ethyl laurate or the mixed ethyl esters of 
coconut oil to the corresponding alcohols. Copper in the presence of a 
promoter, and especially copper chromite, appears to be a considerably 
more effective catalyst for the reduction of carbonyl groups in general, and 
particularly for the carbonyl groups of the fatty acid esters and natural oils, 
consequently copper chromite is preferred for this operation both on an 
industrial and laboratory scale. 

Although the high-pressure catalytic reduction method possesses many 
advantages over the use of sodium and alcohol from the industrial point of 
view, it possesses certain disadvantages when applied in the laboratory. 
The principal disadvantages result from the fact that it employs special 
high-pressure equipment which is expensive and requires skill and care 
to operate. Furthermore, a single reaction vessel is not adaptable to all 
types of work which necessitates having available several high-pressure 
vessels of different sizes. If, however, such equipment is available and the 
types of compounds to be reduced are relatively similar as in the case of 

H. T. Bohme A.-G., British Pats. 356,606 (Sept. 10,1931); 358,869 (Oct. 15, 1931). 
See French Pat, 708,206 (July 22,1921). 

I. G. Farbe Industrie A.-G., British Pat. 356,731 (Sept. 8,1931). 
W. Normann^ Z. angew. Chem,, 44,714-717 (1931). 
O. Schmidt, Bcr., 64,2051-2053 (1931). 
W. Schrauth, 0. Schenck, and K. Stickdorn, Ber., 64,1314-1318 (1931). 

^ H. Adkins and K. Folkers, J, Am, Chem. Soc., 53,1095-1097 (1931). 
W. A. Lazier (to E. I. du Pont de Nemours), U. S. Pats. 1,839,974 (Jan. 5, 1932); 

2,079,414 (May 4,1937); 2,109,844 (March 1,1938). 
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fatty esters and natural oils, the method is of considerable utility. Com¬ 
plete catalytic hydrogenation equipment suitable for laboratory hydro¬ 
genation may be constructed according to the directions of Adkins^® or it 
may be purchased from several manufacturers who specialize in this type 
of equipment. 

Details concerning the preparation of the copper chromite catal3rst, de¬ 
sign of the apparatus, and method of procedure are described by Adkins and 
are therefore but briefly mentioned here. Several forms of copper chromium 
oxide or copper chromite catalyst have been described.®®**^® They differ 
somewhat in physical properties and activity toward different organic 
compounds. Adkins^® describes the preparation of a catalyst suitable for re¬ 
ducing fatty esters or acids to alcohols as follows: 

“Nine hundred ml. of a solution (at 80 ®C.) containing 260 g. of trihydrated copper 
nitrate and 31 g. of barium nitrate was added to 900 ml. of a solution (at 25^C.) con¬ 
taining 151 g. of ammonium dichromate and 225 ml. of 28 per cent ammonium hy¬ 

droxide. The precipitate was filtered, the cake pressed with a spatula, and sucked 
as dry as possible. The product was dried in an oven at 75® to 80®C. for twelve 
hours and then pulverized. It was decomposed in three portions in a casserole over 
a free flame. In carrying out the decomposition, the powder was continuously 

stirred with a spatula and the heating so regulated that the evolution of gases did not 
become violent. This was accomplished by heating only one side of the casserole 

and stirring the powder more rapidly when the decomposition started to spread 
throughout the mass. During this process the color of the powder changed from 
orange to brown and finally to black. When the entire mass had become black, 
the evolution of gases ceased, and the powder was removed from the casserole and 
allowed to cool. The combined product was then leached for thirty minutes with 
600 ml. of 10 per cent acetic acid solution, filtered, and washed with 600 ml. of 

water in six portions, dried for twelve hours at 125®, and pulverized. The yield of 
catal3rst was 170 g.” 

The actual catalyst in this preparation is believed to be copper oxide 
which is stabilized toward reduction by the presence of chromium oxide. 

As in other hydrogenations, time, temperature, pressure of hydrogen, 
weight of catalyst, and speed of agitation are interdependent variables in 
the rate of hydrogenation of esters to alcohols, consequently Adkins recom¬ 
mends the use of relatively high ratios of catalyst, for example, 3% to 6% 
of copper chromite with 50 to 100 g. of ester. Since a solvent is not gener¬ 
ally used in hydrogenating the higher aliphatic esters, acids, amines, alde¬ 
hydes, ketones, and cyanides, the maximum pressure attained is primarily 

^ H. Adkins, Reactions of Hydrogen with Organic Qomj^nds over Cop]^-€hromium 
Oxide and Nickel Catalysts. Univ. of Wisconsin Press, Madison, 1987. 

•• W. A. Lazier, British Pat. 801,806 (Jan. 30,1928); U. S. Pat. 1,746,783 (Feb. 11, 
1930). 

R. Connor, K. Folkers, and H. Adkins, /. Am. Chem. 8oc,^ 54,1138-1145 (1932). 
” G. Calinc^^ and G. hkigar, /nd. Eng. Chem., 26,878-680 (1934). 
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dependent on the pressure produced by the hydrogen at the temperature 
of the hydrogenation reaction. Generally, hydrogen is admitted to the 
reaction vessel from commercial cylinders of gas compressed to 125 at¬ 
mospheres. Hydrogen, for example, admitted to the reaction vessel at 
a pressure of 100 atmospheres at room temperature will, on heating to 
200®C., attain a maximum pressure of approximately 175 atmospheres. 
The effect of variations in the conditions of hydrogenation are illustrated 
by the data in Table 118 for the reduction of ethyl laurate to lauryl alcohol.** 

Table 118 

HYDROGENATION OF ETHYL LAURATE® 

Ester 0.13 mole, copper chromite Ester 0,13 mole, copper chromite 1.0 g., 
3.0 g., temp. 250*’C. acetone 1.7 moles 

Pressure, 
atm. Time, hrs. : Pressure, atm. 

Ester hydrogenated in 
30 and 60 min., % 

106 7 35 17 22 
214 1 148 60 92 
333 0.25 212 95 100 

® K. Folkers and H. Adkins, J. Am. Chem. Soc., S4, 1145 -1154 (1932). 

According to Adkins,’* most of the saturated aliphatic esters react with 
hydrogen over copper-chromium oxide at 200° to 250°C. in a manner 
similar to ethyl laurate to produce almost quantitative yields of alcohols 
or glycols. The glycerides and free acids likewise react in a similar man¬ 
ner according to one of the following equations: 

(1) IiCOOH-h2H2~ 

{S) RCOOR' -f 2 Ha - 

CHaOOCR 

(3) inOOCR + 6 H, 

(l;Hrf)OCR 

+ RCH,OH + n,0 

-> RCH,OH + R'OH 

CHsOH 

—► 3 KCHsOH + inOH 

In the case of monoesters, the alcohol esterified with the fatty acid may 
be of either low or high molecular weight, e. g., ethanol, butanol, or cetyl 
alcohol. The acyl portion of the ester may comprise either a normal or 
branched chain. Optically active alcohols are generally produced from 

optically active esters. 
It should be noted that the temperature (250°C.) mentioned by Adkins 

for optimum reduction of aliphatic esters to alcohols on a batch scale in the 
laboratory is considerably below those cited by Lazier for continuous or 
semicontinuous, industrial scale operation. Lazier” cites examples indi- 

»• K. Folkers and H. Adkins, J. Am. Chem. Soc., 54,1146-1164 (1982). 
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eating a yield of 53% of hexamethylene glycol by continuous hydrogena¬ 
tion of diethyl adipate at a temperature of 380°C. and a pressure of 3000 
lbs. per sq. in., compared with a yield of 85% to 90% when operating on a 
batch scale (autoclave) at a temperature of 255° and 3000 lbs. per sq. in. 
pressure. In the case of the glyceride esters and natural oils, Lazier’'* 
generally indicates temperatures in the vicinity of 360° to 380° for semi- 
continuous method and 260° to 300° for batch operation (autoclave). 

In actual practice it has been found that hydrogenation temperatures in 
the vicinity of 285°C. give good yields of the desired alcohols from coconut 
and similar oils. A peculiarity of the high-pressure hydrogenation of 
glycerides or natural oils for the production of fatty alcohols is the fact 
that at the higher temperatures the reaction appears to occur in true 
vapor phase, whereas at the low^er temperatures it appears to occur as a 
liquid-phase reaction. 

The unsaturated and saturated acids behave somewhat differently on 
reduction in the presence of copper chromite because the reaction is not 
entirely specific with respect to the reduction of carbonyl groups. Other- 
types of chromite catalysts have been found by Sauer and Adkins*^ to be 
more selective than copper chromite. For example, zinc-chromium oxide 
was found to reduce l)utyl oleate to oleyl alcohol (octadecenol), and butyl 
erucate to erucyl alcohol (docosenol), in about 68% yields, provided a high 
ratio of catalyst to ester was used together with a high temperature 
(300° C.). 

(e) Clemmensen Reduction 

Several satisfactory syntheses of long chain fatty acids have been de¬ 
veloped which proceed by way of the keto acids to normal acids. These 
methods which involve the reduction of carbonyl groups to methylene 
groups are due to the efforts of Clemmensen and Wolff-Kishner. 

Clemmensen*^ originally developed his method for the preparation of 
pure hydrocarbons by the reduction of the corresponding ketones. Ordi¬ 
nary reducing agents such as zinc and acids, sodium amalgam, sodium and 
absolute ethanol react with aliphatic ketones to give either pinacones or 
secondary alcohols instead of hydrocarbons. However, Clemmensen 
found that if the zinc was amalgamated superficially by immersion for a 
short time in a dilute solution of mercuric chloride, the reduction of the ke¬ 
tones to the corresponding hydrocarbons took place with great ease on 
heating with hydrochloric acid. The hydrocarbons were obtained in good 
yield and in very pure form. Clemmensen found that aliphatic ketones, 
whether short or long chain, symmetrical or unsymmetrical, could be re- 

J. Sauer and H. Adkins, 7. Am. Chem. Soc., 59, 1-3 (1937). 
“ E. Clemmensen, Orig. Com. 8ih IrUem. Conor. Applied Chem.. 6,68-76 (1912): Ber,, 

46,1837-1843 (1913); 47,61-63,681-687 (1914). 
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duced practically quantitatively to the corresponding hydrocarbons. For 
example, stearone, (Ci7H36)2CO, was quantitatively red\iced to n-penta- 
triacontane, (^351172. 

Le Sueur and Withers”*’ found that the Clemmensen method of reducing 
ketones was applicable to the reduction of long chain aliphatic keto acids. 
9-Ketomargaric acid”^ and 12-ketoheneicosanoic acid were quantitatively 
reduced by these authors to the corresponding margaric and heneicosanoic 
acids by boiling the substituted acids with amalgamated zinc and hydro¬ 
chloric*, acid. 

Others have used this method with minor variations for the reduction of 
various long chain aliphatic keto acids. P'or example, Robinson”” reduced 
13-keto-?i-tria(rontan()ic acid to n-triacontanoic acid by this method. A 
mixture of 13-ketotriacontanoic a(;id (5 g.), amalgamated zinc (100 g.), 
concentrated hydrochloric acid (100 ml.), and acetic acid (20 ml.) was 
heated,so as to maintain gentle boiling for four days. Every six hours 
the mixture was cooled, the zinc and solid acid collected, fresh hydro¬ 
chloric and acetic acids and zinc (10 g.) added, and the heating resumed. 
The i-educed acid was finally extracted from the reaction mixture with 
l)oiling acetic acid and recovered by dilution with water. 

Hills and Robinson”^ also applied the Clemmensen method to the reduc¬ 
tion of 13''keto-15-i)hciiylj)entadecanoic acid and 13-keto-22-phenylbe- 
henic acid to give the corresponding 15-phenylpentadecanoic and 22- 
phenyl behenic acids. 

In general it is essential that the keto group be located at some distance 
from the carboxyl group in order to obtain complete reduction by the 
Clemmensen method; a-, /S-, and 7-kcto acids are not readily or completely 
reduced but 5-keto acids and other aliphatic acids react normally. 

(/) Wolff-Kishner Reduction 

In 1912, WolflP® described a method for reducing aldehydes and ketones 
to hydrocarbons by heating their hydrazones, phenylhydrazones or semi- 
carbazones with sodium ethylate at a temperature of 150° to 180°C. for 
8 to 18 hours. Later, Kishner found that the same result could be achieved 
by heating the carbonyl compound with hydrazine sulfate and excess so¬ 
dium ethylate. Presumably the hydrazone is formed in situ and then re- 

w H. R. Le Sueur and J. C. Withers, J, Chem. Soc,, 107,736-739 (1915). 
H. R. Lc Sueur and J. C. Withers, J. Chem. jSoc., 105,2800-2819 (1914). 

** G. M. Robinson, J. Chem. Soc., 1934,1543-1545. 
G. M. Hills and R. Robinson, J. Chem Soc., 1936,281-283. 

^ L. Wolff, Ann., 394, 68-85, 86-108 (1912). See N. Kishner, /. Ruse. Phys.-Chem, 
Soc., 43, 582-595, 1398-1401 (1911); 45, 1779-1787 (1913); E. Thielepape, Ber., 55, 
136-138 (1922); E. Thielepape and O. Spreckelsen, Ber., 55, 2929-2939 (1922); M. D. 
Soffer, M. B. Soffer, and K. W. Sherk, J. Am. Chem. Soc., 67, 1435-1436 (1945); F. C. 
Whitmore, C. H. Herr, D. G. Clarke, C. S. Rowland, and R. W. Schiessler, ibid., 67, 
2059-2061 (1945); C. H. Herr, F. C. Whitmore, and R. W. Schiessler, ibid., 67,*2061- 
2063 (1945); Huang-Minlon, ibid., 68, 2487-2488 (1946). 
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duced by the action of the sodium ethylate. The method has been ex¬ 
tended by various workers to the reduction of keto acids. Because the 
double bond is unaffected by this reduction, it is useful in reducing un¬ 
saturated keto acids. It has been applied, for example, to the reduction 
of ketochaulmoogric acid to chaulmoogric add and various ketooctadec- 
enoic acids to n-octadecenoic acids.** In the latter instance the unsatu¬ 
rated keto acids were heated with sodium ethoxide and hydrazine hydro¬ 
chloride in a bomb at a temperature of about 185° for 60 hours. The Wolff- 
Kishner method has recently been modified and improved by the use of 
glycols or other high boiling alcohols as solvents which permit the reduc¬ 
tion to be carried out at atmospheric pressure. 

(g) Reduction of Keto Adda to Hydroxy Adda 

Long chain aliphatic keto acids can be reduced with sodiiun to the corre¬ 
sponding hydroxy acids by treatment of the sodium salt in absolute etha¬ 
nol. Thus, sodium ketostearate can be reduced to 10-hydroxystearic acid 
by treatment with metallic sodium in absolute ethanol.** 

4. Reduction of Triple Bonds to Double Bonds 

An important reduction process which is useful in the synthesis of mono- 
ethenoid aliphatic acids is that applied by Robinson and Robinson** 
in the reduction of stearolic acid, CH3(CH*)7C:C(CHs)7COOH, to oleic 
acid, CHi(CHj)7CH:CH(CHj)7COOH. Reduction of the triple bond to a 
double bond is accomplished by the action of zinc and hydrochloric acid in 
the presence of acetic acid and titanous chloride. Hydrochloric acid (15 
ml., 40% solution) is slowly added to a gently boiling mixture of acetic 
acid (30 g.), aqueous titanous chloride (10 g., 15% solution), stearolic acid 
(3 g.), and zinc dust (10 g.), which are contained in a flask closed by a tube 
with a Bunsen valve. After two hours, zinc dust (5 g.) and acetic acid 
(20 ml.) are added and the heating continued for an additional two hours. 
The oleic acid, which is unaccompanied by either elaidic or stearic add, is 
recovered by extraction with ether. 

•> R. Esppand A. Knoll, J. Am. Chem. Soc., 65,2062-2064 (1943). 
** G. M. mbinson and R. Robinson, /. Chem. Soc., 127,175-180 (1925). 



CHAPTER XV 

OXIDATION AND HYDROXYLATION 

1. Introduction 

Reactions involving the oxidation of fatty acids, and especially unsatu¬ 
rated fatty acids, are perhaps the most frequently occurring reactions of fat 
chemistry. They are of fundamental importance in such processes as the 
utilization of fats in the animal body; in the drying of oil films and the 
manufacture of various products of the drying oil industry; in the spoilage 
of fats; and in the investigation of the structure of fatty acids and their 
derivatives. 

The reagents which are capable of effecting oxidation in fats and oils are 
both numerous and diverse, consequently the end products of their reac¬ 
tion are likewise numerous and diversified. Three distinct classes of 
oxidizing reagents and reactions may be differentiated: (!) chemical oxida¬ 
tion by reagents other than atmospheric oxygen, (2) oxidation by atmos¬ 
pheric oxygen, and (3) biological or enzymic oxidation. Although it can¬ 
not be rigidly maintained, it is possible that oxidation with most oxidizing 
agents other than air results from reaction of atomic oxygen, whereas oxida¬ 
tion with air is molecular in nature. Because of the distinctive nature of 
the oxidation mechanisms involved in these three classes of oxidations they 
are best considered under separate heads. 

The list of oxidation agents, other than atmospheric oxygen, which have 
been applied in fat chemistry includes nearly all of those used in organic 
chemistry generally. Many of these reagents have not been found to 
possess any special merit in the investigation of fats and fatty acids and 
consequently they have not come into general use. Some, like nitric and 
sulfuric acids, for example, while of value in certain industrial processes 
are now of only historical interest as reagents in investigations of the con¬ 
stitution of fatty acids. Others, like chromic acid, are still used to a limited 
extent for special purposes but for the most part they have been super¬ 
seded by reagents, e, g., potassium permanganate, which react in an 
analogous manner while, at the same time, permitting more ready control 

of the action. 
Certain of the oxidation reagents are highly specific in their activity 

while others are quite general in both reactivity and application. For 
example, potassium permanganate and perbenzoic acid are widely appli- 

387 
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cable in investigating the structure of unsaturated fatty acids, whereas the 
use of lead tetraacetate and periodic acid is restricted to the fission of 
polyhydroxylated or other partially oxidized fats or fatty acids. 

In general, the products of oxidation of unsaturated fatty acids vary 
with the oxidation reagent and the conditions of oxidation, i. 6., tempera¬ 
ture, concentration of reagent and sample, solvent, catalyst, etc. Oxida¬ 
tion may proceed slowly through a series of intermediates, or rapidly and 
directly to a specific end product. In the former case, at any given instant, 
an appreciable number of oxidation products may coexist and the investiga¬ 
tion of the oxidation mechanism is therefore fraught with difficulties. 
Some investigators have attempted to study the effect of a given oxidation 
process using a single pure fatty acid or ester and a specific oxidizing agent 
in an effort to determine the mechanism of the oxidation process and the 
nature of the intermediate and end products of the reaction. Even such 
restricted conditions have not always res\ilted in a successful elucidation of 
the process of oxidation. 

Notwithstanding the exceedingly large amount of work which has been 
done, no single generalization concerning the mechanism of oxidation of 
unsaturated fatty acids has been proposed or found acceptance by the 
majority of workers in this field. The extant literature comprises many 
scattered investigations, numerous hypotheses, and some efforts toward 
generalization of the existing mass of experimental data. In the following 
pages the more significant experimental work and observations have been 
brought together, but as yet without any entirely satisfactory generalization 
concerning the over-all mechanism of fatty acid oxidation. 

2. Oxidation with Nitric Acid 

Nitric acid, although a powerful oxidizing agent, has been used but little 
in recent years for the oxidation of fatty acids. Prior to the introduction 
of potassium permanganate as an oxidizing agent for fatty acids, many 
investigations were carried out in which nitric acid was employed for this 
purpose. This work is now merely of historical interest and is therefore 
mentioned but briefly. 

Arppe^ investigat ed the action of nitric acid on the lower members of 
the saturated fatty a cid series. Dieterle^ oxidized stearic acid with three 
times its weight of concentrated nitric acid (sp.gr. 1.3) and obtained a 
number of short-chain monobasic acids, considerable amounts of sebacic 
and suberic acids, and small amounts of adipic and succinic acids. Carette* 
oxidized stearic acid, and a mixture of stearic and palmitic acids, by re- 

1 A. E. Arppe Ann., 95, 242-252 (1855); 120, 288-295 (1861); 124, 98-101 (1862). 
* W. I. Dieterle, Vher die Oxydationa-produkte reiner Siearinsdure dutch Salpetersdure. 

IL Beitrag zur Kenntnis der Adipinsdure. {Bemi G. F..Rapp, Cannstatt, 1^3, 66 pp. 
• H. Carette, Compt rend., 102, 692-693 (18^), 
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fluxing them for nine days with twelve times their weight of strong nitric 
acid (sp.gr. 1.36). Succinic and glutaric acids were isolated from the reac¬ 
tion mixture, but these were assumed to arise from oxidation of sebacic 
acid which was considered as the primary product of oxidation. Oleic 
acid gave propylene dicarboxylic acid, HOOC CH2CH:CHCOOH, when 
similarly oxidized. Noerdlinger^ oxidized myristic acid with nitric acid 
(sp.gr. 1.3) and obtained, in addition to carbon dioxide, principally succinic 
and adipic acids, some glutaric acid, and small amounts of pimelic, suberic, 
and oxalic acids. 

Recently Price and Griffith^ were granted a patent covering the oxidation 
of hydroxylated and unsaturated fatty acids or oils with nitric acid in the 
presence of manganese or its salts or oxides. Oleic acid (56 parts), man¬ 
ganese dioxide (0.6 part), and nitric acid (190 parts of 70%) when heated to 
80°C. for four hours gave a mixture of monobasic and dibasic (azelaic and 
suberic) acids. Similar products were obtained on oxidation of hydroxy- 
stearic, dihydroxystearic, and ricinoleic acids. 

3. Oxidation with Chromic Acid 

Simon® investigated the relation between the structure of various organic 
compounds and the extent to which they undergo oxidation when treated 
with chromic-sulfuric acid and with silver bichromate. He included in 
these investigations various normal and substituted fatty acids of the 
saturated and unsaturated series. According to Simon, reaction of fatty 
acids and related compounds with silver bichromate yields oxidation values 
(carbon dioxide) in relatively close agreement with their theoretical carbon 
content, whereas the values found with chromic anhydride depend on the 
molecular structures of the compounds which are subjected to oxidization. 
As a measure of oxidation he proposed the term oxidation deficiency which 
he defined as: 

A = 
C2 - Cl 

C2 
n 

where C2 is the percentage of carbon found by oxidation with chromic acid, 
Cl the percentage found by oxidation with silver bichromate, and n the 
number of carbon atoms in the compound. Actually the numerical value 
of A was considered to represent the number of carbon atoms per molecule 
which escaped oxidation with chromic-sulfuric acid. 

* H. Noerdlinger, Her., 19, 1893-1899 (1886), 
• D. Price and R. Griffith (to National Oil iWlucts Co.) U .S. Pat. 2,365,290, (Dec. 

19, 1944). 
* •L. J. Simon, CompL rend,, 174, 1706-1708 (1922); 175, 1070-1072 (1922); 179,. 

975-977 (1924); 180, 673-675, 833-836, 1405-1407 (1925). 
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The deficiency in the carbon completely oxidized to carbon dioxide by 
chromic-'Siilfuric acid was found to amount to two atoms per molecule in 
the case of straight chain acids of which stearic, oleic, elaidic, tariric, keto- 
tariric, and others were investigated. In derivatives such as the ethyl 
esters and glycerides, a deficiency was found which corresponded to nearly 
two carbon atoms for each carbon chain in the molecule. 

In the case of the unsaturated fatty acids, Simon concluded that com¬ 
plete oxidation of carbon to carbon dioxide with chromic-sulfuric acid 
occurs only if the unsaturated linkage occupies a terminal position in both 
the monobasic and dibasic acid series. However, allylacetic, CH2:CH- 
(CH2)2C00H, and A^^-^^-undecenoic, CH2:CH(CH2)8COOH, acids were 
found to be exceptions to this generalization since the oxidation deficiency 
was found to be one in the case of allylacetic acid, and two in the case of 
undecenoic acid. The former discrepancy was explained by the assump¬ 
tion that the presence of sulfuric acid in the oxidation mixture converted 
allylacetic acid to the 7-lactone and the oxidation deficiency corresponded 
to that obtained with saturated hydroxy acids. The discrepancy in the 
case of the undecenoic acid was considered to be evidence of the incorrect¬ 
ness of the accepted structure of this acid. Simon therefore proposed 
that the acid be assigned a A®-^®-structure, namely, CH8CH:CH(CH2)7- 
COOH. However, the isolation by Noller and Adams^ of methyl aldehy- 
dononanoate, CHO(CH2)8COOCH8, in 65% to 70% yield after, ozonation 
of methyl undecenoate appears to be ample proof that this acid is A^° “- 
undecenoic acid. 

In addition to its use as a reagent for wet combustion, chromic acid has 
been applied to the disruptive oxidation of unsaturated acids and to the 
further oxidation of partially oxidized products such as hydroxy and keto 
acids. Under the mildest conditions, chromic acid oxidation produces 
hydroxy acids, but compared with potassium permanganate it is infre¬ 
quently applied for this purpose. Unless the conditions of oxidation are 
carefully controlled, oxidation with chromic acid produces with oleic acid 
a variety of monobasic acids ranging from nonanoic (pelargonic) to acetic, 
and dibasic acids ranging from azelaic to oxalic.® Edmed® oxidized oleic 
acid with aqueous chromic acid (2% potassium dichromate plus an equiva¬ 
lent amount of sulfuric acid) by heating under reflux. No reaction occurred 
at first, but after four days reduction of chromate occurred slowly and after 
ten days nonanoic and azelaic acids were obtained. No other product ex¬ 
cept unchanged oleic acid was isolated from the reaction mixture. An ex¬ 
periment described by Armstrong and Hilditch® in which ethyl oleate was 
oxidized at room temperature with aqueous chromic acid would seem to 

’ C. R. Noller with R. Adams, J, Am, Chem. Soc., 48,1074-1080 (1926). 
»F. G. Edmed, J, Chem, 80c,, 73, 627-634 (1898). 
• E. F. Armstrong and T. P. Hilditch, /. Soc, Chem. Ind,, 44, 43-47T (1925). 
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indicate that under these conditions oxygen is absorbed to form an oxido 
or peroxide compbund which is probably further oxidized to a hydroxy 
acid. That hydroxy acids are readily split by chromic acid has been 
demonstrated by subsequent workers. 

Asahina and Ishida^® observed that chromic acid oxidation of dihydroxy 
acids lesulted in fission of the carbon chain between the adjacent hydroxyl 
groups. When dihydroxystearic acid, prepared by permanganate oxida¬ 
tion of oleic acid obtained from olive oil, was further oxidized by chromic 
acid, nonanoic and azelaic acids were formed. Trihydroxystearic acid, 
obtained by permanganate oxidation of ricinoleic acid from castor oil, 
gave heptanoie (CeHisCOOH) and azelaic acids. The method consisted of 
heating in a bath at 110° to 118°C., one part of dihydroxystearic acid with 
five parts of sulfuric acid, twenty parts of water, and two parts of sodium 
dichromate. When the temperature of the reaction reached 80° to 90°, 
steam was passed through the mixture until the distillate no longer con¬ 
tained nonanoic acid (b.p. 150°C. at 22 mm.). The azelaic acid (m.p. 
106° to 107°C.) was recovered from the residue. 

Griin and Wittka“ applied Asahina and Ishida's method to the oxidation 
of stearolic acid. Ten grams of stearolic acid was treated with 250 ml. of 
25% sulfuric acid and 20 g. of sodium dichromate. The reaction mixture 
was heated to 120°C. and steam at the same temperature was passed into 
the solution. After five hours, 4.5 g. of a volatile acid had distilled which 
on analysis proved to be pure nonanoic acid. The undistilled residue gave 
6.0 g. of azelaic acid which indicated that the reaction had been almost 
quantitative. In order to be sure that small quantities of other oxidation 
products had not been overlooked, the reaction was repeated using 150 g. of 
stearolic acid. This time there were obtained 78.5 g. of azelaic acid (m.p. 
106.5°C.) and 9.6 g. of suberic acid (m.p. 139.5°C.) from the nonvolatile 
portion, and 55.0 g. of nonanoic acid from the steam distillate. 

King^2 observed that 9-hydroxy-lO-ketostearic and 9-keto-lO-hydroxy- 
stearic acids were converted by chromic acid oxidation to stearoxylic acid 
(m.p. 85.5°C.). The reaction was carried out at room temperature for 24 
hours in glacial acetic acid to which chromic acid was added in the ratio of 
25 ml. of glacial acetic to 0.25 g. of chromic acid. 

Long chain alcohols are readily converted by chromic acid oxidation to 
the corresponding acids. For example, Chibnall ei oZ.^* converted cocceryl 
alcohol (15-keto-n-tetratriacontanol) into the corresponding 15-keto-w- 
tetratriacontanoic acid in 50% yield by oxidation with chromium trioxide 
in glacial acetic acid at 65° to 70°C. for 20 minutes. 

“ Y. Asahida and Y. Ishida, /. Pharm. 8oc. Japon^Sl, 171-179 (1922). 
A. Grtin and F. Wittka, Cnem. Umachau FeUe Ole Wach^e Harze, 32,257-259 (1925). 

« G. King, J. Chem, Soc., 1935, 1788-1792. 
A. C. ^ibnall, A, L. Latner, E. F. Williams, and C. A. A3a-e, Biochem. 28,318- 

325 (1934). 
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Beckmann^^ described a chromic acid oxidation reap^ent which has been 
successfully applied to many types of organic oxidations.'* It is prepared 
by dissolving 120 g. (0.4 mole) of crystalline sodium dichromate in a solu¬ 
tion of 100 g. (0.97 mole) of concentrated sulfuric acid and 600 ml. of water. 
Brown and Farmer'® applied this reagent to the determination of the struc¬ 
ture of 7-ketoazelaic acid obtained by permanganate oxidation of licanic 
acid from oiticica oil. y-Ketoazelaic acid (3.5 g.) was boiled with 45 ml. of 
Beckmann’s chromic acid mixture until the latter was completely reduced. 
Oxidative fission occurred at the points of attachment of the keto group to 
produce a mixture of succinic and adipic acids according to the following 
equations: 

-► HOOC(CH*)*COOH 
HOOC(CH2)4CO(CH2)2COOH— Succinic acid 

7-Ketoazelaic acid -> HOOC(CHa)4COOH 

Adipic acid 

Myers and Sprang'^ obtained a patent on the selective oxidation of 
mixed unsaturated acids and oils containing these acids. According to the 
claims of the patentees, di- and triethenoid acids can be preferentially 
oxidized with chromic acid without action on any oleic acid which may be 
present in the mixture. Mixed fatty acids, e. from corn, soybean, 
cottonseed, and similar oils, are oxidized at a temperature of 80® to 100®C. 
with 6% to 7% chromic acid. From 100 parts of mixed soybean oil fatty 
acids, 27 parts of oleic can be recovered after oxidation at 80® to 90®C. 
with 156.6 parts of chromic acid dissolved in 1033 parts of water containing 
300 parts of sulfuric acid. It is claimed that the di- and triethenoid acids 
are oxidized to mono- and dibasic acids under these conditions while the 
oleic acid remains unattacked. 

4. Oxidation with Potassium Permanganate 

The oxidizing agent most extensively employed in investigating the 
structures of unsaturated fatty acids is potassium permanganate. Long 
chain saturated fatty acids are generally unaffected by potassium per¬ 
manganate except at elevated temperatures and long, continued action. 
Groger,'* for example, treated palmitic acid with potassium permanganate 
under various conditions of time, temperature, and concentration of re¬ 
agent, and found that after 18 hours at the temperature of the water bath 
40% of the original acid was unaffected by a concentrated solution of 

E. Beckmann, Ann,, 250, 322-375 (1889); see especially pp. 325-327. 
H. Gilman, ed., Organic Syntheses. Collective Vol. I, 2na ed., Wiley, New York, 

1941, pp. 340-341. 
W. B. Brown and E. H. Farmer, Biochem. J., 29, 631-639 (1935). 
L. D. Myers and C. A. Sprang (to Emery Industries, Inc.), IJ. S. Pat. 2,369,108 

(Feb. 6, 1945), 
wM. Groger, Monatsh., 8, 484-497 (1887). 
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alkaline permanganate. The productH of oxidation of palmitic acid in¬ 
cluded the dibasic acids, oxalic, succinic, and adipic ; short chain monobasic 
acids, acetic, butyric, and caproic; and the hydroxy acids, hydroxy valeric 
and hydroxypalmitic. 

In contrast to the behavior of the higher saturated acids, mono- and 
polyethenoid acids react rapidly and at relatively low temperatures. Two 
types of permanganate oxidation are now clearly recognized: (a) oxidation 
in aqueous alkaline medium at low temperatures, 0® to 30°C., and (b) 
oxidation in nonaqueous (acetone) or acidic media at elevated tempera¬ 
tures. The first type of oxidation produces predominantly polyhydroxy 
acids which are geonu'tric isomerides of the original acid. The second 
type of oxidation produces predominantly fission products through rup¬ 
ture of the molecule at the double bonds. In the earliest investigations 
these two types of oxidation were not clearly distinguished. Conditions 
may be varied with respect to pH, concentration, and temperature, conse¬ 
quently various types of reactions may proceed concurrently. For ex¬ 
ample, when the oxidation is carried out at low temperature in a neutral, 
instead of an alkaline medium, the products of oxidation are generally hy- 
droxyketo acids rather than polyhydroxy acids. However, fission generally 
results when highly imsaturated acids are oxidized at 0°C., in fairly con¬ 
centrated aqueous sodium carbonate-potassium permanganate solutions. 
Oxido or peroxido acids do not appear to be formed during permanganate 
oxidation or, if so, they are too rapidly transformed to other products to 
permit their isolation. 

(a) Oxidation of Monoethenoid Acids with Aqueous Alkaline Potassium 
Permanganate 

Saytzeff^® appears to have been the first to employ potassium permanga¬ 
nate in alkaline solution for the oxidation of oleic and elaidic acids, and 
therefore was the first to observe that the primary products of this reaction 
were dihydroxy acids. This discovery of the action of alkaline perman¬ 
ganate on unsaturated acids was followed by the systematic and classical 
oxidation studies of Hazura and co-workers.^®""^^ These workers employed 
in their investigations a wide variety of fatty acids including the mixed 
liquid fatty acids of hempseed, walnut, poppyseed, linseed, and cottonseed 
oils, as well as isolated mono- and polyetbenoic acids, including oleic, 

A. Saytzeff, J, praki, Chem., 33, 300-^18 (1886). 
A. Bauer and K. Hazura, MonatsK, 7, 216-229 (1886). 

« K. Hazura, Mmatsh., 8. 147-155 (1887). 
” K. Hazura and A. Friedreich, Mmatsh., 8, 156-164 (1887). 
*» K. Hazura, Monaish.f 8, 260-270 (1887). 
** K. Hazura, Monatsh., 9, 180-197 (1888). 
** K. Hazura and A. GrOssner, Monaish., 9, 198 207 (1888). 
»« K. Hazura, Monatsh,, 9, 469-474 (1888). 

K. Hazura and A. Griissner, Monatsh,^ 9, 475-484, 944-946, 947-955 (1888). 
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elaidic, ricinoleic, erucic, brassidic, undecenoic, linoleic, and linolenic 
acids. Hazura was the first to isolate and name the tetrahydroxy acids 
(sativic acids) obtained on oxidation of linoleic acid and the hexahydroxy 
acids (linusic acids) obtained from linolenic acid. The results of the oxida¬ 
tions of these acids were summarized by Hazura®* in part as shown in 
Table 119. In these early experiments there was obtained, in addition to 
hydroxy acids, azelaic acid to the extent of 20% of the original unsaturated 
acid, and small amounts of low molecular weight acids including butyric. 
With improvement of the method of oxidation, the yields of hydroxy acids 
were increased and lesser amounts of fission products were obtained. 

Table 119 
PRODUCTS OF ALKALINE PERMANGANATE OXIDATION OBTAINED 

BY HAZURA® 

Acid Formula 
j Principal oxidation product 

Hydroxy acid Formula 

Oleic Dihydroxystearic C„H«0,(OH), 
Elaidic C18H3402 Isodihydroxystearic C,JImO,(OH), 
Ricinoleic C„H„0,(OH) Trihydroxystearic 
Linoleic C18H32O2 Sativic .C|8H3202v0H;4 
Linolenic CisHsoOi Linusic C,JH,oO»(OH), 
Erucic C22H4,02 S Dihydroxybohenic CaH«0,(OH), 
Brassidic C22H42O2 Isodihydroxybehenic C«H,20,(0H), 
Undecenoic CnH2o02 Dihydroxyundecanoic C.,H»0,(OH), 

o K. Hazura, Mmatsh,^ 8, 260-270 (1887). 

Stearolic acid was found to resist oxidation under the conditions which 
gave hydroxy acids from acids containing only double bonds. Hazura 
recognized that different hydroxy acids were produced when cis- and trans¬ 
forms of the same acid were oxidized. He failed, however, to differentiate 
the various polyhydroxy acids obtained on oxidation of linoleic and lino¬ 
lenic acids. 

Somewhat later, Edmed,^* Albitzki,^ and Le Sueur^ investigated the re¬ 
actions of oleic, elaidic, erucic, brassidic, and other acids with potassium 
permanganate under various conditions. In one series of experiments, 
Edmed refluxed oleic and elaidic acids with a dilute solution of acid per¬ 
manganate to determine whether the double bond underwent rupture in a 
manner analogous to chromic acid oxidation. In contrast to the latter 
oxidation which produced only fission products, potassium permanganate 
gave dihydroxystearic acids, fission products, and secondary oxidation 
products of the latter. For example, oleic acid gave 60% of dihydroxy¬ 
stearic acid (m.p. 134®C.), a small amount of nonanoic (pelargonic) acid, 

« F. G. Edmed,/. Chem. Soc., 73, 627-634 (1898). 
*• A. Albitzki, j. Russ, Phy8,<!hem, Soc., 31, 76-100 (1899); 34, 788-810, 810-828 

(1902). 
H. R. Le Sueur, J, Chem. Soc., 79, 1313-1324 (1901). 
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and 16% each of azelaic and oxalic acids. Elaidic acid, under the same 
conditions, gave 33% of dihydroxystearic acid (m.p. 96®C.), 13% to 14% 
of nonanoic acid, 26% of azelaic acid, and 15% to 20% of oxalic acid. The 
respective yields of oxidation products were considered evidence of the rela¬ 
tive ease of oxidation of elaidic as compared with oleic acid. 

Still later, Rollett,®^ Nicolet and Jurist,^* Robinson and Robinson,** 
Lapworth and Mottram,*^ Hilditch and co-workers,** ** as well as others, 
investigated the action of alkaline permanganate with a view to improving 
the yield of hydroxy acids, determining the optimum reaction conditions, 
and for other reasons. 

Robinson and Robinson found that dihydroxystearic acid (m.p. 132°C.) 
was obtained in excellent 3rield when oleic acid was oxidized in dilute alka¬ 
line solution at 0°C. Lapworth and Mottram investigated the various 
factors which affected the oxidation reaction with the result that they were 
able to formulate specifications for obtaining the maximum yield of di¬ 
hydroxystearic acids from monoethenoid acids. These conditions are: 
(1) Low temperature (0® to 10°C.) during oxidation; {2) concentration of 
oleic acid or other monoethenoid acid in the form of its sodium or potassium 
salt not in excess of 0.1%; (3) concentration of the added aqueous per¬ 
manganate solution not in excess of 1.0%; (4) a very short reaction time, 
about 5 minutes; and (5) slight excess of alkali at the outset to avoid the 
production of ketohydroxy acids. 

With comparatively pure oleic acid, dihydroxystearic acid equivalent to 
96% of the original acid can be obtained under the conditions mentioned. 
Comparatively impure oleic acid containing stearic, palmitic, linoleic, or 
linolenic acids can be analyzed by this method since the oxidation products 
of the more highly unsaturated acids are insoluble in petroleum naphtha 
or are volatile with steam. 

According to Lapworth and Mottrsm, their method, although giving 
96% yields of dihydroxystearic acid with relatively pure oleic acid, gave 
considerably lower yields in the presence of as much as 12% to 13% of 
linoleic acid. Nunn and Smedley-Maclean*^ found that Rollett^s method 
gave remarkably constant yields (about 96%) of dihydroxystearic acid, 
even in the presence of considerable quantities of higher unsaturated acids 
(linoleic and linolenic). The method, employing the mixed acids from 
linseed oil, is described as follows: 15 g. of the mixed acids was dissolved in 
18 ml. of 33% potassium hydroxide solution, and three liters of water was 

« A. Rollett, Z, physiol Chem,, 62, 422-431 (1909). 
•• B. H. Nicolet and A. E. Jurist, J. Am, Chem. Soc,, 44,1136-1141 (1922). 
•• G. M. Robinson and R. Robinson, J, Chem, 3oc., 127, 175-180 (1^). 

A. Lapworth and E. N. Mottram, J, Chem, Soc,, 127, 1628-1681 (1926). 
“ T. P. Hilditch, J, Chem, Noc., 1926,1828-1836. 
«• T. P. Hilditch and E. E. Jones, /. Soc, Chem, Ini,, 46,174-177T (1927). 
^ L. C. A. Nunn and I. Smedley-Maclean, Biochem, 32,1974-1981 (1988). 
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added. The solution was cooled to 0°C. and two liters of 1.0% solution of 
potassium permanganate previously cooled to 0°C. was added during 
a period of thirty minutes. The mixture was constantly stirred and cooled 
with ice so that the temperature never rose above 5°C. Sulfur dioxide 
was then passed into the solution until the manganese dioxide was dis¬ 
solved, after which it was acidified with dilute sulfuric acid. The precipi¬ 
tate, which separated at once, was filtered off, dried, and extracted for 24 
hours with boiling light petroleum (b.p. 60° to 80°C.) The residue was 
then thoroughly extracted with boiling water to remove tetra- and hexa- 
hydroxystearic acids, dried, and weighed. 

Under the conditions of oxidation set forth by Robinson and Robinson 
and by Lapworth and Mottram, oleic acid produces, in practically quan¬ 
titative yield, the high melting dihydroxystearic acid (m.p. 132°C.), 
whereas, per acid oxidation yields only the low melting dihydroxystearic 
acid (m.p. 95°C.). On the other hand, alkaline permanganate oxidation 
of elaidic acid produces the low melting dihydroxy acid (m.p. 95°C.) as 
has been shown by nearly all of the previously mentioned workers. 

One or another of the various modifications of the alkaline permanganate 
method of oxidation described by Hazura, Lapworth and Mottram, and 
Rollett has been applied to the oxidation of practically all of the known 
monoethenoid acids from Cio to ('24 and the corresponding dihydroxy acids 
have been isolated and characterized. 

(6) Oxidation of Monoethenoid Acids with Neutral Aqueous Potassium 
Permanganate 

In the case of the previously discussed oxidation of oleic and elaidic 
acids, the reaction is carried out in alkaline solution. When, however, an 
excess of alkali is avoided the principal product of oxidation is not dihy¬ 
droxystearic acid but hydroxyketostearic acid as was observed by Holde 
and Marcusson.^ King®® observed that permanganate oxidation of oleic 
and elaidic acids, under conditions analogous to those employed by Lap- 
worth and Mottram except that the oxidation was conducted close to 
neutrality (about pH 8.5), led to the formation of mixtures of 9-hydroxy- 
10-ketostearic and lO-hydroxy-9-ketostearic acids together with varying 
amounts of dihydroxystearic acid. According to King, the conditions 
under which good yields of hydroxyketo acids are formed are: {!) the acid 
and potassium hydroxide should be in equivalent proportion and the 
amount of potassium permanganate subsequently added should be ap¬ 
proximately two moles per mole of oleic acid; (2) the concentration of the 
acid should not exceed one gram per liter of the reaction mixture; and (3) 

» D. Holde and J. Maxcusson, Ber., 36, 2657-2662 (1903). 
»» G. King, /. Chm.. Soc., 1936,1788-1792. 
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the duration of the oxidation should be eight to ten minutes at 8® to lO^C. 
for oleic acid, and 25° for elaidic acid. 

Under these conditions, commercial samples of oleic acid gave 30% to • 
40% yields of the two hydroxyketostearic acids and 20% to 35% of dihy- 
droxystearic acid (m.p. 132°C.). Elaidic acid, under the same conditions, 
gave 55% to* 60% of the mixed hydroxyketostearic acids and 10% to 20% 
of dihydroxystearic acid (m.p. 95°C.). The two hydroxyketostearic acids 
are formed in approximately equal quantities but the mixture (m.p. 64.5° 
to 65.5°C.) can be resolved by means of the semicarbazones. The 9- 
hydroxy-10~ketostearic acid melts at 74°C. and is characterized by a 
semicarbazone melting at 152°. It is oxidized smoothly by periodic acid 
at room temperature to nonanoic acid and azelaic semialdehyde. Its 
isomeride melts at 75.5°C., gives a semicarbazone melting at 138.5°C., 
and undergoes oxidation with periodic acid to yield nonaldehyde and azelaic 
acid. As by-products of the reaction, dihydroxystearic acids melting at 
132° and 95°C. were formed exclusively from oleic acid and elaidic acid, 
respectively, and thus correspond to the principal products obtained on 
alkaline permanganate oxidation of these acids. 

Dor6e and Pepper^® subject('d erucic {cis) and brassidic itrans) acids to 
both alkaline and neutral permanganate oxidation and found that the 
principal products of oxidation were dihydroxybehenic acids under alkaline 
conditions and hydroxyketobehenic acids under neutral conditions. 
Erucic acid, when oxidized with alkaline permanganate at 27°C. for 30 
minutes, gave 13,14-dihydroxybehenic acid melting at 132°, in 85% yield. 
Brassidic acid, under the same conditions, gave 13,14-dihydroxybehenic 
acid melting at 100.5°, in 80% yield. Erucic acid, when oxidized with 
potassium permanganate in neutral solution at 40° for 15 minutes, gave a 
mixture of hydroxyketobehenic acids and, as a by-product, 13,14-dihydroxy¬ 
behenic acid melting at 132°. This by-product dihydroxybehenic acid 
was the same high melting form obtained on oxidation in alkaline solution. 

(c) Oxidation of Polyethenoid Acids with Alkaline Potassium Permanganate 

Discussion of the alkaline and neutral pennanganate oxidation reactions 
up to this point has been concerned with monoethenoid acids. Polyethe¬ 
noid acids and esters have also been investigated with these reagents but 
not with the precise results obtained with monoethenoid acids. Part of 
the lack of precision in the former case was a result of the inability of the 
various investigators to prepare polyunsaturated acids and esters in pure 
form. Until the techniques of low temperature crystallization and precise 
distillation were developed, polyethenoid acids had to be prepared by de- 
bromination of derivatives obtained from brominated natural acids. Since 

" C. Dorde and A. C. Pepper, J. Chem. 5oc., 1942, 477-483. 



398 XV. OXIDATION AND HYDROXYLATION 

bromination of these acids produces mixtures of isomeric bromides com¬ 
prising both solid and liquid forms, only the solid isomer could be obtained 
in pure form. Regeneration of the acid from the solid bromo acid is gen¬ 
erally presumed to yield the same unsaturated acid which is present in 
natural fats, and the oxidation products have therefore been presumed to 
be identical with those which would have been obtained by oxidation of 
the natural acid. Present evidence indicates that this is not always the 
case. 

Hazura®^ oxidized the liquid fraction of mixed fatty acids obtained from 
sunflowerseed oil with dilute aqueous permanganate and isolated two tetra- 
hydroxy acids, melting at 160° to 162° and 173° to 175°C., respectively, in 
amounts corresponding to approximately 24% and 7% of theory. In the 
same manner, Rollett®^ oxidized linoleic acid obtained on debromination of 
solid tetrabromostearic acid, and isolated crude tetrahydroxystearic acids 
melting at 173°C. in a yield of approximately 33% of theory. Nicolet 
and Cox^^ oxidized linoleic acid from a similar source and obtained a yield 
of 43% of tetrahydroxystearic acid, melting at 162° to 168°C. This prod¬ 
uct was resolved by repeated crystallizations into two acids melting at 
153° and 170°C. 

Green and Hilditch*^ oxidized a linoleic acid obtained by debromination 
of tetrabromostearic acid (m.p. 114°C.), using a modification of Hazura^s 
method and the method of Lapworth and Mottram. In both cases they 
isolated two tetrahydroxystearic acids, melting at 173° and 155°C., re¬ 
spectively, and several incompletely^ identified oily or solid by-products. 
These authors also subjected to similar oxidation the liquid acid fraction 
obtained from safflowerseed oil, isomerized linoleic acid (linolelaidic acid), 
and linoleic acid obtained by debromination of liquid or /3-tetrabromo- 
stearic acid. As indicated in Table 120 the type and yield of tetrahydroxy¬ 
stearic or sativic acids which were recovered depend on the nature of the 
original linoleic acid. 

Under the best conditions of oxidation, linoleic acid, obtained by debromi¬ 
nation of the solid or a-tetrabromostearic acid, gave tetrahydroxystearic 
acids equivalent to 65% of the original acid. On the other hand, only 
very small amounts of tetrahydroxystearic acids were isolated after oxida¬ 
tion of linoleic acid obtained by debromination of the liquid or jS-tetra- 
bromostearic acid. Even these amounts were attributed to the presence of 
a-linoleic add in the jS-linoleic add. The main product of oxidation of the 
latter acid consisted of an oily substance which appeared to consist only of 
diort chain compounds presumably produced as a result of fission at the 
double bonds. 

Nunn and Smedley-Maclean*^ oxidized the mixed acids from linseed oil 

« B. H. Nicolet and H. L. Cox, /. Am, Ckem, Soe., 44, 144-162 (1922). 
« T. G. Green and T. P. Hilditch, Biochem. J., 29,1562-1563 (1936). 
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Table 120 

TETRAHYDROXYSTBARIC OR SATIVIC ACIDS OBTAINED BY GREEN AND HIL- 

DITCH ON ALKALINE PERMANGANATE OXIDATION OF VARIOUS LINOLBIC ACIDS® 
— 

Acid oxidised 

Yield of sativic acids, % 

Method m.p. 
155«C. 

m.p. 
173*C. Total 

Liquid acids from safflowerseed oil 
or-Linoleic 
a-Linoleic 
Linolelaidic 
/^-Linoleic 

20 
43 
23 
10 
2 

18 
22 
15 
6 
3 

38 
65 
38 
16 
5 

Hazura 
Hazura 
Lapworth and Mottram 
Lapworth and Mottram 
Hazura 

• T. G. Green and T. P. Hilditch, Biochem, 29, 1552-1563 (1935). 

and linoleic acid obtained by debromination of crystalline tetrabromostearic 
acid, using the same method which they applied to oleic acid. They ob¬ 
tained yields varying from 52% to 54% of tetrahydroxystearic acid from 
linoleic acid, compared to 28% to 32% of the same acid from the mixed 
acids of linseed oil. An oily product, similar to that obtained by Green 
and Hilditch, was recovered by Nunn and Smedley-Maclean. This prod¬ 
uct consisted of a small amount of azelaic acid (1.2%) and a considerable 
amount of the y-lactone of 3,4-dihydroxydecanedicarboxylic acid, C12- 
H18O4. The latter acid was formed by fission of the linoleic acid between 
the twelfth and thirteenth carbon atoms which were presumed to be oxi¬ 
dized first to the hydroxy state. Fission by alkaline permanganate oxida¬ 
tion is additional and independent evidence of the susceptibility of this 
bond to attack in preference to that between the ninth and tenth carbon 
atoms. 

Permanganate oxidation of linolenic acid has also been investigated, 
especially by Hazura,**'*^'“ Rollett,*^ Green and Hilditch,^nd Nunn and 
Smedley-Maclean.*^ Hazura** ** ** obtained a high melting hexahydroxy- 
stearic (Jinusic) acid upon oxidation of linolenic acid and the liquid acids 
derived from different oils of which linolenic acid was a component. Rol- 
lett*^ oxidized linolenic acid, regenerated from its hexabromide, and ob¬ 
tained, in addition to the high melting hexahydroxystearic acid (m.p. 
201® to 203®C.), a second hexahydroxystearic acid melting at 171® to 
173®C., which Hazura had designated isolinusic acid. Hazura had pre¬ 
viously isolated isolinusic acid from various oils but failed to note its pres¬ 
ence in the oxidation products of linolenic acid itself, probably because of 
its appreciable solubility in water. 

Green and Hilditch,^* employing the method of Hazura, oxidized a- 
linolenic acid, obtained by debromination of crystalline hexabromostearic 
add, with alkaline permanganate and isolated in 15% to 18% yield two 
hexahydroxystearic adds melting at 203® and 169®C., respectively. All 
attempts to increase these yields were unsuccessful. 
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Nunn and Smedley-Maclean,*^ using Rollett^s conditions of oxidation, 
<»btained 10,7% of linusic and 14.7% of isoliniisic acids, a total of 25.4% 
of hexahydroxystearic acids, from linolenic acid pn^parod from linseed oil. 
Oxidation of the mixed acids of linseed oil yielded 40% to 52% of hexahy¬ 
droxystearic acids which led these workers to concliid(' that the presences of 
linoleic acid in the mixed acids exercises a protective action on the oxidation 
of linolenic acid and retards its further oxidation to short chain acids. 

(d) Permanganate Oxidation of Acetylenic Acids 

The naturally occurring acetylenic acid, tariric or 6,7-stearolic acid, was 
found by Steger and van Loon^* to yield 6,7-diketostearic acid (m.p. 98°C.) 
on oxidation with alkaline permanganate. No other products of oxidation 
were isolated. However, complete disruptive oxidation of the ethyl ester 
occurred when the oxidation was carried out in boiling acetone by a modifi¬ 
cation of the Bertram oxidation method in which the condensed acetone 
was passed through a layer of potassium permanganate before ndurning to 
the reflux flask. 

{e) Quantitative Methods of Oxidation with Potassium Permanganate 

Two quantitative methods of oxidation with aqueous potassium per¬ 
manganate have been applied in the analysis of fats or fatty acids. One, 
that of Lapworth and Mottram, is used for estimating oleic acid in crude 
oleic acid, and the other, that of Bertram, is used for the determination of 
the saturated fatty acids in the mixed fatty acids obtained from natural 
fats. 

Lapworth-Mottram Method.—The procedure of Lapworth and Mot- 
tram®^ for the determination of oleic acid in crude oleic acid is as follows: 
The clear solution of the sodium salts, obtained by warming about 5 g. of 
ordinary oleic acid on the water bath with an equal weight of caustic soda, 
is dissolved in 500 ml. of water and cooled. Four liters of ice-cold water is 
added, and the solution is shaken at 10°C. while 400 ml. of a 1% solution 
of potassium permanganate is quickly added. After five minutes, the 
solution is decolorized with sulfur dioxide, and 150 ml. of concentrated hy¬ 
drochloric acid is added. The white, flocculent precipitate, A, of crude 
solid dihydroxystearic acid which separates is filtered off, drained for a 
short time, and washed with about 50 ml. of petroleum naphtha to facilitate 
drying, and then dried in a vacuum desiccator to constant weight. 

The solubility of dihydroxystearic acid in petroleum naphtha (b.p. 80° to 
100°C.) is not more than 0.002 g. in 100 ml. at 15°C., and therefore the loss 
due to washing is negligible. The aqueous filtrate contains no appreciable 
quantities of higher fatty acids, but does contain about 0.15 g. of products 

** A. Steger and J. van Loon, Bee. trav. chim,, 52,593-600 (1933). 
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of lower molecular weight, such as nonanoic, octanoic, azelaic, and suberic 
acids, formed by the breaking down of a small amount of the dihydroxy- 
stearic acid. 

The dried crude acid is extracted with 100 to 150 ml. of warm petroleum 
naphtha (b.p. about 70° to 80° C.), the extract cooled, filtered, and the resi¬ 
due, By of nearly pure dihydroxystearic acid washed with several successive 
quantities of cold solvent. The petroleum naphtha extracts and washings 
are united and evaporated. 

In order to effect, if desired, a complete conversion of the small quantity 
of oleic acid which (jscaped oxidation, the residue left on evaporation of the 
petroleum naphtha is reoxidized as described above using 50 ml. of cold 0.1 
N sodium hydroxide, 100 ml. of ice water, 15 ml. of 1% potassium perman¬ 
ganate solution, and 10 ml. of concentrated hydrochloric acid. The pre¬ 
cipitate, Cy is washed with water, dried at room temperature, and extracted 
with cold light petroleum naphtha. 

The residue left on evaporation of the collected petroleum naphtha extracts 
is distilled with steam to remove traces of volatile fatty acids, and treated 
with low boiling petroleum naphtha. This treatment extracts the non¬ 
volatile acids, which, after evaporation of the solvent, are heated on the 
water bath to constant weight. The residue, D, which sets to a waxy solid 
on cooling comprises the higher saturated fatty acids which were present in 
the crude oleic acid. 

The unsaponifiable constituents in the original sample are not, in general, 
found in the residue, Z>, at least not in appreciable quantity. If desirable, 
however, the quantity of such constituents can easily be determined by 
the usual method of determining unsaponifiable matter, or more simply by 
dissolving the residue, D, in a little methanol, adding an excess of methan- 
olic barium hydroxide, evaporating the solution to complete dryness, and 
extracting the residue with dry acetone, in which barium hydroxide and 
barium salts of saturated fatty acids are insoluble. 

Bertram Oxidation.—Bertram^^-^® was the first to apply oxidation with 
potassium permanganate to the quantitative determination of saturated 
acids in mixtures of saturated and unsaturated acids. The original method 
has been modified by various workers, notably by Hilditch and Priest- 
man,^^ Jamieson,^® Lyutenberg and Dudkina,^® and Pelikan and von 
Mikusch.®® The method consists essentially of the oxidation of a mixture 
of fatty adds, obtained by saponification of a fat or oil, to convert the un- 

** S. H. Bertram, Z. deut, Ol- u. FeW-Ind,y 45, 733-736 (1925). 
« S. H. Bertram, Chem. Weekblady 24, 226-229, 320 (1927). 
^ S. H. Bertram, Z, Untersuch. Lehemm., 55, 179-187 (1928). 

T. P. Hilditch and J. Prieetman, Analysty 56. 354-367 (1931). 
^ G. S. Jamieson, Vegetable Foie and Oils, 2nd ed., Reinhold, New York, 1943. 

A. Lyutenberg and T. Dudkina, Trudy VNIIZh, 2, 60-62 (1934). 
K. A. Pelikan and J. D. von Mikusch, Oil Soap, 15, 149-150 (1938). 
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saturated acids into lower molecular weight normal acids and polyhydroxy 
acids which can be separated from the unattacked saturated acids. 

As generally applied, the alkali soaps from a 5-g. sample of saponified 
fat are oxidized in an aqueous alkaline solution of potassium permanganate. 
The procedure as described by Jamieson^* is as follows: The soap solu¬ 
tion contained in a casserole is heated on a steam bath until most of the 
alcohol is removed. It is then heated carefully over a flame until the 
remainder of the alcohol is volatilized. After cooling, about 300 ml. of 
water is added and the mixture heated until the soaps have dissolved, after 
which it is transferred to a two-liter flask, the casserole is rinsed several 
times with hot water, and the rinsings are added to the flask. After cooling 
the solution to room temperature (not above 25°C.) there is added 35 
g. of potassium permanganate dissolved in 750 ml. of water. After the 
mixture has stood 12 to 18 hours with occasional shaking, it must still 
contain excess permanganate. If it is not violet colored, further perman¬ 
ganate solution must be added, in which case it is necessary to allow the 
oxidation reaction to proceed for another 12 hours. Otherwise, the reac¬ 
tion mixture is acidified with sulfuric acid (1:2) and sufficient powdered 
sodium bisulfite added to decolorize it and dissolve the precipitated man¬ 
ganese oxides with the aid of heat. 

Heating on a steam bath is continued until the fatty acids have entirely 
separated from the aqueous solution, after which the mixture is cooled and 
transferred to a separatory funnel of suitable size. It is then extracted 
three or four times using 200- to 250-ml. portions of petroleum naphtha. 
The petroleum naphtha extracts are combined in a separatory funnel and 
washed with three 100-ml. portions of water. The extract is transferred to a 
flask and the solvent distilled off as completely as possible and the residue 
dried by heating in an oven at 110°C. for an hour. This residue is treated 
with 200 ml. of hot water and*an excess of ammonium hydroxide and heated 
until it is completely dissolved. Thereafter, 30 ml. of a 10% ammonium 
chloride solution and an excess of a 15% solution of magnesium sulfate are 
added. The solution is cooled and the precipitate is filtered off and washed 
thoroughly with water. The precipitate is transferred to the original flask 
with water and the magnesium soaps decomposed by heating with a slight 
excess of dilute sulfuric acid, after which the precipitation of the magnesium 
soaps is repeated. The precipitate is filtered, washed, and returned to the 
original flask and completely decomposed as before by heating with dilute 
sulfuric acid. The solution is cooled, transferred to a separatory funnel, 
and the saturated fatty acids extracted with three 200-ml. portions of 
petroleum naphtha. The petroleum naphtha extracts are combined and 
washed with two 60-ml. portions of water. The extract is then transferred 
to a flask and distilled until the volume of the solvent is reduced to about 50 
ml., after which it is transferred to a weighed flask and the remaining solvent 
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distilled off and the residue of saturated fatty acids dried to constant 
weight in an oven at 110°C. 

Gay®^ concluded that the temperature used by Bertram (max. 25°C.) 
was insufficient to insure complete oxidation of the unsaturated acids of 
linseed oil and recommended two successive oxidations at 50® to 60® and 
70® to 80®C., respectively. Hilditch and Priestman^^ employed a single 
oxidation at 35® to 50® and omitted the extraction of the unsaponifiable 
matter. Pelikan and von Mikusch®® determined the proportion of satu¬ 
rated fatty acids in cottonseed oil by all three methods and found that Gay's 
method gave results approximately 50% lower than either the original 
Bertram method or the Hilditch and Priestman modified method. The 
latter two methods gave nearly identical results and Bertram's method 
gave almost theoretical recovery of saturated acids in a synthetic mixture of 
pure oleic and palmitic acids. 

Since the recovery of saturated acids was practically identical by either 
the original Bertram method or the Hilditch-Priestman modification, 
Pelikan and von Mikusch recommended that heating or cooling be dis¬ 
pensed with and the oxidation be carried out at room temperature. They 
also recommended that where the unsaponifiable matter was less than 2% 
it need not be removed, but above this amount it is essential to do so if ac¬ 
curate results are to be obtained. 

As ^ result of their investigation of the Bertram method, Pelikan and von 
Mikusch introduced a number of minor improvements which facilitate the 
quantitative determination of saturated fatty acids, and experience in the 
author's laboratory with their modification indicates that it is preferable to 
either the original method or any other modification thereof. The di¬ 
rections as given by the authors, are as follows: 

Weigh out 5 grams of dry sample in a 250-ml. Erlenmeyer flask. Add 
75 ml. of approximately 0.5 N alcoholic potassium hydroxide and reflux 
under an open air or water condenser for 0.5 hour. Wash into a 300-ml. 
porcelain dish with 50 ml. of water. Evaporate the soap solution until it 
begins to solidify. Add 100 ml. of water and boil again until the odor of 
alcohol has entirely disappeared. Then wash into a two-liter Florence flask 
with 100 ml. of water and add 5 ml. of potassium hydroxide (50%). Warm 
while swirling until the solution is clear. Cool thoroughly with cold water 
and slowly with swirling add a solution of 35 g. of potassium permanganate 
in about 0.76 liter of water, then allow to stand overnight. 

After twelve hours or more add dilute sulfuric acid (50%) and concen¬ 
trated potassium bisulfite solution until all manganese is reduced and dis¬ 
solved. Heat to just below the boiling point. Cool and extract three times 
with 50 ml. bf petroleum naphtha. Collect the extractions in a 250-mi. 

w P. 3. Gay, /• 8ae. Chem. Ind., SI, 126-129T (1932). 
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separatory funnel and wash 3 times by running 50 ml. of water down along 
the inside of the funnel and swirling gently. Filter the solution into a 500- 
ml. extraction flask, following it with enough fresh petroleum naphtha to 
insure quantitative transference. 

Distill off the petroleum ether and warm the remaining fatty acids with 
a few milliliters of ammonia. Add 200 ml. of hot distilled water and when 
all fatty acids have gone into solution add 30 ml. of a 10% ammonium chlo¬ 
ride solution. Heat to boiling and add 20 ml. of a 15% magnesium sul¬ 
fate solution. Heat again to boiling, cool and filter with suction through 
a layer of absorbent cotton, which is placed inside a Buchner funnel so 
as to cover the perforated plate as well as the walls. Wash flask and 
filter, neglecting any precipitate adhering to the inside of the flask. Trans¬ 
fer the cotton with the precipitate into the flask and add a few milliliters of 
sulfuric acid (50%). Heat, avoiding boiling, and swirl until the cot¬ 
ton wad is disintegrated and the fatty acids form a clear layer. Cool, 
add an excess of ammonia and warm until all the fatty acids are dissolved. 
Repeat the precipitation and filtration as above. Transfer back to flask 
and decompose as before with sulfuric acid. After cooling transfer to a 
separatory funnel with outlet wide enough to allow the cotton fibres to 
pass, using petroleum naphtha to wash the flask. Extract twice with pe¬ 
troleum naphtha and wash the petroleum naphtha solution three times with 
water by rinsing and swirling as above. Filter into a weighed 250-ml. ex¬ 
traction flask washing funnel and filter with petroleum naphtha. Take care 
that all water droplets are retained by the filter paper as their presence in the 
filtrate is undesirable. Distill off the solvent on a steam bath and dry the 
flask containing the saturated fatty acids in jbhe oven at 105°C. for 10 
minutes. Cool, weigh and repeat the drying in the oven until constant 
weights are obtained or the loss of weight does not exceed 2 mg. 

The isolated fatty acids will in many cases contain several tenths of a 
per cent of unsaturated fatty acid. These may be assumed to consist 
mostly of oleic acid because the ease of oxidation increases with the degree 
of unsaturation. To obtain the actual saturated content it is advisable to 
determine the approximate iodine value of the product. This is done di¬ 
rectly in the flask after dissolving in 10 ml. of chloroform. Add 10 ml. of 
Hanus or Wijs solution from the burette or pipette, swirl 2 minutes, theii 
add 10 ml. of potassium iodide solution and proceed to titrate as usual. 
A blank run m similar fashion is required to calculate the iodine value. 

The ‘‘corrected’' higher saturated fatty acid content is then calculated 
from the following equation: 

o-f (,r- 
where G »» higher saturated fatty adds content in per cent, TF « weight of 
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isolated fatty acids, I = iodine value of the isolated f. a., S = weight 
of sample used. 

Several years prior to the work of Pelikan and von Mikusch, Lyutenberg 
and Dudkina^® investigated the Bertram oxidation method and recom¬ 
mended that the reaction be carried out at room temperature. These 
authors claim that the aqueous filtrate need not be extracted with petroleum 
naphtha and that the saturated acids can be filtered easily after cooling. 
They further claim, in contrast to the original Bertram method and 
modifications thereof, that their modification gives saturated acids with 
practically zero iodine values. 

The Bertram method of oxidation is not applicable to fats containing 
lauric or lower fatty acids, to fats which contain unsaturated acids such as 
petroselinic acid (A®*^-oleic acid), to Picramnia oils which contain 
tariric acid, or to any oil or fatty acid which yields lauric or similar acids on 
disruptive oxidation. When applied to coconut, palm kernel, or myristica 
oils, low results are obtained owing to loss of part of the lauric and other 
acids of low molecular weight. As pointed out by Hilditch and Priest- 
man,^^ the successful application of the method depends on the following 
conditions: (f) The oxidation of unsaturated acids must be complete; 
{2) dihydroxy and polyhydroxy acids produced by oxidation must be com¬ 
pletely insoluble in petroleum naphtha and the higher fatty acids must be 
completely soluble in the same solvent; and (S) the lower fatty acids pro¬ 
duced by oxidation and the dibasic acids insoluble in petroleum naphtha 
must form water-soluble magnesium salts. 

Since a great many fats do not conform to these conditions, the method is 
not universally applicable. With some fats low results are obtained and 
with others the reverse occurs. According to Hilditch and Priestman, 
myristic acid lies on the border line with respect to these solubility relations 
and its presence may lead to low results in some cases. However, in the 
case of fats to which the method is generally applied, results tend to be 
high, at least higher than those obtained by the lead salt-alcohol method, 
owing either to incomplete oxidation of the unsaturated acids, or to the in¬ 
complete removal of oxidation products from the saturated fatty acids, or 
to both. In the presence of large amounts of stearic acid as in beef tallow, 
complete separation of stearic and dihydroxystearic acid is difficult. 

In many cases it is found that the recovered saturated acids have an 
iodine value thereby indicating the oxidation was not complete. Generally, 
a correction is applied to the yield of saturated acids on the basis of the ob¬ 
served iodine value. Afe previously mentioned, Hilditch and Priestman 
proposed that the oxidation temperature be increased to 35® to 50®C. to 
insure complete oxidation, or that the oxidation be carried out on the fat 
in acetone solution followed by saponification. In most cases where the 
Bertram oxidation and lead salt-alcohol methods are equally applicable 
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(absence of myristic or lower acids), the results of the former method are 
0.5% to 1,0% or more higher than in the latter method. This diflference 
has been attributed to the incomplete separation of the oxidation products 
frotn stearic and palmitic acids or to the incomplete oxidation of the un¬ 
saturated acids. 

(/) Nonaqueous (Acetone) or Acidic Oxidation with Potassium 
Permanganate 

As has been previously mentioned, when unsaturated fatty acids are 
oxidized with potassium permanganate in acidic or nonaqueous (acetone) 
solutions, fission occurs at the double bonds instead of formation of hydroxy 
acids as in the case of oxidation in an alkaline medium. Theoretically, 
disruptive oxidation of monoethenoid acids should produce two short-chain 
acids, one dibasic and the other monobasic, or in the case of oxidation of the 
ester, a monobasic acid and the half-ester of a dibasic acid. For example, 
disruptive oxidation of oleic acid should produce only azelaic acid and non- 
anoic (pelargonic) acid in equimolar quantities in accordance with the 
following equation: 

CHa(CH2)7CH:CH(CHj)7COOH -► CH,(CH,)7COOH + HOOC(CH2)7COOH 
Oleic acid Nonanoic acid Azelaic acid 

Although these two acids are generally observed in the products of dis¬ 
ruptive oxidation, various other products have also been detected, and the 
two acids are generally not produced in the same proportions. The ex¬ 
planation of this divergence from theory resides in the fact that interme¬ 
diate products of oxidation, such as hydroxy acids, are formed prior to fission 
and the fission products are themselves subject to further oxidation. The 
two fission products from oleic acid mentioned above do not undergo addi¬ 
tional oxidation at the same rates, the monobasic acid oxidizing much more 
rapidly than the dibasic acid, which often results in appreciably lower yields 
of the former as compared with the latter acid. 

Even in the case of alkaline permanganate oxidation which produces 
predominantly hydroxy acids, Lapworth and Mottram*^ and Green and 
Hilditch^^ have shown that further oxidation leads to the production of 
suberic, oxalic, and n-octanoic acids. Hilditch®* pointed out the fact that 
alkaline permanganate oxidation of various monoethenoid acids produces 
not only dihydroxy acids, but also a series of acids containing one less car¬ 
bon atom than that corresponding to the theoretical fission product. 

The nature of the fission products obtained on disruptive oxidation with 
potassium permanganate depends therefore on the reaction conditions. 
For example, Spiridonoff®* oxidized oleic acid under conditions somewhat 

** T. P. Hilditch, Chemical Comiituiion of Naiural Fote. Wiley, New York, 1941, p. 
329. 

•* N. Spiridonoff, J. Ruse, Chem. Soc,, 19, 646-654 (1887). 
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similar to those used by Saytzeff; but, instead of obtaining dihydroxy- 
stearic acid as the principal product of reaction, he obtained instead non- 
anoic, azelaic, and oxalic acids. Edmed®* employed aqueous perman¬ 
ganate at 60°C. for the oxidation of oleic acid and obtained 60% of dihy- 
droxystearic acid (m.p. 132°C.), 16% each of azelaic and oxalic acids and a 
small amount of nonanal. Other workers have shown that still other and 
shorter chain acids are produced under more drastic conditions of perman¬ 
ganate oxidation. 

Armstrong and Hilditch®® described a method for the disruptive oxida¬ 
tion of methyl oleate in acetone solution which they claim jdelds 80% to 
90% of the tlu^oretical amount of nonanoic acid. The method consists 
essentially of refluxing an acetone solution of the ester in the ratio of 10: 
1 and adding an excess of finely powdered potassium permanganate (4 
parts of permanganate to 1 of ester) in small portions over a period 
of about 1.5 hours. These authors also described a similar method which 
involves the use of glacial acetic acid as the solvent at the temperature at¬ 
tainable on the steam bath. Ethyl oleate under these conditions gave 
yields of azelaic and nonanoic acids equivalent to 95% and 59%, respec¬ 
tively, of theory. These yields, however, are calculated on the basis of the 
weight of ester converted into fission products and not on the weight of 
ester subjected to oxidation. Generally, about 25% of the ester was con¬ 
verted to neutral oily products of very low iodine value, 

Griin and Wittka®® proposed a modification of the permanganate and 
chromic acid methods of oxidation whereby quantitative yields of the fission 
products can be obtained with monoethenoid acids. The method consists 
in forming the dibromo- acid and from it the corresponding acetylenic acid 
by debromination with alcoholic potash. The acetylenic acid is then oxi¬ 
dized with potassium permanganate or chromic acid to give the corre¬ 
sponding monobasic and dibasic acids in quantitative yields. The reaction 
is illustrated with oleic acid by: 

CHa(CH2)7CH:CH(CH2)7COOH-> CH2(CH2)7CHBrCHBr(CH2)7COOH-► 

CH3(CH2)7C:C(CH2)7C00H-> CH*(CH2)7C00H + H00C(CH,)7C00H 

The actual oxidation was carried out as follows: 10 g. of stearolic acid was 
dissolved in 100 ml. of water containing 3,5 g. caustic potash, and 500ml. of 
a 2% solution of potassium permanganate was slowly added. With the 
fiirst additions of permanganate, reaction occurred only slowly but became 
quite rapid with further addition of the reagent. At the end of the oxida¬ 
tion the reaction mixture was acidified with sulfuric acid and the excess 
permanganate destroyed with oxalic acid; the precipitated manganese 

F. G. Edmed, J. Chem. Soc., 73, 627-634 (1898). 
« E. F. Armstrong and T. P. Hilditch, J. Soc. Chem. Tnd., 44, 43-47T (1926). 

A, Grtin and F, Wittka, Chem, Umachau FeUe Ok Wachse Haru, 32,257-259 (1925). 
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dioxide and insoluble fatty acid (unchanged stearolic acid and by-products) 
were separated by filtration, and the aqueous filtrate extracted with ether. 
Pure azelaic acid (4.2 g. or 60% of theory) crystallized from the ether solu¬ 
tion And an equivalent quantity of nonanoic acid remained in the mother 
liquor. The insoluble residue from the first oxidation was reoxidized in 
the same manner as before, whereupon 2.5 g. of azelaic acid was obtained, 
or a total of 6.7 g., which corresponds to a theoretical yield. No suberic 
acid could be detected. 

Steger and van Loon®’ have described an improved method of adding the 
permanganate to the reaction mixture which employs a percolator con¬ 
taining powdered permanganate situated immediately below the reflux 
condenser. This arrangement automatically adds the permanganate to 
the reaction mixture and is especially advantageous where gaseous prod¬ 
ucts of oxidation are evolved and quantitatively estimated. 

Where monoethenoid acids are subjected to oxidation, simple distilla¬ 
tion as described above serves to separate the two reaction products (mono- 
and dibasic acids), or they may be partially separated by extraction with 
ether and then reextracted with petroleum naphtha. However, with the 
more complex reaction mixtures resulting from the oxidation of polyethe- 
noid acids or esters, the procedure described by Farmer and van den 
Heuvel®® is preferable. Toyama and co-workers have found it advanta¬ 
geous to oxidize monoethenoid acids to dihydroxy acids by means of Hazura^s 
alkaline permanganate method and then oxidize the separated hydroxy 
acids with potassium permanganate in acetone solution to split the acid 
between the adjacent hydroxyl groups. 

Most of the known monoethenoid fatty acids have been subjected to 
disruptive oxidation with potassium permanganate by one or another of the 
previously mentioned methods. Toyama and Tsuchiya,®® for example, 
obtained formic and azelaic acids through oxidation of the decenoic acid, 
C10H18O2, obtained from sperm oil, thus establishing its structure as 
CH2:CH(CH2)7C00H. Dodecenoic acid, C12H22O2, and tetradecenoic acid, 
(^4H2602, isolated from sperm blubber oil and sperm head oil by Toyama 
and Tsuchiya,®® were found to produce n-heptanoic and glutaric acids, and 
M-nonanoic and glutaric acids, respectively, on permanganate oxidation 
which established their structures as CHs(CH2)6CH:CH(CH2)8COOH and 
CH3(CH2)7CH:CH(CH3)3C00H. The tetradecenoic acid (physeteric) 
was also isolated from sardine oil and sperm blubber oil by Toyama and 
Tsuchiya®^ and likewise shown by permanganate oxidation to have the 
A® ®-structure given above. 

A. Steger and J. van Loon, Rec. trew. chim., 52,593-600 (1933); 54,284-288 (1935). 
E. H. Farmer and F. A. van den Heuvel, J. Chem. Soc., 1938, 427-430. 
Y. Toyama and T. Tsuchiya, BuU, Chem. Soc. Japan^ 11, 26-29 (1936). 
Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan, 10, 563-569, 570-573 (1935). 
Y. Toyama and T. Tsuchiya, J. Soc. Chem. Ind. Japan, 38, 1484-1487 (1935). 
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Hexadecenoic acid, C16H30O2, was oxidized by Annstrong and Hilditch®^ 
with powdered potassium permanganate in acetone solution with the pro¬ 
duction of good yields of n-heptanoic and azelaic acids, thus establishing 
its structure as CH8(CH2)5CH:CH(CH2)7COOH. The oxidation of oleic 
acid, Ci8H8402, has already been discussed. The three positional isomers 
of oleic acid, namely, the A^ Msomer, petroselinic acid; the A^^*^Msomer, 
vaccenic acid; and the A^^-^Msomer have also been subjected to perman¬ 
ganate oxidation. 

The acetone permanganate method of oxidation has been applied with 
more success to polyethenoid fatty acids than has been the case with the 
aqueous alkaline permanganate method. Linoleic acid, when oxidized in 
acetone solution in the presence of sodium bicarbonate, has been shown to 
result- in fission at both double bonds to give azelaic, caproic, and oxalic 
acids. Toyama and Tsuchiya®* obtained succinic acid, acetic acid, and 
monomethyl adipate on permanganate oxidation of the methyl ester of hira- 
gonic acid, C18H26O2, thus establishing the constitution of the acid as 
^6.7.io.ii.i4.i6.j^gxadecatrienoic acid. Dolby, Nunn, and Smedley-Maclean®^ 
and Mowry, Erode, and Brown®® applied disruptive permanganate oxida¬ 
tion to an investigation of the constitution of arachidonic acid, C20HS2O2. 
With aqueous alkaline permanganate, Dolby et al, definitely identified 
oxalic acid and obtained evidence of the presence of glutaric, succinic, cap¬ 
roic, valeric, and formic acids in the reaction mixture. Mowry ei al. refluxed 
methyl arachidonate for 18 hours in acetone in the presence of a large excess 
of potassium permanganate obtaining good yields of four reaction products, 
namely, oxalic acid (39%), glutaric acid (49%), succinic acid (38%), and 
caproic acid (28%), These results led the latter authors to conclude that 
arachidonic acid is A® •® ^• ^®-eicosatetraenoic acid. 

Toyama and Tsuchiya®® subjected methyl and potassium clupanodonates 
to permanganate oxidation in acetone and aqueous solutions, respectively. 
In the first case, propionic, acetic, and succinic acids, and monomethyl 
succinate were obtained. The acetic acid was presumed to arise from the 
secondary decomposition of malonic acid. Butyric, adipic, and pimelic 
acids could not be identified. The same results were obtained with the 
potassium salts in aqueous solution. The structure of clupanodonic acid 
determined by permanganate oxidation agrees, therefore, with that ob¬ 
tained by ozonation. 

Permanganate oxidation of the disruptive type has been successfully 
applied in investigating the structures of polyethenoid acids containing 

« E. F. Armstrong and T. P. Hilditch, J. Soc. Chem. Lid., 44, 180-189T (1925). 
Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan^ 10,192-199 (1935), 
D. E. Dolby, L. C. A. Nunn, and 1. Smedley-Maclean, Biochem. J., 34, 1422-1426 

(1940) 
« D. T. Mowry, W. R. Erode, and J. B. Brown, J. Biol Chem., 142, 679-691 (1942). 

Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan, 11, 745-750, 751-753 (1936); 
see 10, 441-453 (1935). 
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conjugated double bonds. Oxidation at room temperature of a-elaeostearic 
acid, CH,(CH2)3(CH:CH)8(CH2)7C00H by Brown and Farmer®^ with 
4.8% permanganate solution containing a small amount of sodium car¬ 
bonate gave valeric, azelaic, and oxalic acids in good yields. Morrell and 
Samuels®® prepared the maleic anhydride adducts of a- and iS-elaeostearic 
acids and subjected them to permanganate oxidation in boiling neutral 
acetone solution. The a-acid gave azelaic acid, and the /3-acid gave valeric 
acid, as the principal products of fission. These fission products were con¬ 
sidered to establish the structure of elaeostearic acid as 
octadecatrienoic acid. 

A geometrically isomeric (elaeostearic acid, puiiicic acid, obtained from 
pomegranate seed oil was oxidized at 0®C. by Farmer and van den Heuvel®® 
by means of a 10% aqueous acetone solution containing 3% potassium 
permanganate and 2% sodium carbonate. Good yields of valeric and azel¬ 
aic acids and some oxalic acid were obtained as prcxlucts of oxidation. The 
constitution of this acid was previously established by Toyama and 
Tsuchiya^® by means of ozonation which also gave valeric and azelaic acids 
as tbe principal degradation products together with some oxalic acid and 
glyoxd. 

Disruptive oxidation with 3% permanganate solution at 0°C. of the 
tetraene conjugated acid, parinaric acid, obtained from Parinarium 
laurinum^ gave azelaic, propionic, and oxalic acids which would be expected 
if structure of the original acid corresponded to A®'^®'^^’^2'^®'^^'^®'^®-octadeca- 
tetraenoic acid.^^ 

Brown and Farmer®^ oxidized licanic acid, CisHaoOs obtained from oiti- 
cica oil with neutral 3% potassium permanganate solution at 0®C. and ob¬ 
served that it absorbed 7.3 atoms of oxygen at which stage there were ob¬ 
tained valeric acid, 7-ketoazelaic acid, and some oxalic acid. On oxidation 
with permanganate in sodium carbonate solution at O^^C., 37.5 g. of licanic 
acid gave 12.6 g. ketoazelaic acid, 5.9 g. valeric acid, and 3.6 g. calcium 
oxalate. Morrell and Davis^® subjected the maleic anhydride adducts of 
a- and i^-licanic acid to permanganate oxidation in the presence of sodium 
carbonate and obtained 34% of 7-ketoazelaic from the former, and 87% of 
azelaic acid from the latter. These products established the constitution of 
licanic acid as 4-keto-A®'^®'^^'^®'^**^®-octadecatrienoic acid. 

5. Oxidation with Hydrogen Peroxide and Per Acids 

Hydrogen peroxide and the per acids which can be formed by the reaction 
of hydrogen peroxide with various acids and acid anhydrides have been 

^ W. B. Brown and E. H. Farmer, J. Chem. 80c., 1935, 761-763. 
•• R. S. Morrell and H. Samuels, J. Chem. 80c., 1932, 2251-2254. 
•• E. H. Farmer and F. A. van den Heuvel, J. Chem. 80c., 1936, 1809-1811. 
^ Y. Toyama and T. Tsuchiya, J. 80c. Chem. Ind. Japan. 38, 182-185B (1938). 

E. H. Fanner and E. Sunderland, /. CAem. Soc., 1935, 759-761. 
R. S, Morrell and W. R. Davis, J. Chem. 8qc., 1936, 1481-14W. 
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used as oxidizing agents for fatty acids. The literature relative to the re¬ 
action of hydrogen peroxide with saturated and monoethenoid acids is con¬ 
flicting with respect to the extent of the oxidation, the reaction mechanism, 
and the nature of the reaction products which are formed. 

(a) Action of Hydrogen Peroxide on Saturated Acids 

Dakin^® oxidized ammonium butyrate (one mole) with a 3% solution of 
hydrogen peroxide (two moles) at the boiling point of the reaction mixture. 
The reaction was allowed to proceed during the continuous distillation of 
water and volatile reaction products after which the volatile and nonvola¬ 
tile fractions were examined. There were detected among the reaction 
products acetoacetic acid, acetone, propionaldehyde, acetaldehyde, acetic 
acid, formic acid, and carbon dioxide. The amount of acetone and acetalde¬ 
hyde combined was approximately 40%, and the carbon dioxide approxi¬ 
mately 26% of the oxidized portion of the original acid. Similar, but less 
extensive, reaction occurred at 37°C. 

Subsequently, Dakin^^ determined the extent to which carbon dioxide 
was produced when the ammonium salts of the saturated fatty acids from 
formic to stearic were oxidized by a boiling 3% aqueous solution of hydro¬ 
gen peroxide. The lower molecular weight acids produced 20% to 47% of 
carbon dioxide compared to 8% to 16% for the higher acids. Somewhat 
later, Dakin^* repeated the oxidation experiments with a view to de¬ 
termining the nature of the ketonic oxidation products which were formed. 
Each acid from butyric to stearic was found to yield a methyl-/3-ketone 
(R CO-CHs) having one less carbon atom than the original acid. It was 
presumed, therefore, that the first step in the oxidation was the formation of 
a ketonic acid which underwent decarboxylation to form a ketone according 
to the following scheme: 

RCHaCHjCOOH-> RCOCHjCOOH-► RCOCH, + CO, 

Since /3-hydroxybutyric acid was not detected as an oxidation product of 
butyric acid, Dakin concluded that the keto acid represented the first prod¬ 
uct of oxidation. 

Clutterbuck and Raper’'® subjected the ammonium salts of stearic, pal¬ 
mitic, mjnristic, caproic, n-heptanoic, and caprylic acids to oxidation with 
hydrogen peroxide. The general method of oxidation employed was as 
follows: Stearic acid (10 g.), water (250 ml.), and ammonia (4 ml., 23% 
solution) were heated under reflux in a three-liter flask to 60®C. Hydrogen 
peroxide (21 ml., 30% solution) was then added and the temperature gradu- 

H. D. Dakin. Biol Chem., 4, 77-89 (1908). 
H. D. Dakin, J. Biol Chem., 4, 227-233 (1908). 
H. D. Dakin, Am. Chem. J., 44, 41-48 (1910). 
P. W. Clutterbuck and H. S, Raper, Biochem, 19, 385-396 (1925). 
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ally raised to 90®C. and maintained at this temperature for four hours. At 
the end of the reaction period the solution was acidified with phosphoric 
acid and cooled, and the precipitated acids and ketone, were separated by 
filtration. The various reaction products were then separated and identi¬ 
fied by recognized methods. It was found that in addition to the ^-keto 
acids obtained by Dakin, 7-keto acids were obtained from myristic, 
palmitic, and stearic acids, and both 7- and 5-keto acids were obtained from 
caproic, n-heptanoic, and caprylic acids. No evidence of tlie presence of 
hydroxy acids was obtained and it was, therefore, concluded as maintained 
by Dakin that the first step in the oxidation of a saturati^d acid with hydro¬ 
gen peroxide is the production of series of keto rather tlian hydroxy acids. 
Small amounts of succinic acid were also observed among the reaction prod¬ 
ucts which were presumed to arise from further oxidation of the keto acids.*^^ 
Some evidence was obtained that unsaturated acids were formed but they 
could not be identified. In all cases the proportion of the original saturated 
acid which underwent oxidation was small, generally less than 10%. 

Smedley-Maclean and Pearce’® observed that palmitic acid was readily 
oxidized by hydrogen peroxide in the presence of cupric sulfate. Three to 
four hours^ boiling with a large excess of hydrogen peroxide containing a few 
drops of cupric sulfate resulted in conversion of 70% of the palmitic acid to 
carbon dioxide and volatile fatty acids. The main product of oxidation 
appeared to consist of a mixture of isomeric substances in which unsaturated 
dihydroxy acids and hydroxy lactones predominated. Keto hydroxy acids 
could not be detected. The unsaturation was assumed to occur in the 
2,3(a,iS)- and 3,4(jS,7)-positions. The isolation of lactones in considerable 
amount indicated that oxidation had occurred in the 7- and 5-positions. 
Succinic acid was identified at every stage of the oxidation except the 
earliest. Volatile acids of low molecular weight were also formed. Accord¬ 
ing to the observations of these authors, desaturation and hydroxylation 
appeared to take place simultaneously at several points along the palmitic 
acid chain which was gradually broken down to give unsaturated hydroxy 
acids containing 13, 10, and 7 carbon atoms as the main intermediate prod¬ 
ucts of oxidation. 

Allen and Witzemann’® found that certain buffered oxidation systems 
such as disodium acid phosphate-hydrogen peroxide, Na2HP04-H202, 
ammonia-hydrogen peroxide, and diammonium acid phosphate-hydrogen 
peroxide, (NH4)2HP04~H202, were conducive to oxidation of saturated 
fatty acids. When the fatty acids or their salts, in the case of the less 
soluble acids, were heated on a water bath with hydrogen peroxide in the 
presence of the above-mentioned buffers, all of the acids from acetic to 

” P. W. Clutterbuck, Biochem, J., 21, 512-521 (1927). 
I. Smedley-Maclean and M. S. B. Pearce, Biochem. 28, 486-494 (1934). 
R. H. Allen and E. J. Witzemann, /. Am. Chem. Soc., 63, 1922-1927 (1941). 
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capric were oxidized primarily to carbon dioxide (50% to 80%). Acetic 
acid and acetone were found among the end products of oxidation in the 
case of the acids above acetic. The authors interpreted the catalytic effect 
of the buffered reaction as a promotion of the reduction of hydrogen per¬ 
oxide by supplying hydrogen from another source (the organic acid) to re¬ 
duce it to water, and that the final oxidation of the substrate to carbon di¬ 
oxide is a secondary reaction depending on the addition of water and is not 
primarily due to the peroxide itself. They assumed further that when 
oxidation of saturated fatty acids by hydrogen peroxide occurs in the 
presence of glycine, ammonium glycolate, or the ammonium salt of a fatty 
acid, it does so by virtue of the catalytic effect of the amino or ammonio 
compound. 

(b) Action of Hydrogen Peroxide on Unsaturaied Acids 

The literature with respect to the oxidation of monoethenoid acids by 
hydrogen peroxide is similarly confusing. Hazura®® investigated the oxida¬ 
tion of oleic acid with hydrogen peroxide at ordinary temperature in the 
absence of alkali, but failed to obtain any evidence of oxidation. Hilditch®^ 
reported the isolation in unspecified yield of dihydroxystearic acid melting 
at 92-93°C. which was produced on boiling, under reflux for eight hours, 
5 g. of methyl oleate, 10 g. of concentrated hydrogen peroxide, and 50 ml. of 
acetone. Hilditch®^ states that pure hydrogen peroxide (Perhydrol) alone, 
or in the presence of a neutral solvent such as acetone, acts on oleic acid or 
its esters only very slowly to produce dihydroxystearic acid (m.p. 95®C.) in 
small amounts. 

Smedley-Maclean and Pearce®® oxidized oleic acid by heating it to 95'^C. 
for 3 to 3.5 hours with a slightly alkaline solution of hydrogen peroxide. 
About 40% of the original oleic acid was recovered. Carbonic, acetic, and 
formic acids corresponding to 5-10% of the original acid were found among 
the reaction products, together with diketostearic, dihydroxystearic, and 
a-ketodecanoic acids. When the experiment was carried out under other¬ 
wise similar conditions except that a small amount of copper sulfate was 
added to the reaction mixture, more than 70% of the original acid was con¬ 
verted to carbonic, formic, and acetic acids. Small amounts of succinic and 
4-keto-7-hydroxycaprylic acids were also identified. When the reaction was 
carried out at 60°C. in the presence of the cupric salt, about 20% of the 
original acid was converted to carbonic, formic, and acetic acids and the 
proportion of succinic acid was greatly increased, but 4-keto-7-hydroxy- 
caprylic acid was found to be the principal product of the reaction. In some 

«« K. Hazura, Monatsh., 9, 469-474 (1888). 
T, P, Hilditch, /. Chem, Soc 1926, 1828-1836. 

** T. P. Hilditch, in Chemie und Technolome der Fette und Fetlproduckte^ edited by G. 
Hefter and H. Schdnfeld. Vol. I, Springer, Vienna, 1936,jpp. 328-331. 

1. Smedley-Maclean and M. S. B. Pearoe, Biochem» 25, 1252-1266 (1931). 
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experiments the yield of the latter acid corresponded to approximately half 
of the original oleic acid. 

Harris and Smith®* found that hydrogen peroxide was relatively unre- 
active even with partially oxidized acids since they observed that when 
10,11-epoxyundecanoic acid was allowed to remain in contact with hydro¬ 
gen peroxide in ligroin solution no reaction occurred. Also, Dor4e and 
Pepper®* found that when erucic acid (2 g.) was refluxed for eight hours with 
100 ml. of acetone containing 20 ml. of hydrogen peroxide, 1.9 g. of the acid 
was recovered unchanged. Refluxing oleic acid for fifty hours under other¬ 
wise similar conditions gave the same result, and no reaction was observed 
to occur with brassidic acid under these conditions. 

(c) Action of Benzoyl Peroxide on Fatty Acids 

Benzoyl peroxide, (C6H6C0)202, a solid substance melting at 108°C., is 
an oxidation reagent which may be considered as being structurally related 
to hydrogen peroxide, H2O2. Benzoyl peroxide readily reacts with saturated 
and aromatic hydrocarbons, with alcohols, organic acids, etc., at tempera¬ 
tures above 100®C. The peroxide decomposes thermally in the vapor phase 
to give the free radicals CeHj— and CeHsCOO—,®®'®^ and these are pre¬ 
sumed to attack an organic substance, RH^ with formation of new com¬ 
pounds and new free radicals. As an oxidizing agent for unsaturated acids 
it is generally used in solution at atmospheric temperature under which 
conditions it is probably less reactive than hydrogen peroxide, and it prob¬ 
ably reacts to liberate free oxygen rather than to produce free radicals. It 
has not been generally used as an oxidation reagent in structural investiga¬ 
tions of unsaturated fatty acids but it is used industrially for bleaching 
certain fatty products such as lecithin. 

Piguleviskii and Petrov®® oxidized oleic acid (38.4 g.) dissolved in dry 
ether at 2-3®C. for two days with an ethereal solution of benzoyl peroxide 
(18.92'g.). At the end of the reaction period a solid product, which was 
soluble in organic solvents and corresponded to the formula CisHseOs, was 
hydrolyzed by boiling for one hour with water containing a few drops of 
sulfuric acid. A dihydroxystearic acid (m.p. 137°C.) was recovered from 
the hydrolyzate. Since the high melting hydroxy acid would be expected to 
result from the oxidation of elaidic rather than oleic acid, it was assumed 
that an inversion occurred during the reaction which was attributed by the 
authors to the hydrolytic reaction rather than to the original oxidation. 

** P. L, xianis and J. C. Smith,/. Chem. Soc,, 1Q3S, 1672-1576. 
•• C. Dor6e and A. C. Pepper, J, Chem. Soc,, 1942^ 477-483. 
•« D. H. Hey and W. A. Waters, Chem. Revs, 21, 169-208 (1937). 
^ E. H. Fanner, Trans. Faraday Soc., 38,340-348 (1942). 
•• G. V. Hgulevskii and M. A. Petrov, J. Russ. Phys.<Jhem. Soc., 58, 1062-1066 

(1926), see 48,1763 (1916). 
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(d) Oxidation of Monoethenoid Acids with Per Acids 

The per acids, which may be considered as being derived by interaction of 
hydrogen peroxide and an acid anhydride, are energetic oxidizing agents. 
The per acids which have been chiefly used in the investigation of fatty 
acids are peracetic, perbenzoic, monopersulfiiric (Carols acid), and periodic. 
Peracetic acid is formed by the action of hydrogen peroxide on acetic anhy¬ 
dride as indicated in the following equation: 

CH3CO 

HjO* + (!> -f CH3CO OOH + CH,COOH 
I 

CH,CO 

It may bo preferable to form the per acid by other means. Perbenzoic 
acid, for example, may be prepared in situ by the action of hydrogen per¬ 
oxide on benzoic acid, but if it is desired to isolate the acid in the solid state 
it is preferable to prepare it by the action of sodium methylate on benzoic 
peroxide in chloroform solution.®^ The reactions involved are as follows: 

(C«H6C0)202 -f CHaONa -> CeHsCOO^Na + CeHsCOOCHs 

CeH6C002Na + H2SO4 -► CeH.COOjH -f NaHS04 

Oxidation of an unsaturated fatty acid with a per acid produces a variety 
of reaction products depending on the nature of the reagent, the conditions 
of oxidation, and the structure of the unsaturated acid. The known re¬ 
action products resulting from the oxidation of monoethenoid acids include 
oxido acids, peroxido acids, ketohydroxy acids, and dihydroxy acids. Com¬ 
plete fission appears to occur with monethenoid acids only as a result of 
severe hydrolysis of the intermediate oxidation products. 

Caro's acid, monopersulfuric acid, was discovered in 1898 and shortly 
thereafter was applied by AlbitzkP® as an oxidizing agent for oleic and 
elaidic acids. He obtained a low melting dihydroxystearic acid by oxidation 
of oleic acid and a high melting diliydroxystearic acid by oxidation of elaidic 
acid, which products were identical with the acids previously obtained by 
the action of hydrogen peroxide and acetic acid on these unsaturated fatty 
acids. Albitzki also oxidized erucic and brassidic acids with monopersul¬ 
furic acid prepared by the action of concentrated sulfuric acid on ammoftium 
persulfate (NH4)2S208. Erucic acid was found to give dihydroxybehenic 
acid (m.p. 98~100°C.) whereas brassidic acid gave dihydroxybehenic acid 
(m.p. 131~-33®C.). Albitzki assumed that the reaction occurred first by 
addition of the elements of monopersulfuric acid to the double bond, fol¬ 
lowed by hydrolysis in acid solution as follows: 

•• H. Gilman, Organic Syntheses, Collective Vol. I, 2nd ed., Wiley, New York, 1941, 
pp. 431-434. 

» A. Albitzki, Ber,, 33, 2909-2910 (1900); J, Russ. Phys.-^hem, Soc., 34, 788-810, 
810-828(1902); J, prakt. Chem,, 67, 289-315,357-376 (1903). 
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RjCH O-OH 

H 

RidoH 

+ SO. 

^ I R.CH OH 

hydrolysis 

RjCOSOjOH 

RiCHOH 

RjCHOH 

Afanasievski®^ oxidized petroselinic acid with monopersulfuric acid and 
obtained 6,7-dihydroxystearic acid. 

Little subsequent interest was shown in per acid oxidation until about 
1926 when Boeseken and Belinfante, Hilditch and co-workers, Bauer and 
co-workers, Smit, and others investigated the reaction of unsaturated acids 
with peracetic and perbenzoic acids. Boeseken and Belinfante®^ and Smit®* 
oxidized oleic and elaidic acids with peracetic and perbenzoic acids and con¬ 
cluded that the two per acids did not react in the same manner. According 
to the first-mentioned authors, peracetic acid was presumed, like mono¬ 
persulfuric acid, to add at the double bond as follows: 

Ri~CH 

eJ!h + ™ 
<OH Ri—CHOH 

R.—iH(OCOCH,) 

Obviously, alternate addition would also occur and an isomeric pair of 
addition products would be formed. If, however, subsequent hydrolysis of 
the hydroxyacetoxy addition products occurred, the resulting dihydroxy 
acids would be identical. Perbenzoic acid, on the other hand, was pre¬ 
sumed to form an oxido compound, Ri—CH • CH—R2, which in the presence 

\o/ 
of dilute sulfuric acid was converted to a dihydroxy acid. Smit observed 
that oleic and elaidic acids could be quantitatively titrated with peracetic 
acid, exactly as with Wijs iodine solution but they could not be titrated 
quantitatively with perbenzoic acid. Various natural fats and oils were also 
observed to add oxygen quantitatively when titrated with peracetic acid. 

Hilditch and Lea®^ investigated the reaction of oleic and elaidic acid 
esters with hydrogen peroxide in acetic acid solution. They observed that 
reaction occurred only slowly at low temperatures but rapidly at 7O-90°C., 
and that the reaction products consisted of about 15% of 9,10-dihydroxy- 
stearic acid (m.p. 95°C.), about 55% of acetylated dihydroxystearic acid, 
and about 30% of a peroxidic oily product. It was concluded, therefore, 
that hydrogen peroxide reacted with acetic acid to produce peracetic acid 

I. Afanasievski, J. Russ. Phys.^hem. Soc., 47, 2124-2127 (1915). 
•* J. Bdeseken, Rec. trav. chim., 45, 838-844 (1926). See J. B5eseken and A. H. Belin¬ 

fante, ibid., 45, 914-918 (1926); J. Boeseken and G. Elsen, ibid., 48, 363-369 (1929); 
J. Bdeseken, W. C. Smit, and Gaster, Proc. Acad. Sci. Amsterdam, 32,377-383 (1929). 

w W. C. Smit, Rec. trav. chim., 49, 539-551, 675-685, 686-690, 691-696 (1930). 
T. P. Hilditch and C. H. Lea, J. Chem. See., 1928,1576-15^. See T. P. Hilditch, 

ibid., 1926, 1828-1836. 
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which added to the double bond. The ester of elaidic acid under the same 
conditions gave the ester of 9,10-dihydroxystearic acid melting at 132°C. 

Bauer and Bahr^® carried out an extensive investigation of the reaction of 
pcrbenzoic acid with mono- and polyethenoid acids. The monoethenoid 
acids used in this investigation included oleic, elaidic, erucic, ricinoleic, and 
ricinelaidic. In all cases the principal product of oxidation was found to be 
an oxido acid which when heated with aqueous potash was converted to the 
corresponding hydroxy acid. In general, the method consisted of dissolving 
the acid in chloroform and adding an excess of perbenzoic acid. The ab¬ 
sorption of oxygen was dc'termined daily by titration and at the end of 
the reaction period the chloroform was eyaporated and the excess per¬ 
benzoic acid destroyed by boiling with water. The oxido acid was converted 
to polyhydroxy acid by heating with aqueous potash in a sealed tube 
at 130^150°C. 

Under these conditions of oxidation, oleic acid gave oxido-oleic acid 
(m.p. 52°C.) from which dihydroxystearic acid (m.p. 96°C.) was obtaiiif'd 
by the action of alkali. Elaidic acid gave oxidoelaidic acid (m.p. 57.5- 
58.5°C.) which on hydrolysis gave dihydroxystearic acid (m.p. 132°C.). 
In both cases only one atom of oxygen was absorbed. Methyl elaidate 
when oxidized with pcTbenzoic acid gave methyl oxidoelaidate (m.p. 
32-'33.5‘^C.), which product was also produced from oxidoelaidic acid by 
methylation with diazomethane. 

Erucic acid gave oxidoerucic acid (m.p. 67.5°C.) which on heating for six 
hours at 170°C. with alkali gave dihydroxybehenic acid (m.p. 133*^0.). In 
the light of later work by Dor^e and Pepper,*^ it is apparent that the drastic 
hydrolytic action employed by lhauer and Bahr resulted in an inversion of 
the as-oxido acid to the ^m/is-dihydroxy acid. Dor4e and Pepper observed 
that hydrolysis of oxido acids in alkaline medium occurred with difficulty, 
whereas acid hydrolysis occurs readily and proceeds without inversion. 

Ricinoleic acid treated in the same manner gave an oily product contain¬ 
ing one additional oxygen atom. This product when heated with alkali 
gave trihydroxystearic acid (m.p. 110°C.). The high melting form of tri- 
hydroxystearic acid (m.p. 142°C.) was not detected. Ricinelaidic acid gave 
a solid reaction product insoluble in chloroform which on further reaction 
with alkali gave the same trihydroxystearic acid (m.p. 110-11®C.) as was 
obtained with ricinoleic acid. 

Dor4e and Pepper^® obtained the same dihydroxystearic acids as were ob¬ 
tained by Hilditch when oleic and elaidic acids were oxidized with hydrogen 
peroxide in acetic acid solution in the absence of a catalyst. However, when 
osmium tetroxide was added to the reacting system and the reaction carried 
out at 60®C., the converse products of oxidation were obtained in 60% 

K* H. Bauer and 0. Bahr, J, prakt. Chem., 122, 201-213 (1929) 
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yields. These authors concluded, therefore, that an inversion occurred dur¬ 
ing the oxidation owing to the action of the catalyst. This conclusion was 
confirmed and extended by their investigations of the oxidative action of 
peracetic and perbenzoic acids on erucic (cts) and brassidic {trans) acids, 
CH3(CH2)7CH : CH(CH2)iiCOOH. 

Erucic and brassidic acids were found to be unaffected after heating for 
eight or fifty hours with acetone-hydrogen peroxide solution (5:1 by vol¬ 
ume). Neither acid was found to react with acetic acid-hydrogen peroxide 
(2.5:1 by volume), in the presence of vanadium pentoxide as a catalyst, 
either at room temperature for ten days or at 70°C. for forty hours. Glacial 
acetic acid and hydrogen perojride (2.5:1 by volume) when heated with 
erucic acid (50 g.) at 100°C. for four hours in the absence of a catalyst gave 
a good yield (32 g.) of dihydroxybehenic acid (m.p. 101 °C.). The mother 
liquor contained an oily product corresponding to 22.2% of erucic acid per¬ 
oxide. On distillation of the erucic acid peroxide there was obtained a yield 
of approximately one-third of the product in the form of oxidobrassidic acid 
(m.p. 69.5°C.) which presumably was derived from the erucic acid peroxide 
by thermal action* during distillation. Brassidic acid under similar con¬ 
ditions of oxidation gave the corresponding dihydroxybehenic acid melting 
at 132°C. 

When the same reactions were carried out with the addition of osmium 
tetroxide as catalyst either at room temperature for fifty days or at 60®C. for 
one hour, erucic acid was found to yield dihydroxybehenic acid melting at 
132°, whereas brassidic acid gave dihydroxybehenic acid melting at 101°, or 
the converse of that which occurred without a catalyst. Oxidation and 
saponification of the corresponding methyl esters gave the same final prod¬ 
ucts as were obtained with the unesterified acids. In the case of the acids 
these reactions are illustrated in the accompan3dng scheme. 

HtOr-AcOH at 100* Dihydroxybehenic acid HtOr-AcOH-OsO. at 60* 

Erucic acid Brassidic acid 
m.p. 33.8_^ Dihydroxybehenic acid ^_m.p. 60.8_ 

HjOr-AcOH-OsO. at 60" “ P- HA-AcOH at 100" 

It is thus evident that oxidation with hydrogen peroxide in acetic acid, in 
the absence of a catalyst, occurs without inversion to give the cts-hydroxy 
acid from the cis-unsaturated acid and the <m?i«-hydroxy acid from the 
frans-unsaturated acid. However, in the presence of the catalyst inversion 
occurs and the forms of the hydroxy acids are the converse of those obtained 
in its absence. The authors infer that inversion was due to the presence of 
the catalyst. However, by one definition of a catalyst, it cannot initiate a 
reaction or change the course of the reaction except to increase its velocity. 
If this is indeed the case, then oxidation with hydrogen peroxide and acetic 
acid would appear to result in the production of both isomeric dihydroxy 
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acids but at different rates, one of which might be very much more rapid 
than the other. The addition of a catalyst to the reacting system could re¬ 
sult in a preferential acceleration of the relative rates of the two reactions 
so that the converse dihydroxy acid becomes the predominant end product 
of the reaction. 

Dor4e and Pepper observed further that oxidation of m-erucic acid with 
perbenzoic acid gave m-oxidoerucic acid (m.p. 63.5°C.) in 60-70% 5delds 
and on acid hydrolysis tliis product gave m-dihydroxybehenic acid (m.p. 
101 °C.). . The frans-brassidic acid'under the same conditions gave trans- 
oxidobrassidic acid (m.p. 70.5°C.), which on hydrolysis give <mns-dihy- 
droxybehenic acid (m.p. 132°C.). The reactions occurred in each case with¬ 
out inversion and may be illustrated as in the accompanying scheme. 

H 
CHa(CH2)7C 

C00H(CH2)„C 
H 

cis-Erucic acid, 
m.p. 33.8 

H 
CH3(CH2)7C 

perbenzoic acid 

H 
CH,(CH2)7C0H 

acid 

COOH(CH2)uC 
H 

cis-Oxidoerucic acid, 
m.p. 63.5 ®C. 

hydrolysis 

COOH(CH2)i,COH 
H 

cis-Dihydroxybehenic 
acid, m.p. 101 °C. 

CH3(CH2)7CH 

H(i:(CH2)nCOOH 

H 
CH3(CH2)7C 

perbenzoic acid 

\ 

H 
CH3(CH2)7C0H 

acid 

<rans-Brassidic acid, 
m.p. 60.8 °C. 

hydrolysis 

C(CH2)iiCOOH 
H 

^raws-Oxidobrassidic acid, 
m.p. 70.5 X. 

HOC(CH2)iiCOOH 

<rar? 5-Dihyd roxy brassidic 
acid, m.p. 132 °C. 

Steger and van Loon®® prepared petroselinic (cis-A®’^-octadecenoic) acid 
and petroselidinic or petroselinelaidic (<mn5-A®-^-octadecenoic) acid and 
subjected them to oxidation with perbenzoic acid and alkaline potassium 
permanganate. The corresponding 6,7-oxidostearic acids obtained by per¬ 

benzoic oxidation were subsequently sulfated and hydrolyzed to produce 
the corresponding 6,7-dihydroxystearic acids. The reactions occurring at 
the original double bond may be represented as follows: 

H H perbenzoic acid ^ H 

^ —c— ’ 

V 

H*S04 

H H 

A. Steger and J. van Loon, Rec, irav. chirn,, 46, 703-708 (1027), 
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The melting points of the derivatives of petroselinic and petroselidinic 
acids prepared by Steger and van Loon are recorded in Table 121. These 
melting points indicate that no inversion occurred in the course of any of the 
reactions—low melting derivatives have been obtained in each case from 

Table 121 

MELTING POINTS IN DEGREES CENTIGRADE OF DERIVATIVES OF CIS- AND traUS- 

PETROSELINIC ACIDS 

Acid Triglyceride Methyl 
ester 

Oxido 
ester 

Oxido 
acid 

Dihydroxy 
acid 

Petroselinic 26 2 liq. 26.4 59.2 117 
Petroselidinic® 50.1 20.0 26.4 65.4 122 

“ Better known as petroselinelaidic acid. The present author has retained the 
nomenclature of Steger and van Loon, liec. trav. chim., 46, 703 -708 (1927). 

petroselinic acid, and high melting derivatives from petroselidinic acid. 
When, however, the cis- and trans-isomers were oxidized with alkaline 
potassium permanganate an inversion occurred and the high melting 
(122°C,) bjT-dihydroxystearic acid was obtained from petroselinic acid and 
the low melting (IH'^C.) was obtained from petroselidinic acid. 

Recently, Swern, Findley, and Scanlan^^*" reinvestigated the mechanism 
of peracetic and perbenzoic acid oxidations of unsaturated acids and con¬ 
cluded that in both cases the primary reaction product is an epoxy acid, but 
under the conditions generally employed with peracetic acid the oxirane 
ring, —CH • CH—, is opene?d to form hydroxyacetoxy derivatives. Either a 

NO/' 
short reaction time at high t(mii)eratures or a longer time at lower tempera¬ 
tures resulted in opening of the oxirane ring. These authors found that with 
a wide variety of unsaturated fatty acids or glyceride oils, oxidation to the 
epoxy stage was complete at room temperature in two to four hours when 
1.1 to 1.2 moles of peracetic acid per mole of double bond was used. On 
dilution of the reaction mixture with water, the epoxy derivative was readily 
isolated by filtration or separation of the oil obtained. These products were 
primarily epoxy derivatives of the original acid or esters contaminated with 
a small amount of unreacted double bond and hydroxyacetoxy compounds. 

In addition to the per acids previously mentioned, others have been pre¬ 
pared and used in oxidation reactions. Monoperphthalic acid has been pro¬ 
posed®^ as an oxidizing agent in the place of perbenzoic acid, but it appears 
to have found only limited application in investigations on unsaturated 
fatty acids despite a number of advantages. Solutions of monoperphthalic 

D. Swern, T. W. Findley, and J. T. Scanlan, /. Am. Chem. Soc.^ 66, 1925-1927 
(1944), 67, 412-414 (1945). 

w H. B5hme, Ber., 70, 379-383 (1937). 
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acid are more stable than solutions of perbenzoic acid, are less sensitive to 
water and alkali, and are in many cases quantitative in their action. 

Bohme and Steinke^® proposed the so-called “per acid number^’ based on 
the number of milligrams of monopcrphthalic acid required to oxidize a 
given fatty acid or oil under specified conditions of time, temperature, and 
concentration. Bohme and Steinke investigated these conditions for 
oleic and elaidic acids, triolein, and a conjugated octadecadienoic acid, as 
well as for a number of natural oils, including olive oil, cocoa butter,®® 
sesame, poppyseed, and linseed oils. Oleic and elaidic acids and triolein 
were found to absorb oxygen quantitatively in a manner similar to that ob¬ 
served by Smit with peracetic acid. Polyethenoid acids and oils which con¬ 
tain these acids did not, however, react quantitatively with monoper- 
phthalic acid although a number of them reacted to about 90% of theory. 

(e) Oxidation of Polyethenoid Acids with Per Acids 

Per acid oxidation of polyethenoid acids has not been attended with the 
same degree of success obtained with monoethenoid acids. Bauer and 
Kutscher^®® and Bauer and Bahr®® investigated the action of perbenzoic 
acid on linoleic, linolenic, and elaeostearic acids. Linoleic acid, when 
treated with perbenzoic acid in chloroform solution for four days, was found 
to absorb oxygen corresponding to complete saturation of both double 
bonds. However, the resulting product was an oily liquid which could 
not be crystallized and on the basis of analysis and molecular weight de¬ 
terminations it appeared to have undergone polymerization. Alkaline 
hydrolysis did not produce tetrahydroxystearic (sativic) acid but gave in¬ 
stead a linoxylin-like product. 

Linolenic acid similarly absorbed oxygen corresponding to complete 
saturation of all three double bonds. Two products, corresponding to 
CisHsoOe and CigHsoOs, were obtained and on the basis of molecular weight 
determinations they were presumed to have undergone polymerization to 
form a dimer. The ethyl ester likewise absorbed three atoms of oxygen 
but the reaction product consisted of a monomer, C20H34O6. 

Elaeostearic acid, after reaction for seven days with perbenzoic acid in 
chloroform solution, produced an oily product having an iodine value of 18 
to 19. No hexahydroxystearic acid could be isolated after alkaline hy¬ 
drolysis of the reaction product but there was obtained instead an oily 
product of unknown constitution. 

When methyl linoleate was oxidized with hydrogen peroxide in acetic 
acid solution. Green and Hilditch'®^ obtained, in very small yields, two 

H. Bohme and G. Steinke, Ber. 70, 1709-1713 (1937). 
K. Bodendorf, Pharm. Ztg.. 74, 384-385 (1929). 
K. H. Bauer and G. Kutsener, Chem. Umschau, 32, 57-64 (1925). 
T. G. Green and T. P. Hilditch, Biochem. J., 29, 1552-1563 (1935). 
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tetrahydroxystearic acids melting at 126° and 146°C. According to the 
authors, neither of these products bore any simple relationship to the hy¬ 
droxy acids obtained by oxidation with potassium permanganate of either 
linoleic or linolelaidic acids. Oxidation of methyl linoleate with perbenzoic 
acid led to the formation of dioxidostearic acid but not to tetrahydroxy¬ 
stearic acid. Ethyl linolenate when oxidized with peracetic acid or per¬ 
benzoic acid gave neither crystalline hydroxy or oxido acids but only oily 
and gummy reaction products. 

(/) Oxidation of Fatty Oils with Per Acids 

Oda^°^ attempted to produce a castor-oil-like product by the oxidation of 
soybean oil with hydrogen peroxide in acetic acid solution. When soy¬ 
bean oil was refluxed for one hour with acetic acid and hydrogen peroxide, 
both hydroxylation and acetylation occurred as was evident from the in¬ 
creased acetyl and saponification values of the reaction product compared 
with those of the original product. 

Isii^®* extended the investigation of the behavior of soybean oil with 
various oxidation reagents and methods in a further effort to develop a 
castor-oil-like product from this oil. The oxidative reagents used by Isii 
included hydrogen peroxide in acetic acid and sulfuric acid solutions, and 
air in acetic acid solution. It was found that 30% hydrogen peroxide and 
60% sulfuric acid in ratios from approximately 1:1 to 1:2 at 85° C., resulted 
in appreciable hydroxylation in three hours and produced a good substitute 
for castor oil. The reaction was represented as being similar to that oc¬ 
curring with monopersulfuric acid as originally proposed by Albitzki, 
namely: 

H2S04 4-H,0, ; 

RiCH 
i -f H^6 

lUCH 

RiCHOH 

lH(OSO,H) 
4-H*0 

H2SO5 + H2O 

RiCHOH 

RjinCOSOsH) 

RiCHOH 
► T + H^4 

R2CHOH 

Besides peracetic and persulfuric acids, Isii prepared performic, “per- 
propionic, perbutyric, percaproic, perbenzoic, perphthalic, percamphoric, 
pemitric, perphosphoric, permolybdic, peruranic, perstannic, et al. acids 
by treatment of the appropriate acid or anhydride with hydrogen peroxide, 
and these in turn were used in the presence of 30% hydrogen peroxide to 
hydroxylate soybean oil. Hydrogen peroxide in the presence of hydro- 

R. Oda, J. Soc. Ckem. Ind, Japan^ Buppl. binding, 41, 196-196 (1938). 
Y. Isii, 7. Soc, Chem, Ind, Japan, Suppl. binding, 43, 255-256, 26^257, 315-317, 

374-377, 377-379 (1940). 
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chloric, boric, and chromic acids did not produce measurable hydroxyla- 
tion of soybean oil. 

The effects of peracetic and persulfuric acids on soybean oil were com¬ 
pared under identical conditions with respect to time, temperature, con¬ 
centration, etc., using solutions of 30% hydrogen peroxide in 98% acetic 
acid and in 60% sulfuric acid. The reactions of soybean oil and these two 
reagents were followed analytically at half hour intervals by determination 
of the acid number, iodine, thiocyanogen, hydroxyl, and acetyl values, 
viscosity, and solubility of the reaction product. Hydroxylation occurred 
with both reagents, but at different rates, of which the acetic acid reaction 
was the faster of the two. The combined acetic acid increased as the reac¬ 
tion time increased, whereas the percentage of combined SO4 decreased. 
The content of active oxygen (peroxide) in neither case exceeded 0.025%. 

In the course of an investigation on the absorption of oxygen by un¬ 
saturated oils in different solvents, Ueno and co-workers’®^ observed that 
the presence of acetic acid led to accelerated absorption. Following this 
observation, Isii’®* investigated the action of oxygen and acetic acid as a 
hydroxylation agent with soybean oil using a temperature of 105-108®C., 
98% acetic acid in concentrations from 10% to 200% of the oil, and an air 
velocity of 65 cc. per min. It was found that any increase in the concentra¬ 
tion of acetic acid up to 20% of the mixture resulted in corresponding de¬ 
creases in hydroxylation. Concentrations of acetic acid above 20% re¬ 
sulted in hydroxylation occurring and the maximum reaction was reached 
with 100% acetic acid to oil (1:1 ratio) but above this ratio a dilution ef¬ 
fect was observed. 

Hydroxylation was assumed to occur through intermediate formation 
of peroxides at the double bond of the unsaturated acids. The peroxide 
thus formed underwent acetylation to give a monohydroxymonoacetyl 
compound with the liberation of oxygen which in turn reacted with the 
acetic acid to form peracetic acid. The peracetic acid was presumed to 
react with other unattacked double bonds to form additional hydroxyacetyl 
products. Hydrolysis of the acetylated compound was not observed to 
occur. 

When methyl oleate in acetic acid solution was also blown with lair 
under conditions similar to those used with soybean oil, the reaction prod¬ 
uct was found to have the following characteristics: acid number 41.3, 
saponification number 271.1, acetyl saponification number 326.5, iodine 
value 40.2. After saponification and ciystallization from ethyl acetate, 
dihydroxystearic acid (m.p. 130-31 °C.) was obtained. 

The reactions involved in the oxidations of soybean oil with per acids 
were represented to occur in the following manner: 

S. Ueno, Z Okamura, and T. Saida, /. Soc, Chem. Ind, Japan. Suppl. binding, 34, 
106-108(1931). 
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—CH 
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CH3COOH + O 
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6. Oxidation with Ozone 

Ozone has been used since about 1900 as an oxidation reagent in deter¬ 
mining the structures of unsaturated fatty acids. For such purpose it is 
applicable to both mono- and polyethenoid acids. As a general rule the 
method of oxidation with alkaline potassium permanganate is preferable 
for use with monoethenoid acids while ozonation yields more satisfactory 
results with polyethenoid acids. Readily identifiable dihydroxy acids 
are obtained in high yield under proper conditions of dilute alkaline 
permanganate oxidation of monoethenoid acids, whereas polyethenoid acids 
yield on oxidation with this reagent, a mixture of difficultly identifiable 
hydroxy acids. Ozonation of polyunsaturated acids occurs smoothly and 
with the formation of much less secondary oxidation than is the case with 
the more drastic permanganate oxidation. 

The unsaturated acid or ester whose structure is being investigated is 
converted to an ozonide or polyozonide by dissolving it in chloroform or 
acetic acid and passing into the solution a stream of ozonized oxygen at ice 
temperature. The chloroform is then removed under vacuum (or about 
30°C.) and the ozonide decomposed by heating with water (about 65®C.) 
in an atmosphere of hydrogen. The reaction comprises the addition of a 
molecule of ozone at the double bond and subsequent hydrolysis of the 
ozonide to produce molecular fragments by fission at the positions originally 
occupied by the unsaturated linkages. Volatile products of hydrolysis are 
collected in absorption towers containing appropriate reagents. The 
volatile and nonvolatile products of hydrolysis are usually identified in the 
form of characteristic derivatives. 

Owing to the instability of ozone it is necessary to generate this reagent 
at dr close to the site of the reacting product or system. Commercial gen¬ 
erators for this purpose may be purchased, but it is often preferable to con¬ 
struct the generator and assemble the other equipment for conducting the 
ozonation in a special cabinet. Ozonizers and ozonation assemblies have 
been described by various workers. The ozonizer of Goss and 
Phillips is compact, safe, and easy to operate. 

E. Briner, H, Patry, and E. de Luserna, Helv. Chim. Ada. 7, 62-74 (1924). 
L. I. Smith, J. Am. Chem. Soc., 47, 1844-1850 (1925). 
M. J. Goss and M. Phillips, J. Assoc. Official Agr. Chem., 21, 327-331 (1938). 
A. L. Henne and W. L. Perikstein, J. Aw. Chem. Soc., 65, 2183-2185 (1943). 
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Ozonation was used by Harries and co-workers and by Molinari 
and co-workersin establishing the position of the double bonds in 
oleic, elaidic, and other* unsaturated acids. According to these authors, 
ozonation of oleic acid and subsequent hydrolysis in the presence of air 
occurs according to the following scheme: 

CH3(CH2)7CH:CH(CH.2)7C00H -f O3 

Oleic acid 

O-0 
I I 

CH3(CH,)7CH CH(CH07COOH + HjO 

V 

o—o 
I I 

CH,(CH7)7CH CH(CH7)7C00H + H7( 
/ 

o 

o—o 

CH,{CH,),CH CH(CH,)XXX)H 

V 
Oleic ozonide 

CH3(CH2)7CH0 + 
n-Nonanal 

CH0(CH2)7C00H -f H2O2 

Azelaic semialdehyde 

CH3(CH2)7C00H + CH0(CH2)7C00H 
n-Nonanoic acid Azelaic semialdehyde 

CH3{CH2)7CH0 + H00C(CH2)7C00H 
n-Nonanal Azelaic acid 

From time to time various improvements have been made in the methods 
of hydrolysis of the ozonides especially to reduce the number of products 
formed and to increase the yields. The original method of hydrolysis used 
by Harries and co-workers consisted in boiling the ozonide with water 
(oxidizing hydrolysis) which, in the case of a monoethenoid acid, leads to 
the formation of four products as indicated by the previously mentioned 
equations. Because of the unfavorable conditions of oxidizing hydrolysis, 
the yields of hydrolytic products are low and at times the results are com¬ 
plicated by the presence of side reaction products. 

Noller and Adams'^^ improved the method of hydrolysis by conducting 
it under reducing conditions. In this method zinc dust and hydrochloric 
acid are added to the solution of the ozonide to prevent oxidation of the 
aldehydes; therefore, only two instead of four ozonation products are ob¬ 
tained for any given monoethenoid acid. This method was applied in the 
preparation of aldehyde esters from methyl oleate, undecylenate (9-hendec- 
enoate), and erucate. The aldehyde est(»rs were obtained in 3rields of 
about 55%. Methyl oleate and methyl erucate gave nonanal (pelargonic 
aldehyde) in yields of 60-70% by this method of hydrolysis. 

108 C. Haxries and C. Thieme. Ann., 343, 354- 360 (1005); Jivr., 39, 3728-3732 (1906). 
108 C. Harries and H. O. Turk, Ber., 39, 3732-3737 (1906). 
110 C. Harries and W. Franck, Ann., 374, 356-368 (1910). 
111 E. Molinari and E. Soncini, Ber., 39, 2735-2744 (1906). 
11* E. Molinari and P. Fenaroli, jfcfcr., 41, 2789-2794 (1908). 
11* E. Molinari and C. Barosi, Ber., 41, 2794-2799 (1908). 
11* C. R. Noller with R. Adams, J. Am. Chem. Boc., 48, 1074-1080 (1926). 
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Riebaomer and Tallinaii^^* found that hydrolysis of the ozonide could be 
accomplished by adding hydrogen peroxide (30% aqueous solution) to 
the acetic acid solution and refluxing it on a steam bath. Under these 
conditions there are also obtained only two reaction products but both 
are acids instead of aldehydes as in the case of reducing hydrolysis. Hy¬ 
drolysis of the ozonide of methyl erucate gives approximately 62% of 
nonanoic acid and methyl brassylate, COOH(CH2)iiCOOCH8. Mowry, 
Erode, and Brownlikewise used hydrogen peroxide for the hydrolysis of 
the ozonide formed by treating methyl arachidonate with ozone at dry ice 
temperature and obtained caproic, glutaric, and succinic acids in yields 
comparable with those obtained by permanganate oxidation. 

Toyama and co-workers carried out the hydrolysis of the ozonides of 
highly unsaturated acids or esters from fish oils in a current of hydrogen. 
The flask containing the ozonide was connected to two other flasks, the 
first of which contained ice water and the second barium hydroxide. The 
hydrogen carried over the volatile degradation products which were (a) 
dissolved in the ice water, (b) separated as an oil on the surface of the ice 
water, or (c) converted to a barium salt. 

The method of ozonation has been particularly successful in the hands of 
Japanese workers and has been applied especially by Toyama and his as¬ 
sociates in their numerous investigations of both monoethenoid and poly- 
ethenoid fatty acids from marine animal oils and oriental seed fats. Toy¬ 
ama and Tsuchiya'^^ applied ozonation to the determination of the struc¬ 
ture of punicic acid (m.p. 43.5-44°C.): 

CH3(CH2)8CH : CHCH: CHCH: CH(CH2)7COOH 

isolated from pomegranate seed oil. The fission products consisted of n- 
valeric, azelaic, and oxalic acids and glyoxal which indicated that the acid 
was an isomer of elaeostearic acid. 

These authorsalso applied the method of ozonation to the establish¬ 
ment of the structure of gadoleic acid: 

CH3(CH2)»CH:CH(CHa)7COOH 

obtained from cod liver, sardine, and herring oils. Ozonation and subse¬ 
quent hydroijrsis in this case produced undecanoic acid, undecanal, and 
azelaic acid. Ozonation and hydrolysis of the methyl ester of hiragonic 
acid: 

CHaCH: CH (CH2)2CH: CH (CH2)2CH: CH (CHa)4COOH 

J. L. Riebsomer and R. C. Tallman, Prac. Indiana Acad, Sci,, 43, 136-139 (1934). 
D. T. Mowry, W. R. Erode, and J. B. Brown, J, Biol, Chem,, 142, 676-691 (1942). 
Y. Toyama and T, Tsuchiya, J, Soc, Chem. Ind. Japan. 38, 454-457; Suppl. bind¬ 

ing, 182-185 (1935). 
Y. Toyama and T. Tsuchiya, J. Soc. Chem. Ind. Japan. 37, 31-34, 34-37; Suppl. 

binding, 14-16, 17-20 (1934). 
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prepared from Japanese sardine oil gave succinic acid, acetic acid, methyl 
hydrogen adipate, acetaldehyde, methyl adipate semialdehyde, succinic 
semialdehyde, and succinic aldehyde. 

The constitution of moroctic acid from Japanese sardine oil was es¬ 
tablished as: 

CHsCHaCH: CHCH^CH: CH(CH2)2CH: CH (CHOUGH :CH(CH2)2COOH 

by Toyama and Tsuchiya^^® through ozonation of the methyl ester which 
led to the isolation of propionic acid, propyl aldehyde, succinic acid, suc¬ 
cinic semialdehyde, methyl hydrogen succinate, methyl succinic semialde¬ 
hyde, carbon dioxide, acetic acid, and acetaldehyde. The three last prod¬ 
ucts were considered to be secondary decomposition products of malonic 
acid and malonic aldehyde. 

The constitutions of an eicosatetraenoic acid, C20H32O2, and eicosap>en- 
taenoic acid, C20H30O2, were likewise established by these authors by means 
of ozonation. They also established the constitution of clupanodonic 
acid, C22H84O2, by means of ozonation of the amyl ester and the dibromo-, 
tetrabromo-, and hexabromo- derivativesof this acid. The constitution 
of a docosahexaenoic acid, C22H32O2, and of nisinic acid, C24H86O2, occurring 
with clupanodonic acid in sardine oil, was established by the same tech¬ 
nique. 

Ozonolysis was also applied by Toyama and Tutiya^^^ to the location of 
the unattacked double bonds remaining after partial bromination and 
partial thiocyanation of linoleic and linolenic acids. 

Ozonation is applicable to the investigation of acids containing triple 
bonds as indicated by Steger and van Loon^^s work on Picramnia 
oils. The naturally occurring 6,7-stearolic acid was found to 3deld ex¬ 
clusively adipic and lauric acids on ozonation and hydrolysis. These 
authors^^* also identified licanic acid from Po-yoak oil by ozonation. The 
identity of the acid was established by isolation of azelaic, ketoazelaic, and 
valeric acids among the products of hydrolysis of the ozonide. 

Other applications of ozonation include the determination of the struc¬ 
ture of elaidic acid by Harries and Thieme,^^^ of linoleic acid by Noorduyn^“ 
and Thieme,^*® linolenic acid and methyl and ethyl linolenate by Erdmann, 

Y. Toyama and T, Tsuchiya, Bull, Chem, Soc, Japan, 10, 192-199 (1935). 
Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan, 10, 232-241 (1935). 

in Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Jaj^n, 10, 29^300, ^1-304 (1935). 
Y. Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan, 10, 441-463 (1935). 

1S9 Toyama and T. Tsuchiya, Bull. Chem. Soc. Japan, 10, 639-643, 647-551 (1935). 
Y. Toyama and T. Tutiya, J. Soc. Chem, Ind. Japan, 38, 86-89, 89-94; Suppl. 

binding, 36, 36-37 (1935). 
A. St^r and J. van Loon, Rec, trav. ckim., 52, 593-600 (1933). 

1** A. Steger and J. va^i Loon, Rec. trav. chim., 57, 620-628 (1938). 
C. Harries and C. Thieme, Ann., 343, 354460 (1905); Ber., 39, 2844-2846 (1906). 
A. C. Noordi^, Rec. trav. chim., 38, 317-344 (1919). 

»» C. Thieme, ueber die Einmrkung dec Ozone auf Sduren der Oeledurereihe und auf 
SieraUdure, Inaugural Dissertation, iCiel, 1906, 29 pp. See M. Stoll and A. Eouve, 
Hdv. Ckim. Acta, 27, 969-961 (1944). 
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Bedford, and Raspe,^®° ricinoleic acid by Tliieme,^^® erucic and brassidic 
acids by Thieme^^^ and Holde and Zadek,'®^ undecylenic acid by Noor- 
duyn,^2® elaeostearic acid by Majima,'®^ methyl and ethyl oleate by Hel- 
ferich and SchMer,^®® methyl ricinoleate by Haller and Brochet,^®* triolein 
by Molinari and Fenaroli,^^- triricinolein by Noorduyn,^28 methyl 
undecylenate by Hardinp;, Walsh, and Weizmann.'®'^ 

7. Oxidation with Periodic Acid 

Periodic acid, HsIOe, which is formed by the action of sulfuric acid on 
such periodate salts as potassium or barium pcTiodate, has been extensively 
applied in the oxidation of polyliydric alcohols^®® and has proved to be a 
useful reagent for the furtlu^r oxidation of partially oxidized fatty acids. 
King,^®^ for example, applied periodic acid to the disruptive oxidation 
of the isomeric O-hj'droxy-lO-ketostearic and 9-keto-lO-hydroxystearic 
acids. The oxidation was carried out by adding to the hydroxyketo acids 
dissolved in alcohol solution, the calculated quantity of potassium periodate 
in an aqueous solution acidified with normal sulfuric acid. After standing 
48 hours, the reaction mixture was neutralized and steam-distilled. Ox¬ 
idation of 9-hydroxy-lO-ketostearic acid gave nonanoic (pelargonic) acid 
and azelaic semialdehyde in high yields, whereas 9-keto-lO-hydroxystearic 
acid under the same conditions gave nonanal and azelaic acid, likewise in 
high yield. The products of periodic oxidation thus substantiate the struc¬ 
ture assigned these two hydroxyketo acids. 

King*®® also applied periodic oxidation to the naturally occurring di- 
hydroxystearic acid (m.p. 14P^C.) obtained from the sludge deposited 
from technical ricinoleic acid. Fission occurred between the hydroxyl 
groups with tke formation of nonanal and azelaic semialdehyde (m.p. 
38°C.). 

Dor^e and Pepper*®® oxidized 13,14-dihydroxybehenic acid with periodic 
acid and obtained nonanal and brassylic semialdehyde. The oxidation 
was carried out by dissolving the dihydroxy acid in 95% alcohol and rapidly 
adding a solution of potassium periodate in normal sulfuric acid. 

Ross, Gebhart, and Gerecht*®®" have recently developed a method 
whereby a,/S-dihydroxy compounds may be quantitatively estimated by 

E. Erdmann, F. Bedford, and F. Raspe, Ber., 42, 1334-1346 (1909). 
131 D. Holde and F. Zadek, Ber., 56, 2052-2058 (1923). 
'32 R. Majima, Ber., 42, 674-680 (1909). 
»3 B. Helferich and N. Schafer, Ber,, 57, 1911-1917 (1924). 

A. Haller and A. Brochet, Compt. rcnd., 150, 496-503 (1910). 
'36 V. J. Harding, G. M. Walsh, and C. Weizmann, J. Chem. Soc., 99, 448-451 (1911). 
'** L. Malaprade, Compt. rend., 186, 382-384 (1928); Bull. soc. c/im., 43, 683-696 

(1928). 
'37 G. King, J. Chem. Soc., 1936, 1788-1792. 
'3« G. King, J. Chem. Soc., 1942, 387-391. 
'33 C. Dorde and A. C. Pepper, J. Chem. Soc., 1942, 477-483. 
'3»<» J. Ross, A. I. Gebhart, and J. F. Gerecht, J. Am. Chem. Soc., 67,1275-1278 (1945). 
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means of periodic acid. A known quantity of the dihydroxy compound 
is allowed to stand in ah alcoholic solution of periodic acid for 16 to 45 
minutes, after which the solution is diluted with water. Sodium bicar¬ 
bonate and potassium iodide are added and the liberated iodine is titrated 
with 0.1 A* potassium arsenite solution. 

8* Oxidation with Lead Tetraacetate 

In 1931, Criegee^^® introduced his lead tetraacetate method for cleaving 
H H 

glycols of the type R C—C R, where R may be hydrogen or any radical. 

H H 
The oxidation which is highly specific results in cleavage between the two 
carbon atoms to which the hydroxyl groups are attached. The method, 
which has been extensively applied in the investigation of the constitution 
of sugars and related glycols, is of obvious value in determining the posi¬ 
tion of double bonds of unsaturated acids provided that the unsaturated 
compound is first oxidized to the corresponding hydroxy compound. For 
example, a monoethenoid acid can be oxidized with potassium permanga¬ 
nate to the corresponding dihydroxy acid, which in turn can be cleaved 
with lead tetraacetate to give an aldehyde and an aldehydo acid. These 
reactions may be illustrated with oleic acid by the following equations: 

CH3(CH2)7CH : CH(CH2)7C00H 
Oleic acid 

KMn04 
CH3(CH2)7CH0H • CH0H(CH2)7C00H 

Dihydroxystearic acid 

CH3(CH2)7CH0H • CH0H(CH2)7C00H 
Pb(OCOCH8)4 

CH3(CH2)7CH0 -h CH0 (CH2)7C00H 
n-Nonanal Azelaic semialdehyde 

Identification of the fission products of the hydroxy acid thus establishes 
the position previously occupied by the double bond of the original un¬ 
saturated acid. 

Despite the general applicability of this method for determining the 
positicHi of double bonds in unsaturated fatty acids, it has been applied by 
only a few investigators and generally with modifications adapted to the 
specific product under investigation. Two general procedures have been 
followed: (1) isolation of the hydroxy acid and cleavage with previously 
prepared and isolated lead tetraacetate; and {2) formation of hydroxy acids 
by oxidation in acetic acid solution and cleavage with lead tetraacetate 
formed in situ by addition of red lead. When the lead tetraacetate is to be 
prepared and isolated, the method of Oesper and Deasy^^^ is recommended. 

R. Criegee, Ber., 64, 260-266 (1931); Ann,, 481, 263-302 (1930). R. Criegee, L. 
Kraft, and B. Rank, ibid,, 507, 159-197 (1933). 

R. E. Oesper and C. L. Deasy, J, Am. Chem, Soc,, 61, 972-973 (1939). 
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In 1935 Nunn and Smedley-Maclean^^^ and, about the same time, 
Raudnitz, Schindler, and Petru,^^® applied Criegee^s method to the struc¬ 
tural identification of fatty acids. According to the first-mentioned 
authors, both dihydroxysteaiic and sativic (tetrahydroxystearic) acids 
were found to react almost quantitatively with lead tetraacetate at 37°C. 
In both cases azelaic acid was isolated from the reaction mixture and identi¬ 
fied by its melting point (106-107°C.). n-Hexanal obtained by oxidation 
of sativic acid and n-nonanal from dihydroxystearic acid were identified 
by means of their dinitrophenylhydrazones. These authors also applied 
the lead tetraacetate method to the cleavage of the hydroxy acids produced 
by alkaline permanganate oxidation of the unsaturated acids from linseed 
oil. 

In an effort to locate the point of attachment of the hydroxyl groups, 
Raudnitz and co-workers^^® applied lead tetraacetate oxidation to aleuritic 
acid, a trihydroxypalmitic acid found in shellac. Nagel,on the basis of 
oxidative cleavage with potassium permanganate, concluded that aleuritic 
acid was 9,10,16-trihydroxypalmitic acid, whereas SJndemann^'^® concluded, 
also on the basis of permanganate oxidation, that it was 10,11,15-trihy- 
droxypalmitic acid. Since Criegee’s method of oxidation is specific for 
1,2-glycols it should be possible to differentiate between these two struc¬ 
tures. 9,10,16-Trihydroxypalmitic acid should yield azelaic semialdehyde 
and 7-hydroxyheptanal, CH2(OH)(CH2)5CHO, whereas 10,11,15-trihydroxy- 
palmitic acid should yield sebacic semialdehyde, CHO(CH2)8COOH, and 
5-hydroxyhexanal, CH3CH(OH)(CH2)3CHO. Actually, Raudnitz and co- 
workers'^^ found only the semialdehyde of azelaic acid as the acidic con¬ 
stituent of the oxidation of aleuritic acid and identified it in the form of the 
semicarbazone melting at 163°C, The neutral portion of the reaction 
products gave qualitative tests for the presence of aldehydes but no crys¬ 
talline derivative could be isolated by means of the usual aldehyde re¬ 
agents. 

Hsing and Chang'^® oxidized 9,10-dihydroxystearic acid with lead tetra¬ 
acetate and obtained as reaction products 7i-nonanal and azelaic semi¬ 
aldehyde in the form of semicarbazones, each in 85% yield. They also 
oxidized 9,10,12-trihydroxystearic acid (m.p. 111-12°C.), previously ob¬ 
tained by permanganate oxidation of ricinoleic acid, with lead tetraacetate 
in benzene solution. After four hours’ reaction they were able to isolate 
azelaic semialdehyde in the form of the semicarbazone (m.p. 112-13°C.) 
in 90% yield. Like Raudnitz and co-workers, Hsing and Chang were un- 

L. C. A. Nunn and I. Smedley-Maclean, Biochem, 29, 2742-2745 (1935). 
H. Raudnitz, H. Schindler, and F. Petru, Ber.^ 68, 167^1676 (1935). 
W. Nagel, Ber., 60, 605-609 (1927). 
H. Endemann, Z. angew. Chem., 22, 676-677 (1909). 
C.-Y. Hsing and K.-J. Chang, /. Am. Chem. Soc., 61,3589 (1939). 
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able to isolate and identify the hydroxyaldehyde corresponding to the 
other fragment of the cleavage reaction. 

Scanlan and Swern'^^ applied Criegee^s reaction to the cleavage of 
hydroxylated derivatives of oleic acid, ethyl oleate, and oleyl alcohol. 
Because lead tetraacetate is relatively unstable, the reagent was formed in 
situ by reaction of glacial acetic acid and red lead (Pb304). According to 
these authors, this method is particularly advantageous when applied to 
the hydroxylation products prepared by the action of hydrogen peroxide in 
glacial acetic acid (peracetic acid) on unsaturated compounds, since under 
these conditions neither the hydroxylated compound nor the lead tetraace¬ 
tate requires isolation. However, all of the hydroxylated compounds ob¬ 
tained by oxidation with hydrogen peroxide in glacial acetic acid were the 
low melting forms. The high melting forms had to be prepared by alkaline 
permanganate oxidation. Both series of products were reported to behave 
in the same manner with respect to oxidative cleavage with lead tetraace¬ 
tate. 

Hilditch and Jasperson^^ measured the rate of consumption of lead 
tetraacetate when used in strictly comparable concentrations to oxidize 
various isomeric polyhydroxystearic acids, and found marked differences in 
the speed of oxidation of the different isomers. The rate of oxidation of 
the 9,10-dihydroxystearic acid (m.p. 95®C.) was far more rapid than that 
of the corresponding isomer (m.p. 132°C.). The two low melting forms of 
9,10,12,13-tetrahydroxystearic acid were more rapidly oxidized than the 
corresponding high melting forms. These differences in the rates of oxida¬ 
tion of the pairs of isomeric hydroxy acids are similar to those observed in 
many pairs of cyclic glycols. Criegee^^® has shown, in the case of the iso¬ 
meric cyclic glycols, that m-glycols are attacked by lead tetraacetate more 
rapidly than the <rans-isomerides. However, in the case of polyhydroxy¬ 
stearic acids produced by oxidation of polyunsaturated acids, the isomerism 
arises from the presence of asymmetric carbon atoms and the various 
forms are, therefore, racemic mixtures of optical isomers and not geometric 
isomers. 

Dorfe and Pepper^*® found that lead tetraacetate reacts with the m- 
and ^mns-forms of 13,14-dihydroxybehenic acid (m.p. 101° and 132°C., 
respectively) to form in each case nonanal and brassylic semialdehyde. 
The relative oxidation rates of the two isomers were found to be markedly 
different, the low melting form oxidizing very much more rapidly than the 
high melting form. Since this behavior parallels that observed by Criegee 
and others with geometric isomers, it might be considered as evidence that 

J. T. Scanlan and D. Swem, /. Am. Chem, Sac,, 62, 2305-2309 (1940). 
T. P. Hilditch and H. Jasperson, Nature, 147, 327 (1941). 
R. Criegee, Her., 65, 1770-1772 (1982). 
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the hydroxy acids are geometric instead of optical isomers as just men¬ 
tioned. 

An attempt by Scanlan and Swern^“ to apply the peracetic-lead tetra¬ 
acetate oxidation directly to olive, peanut, and lard oils was not successful, 
but when applied to castor oil the 3rield of oxidation products was higher 
than in the case of the lead tetraacetate oxidation of 9,10,12-trihydroxy- 
stearic acid obtained by hydroxylation of ricinoleic acid. The work of 
Scanlan and Swem furnishes an explanation of the failure of Raudnitz and 
co-workers^^® and of Hsing and Chang^^® to identify the aldehyde which is 
assumed to be formed during cleavage at the glycol configuration. In¬ 
stead of the anticipated ^S-hydroxynonanal, Scanlan and Swern obtained 
approximately 63% of an unsaturated aldehyde, namely, a-nonenal, 
CH8(CH2)6CH : CH • CHO. The method of identification leaves no doubt 
as to the general structure of the aldehyde, i. e., with respect to chain 
length, the presence of a double bond, and the terminal aldehyde group, 
but the position of the double bond does not appear to have been deter¬ 
mined by irrefutable means. The unsaturated aldehyde was presumed to 
arise from a dehydration reaction occurring between the hydroxyl radical 
and the hydrogen attached to the twelfth and eleventh carbon atoms, re¬ 
spectively, either simultaneously with, or subsequent to, cleavage at the 
9,10-double bond in accordance with the following equation: 

CH,(CH2)6CH0HCH2CH0HCH0H(CH2)7C00H 
Pb(OCOCHi)4 

CH3(CH2)6CH:CHCH0 + CHO(CH,)7COOH 

The production of such unsaturated aldehydes by dehydration seems to 
be firmly established, but under most dehydration conditions a mixture of 
A*'®- and A®’>-nonenal would be expected if dehydration occurred prior to 
cleavage. If jS-hydroxynonanal was first formed and subsequently dehy¬ 
drated the course of the dehydration may have been quite specific owing to 
the orienting effect of the aldehyde group. 

Lead tetraacetate oxidation has been applied by Mendel and Coops^®^ 
as a means of degrading higher fatty acids to the next lower homolog, e, g., 
stearic to margaric, and palmitic to pentadecanoic. The method con¬ 
stitutes a means of preparing, in relatively good yield, the odd-carbon acid 
from the next higher even-carbon acid. The method involves the follow¬ 
ing steps: bromination of the original acid to produce the a-bromo acid; 
conversion of this acid to the corresponding a-hydroxy acid by esterifica¬ 
tion and reaction with potassium acetate in acetic acid; oxidation of the 
hydroxy acid to the aldehyde with lead tetraacetate in benzene solution; 

J. T. Scanlan and D. Swem, /. Am. Chem. Soc., 62, 2309-2311 (1940). 
H. Mendel and J. Coops, Rec. trav. chim., 58, 1133-1143 (1939). 
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and air oxidation of the aldehyde to the desired acid. The following equa¬ 
tions, using stearic acid, illustrate the steps in the process: 

CHa(CH,).5CH,CCX)H —.> CH,(CHj),.CHBrCOOH 

esterification CH3(CH2)i5CH C===0 PbCOCOCHa)! -► I I-^ 
reaction with CHaCOOK qjj qjj 

CHj(CHj)uCHO - > CH,(CH,)uCOOH 

Tlie authors claim an over-all yield of the next lower homolog of approxi¬ 
mately 84% by the use of this method of preparing higher odd-numbered 
carbon acids. 

9. Products and Mechanisms Involved in Chemical Oxidation 

of Unsaturated Fatty Acids 

(a) Products Produced by Complete Cleavage of Double Bonds 

The various products which may be formed by chemical oxidation of the 
unsaturated fatty acids, together with some of their properties, are as¬ 
sembled in Tables 122 to 125. 

If quantitative fission of the unsaturated acids given in Table 122 oc¬ 
curred as a result of oxidation by any one or any combination of the 
methods previously described, the corresponding pairs of mono- and di- 

Table 123 

PROPERTIES OF a,W-DIBASIC ACIDS OBTAINED BY OXIDATION 

OF UNSATURATED FATTY ACIDS 

Acid Formula fjPi' 

Soly. in 
water 

at 
20®C., 

% 

Ionisation 
constants 

kx X 
10» 

kt X 
10« 

Oxalic (C00H)2 189.6 Sub¬ 10.2 3800 43.7 
limes 

Malonic CH2(COOH)2 135.6 Decom¬ 73.5 177.0 4.50 

Succinic (CHjCOOH)* 185.0 
poses 
236 6.8 7.36 5.34 

Glutaric CH2(CH2C00H)2 97.5 304 63.9 4.60 5.29 
Adipic (CHjCHjCOOH), 153.0 265‘®® 3.90 4.87 
Pimelic CH2(CH2CH2C00H)2 105.5 272^“ 6.0 3.33 4.71 
Suberic (CHjCHaCHjCOOH)* 142.0 300 0.16 3.07 4.64 
Azelaic CH2(CH,CH2CH*C00H)2 108.0 360 0.24 2.82 3.0 
Sebacic (CHsCHaCHjCHaCOOH), 134.0 296»“ 0.10 2.8 3.0 
Undecane- 

dioic CHaCCHjCHjCHaCHjCOOH), 110 1 1 
Dodecane- 

dioic (CH2CH2CH2CH,CH2C00H)2 126 
Brassylic CH2(CH2CH,CH2CH2CH2C00H)2 112 

* Superscripts refer to pressure in millimeters of mercury. 
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basic acids given opposite each acid should be produced in equimolar quan¬ 
tities. A similar series of fission products could also be set doivn for the 
oxidation of the polyethenoid acids. However, the number of such fission 
products is increased in proportion to the number of double bonds in the 
carbon chain. For example, linoleic acid, if quantitatively split by oxida- 

Table 124 

ALDEHYDES PRODUCED BY PARTIAL OXIDATION OF UNSATURATED 

FATTY ACIDS 

Aldehyde F ormula M.p., ®C. B.p., ®C.» 

Methanal HCHO - 92 -21 
Ethanal CH,CHO -120 20.8 
Propanal CjHfiCHO 49 
Butanal C3H7CHO 73 
Pentanal C4H«CH0 102 
Hexanal C^HnCHO 128 
Heptanal QHiaCHO 155 
Octanal C7H16CHO 60-6P 
Nonanal C8H17CHO 80-82» 
Decanal C9H19CHO 207-209 
Hexadecanal CiftHaiCHO ‘34 200-201" 
Octadecanal C17H38CHO 63.5 212-213" 

® Superscripts refer to pressure in millimeters of mercury. 

Table 125 

ALDEHYDO ACIDS PRODUCED BY PARTIAL OXIDATION OF UNSATURATED 

FATTY ACIDS 

Aldehydo acid Formula 

Glyoxylic acid. 
Malonic semialdehyde.... 
Succinic semialdehyde.... 
Glutaric semialdehyde... 
Adipic semialdehyae. 
Pimelic semialde^de.,.. 
Suberic semialdehyde.... 
Azelaic semialdehyde.... 
Sebacic semialdehyde.... 
<i^-Formyldecanoic acid... 
b>-Formy]undecanoic acid 
Brassylic semialdehyde... 

OCHCOOH 
0CH(CH2)C00H 
(x:jh(Ch*),cooh 
0CH(CH2),C00H 
OCH(CHt)4COOH 
0CH(CH2)6C00H 
OCH(CH,)«COOH 
0CH(CH2)7C00H 
0CH(CH2)8C00H 
OCH(CHi)2COOH 
OCH(CH2)ioCOOH 
0CH(CH2)„C00H 

tion at both double bonds without subsequent oxidation of the primary 
oxidation products, should produce one mole each of the following acids; 
caproic, CHa(CH2)4COOH; malonic, ^HOOCCHjCOOH; and azelaic, 
HOOC(CHa)7COOH. Linolenic acid under the same conditions should pro¬ 
duce one mole propionic (CHaCHjCOOH), two moles malonic, and one mole 
azelaic acid. ^Hien the acid contains a conjugated system of double bonds 
complete fission of the conjugated portion of the C chain should produce 
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oxalic acid, 6. gr., elaeostearic acid should yield: one mole valeric acid, CHs- 
(CH2)sCOOH; two moles oxalic acid, (C(X)H)2; and one mole azelaic acid. 

As previously mentioned, quantitative fission seldom occurs and in some 
cases the primary fission product may be partly or completely oxidized to 
one or more lower molecular weight acids. For example, valeric acid fre¬ 
quently appears where caproic acid is expected and oxalic acid appears 
where malonic acid is expected. 

The properties of the monobasic acids formed by oxidative cleavage have 
been discussed elsewhere. Some of the properties of the dibasic acids are 
given in Table 123. Little is known concerning the dibasic acids having a 
chain length greater than sebacic acid. The melting points of the dibasic 
acids exhibit alternation similar to that observed with monobasic acids. 
Within the series of alternate pairs the melting point decreases with increas¬ 
ing molecular weight. Solubilities in water also exhibit alternation, the 
acids with an odd number of carbon atoms being more soluble than the ad¬ 
jacent even-numbered acids. Acids containing an even number of carbon 
atoms are more resistant to oxidation and are generally, but not necessarily, 
produced by further oxidation of odd-numbered dibasic acids. Except for 
oxalic acid the dibasic acids are obtained by crystallization from water with¬ 
out water of crystallization; oxalic acid adds two molecules of water. Except 
for oxalic and malonic acids they are readily distillable without decomposi¬ 
tion. Compared with the monobasic aliphatic acids, dicarboxylic acids 
have higher dissociation constants^®^® and are therefore stronger acids. 

The aldehydes (Table 124) produced on oxidation of the unsaturated 
acids are generally identified in the form of derivatives such as the hydra- 
zones, phenylhydrazones, nitro- or dinitrophenylhydrazones, etc., or they 
may be further oxidized to the corresponding acids. The aldehyde acids 
(Table 125) are difficult to isolate in highly pure form. It is therefore 
preferable to employ the ester of the acid to be oxidized when it is desired to 
isolate a semialdehyde or to conduct the oxidation so as to produce the 
corresponding dibasic acid. 

(6) Products Produced by Partial Oxidation of Double Bonds 

In addition to the products obtained by oxidative cleavage, unsaturated 
acids form various partially oxidized products such as di- and polyhydroxy, 
hydroxyketo, diketo and oxido acids. Of this group of products the di- and 
polyhydroxy acids shown in Tables 126 and 127 are best known. 

Although most of the polyhydroxy acids shown in Table 126 have long 
been known and many of their properties and those of their derivatives have 
been determined, there exist many unanswered questions concerning the 
exact stereo configuration of these compounds. Since all of these acids con- 

J. Greenspan, Chem, Revs., 12, 339-^61 (1938). 
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tain two or more as3mmetric carbon atoms they should exhibit optical 
activity, but no such activity has been conclusively demonstrated. All of 
the dihydroxy acids in Table 126 are theoretically capable of existing in four 
isomeric forms as illustrated in the following configurations for dihydroxy- 
stearic acid: 

(CH2)7C00H 

HO— 

H— 

(CH2)7CHa 
dextro 

(CH2)7C00H 

(CH2)7CH3 
leva 

—H H— —OH HO— 

—OH HO— —H HO— 

(CH2)7C00H 

H 

H 

(CH,)7CH2 
meao 

Racemate 

The d- and Z-forms should have identical physical properties with the excep¬ 
tion of their effect on plane polarized light. The racemate or dZ-form and the 
meso-form should exhibit differences in such properties as melting point, 
solubility, refractive index, etc., but neither form should exhibit optical 
activity. 

Table 126 

MELTING POINTS OF ISOMERIC POLYHYDROXY ACIDS OBTAINED BY 

OXIDATION OP UNSATURATED FATTY ACIDS 

Unsaturated acid Hydroxy acid Melting point, ^C. 

A®-^®-Hexadecenoic, Ci«H3o02 Dihydroxypalmitic 87, 125 
Oleic (cia), C18H34O2 Dihydroxystearic 95, 132 
Elaidic {trans), C18H34O2 Dihydroxystearic 95, 132 
Petroselinic C18H34O2 6,7-Dihydroxystearic 115, 122 
Petroselaidic (^raws-A®-’), C18H34O2 6,7-Dihydroxystearic 115, 122 
Ai*,“-Octadecenoic, C18H34O2 12, IS-Diliydroxystearic 129.5 
Erucic C22H42O2 Dihydroxy behenic 100, 130 
Brassidic (imns-A^®-'®), C22H42O2 Dihydroxy behenic 100, 130 
Ricinoleic (ds), Ci8H3302(0H) Trihydroxystearic 111, 142 
Ricinelaidic (trans) ^ Ci8H3302(0H) Trihydroxystearic 111,142 
Linoleic, C18H32O2 Tetrahydroxystearic 163.5, 174« 
Linolenic, C18H30O2 Hexahydroxystearic 1 175,203 
A®'7.®* 1®- i*-Octadecatrienoic, C18H30O2 Hexahydroxystearic 245 

* Mixtures of these two forms have been shown to melt at temperatures between 153® 
and 161 ®C. 

Trihydroxystearic acid which contains three asymmetric carbon atoms 
can theoretically exist in eight optically isomeric forms or four racemic 
modifications. Tetrahydroxystearic acid contains four asymmetric carbon 
atoms and thus should give rise to sixteen optical isomers or eight ra¬ 
cemic modifications. The hexahydroxy acids would have sixty-four optical 
isomers or thirty-two racemic modifications. In general, the straight chain 
hydroxy acids will contain one asymmetric carbon atom for each hydroxyl 
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group which replaces one of the hydrogens of each methylene group. The 
number of optical isomers corresponding to each asymmetric carbon atom 
will be 2” where n is the number of asymmetric carbon atoms or, in this case, 
substituted hydroxyl groups in the methylene carbon chain. 

Table 127 

PROPERTIES OF SOME POLYHYDROXY ACIDS OBTAINED BY OXIDATION 

OP UNSATURATED FATTY ACIDS 

Solubility* 

Acid Crystal 
form Water j Alcohol 

Ether 
Cold Hot Cold Hot 

Dihydroxysteari c, 
95 ^ 132'‘C. 

Rhombic 
plates I I DS s DS 

Tetrahydroxystearic, Needles I DS DS s I 
173 °C. 

Hexahydroxystearic, 
203 ^C. 

Rhombic 
plates 

DS S DS DS I 

Hexahydroxystearic, 
173-175‘*0. 

Needles DS ES S s I 

® I « insoluble. S « soluble. DS =* difficultly soluble. ES =* easily soluble. 

Dihydrozy Acids Obtained by Oxidation of Monounsatnrated Fatty 
Acids.—Only two dihydroxy acids have been observed among the oxida¬ 
tion products of monounsaturated acids and both are optically inactive. 
With a given oxidizing agent, one of these is derived from the cis-acid and 
one from the iran^-acid. For example, oleic acid on oxidation with per¬ 
acetic acid gives dihydroxystearic acid melting at 95°C., and oxidation of 
the /rans-oleic or elaidic acid gives a dihydroxy acid melting at 132°. The 
formation of these two optically inactive dihydroxystearic acids might be 
explained on the assumption that one of them, say the low melting acid, is a 
?n6so-compound and the high melting compound a racemate. Such a rela¬ 
tionship has been established*®^ with respect to the oxidation of the isomeric, 
maleic, and fumaric acids. Careful oxidation of maleic acid with dilute 
permanganate yields mcso-tartaric acid while under the same conditions 
fumaric acid yields d^-tartaric acid by the following equations: 

COOH 

HCCOOH HcSoh 

HCCOOH * HCOH 
Maleic acid, | 
m.p. laO’C. COOH 

mm-Tartaric acid, 
m.p. 140*C. 

“* A. Kekul6 and R. Anschlite, Ber., 13,2160-2162 (1880); 14,718-717 (1881). 
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HCCOOH 

HOOcdljH 
Fumaric acid, 
m.p. 286 ®C. 

dilute 
KMn04 

COOH COOH 
I I 

HCOH HOCH 
I + I 

HOCH HCOH 
I I 

COOH COOH 
d^Tartaric acid, m.p. 206 °C. 

In the case of the postulated medo-dihydroxystearic acid, it is necessary 
to assume that the —(CH2)7COOH group and —(CH2)7CH3 group have 
equal and opposite effects on the optical rotation despite a difference of 
thirty units in their respective molecular weights. Although such an as¬ 
sumption is not unreasonable in the case of dihydroxystearic acid, it ap¬ 
pears less plausible in the case of some of the 9,10-dihydroxy acids of lower 
molecular weight. Owing to the lack of symmetry in the 9,10-dihydroxy- 
lauric acids illustrated by the accompanying formulas, the possibility of in¬ 
ternal compensation appears somewhat untenable: 

(CH2)7C00H 

HO_ _TT XI w 

IT_ _OTT Xl“"“ 

CH2CH3 

dextro 

(CH2)7C00H 

H-OH 

HO-H 

CH2CH, 
levo 

Racemate 

(CH2)7C00H 

HO-^H 

HO-^H 

CH,CH, 
meso (?) 

There exists also another possible explanation of the formation of two 
optically inactive dihydroxy Sicids which does not assume the formation of a 
/n€so-compound. This postulate assumes that the hydroxyl groups enter 
the molecule at the same positions on the carbon tetrahedrons which were 
previously united by the double bond, thus producing a compound with the 
same stereo configuration as the original acid. The czs-addition, as it is 
generally called, produces two dZ-modifications from a given pair of cis- and 
Zmns-unsaturated fatty acids as illustrated by the accompanying formulas. 
It is evident that m-addition preserves the original configuration of the 
unsaturated acid and a m-unsaturated acid produces what might be termed 
a ‘‘cis’^-hydroxy acid; similarly a Zra?^s-unsatu^ated acid would produce a 
'‘Zmns^'-hydroxy acid. 

CH,(CH2)7CH 

.HOOC(CH,)7i!!H 
Oleic ftcid 

R. 
peraoetio acid 

ctVaddition 
H- -OH HO— 

|--OH 

R, 

HO— 

KH 

H 

R2 

(ZZ-Dihydroxystearic acid, m.p. 95 ®C. 
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CH8(CH2)7CH peracetic acid 

HC(CH2)7C00H <?«-addition 
Elaidic acid 

Ri Ri 

HO- 

-OH HO- 

-H H- 

-H 

-OH 

R2 R2 
dZ-Dihydroxystearic acid, m.p. 132 ®C. 

Attempts have been made to resolve these racemic mixtures by way of the 
strychnine salts. Freundler^®^ claimed the rotatory power of the individual 
optically active isomers was too small to permit their differentiation. Inoue 
and Suzuki^®^ claimed to have resolved the dihydroxystearic acid, m.p. 
132®C., into a d-<lihydroxystearic acid having the rotation [ajo +23.2® and 
an Z-dihydroxystearic acid having the rotation [ajp —23.6. Similarly, the 
dihydroxystearic acid, m.p. 95®, was resolved into a d-dihydroxystearic 
acid, [«]£) +27.6®,and an i-dihydroxystearic acid, [aJo —27.45®. However, 
Toyama and Ishikawa^^ and also King*®* were unable to resolve either 
racemic mixture by means of strychnine salts. 

Esafov**^ investigated the reactivity of the two forms of 9,10-dihydroxy- 
stearic acid in acetone and found that their relative reactivities were 
markedly different. The 9,10-dihydroxystearic acid (m.p. 95®C.) when 
allowed to stand for 12 days at room temperature in acetone solution con¬ 
taining 2% hydrochloric acid reacted almost quantitatively to form iso- 
propylidenedihydroxystearic acid. Under the same conditions, 9,10-di- 
hydroxystearic acid (m.p. 132®C.) reacted only to an extent of 12% to 16%. 
These results would be expected if the low melting form possessed a m-con- 
figuration and the high melting form a <rans-configuration. When the 
acetonated compounds were hydrolyzed in dilute aqueous alcoholic sul¬ 
furic acid solution, the acids were recovered without change in their original 
configurations. 

A naturally occurring 9,10-dihydroxystearic acid melting at 141®C. has 
been isolated from castor oil. Its optical activity was too low to measure 
with certainty, but according to King*®* it must be a component of one or 
the other of the two known racemic dihydroxystearic acids produced on 
oxidation of oleic acid. King was able, by treatment of this acid with hy¬ 
drogen chloride at 160®C., to convert it into a mixture of chlorohydroxy 
acids which when boiled with dilute alkali gave an optically active oxido- 
stearic acid, m.p. 59.5°C. On hydrolysis of this compound, the racemic 
dihydroxystearic acid, m.p. 95®C., was obtained. 

Polyhydroxy Acids from Linoleic and Linolenic Acids.—Oxidation under 
proper conditions of a diethenoid acid such as linoleic acid results in the 

M. P. Freundler, Bvll Soc, Chim,, 13, 1052-1056 (1895). 
Y. Inoue and B. Suzuki. Proc, Imp, Acad. Tokyo, 7, 261-264 (1931). 
Y. Toyama and T. Ishikawa, Bull, Chem. Soc, Japan, 11, 735-741 (1936). 

“• G. King, J. Chem. Soc,, 1942, 387-391. 
V. I. Esafov, J. Gen. Chem. V.S.S.R., 6,1818-1822 (1936). 
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formation of hydroxy acids. Since these acids contain four as3ntninetric car¬ 
bon atoms, sixteen optically active isomers, or eight inactive di-mixtures or 
racemates are possible. The exact number of tetrahydroxy (sativic) acids 
which are produced on oxidation, for example by cold, dilute, alkaline per¬ 
manganate of linoleic acid, is not known with certainty. It is generally held 
that only two such acids having melting points of 157° and 173°C., respec¬ 
tively, are formed from the cts-cts-A® '°*^2.i3^0l;adecadienoic acid. Even 
this is not certain, as Riemenschneider and co-workers^®* claim that the 
melting points of thci two sativic acids are 163.5°C. for the a-form and 
174°C. for the /?-form and that the product melting at 156-157°C., generally 
isolated from the oxidation mixture of linoleic acid, is a 70:30 eutectic of the 
a- and i^-sativic acids. According to the postulates of these authors, oxida¬ 
tion of natural or m-cis-linoleic acid to tetrahydroxy acids leads to the 
formation of but two optically inactive or di-mixtures of corresponding 
pairs of optically active isomers. The same reasoning applied to linole- 
laidic or trans4ransAmo\eic acid would also produce two dZ-mixtures of the 
alternate optically active isomers. It should be mentioned here that the 
literature contains numerous references to the production of a number of 
tetrahydroxy acids derived directly or indirectly from one or another of the 
four stereoisomeric linoleic acids. The melting points recorded for these 
tetrahydroxy acids are 122°, 126-127°, 134-135°, 144-146°, 155-159°, 
163.5°, and 173°C. However, at the present time only two of these hydroxy 
acids can be related with certainty to the configuration of natural linoleic 
acid. 

That only two hexahydroxystearic (linusic) acids, melting at 173-175°C. 
and 203°C., respectively, are obtained on oxidation of linolenic acid despite 
the theoretical possibility of the existence of thirty-two racemic forms is 
even more perplexing. The detection of only two isomeric hydroxy acids 
among the oxidation products of naturally occurring linoleic and linolenic 
acids may be the result of highly specific oxidation mechanisms, 61* the acids 
thus far identified may be complex mixtures extremely difficult to resolve. 
At the present time it is not possible to explain the fact that only two 
polyhydroxystearic acids are obtained by oxidation from linoleic and lino¬ 
lenic acids, and little can be said concerning the exact stereo configuration of 
even the two known forms. 

Oxido or Epoxy Acids.—Oxidation of monounsaturated acids with 
perbenzoic or peracetic acid results in the formation of oxido or epoxy 
acids among which the following have been recognized: two r-oxidostearic 
acids melting at 55.5° and 59.5°C., respectively, d-oxidostearic (m.p. 
59.5°C.), and as- and imns-modifications of oxidobehenic acid melting 
at 63.5° and 70.5°C., respectively. The structures and interrelationships 

R. W. Riemenschneider, D. H. Wheeler, and C. E. Sando, J. BioL Chem.^ 127,391- 
402 (1939). 



442 XV. OXIDATION AND HYDROXYLATION 

of these acids have been discussed by King,^*® Dor4e and Pepper,^*® and 
Atherton and Hilditch.^®® 

Oxidostearic acids are obtained by oxidation of oleic and elaidic acids with 
perbenzoic acid while oxidobehenic acids are obtained by perbenzoic oxida- 
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Fig. 73. Stereochemical relationships of the oxidation products of oleic and elaidic 
acids according to King.^“ 

tion of erucic and brassidic acids. King investigated the relationship of 
oleic and elaidic acids, their oxido- and dihydroxy derivatives and their 
interconVersion by way of the chlorohydrins. On the basis of this work he 
concluded the configurations of these compounds were best represented as 
shown in the formulas reproduced in Figure 73. In these formulas a = 
CH»(CH»)7— aud b =• —(CHjItCOOH, d and I rotations are indicated by 
plus and minus signs, and the racemic forms by r. Atherton and Hilditch 
have disputed the configural relationships proposed by King for these prod* 

w D. Atherton and T. P. Hilditch, J. Chem. See., 1943,204-208. 
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ucts and have proposed in their place a somewhat (Mfferent relationship, 
which is reproduced in Figure 74. 
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Fig. 74. stereochemical relationships of the oxidation products of oleic and elaidic 
acids according to Atherton and Hilditch.'*® 

(c) Mechanisms of Chemical Oxidation 

For the most part the mechanisms involved in ordinary oxidation proce¬ 
dures with the unsaturated fatty acids are understandable. Little contro¬ 
versy exists with regard to the mechanisms by which unsaturated acids 
undergo oxidation with such reagents as ozone, chromic acid, and hycirogen 
peroxide. This is not generally true of the mechanisms involved in oxida¬ 
tion reactions involving per acids or potassium permanganate. 

Ozone is generally assumed to consist of a three-membered ring which 
probably adds to the double bond of an unsaturated acid to form a five- 
membeted heterocyclic ring containing two carbon atoms and three oxygen 
atoms. Hydrolysis of the heterocyclic product results in complete rupture 
of the ring to form shorter chain acids or aldehydes as has already been dis¬ 
cussed. 
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Chromic acid or its equivalent, namely, potassium dichromate, in the 
presence of four moles of sulfuric acid and an oxidizable substance, yields 
three atoms of oxygen which will react with saturated, unsaturated, hy¬ 
droxy, keto, and other acids to produce a variety of oxidation products. 
This reagent, and that prepared by addition of chromium trioxide to sul¬ 
furic acid, has not received extensive consideration in work on the elucida¬ 
tion of the structure of fatty acids. 

Hydrogen peroxide appears to act as an oxidizing agent by liberating one 
atom of active oxygen, or as a hydroxylation agent by furnishing two hy¬ 
droxyl groups depending on the menstruum, temperature, and presence or 
absence of such oxidation catalysts as osmium tetroxide, vanadium pen- 
toxide, etc. In neutral, weakly alkaline, and weakly acidic solutioijs hydro¬ 
gen peroxide is not generally an effective oxidizing agent for fatty acids. In 
concentrated acid solutions, and in such solutions in the presence of an 
oxidation catalyst, hydrogen p)eroxide appears to act as a hydroxylation 
agent. It is generally presumed that the hydrogen peroxide reacts with 
acid anhydrides to form per acids which react with unsaturated acids to 
form various oxidation products depending on the conditions of the reaction, 
but the mechanisms by which these reactions are accomplished are not as 
yet entirely understood. 

Mechanism of Per Acid Oxidation.—An understanding of the mecha¬ 
nism of per acid oxidation is obscured by the lack of knowledge of whether 
all per acids are structurally the same, for example, persulfuric, peracetic, 
and perbenzoic, and also by the fact that the original oxidation may be 
accompanied with or followed by secondary hydrolytic reactions. 

It was originally presumed that persulfuric and peracetic acids reacted 
with unsaturated fatty acids to form hydroxysulfonic or hydroxyacetoxy 
addition compounds which subsequently underwent hydrolysis to form 
polyhydroxy acids. It is quite probable that under certain conditions such 
reactions do actually occur. On the other hand, perbenzoic acid has gen¬ 
erally been presumed to react simply by furnishing one atom of oxygen 
which adds to the double bond to form an oxido or epoxy acid. These 
oxido acids can in turn be hydrolyzed by acids or alkalies to form poly¬ 
hydroxy acids. Recently, Findley, Swern, and Scanlan^®® have shown that 
oxido acids are also formed by peracetic acid oxidation of unsaturated acids 
provided the reaction is conducted in an inert solvent, or by other means of 
minimizing secondary hydrolysis. 

It has also been observed that under certain conditions of oxidation and 
hydrolysis the hydroxy acids which were obtained represented inversion 
products, c., high melting forms of hydroxy acids were obtained from the 
iow melting forms of saturated acids and vice versa. Generally, peracetic 

T. W. Findley, D, Swem, and J. T. Scanlan, J. Am, Chem, Soc,^ 67,412*-414 (1045). 



PRODUCTS AND MKCHANI8M8 OF CHEMICAL OXIDATION 445 

acid in the absence of a catalyst reacts with monounsaturated acids by cis- 
addition to form the corresponding dihydroxy acid. No inversion occurs 
during the reaction. Perbenzoic acid reacts similarly except that the prod¬ 
uct of reaction is an oxido acid which on acid hydrolysis forms the dihydroxy 
acid also corresponding to m-addition. When, however, hydrolysis of the 
oxido acid is carried out with alkali at high temperatures, inversion occurs 
and the hydroxy acid corresponding to frans-addition is obtained. The in¬ 
version would therefore appear to be due to the action of alkali or to the high 
temperature or both. 

If, however, an oxidation catalyst is present, peracetic acid reacts with 
unsaturated acids to give the dihydroxy acid corresponding to /mns-ad- 
dition. Thus, erucic acid gives the low melting dihydroxybehenic acid 
(101°C.) when oxidized with peracetic acid in the absence of a catalyst and 
the high melting form (132°C.) when oxidized in the presence of a catalyst 
such as osmium tetraoxide. With brassidic acid the reverse reactions occur. 
This action of the catalyst in producing inversion during oxidation requires 
further investigation and elucidation. 

Mechanism of Potassium Permanganate Oxidation.—Potassium per¬ 
manganate has been extensively employed for investigating the con¬ 
stitution of unsaturated fatty acids and has proved of inestimable value 
in this connection, but despite its utility the mechanism by which the re¬ 
action is accomplished is still incompletely understood. It reacts in alka¬ 
line and neutral solutions to liberate 1.5 atoms of oxygen and in acid solu¬ 
tion to liberate five atoms of oxygen. In neutral, and especially in non- 
aqueous solution, it reacts in a manner similar to potassium dichromate but 
much more energetically. For example, when dry powdered permanganate 
is moistened with glycerin the mass presently bursts into flame. When it is 
in contact with the skin, oxidation of organic substances in the skin occurs, 
with the production of brown stains of manganese dioxide. In dilute solu¬ 
tion and at low temp)eratures it reacts less energetically, but only under 
rigidly controlled conditions are highly specific and reproducible results ob¬ 
tained. Reaction of cold alkaline permanganate on monounsaturated acids 
generally leads to the production of hydroxy acids, while reactions in acidic 
media or aqueous and acetone solutions at elevated temperatures generally 
result in complete rupture of the double bond. In neither case is the 
mechanism of the reaction completely established. 

To understand the reactions of potassium permanganate with unsatu¬ 
rated fatty acids they must be examined in relation to the reactions occur¬ 
ring with other oxidation reagents. The question which then arises is 
whether or not the first step is the same in all chemical oxidations of the 
double bond of a given unsaturated acid such as oleic irrespective of the 
oxidation agent, and whether the subsequent reactions follow the same or 
different paths once addition of oxygen occurs at the double bond. 
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Omitting for the present the formation of a peroxido derivative at the 
methylene carbon adjacent to the double bond, at least five oxidation prod¬ 
ucts have been isolated or their existence postulated as being derivable from 
an unsaturated fatty acid without fission of the carbon chain. These prod¬ 
ucts are illustrated in the accompanying formulas for oleic acid and its 
derivatives in which Ri * CH8(CH2)7— and R2 = —(CH2)7COOH. 

Oleic acid 

H- H 

Oxidoleic acid 

« o, “yV’’ 
R2 r/^ ^^R2 

Cyclic peroxidoleic acid 

Oleic acid ozonide 

HO\ /OH 
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HO 
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Hydroxyketostearic acid 

OH 
C—CfH 

All of these oxidation products exist in at least two modifications corre¬ 
sponding to the two stereoismeric or czs- and <rans-unsaturated acids. Dis¬ 
similarly substituted oxidation products exist in two positionally isomeric 
forms, e, g,, 9-hydroxy-lO-keto- and 9-keto-lO-hydroxystearic acid. 

With oxidation agents such as perbenzoic and peracetic acids, the stereo 
configurations of the parent unsaturated acids are preserved in the oxida¬ 
tion products. As has been previously mentioned, Dor6e and Pepper^®^ ob¬ 
tained the low melting oxido acid from erucic acid and the high melting 
oxido acid from brassidic acid on oxidation of the respective unsaturated 
acids with perbenzoic acid. Hydrolysis of the oxido acids in aqueous alco¬ 
holic hydrochloric acid gave the corresponding forms of the dihydroxy- 
behenic adds. Similarly, when methyl erucate and methyl brassidate were 
oxidized in the same manner they gave the corresponding oxido acids. Like¬ 
wise, when methyl erucate and methyl brassidate were reacted with hydro¬ 
gen peroxide and acetic acid at 100°C. and saponified, they gave the corre¬ 
sponding dihydroxybehenic adds. No inversions were observed to occur at 
any stage in the reactions, i, «., in all cases the low melting form of the un¬ 
saturated acid gave the low melting form of the oxido acid, and the low 
melting form of the oxido acid gave the low melting form of the dihydroxy 
add, whereas with the high melting forni of the unsaturated acid only high 
melting oxidation products were obtained. 

In contrast to these reactions, oxidation of the same acids with alkaline 

C. Dor6e and A. C. Pepper, J, Chem. Soc., 1942, 477-483. 



PRODUCTS AND MECHANISMS OF CHEMICAL OXIDATION 447 

potassium permanganate results in an inversion at some stage of the oxida¬ 
tion as is evident from the fact that the dihydroxy acid which is obtained 
under these circumstances corresponds to the opposite stereoisomer of the 
parent acid. Oxidation of oleic acid with alkaline permanganate produces 
the dihydroxystearic acid melting at 132®C., while elaidic acid under the 
same condition yields the dihydroxystearic acid melting at 95°C. How¬ 
ever, Ejng^®* has reported that the same inversions occur during oxidation 
of oleic and elaidic acids in neutral solutions but to a considerably lesser ex¬ 
tent since the primary products of oxidation under these conditions are 
hydroxyketo acids rather than dihydroxy acids. 

Although it is agreed that an inversion must occur in the course of the 
oxidation, no agreement exists concerning the stage at which inversion 
occurs, the mechanism by which it occurs, or the specific agent responsible 
for the inversion. Also, it appears to be agreed that the inversion is prac¬ 
tically quantitative, and only one form of the oxidation product is obtained 
from a given acid rather than an equilibrium mixture such as occurs in the 
inversion of oleic or elaidic acid under the catalytic influence of the oxides of 
nitrogen,^®® or in the case of the rearrangement of hydroxyketostearic acids 
under the influence of alkali. In the latter case it was observed tliat treat¬ 
ment at room temperature of 9-hydroxy-lO-ketostearic acid (m.p. 74®C.) 
with an excess of 0.1 iV sodium hydroxide resulted in the gradual conversion 
of part of the original acid to 9-keto-lO-hydroxystearic acid (m.p. 75.5®C.) 
which reaction reached equilibrium in 36 hours. When the temperature was 
raised to 100°C. the equilibrium mixture (m.p. 63-64°C.) was obtained in 
five minutes. It is of interest, therefore, to seek an explanation for the 
inversion occurring during alkaline permanganate oxidation and the fact 
that it is also quantitative. 

It might be assumed that the oxygen liberated in alkaline permanganate 
solution adds to the double bond of a monoethenoid acid to form a peroxido 
or oxido acid which undergoes subsequent rapid reaction to form a dihydroxy 
acid. If such a reaction did occur it might be expected that czs-addition 
would result as in the case of the reaction with perbenzoic acid. Subsequent 
hydrolysis might then be accompanied by inversion due to the alkalinity of 
the medium. No such products have been observed during alkaline per¬ 
manganate oxidation which may or may not be sufficient reason for assum¬ 
ing that the reaction does not occur through such an intermediate. 

It might also be assumed that the high concentration of hydroxyl ions 
present in the alkaline permanganate reaction mixture results in direct 
hydroxylation of the double bond of an unsaturated acid. Such a reaction 

G. King, /. Chem, Soc., 1936, 1788-1792. See T. P. Hilditch and H. Plimmer, 
J. Chem, Soc,, 1942, 204-206. 

“»H. N. Griffiths and T. P. Hilditch, /. Chem, Soc,, 1932, 2315-2324; /. Soc, Chem. 
Jnd., 53, 75-81T (1934). 
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appears plausible in view of the fact that oxidation of these acids with neu¬ 
tral permanganate produces predominantly hydroxyketo derivatives with 
only a small proportion of dihydroxy acid. Further plausibility is rendered 
such a view by King's*®^ observation that dihydroxy acids are not converted 
to hydroxyketo acids by further oxidation with neutral permanganate and 
that the only effect of this reagent on hydroxyketo acids under mild reaction 
conditions is to produce equilibrium with respect to the positionally isomeric 
pairs of these acids. However, even if alkaline potassium permanganate 
does actually result in direct hydroxylation of the unsaturated linkage it 
does not account for the fact that it is also accompanied by an inversion. 

Hilditch and co-workershold that an inversion occurs during 
permanganate oxidation in alkaline solution and that the configurational 
course taken during the conversion of the double bond into a glycol by oxi¬ 
dation is controlled by the alkalinity of the medium. However, evidence is 
available to indicate that inversion occurs in neutral or even acid media. 
As has been previously mentioned, King’®^ reported that with oleic and 
elaidic acids the same inversion occurred in substantially neutral solution 
(pH about 8.5) but to a considerably lesser extent than in alkaline solutions, 
and Dor^e and Pepper observed that permanganate oxidation of erucic acid 
in neutral solution gave the high melting form of dihydroxybehenic acid. 
Furthermore, Dor6e and Pepper^®^ observed that oxidation with hydrogen 
peroxide in glacial acetic acid containing osmium tetroxide as a catalyst 
produced an inversion in the oxidation products of both erucic and brassidic 
acids. 

The evidence for the inversion occurring as a result of the alkalinity of the 
permanganate reaction medium rests primarily on the behavior of chloro- 
hydrins and oxido acids with respect to formation and rupture of oxido 
rings under various reagents. With strong alkali and high temperature, 
oxido acids react to form hydroxy acids representing inversion products of 
the parent unsaturated acids.^®® With aqueous alcoholic hydrochloric acid, 
the oxido ring is ruptured to form dihydroxy acids in which no inversion 
occurs. ^®^ With ethereal hydrogen chloride, the oxido ring is opened and 
chlorohydroxy acids are formed which in the presence of alkali undergo ring 
closure to produce the original oxido acid.^®® The foregoing observations 
are not only diflBicult to harmonize with respect to the role which alkali plays 
in determining the configuration of the dihydroxy acids formed by alkaline 
permanganate oxidation, but it is questionable whether they shed any 
direct light on the problem since oxido acids have never been shown to be 
intermediates in permanganate oxidation. 

The most notable difference in the conditions prevailing in permanganate 

w* T. P. Hilditch, J. Chem. Soc,, 1W6, 1828-1836. 
m X, P, Hilditch and C. H. Lea, /. Chem, <8oc., 1928, 1576-1683. 
^ K. H. Bauer and O. B^r, J, prakt. Chem,, 122, 201-213 (1929). 
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oxidations and per acid oxidations is the fact that the former are carried out 
in aqueous or aqueous alkali solutions, while the latter are carried out in 
nonaqueous or acidic media. Thus, it might be expected that hydroxyl ions 
influence the mechanism in the first case and hydrogen ions in the second. 
It might seem, therefore, that permanganate oxidation consisted of direct 
hydroxylation rather than some form of oxygen addition at the double bond 
and that this direct hydroxyl addition resulted in the formation of racemic 
mixtures of pairs of hydroxy acids corresponding to those presumed by 
Atherton and Hilditch^^® to result from monoethenoid acids if they pro¬ 
ceeded by way of the corresponding racemic oxido acids. The dihydroxy- 
stearic acids resulting from the hydroxylation of oleic and elaidic acids 
could, according to this assumption, be represented by the accompanying 
formulas in which a == CH3(CH2)7— and b = —(CH2)7COOH. The (+) 
and (—) signs in the formulas are those arbitrarily assigned by Atherton and 
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Hilditch to correlate the configural relationship and do not refer to the 
actual optical rotations. Although the reaction may be schematically 
represented in this manner, it still does not explain the cause of the inversion 
which occurs during permanganate oxidation or the cause of the same in¬ 
version occurring with peracetic acid in the presence of an oxidation 
catalyst. 

In order to explain their results on the oxidation of olefins with dilute per¬ 
manganate solution, Boeseken and co-workers^®’^**®® assumed that man¬ 
ganese trioxide added to the double bond by m-addition to form a hetero¬ 
cyclic ring containing an atom of manganese, and that this ring subse¬ 
quently is opened by hydrolysis with the formation of a m-diol according to 
the following scheme: 

—CH 

4h + JMnO 
—CH--Ov —CH-OH 

4 I >MnO-> I 
~CH~<K —CH--OH 

J. Boeseken and J. van Giffen, Rec, trav, chim,, 39, 183-186 (1920). 
J. Boeseken and C. de Graafl, Rec, trav, ckim,, 41, 199-207 (1922). 
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Similarly, Criegee^®® found that in the case of oxidation with osmium 
tetroxide such cts-addition actually occurred and subsequent hydrolysis 
produced a m-diol as indicated in the following scheme: 

—CH O. -CH-Ov —CH—OH 
I + y)BOt-> I >OsO,-► I + HjOsOi 

When various olefins such as acenaphthylene, indene, A^-’-dihydronaphtha- 
lene, A®*^®-octaIin, stilbene, anethol, and crotonic acid, were treated with 
osmium tetroxide, crystalline addition products were obtained containing 
one mole of olefin per mole of osmium tetroxide. The addition product 
of osmium tetroxide and acenaphthylene was relatively stable, decom¬ 
posing at 236°C. without melting. Hydrolysis of this and similar addition 
products under a variety of conditions always produced the cfs-diol. 

If a similar m-addition of manganese oxide occurs in the case of oxidation 
of monoethenoid acids, such as oleic and erucic, with potassium perman¬ 
ganate, or addition of osmium oxide occurs during oxidation with hydrogen 
peroxide catalyzed by osmium tetroxide, then inversion must occur during 
subsequent hydrolysis of the cyclic addition product, and, as suggested by 
Hilditch, probably by the action of alkali. 

R. Criegee, Ann., 522, 75-96 (1936). 



CHAPTER XVI 

OXIDATION BY ATMOSPHERIC OXYGEN 
(AUTOXIDATION) 

1. IntrcMluction 

Atmospheric oxygen is the most universally prevalent as well as economi¬ 
cally important oxidizing agent for fats and fatty acids. Its action on fats 
and fatty products may be beneficial and highly desirable or deleterious and 
equally undesirable, depending on the conditions and circumstances under 
which it occurs. It is advantageously employed in the production of 
**blown oils” and in various oxidation and polymerization products in the 
drying oil industry. The process of film formation in applied protective 
coatings is essentially an oxidative process. However, the ultimate failure 
of these same protective coatings is a result of prolonged and excessive oxi¬ 
dation. Rancidification and other forms of deterioration of many fats and 
fat-containing materials are likewise due to atmospheric oxidation. These 
reactions are highly undesirable and result in serious economic losses. 

So far as we are aware both the favorable and unfavorable results of at¬ 
mospheric oxidation follow from the same type of reactions between oxygen 
and the unsaturated constituents of fats or fatty acids, consequently an 
enormous amount of effort has been expended in attempting to unravel the 
mystery which* still enshrouds the fundamental reactions involved in these 
processes. A vast literature has appeared on the subject but as yet no clear 
understanding of the complete reaction mechanism involved has appeared. 
Many theories have been advanced and much experimental evidence has 
been accumulated to substantiate one or another hypothesis. Some of the 
theories and experimental evidence have resulted in confusing rather than 
clarif3dng the problem, but gradually there has been adduced a few funda¬ 
mental principles which will eventually lead to a complete understanding 
of these mechanisms. 

Because of the spontaneous nature of the reaction between atmospheric 
oxygen and unsaturated fats and fatty acids, the process is frequently re¬ 
ferred to as autoxidaiion. Without attempting to justify this terminology, 
it is used here because of its convenience and because it affords a means of 
avoiding the repetitious use of the cumbersome phrase ‘‘oxidation with at¬ 
mospheric oxygen.” 

light, heat, concentration of oxygen, moisture, and the presence of 

451 
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catalysts or inhibitors affect the reaction between oxygen and unsaturated 
fatty acids, often with seemingly very different results. However, it is 
probable that the same or very similar mechanisms are involved or would 
ultimately be involved if the reaction process were permitted to run its 
course. It is sometimes difficult to evaluate the effect of a specific environ¬ 
mental factor in the over-all oxidation process because in most cases several 
of these factors are simultaneously active. Of the several factors which 
may be operating, one may predominate under one set of conditions and 
quite a different one under another. For example, in a relatively thick 
layer of fat or fatty acid maintained in a completely filled glass container 
at room temperature and exposed to sunlight or ultraviolet light, the 
absorbed radiant energy may be the predominant factor influencing the 
oxidation reaction, and the temperature and concentration of oxygen may 
be quite secondary. On the other hand, in the process of blowing oils the 
temperature and concentration of oxygen are the predominant factors and 
the effect of light is quite secondary. 

The effect of temperature on the oxidation mechanism and the products of 
oxidation of unsaturated fats or fatty acids is such that for practical pur¬ 
poses tliree temperature ranges are readily distinguished and many investi¬ 
gations have been confined to one or another of these ranges. These tem¬ 
perature ranges are generally: (1) atmospheric temperature or 0~40°C. 
(32-104°F.); (£) 90~120°C. (194-248^F.); (3) 200~300°C. (392-572^F.). 
Many of the oxidation reactions involved in the rancidification of fats occur 
at the lowest temperature mentioned. Blown oils, used in the drying oil 
industry, are generally prepared at temperatures between 90° and 120°C., 
and it is in this temperature range that most of the investigations on ac¬ 
celerated fat deterioration are conducted. The highest temperatures are 
employed in the manufacture of boiled oils, stand oils, and related poly¬ 
merized fat products. 

Catalysts or inhibitors of various types may be added to or may be 
present naturally in fats and oils, thus markedly influencing the reaction 
velocity. For example, traces of copper accidentally introduced in a fat or 
fatty acid generally increase the rate of oxidative rancidification. The 
addition of metal oxides or metallic salts in the manufacture of boiled oils 
accelerates the oxidation and subsequent polymerization reactions in this 
process, and similar use of these substances in protective coatings enhance 
their rate of drying and film formation. On the other hand, the presence of 
antioxidants acts to inhibit these same reactions. 

In planning and executing an investigation in the autoxidation of fats, 
the careful worker attempts to minimize the number of variables which may 
affect the course of the reaction, or at least control them within relatively 
narrow limits. Thus, the effect of light may be avoided by excluding it en¬ 
tirely from the reaction, or the effect of heat may be minimized by main- 
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taining a constant low temperature in the reacting system. Unfortunately 
the literature contains reports of many investigations in which little or no 
control was exercised over the various environmental factors, or if they were 
controlled the author failed to mention it. In such cases it is often difficult 
to evaluate the data reported or determine the validity of the conclusions 
drawn by the investigator. 

Underlying all investigations of the autoxidation of fats is a desire not 
only to learn the nature of the products formed but also to understand the 
mechanism involved in their production, since only by control of these 
mechanisms can the desired products be produced or the undesirable prod¬ 
ucts be avoided. Natural fats are generally too complex to permit drawing 
far-reaching generalizations concerning the mechanisms involved in autoxi- 
dative processes. Hence, much work involving these reactions has been 
carried out with simple substances such as oleic, linoleic, or similar acids and 
their monoesters, especially since they can be obtained in relatively pure 
form. Generalizations made on the basis of the results with these simple 
substances have then been applied to natural fats. In some cases such 
generalizations may be valid but as in all cases of reasoning by analogy they 
may not be entirely justified. It should therefore be borne in mind that 
applying the results and conclusions derived from one substrate, e. g,, 
methyl oleate at 100®C., to a quite different substrate, e. g., cottonseed or 
soybean oil, at room temperature, may not be entirely justified. It is 
known, for example, that peroxido acids or esters are relatively unstable at 
100-110°C., whereas at room temperature they are relatively stable, there¬ 
fore quite different end products may be produced under the two reaction 
conditions. Of course, if the time be sufficiently extended at the lower 
temperature the same end result might ultimately be achieved. However, 
if these limitations are borne in mind it is entirely possible to proceed from 
the simple to the more complex with reasonable prospects of ultimately re¬ 
solving the whole of the complicated phenomenon involved in the autoxida¬ 
tion of fats. 

2. Development of the Concepts of Autoxidation 

Any explanation of the process of autoxidation must begin, as in all re¬ 
lated oxidation reactions, with an understanding of the nature of first addi¬ 
tion of oxygen to the double bond. Until this initial step is known with 
certainty the subsequent steps of the process must remain more or less 
speculative. It is for this reason that every theory which has been evolved 
with regard to the autoxidation of fats has been founded on some concept 
concerning the initial addition of oxygen to the unsaturated linkage and 
upon the chemical nature of the product thus formed. 

The first observation of autoxidation of a carbon-to-carbon double bond 
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has been attributed to Schonbein' the discoverer of ozone, who investigated 
the reactions of a variety of oxidizing agents with unsaturated substances 
such as almond oil and turpentine. However, the modern theories of autoxi- 
dation are generally assumed to date (about 1900) from the work of Bach^ 
and of Englcr and co-workers*"“® who investigated the role of organic 
peroxides in slow oxidation processes and introduced the term activated 
oxygen. Prior to the publications of Bach and of Engler, molecular oxygen 
was presumed to be broken down, at least to a small extent, into atomic 
oxygen in a manner analogous to the liberation of oxygen from hydrogen 
peroxide, and that this active oxygen was presumed to be responsible for the 
slow oxidation observed in various unsaturated organic substances. Bach 
and Engler, however, believed that autoxidation by atmospheric oxygen 
was molecular and not atomic in nature, i, e., that a molecule of oxygen 
added at the double bond to form a peroxidized compound corresponding to 
the formula Ri—0—0—and that this compound, like hydrogen peroxide, 
could in turn oxidize another oxidizable substance. The activated oxygen 
was not considered to be a free oxygen atom, but was rather, chemically 
bound in such a manner that it could readily be liberated to enter into 
autoxidative reactions. 

In an attempt to explain the action of driers in the formation of linseed 
oil films and the reactions occurring between the oil and protein in the 
chamoising process, Fahrion® assumed that an autoxidation occurred in the 
fatty acid to form a cyclic peroxide which underwent rearrangement to a 
dihydroxyethylenic or a hydroxyketo configuration as follows: 

III—CH—0 
I I 

H2—CH~-0 

Ri—C—OH 

Rr-C~OH 

Ri—CH—OH 
I 

Rz—C0=0 

It was also presumed that the cyclic peroxide might give rise to more 
stable products corresponding to the formulas: 

R1COCH2R2 and RiCH • CHR* 

^0/ 

Ellis’ developed the theory of tautomeric ketohydroxy-dihydroxy re¬ 
arrangement especially with reference to the drying of linseed oil films. The 
detection of considerable quantities of hydroxyl and keto groups in films of 

> C. F. Schonbein, J. prakt. Chem., 74, 328-340 (1858); see 75, 73-78 (1858). 
* A. Bach, Compt. remL^ 124, 951-954 (1897); J. Russ, Phys,^h€m, Soc.^ 29, 373 

1897). 
* C. Kngler and J. Weissberg, Ber., 31, 3040-3055, 3055-3059 (1898). 
< C. Kngler and W. Wild, Ber., 30, 1669-1681 (1897). See C. Engler and J. Weiss^ 

berg, Kriiische Studien iiherdie Vorg&nge der Autoxydaiion^ Vieweg, Braunschweig, 1904. 
* C. Englcr, Rer., 33, 1090-1096, 1097-1109, 1109-1111 (1900). 
* W. Ffiihrion, Z. angew, Chem., 22, 2083-2097 (1909); Chem.-Ztg,, 28, 1196-1200 

^ G.’ W. Ellis, J, Soc, Chem. Ind., 44, 401-408T, 463-468T, 469-472T, 486T (1925); 
45, 193-199T (1926); Biochem. J., 26, 791-800 (1932). 
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this type was advanced as proof of the correctness of the theory. According 
to Ellis, autoxidation occurs its a result of addition of oxygen to the double 
bond with the formation of a dihydroxy compound which subsequently re¬ 
arranges, in part at least, to a hydroxyketo compound according to the fol¬ 
lowing scheme: 

B,OH—CHR, - °* > R,C(OH)=C(OH)R,-» R,CO—CH(OH)Rs 

In 1909, Fokin® proposed a theory in which the first step in the autoxida¬ 
tion of an ethylenic bond was presumed to occur through the formation of 
an ethylene oxide ring: 

~-CH=CH~ 4- lO* 
—€H—CH— 

Fatty acids or esters containing this oxirane or ethylene oxide ring have been 
variously referred to as monoxides, epoxides, and oxido compounds. This 
configuration is now known to be formed during oxidation of monoethenoid 
acids with perbenzoic, peracetic, and Carols acid® and many of these oxido 
acids have been isolated and characterized. In substantiation of the theory 
of ethylene oxide formation during autoxidation, Fokin considered it from 
the kinetic point of view and adduced considerable experimental data which 
was amenable to kinetic treatment. 

Staudinger^® proposed a theory of autoxidation based on the assumption 
that the peroxido reaction originally proposed by Bach and by Engler was 
probably not the first, but the second step in the autoxidation of ethylenic 
compounds. He assumed that a molecule of oxygen added at the ethylene 
bond to form a moloxide, probably corresponding to formula I, which subse¬ 
quently underwent a rearrangement to form a peroxido compound (II): 

R,CH—HCRa 

I 
(I) 

RiCH—HCR2 

O-O 

(11) 

This theory was predicated on an investigation of the autoxidation of dsym- 
diphenylethylene, (C6H6)2C:CH2. Diphenylethylene peroxide was isolated 
and found to be relatively stable, whereas the product of first addition of 
oxygen, which could not be isolated, was unstable and exploded when heated 
in a steel bomb to 40~50°C. In a footnote, Staudinger points out that the 
moloxide having a structure corresponding to the four-membered hetero¬ 
cyclic ring should be designated as peroxide and its unknown precursor as a 
moloxide. 

« S. Fokin, Z. angew. Ckem.. 22, 1461-1469, 1492-1602 (1909). 
• D. Atherton and T. P. Hilditch, J. Chem. Soc.. 1943, 204-208. 

w H. Staudinger, Ber., 58, 1076-1079 (1925). 
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In 1936, Criegee^^'^^ suggested that cyclohexene autoxidized to form a 
hydroperoxide having the structure: 

and Rieche^* ’^ suggested that unsaturated fats and oils probably behaved 
similarly. Rieche suggested that the autoxidation of mono- or polyun¬ 
saturated substances may occur through the formation of oxygen-activated 
methylene groups according to the following scheme: 

—CH=CH—CHr-CH=CH~ 

or 
OH 

I 
—CH=CH—CHj—CH— 

+ O2 

OOH 
I 

-CH=CH—CH--CH=CH- 

OOHOH 
I 

—CH=CH—CH—(!:h 

The hydroperoxidic nature of autoxidation has received substantiation in 
the behavior of cyclohexene,tetralin,^^'^® and other unsaturated com- 
pounds^^""^® which may be considered as being analogous to unsaturated 
fatty acids. 

To Farmer and his co-workers2®~24 j<5 credit for developing the 

hydroperoxide hypothesis of autoxidation, especially in its application to 
fatty acids, and for substantiating it with convincing experimental evidence. 
According to Farmer, the autoxidation of practically all unconjugated 
olefinic compounds proceeds by addition of a molecule of oxygen to the car¬ 
bon atom adjacent to the double bond to form a hydroperoxide having an 
intact double bond, thus: 

-f O2 -> —CH(00H)-~CH=3CH— 

Methyl oleate, for example, produces, according to Farmer, a mixture of 
mono- and dihydroperoxides in which the hydroperoxide groups are at- 

“ R. Criegee, Ann., 522, 75-96 (1936). 
R. Criegee, H. Pilz, and H. Flygare, Ber., 72, 1799-1804 (1939). 
A. Rieche, Die Bedeniung der organischen Peroxyde fur die chemische Wissenschaft und 

Technik. Enke, Stuttgart, 1936. 
A. Rieche, Angew. Chem., SO, 520-524 (1937). 
H. N. Stephens, J. Am. Chem. Soc., 50, 56^571 (1928). 

w H. Hock and W. Susemihl, Ber., 66, 61-68 (1933). 
H. Hock and O. Schrader, Naturwissenschaften, 24, 159 (1936). 

“ H. Hock, Oel Kohle Erdoel Teer, 13, 697-700 (1937). 
“ H. Hock and K. Ganicke, Ber., 71, 1430-1437 (1938). 

E. H. Farmer, Trans. Faraday Soc., 38, 340-348 (19^); 42, 228-236 (1946); Rub¬ 
ber Chem. Tech., 19, 267-276 (1946). 

E. H. Farmer, G. F. Bloomfield, A. Sundralingam, and D. A. Sutton, Trans. Faraday 
Soc., 38, 348-356 (1942). 

** E. H. Farmer, Trans. Faraday Soc., 38, 356-361 (1942). 
** E. H. Farmer and D. A. Sutton, J. Chem. Soc., 1943, i 19-122. 
** E. H. Farmer and D. A. Sutton, J. Chem. Soc., 1943, 122-125. 
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tached to the eighth or eleventh carbon atom or to both, as indicated by : 

CH3(CH2)eCH(OOH)CH==CH(CH2)7COOCH, 

CH3(CH2)7CH=-CHCH(00H)(CH2)6C00CH, 

CH3(CH2)«CH(00H)CH=CHCH(00H)(CH2)6C00CH3 

Each of these hydroperoxides contains either (a) one atom of active oxy¬ 
gen and one atom of active hydrogen, or (6) two atoms of active oxygen, and 
(c) an intact double bond. 

Ordinarily the concentration of the hydroperoxide in the reacting system 
is presumed to be quite small owing to the relative instability of the product 
and its tendency to undergo secondary reactions. Farmer and Sutton hold 
that in the case of oleic acid a concentration of hydroperoxide corresponding 
to a consumption of about 1.5% of oxygen at room temperature can be ob¬ 
tained before appreciable decomposition ensues. 

Although all the hydroperoxides are relatively unstable, several—^those 
derived from cyclohexene, 1-methylcyclohexene, 1,2-dimethylcyclohexene, 
and methyl oleate—can be obtained in relatively pure form by fractional 
distillation at very low pressures. Oxygen absorption and hydroperoxide 

formation are promoted by sunlight and ultraviolet light, catalysts, and in¬ 
creased temperature. However, certain catalysts (iron salts) also promote 
the decomposition of the hydroperoxides, as is the case with elevated tem¬ 
peratures and prolonged irradiation. Therefore, optimum conditions of 
temperature, catalyst, and irradiation are essential to maximum production 
and minimum decomposition of hydroperoxides where their isolation is de¬ 
sired. The same type of oxygen addition is assumed to occur in the case of 
linoleic, linolenic, and the polyene fish-oil acids. In the case of the fish-oil 
acids, the absorption of oxygen and formation of hydroperoxides is ex¬ 
tremely rapid in diffused light at room temperature but decay is also rela¬ 
tively rapid. 

Of the various mechanisms by which hydroperoxide formation may occur. 
Farmer and co-workers^^-^s incline to the view that olefinic peroxidation 

occurs by way of a free-radical mechanism in which the olefin passes through 
the stages: 

-CH—O-C- -C—C-=C— —C—C=€- 

in which the free radical center is indicated by an asterisk. In the case of 
unconjugated unsaturation of the methylene-interrupted type such as is 
characteristic of most unconjugated drying oil acids (linoleic, linolenic, 
etc.), the first step of peroxidation is assumed to consist in the severaiKXi 

” E. H, Farmer, H. P. Koch, and D. A. Sutton, J, Chem, <S»oc., 1943, 541-547. 



458 XVI. OXIDATION BY ATMOSPHEBIC OXYGEN 

(presumably with the aid of molecular oxygen) of a thermally or photo- 
chemically activated a-methylene C to H bond, leaving an olefinic free 
radical. Since resonance may be expected between the two three-carbon 

forms —CH==CH—CH— and —CH—CH=CH— the addition or sub- ♦ * ' 

stitution of a molecule of oxygen would most probably result with equal fre¬ 
quency in the production of peroxido groups (—OOH) at positions 1 and 3 
and permit the double bond to remain at the original position or to appear 
at the adjacent C—C bond. 

According to Farmer,^* in the case of the methylene-interrupted type of 
unsaturation just considered, the most reactive methylene groups are those 
flanked on either side by a double bond, and if the two methylene groups of 
this type in ethyl linolenate were to be attacked singly by oxygen, the 
original radical forms (A) and (B) would be supplemented by prbducts 
(C) to (f): 

(a) (C) -CH-CHrCH-CHrCH CHi-CHiCH- 

(A) •CH:CH-CH CH:CH CH, CH:CH-(^ 

"(a)" " (6) (6) (C) CHiCH-CHiCH-CH-CHj-CHrCH- 
♦ 

(c) (E) .CH:CH*CH2 CH.CH:CH CH:CH- 

(B) •CH:CH CH, CH:CH‘CH CH:CH.(^ 

(V)" ‘‘(d) (d) (F) CHrCH-CHg-CHrCH CHrCH-CH* 

The hydroperoxides derived from products (C) to (F) would then show diene 
conjugation. Similarly, if both the reactive methylene groups were attacked 
consecutively by oxygen, which would happen frequently only in advanced 
stages of oxidation, five other (di-)peroxido-forms would become possible, 
three showing diene conjugation, one triene conjugation, and the last 
the original state of unconjugation. If on each occasion that a hydrogen 
atom is detached from just one of the active methylene groups of a lino- 
lenic acid molecule the tendency for the radical center so formed to mi¬ 
grate to left or right is assumed to be about equal to the tendency for it to 
retain its original position, then it will follow that only half the radical 
molecules that are ultimately successful in combining with oxygen and hy¬ 
drogen to give monohydroperoxido compounds will yield conjugated forms; 
if, however, all of the three resonance forms derivable by loss of a hydrogen 
atom from a pentadiene system, —CH=CH—CH*—CH==CH—, are to 
be regarded as possessing equal stability, the proportion of conjugated to 
unconjugated forms will rise to about 2:1. 

If the above-described free-radical mechanism of autoxid^^iqn is correct, 
double bond shifts quite likely occur in the autoxidation of |nQno-olefinic 
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substances, since they too possess a three-carbon grouping, —CH==CH— 
CH—; thus, methyl oleate should give the peroxido forms; 

11 10 B 8 11 10 9 8 

—C=c—C(OOH)—C— and —C—C(OOH)~C=C— 
11 10 9 8 11 10 9 8 

as well as: --<;(OOH)-~C===<^--C-- and —C~€==C—C(OOH)— 

From absorption spectra data, the authors^^ conclude that no distinction 
can be made between photochemical and thermal oxidation as far as the 
mechanism of hydroperoxide formation is concerned. 

It is interesting to note that Meyer^® found that oleic acid, when photo- 
chemically oxidized in the Warburg apparatus in the presence of chloro¬ 
phyll, absorbed 0.5 mole of oxygen with practically noiiecrease in iodine 
value. Meyer interpreted his results as indicating that oxidation occurred 
with the formation of hydroxyoleic acid. Decenoic and undecenoic acids, 
in each of which the double bond is attached to the terminal carbon atom, 
were entirely resistant to autoxidation under the same conditions. Boese- 
ken and Geersteranus^^ have likewise reported a similar stability of ter¬ 
minal double bonds to oxidation. The resistance to autoxidation of acids 
having a double bond attached to the terminal carbon atom would be ex¬ 
pected on the basis of the mechanism proposed by Farmer and may there¬ 
fore be considered as additional evidence in its favor. 

It is apparent from the foregoing review of the various hypotheses of 
autoxidation that the first step in the addition of oxygen to an ethylenic 
bond of an unsaturated fatty acid has been assumed to occur with the for¬ 
mation of one or another of four different primary reaction products: (a) 
cyclic peroxide, (6) epoxide, (c) moloxide, and (d) hydroperoxide. These 
products have been assigned the structures illustrated in the accompanying 
formulas: 

—HC—0 —HC-CH— —HC-CH— OOH 

—Hciv-O 

A 
—CH==CH- 

k 
(a) (6) <0 (rf) 

Each of the foregoing hypotheses has had numerous adherents and a vast 
amount of experimental work and discussion has been offered in their sup¬ 
port. It is impossible to refer to all or even a considerable portion of the 
literature on the subject but a few of the more pertinent contributions are 
referred to in the following pages. 

3. Ethylene Oxide Hypothesis 

Experimental evidence in support of Fokinas proposal that ethylenic 
bonds are autoxidized to form ethylene oxide (oxido, epoxide) groups, 

^ K. Meyer, Cold Spring Hwdxjr Symposia Quant, Bid,, 3, 341-349 (1935). 
^ 3, Boesdeen and M. W. M. Qeersteranus, Eec, trav. ehim., 51, 551*^56 (ld32). 
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,—CH—CH—, is the least extensive of the various hypotheses. Aside from 
\o/ 

Fokin's® own work, some support/ for this theory is found in the work of 
Szent-Gyorgyi^® who investigated the autoxidation of linolenic acid in the 
presence of sulfhydryl groups as catalyst. The linolenic acid was dissolved 
in ether and filter paper was saturated with the ethereal solution and the 
ether allowed to evaporate. The paper, saturated with linolenic acid, was 
placed in a closed glass cylinder with 30 ml. of a 10% solution of thiogly- 
colic acid in 0.03 N acetic acid and connected with a gasometer filled with 
oxygen. The consumption of oxygen was measured, and at the end of the 
oxidation the pa^r was removed from the cylinder and extracted with 
petroleum naphtha. The reaction mixture was separated into (a) the unal¬ 
tered petroleum naphtha-soluble product (original linolenic acid), (b) the 
petroleum naphtha-insoluble oxidation products, and (c) the thioglycolic 
acid. 

The molecular weight of the oxidation product was found by titration 
to be 293, indicating that only one atom of oxygen was absorbed per mole 
of linolenic acid oxidized. According to Szent-Gyorgyi, one of the double 
bonds must have yielded an oxygenated product corresponding to one of the 
following formulas: 

—G~OH 

-l-H 
Enol 

-Q=:0 
I 

H—C—H 
I 

Ketone 

H—C— 
\ 

- O 
/ 

H—C— 
Ethylene oxide 

The absence of hydroxyl groups in the oxidation product was demonstrated 
by acetylation experiments. No red color was obtained with ferric chloride 
indicating the absence of a keto group which was also confirmed by the 
failure of the oxidation product to form a hydrazone when treated with 
phenylhydrazine. These reactions, according to the author, left only the 
possibility of ethylene oxide formation. 

Ethylene oxides are known to react with concentrated magnesium chlo¬ 
ride solutions according to the scheme: 

2 I >0 + 2 HjO + MgClj -► 2 1 + Mg(OH)* 
H~C/ H—C—OH 

1 I 

The magnesium hydroxide normally precipitates in such a reaction and can 
be quantitatively separated and determined. However, in the case of 
linolenic or a similar acid, the inorganic hydroxides react to form soaps 

•« A. V. Szent-GyCrgyi, Biachem. Z., 146, 246-^253, 264^258 (1924). 
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and thus complicate the determination. By a modification of the method, 
Szent-Gyorgyi obtained results which he considered as proof of the presence 
of the ethylene oxide group. Tollen’s silver reagent is reduced by alde¬ 
hydes and ethylene oxides and the linolenic oxidation product was found to 
strongly reduce this reagent in the cold. 

After liydrolysis of the oxidation product with 10% sulfuric acid in 
methyl alcohol, the molecular weight was found to be 551 or approxi¬ 
mately twice that of the original acid. 

According to Szent-Gyorgyi, the iodine number of the oxido acid should 
remain the same as the unoxidized acid since hydriodic acid reacts with the 
ethylene oxide in the same way as with a double bond: 

\ 
O + 2HI 
/ 

H—C 

I 
H--€—I 

I +H2O 
H—C—I 

Within experimental limits, the iodine value by the Hiibl and the Hiibl- 
Waller methods of the original and oxidized linolenic acids were the same. 

Szent-Gyorgyi concluded from these experiments that, in the catalytic 
oxidation of linolenic acid under the influence of sulfliydryl groups, the 
primary oxidation product is not a peroxide but an ethylene oxide (oxido 
acid). However, some of Szent-Gyorgyi^s experimental evidence, for ex¬ 
ample, failure to observe a change in iodine value of the oxidized product, 
would be expected on the basis of Farmer^s hydroperoxide structure for 
this product. Furthermore, the fact that the oxido acids of a number of 
the unsaturated acids are well-known crystalline products and the further 
fact that they have in no case been isolated from the products appearing 
in the early stages of autoxidation is rather convincing evidence against 
their formation at this stage of the oxidation. 

4. Cyclic Peroxide Hypothesis 

Although the majority of workers in the field have accepted, at least 
until very recently, the theory of the formation of a heterocyclic peroxide 
of the formula —CH—CH— as the primary step in the autoxidation proc- 

I 1 
0-0 

ess, all the evidence relative to the existence of fatty acid peroxides con¬ 
taining such a configuration is indirect, since no product containing this 
grouping has ever been isolated and identified from an oxidized fat or fatty 
acid. Such peroxidized unsaturated compounds (ergosterol, rubrene, tetra- 
hydronaphthalene, etc.) as have been obtained in pure form possess a struc¬ 
ture different from that assumed for the fatty acid peroxides. Hydrogen 
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peroxide and inorganic peroxides generally do not contain a heterocyclic 
ring. The per acids, such as peracetic and perbenzoic, likewise are quite 
dissimilar to the postulated peroxidized fatty acids. Benzoyl peroxide, 
which is often used as a comparative substance in investigations of per¬ 
oxidized fatty acids, does not contain a heterocyclic ring and is a relatively 
stable solid melting at 108°C. Dihydroxydiheptyl peroxide, used by 
Franke and Jerchel and others as a comparative standard, is similar to the 
postulated fatty acid peroxides with respect to its chain length but it, too, 
lacks a heterocyclic ring and is a readily crystallizable solid. 

The existence of fatty acid cyclic peroxides has been assumed on the 
basis of certain analytical data which have been interpreted as substantiat¬ 
ing the existence of such a configuration in autoxidized unsaturated acids. 
These analytical determinations include iodine, thiocyanogen, and diene 
values, total absorbed oxygen, peroxide value, molecular weight, saponifi¬ 
cation, hydroxyl, and carbonyl values. If the autoxidized acid or ester 
contained but a single oxidation product and the methods gave quantita¬ 
tive results, the structure of the primary autoxidation product might be 
deduced on the basis of these data, at least for the simpler unsaturated 
acids. However, as a general rule, all of these methods have been applied 
to autoxidized acids or esters in which oxidation has proceeded to the point 
where there exists in the reaction mixture a number of oxidation, degrada¬ 
tion, or polymerization products, and consequently, the interpretation of 
the analytical data becomes extremely complicated. Furthermore, there 
is some doubt that all of the methods are entirely quantitative and specific 
in their application, especially in the presence of the considerable number of 
oxidation and degradation products which may exist in the reacting system. 

(a) Quantitative Determination of Fatty Acid Peroxides by lodimetry 

Although a number of qualitative reagents for peroxides are known to 
give apparently similar reactions, iodimetric methods are primarily applied 
in estimating the content of peroxides in an autoxidized fat or fatty acid. 
The methods are all based on the assumption that potassium iodide, barium 
iodide, or hydriodic acid liberate iodine in contact with peroxidized fats 
or fatty acids according to one of the following equations: 

O-0 -> RiCHOHCHOHR, + I, 
I 1 + 2HI- 

RiCH—CHR^ -► RxCH—CHR, + H,0 + I| 

The liberated iodine is then titrated with sodium thiosulfate solution. It 
is interesting to note that neither of the products postulated as being formed 
by the reaction of hydriodic acid and peroxidized oleic acid has been 
isolated from the reaction although both are crystalline compounds at 
room temperature. Although all of the iodimetric methods used, namely 
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those of Lea,** Wheeler,*® and Franke and Jerchel,*^ are presumed to react 
quantitatively and may do so under most conditions, they probably do not 
do so in all cases. 

Method of Lea.—One gram of the oil or fat is weighed into a numbered 
and tared Pyrex test tube approximately 17 mm. in diameter. Powdered 
potassium iodide (about 1 g.) is added, followed by 20 ml. of a mixture of 
glacial acetic acid and chloroform or carbon tetrachloride (2:1 by volume). 
A rubber stopper, bored with one hole, is fitted, and nitrogen or carbon di¬ 
oxide passed into the air space above the liquid for about one minute to dis¬ 
place most of the air. The tube is then heated in an inclined position 
over a small flame applied to its lower end, a finger resting lightly over the 
hole in the stopper, and the tube rotated slowly to prevent cracking. As 
soon as the solution is bubbling fairly freely, the tube is plunged into a boil¬ 
ing water bath. The liquid boils smoothly, chloroform vapor expelling any 
remaining traces of air. When vapor begins to issue from the tube, as felt 
by condensation on the stopper, the finger is removed and a glass plug forced 
in. This operation is preferably carried out with the liquid frothing nearly 
to the top of the tube. In the presence of nonfatty material, the tube is now 
shaken for a few seconds to insure complete extraction of the fat. Other¬ 
wise it is simply cooled under the tap and the contents poured into about 
30 ml. of water. The tube is rinsed out with a little water and the free iodine 
titrated with 0.002 N sodium thiosulfate, starch solution being added as the 
end point is approached. 1 ml. of 0.002 N thiosulfate per gram is equivalent 
to 1 millimole, or 2 milliequivalents of peroxide, 16 mg. of active oxygen, or 
32 mg. of total peroxide oxygen per kilogram of fat. 

Method of Wheeler.—^Three to 10 g. of oil is dissolved in 50 ml. of a 
mixture of glacial acetic acid and chloroform (3:2 by volume) and 1 ml. of 
saturated potassium iodide solution is added. The mixture is stirred by 
giving a rotary motion to the flask. Exactly one minute after addition of 
the potassium iodide 100 ml. of water is added and the liberated iodine ti¬ 
trated with 0.1 or 0.01 N sodium thiosulfate, depending on the amount of 
iodine liberated. The end point is obtained by the use of starch as an indi¬ 
cator. Vigorous shaking is necessary to remove the last traces of iodine 
from the layer of chloroform. If W g. of oil require T ml. of thiosulfate of 
normality iV, the peroxide content, expressed as millimoles of peroxide per 
kilogram of oil, is given by: 

T XN X5O0 M-^- 

Af, in this case, is exactly equivalent to the “ml. of 0.002 N thiosulfate per 
gram” used by Lea. 

** C. H. Lea, Rancidity in Edibk Fata. Chemical Fab. Co., New York, 1939. 
» D. H. Wheeler, Oil * Soap, 9,89-97 (1982). 
“ W. Franke ana D. Jerohel, Ann., S33, 46-71 (1937). W. Franke and J. Monoh, 

Ann., 556, 200-223 (1944). 
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Method of Franke and JercheU—The autoxidized fat or fatty acid 
is dissolved in chloroform or carbon tetrachloride, or in the case of highly 
oxidized products a mixture of the two solvents may be used. Five ml. of 
a mixture of hydriodic acid (sp. gr. 1.96) and dilute acetic acid (3:7) is 
added. The air in the flask is displaced with nitrogen or carbon dioxide, 
after which the flask is tightly closed and allowed to stand at room tempera¬ 
ture in diffused light. After one hour, at which time reaction is complete, 
20 ml. of water and starch solution is added and the flask vigorously 
shaken. The liberated iodine is titrated with OA N sodium thiosulfate. 

Modifications of these methods have been proposed and are used to some 
extent, e. ^., Taffel and Revis®^ employ solid barium iodide or a 50% solu¬ 
tion of potassium iodide in glacial acetic acid but without either chloroform 
or carbon tetrachloride. 

As previously mentioned, all of these methods are presumed to react 
quantitatively and, in fact, do when applied under rigidly specified condi¬ 
tions to the determination of certain well-known peroxido compounds such 
as benzoyl peroxide, dihydroxydiheptyl peroxide, etc. When applied to 
oxidized fats or fatty acids, concordant results are not obtained with the 
various methods. All of them are affected by temperature to a marked 
degree and the same method does not respond in the same manner with 
fatty substances of different degrees of unsaturation, oxidation, and poly¬ 
merization. This latter behavior is explained by the assumption that 
secondary products of oxidation interfere with the determination. Gen¬ 
erally, it is assumed that these reagents give no reaction with perfectly fresh 
(unoxidized) fats, but Franke and Jerchel found that some iodine was 
liberated from hydriodic acid by the purest unsaturated acids they could 
prepare and they therefore introduced a blank correction to compensate 
for this reaction. 

All of these reagents react with oxidized fats and fatty acids in varying 
degrees but it is by no means certain that the reaction is with a heterocyclic 
peroxide. These reagents could react with a hydroperoxide such as postu¬ 
lated by Rieche^®'^^ and Farmer^^'^i or perhaps even with a moloxide such 
as is postulated by Staudinger. 

Hydriodic Acid Method of Goldschmidt and Freudenberg.—Among 
the evidence frequently cited for the validity of peroxide formation as 
the first step of autoxidation is the work of Goldschmidt and Freuden- 
berg®^ who investigated the autoxidation of pure linolenic acid and methyl 
linolenate in the absence of a solvent and in carbon tetrachloride and ace¬ 
tic acid solutions. The oxidation was conducted in the presence of a co¬ 
balt catalyst using a special apparatus which could be shaken and which 
permitted the oxygen consumption to be measured. The content of 

** A. Taffel and C. Revis, J. Soc. Chem. Ind„ 50, 87-91T (1931). 
*• S. Goldschmidt and K. Freudenberg, Ber., 67, 1589-1594 (1934). 
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double bonds in the original and autoxidized product was determined by 
the Wijs iodine method. Comparison of the two values showed that for 
each mole of oxygen consumed one double bond disappeared. A simul¬ 
taneous polymerization of linolenic acid with the disappearance of a double 
bond did not occur, but it was assumed that the molecular size could have 
been increased by autoxidation if oxygen had added to the double bond ac¬ 
cording to the following scheme: 

/H H 

|^R2 Ri 
O- 

Hv yU ' Hv yK Hv 
>C=C<; f >C=-C< 4- O2 -> >C 

R/ \R2 R/ ^R2 r/ i 

However, further oxidation of such a product would result in the forma¬ 
tion of additional carboxyl groups and no increase in the acid number was 
observed. Estimation of the active hydrogen by Zerewitinoff^s method 
gave no evidence of the formation of hydroxyl groups. It was therefore 
concluded that the chief product of autoxidation was direct addition of oxy¬ 
gen to form a peroxide. The determination of peroxide oxygen was carried 
out by warming the oxidation product with a mixture of hydriodic acid and 
acetic acid and determining the amount of liberated iodine. It was assumed 
that the simultaneous absorption of free iodine at any unsaturated bonds 
proceeds so slowly under these conditions that it can be neglected. Ac¬ 
cording to Goldschmidt and Freudenberg, the reduction of the peroxide by 
hydriodic acid can occur only according to one of the two following schemes: 

(/) /Y 
0—o 

+ ii 

H H 

\c_ 
(;?) /| |\ + 2HI 

O-O 
/l 

OH 

-C^ 
l\ + I. 
OH 

The analytical data obtained by Goldschmidt and Freudenberg are re¬ 
produced in Table 128. Inspection of these data indicates that addition 
of the residual iodine values and the values obtained for the hydriodic acid 
peroxide number of the autoxidized acid or ester are, within experimental 
limits, equal to the iodine number of the unoxidized substance. On the 
basis of these results, the authors concluded that autoxidation of linolenic 
acid and methyl linolenate resulted only in the formation of peroxides. 
They also concluded that these peroxides were relatively stable from the 
fact that after standing for many days the peroxide value determined by 
their method remained relatively constant. Actually these data represent 
excellent corroboration for the hydroperoxide hypothesis discussed later. 
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Table 128 

ANALYTICAL DATA FOR AUTOXIDIZED POLYETHYLENIC ACIDS AND ESTERS" 

Substance Oxidised by 

Oriinnal 
product Oxidised product 

Iodine 
value 

Iodine 
value 

HI 
peroxide 

value 

Total I and 
HI peroxide 

values 

Methyl linolenate Shaking in air 259 163 89 252 
Linolenic acid Shaking in air 274 135 150 285 
Linseed oil Shaking in air 180 131 82 153 
Linseed oil Shaking in air 180 132 14 156 
Linseed oil Shaking in air 180 132 28 154 

Methyl linolenate Standing in air 259 220 40 260 
Linolenic acid Standing in air 274 121 148 269 

® S. Goldschmidt and K. Freudenberg, Ber., 67, 1589-1594 (1934). 

(b) Oxygen Absorption Method 

Franke and Jerchel,*^ like many others, hold that the primary formation 
of peroxides affords the only logical explanation of autoxidation. They 
consider the formation of an oxido compound (Fokinas ethylene oxide) as 
the primary step in autoxidation as improbable for the following reasons. 
The substantiating evidence of Szent-Gyorgyi is considered invalid on the 
basis that the use of thioglycollic acid as an oxidation catalyst interferes 
with the detection of peroxides and Ellis^** oxidoleic and oxidelaidic acids 
may be dismissed from consideration on the basis that they are secondary 
and not primary products of oxidation. They also consider Rieche^s hy¬ 
pothesis of an oxygen-activated methylene group (Fanner^s hydroperoxide) 
as equally improbable as a primary autoxidation product. 

In substantiation of the cyclic peroxide hypothesis, Franke and Jerchel 
investigated the reactions of oleic, ricinoleic, linoleic, and linolenic acids 
with oxygen in the presence of various catalysts such as cobalt nitrate, 
proline, and hemin. Oxygen absorption was determined by means of a 
modified Barcroft method. Generally, 0.6 g. of the fatty acid and 5 mg. of 
proline or cobalt nitrate dissolved in 0.1 ml. of methyl alcohol or 6 mg. of 
hemin in 0.02 ml. of pyridine were placed in the reaction vessel. The con¬ 
sumption of oxygen at 37®C. was followed manometrically. 

When the consumption of oxygen in milliliters was plotted against time 
in hours for the four fatty acids, it was found that up to 100 hours complete 
saturation of all the double bonds did not occur in any case and none of the 
reactions showed any evidence of reaching completion as may be seen froip 
Figure 75. It is evident from the curves shown in Figure 75 that the initial 
rate of oxygen absorption increases with the increase in the number of 
double bonds in the fatty acid. After the absorption of one mole of oxygen 

w G. W. Ellis, Biochem. J., 26, 791-800 (1932); 30, 763-761 (1936). 
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in the case of linoleic acid, and two moles in the case of linolenic acid, the 
curves for these acids resemble those of oleic and ricinoleic acids. 

In addition to determining the oxygen absorption, Franke and Jerchel 
also determined the decrease in iodine value by the Hiibl method, and the 
amount of peroxides formed in the oxidized fatty acids. Dihydroxydi- 
heptyl peroxide:®® 

CeHuv rCeHit 

]^N)H 

was used as a comparative standard for the peroxide determination instead 
of benzoyl peroxide since the former reacted with their method more nearly 
like the fatty acid peroxides than did the latter. 

0 20 40 60 80 100 
TIME, hours 

Fig. 75. Oxygen absorption curves obtiuned by Franke and Jerchel*^ with 500 mg. 
of fatty acid and 5 mg. of cobalt nitrate in 0.1 ml. of methanol at 37**C. 40 cc. of oxygen 
is equivalent to one double bond per mole. (1) Substrates on 24 sq. cm. of filter paper. 
(2) Liquid substrate. 

As a result of a series of investigations in which various oxidation prod¬ 
ucts, for example, dihydroxymaleic acid, oxalacetic acid, acetaldehyde, 
pyroracemic acid, etc., were added to the unoxidized or autoxidized fatty 
acids, they concluded that the peroxide and iodine methods gave reliable 
results in the early stages of oxidation, but that in the later stages when 
secondary products of oxidation were present the methods became increas¬ 
ingly unreliable. Therefore, the results and the conclusions drawn from 
the investigation of the early stages of oxidation were dependable, but those 
of later stages of oxidation need to be accepted with reservations. 

**A. Bieohe, AUcylperweide und Otanide; Studien iiber perwydischen 8duer$tojf, 
Stemkopff, DreMcn, Iwl. 



468 XVI. OXIDATION BY ATMOSPHERIC OXYGEN 

Graphic comparisons were made of the variations of peroxide and iodine 
values as functions of the percentages of oxygen consumed for each of the 
acids investigated. Oleic and ricinoleic acids were found to behave simi¬ 
larly when autoxidized in the presence of cobalt nitrate, both exhibiting the 
same rate and amount of absorption. With increasing absorption of oxy¬ 
gen, the ratio of peroxides formed to oxygen consumed decreased rapidly. 
The absorption of oxygen was paralleled with a decrease in iodine value up 
to 25% after which the iodine value fell less rapidly. The authors inter¬ 
preted these results as indicating that secondary oxidation of peroxides 
occurred and the fact that both oleic acid, containing the group —CH2CH— 
CHCH2—, and ricinoleic acid, containing the group —CH(OH)CH2CH— 
CHCH2—, behaved in the same manner was evidence against Rieche^s 
theory of an activated —CH2— group. 

In the case of linoleic and linolenic acids in the presence of cobalt nitrate, 
proline, and hemin as catalysts, peroxide formation and oxygen absorption 
were found to be theoretical up to 25% absorption after which the rate of 
peroxide formation rapidly decreased. The iodine values decreased pro¬ 
portionally up to 60% absorption of oxygen and then decreased rapidly. 
Franke and Jerchel interpreted these results to indicate that peroxides 
are formed exclusively, at first, on absorption of oxygen, after which they 
are decomposed to form hydroxy ketones, —COCH(OH)—, as postulated 
by Morrell and coworkers.^**-®* Evidence obtained by hydrogenation of 
the oxidation products and estimation of hydroxyl groups was also cited in 
substantiation of the correctness of these views. The authors also at¬ 
tempted to show that the various double bonds of linoleic and linolenic 
acids responded differently to oxidation and that the resultant peroxide 
possessed different stabilities. 

Henderson and Young“" investigated the rate of autoxidation of pure 
oleic acid as a function of oleic acid concentration and oxygen pressure. 
Palmitic acid, tripalmitin, n-decane, and biphenyl were used as diluents 
in varying the mole fraction of oleic acid between the limits of 0.988 and 
0.240. The partial pressure of the oxygen was varied from 1.0 to 0.21 
atmosphere. It was observed that the fraction of the total oxygen ab¬ 
sorbed and remaining as peroxide is determined by the moles of oxygen ab¬ 
sorbed per mole of oleic acid (initial) and is independent of the variations 
in initial concentration of oleic acid and oxygen pressure up to 0.3 mole 
of oxygen absorbed per mole of oleic acid. 

These authors concluded that peroxide formation is the first reaction in 
the oxidation of oleic acid since it was observed that as the oxygen absorp- 

**R. S. Morrell and S. Marks, J. Oil Colour Chem, Abboc., 12, 183-205 (1929); J, 
Soc. Chem, Ind,, 50, 27-36T (1931). 

« S. Marks and R. S. Morrell. 54, 503-608 (1929). 
" R. 8. Morrell, Chemistry & Industry, 5^ 795-798 (1937). 

J. ti. Henderson and H. A. Young, /. Pkys, Chem., 46, 670-684 (1942). 
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tion approached zero, the double bond destruction is proportional to the 
oxygen absorbed. However, the isolation by Farmer and Sutton®* of per- 
oxidized methyl oleate having an intact double bond invalidates this de¬ 
duction. Although the nature of the autoxidation product may be ques¬ 
tioned, Henderson and Young^s kinetic equation for the absorption of 
oxygen by oleic acid between the end of the induction period and prior to 
the onset of appreciable secondary reaction is probably correct, since it is 
deduced from a plot of the oxygen consumption versus peroxide formed as 
determined by the Wheeler method. The rate curve was expressed as: 

— ^ = fci 4* Ajj (peroxide) (02)Vi 

For oxygen pressures between 0.5 and 1.0 atmosphere the average value 
for ki was found to be 2.2 whereas k2 was found to be 226. 

(c) Secondary Reactions of Cyclic Peroxides 

Some authors**'** are of the opinion that the unsaturated molecules are 
more or less completely converted to peroxides while others incline to the 
belief that the peroxides merely represent transient intermediate products 
which undergo more or less rapid transformation to other products. Ac¬ 
cording to Fahriqn^* and Marcusson,^^ two peroxide molecules interact to 
form oxide bridges: 

i !H--0 

CH—0 

CH—O—O—CH 

CH—0—0—CH 

0 
I II I 

CH—O—CH 

{(ffl—0—CH 

' A ' 

Fahrion, and also Orlov,speculated on the possibility that a reaction 
might occur between the primary peroxide and an unattached double bond 
to produce two molecules of an oxide or a 1,4-dioxane ring compound as 
follows: 

(0 

I 
CH—0 

I I 
CH—O 

1 

in 

I 

CH—O djH—O—CH 
I I 
CH-O—CH 

" S. Coffey, J. Chem. Soc., 119, 1162-1161, 1408-1415 (1921). 
• W. Fahrion, Die Ckemie der trocknenden Ole, Springer, Berlin, 1911; Z. angew. 

C*em., 23,722-726 (1910). 
J. Marcusson, Z. angew. Chem., 38, 148-149 (1925). 

*• E. I. Orlov, J. Rues. Pkys.-Chem. Soe., 42,658-676 (1910); 44,1676-1668 (1912). 
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However, neither Fahrion^® and Marcusson,*' nor Eibner and Munzert*® 
and in the course of investigations on the drying of linseed oil films, 
could find any experimental evidence to substantiate the formation of such 
products. 

According to Eibner, and more recently according to Rieche,** polymeri¬ 
zation of the primary peroxide, or of Staudinger^s^® moloxide, is assumed to 
occur with the formation of compounds of the general structure: 

I 
C—0-0-0 

I 
c 

Tschirch and Barben®^ advanced the idea that the primary peroxide is 
decomposed by water to produce an oxido compound, ozone, and hydrogen 
peroxide. The latter two products were presumed to react in turn with 
more unsaturated linkages to form other oxidation products. Browne®® 
advanced a similar hypothesis in which he postulated a reaction between 
the peroxide and water with the liberation of an atom of active oxygen ac¬ 
cording to the following scheme: 

4h4 
—CHOH 

—^HOH 
+ 0 

However, Browne inclines to the view that the unsaturated acid is oxidized 
to an oxido acid with the liberation of an atom of active oxygen and that 
the oxido acid is hydrolyzed by water to form two moles of short chain acids. 

Ellis®* postulated an intramolecular rearrangement of the primary per¬ 
oxide to a tautomeric ketohydroxy-dihydroxy system and in support of 
this hypothesis he identified appreciable quantities of hydroxyl and keto 
groups in dried linseed oil films, presumably formed according to the follow¬ 
ing scheme: 

—CH—O —C~OH --C=t) 
I I -> 11 I 

O —C-OH —C-OH 
H 

According to Ellis, linoxyn, for example, contains seven hydroxyl and six 
carbonyl groups. 

This hypothesis finds further support in the work of Morrell and co- 

A. Eibner and H. Munzert, Chem, Umachau Fette Ok Wachse Harze, 33, 18S-194, 
201-m 213-216 (1926). 

A. C. Elm, /nd. Eng, Chem., 23, 881-887 (1931). 
A. Rieohe, Angew. Uhem., 50, 520-624 (1937). 

^ H. Staudinger, Ber., 58, 107^1079 (1925). H. Staudinger and L. Lautensohlager, 
Ann., 488, 1-^8(1931). 

A. Tschirch and A. Barben, Schweiz, ApcAh, Ztg., 62, 281-285, 293-296 (1924). 
« C. A. Browne, Ind, Eng. Ck^., 17, 44-47 (1926j. 

G. W. Ellis, /. Soe. Ckem. Ind., 45, 193-199T (1926). 
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workers,®®""®*' who published an extensive series of researches on the 
oxidation of drying oils which have been widely referred to and generally 
accepted as substantiating the cyclic peroxide theory of autoxidation. 
Their work has been largely confined to investigations on the oxidation of 
elaeostearic and related acids containing a system of three conjugated 
double bonds, and especially to the behavior of the maleic anhydride addi¬ 
tion products of these acids. 

The basic principle involved in the work reported by Morrell consists in 
the preparation and isolation of the maleic anhydride addition products of 
a- and jS-elaeostearic acids and subjection of these products to autoxidation 
and analysis. Morrell assumed that a-elaeostearic acid (m.p. 49® C.) is 
^rans-9,10-cis-ll,12-cis-13,14-octadecatrienoic acid and jS-elaeostearic acid 
(m.p. 71.5®C.) is m-9,10-cis-ll,12-^ra7is-13,14-octadecatrienoic acid. 
Therefore, with maleic anhydride they are presumed to produce reaction 
products corresponding to formulas I and II. 

CH,(CH,),dH 

a-EIaeostearic acid-maleic Hy* 
anhydride reaction product 

CH=CH 

CHCH=CH(CH,)7C00H 
/ 

CH 

oc io 
(I) 

CH=CH 
/ \ 

CH,(CH,),CH==CHCH CH(CH,)7COOH 
\ / 

/3-Elaeostearic acid-maleic CII 
anhydride reaction product (II) 

Each of these substances has a double bond as a component of the hy¬ 
drobenzene ring and another double bond in the aliphatic side chain. In 
the case of the product derived from the a-acid the side chain double bond 
occurs at the 9,10-position and in the jS-acid product at the 13,14-position 
of the original acid. Morrell and co-workers found that these two double 

“ R. S. Morrell and S. Marks, J, Soc, Chem, Ind., 50, 27-36T,(1931). 
R. S. Morrell and W. R. Davis, ibid,, 55, 237-246T, 261-266T, 265-267T (1936). 
R. S. Morrell, /. Oil Colour Chem, Absoc,, 10, (191^). 

•» R. 8. Morrell and W. R. Davis, J. Soc, Chem, Ind,, 55, 101-103T (1936). 
R. 8. Morrell and W. R. Davis, Trans, Faraday Soc., 32, 209-219 (1936). 

« R. 8. Morrell and E. O. Phillips, J, Soc, Chem. Ind., 57,246-247 (1938); 58,159-162 
(1939); 59,144-148(1940). 

“ R. 8. Morrell and E. 6. Phillips, FeUe u, Seifert, 46, 541-546 (1939). 
R. 8. Morrell and E. O. Phillips. /. OU CoUmr Chem. Assoc., 23, 103-121, 233-237 

(1940) 
M R. S. Morrell and E. O. Phillips, Paini Tech., 7, 130-132,169-170, 187 (1942). 

R. 8. Morrell, T. R. Bolam, W. R. Davis, 8. Marks, E. O. Phillips, and W. 8. Sim, 
Trans, Faraday Soc., 38, 362-366 (1942). 
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bonds autoxidized at markedly different rates, the iS-form oxidizing readily 
and the a-form with difficulty. 

Examination of the autoxidation products of the two addition products 
led Morrell to believe that oxidation occurred to form a 9,10-peroxido 
derivative in the case of the a-acid addition product, and a 13,14-peroxido 
derivative in the case of the jS-acid addition product. The theory was ex¬ 
tended to apply to the original acids in which case it was assumed that the 
first product of autoxidation of elaeostearic acid is a 9,10,13,14-diperoxido 
derivative having the structure: 

CH3(CH2)3CH—CHCH=-CHCH—CHCCHOtCOOH 

0-0 0-0 

The secondary step in the autoxidation reaction was presumed to pro¬ 
duce, in the case of the 9,10-peroxido group, an equilibrium mixture of tau¬ 
tomeric ketols and unsaturated diol with possibly some oxido formation at 
the 13,14-peroxide: 

CH3(CH2)»CHCHCH==--CHCH(0H)C0(CH2)7C00H 

Y 
while the 13,14-peroxido group generally entered into polymerization reac¬ 
tions: 

CH3(CH,)3CHCHCH-=CHCH(0H)C0(CH2)7C00H 

0-0 

The extent to which one or another of these reactions predominated was 
presumed to depend on the temperature, solvent, catalyst, and probably 
other factors. 

The more recent work of Farmer and co-workers*®’'^® has led to consid¬ 
erable questioning®® concerning the validity of MorrelPs conclusions. 
The principal basis of disagreement has been the failure to isolate pure oxi¬ 
dation products corresponding to the structures assigned to them by Mor¬ 
rell and the lack of specificity of the analytical methods employed. Further¬ 
more, it is possible, on the basis of the work of Robertson, Hartwell, and 
Kornberg,®^ that the peroxides of a-elaeostearic and other conjugated un¬ 
saturated acids differ from those of the nonconjugated acids. These authors 
found that, when peroxidation occurred in nonconjugated acids, the per- 
oxidized product, with the exception of ricinoleic and undecenoic acids, were 
capable of oxidizing iS,/3'-dichloroethyl sulfide to /8,i3'-dichloroethyl sulf¬ 
oxide. Peroxidized conjugated acids and oils containing these acids were, 
however, incapable of effecting this oxidation. 

w C. E. Hollis, J, Oil CoUmr Chem, Assoc., 27, 67-91 (1944). 
W. V, B. Robertson, J. L. Hartwell, and S. Komberg, J. Am. Chem, Soc., 66, 1894- 

1897 (1944). 
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Treibs,®® likewise, observed a marked difference in the reaction of hy- 
droxylamine and lead tetraacetate, which latter reacts in a specific manner 
with hydroperoxides, RH—0—OH, and autoxidized elaeostearic acid as 
compared to autoxidized linoleic and linolenic acids. In fact, Treibs 
favors the view that, even in the case of autoxidized linoleic and lino¬ 
lenic acids, both hydroperoxides and cyclic (Treibs^s ethylene) p)eroxide8 are 
produced. 

5, Hydroperoxide Hypothesis 

All of the oxidation products of the naturally occurring monounsaturated 
acids and esters having a chain length of Cig or greater which have been 
isolated in pure form are crystalline solids at room temperature—e. g., 
oxidoleic acid, oxidoerucic acid, dihydroxystearic acid, hydroxyketostearic 
acid, et aL In all of these compounds in which the double bond of the un¬ 
saturated acid has been saturated with oxygen the resulting product is a 
solid at ordinary temperatures. On the other hand, ricinoleic acid and 
related acids containing a double bond and a hydroxyl group are liquids 
at the same temperatures. This property of liquidity at ordinary tempera¬ 
ture of long chain fatty acids is associated with the presence of one or more 
double bonds, and when the double bonds disappear as a result of saturation 
with oxygen the resulting product is no longer liquid at room temperature. 
The addition of one oxygen atom at the double bond, as in the case of oxi¬ 
dation of oleic to oxidoleic acid, is sufficient to raise the melting point 
above room temperature. It would be logical to assume, therefore, that 
the addition of two atoms of oxygen to a double bond to form a heterocyclic 
peroxido fatty acid would also result in raising the melting point of the prod¬ 
uct above room temperature. However, up to the present no such solid 
peroxido fatty acid has been isolated as a product of autoxidation of the 
Ci8 or related unsaturated fatty acids. 

(a) Isolaiion of Hydroperoxides 

The most fundamental advance in the chemistry of autoxidation of fats 
and fatty acids was made by Farmer and Sutton®*"* in 1942 when they iso¬ 
lated for the first time a moderately pure peroxidized methyl oleate. The 
product which was obtained by molecular distillation of partially oxidized 
methyl oleate was stated not to exceed 70% in purity, but refractionation 
produced a final product which analysis indicated to be nearly 100% pure 
methyl peroxido oleate. By application of a combination of low tempera¬ 
ture crystallization and molecular distillation, similar products of 90% to 
95% purity have been isolated in the author’s laboratory.®*® In every case 

W. Treibs, Ber., 77, 69->71 (1944). 
E. H. Farmer and D. A. Sutton, J. Chem. Soc.. 1943, 119-122. 
C. E. Swift. F. G. Dollear, and R. T. O'Connor, Oil & Soap, 23, 355-369 (1946). 
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they have possessed the properties and responded to the reactions de¬ 
scribed by Farmer and Sutton for their product. 

The peroxidized methyl oleate was found by analysis to contain one mole 
of oxygen per mole of ester and an intact double bond. As was to be ex¬ 
pected, it was an oily liquid at ordinary temperatures and, in fact, failed 
to crystallize even at relatively low temperatures. Peroxidized methyl 
linoleate prepared in the author\s laboratory by low temperature crystalli¬ 
zation exhibited similar properties with regard to its physical state. 

If, as Farmer and others have shown, the isolated peroxidized methyl 
oleate contains two atoms of oxygen and one double bond, the product can¬ 
not contain a heterocyclic ring which heretofore has been generally ac¬ 
cepted as adequately representing the structure of the first oxidation prod¬ 
uct of unsaturated acids. The structures (see pp. 456-459) proposed by 
Rieche^**^^ and Farmer and co-workers“~*^ for the primary product of 
autoxidized unsaturated fatty acids is in accord with the observed proper¬ 
ties of the isolated product. Moreover, on reduction with aluminum amal¬ 
gam the product gave methylhydroxy oleate. The latter product, after 
hydrogenation, was presumed to consist of a mixture of 8-hydroxy- and 11- 
hydroxymethyl stearate as indicated in the following equations: 

(1) CJB[,7CH:CHCH 00H(CH,),C00CH, —Ci»HmCHOH(CH,),COOCH, 

(*) CrH„CH OOHCH:CH(CH,)7COOCH, ——■» CtH,.CHOH(CH,),COOCH, 

These facts provide definite evidence that the primary product of autoxi- 
dation of methyl oleate is a mixture of two isomeric monohydroperoxides 
each containing a molecule of oxygen and an intact double bond. 

Further substantiation of the identity of this compound was obtained 
by Atherton and Hilditch*^ who subjected peroxidized methyl oleate to 
further oxidation with powdered potassium permanganate. The autoxi- 
dation of methyl oleate was conducted at 20° C. until a peroxide value of 
920 was obtained. The autoxidized fraction was adsorbed on silica gel 
and eluted with acetone. Following the oxidation of the eluted adsorbate 
(peroxidized methyl ester) with potassium permanganate, four acids, su¬ 
beric, octanoic, azelaic, and nonanoic, predicted by Farmer as the fission 
products of hydroperoxido oleic acid, were isolated and identified. 

Sutton®* subjected methyl elaidate to autoxidation at 35°C. while irradi¬ 
ating it with ultraviolet light and observed that it formed hydroperoxido 
esters as in the case of methyl oleate. Aeration was continued until the 
ester absorbed 0.2 mole of oxygen, 90% of which was found to be in the form 

« D. Atherton and T. P. Hilditch, J. Chem. 5oc., 1M4, 105-108; T. P. Hilditch, 
Naturef 157, ^ (1946); F. D. Gunstone and T. P. Hilditch, /. Chem. Soc.^ 194$, 836- 
841; 1946,1022-1025. 

•• D. A. Sutton, /. Chmn, Soc., 1944, 242-243. 
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of a peroxide. The oxidized methyl elaidate was hydrogenated in the 
presence of Adam’s catalyst to convert the unreacted elaidate to stearate 
and the peroxidized fraction to hydroxy stearate. After saponification 
and acetylation, the acetoxy derivative was separated by fractional crystal¬ 
lization. The crude acetoxystearic acid was converted to hydroxystearic 
acid. Since peroxidation could have occurred at the eighth, ninth, tenth 
and eleventh carbon atoms, any one or any mixture of corresponding hy¬ 
droxystearic acids could have formed.^® An apparently pure hydroxy- 
stearic acid (m.p. 79®C.) was isolated but the position of the hydroxyl 
group was not established. 

Bolland and Koch®® have shown that the primary product of the thermal 
reaction between ethyl linoleate and molecular oxygen is the formation of 
a monohydroxy peroxide. The latter product was found on spectrographic 
analysis to contain at least 70% of conjugated diene isomers resulting from 
rearrangement of the unsaturated system —C==C—C—C=C—. Evidence 
was also obtained that one of the first decomposition products contained a 
ketonic group. 

The experimental evidence which has been amassed in the short time fol¬ 
lowing the isolation of the methyl hydroperoxide oleate by Farmer appears 
to render the cycloperoxide theory of autoxidation untenable and estab¬ 
lishes the formation of the hydroperoxide theory as the only tenable alter¬ 
native. Acceptance of the hydroperoxide reaction as the first stage of the 
addition of oxygen to unsaturated fatty acids necessitates a reinterpretation 
of a considerable amount of previous experimental work and vitiates much 
of the speculation and conclusions concerning the subsequent stages of the 
autoxidation reaction. 

(6) Secondary Reactions of Hydroperoxides 

Having established the identity of the first reaction product of autoxida¬ 
tion as a hydroperoxide, Farmer and co-workers proceeded to the consid¬ 
eration of the probable nature of the secondary autoxidation reaction and 
products. It is difficult to paraphrase or improve upon Farmer’s discus¬ 
sion of these secondary reactions and it is therefore quoted here from his 
original work®^ as follows: 

'^Except with the most stable hydroperoxides, and then only under optimum con¬ 
ditions of operation, peroxide decay occurs side by side with new peroxidation. 
Thus in polyenes—especially long-chain polyenes such as rubber—hydroperoxide 
groups and their oxygeno-derivatives inevitably occur in the same molecule. This 
mixing of peroxidic and secondary groupings is aided by the usual very uneven dis- 

•• J. L. Bolland and H. P. Koch, J. Chem, Soc,. 1945, 445-447; J. L. Bolland and G. 
Gee, Trans. Faraday Soc., 42, 236-243, 244-252 (1946)4 

^ E. H. Farmer, G. F. Bloomfield, A, Sundr^ingam, and D. A. Sutton, Trans. Faraday 
Soc., 38, 348-356 (1942). 



476 XVI. OXIDATION BY ATMOSPHERIC OXYGEN 

tribution of oxidative attack over the olefinic molecules present. The principal, 
and doubtless the most invariable, feature of secondary autoxidative changes is 
that the hydroperoxide groups themselves revert to hydroxyl groups (in some cir¬ 

cumstances to keto groups) and concurrently the active oxygen is used in oxidising 
either the adjacent or some remote double bond—the latter perhaps in another mole¬ 
cule. This oxidative action may proceed as far as chain-scission at the double 
bonds, or may oxygenate and so saturate the double bonds without severing them. 
Chain-scission reactions can occur with embarrassing facility in rubber after even 
slight oxygenation; in a less serious degree they occur unavoidably in the polyene 
fish-oil acids and the shorter polyisoprenes. It is impossible at present to distin¬ 
guish between thermal and photochemical secondary decompositions. The basic 

reactions, so far as they are at present known, seem to be the following:— 
“i. Interaction of a hydroperoxide group with a double bond, giving a hydroxyl 

group at the former and an epoxy group at the latter. This reaction is in part 

comparable with the action of an organic peracid at an ethylenic bond (equation o), 
and since it can be brought about at will by heating an olefin hydro^xiroxide with an 
olefin, may be represented as in (6). But since the change appears to occur with 

greater facility during the actual autoxidation reaction than subsequently by ther¬ 
mal decomposition of the isolated hydroperoxide, it may possibly be brought about 
during the autoxidation in a more direct way, e. g,,hy the interaction of a radical 
peroxide with a double bond as shown in (c). This reaction is of “intermolecular’' 
type, occurring between a peroxide group in one molecule and either a double bond 
in another molecule, or a remote double bond in the same molecule. 

(a) —C=C—+ RCO-OOH- 

(h) —C=C—+ ROOH- 

-> C— 
I 

RC0--0—OH 
+ 

—c—c- 

C— -f RCO2H 

Y 

(c) —c==C—+ ROO- 

RO—OH 

—c—c— 
o4or 

-> —C-C— 4- ROH 

—C—C-h RO * 

Y 
RO- 4- —CHa—C=C— ROH -h CH—C=C— 

Scission of the carbon chain at the double bond occurs with considerable 
ease, both during the autoxidation reaction (i. e., perhaps as the result of irradia¬ 
tion), and subsequently by thermal decomposition. The precise mechanism of 
this change in either case remains still to be determined. There is insufficient 
evidence at present for rejecting finally the possibility that in some very small 
degree scission can occur during the original autoxidation by momentary formation 
and immediate decomposition of a cyclic peroxide, thus: 

C— —C--C— —C C— 

U U —' rA 
but this mechanism cannot apply to themial decompositions of the hydroperoxide. 
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In the presence of organic acids or their anhydrides autoxidation occurs 
readily. This may be represented for the free acid: 

—CH—CH=CH— RCO«H —CH—CH=CH— —CH—CH=CH— 

ioH OO—COR ^ 0-0---C0R 

R.CO.H 

I \ / -^ 
I O 

O—COR 

—CH->CH—CH- 
I I I 

RCO—O OAc OH 

^*4-. By the decomposition of the hydroperoxide in presence of mineral acid a 
reaction analogous to the foregoing and yielding a saturated triol, 
—CH—CH—CH—, occurs. 

I I I 
OH OH OH 
*^5. Subsidiary scission can occur between an ethylenic bond and an a-carbon 

atom: 

—CH—CR=CH- 
I 

OOH 

—CH—COR -f HO2C- 

iH 
—CO2H 4- R—CO2H + HO2C- 

Polymerisation occurs by the interaction of —OOH groups and double 
bonds. This appears to give mainly dimerides of ether type, possibly to be repre¬ 
sented as involving the reaction 

HOO—R -C—C—O-OR 
“ I I 

H 

—C(OR)—C(OH) 

In addition, radical forms, RO •, produced by thermal (or possibly photochemical) 
dissociation of the hydroperoxides, and radical forms, ROO *, produced in the pri¬ 
mary peroxidation reaction, probably take part in the process by reacting with other 
olefinic systems present. 

‘7. In the presence of iron salts, and in some cases as the result of spontaneous 
or violent thermal decomposition, hydroperoxides give unsaturated ketones. 

This is comparable to the spontaneous formation of esters from the peroxides of 
ethers [RCH(OOH)—OR' RCO—OR' + H2O]. 

^^8, In the presence of alkalies extensive hydrolysis of the hydroperoxide groups 
occurs (ROOH + H2O —> ROH + H2O2) with concomitant oxidative degradation of 
the double bonds by the hydrogen peroxide liberated." 

The new concepts and substantiating evidence introduced by Farmer and 
his co-workers have not solved all of the numerous problems inherent in 
the process of autoxidation of fats and fatty acids, but they have cleared 
away many misconceptions, brought a considerable degree of order into a 
field which was becoming increasingly chaotic, and provided a sound basis 
for future work as well as a firmer belief that continued intensive effort 
will eventually lead to a complete solution of this important problem. 



CHAPTER XVII 

BIOLOGICAL OXIDATION 

1. Introduction 

Ingested and stored fats serve the animal organism as a source of energy 
which is released during their oxidation to form shorter chain com¬ 
pounds, carbon dioxide, and water. Although the subject of numerous in¬ 
vestigations, no completely satisfactory answer has been obtained concern¬ 
ing the mechanism by which the oxidation process occurs in the animal 
organism. Still less is known concerning the process in plants. Many 
seed kernels are known to contain a relatively large and often a predominant 
amount of fat or oil which decreases more or less rapidly during germina¬ 
tion. The disappearance of these stored fats probably occurs partly by 
oxidation to carbon dioxide and water with the liberation of energy, and 
partly by elaboration of other fats in the new plant. Few hypotheses 
have been offered to explain the dxidation of the fatty reserves in plants 
and these have generally been extensions or elaborations of the hypotheses 
proposed to explain the oxidation of fats in animal organisms. 

Since the ingested or stored fats are complex substances containing glyc¬ 
erol residues and saturated and unsaturated acids of various chain lengths, 
it is probable that a number of mechanisms are involved in their metabolism. 
It is not known with certainty whether fats are oxidized per se or are hydro¬ 
lyzed prior to oxidation. Likewise, it is not known whether the liberated 
unsaturated acids are hydrogenated to form saturated acids prior to oxida¬ 
tion or whether saturated acids are first dehydrogenated and then oxidized. 

Theoretically any or all of these reactions are possible since both plants,^ 
and animals contain various enzyme systems capable of producing such 
transformations. Unfortunately only little attention has been devoted 
to the investigation of the enzyme systems which may be involved in the 
complete metabolism of the fats in plants and animals. 

It is generally assumed that the fat is first hydrolyzed by lipolytic en¬ 
zymes to produce glycerol and free fatty acids, and that each constituent is 
then oxidized. The glycerol portion of the fat molecule is presumed to be 
oxidized in a manner wholly analogous to the oxidation of carbohydrates.^ 

* R. S. Hubbard and F. R. Wright, J. Biol, Chem,^ 50, 361-402 (1922). 

478 



jS-OXIDATION 479 

2. ^-Oxidation 

The oldest and perhaps most widely held theory of fatty acid oxidation 
by animal organisms is based on the classical work of Knoop,^ Embden and 
co-workers,Dakin,* and others. These investigators demonstrated 
that benzoic, CeHsCOOH, and phenylacetic, CCH5CH2COOH, acids are un¬ 
attacked when fed to animals. Benzoic acid is eliminated either as such or 
conjugated with glycine in the form of hippuric acid in accordance with the 
following equation: 

CeHsCOOH -h CH,NH*COOH-► C^HsCONHCHjCOOH -f H2O 

Phenylacetic acid is also conjugated with glycine and eliminated as phen- 
aceturic acid: 

C6H5CH2COOH 4- CH2NH2COOH-> C6H5CH2CONHCH2COOH 4- H,0 

However, phenylpropionic, C6H6CH2CH2COOH, was found to be elimi- 
.nated as hippuric acid, phenylbutyric, C6H6CH2CH2CH2COOH, as phen- 
aceturic acid, and phenylvaleric, C6H6CH2CH2CH2CH2COOH, as hippuric 
acid. These results are summarized in Table 129. 

Table 129 

FATE OF INGESTED PHENYL-SUBSTITUTED ACIDS 

Acid fed Formula Oxidation 
product Excreted aa 

Benzoic CeHfiCOOH Not oxidized Hippuric 
Phenylacetic CeH^CHjCOOH Not oxidized Phenaceturic 
Phenylpropionic CeHfiCHtCHaCOOH CeHjCOOH Hippuric 
Phenylbutyric C.H5CH2CH2CH2COOH CeHftCHsCOOH Phenaceturic 
Phenylvaleric C^HfiCHjCHaCHjCHsCOOH CeH^COOH Hippuric 

In each case the jS-carbon atom is presumed to be attacked according to 
the following mechanism: 

PhCH,CH,COOH -.-?■■■> PhCHOHCHjCOOH —^ PhCOCHjCOOH 

-> PhCX)CH,-» PhCX)OH 

According to this mechanism of oxidation the carboxyl carbon atom and 
the adjacent methylene carbon atom are removed by conversion to carbon 
dioxide and water leaving a new carboxyl in the position corresponding to 

*F. Knoop, Beitr, chem» PhyHcl. Path., 6, 150-162 (1905). See F. Knoop, Oxyda- 
tionen im Tierk&rper, ein BUd von den Hauptwegen phyaiologischer Verbrennung, Enke, 
Stuttgart, 1931. 

* G. Embden, H. Salomon, and F. Schmidt, BeUr. chem. Physiol. Path., 8, 129-155 
(1906). 

^ G. Embden and A. Marx, BeUr. them. Physiol. Path., 11, 318-322 (1908). 
»H. D. Dakin, /. Biol. Chem., 4, 419-435 (1908); 5, 173-185, 303-309 (1908); 6, 

203-219, 221-233 (1909); Q, 123-128 (1911). 
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the jS-position in the unoxidized acid. This process is presumed to con¬ 
tinue until the entire carbon chain is consumed. 

Raper and Wayne® repeated and confirmed the experiments with phenyl- 
substituted acids and extended it to include phenylcaproic acid. Quick^ 
demonstrated that the total benzoic acid or phenylacetic acid eliminated in 
combination with glycine and glycuronic acids after feeding phenyl-sub¬ 
stituted fatty acids represents practically a quantitative transformation. 
Other supporting evidence is adduced from the fact that the oxidation of a 
fat is incomplete in diabetic patients since jS-hydroxybutyric acid and 
acetoacetic acid presumably derivcjd from fats are found in the urine of in¬ 
dividuals suffering from diabetes. 

The principal objections to these experiments and their interpretation 
are that they have been confined to short chain fatty acids, that fats are 
ingested as glycerides and not as free acids, that the presence of the phenyl 
group in the carbon chain may specifically influence the course of oxidation, 
and that it involves only saturated acids whereas ingested fats are composed 
predominantly of unsaturated acids. Furthermore, it has not been pos¬ 
sible to recover any of the two-carbon fragments produced by /9-oxidation 
of normal fatty acids, substituted (hydroxy, branched chain, etc.) fatty 
acids, or odd-numbered carbon acids. Only acetoacetic and /9-hydroxy- 
but3rric acids have thus far been detected. Also no experimental evidence 
is available to prove that the acids containing two less carbon atoms than 
the ingested acid are produced in the living organisms. 

3. ci}-Oxidation 

In contrast to the theory of /9-oxidation, Verkade and co-workers®^^^ have 
experimentally demonstrated that oxidation can and does occur elsewhere 
in the hydrocarbon chain, namely at the terminal or w-carbon atom. These 
investigators have shown that when glycerides of fatty acids containing 
eight to eleven carbon atoms are ingested, dicarboxylic acids are formed and 
are excreted in quantity. 

In other cases dicarboxylic acids were not found owing, according to 
Verkade, to the fact that secondary /9-oxidation occurred in these cases, 
i. c., because biterminal or bilateral /9-oxidation of the dicarboxylic acid 
occurred. In fact Verkade inclined to the belief that all normal saturated 

• H. S. Raper and E. J. Wayne, Biochem, 22, 188-197 (1928). 
^ A. J. Quick, /. BioL Chem., 77, 581-593 (1928). 
• P. E, Verkade and J. van der Lee, Biochem. J,t 28, 31-40 (1934).. 
» P. E. Verkade, Chem. Weekblad,, 28, 470-474, 47.7-484 (1931). 

P, E. Verkade, M. Elzas, J. van der Lee, H. H. de Wolff, A. Verkade-Sandbergen, 
and D. van der Sande, Z, physiol. Chem.f 215, 225-257 (1933). 

“ P. E. Verkade and J. van der Lee, Z. physiol. Chem.^ 225,230-244 (1934): 227,213- 
222 (1934). 

P. E. Verkade, J. van der Lee, and A. J. S. van Alphen, Z. physiol. Chem., 237,186- 
190 (1935); 247, 111-114 (1937); 250, 47-56 (1937). 
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dicarboxylic acids are subject to biterminal )8-oxidation. Artom^* believes 
that i3-oxidation may occur at both ends of the hydrocarbon chain. 

Verkade\s biterminal oxidation may be illustrated by the behavior of 
tricaprin which when ingested was found to produce sebacic, suberic, and 
adipic acids in the urine. Triundecylin when ingested resulted in the elimi¬ 
nation of hendecanedioic, azelaic, and pimelic acids. These acids would 
be produced by the following reactions. 

CH,(CH:0«COOH -^ HOOC(CHj),COOH —^ 

HOOC(CH,),COOH —^ HOOC(CH,).(X)OH 

CH,(CHj).COOH —^ HOOC(CHi),COOH —^ 

HOOC(CHs),COOH —♦ HOOC(CH,).COOH 

This mechanism does not require that the glyceride be split prior to the 
initiation of oxidation since the terminal methyl group is readily available 
and oxidation can proceed prior to or simultaneous with lipolysis. Further¬ 
more, oxidation of terminal methyl groups in the animal organism is known 
to occur with other substances. Kuhn, Kohler, and Kohler^^ have shown 
that polyene acids undergo w-oxidation. Thus, sorbic acid, CHsCH: 
CHCH:CHCOOH, when ingested was found to be partly excreted as 
muconic acid, HOOCCH :CH CH:CHCOOH. Ingestion of camphor re¬ 
sulted in the excretion of the corresponding dicarboxylic acid.^^ Kuhn 
found that geraniol and citral were eliminated in the form of their dicar¬ 
boxylic acids. It is interesting to note that in all of these compounds 
oxidation occurred without involving the double bonds. 

Flaschentrager and Bernhard^® claimed to have demonstrated the exist¬ 
ence of w-oxidation in fat metabolism but believe it occurs to only a small 
degree, not more than one per cent, whereas /S-oxidation is the predominant 
reaction. 

4. Multiple Oxidation 

A considerable amount of experimental evidence has been accumulated 
in recent years which casts doubt on the hypothesis of jS-oxidation in the 
living organism. Deuel and co-workers^^*^® found that when ethyl buty¬ 
rate and ethyl caproate were fed to rats the same quantities of acetone 
bodies and acetoacetic acid were found in the urine, whereas the caprylic 

“ C. Artom, Z. phyM. Chem., 245, 276-277 (1937). 
R. Kuhn, F. Kohler, and L. Kohler, Z. physiol, them., 247, 197-219 (1937). 
Y. AsaWa and M. Ishidate, Ber., M, 947-963 (1935). 
B. Flaschentrager and K. Bernhard, Helv. Chim. Acta, 18, 962-972 (1935). 
J. S. Butts, C. H. Cutler, L. Hallman, and H. J. Deuel, Jr., J. Biol. Chem., 109,597- 

613(1935). 
“ H. J. Deuel, Jr., L. F. Hallman, J. 8. Butts, and 8. Murray, J. Biol. Chem,, 116,621- 

639 (1936). 
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ester yielded twice these amounts indicating fission into two four-carbon 
fragments which would occur in the case of both jS- and ^-oiddation. Ethyl 
palmitate, ethyl oleate, and ethyl stearate gave three different four-carbon 
fragments. 

Jowett and QuasteP® reinvestigated the oxidation of fatty acids by means 
of liver slices and found that even-numbered carbon acids produced con¬ 
siderable quantities of acetone bodies whereas the odd-numbered acids pro¬ 
duced little of these bodies. To explain these observations, and those 
of Deuel and co-workers, Jowett and Quastel proposed the theory of mul¬ 
tiple alternate oxidation of the long chain fatty acids, according to which 
oxidation may occur simultaneously at the j3-position and at each alternate 
carbon atom in the chain as indicated in the formula for lauric acid: 

CH3CH2 j CH2CH2 i CH2CH2 i CHjCH*: CH2CH2 j CHjCOOH 

That such a type of reaction occurs in long hydrocarbon chains when 
subjected to catalytic oxidation is well substantiated in the catalytic air- 
oxidation method of producing fatty acids from petroleum. A similar 
type of degradation appears to occur in the oxidation of hydrocarbon chains 
by hot chromic-sulfuric acid. Experiments involving catalytic air oxida¬ 
tion at relatively low temperatures conducted in the author’s laboratory 
with the object of shortening the hydrocarbon chain of stearic acid in¬ 
dicate that the molecule is simultaneously attacked along the entire chain 
but apparently at relatively different rates. 

5. Dehydrogenation and Oxidation 

Because of the difficulty of oxidation of the saturated carbon chains in 
viirOj it might be considered relatively difficult in the living organism. 
Also, in view of the greater ease of oxidation of unsaturated linkages in 
hydrocarbon chains in vitro, it is not unreasonable to assume that the sat¬ 
urated acids might first be dehydrogenated to unsaturated acids. On the 
other hand, it is conceivable that oxidation might occur readily at body 
temperatures under the influence of enzymes as it certainly does in the case 
of sugars and other carbohydrates, but here the carbon chain is already in 
a highly oxidized state. Furthermore, although dehydrogenation of long 
hydrocarbon chains probably occurs less readily in vitro than does oxida¬ 
tion, it could possibly do so readily through the action of enzymes in vivo, 

Leathes®® and Leathes and Meyer-Wedell®^ observed that the liver of 
rats fed on cod liver oil contained fatty acids of higher iodine value than 
those present in the ingested oil. They therefore suggested that jS-oxida- 

« M. Jowett and J. H. Quastel, Biochem. J,, 29, 2143-2158, 2159-2180, 2181-2191 
(1935). 

» J. B. Leathes, Lancet, 176, 593-599 (1909). See Ergeb, Phyeiol., 8, 356-370 (1909); 
Arch. expU, Path, Pharmakdt,, Suj^l. Bindinj, 1909, 327-348. 

J. B. Leathes and L. Meyer-Wedell, J, Physiol, (Proc.), 38, xxxviii-xi (1909). 
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tion may be preceded by desaturation in the liver and addition of a mole¬ 
cule of water at the 2,3-position with the formation of a j^-hydroxy acid 
according to the following scheme: 

RCHjCHjCOOH RCH;CHCOOH - > RCHOHCHjCOOH 

In substantiation of this idea Mazza^^ observed that dead bacteria and 

liver extracts actively dehydrogenated stearic and A®’^®-oleic acids, but 
were without action on A^'*-oleic acid. A^ ^-Unsaturation cannot be de¬ 
tected by ordinary iodine determinations such as were applied by Leathes 
and Meyer-Wedell, but can be by hydrogenation methods used by Mazza. 

Raper^* found, on feeding coconut oil to cats or dogs, that the volatile 
acids of the liver possessed a higher iodine value than those present in the 

original oil. 
In contrast to the theory of dehydrogenation, Mottram^^ found that the 

liver of the plaice contained acids more saturated than those which were 
present in the ingested food. Banks and Hilditch^ presented evidence to 
indicate that hydrogenation rather than dehydrogenation occurred in the 
case of the pig depot fats. Lovem^® found that in the tunny the degree of 
unsaturation in th(^ Cig acids decreased as the content of stearic acid in¬ 
creased and suggested that the increase of stearic acid was at the expense 
of the ethylenic bonds to preserve an approximately constant content of 
saturated acids. Hilditch and Longenecker^^ expressed a somewhat simi¬ 
lar idea in regard to the ox depot fats in which the increase in stearic acid 
was balanced by a decrease in oleic acid, thus maintaining a constant ratio 
of Ci6 to Ci8 acids. 

The work of Burr and his associates^*'”®® on the deficiency disease caused 
by lack of certain essential unsaturated acids (linoleic, linolenic, and arach- 
idonic) when experimentally omitted from the diet, would seem to indicate 
that the animal organism lacks both a mechanism of synthesis of these 
acids from carbohydrates and also a means of producing them by dehy¬ 
drogenation from ingested or stored fats. 

F. P. Mazza, Arch. UaL biol.j 94, 69-71 (1935); Arch. set. Hoi. Italyy 21, 320-331 
(1936); 22, 307-325 (1936); BoU, soc. ital. Hoi. sper.y 11, 143-145, 157-158 (1936). 

” H. S. Raper, J. Biol. Chem.y 14, 117-134 (1913). 
V. H. Mottram, J. Physiol, 45, 363-369 (1912). 

“ A. Banks and T. P. Hilditch, Biochem. J., 26, 298-308 (1932). 
*• J. A. Lovem, Biochem. 30, 2023-2026 (1936). 
^ T. P. Hilditch and H. E. Longenecker, Biochem. /., 31, 1805-1819 (1937). 
“ G. 0. Burr and M. M. Burr, J. Biol Chem., 82,345-367 (1929); 86, 587-621 (1930). 
*• G. O. Burr, M. M. Burr, and W. R. Brown, Proc. Soc. Expil. Biol. Med., 28, 905- 

907 (1931). 
” G. 0. Burr and A. J. Beber, J. Nutrition, 14, 553-566 (1937). 



CHAPTEK XVIII 

NITROGEN DERIVATIVES OF ALIPHATIC ACIDS 

1 • Classifica ti on 

Aliphatic acids containing nitrogen, as well as nitrogen compounds 
which contain aliphatic acid residues, are found in nature, but they are 
seldom encountered in fats and oils except in their unrefined state. Vari¬ 
ous types of nitrogen compounds occur as impurities in crude fats and 
oils as a result of the method of extraction, but they are generally completely 
removed during subsequent refining. An exception to this statement is 
the occurrence of certain phospholipids in some fats and oils and possibly 
of very small amounts of nitrogenous unsaponifiable constituents which are 
not entirely removed by refining. 

Although not generally found in fats and oils per se, many of the nitrogen 
derivatives of the aliphatic acids are of considerable interest and economic 
importance and have, therefore, been the object of much research and 
even of considerable industrial activity. In fact, the investigation of the 
effect on the properties of aliphatic acids produced by the introduction 
of nitrogen into their structures, and the possibility of using fatty acids 
as raw materials for the preparation of industrially important nitrogen 
derivatives, have in recent years attracted the attention of a number of 
investigators. The fatty acids afford an excellent raw material for the 
synthesis of a variety of nitrogen-containing compounds, many of which 
possess distinctive properties and are, therefore, finding increasing em¬ 
ployment in a number of industrial processes and products. 

The saturated fatty acids present four points of attack for the introduc¬ 
tion of nitrogen or nitrogen-containing radicals, namely, the hydrogen of 
the carboxyl group, the hydroxyl of the carboxyl group, the carbonyl 
group of the carboxyl, and the hydrogens of the hydrocarbon chain. The 
unsaturated fatty acids possess a fifth point of attack, namely, the double 
bond. The substitution of nitrogen in fatty acids in place of these atoms 
or radicals results in the production of derivatives which form homologous 
series corresponding to the aliphatic acid series from which they are 
derived. 

The simplest series of such nitrogen derivatives are the ammonium salts 
of the normal saturated acids which are entirely analogous to the alkali 
metal salts. Another series comprises the acid amides^ RCONH2, in which 

484 
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' the NH2 group replaces the hydroxyl group of the fatty acids. Sub¬ 
stitution of a hydrogen in the hydrocarbon chain by NH2 gives rise to the 
amino acids, such as RCH(NH2)COOH, of which an extremely large num¬ 
ber are theoretically possible owing to increasing capacity for the produc¬ 
tion of isomers with increasing chain length. Three other classes of 
aliphatic nitrogen derivatives, two of which may be formed from fatty 
acids, are represented by : the amines, RCH2NH2; the nitriles, RCiJ; and 
the nitroparaffins, RCH2NO2. Related to the aliphatic amides are the 
hydrazides, RCONHNH2, and the acid azides, RCONav 

Numerous nitrogenous derivatives of fatty acids can be prepared in the 
form of esters simply by introducing nitrogen-containing radicals in place 
of the hydrogen of the carboxyl or by reaction of the fatty acid chlorides 
with nitrogen-containing compounds. For example, the fatty acids react 
with aromatic amines to form anilides and with aromatic diamines to form 
heterocyclic nitrogen compounds. The anilides may also be formed by 
the reaction of acid chlorides and anhydrides with aromatic amines. These 
reactions may be illustrated by the following equations: 

C6H5NH2 + HOOCR-► CftHsNHOCR -f H,0 

2 CeHftNHa -f CIOCR-► CeHjNHOCR + CeHsNHrHCl 

CeHjNH* -f 0(0CR)2-► CeHsNHOCR + RCOOH 

o-Phenyldiamine 2-Alkylbenziinidazole 

Many other nitrogen-containing compounds which may be considered as 
being formed indirectly from fatty acids are known but are not considered 
here because they are of theoretical interest only or are of minor economic 
importance. 

2. Aliphatic Amino Acids 

(a) Natural Amino Adds 

When one or more hydrogens of the hydrocarbon chains of the normal 
aliphatic acids is replaced with an NH2 group, the resulting compound is 
termed an amino acid. If the NH2 group is attached to the carbon atom 
next to the carboxyl of a normal aliphatic acid, the substituted acid is 
designated a-amino acid. If it is attached to the second carbon atom re¬ 
moved from the carboxyl, it is designated fi-amino acid, and so on as the 
point of attachment is moved along the carbon chain. If two amino 
groups are attached to two different carbon atoms in the aliphatic chain the 
resulting acid is known as a dialnino acid. 
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The a-amino acids which are characterized by the presence of the 
terminal —CH(NH2)COOH group are of special importance and interest 
because of their widespread occurrence in the proteins of plants and 
animals. In fact, they represent the building stones of all proteins and are 
produced from them by appropriate hydrolysis. Two of the simplest a- 
amino aliphatic acids, namely, glycine or a-aminoacetic acid, and alanine 
or a-aminopropionic acid, are among the commonest amino acids found in 
proteins. On the other hand, a-aminocaproic acid or norleucine is known 
to occur in only a few proteins. Generally, the naturally occurring ali¬ 
phatic amino acids contain one or more side chains or groups such as 
hydroxy, methyl, or imino, in addition to the amino group. For example, 
isoleucine or a-amino-/3-methyl-n-valeric acid, and leucine or a-amino- 
isocaproic acid, which are isomeric with norleucine, contain a methyl group 
at the 0- and 7-carbon atoms, respectively. The important naturally oc¬ 
curring aliphatic amino acids are listed in Table 130. All of the other 

Table 130 

ALIPHATIC AMINO ACIDS FOUND IN PROTEINS 

Amino acid Formula 

Alanine, a-aminopropionic 
Arginine, a-amino-S-giianidino-rt-valeric 
Aspartic acid, a-aminosuccinic 
Cystine, di-(a-amino-/3-thiopropionic) 
Glutamic acid, or-aminoglutaric 
Glycine, a-aminoacetic 
/S-Hydroxyglutamic acid, a-amino-/3-hydroxy- 

glutaric 
Isoleucine, a-amino-jS-methyl-n-valeric 
Leucine, a-amino-isocaproic 
Lysine, a-amino-e-amino-n-caproic 
Methionine, a-amino-7-methylthiol-n-butyric 
Norleucine, a-amino-n-caproic 
Serine, a-amino-/3-hydro?wpropionic 
Threonine, a-amino-/3-hydroxybutyric 
Valine, o-amino-isovaleric 

CH3CH(NH),C00H 
NH2C(NH)NH(CH2)3CH(NH2)C00H 
H(X)CCH2CH(NH2)C00H 
(SCH2CH(NH2)C00H)2 
H00C(CH2)2CH(NH2)C00H 
CH2NH2COOH 
H00CCH2CH(0H)CH(NH2)C00H 

CH3CH2CH(CH3)CH(NH2)C00H 
(CH3)2CHCH2CH(NH2)C00H 
NH2(CH2)4CH(NH2)C00H 
CH,S(CH2)2CH(NH2)C00H 
CH3(CH2)3CH(NH2)C00H 
H0CH2CH(NH2)C00H 
CH3(0H)CH(NH2)C00H 
(CH3)2CHCH(NH2)C00H 

essential amino acids contain either a benzene, phenolic, or heterocyclic 
ring in their molecules. 

Despite the fact that all of the naturally occurring a-amino acids listed 
in Table 130 are derivatives of simple aliphatic acids, few of them can be 
readily prepared directly from the corresponding fatty acid. Various 
methods have been devised for the synthesis of the natural amino acids, 
but a number of them are still quite unsatisfactory.^-* 

\ C. A. Schmidt, The Chemietry of the Amino Adde and Proieina, C. C Thomas, 
Springfield, .III., 1938. Addendum to the Chemistry of the Amino Acuis and Proteins. 
1943. See also R. J. Block, Chem, Revs., 38, 501-571 (1946). 

• A. H. Blatt, Organic Syntheses, Collective Vol. II. Wiley, New York, 1943. 
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(b) Synthetic Amino Adda 

The simple unsubstituted a-amino aliphatic acids can be prepared by 
several methods, one of which may be considered as beginning with the 
corresponding fatty acid. In this synthesis, the fatty acid is converted 
to the a^-bromo acid by means of phosphorus and bromine and the a- 
bromo acid reacted with ammonia to form the a-amino acid according to 
the following equations: 

Bn + P hydrolysis 2 NHi 
RCH2COOH. ..RCHBrCOBr ^^ RCHBrCOOH-U 

RCHNH2COOH + NH4Br 

Although this reaction results in the formation of the desired a-amino 
acid, there are also produced di- and tri-substituted products of ammonia. 
It is, therefore, preferable to treat the halogen-substituted fatty acid, or 
better still, the monoester with potassium phthalimide instead of ammonia. 

Another method of preparing the simple a-amino aliphatic acids is 
known as the cyanohydrin synthesis which employs the next lower ali¬ 
phatic aldehyde. Aldehyde-ammonia is formed by the reaction of al¬ 
coholic ammonia or an ammonium salt with an aldehyde and this product 
is in turn reacted with anhydrous hydrocyanic acid, or with a solution of 
an alkali metal cyanide. On hydrolyzing the resulting aminocyanohydrin 
with a strong acid or base, an amino acid, with one more carbon atom 
than the original aldehyde, is formed. The reactions may be represented 
by the following equations: 

RCHO -f NHa-► RCH(NH,)OH 

RCH(NH2)0H + HCN-► RCH(NH2)CN 

ECH(NH,)CN » RCH(NH^COOH + NH4Br 
HBr 

By means of these and other syntheses a number of a-amino aliphatic 
acids have been prepared. Practically all of the homologs, as well as 
positional isomers, from acetic to valeric have been synthesized, but 
beyond these the series has not been appreciably extended. 

The introduction of the amino group into the aliphatic chain profoundly 
alters the character of the fatty acid. The introduction of the NH2 

group in the place of hydrogen at the a-carbon atom produces an asym¬ 
metric carbon atom and hence confers optical activity on all of the a- 
amino acids except glycine (a-aminoacetic acid). The lower members are 
colorless crystalline solids, but with increasing chain length they tend to 
become waxy in nature. The melting points of the amino acids are 
markedly higher than those of the fatty acids from which they are derived 
as may be seen from the data in Table 131. The lowest members in the 
series are moderately soluble in water, but the solubility decreases as the 
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series is ascended. Unlike the aliphatic acids which are soluble in alcohol 
and ether, the corresponding amino acids are only very slightly soluble or 
completely insoluble in these media. 

The amino acids are amphoteric owing to the presence of the basic 
amino group and the acidic carboxyl group. Little can be said concerning 
the properties of the amino acids of the long chain fatty acids since they 
are but little known. It may be surmised, however, that they would dis¬ 
play a variety of properties depending on the chain length of the fatty 
acid and the point of attachment of the amino groups. These properties 
would be still further modified by the presence of unsaturation in the 
hydrocarbon chain. 

3. Acid Amides 

Replacement of the hydroxyl group in the carboxyl of the aliphatic 
acids results in the formation of the corresponding amides, RCONH2. 
This substitution may be accomplished by appropriate treatment of the 
ammonium salts, esters, halides, and anhydrides of the fatty acids. The 
resulting products possess markedly different properties compared with 
those of the fatty acid from which they are derived. These properties 
render the acid amides useful as waterproofing agents, protective coatings, 
paper sizes, plasticizers, lubricant modifiers, etc., and also as chemical 
intermediates for the preparation of other fatty acid derivatives such as the 
aliphatic nitriles. 

(a) Properties of the Add Amides 

The effect produced on the properties of aliphatic acids by substitution 
of an amino group for the hydroxyl group is evident in the differences in 
the melting and boiling points of the fatty acids and corresponding amides 
shown in Table 132. With the exception of formamide, the fatty acid 
amides are crystalline solids at ordinary temperatures, consequently the 
liquid acids are often converted into amides for purposes of identification 
by melting and mixed melting points. However, their utility as a means of 
identifying acids is limited in many cases by the relatively small differences 
in the melting points of adjacent members of the series. The lower 
members of the series are soluble in water but become increasingly insoluble 
as the series is ascended. For example, normal caproamide is soluble in 
hot water but stearamide is insoluble in the same medium. 

The basic properties of the amino group are practically neutralized 
by the ‘‘acidic^^ properties of the acyl group, RCO—; hence the amides 
can be titrated in glacial acetic acid with perchloric acid.’ They also 
behave as weak acids, especially when dissolved in liquid ammonia and in 

• N. F. Hall, /. Am. Chem. 80c., 52, 5115-5128 (1930). 
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Table 132 

COMPARISON OP MELTING AND BOILING POINTS OP FATTY ACIDS AND AMIDES 

Fatty acid 
Melting point, ®C. 1 Boiling point, 

Acid Amide Acid Amide 

Formic 8.4 2.5 100.5 200 d. 
Acetic 16.6 82 118.1 222 
Propionic -22 80 141.1 213 
Butyric -7.9 (-4.7) 116 163.5 216 
Valeric -34.5 (-59) 109(115) 187 168 
Caproic - 1.5 (-9.5) 101 205.8 255 
Heptanoic -10.5 95 223.0 
Caprylic 16.5 97 239.7 ... 
Nonanoic 12.5 99 255.6 
Capric 31.3 108 270.0 
Undecanoic 29.3 103 284.0 
Laurie 44.0 no 298.9 
Tridecanoic 41.5 312.4 
Myristic 53.9 103 326.2 
Pentadecanoic 52.3 339.1 
Palmitic 63.1 106 351.5 236» 
Margaric 61.3 363.8 
Stearic 69.6 ioo 376.1 25i« 
Nonadecanoic 68.6 299100 

Arachidic 75.3 , ios 328 

* Superscripts refer to pressures in millimeters of mercury, d. = decomposes. 

this medium they will neutralize metal amides. These reactions may be 
represented by the following equations: 

RCONHj -.> RCONHj HCl 
HOAc 

RCONHs RCONHNa + NH, 
NHi 

MacKenzie and Rawles* found that fatty acid amides reacted with 
oxalic acid in a manner analogous to hydrochloric acid. Whereas hydro¬ 
chlorides are formed by the reaction of dry hydrochloric acid with amides 
in ether solution, oxalates are formed by the reaction of anhydrous oxalic 
acid with amides in minimum quantities of ethyl acetate. All of the 
oxalate salts of the first six members (formamide to n-caproamide) of the 
series are relatively stable, crystalline compounds having sharp melting 
points, and are readily titratable with sodium hydroxide. 

(b) Preparation of Add Amides 

The aliphatic acid amides may be formed directly from the acids or 
indirectly from acid anhydrides, acid halides, ammonium salts, amines, 
etc. One of the oldest known methods of forming aliphatic acid amides 
is by heating the ammonium salt of the acid. The amide is formed by 

* C. A. MacKenzie and W. T. Rawlcs, Ind. Eng, Chem., Anal. Ed., 12, 737“738 
(1940). 
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loss of water according to the equation: 

RCX)0NH4-► RCONH, + H,0 

Another simple and well-known method of forming fatty acid amides 
consists in the partial hydrolysis of nitriles with alkaline hydrogen peroxide 
at 45~55°C. or with mineral acids according to the equation: 

R--C^N + H2O-► R—CONHj 

Conversion of nitriles to amides is also easily effected with concentrated 
sulfuric acid. The production of acid amides from the acid halides, an¬ 
hydrides, and esters (glycerides) by ammonolysis is, however, the most 
important and generally useful method for the preparation of amides either 
in the laboratory or on an industrial scale. 

Uncatalyzed Ammonolysis.—When acid halides, anhydrides, or esters 
react with water, they are hydrolyzed with the formation of free acids. 
Analogous reactions occur when the same compounds are treated with 
ammonia except that amides instead of free acids are formed. This re¬ 
action with ammonia, analogous to hydrolysis and alcoholysis, is termed 
ammonolysis. The reactions with ammonia are illustrated by the follow¬ 
ing equations: 

RCOCl + 2 NHa-► RCONH2 -f NH4CI 

RC<^ 
p + NH,-> RCONHj + RCXX)H 

RCOOR' -f NHs-> RCONH, + R'OH 

The preparation of acid amides from acids by treatment with thionyl 
chloride or phosphorus pentachloride to'form acid chlorides, and reaction 
of the latter with ammonia, represents a simple and widely applicable 
method for the preparation of amides. Both saturated and unsaturated 
acid amides can be prepared by these reactions. The amides of most of 
the normal saturated acids from formic to stearic have been prepared by 
this method, as well as many unsaturated acid amides, such as oleic, 
elaidic, erucic, brassidic, undecenoic, etc. The chlorides of the lower 
members of the series react to form amides if they are merely allowed to 
stand in strong solutions of ammonia. The reactivity in aqueous solution 
decreases as the series is ascended, but vigorous reaction occurs in liquid 
ammonia. 

From the industrial point of view, preparation of acid amides from the 
fatty acid esters is more important than from the acid chlorides. When a 
monoester or triglyceride is reacted with ammonia there is produced, 
beside the amide, the corresponding alcohol. Unless the alcohol is re- 
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moved from the reaction mixture, equilibrium is established and conversion 
of the ester to amide is incomplete. The ammonolysis of esters in liquid 
ammonia has been the subject of research since 1901 when Bartow and Mc¬ 
Farland® first noted that acid chlorides when slowly dropped into liquid 
ammonia reacted vigorously and that ethyl esters appeared to be unat¬ 
tacked under the same conditions. 

When the ethyl esters of formic, acetic, propionic, valeric, and caprylic 
acids were dropped into liquid ammonia (~33°C.) and the mixture allowed 
to stand until the ammonia evaporated, no reaction occurred. With 
ethyl nonanoate (pelargonate) partial reaction resulted. When ethyl 
acetate and ethyl nonanoate were sealed in tubes with liquid ammonia 
(1:4 by volume) and allowed to stand at room temperature for 12 hours, 
no reaction occurred beyond that observed at — 33°C. When the tempera¬ 
ture was raised to 6(>-70°C., slight reaction occurred with ethyl acetate 
but not with the higher ethyl ester. Glattfeld and Macmillan® also found 
that butyl acetate did not react with liquid ammonia at — 33®C. Philippi 
and Gaiter’ found that ethyl oleate and ethyl elaidate failed to react with 
liquid ammonia at room temperature after standing for either 300 hours 
or 3 weeks. 

Catalyzed Ammonolysis.—Owing to the slowness of the ammonolysis 
at relatively low temperatures the effect of catalysts was investigated 
especially by Oda and by Audrieth and co-workers. Oda and Wada* 
found that zinc chloride, calcium chloride, activated carbon, precipitated 
silica, benzene, ethanol, and ethyl ether failed to effect acceleration of the 
ammonolytic reaction. However, when ethyl acetate was reacted with 
liquid ammonia in the presence of ammonium chloride as catalyst, 43% 
of acetamide was formed,® whereas little reaction occurred in the absence 
of ammonium chloride even after heating for 24 hours at 130®C. 

Audrieth and co-workers^®“^® investigated the catalytic activity of a 
number of ammonium salts and especially of ammonium chloride which 
was found to catalyze effectively the reaction of a wide variety of esters 
with liquid ammonia. Ammonium chloride was shown to be an acid 
catalyst in liquid ammonia and hence the analog of hydrochloric acid in 
hydrolysis of esters. Balaty, Fellinger, and Audrieth^® applied the am¬ 
monium chloride catalyzed ammonolysis reaction to the preparation of 

* E. Bartow and D. F. McFarland, Kansas Univ, Quart., 10, 79-85 (1901). 
• J. W. E. Glattfeld and D. Macmillan, J. Am. Chem. Soc., 58, 898^1 (1936). 
7 E. Philippi and E. Gaiter, Monatsh., 51, 253-266 (1929). 
* R. Oda and S. Wada, J. Soc. Chem. Ind. Japan, Suppl. binding, 37, 294 (1934). 
• H. Oeda, Bull. Chem. Soc. Japan, 11, 385-389 (1936). 
“ C. Slobutsky, L. F. Audrieth, and R. W. Campbell, Proc. Nail. Acad. Sd. U.S., 

23, 611-615 (1937). 
L. L. Fellinger and L. F. Audrieth. J. Am. Chem. Soc., 60, 579-681 (1938). 

** L. F. Audrieth and J. Kleinberg, J. Org. Chem., 3, 311m16 (1938). 
V. F. Balaty, L. L. Fellinger, and L. F. Audrieth, Ind. Eng. Chem., 31, 280-282 

(1939). 
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the mixed amides of olive, corn, soybean, castor, linseed, perilla, and tung 
oils and lard. The reaction was carried out at 25® and 165®C. for periods 
varying from 24 to 164 hours. Although reaction was observed to occur 
in the absence of ammonium chloride, the yields of amides were always 
appreciably greater when the catalyst was present. 

Oda^^ and Oda and Wada® found that olive, coconut, castor, fish, sperma¬ 
ceti, tung, and linseed oils were converted to amides by heating in an auto¬ 
clave at 100® to 150®C. with liquid ammonia for one-half to one hour. 

The commercial production of amides from fatty acid anhydrides, hal¬ 
ides, and esters, including natural oils, by reaction with liquid ammonia is 
covered by patents. Production of the amides of coconut oil fatty acids 
is cited as an example. Coconut oil is mixed with an excess of liquid am¬ 
monia in an autoclave and allowed to stand for twelve hours at room 
temperature. The amides separate from the reaction mixture in acicular 
crystals and are removed by filtration and washed with liquid ammonia. 
The filtrate and wash liquors are distilled to recover the ammonia and 
glycerol. Other natural fats and oils may be similarly treated to produce 
the corresponding amides and anhydrous glycerol. 

Stearic acid, when reacted in a similar manner at 70®C. for 24 hours, 
produces anhydrous ammonium stearate which on further heating is con¬ 
verted by dehydration to stearamide. The acid amide obtained from oleic 
acid resembles talc and may be used as a paper size; that from ricinoleic 
acid is used as a plasticizer and lubricant. 

The patents provide for the use of catalysts for the ammonolysis of esters 
and natural fats and oils but do not mention them specifically. The 
reaction may also be carried out at superatmospheric pressures and in the 
vapor phase. Since many investigators have shown that esters or natural 
oils do not react rapidly with liquid ammonia between — 33®C. and room 
temperature it would appear that either catalysts or high pressures are 
required for the commercial production of amides from these reactants. 
The advantage of the ammonolysis reaction lies in the simultaneous pro¬ 
duction of anhydrous alcohols and acid amides. 

(c) Diamides and Polyamides 

Dibasic acids form amides containing two amino groups in place of the 
two hydroxyls of the carboxyl groups. Succinamide, for example, is formed 
by the same methods as apply in the preparation of the amides of mono¬ 
basic acids. On heating succinamide above its melting point it loses am- 

R. Oda, Set, Papers Inst. Phys. Chem, Research Tokyo^ 24, No. 510, 171-173 
(1934). 

“ W. J. Hund and L. Rosenstein (to Shell Development Co., San Francisco, Calif.), 
U. S. Pat. ^070,991 (Feb. 16. 1937). W. J. Hund and L. Rosenstein (to N. V. de 
Bataafsche Petroleum Maatschappij), British Pat. 445,148 (April 3,1936), French Pat. 
790,002 (Nov. 12, 1935). 
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monia and fonns the corresponding imide: 

CH,CX)NH, 

<!)H,C0NH, 

heat 

The hydrogen of the amino group in mono- and diamides is reactive 
and can be replaced with other groups. For example, iV-methylacetamide, 
CHsNHCOCHs, can be considered as acetamide in which one of the 
hydrogen atoms of the amino group has been replaced by a methyl group. 
It can, of course, be considered as being acetylmethylamine. The NH 
group occurring in the derivatives of the two above-mentioned amides is 
referred to as an imido or imino group. Similar groups are produced by 
condensation (polymerization) reactions of amino aliphatic acids and 
fatty acid amides. 

Carothers and HilP® prepared linear polymers of low molecular weight 
(2500-5000) having the formula: 

[—NH(CH2)tCONH(CH,).CO—]n 

by heating €-aminocaproic acid, NH2(CH2)6COOH. By further heating 
the low molecular weight polymer in a molecular still at a temperature 
around 200°C., these polymers underwent further reaction to form super¬ 
polymers having molecular weights of the order of 10,000 to 25,000. 
Similar condensation polymers are formed when dibasic acids are heated 
with amines, such as hexamethylenediamine. 

When adipic acid, HOOC(CH2)4COOH, is heated with hexamethylene¬ 
diamine, NH2(CH2)6NH2, dehydration occurs with the formation of a 
linear polymer: 

O O 

HO-i!!(CHj)4(ll—OH + H,N(CH0.NH, 

0 0 0 0 0 0 

... (i!)(CH,)4<!!)NH(CH0 J<rH<!l(CH04l)NH(CH,) J^hI!3(CH,),<!!!NH(CH,).NH] ... 

The condensation that occurs by heating the constituents in an autoclave 
produces polymers which contain multiple peptide linkages as indicated 
in the formula above. One polymer obtained in this manner melts at 
about 263°C. and can be formed into threads by extruding the molten 
mass through fine dies into an atmosphere of nitrogen. The polypeptide 
linkages of this polyamide are analogous to those found in the protein of 
silk and hence it would be expected that fibers produced from it would 
resemble silk in many of its properties. Actually this is the case, especially 
after the extruded fiber is cold-drawn to increase its luster, tensile strength, 

“ W. H. Carothere and J. W. Hill, J. Am. Chem. Soc., 54,1666-1679 (1932). 
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and elasticity. The polyamides produced from adipic acid and hexa- 
methylenediamine form the various types of fibers and bristles which are 
produced commercially under the names nylon, Exton, etc. 

Dimeric and trimeric fatty acids or esters formed by heat polymeriza¬ 
tion of linoleic and other polyethenoid acids, also react with diamines, such 
as ethylenediamine, to produce polyamides. Norelac,'^ a heat- and water- 
resistant resin, is produced by heating a mixture of dimeric and trimeric 
fatty acids to 150®C. in an atmosphere of nitrogen with 70% aqueous 
ethylenediamine. The reaction proceeds with loss of water from the 
reaction mixture followed by dehydration of the diamine salt to the poly¬ 
amide. The reaction mixture is heated for about two hours during which 
time the temperature is raised to 170°C. Then, over a period of ninety 
minutes, the pressure on the reaction mixture is slowly reduced to 13 mm. 
and the temperature raised to 200®C. After holding the charge for ten 
minutes under these conditions, the product is discharged from the reaction 
vessel and allowed to cool under a blanket of carbon dioxide. 

Dimeric and trimeric fatty acids or esters obtained from soybean, 
linseed, perilla, and similar oils may be reacted with ethylene diamine to 
form a variety of polyamides having correspondingly different properties. 
The polyamides formed with ethylenediamine and dimeric fatty acids are 
assumed to be linear polymers corresponding to the formula: 

O OH H 

HO—I<Lr— 

4* Hydrazides and Azides 

Hydrazine, H2N—NH2, reacts in a manner analogous to ammonia with 
aliphatic esters and acid chlorides to form hydrazides: 

O O 

rI;—OCH, + H,N—NH,-» R(!1-NHNH, + OH,OH 

The acid hydrazides are of themselves not particularly important com¬ 
pounds but they serve as intermediates for the preparation of azides, and 
what is more important, as one of the two best means of producing pure 
amines. The preparation of amines by the Hoffmann method of treating 
an acid amide with sodium h3rpochlorite or hypobromite is well established. 
The second method, known as the Curtius reaction, involves the produc¬ 
tion of the hydrazide of an acid by treatment with hydrazine, reacting of 
the hydrazide with nitrous acid to produce the acid azide, and heating the 
azide to convert it to the amine. The reactions involved may be repre¬ 
sented by the following equations: 

J. C. Cowan, A. J. Lewis, and L. B. FaUcenburg, Oil dr Soap, 21,101-107 (1944). 
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^ HONO 

R--C—NHNH, 
Acid hydrazide 

R -NH, 

NO 

O 

.K-i 
I 
N, 

Acid azide 

NaOH 
R—N=-C=0-► RNH* 

Isocyanate Amine 

Our knowledge of the acid hydrazides and their reactions is due entirely 
to the exhaustive investigations of Theodor Curtius who published tlie 
results of many investigations on the subject over a period of more than 
a quarter of a century beginning in 1894.^® During this interval he pre¬ 
pared the acid hydrazides of many of the aliphatic mono-, di-, and tribasic 
acids, hydroxy acids, alkoxy acids, alkyl and aryl substituted acids, and 
their derivatives. 

The reactions of the acid hydrazides are similar to those of the acid 
amides. They are more readily hydrolyzed than the corresponding amides, 
possess reducing action, form stable salts with strong acids, and, as previ¬ 
ously mentioned, react with nitrous acid to form azides.^® 

The acid azides may be considered as the acyl derivatives of hydrazoic 
acid, HNa. They may be formed by the action of sodium azide on acid 
halides or by treatment of the acid hydrazides with nitrous acid (Curtius 
reaction). On heating with water they are converted to amines: 

O 

R—4ji-~*N»    > RNHj -f- COj -i- N2 

and react with alcohol to form urethans: 

O O 
11 CiH»OH II 

R—C—N#-► RNH—C—OCjHfi -I* N* 

The successive reactions from ester to hydrazide, to azide, to amine are 
particularly useful in descending a series of sensitive compounds such as 
the polypeptides.®® 

5. Aliphatic Nitriles 

The alkyl nitriles or alkyl cyanides are the esters of hydrocyanic acid. 
They are characterized by the presence of the radical —C^N and are iso¬ 
meric with the isocyanides or carbylamines which contain the radical 
—^N==C. When referred to as derivatives of hydrocyanic acid they are 

“ T. Curtius, “Hydrazide und Azide organischen S&uren,“ J. prakt. Chem,, 50 to 95 
(1894-1917). 

» T. Curtius, /. prakt. Chem., 95, 168-256 (1917). 
T. Curtius, J. praiu. Chem., 91,1-38, 39-102 (1915) 



ALCPFIATfC NmtlLKfcJ 497 

designated as cyanides, e, methyl cyanide, ethyl cyanide, propyl cyanide, 
etc. As nitriles, they are designated by names derived from acids having 
the same number of carbon atoms, namely, acetonitrile, propionitrile, 
butyronitrile, etc. The lower members of the series, acetonitrile to 
lauronitrile, are colorless liquids of peculiar but not unpleasant odors 
and are appreciably less toxic than the isomeric isonitriles which have ex¬ 
tremely unpleasant odors and are highly toxic. The lower members are, 
in general, excellent solvents for many organic substances and salts. 

The alkyl nitriles are of interest because they possess properties making 
them of use per se and as intennediatcs for other reactions. Some of the 
higher alkyl nitriles have been shown by Ralston and Barrett^^ to possess 
insect-repellent activity, and after polymerization, either alone or mixed 
with mineral oils, they possess excellent lubricating properties under ex¬ 
tremely high pressures.They are claimed to act as good plasticizers 
for rubber,can be cracked to form mixtures of lower molecular weight 
nitriles and hydrocarbons,“ and may be reduced to primary amines.” 

(a) Properties of Nitriles 

Among the derivatives of the aliphatic acids few have been so systemati¬ 
cally investigated with respect to their physical properties as the alkyl 
nitriles. The considerable data now available with respect to the physical 
constants of a large number of n-alkyl nitriles are due almost entirely to the 
efforts of Merckx et al., Daragan, and Ralston and co-workers. 

Merckx, Verhulst, and Bruylants*^ prepared the series of alkyl nitriles 
from C2 to Ci4 and determined their boiling points, densities at three tem¬ 
peratures, and indices of refraction at 15° and 30°C., and calculated the 
corresponding molecular refractivities, and the refractometric constant 
of the CH2 group. The boiling points for the series CyHijCN to C18H27CN 
were determined at 10 mm. pressure, but those of the lower members were 
determined in the vicinity of atmospheric pressure. 

The densities of the first thirteen members of the series of n-alkyl nitriles 
for three temperatures and the refractive indices at 30°C. are given in 
Table 133. In the original publication of Merckx et the refractive 
indices for each of the alkyl nitriles are given for eight different wave 
lengths of light and the molecular refractivities are given for two tempera¬ 
tures and four wave lengths. The refractometric constant corresponding 

« A. W. Ralston and J. P. Barrett, Oil & Soap, 18, 89-91 (1941). 
** A. W. Ralston, C. W. Christensen, E. J. Hoffman, W. M. Selby, and V. Conquest, 

Natl, Petroleum Newe, 28, No. 50, 59-62 (1936). 
** A. W. ]^lston (to Armour and Co.), U. S. Pat. 2,116,472 (May 3, 1938). 

A. W. Ralston, Oil <& Soap, 19, 212-213 (1942). 
” A. W. Ralston, H. J. Harwood, and W. O. Pool, /. Am, Ckem, Soc,, 59, 986-993 

(1937). 
H. P. Young, Jr. (to Armour and Co.), U. S. Pat. 2,355,356 (Aug. 8,1944). 

^ R. Merckx, J. Verhulst, and P. Bruylants, BttU, aoc, chim, Belg., 42,177-198 (1933). 
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to the CH2 group was also calculated for each of these temperatures and 
wave lengths. Daragan,^* using the same series of nitriles used by Merckx 
et al.j extended the determinations of densities and refractive indices to 
higher temperature ranges (20® to 95®C.). 

Table 133 

DENSITIES AND REFRACTIVE INDICES OF THE NORMAL ALKYL NITRILES® 

Nitrile 
Density Refractive 

index, n* 0«C. 15*C. 30*C. 

CH,CN 0.80377 ■ 0.78743 0.77125 1.33934 
CaHsCN 0.80199 i 0.78673 0.77163 1.36132 
C,H,CN 0.80919 0.79542 0.78172 1.37954 
C4H,CN 0.81636 0.80348 0.79060 1.39307 
C^HnCN 0.82171 0.80942 0.79711 1.40298 
C»H,3CN 0.82524 0.81348 0.80176 1.41037 
CyHifiCN 0.82871 0.81739 0.80586 1.41632 
CgHirCN 0.83180 0.82061 0.80946 1.42140 
C9H19CN 0.83429 0.82332 0.81236 1.42579 
CioHjiCN 0.83621 0.82538 0.81464 1.42929 
CiiHmCN 0.83815 0.82744 0.81682 1.43240 
CijHmCN 0.82937 0.81885 1.43512 
CuKvCN 0.82067 1.43741 

® R. Merckx, J. Verhulst, and P. Bruylants, Bull. soc. chim, Belg.t 42, ITT-IOS 
(1933). 

Dorinson and Ralston** determined the refractive indices, variation of 
refractive index with temperature, and the molecular refractivities of the 
liquid forms of the entire series of alkyl nitriles from butyronitrile to 
stearonitrile over the temperature range 20-75°C. The values of the re¬ 
fractive indices, obtained by Dorinson and Ralston by means of an Abbe 
type refractometer equipped with jacketed prisms through which water 
was circulated to control the temperature, are reproduced in Table 134. 
The refractive indices recorded in Table 134 were read directly on.the re¬ 
fractometer and are not corrected for the effect of temperature on the 
prism of the instrument. 

The freezing or melting points of only a few members of the series of 
alkyl nitriles have been determined (Table 135), while data with respect 
to the boiling points at 760 mm. pressure are available for the entire series 
from aceto- to stearonitrile. Ralston, Selby, and Pool*® have not only 
determined the boiling points of all members of the series from capro- 
to stearonitrile over a wide range of pressures, but they also have con¬ 
structed the corresponding vapor pressure curves. These data are repro- 

** B. Daragan, Bull, soc, chim, Belg,, 44, 597-624 (1936). 
** A. Dorinson and A. W. Ralston, /. Am, Ch&n, Soc,, 66,361-362 (1944). 
» A. W. Ralston, W. M. Selby, and W. O. Pool, Ind. Eng. Chem., 33, 682-683 (1941). 
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Table 135 

FREEZING AND BOILING POINTS OP THE NORMAL ALKYL NITRILES 

Nitrile F.p., «c. B.p.. ®C. Nitrile F.p., ®C. B.p., “C. 

Aceto- — 44 (m.p.) 81.5 Undecano- 
Propio- —103 (m.p.) 98 Lauro- 4.02 
Butyro- 116 Tridecano- 292.8 
Valero- 141 Myristo- 19.25 
Capro- 164.8 Pentadecano- 322.1 
Heptano- 186.9 Palmito- 3i!40 334.3 
Caprylo- 206.8 Margaro- 33.5 (m.p.) 346.7 
Nonano- 
Capri- -i4!46 

225.9 
. 244.1 

Stearo- 40.88 357.4 

0^ j:.,/, 1/ /1/ I_I_I_I_I_I -i_i_I 
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 34( 

TEMPERATURE, *C. 

Fig. 76. Vapor pressure curves of the normal alkyl nitriles.*® 

duced in Table 136 and Figure 76. From Figure 76 it is evident that the 
vapor pressure curves for all the n-alkyl nitriles are similar in shape and 
that the temperature increment decreases from member to member as 
the series is ascended. A plot of the logarithm of the pressures against 
the reciprocals of the absolute temperatures shows that the boiling points 
of all members of the series lie on a smooth curve. 

The solubilities of the even-numbered alkyl nitriles from Cio to Cw in 
sixteen different solvents over the entire range of useful temperatures of 
the solvent have been determined by Hoerr, Binkerd, Pool, and Ral¬ 
ston.*^ The solvents used were benzene, cyclohexane, tetrachloromethane, 
trichloromethane, ethyl ether, glacial acetic acid, ethyl acetate, butyl 
acetate, acetone, 2-butanone, methanol, ethanol (95%), isopropanol, n- 
butanol, nitroethane, and acetonitrile. It was established that a marked 

C. W. Hoerr, E. F. Binkerd, W. O. Pool, and A W. Ralston, J. Org. Chem,, 9,68- 
80(1944). ' 
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correlation existed between the solubility of the nitrile and the polarity 
of the solvent. In general the solubilities decreased with increased polar¬ 
ity of the solvent, and in any given solvent the solubility of the nitriles de¬ 
creased with increasing molecular weight of the nitriles. Complete 
solubility data both in tabular and graphic form are given by the authors 
in their publication. 

(b) Preparation of Nitriles 

A number of methods both laboratory and industrial are available for 
the preparation of alkyl nitriles, several of which employ the corresponding 
aliphatic acids. One of the oldest of these methods comprises the dehydra¬ 
tion of the ammonium salt of the fatty acid. This reaction is generally ac¬ 
complished by distillation of the ammonium salt in the presence of a de¬ 
hydrating agent such as phosphorus pentoxide. The same result can be 
accomplished by dehydrating the corresponding amide with phosphorus 
pentachloride or thionyl chloride. The formation of an amide probably 
occurs as an intermediate in the dehydration of the ammonium salt/ It 
is known that distillation of palmitamide and stearamide at 760 mm. 
pressure yields the corresponding nitriles: 

RCOONH4 — * RCN + H2O 

RCONH, *‘*-*-^ RCN + HjO 

The nitriles can be readily prepared by passing a mixture of fatty acid 
and ammonia over aluminum oxide heated to 400®C. Under these condi¬ 
tions all of the reactions involved in the formation of the ammonium salt 
from the free acid, and the subsequent dehydration steps, occur simultane¬ 
ously or consecutively. According to Ralston and co-workers^*these 
reactions may be carried out without the use of dehydrating agents or 
catalysts if the water which is formed is continuously removed and estab¬ 
lishment of equilibrium prevented. However, the general procedure fol¬ 
lowed by Ralston and co-workers in the preparation of pure alkyl nitriles 
of the even acids consists of passing the corresponding acid over aluminum 
oxide in the presence of ammonia at 400®C., removing any unreacted acid, 
drying over potassium carbonate, and fractionally distilling in vacuo 
through a packed column. Alternative methods include treatment with 
solid potassium hydroxide to remove fatty acids and moisture, and dis¬ 
tillation over phosphorus pentoxide. 

In the commercial production of the higher aliphatic nitriles, fatty acids, 
obtained in the process of refining oils, and ammonia are heated to 675°F. 
by means of Dowtherm vapor in a contacting tower wherein partial re¬ 
action occurs to form nitriles and water. The mixture is then passed 
through a final catalyst chamber where the reaction is completed. The 
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excess ammonia and water vapor are removed by passage through a water- 
cooled condenser and water separator and the nitrile or mixture of nitriles 
is withdrawn and the excess ammonia recycled to the original reactor. 

Another method of producing alkyl nitriles consists in heating sodium or 
potassium cyanide with alkyl halides in dilute alcoholic solution, or by heat¬ 
ing the alkali cyanides with solid alkali alkyl sulfates. Both of these 
methods tend to yield small amounts of the unpleasant smelling isoni¬ 
triles : 

KCN -h RI-► RCN + KI 

KCN + ROSOiOK-► RCN -f K^SO* 

These by-products may be removed by shaking or heating the nitrile with 
dilute hydrochloric acid which hydrolyzes the isonitriles to amines and 
formic acid. When it is desired to prepare the odd-numbered alkyl ni¬ 
triles, the reaction with potassium cyanide is generally preferable. By 
starting with the next lower even-numbered acid the desired odd-numbered 
nitrile can be obtained by the following sequence of reactions, namely, 
esterification of the acid, reduction of the ester to the alcohol, conversion 
of the alcohol to the iodide, and reaction of the iodide with potassium 
cyanide to form the nitrile. 

Alkyl nitriles may also be prepared from primary amines by treatment 
with bromine and potassium hydroxide and from aldoximes by dehydration 
with acetic anhydride or thionyl chloride. The lower aliphatic nitriles 
can be prepared from primary alcohols (n-butanol and ethanol) and am¬ 
monia by reaction in the presence of reduced silver, or reduced copper, or 
preferably, a mixture of the two deposited on a partially dehydrated 
amorphous oxide of aluminum, thorium, or other rare earth metal. The 
oxide acts as a dehydrating agent and the copper or silver as the reducing 
agent. 

(c) Reactions of Nitriles 

The n-alkyl nitriles are among the most reactive aliphatic compounds 
known and consequently may serve as intermediates in the preparation 
of a variety of useful products including pharmaceuticals, dye intermedi¬ 
ates, insecticides, solvents, and lacquers. A recent compilation** based on 
the technical literature contains forty reactions of the n-alkyl nitriles. 
Although these reactions are based primarily on experimental observations 
of the behavior of the lower molecular weight nitriles they are reproduced 
here to indicate the possibilities which exist in applying these same re¬ 
actions with longer chain nitriles. Since most of these reactions are well 
known, only a few of them will be discussed here. 

Harshaw Chemical Co., Cleveland, Ohio. 
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REACTIONS OP NORMAL ALKYL NITRILES 

(I) Acid to diamide: 

RCN -h R'COOH ■ 

(iB) Alcohol to ester: 

RCONHCOR' 

RCN + R'OH + HCl 
H,0 

RCOOR' + NH4CI 

(5) Alcohol to ester and ether: 

RCN + 3R'OH > 

RC(OR')i-> RCOOR' 

+ R'OR' 

(4) Alcohol to imino ether: 

RCN + R'OH + (HCl)-► 

RC(NH)OR' 

(5) Alkyl carbonate to o-cyano ester: 

RCHjCN +(R'0),C0 

RCH(CN>COOR' + R'OH 

(6) Alkyl iodide to higher nitrile: 

RCHtCN + R'l — 

RR'CHCN- 
R'l 

RR'aCCN 

(7) Amine to alkylamidine: 

RCN + R'NHj- 

RC(NH)NHR 

(^) Ammonia to amidine: 

RON + NH3-> 

RC(NH)NH2 

{9) Bromine to bromonitrile: 

RCHsCN + Br,- 

RCHBrCN + HBr 

(10) Chlorine to chloronitrile: 

CH,CN -f 3CI2-► 
CCUCN + 3 HCl 

(11) Ester to /3-ketonitrile: 

RCH.cn + R'COOCJlt 

RCH(R'CO)CN 

(12) Grignard reagent to ketone: 

RCN 4- R'MgX-► 
RR'C=NMgX-> 

RR'C==0 

(13) Hydrogen to aldimine to aldehyde; 

RCN -h Hj-> RCH=NH 
HsO 

RCHO + NH, 

(14) Hydrogen to amine to alcohol: 

RCN + H,-► RCHiNHa 
HNO, 

) RCHaOH" 

(16) Hydrogen chloride to imino chlo¬ 
ride: 

RCN + HCl- ->RCC1(NH) 

(16) Hydrogen sulfide to thioamide: 

RCN + HaS-► RCS-NHa 

(17) Hydrolysis to amide: 

RCN + H2O 
ZnO 

RCONH2 

(18) Hydrolysis to acid: 

RCN + 2 H2O + HCl ■ 
RCOOH + NH4CI 

(19) Hydroxylamine to amidoxime: 
RCN -h NHjOH-► 

RC(NOH)NHa 

(20) Phenol to imino ether: 

RCN + CeHjOH-> 

RC(NH)0C*H5 

(21) Sodium to iminonitrile: 

Nft 
2 RCHaCN 

RC(NH)CHRCN 

(22) Alcohol to cyanoethyl ether: 

CH.=CHCN + CiH,OH — 
CAOCHtCHjCN 

{SS) Aldehyde to oyanoethylaldehyde: 

(3Hf=CHCN + C.H,CHRCHO 
-> CJH,CR(CH,CH,CN)CHO 
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REACTIONS OP NORMAL ALKTL NITRILES {cmtinued) 

{2J0 Amine to alkylaminonitrile: 

CHs=CHCN 4* RNH,- 
RNHCHjCHjCN 

{26) Benzenediazonium chloride to 
phenylchloronitrile: 

CHt=CHCN -f CJflsNjCl 

-► CeHfiCHiCHClCN 

{26) Bromine to dibromonitrile: 

CH4==CHCN -f Br,-> 

CH^rCHBrCN 

{27) Chlorine to chloronitrile: 

2 CH^=CHCN + 2 CU *°”'**°‘**>' 

CHjClCCljCN + CHjClCHrfJN 
230-450® 

CHsr-CHCN -f CI2-► 
CH2=CC1CN + HCl 

{28) Chlorine water to chloro- and 
chlorohydroxjmitriles: 

2 CH^=CHCN + CI2 4- HjO 
-► CH2CICHCICN + 

CH2OHCHCICN 

{29) Chloroform to chloronitrile: 

CHa=CHCN + CHCl,-► 
(CC1,CH,CH,CN) 

{SO) Glycol to glycol dicyanoethyl 
ether: 

2 CH2==CHCN 4- (CH20H)2 

-► (CHjOCHaCHaCN)* 

{$1) Hydration to dicyano ether: 

2 CH^=CHCN 4- H,0 > 

(CH,CH^N),0 

{S2) Hydrogen to saturated nitrile: 

CH,=CHCN 4- 2 H 
Raney Ni 

CH,CH,CN 

(55) Hydrogen chloride to chloro > 
nitrile: 

CHtf=CHCN 4- HCl-► 

CH,C1CH,CN 

{34) Hydrogen sulfide to cyanoethyl 
sulfide: 

2 CHf=CHCN 4- H,S-► 

S(CH,CH,CN), 

{36) Ketone to tricyanoethyl methyl 
alkyl ketone: 

3 CHf==CHCN + RCOCH, 
NaOH 

RCOC(CH,CH,CN), 

{36) Mesityl oxide to dicyanoethyl 
alkenyl ketone: 

2 CHf=CHCN + 

(CH,),C=CHCOCH, 
alkaU 

CHj==C(CH,)C(CH,CH,CN),COCH, 

{37) Phenol to phenoxynitrile: 

CH2=CHCN 4- CdI»OH-► 
C.H50CH,CH,CN 

(55) Phenylacetonitrile to dicyanoethyl 
phenylacetonitrile: 

2 CH#=CHCN 4- C6H»CH,CN 

-► C«H5C(CH2CH,CN),CN 

(5.9) Pyrrole to A?-cyanoethylpyrrole: 

a.Ur«.li 
CHtf=CHCN + C4H,N-► 

C4H4NCH,CH,CN 

{40) Resorcinol to cyanoethylresorcinol: 

CH^=CHCN + C^A{OE)t 

ZnCli 

HCl 
> CeH,(OH),CH,CH,CN 

The alkyl nitriles can be converted to the corTe8i>onding acids or amides 
by hydrolysis under different conditions. Amides are formed under condi¬ 
tions of mild hydrol3nsis such as heating with water at 180°C., or treating 
the nitrile with hydrogen peroade and a base at 40°C., or by dissolving it 
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in concentrated sulfuric acid and diluting the solution with water. Under 
conditions of alkaline hydrolysis (saponification), alkyl nitriles are first 
hydrated and then split to form the alkali soap and ammonia: 

RCN 4- H2O + NaOH-► RCOONa + NH3 

Strong acid hydrolysis accomplishes a similar splitting, but with the 
higher molecular weight nitriles the splitting becomes increasingly difficult 
owing to the stability of the intermediate amide which is formed. 

The nitriles enter into pol3nnerization (condensation) reactions to give 
dimers and trimers when treated with metallic sodium or sodium toiide. 
The reaction is useful in preparation of i^-keto acids which are formed on 
hydrolysis of the dimeric nitriles. 

Ralston, Harwood, and PooP^ subjected nitriles to a process of cracking 
which comprises passage of the vapors of these substances through tubes 
packed with catalysts heated to 450-600®C., or heating the nitriles in 
a closed vessel to 420°. Both methods give the same type of “cracked 
fractions^’ but the latter method gives larger yields. The products of 
cracking were found by Ralston et al. to consist of mixtures of lower molec¬ 
ular nitriles and saturated and unsaturated hydrocarbons. 

Two of the most important reactions of the nitriles are those with 
Grignard reagents to produce ketones and their reduction to the cor¬ 
responding amines. The latter reaction is discussed under the preparation 
of amines. 

6. Aliphatic Amines 

The aliphatic amines are derivatives of ammonia in which one or more 
of the hydrogen atoms is replaced by an alkyl radical. Depending on the 
number of hydrogen atoms which are replaced, they are designated pri¬ 
mary (RNH2), secondary (RR'NH), and tertiary (RR'R'^N) amines, re¬ 
spectively. According to Franklin,’* the primary and secondary amines 
may be considered as the alcohols, and the tertiary amines as the ethers of 
the ammonia system. 

The amines, like ammonia, are basic substances, but they ionize to a 
greater extent than the latter, and are, therefore, stronger bases. The 
alkaline reaction of the amines in aqueous solution and their salt-forming 
characteristics are due to the formation of unstable hydrates, e. g,, methyl 
amine forms methylammonium hydroxide which dissociates to give hy¬ 
droxyl ions: 

CH,NH, + HOH-► [CH,NH,OH] 7=^ CH,NH,+ -h OH- 

The salts of amines with mineral acids are analogous to ammonium salts 
and are formed both in aqueous solution and under anhydrous conditions, 

E. C. Franklin, Tke Nitrogen System of Compounds. Reinhold, New York, 1985. 
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e, g., by passing hydrogen chloride gas into an ethereal solution of the 
amine. They are crystalline compounds and are more soluble in organic 
liquids than the ammonium salts. Both ammonia and the amines add 
certain alkyl halides to form alkyl ammonium salts. The highest degree 
of alkyl halide addition corresponds to a quaternary ammonium compound, 
R4NX. The corresponding free bases are as follows: RNH3OH, R2NH2OH, 

R3NHOH, and R4NOH. These substituted ammonia hydroxides are 
stronger bases than ammonium hydroxide. The secondary amines are 
stronger bases than either the primary or tertiary amines.*^ While these 
generalizations hold for the lower alkyl amines (methyl, ethyl, etc.), the 
properties undergo a gradual change as the aliphatic chain increases in 
molecular weight and structural configuration. For example, the solubility 
of the alkyl amines in water decreases rapidly with increasing length of the 
carbon chain. Although ethylamine is miscible with water in all propor¬ 
tions, hexylamine is soluble to the extent of only about 1% and dodecyl- 
amine less than 0.2%. The aliphatic amines and their salts are not only 
of interest because of their industrial applications but because the source 
of the alkyl radicals in these compounds is the fatty acids. The hydro¬ 
carbon chains of the aliphatic amines represent the positive portions of the 
molecules in contrast to the soaps, sulfonic acids, etc., in which the alkyl 
radicals represent the negative portions. This shift in the ‘fionic^* rela¬ 
tions markedly affects the adsorptive properties of the amines and amine 
salts.®® As ‘^cationic’' substances they are useful as flotation, water treat¬ 
ment, and textile finishing agents,®®-®^ 

They are strongly adsorbed on glass, pigments, silicates, clays, limes, 
and metals, and thus serve to modify the surface properties of these sub¬ 
stances. The amines possess bactericidal®^ and insecticidal®* properties, 
as well as other properties which make them adaptable to a variety of uses. 

McCorkle*® has recently patented a process whereby relatively pure long 
chain unsaturated hydrocarbons can be continuously produced from pri¬ 
mary amines. According to the claims of this patent, primary aliphatic 
amines having eight or more carbon atoms can be broken down by heat to 
yield unsaturated hydrocarbons whose chain length corresponds to that of 
the alkyl group of the amine, t. e., dodecylamine hydrochloride can be made 
to yield dodecene, octadecenylamine phosphate will yield octadecadiene, 
etc. The reaction depends on heating the salts of the primary aliphatic 
amines with nonoxidizing inorganic acids and especially with phosphoric 

acid. 

N. F. Hall and M. R. Sprinkle, /. Am, CJiem. Soc,, 54, 3469-3485 (1932). 
» A W. Ralston, Oil Soap, 19,212-213 (1942). 
» A. W. Ralston, Oil dt Soap, 17, 89-91 (1940). 
^ A. W. Ralston, Cfiem. Eng. News, 21, ^ (1943). 
“ A. W. Ralston, J. P. Barrett, and E. W. Hopkins, Oil <St Soap, 18,11-13 (1941). 
*» M. R. MoCorkle (to Armour and Co.), U. a Pat. 2,356,314 (Aug. 8,1944). 
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In a continuous process phosphoric acid is heated to SOCMOO^C. under 
reduced pressure and the primary aliphatic amine is slowly added. Alkyl- 
amine phosphate is formed and decomposes to form the corresponding 
olefin. The reaction is presumed to occur through the momentary forma¬ 
tion of amine phosphate followed by its thermal decomposition to produce 
the olefin and ammonium metaphosphate. The olefin distills and the phos¬ 
phate decomposes to form metaphosphoric acid and ammonia which latter 
also distills from the reaction mixture. This process provides a means of 
obtaining long chain olefins from fatty acids by reaction of the latter 
with ammonia to form amides, conversion of the amides to amines, and 
ultimately the amines to the corresponding olefins. 

(a) Properties of Amines 

Although the physical constants (melting points, boiling points, densities, 
refractive indices, solubilities, etc.) of many individual amines have been 
determined and recorded in the literature, the only systematic investiga¬ 
tions of these properties are those of Ralston and co-workers. The melt- 

Table 137 

MELTING AND BOILING POINTS OF PRIMARY, SECONDARY, AND TERTIARY 

ALKYL AMINES 

Amine 

Primary, RiNHs Secondary, EsNH Tertiary, RiN 

M.p., ®C. B.p., “C. M.p., “C. B.p., ®C. M.p., ®C. B.p., *0. 

Methyl -92.5 -6.5 -96 7.4 -124 3.5 
Ethyl -80.6 19 -60 (-39) 56 -114.8 89.5 
Propyl -83.0 48.7 -39.6 110.7(98) - 93.5 156.0 
Butyl -50.5 77.8 ... 160 214 
Amyl -55.0 104 202 745 mm. ... ... 
Hexyl -19.0 132.7 
Heptyl -23.0 156.9 ... ... 

Octyl 179.6 
/14.6a 
\26.7/3 

297 - 34.6 
• 

Nonyl 202.2 ... 
Decyl ip 220.5 27 265 
Undecyl 16.5“ 241.6 ... 

Dodecyl 28.3“ 259.1 
/46.9a 
\51.8j3 

15.7 

Tridecyl 27“ 275.7 56.5 . •. 
Tetradecyl 38.2 291.2 60.6 ... 
Pentadecyl 307.6 63.3 
Hexadecyl 46.8“ 322.5 ... 
Heptadecyl ... 335.9 ... ... 
Octadecyl 53.0“ 348.8 72.3 54 

« Freezing point. 

ing and boiling points for the first six members of the homologous series of 
n-alkyl primary amines, and the boiling points for the entire series from 
methyl- to octadecylamine have been determined and are collected in 
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Table 137. Ralston, Selby, Pool, and Potts^ determined the boiling 
points of the n-alkyl primary amines over a wide range of pressures (1 to 
760 mm.) and constructed the corresponding vapor pressure-temperature 
curve for each member of the series. These data are reproduced in Table 
138 and Figure 77. 

01_I,/.. A _\_I_I_1_I_I_I_I 
30 50 70 90 no 130 150 170 190 210 230 250 270 290 310 330 

TEMPERATURE, X. 

Fig. 77. Vapor pressure curves of normal primary aliphatic 
amines." 

Ralston*® reported data with reference to the solubility of octyl- and 
decylamines, and dodecylamine and tetradecylamine acetates in water at 
various temperatures. Harwood, Ralston, and Selby*^ determined the 
solubilities of the primary alkyl amine hydrochlorides corresponding to 
Cio to Ci8 in 95% ethanol, and the solubilities of the corresponding ace¬ 
tates in 95% ethanol and anhydrous benzene. When the temperature- 
solubility data were plotted there was obtained a family of curves which, 
in the case of the hydrochlorides and acetates in 95% ethanol, exhibited 
pairing similar to that observed in the case of the corresponding fatty 
acids. The amine hydrochloride having an even number of carbon atoms 
is paired with the next higher member having an odd number of carbon 
atoms. The pairing in the case of the acetates is peculiar. Heptadecyl- 
amine acetate is less soluble than hexadecylamine acetate, while penta- 
decylamine acetate is more soluble than tetradecylamine acetate, and tri- 
decylamine acetate is more soluble than dodecylamine acetate. The even- 
and odd-numbered carbon compounds may be considered as forming two 

" A. W. Ralston, W. M. Selby, W. O. Pool, and R. H. Potts, Ind, Eng, Chem,, 32, 
1093-1094 (1010). 

H. J. Harwobd, A.-W. Ralston, and W. M. Selby, J, Am, Chem, Soc., 63, 1916- 
1920 (1941). 
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distinct solubility series. The interval between the solubility curves of 
the even series is less than that between the odd series which results in 
the apparent order noted. Octadecylamine and hexadecylamine acetates 
gave two solubility curves in 95% ethanol thus indicating the existence of 
polymorphism in these compounds. The curves for the solubilities of the 
amine acetates in anhydrous benzene gave the same order as the cor¬ 
responding curves for these salts in 95% ethanol. Ralston and co-workers^* 
also determined the solubilities of the primary alkyl amines of the series 
Cio to Ci8 over the useful temperature range of fourteen organic solvents. 
The data are given in the original publication in the form of tables and 
curves. 

Published physical constants for the homologous series of secondary and 
tertiary alkyl amines are less numerous than for the primary amines. 
The available melting and boiling data have already been given in Table 
137. The values in this table for the melting and boiling points of the 
secondary and tertiary amines from Cg to Cig are from the publications of 
Ralston and co-workers^*who also determined the solubilities of the 
same amines over the useful temperature range of fourteen organic sol¬ 
vents. 

Although the data in Table 137 are incomplete with regard to the 
secondary and tertiary amines, it is apparent that the secondary amines 
have the highest, and the tertiary amines the lowest melting points of the 
three classes of amines. On the other hand, the boiling points appear to 
increase in the order of the increasing number of alkyl groups in the amine. 

(b) Preparation of Amines 

The primary amines were first prepared by Wurtz*® by the hydrolysis of 
alkyl isocyanates, but the method is of limited applicability. A more 
general method was discovered by Hofmann^ in 1849 whereby ammonia 
may be directly alkylated by means of an alkyl halide. A mixture of pri¬ 
mary, secondary, tertiaiy, and quaternary amines are formed when an 
alkylating agent such as an alkyl halide, alkyl nitrate, or dialkyl sulfate 
reacts with an aqueous or alcoholic solution of ammonia and subsequent 
addition of alkali: 

RX + NH,-► RNH, HX - RNH, + NaX + H,0 

The process of alkylation of ammonia is simple, but it is of limited ap¬ 
plication owing to the difficulty of controlling the degree of alkylation 

A. W. Balston, C. W. Hoerr, W. 0. Pool, and H. J. Harwood, J, Org. Chem.. 9, 
102-112 (1944). 

C. W. Hoerr, H. J. Harwoodr, and A. W. Ralston, J, Org, Chem,, 9, 201-210 (1944). 
^ A. W. Ralston, C. W. Hoerr, and P. L. DuBrow, J. Org, Chem,^ 9, 259-266 (1944). 
• A Wurte, Compt. rend., 28, 223-227 (1849), 29, 203-207 (1849). 
^ A W. Hofmann, Ann., 74, 117-177 (1860). 
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short of the formation of the quaternary compound and because of the 
further difficulty of separating the mixture of alkylated ammonias which 
are formed. Some degree of control of the reaction may be obtained by 
the use of an inorganic iodide as catalyst or the use of polyalcohols as sol¬ 
vents. Where the differences in physical properties, 6. gf., boiling points 
of the mono-, di-, and trialkyl amines are sufficiently great to permit 
separation of the mixture into its components, the method is especially 
valuable. This is the case with the ethylamines which are commercially 
prepared in this manner and the individual amines separated by fractional 
distillation. With the higher homologs such separation is not possible. 

The primary amines can, however, be obtained in excellent yields and 
imcontaminated by secondary amines or other by-products by another 
method discovered by Hofmann^^ in 1881. This method consists in the 
treatment of an amide with sodium hypochlorite or hypobrornite which re¬ 
sults in the elimination of the carbonyl group of the amide as carbon dioxide: 

RC/ 4- NaOBr-► RNH* -f NaBr + CO, 
\NH2 

The reaction proceeds through a series of intermediate products, one of 
which is the isocyanate which is hydrolyzed by alkali to form the alkyl 
amine as was shown by Wurtz to occur in the original preparation of 
methyl- and ethylamines. The reaction proceeds smoothly and efficiently 
for all of the lower amides. With increasing molecular weight the yields 
decrease, but they can be improved by a modified procedure which em¬ 
ploys bromine and sodium methoxide in methanol as solvent. 

The Curtius** reaction consisting of treatment of the hydrazide with 
nitrous acid to form the azide, thermally decomposing the azide to form the 
isocyanate, and hydrolysis of the isocyanate to the amine has already been 
mentioned. 

Many types of catalytic reactions are known to produce amines. For 
example, the lower alcohols when heated to 300°C. in the presence of am¬ 
monia and alumina, the blue oxide of tungsten, and silica gel produce 
amines. However, the reaction does not stop at the primary amine but 
produces mixtures of all three amines. A similar reaction occurs when 
ethanol is heated with ammonia and zinc chloride in an autoclave at 300®C. 
for 8 hours. Aldoximes, RCH==NOH, can be dehydrated by heating to 
350~370®C. in the presence of aluminum or thorium oxides to give the 
corresponding nitriles which can, in turn, be reduced by nickel and hydro¬ 
gen to form the amine. However, the oxime can be directly reduced 

A. W. Hofmann, Ber.^lS, 407-416 (1882). 
« T. Curtius, J, prakt. Chem,, 50, 275-295 (1894). 
^ A. Mailhe and F. de Godon, BuU, 8oc, chim., 23, 18-20 (1918). 

A. Maihle, Compt, rend., IW, 121-123 (1918). 
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clectrolytically, or with sodium amalgam and acetic acid, aluminum amal¬ 
gam, or hydrogen and a catalyst. The reduction of nitriles, oximes, amides, 
and nitroparafhiis, constitutes the most important process of obtaining 
primary amines. The first three of these nitrogenous compounds may be 
readily prepared from fatty acids while the nitroparaffins are preferably 
prepared from petroleum hydrocarbons. 

Reduction of Normal Alkyl Nitriles.—The reduction of alkyl nitriles, 
either by chemical reducing agents or by catalytic hydrogenation, in¬ 
volves the addition of two pairs of hydrogen atoms to the triple bond, for 
example: 

RfeN 4- 4 H-► RCH2NH2 

The required nitriles can be obtained by dehydration of the ammonium 
salts of fatty acids as already mentioned, or by reduction of fatty acid es¬ 
ters to alcohols and conversion of the alcohols to nitriles by way of the alkyl 
halides. The reduction can be accomplished by treatment of the nitrile 
with zinc and hydrochloric acid,^^'®^ magnesium-copper couple and De- 
varda^s alloy in aqueous solution,^® or with sodium and alcohol, 
reagents which merely serve to produce atomic hydrogen. 

The yield of primary amine, and the amount and nature of the side 
reaction products, varies with the hydrogenation medium. Reduction 
with zinc and sulfuric acid proceeds so slowly that with some nitriles 
appreciable losses occur through hydrolysis. Ammonia and secondary 
amines are produced when sodium and alcohol are used. With slightly 
diluted alcohol, yields of 90% to 95% of primary amines have been re¬ 
ported. If an anhydrous medium is employed (sodium and anhydrous 
ether), nitriles undergo polymerization, for example: 

Na, anhydrous ether 
2 RCH2CN-► RCH(CN)C(=-NH)CH2R 

Catalytic hydrogenation of nitriles with molecular hydrogen provides 
the best method of obtaining amines both on a laboratory and an industrial 
scale. Hydrogenation is readily accomplished with Raney nickel or nickel 
on kieselguhr as a catalyst at relatively low temperatures. Both primary 
and secondary amines are produced but conditions may be controlled to 
produce a high yield of the primary amine. 

The formation of secondary amines during hydrogenation is assumed to 

occur as the result of loss of ammonia from two moles of primary amine: 

2 RNH,-> RaNH -f- NH. 

« O. Mendius, Ann., 121, 129-153 (1862). 
« A. Siersch, Ann., 144, 137-145 (1867). 
*• H. Brunner and A. Rapin, Schweiz. Wochechr., 46, 455-457 (1908). 
« A. Ladenburg, Ber., 19, 780-783 (1886), 
“ F. Krafift and F. Tritschler, Ber., 33, 3580-3585 (1900). 
“ J. N. Rakshit, /. Am. Chem. Soc., 35, 444-447 (1913). 
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followed by hydrogenative fission or hydrogenolysis : 

RCH2NH2 4- RCH=NH 

RCH 
\ 

NH 

Rdii, 

NH, 
2H 

RCH, 

. NH + NH, 

RCH, 

According to Adkins/^ the formation of secondary amines may be re¬ 
pressed by carrying out the hydrogenation as rapidly as possible in the 
presence of a high ratio of catalyst and at a temperature and pressure 
sufficiently high to complete the reaction in one to two hours. When 
Adams^ platinum catalyst is used, formation of secondary amines can be 
suppressed by carrying out the hydrogenation in acetic anhydride. This 
method is not feasible with a nickel catalyst as it would be attacked by 
the anhydride. 

Ralston and co-workers prepared all of the n-alkyl amines from Ce to Cw 
by hydrogenation of the corresponding nitriles. The crude amines were 
fractionally distilled to remove any unchanged nitrile and secondary 
amine. Details of the hydrogenation procedure are not given but presuma¬ 
bly were similar to those described by Young and Christensen^® who 
patented the hydrogenation of nitriles in the presence of an aqueous solu¬ 
tion of ammonia, caustic soda, or other alkali capable of maintaining free 
hydroxyl ions in the hydrogenation medium. 

The secondary amines (dioctyl, didodecyl, ditridecyl, ditetradecyl, 
dipentadecyl, and dioctadecyl) investigated by Hoerr, Harwood, and 
Ralston^® were prepared from the corresponding primary amines by heat¬ 
ing them for five to six hours at 200^C. in the presence of Raney nickel 
catalyst. Purification was accomplished by fractional distillation in 
vaciLO or by repeated crystallization from ethanol-benzene mixtures in an 
atmosphere of nitrogen. The tertiary amines (trioctyl, tridodecyl, and 
trioctadecyl) investigated by Ralston, Hoerr, and DuBrow^^ were pre¬ 
pared by heating the corresponding secondary amines with the appro¬ 
priate alkyl iodides for about three hours at 160-170®C. at atmospheric 
pressure. Purification was accomplished by repeated crystallizations 
from 95% ethanol containing benzene. 

Young®* patented a process for producing secondary and tertiary amines 
by catal3rtic hydrogenation of nitriles under conditions which provide for 
the continuous removal of the by-product ammonia, formed when two 
primary amines react to 3rield a secondary amine or when a primary amine 

H. Adkins, Reactions of Hydryen with Organic Compounds over Copper^Ckromium 
Oxide and Nickel Catalysts. Umv. Wisconsin Press, Madison, 1937. 

•» H. P. Young, Jr., and C. W. Christensen (to Armour ana Co.), U. S. Pat. 2,287,219 
(June 2^ 1942). 

w H. P. Young, Jr. (to Armour and Co.), U. S. Pat. 2,365,356 (Aug. 8,1944). 
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and a secondary amine yield a tertiary amine as indicated by the following 
reactions: 

RC=N + 2 Hj RCHjNH, 

2 RCH2NH2 RCHj—NH—CHjR + NH, 

RCH2NHCH2R + RCHjNHs RCHr-N—CHjR + NH3 

^HjR 

The reaction is carried out at a tempcratun* of 150° to 200°C. under 
pressure in a special vessel which provides for valving the ammonia and a 
portion of the hydrogen in such manner that adeipiate hydrogen is avail¬ 
able for reduction and the concentration of ammonia is sufficiently low 
so as not to interfere with the formation of the desired amines. 

Preparation of Unsaturated Amines.—jMonounsaturated amines may 
be prepared from th(‘ corresponding monoethenoid fatty acids by the 
procedure describinl by Krafft and Tritschler.*’^ Undecenoic, oleic, elaidic, 
and brassidic acids were converted to the corres])onding chlorides by treat¬ 
ment with phosphorus pentachloride. The chlorides were then tn»ated 
with ammonia in ethanol to form the amides, and the amides dehydrated 
to form nitriles. The nitriles were reduced with sodium and alcohol to 
give the corresponding amines. The steps involved may be illustrated in 
the case of undecenoic acid as follows: 

CHs=CH(CHj)8COOH CH2=CH(CHj)8COC1 
ethanol 

ch2=ch(chs)8COnh, —ch2=ch(ch2)8Cn 
ethanol 

CH2-=:CH(CH2)8CH2NH2 

The reduction of the nitrile to amine is conducted as follows: Three 
parts of unsaturated nitrile are dissolved in thirty parts of absolute ethanol 
and the solution cooled to the temperature of ice. Four parts of metallic 
sodium are added gradually to the cold solution. After all the sodium has 
been added, the mixture is warmed to complete the reduction and the warm 
solution is poured into ice water. The free amine is separated by extrac¬ 
tion with ether, and the ethereal solution is dried over potash or barium 
hydroxide and then distilled. 

Reduction of Oximes and Amides to Amines.—The oximes, obtained 
by condensation of hydroxylamine with aldehydes or ketones, can also 
be reduced to primary amines, presumably by addition of hydrogen at 
the double bond and reduction of the hydroxyl group: 

RCH=NOH -rRCHjN/** 1 . » RCH.NH, + H,0 
L H)HJ 
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The reduction can be accomplished by means of sodium and ethanol, 
sodium amalgam and dilute acetic acid, or hydrogenation over kiesel- 
guhr-supported nickel catalyst. Yields of 60% to 75% of n-heptylamine 
can be obtained by reduction of n-heptaldoxime with sodium and ethanol 
compared with 60% to 65% by hydrogenation with a catalyst. Second¬ 
ary amines are formed in either case. 

Amides may be hydrogenated without prior conversion to the nitrile, 
but since they are less reactive, chemical reduction is ineffective and 
catalytic reduction requires the use of high temperatures and pressures 
(200 to 300 atmospheres). The yields are relatively low and a consider¬ 
able amount of secondary amine is formed. Thus, lauramide when hy¬ 
drogenated with copper-chromium at 250°C. in dioxane produces about 
equal percentages of laurylamine and dilaurylamine. 

7, Nitrogen Addition at the Double Bond 

Many attempts have been made to introduce nitrogen at the double 
bond of unsatiirated fatty acids but few of them have been successful, or 
if successful, the products obtained have been of academic interest only. 
Three reagents, namely nitrogen trioxide (N2O3), nitrogen tetroxide (N2O4), 
and nitrosyl chloride (NOCl), have been extensively investigated with 
respect to the addition of nitrogen to th(^ double bond of unsaturated com¬ 
pounds and of these only the latter two have been investigated to any 
extent with respect to the reaction with the higher unsaturated fatty 
acids. 

Certain unsaturated hydrocarbons, especially those of higher molecular 
weight, form blue or greenish blue addition products with nitrogen 
tetroxide and nitrosyl chloride according to the following equations: 

H H 
R—CH R—C—NO R—CH R—C—NO 

j +N2O4-> i J| +NOC1-► I 
R--CH R—C—NO R--CH R—C—Cl 

H H 
Alkylene nitrosate Alkylene nitrosochloride 

These compounds readily polymerize to form dimers which are colorless 
products but on solution or melting revert to monomeric blue or greenish 
blue forms. 

(a) Reaction of Nitrogen Tetroxide with Unsaturated Fatty Acids 

EgorofI*® investigated the reaction of nitrogen tetroxide (2 NO2 N2O4) 
with a series of unsaturated acids of the formula C„H2n- 2O2, including 
acrylic, methylacrylic, crotonic, isocrotonic, allylacetic (A^ ®-pentenoic), 

I. W. Egoroff (I. V. Egorov), /. Rmsb, Phys.-Chem, Soc,, 35, 358-375, 466-482, 
482-188, 716, 965-973 (1903). 
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propylideneacetic (A* *-pentenoic), etc., and concluded that these acids 
added NO2 to form mono and dinitro compounds. The investigation was 
subsequently extended to oleic and elaidic acids.®^ It had been shown 
previously by Varrentrapp,®^ and by Meyer®® that nitrous acid produced 
addition products with oleic acid or isomerized it to elaidic acid depending 
on the reaction conditions. Lidoff®* also had shown that nitrogen te- 
troxide in the cold converted oleic acid to elaidic acid, but at 80~85°C. it 
formed addition products. Egoroff, on the other hand, found that nitro¬ 
gen tetroxide formed addition products with oleic acid even in ice-cold 
petroleum naphtha. The isomerization of oleic to elaidic acid resulted only 
when a specified minimum amount of nitrogen tetroxide reacted with oleic 
acid while above this amount addition reactions occurred. In ice-cold 
petroleum naphtha, oleic acid reacted with nitrogen tetroxide to form the 
nitrous acid ester of nitrohydroxystearic acid (m.p. 85-87®C.): 

CH3(CH2)7CHN0iCH0H(CH2)7C02N02 

If, indeed, a reaction of this type occurred ^t all, it would be ex¬ 
pected to produce a mixture of the 9-hydroxy-10-nitro and 9-nitro-lO- 
hydroxy esters. The compound was stated to possess a normal molecular 
weight and to produce nitroacetylstearic acid (yellow oil) on acetylation, 
and aminohydroxystearic acid (m.p. 143“44°C.) on subsequent reduction 
with zinc and hydrochloric acid. If the original addition occurred to form 
positional isomers, then these subsequent reaction products would like¬ 
wise consist of isomeric mixtures. 

In a later work, Jegorow®® assumed that oleic and other monounsaturated 
acids reacted with nitrogen tetroxide to form isomeric nitro nitrites as 
indicated by the following scheme in which the reaction between oleic 
acid and nitrogen tetroxide is illustrated: 

CH3(CH2)7CH n,o. CH,(CH,)7CHN02 CH,(CH2)7CH0N0 

HOOC(CH,),(!ilH ^ HOOC(CH,),iHONO ^ HOOCCCH^ri^HNO, 

When heated with water at 160-70®C., fission occurred with the formation 
of nonanoic (pelargonic) acid, nitrononane, azelaic acid, and nitronona- 
noic acid. When heated with concentrated hydrochloric acid at 130- 
140®C., nonanoic and azelaic acids and hydroxylamine were obtained. 
The identities of the nitro derivatives were established by reduction to 
the corresponding amino derivatives. Undecenoic acid, when treated 
with nitrogen tetroxide and similarly hydrolyzed, gave sebacic and formic 
acids; erucic gave nonanoic and undecanedioic acids. 

« I. W. Egoroff, /. Russ. Phys.-^Jhem. Soc., 35, 973-997 (1903). 
F. Varrentrapp, Ann., 35, 196-215 (1840). 
H. Meyer, Ann., 35, 174-188 (1840). 

•^A. Lidoff, /. Rim. Phys.-Chem. Soc., 27, 177-182 (1895); 24, 515-524, 524-526 
(1892). 

•• J. Jegorow, J, prakt, Chem., 86, 521-539 (1912). 
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Bauer and BS,hr®* succeeded in introducing nitrogen at the position 
previously occupied by the double bond of erucic acid by an indirect 
method. Erucic acid was converted to oxidoerucic acid (m.p. 67.5®C.) 
by oxidation with perbenzoic acid. To a saturated solution of oxidoerucic 
acid in hot benzene, there was slowly added an excess of hydrazine hydrate 
and the mixture heated for five hours to 130-135*^0. in a bomb. The prod¬ 
uct of this reaction melted at 94.5°C. and was almost insoluble in cold 
petroleum naphtha and ethyl ether and only slightly soluble in alcohol, but 
soluble in acetone and benzene. It could not be acetylated or benzylated 
and the results of analysis corresponded to the formula: 

CH3(CH,)7CH~CH(CH,)uCOOH 

Heterocyclic systems such as the one postulated by Bauer and Bahr are 
but little known and the structure assigned to the hydrazine reaction 
product of oxidoerucic acid requires further substantiation. 

(b) Reaction of Niirosyl Chloride with Unsaturated Fatty Acids 

Nitrosyl chloride was first prepared by Bunge®^ and its reactions with 
olefins and terpenes investigated by Tilden and co-workers,®*""^® Tonnies,^^ 
Thiele,^* Angeli,^® and others. It apparently possesses some specificity 
of activity with respect to double-bond addition. For example, it does 
not add to crotonic and cinnamic acids^® or to an allyl group, —CH2CH: 
CH2, but does add to the isomeric propenyl group, —CH.CH CHs.^® 
Tilden and Forster^® observed that oleic, elaidic, and erucic acids when dis¬ 
solved in chloroform and treated with gaseous nitrosyl chloride formed 
blue-colored solutions from which waxy crystals precipitated on standing. 
The nature of these products was not determined but the acids apparently 
reacted to form a mixture of positionally isomeric nitroso chlorides, e, g,, 
9-chloro-lO-nitroso- and 9-nitroso-lO-chloro-oleic acid. 

Kaufmann and Rover^^ applied this reagent to the quantitative estima¬ 
tion of the unsaturation of fatty acids and oils. They investigated the 
reaction of nitrosyl chloride with tiglic, oleic, and erucic acids, methyl 
linoleate, mixtures of linoleic and linolenic acids, olive, sesame, rapeseed, 
sunflower, soybean, linseed, and perilla oils. They failed to observe any 

•• K. H. Bauer and O. Bahr, /. prakt. Chem,, 122, 201-213 (1929). 
« N. Bunge, Ber.^ 4, 289 (1871). 
“ W. A. Tilden (W. A. FildenI), Ber., 8, 549 (1875); W. A. Tilden and W. A. Shen- 

stone, Ber., 10, 908-909 (1877). 
•• W. A. Tilden and J. J. Sudborough, /. Chem. Boc., 03,479-484 (1893). 
» W. A. Tilden and M. O. Forster, /. Chem, Soc,, 65, 324-335 (1894). 

P. Tdnnies^ Ber., 12, 169-170 (1879). 
J. Thiele, Ber,, 27, 454-456 (1894). 

” A. Angeli, Ber., 24,3994r-3996 (1891), 
H. P/Kaufmann and P. ^ver, Fette u, Seifen, 47, 103-108 (1940). 
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selective addition of nitrosyl chloride but developed an empirical method 

of detenning the so-called nitrosyl value. 
The determination is carried out by weighing a 0.12 to 0.20 g. sample 

of fat or fatty acid in the same manner as in making an iodine value 
determination. The flask containing the weighed sample is cooled in ice 

water and 25 ml. of nitrosyl chloride in dry carbon tetrachloride or a mix¬ 
ture of 20% tetrachloride and 80% acetic acid containing 1% of acetic 
anhydride is added. The normality of the nitrosyl chloride solution should 

be approximately 0.1 to 0.2, but the exact value need not be known. The 

stopper is replaced and sealed with paraffin and the flask allowed to stand 
72 hours in an ice chest. Water is then added to hydrolyze the excess 

nitrosyl chloride, according to the equation: 

NOCl + H,0-» HNO2 + HCl / 

The mixture is transferred to a separatory funnel, the aqueous phase re¬ 

moved and the carbon tetrachloride washed twice with water. Hydro¬ 

chloric acid in the combined aqueous solutions is determined by titration 
with ammonium thiocyanate (method of Volhard) or by titration with 

silver nitrate solution (method of Fajans). A blank is run on the reagent 

and the nitrosyl value calculated by means of the equation: 

NO.V. - 
e 

where NO.V. is the nitrosyl value, a the titration value for the reagent 

blank, b the titration value of the unknown, and e the weight of the sample. 
The nitrosyl value calculated in this manner is equal to the iodine value. 

Beckham and Crowder” obtained a broad patent on the action of nitrosyl 

chloride with organic compounds containing at least one nonaromatic C=C 
linkage (mono-olefins) which comprises reacting the compound with NOCl 
in a reaction mixture containing 0.5 to 1.0 mole of sodium carbonate or 

other normal alkali-metal carbonate for each mole of mono-olefin. The 

mixture of olefin and sodium carbonate is maintained between 0° and 25°C. 

and NOCl led into it until 1.25 to 3.0 moles have been reacted per mole of 

mono-olefin. Among the olefins cited is oleic acid and a large number of 

its derivatives. The nitrosyl chloride reaction products are claimed to 
have particular utility as intermediates in the manufacture of sulfonates 

by reaction with alkali metal or ammonium sulfites,” as well as for pre¬ 

paring phosphonates, arsonates, etc. 

” L. J. Beckham and J. A. Crowder (to Solway Proceas Co.), U. S. Pat. 2,371,418 
(March 13, 1946). 

” L. J. Beckham (to Solway Process Co.), U. S. Pat. 2,265,993 (Dec. 16, 1941). 



CHAPTER XIX 

SULFUR DERIVATIVES OF THE FATTY ACIDS 

Only two classes of sulfur-containing derivatives of fatty acids have been 
investigated to any appreciable extent. These are the thio acids and 
esters and the sulfated and sulfonated acids. The latter are of some im¬ 
portance industrially while the former are, as yet, only of theoretical 
interest. 

1. Thio Acids and Esters 

The thio acids and esters corresponding to the normal fatty acids have 
not been extensively investigated probably because of their disagreeable 
odor and lack of any marked characteristic properties of the few known 
members of the scries. Detailed knowledge of the properties of the higher 
aliphatic thio acids is still lacking and that pertaining to the esters consists 
primarily of the work of Ralston, Segebrecht, and Bauer.* 

The introductibn of one sulfur atom into the carboxyl group of the ali¬ 
phatic acids might be expected to produce two different products corre¬ 
sponding to a thiolic acid, RCOSH, and Sithionic sicid^ RCSOH. Actually, 
no aliphatic acid is known corresponding to the formula for a thionic acid. 
The lower members of the thiolic acid series may be prepared by treating 
fatty acids with a sulfide of phosphorus or by reacting acid halides with 
sodium hydrosulfide, NaSH. The corresponding esters of thio acids may 
be prepared by esterification of a fatty acid with a mercaptan or thio 
alcohol, or by reaction of an acid halide with a mercaptan or with lead 
mercaptide. 

The low molecular weight thio acids are colorless liquids or low melting 
/solids with an unpleasant odor. They form alkali salts which are soluble 
in water and salts of heavy metals which are insoluble in this medium. 
When heated with water the latter decompose with the formation of metal¬ 
lic sulfides. The higher aliphatic thio acids do not appear to have been pre¬ 
pared. However, a number of alkyl esters of thio acids have been prepared 
and some of their properties determined. Although they may be prepared 
by any one of the methods mentioned above, the reaction of acid chlorides 
and thio alcohols is preferable. 

‘ A. W. Ralston, E, W. SeRcbrecht, and S. T. Bauer, J, Org, Chem.^ 4,502-505 (1939). 
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The methyl, ethyl, propyl, isobutyl, and isoamyl thio esters of acetic 
and propionic acids have been prepared and described by Faber and Reid,* 
who also prepared the methyl, ethyl, n-propyl, and n-butyl thio esters of 
lauric, myristic, palmitic, and stearic acids and the n-propyl thio ester of 
oleic acid. All of the above-mentioned higher thio acid esters have also 
been prepared by Ralston, Segebrecht, and Bauer^ who synthesized these 
compounds by reaction of the acid chlorides with the corresponding mer- 
captans. The properties of the higher aliphatic thio acid esters as deter¬ 
mined by Ralston et al. are recorded in Table 139. 

Table 139 

PROPERTIES OF ESTERS OF ALIPHATIC THIO ACIDS'* 

Thio acid ester M.p. or b.p., 
“C 

Refractive indices 
Density 

60® 

Molecular refraction 

< 
10 Obs. Calcd. 

Methyl thiolaurate 112- -115‘ 1.4642 1 .4496 0.8734 70.84 70.22 
Ethyl thiolaurate 115 -117* 1.4626 1 .4478 0.8645 75.66 74.83 
Ti.-Propyl thiolaurate 126- -128* 1.4628 1 .4478 0,8610 80.32 79.45 
n-Butyl thiolaurate 133 -135* 1.4640 1 .4493 0.8595 85.08 84.07 
Methyl thiomyristate 34- -35 1 .4507 0.8668^ 80.23 79.45 
Ethyl thiomyristate 134- -136* 1.4632 1 .4488 0.8609 84.86 84.07 
n~Propyl thiomyristate 148- -150* 1.4627 1 .4485 0.8568 89.61 ‘ 88.69 
n-Fiutyl thiomyristate 149- -151* 1.4642 1 .4501 0.8570 94.26 93.31 
Methyl thiopalmitate 44-45 1 .4521 0.8644 89.44 88.69 
Ethyl thiopalmitate 
n-Propyl thiopalmitate 

172- -175* 1.’4648 1 .4513 0.8547 94.74 93.31 
27- -28 1.4642 1 .4507 0.8559 98.90 97.92 

n-Butyl thiopalmitate 29- -30 1.4646 1 .4505 0.8579 103.02 102.54 
Methyl thiostearate 50- -51 1 .4526 0.8624 98.51 97.92 
Ethyl thiostearate 38- -39 1 4514 0.8550 103.56 102.54 
n-Propyl thiostearate 34- -35.5 1 4509 0.8508 108.41 107.16 
n-Butyl thiostearate 31- -32 1 4529 0.8534 112.89 111.78 
n-Propyl thiooleate 175- -178* l,47i3 1 4577 0.8643 107.46 106.69 

®A. W. Ralston, E. W. Segebrecht, and S. T. Bauer, Org, Chem.^ 4, 502-505 
(1939). * At 1 mm. pressure of mercury. 

The products were found to be relatively stable and could be distilled 
under diminished pressure without decomposition. The densities of the 
ethyl, n-propyl, and n-butyl thio esters at 60°C. are, in each case, greater 
than those of the corresponding acids. Thio acids cannot be produced by 
hydrolysis of the esters since reaction occurs to regenerate the mercaptan 
and the aliphatic fatty acid: 

RCOSR' + HOH-► RCOOH + R'SH 

2. Fatty Acid Sulfates and Sulfonates 

The sulfates and sulfonates comprise two groups of sulfur derivatives of 
fatty acids which may be defined chemically and prepared by specific 
methods. They are, however, often confused in nomenclature and, in the 

* E. M. Faber and E. E. Reid, J. Am. Chem. Soc„ 39,1930-1938 (1917). 
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case of commercial products, are not always definite chemical entities. 
Although sulfated and sulfonated oils and fatty acids prepared by the 
direct action of sulfuric acid, oleum, sulfur trioxide, and chlorosulfonic 
acid have been known for about a century, the chemistry of these reactions 
has, as yet, not been completely clarified. Once the object of considerable 
research*”® from the standpoint of elucidating the reaction mechanisms 
and structures of the reaction products, little attention is now devoted to 
these aspects, and in recent years publications on the subject have mon^ 
often been in the form of patents rather than reports of research. 

(a) Sulfation Reactions 

Fr^my® appears to have been the first to investigate the reaction of sul¬ 
furic acid on triolein and he established the fact that hydrolysis of tlie glyc¬ 
eride occurred simultaneously with alteration of the oleic acid. Subse¬ 
quently, it was shown that the extent of the hydrolysis varied with the re¬ 
action conditions but generally it progressed to the stage of forming di- and 
monoglycerides 

The nature of the reaction occurring at the double bond of monounsat- 
urated acids such as oleic, or in the case of hydroxy monoethenoid acids 
such as ricinoleic acid, as well as in glyceride oils containing these acids, 
remained obscure for many years. It is now generally assumed that when 
an unsaturated hydroxy acid, such as ricinoleic acid, is treated witli sul¬ 
furic acid at low temperatures (35°C. or below), two reactions occur, the 
first of which consists in esterification of the hydroxyl group as shown in 
the following equation : 

CH,(CH2)6CH0HCH2CH:CH(CH2)7C00H -f H2S04-► 

CH,(CH2)5CH(0S03H)CH2CH:CH(CH2)7C00H + HjO 

The hydrogen of the introduced sulfate group is replaceable by alkali 
metals, and compounds of this type, therefore, form alkali salts containing 
the group —CH(0S03Na)CH2CH:CH—. Turkey-red oil, made by 
treating castor oil with sulfuric acid, forms salts in this manner which are 

* D. Burton and G. F. Robertshaw, Sulphated Oils and Allied Products^ Chem. Pub. 
Co., New York, 1940, pp. 21-35. See F. H. Kroch and K. Tomlinson, J. Intern. Soc. 
Leather Trades^ Chem., 30, 316-323 (1946); D. Burton and L. F. Byrne, ibid., 30, 306- 
316 (1946). 

* H. K. Dean, Utilization of Fats. Chem. Pub. Co., New York, 1938. 
® F. Ullmann, Enzykolop&ide der technischen Chemie. 2nd ed. rev., Vol. IX, Urban & 

Schwarzenberg, Berlin, 1932, pp. 800-807. 
• E. Fr4my, Ann., 19, 296-300 (1836); 20, 60-69 (1836); Ann. chim. phys., 65, 113- 

149 (1837). 
7 A. Mtiller-Jacobs, Dinglers Polytech. J., 229, 544-546 (1878): 251, 499-606. 547- 

552 (1884)* 254, 302-312 (1884). 
»L. Liechti and W. Suida, Ber.f 16, 2453-2458 (1883); Dinglers Polytech. J., 254, 

350-352 (1884). 
• H. Schmid, Dinglers Pdyiech. 250, 543-548 (1883); 254, 346-850 (1884). 

A. Griin and O. Corelli, 4. angew. Chem.y 25, 665-670, 947 (1912). 
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referred to as *Turkey-red oil soaps.” The characteristic emulsifying 
and surface-active properties of these ‘^soaps” are presumed to be due to 
the presence of the alkali sulfate substituent. 

It was first assumed by Miiller-Jacobs’^ that the radical —^HSOa added 
to the double bond of oleic acid, and by Sabanejeff^^ that a product was 
formed corresponding to: 

CH3(CH2)7CHOHCH(HSOa) (CH2)7C00H 

This kind of compound would constitute a true sulfonic acid** not readily 
susceptible to hydrolysis, whereas the compound produced by the reac¬ 
tion of sulfuric acid on oleic acid readily underwent hydrolysis to form 
hydroxy acids. Saytzeff** therefore concluded that the reaction of sul¬ 
furic acid at the double bond likewise led to the formation of a monosul- 
furic acid ester or a hydrogen sulfate addition product. This conclusion 
was subsequently verified by Benedikt and Ulzer*^ and by Geitel.^* 

CH8(CH2)7CH:CH(CH2)7CX)0H -f H2SO4-► 
CH,(CH2)7CH2CH(0S0,H) (CH,)7CX)0H 

When this sulfo derivative reacts with water, hydrolysis occurs with the 
formation of the corresponding hydroxy acid: 

CH8(CH2)7CH2CH(0S08H)(CH2)7C00H -h H2O -► 
CH,(CH2)7CHaCHOH(CH2)7COOH -f HaSOi 

Therefore, it is presumed in the case of ricinoleic acid that both the 
hydroxy group and the double bond react with sulfuric acid to form sul¬ 
fates rather than sulfonates. However, reaction probably occurs more 
readily at the hydroxyl group than at the double bond and the end prod¬ 
uct, therefore, probably consists of a mixture of mono- and polysulfates 
whose relative proportions depend on the reaction conditions. 

Various oils and fatty acids are subjected to the action of sulfuric acid 
to form products similar to those illustrated by oleic and ricinoleic acids. 
These products were first applied in mordant dyeing of textiles but are 
now used in a variety of textile operations. So-called ‘‘sulfonated” or red 
oil prepared by the action of sulfuric acid on olive oil first appears to have 
been used in mordant dyeing by Runge.*®"^® The first use of Turkey-red 
oil prepared from castor oil is attributed to Walter Crum (1875) of Scot- 

“ A. Sabanejeff, /. J?u««. Phys.-Chem, Soc., 18, 35-49,87-98 (1886). 
K. H. Bauer and G. Kutscher, Chem, Umachau Fette Ok Wachae HarzSt 32, 57-64 

(1925). 
M., C., and A. Saytzeff, J, prakt, Chem,, 35, 369-390 (1887); J, Ruaa, Phya.^hem. 

Soc., 18, 328-348 (1886). 
R. Benedikt and F. Ulzer, Monatah., 8,208-217 (1887). 

« A. C. Geitel, /. prakt. Chem., 37, 53-90 (1888). 
F. F. Runge, Farbenchemk. 3 vols., Mittler, Berlin, 1834-1850. 
J. D4pierre, TraiU de la teinture ae Vimpreaaion dea maiikrea cohrantea artificuHles, 

VoL II, Baudry, Paris, 1891-1905, p. 210. 
» E. Imher,pingkr8 Pfdytech. /, 247,469-471 (1883). 
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land.® In addition to olive and castor oils, fish, sperm, linseed, soybean, 
and rapeseed oils are now sulfated or sulfonated for use as textile assistants, 
leather-filling agents, cutting oils, etc. 

(6) Hydrolysis of Sulfated Fats and Fatty Acids 

Sulfation of fatty oils by means of sulfuric acid is generally accompanied 
by hydrolysis of the glyceride and of the sulfate, which reactions are in 
turn followed by others involving estolide and lactide formation as well as 
some dimerization. The di- and monoglycerides formed by hyxlrolysis 
are, in whole or in part, esterified with sulfuric acid to form heteroglyc¬ 
erides containing both fatty acid and inorganic radicals. 

Unsaturated fatty acids behave in much the same manner as was ob¬ 
served by Price and Griffith^® in the course of an investigation on the alka¬ 
line hydrolysis of sulfated oleic acid. In fact tetrameric compounds were 
isolated from sulfated oleic acid which were assumed to have been formed 
by interesterification between the carboxyl and hydroxyl groups of the sul¬ 
fated acid. These estolides arc not readily hydrolyzed by mineral acids 
but, on alkaline hydrolysis, apparently regenerate monomeric hydroxy 
acids. In fact Price and GriffitlP® patented a process comprising sulfation 
with sulfuric acid or oleum followed by alkaline hydrolysis as a means of 
obtaining high yields (70-75%) of hydroxy acids compared to yields of 50% 
or less normally obtained by acid hydrolysis. 

Hydroxyl groups have been detected in unsaturated fatty acids sub¬ 
jected to sulfation reactions at positions considerably removed from the 
double bond. Whether they are formed by direct hydroxylation at these 
remote positions, or by sulfation followed by hydrolysis, or by migration of 
the hydroxyl group during hydrolysis has not yet been established. For 
example, Shukoff and Schestakoff*® found that heating the higher mono- 
ethenoid acids with concentrated sulfuric acid produced hydroxy acids 
which were subsequently dehydrated to form lactones. 9-Hydroxy- and 
10-hydroxystearic acids were assumed to produce 7-stearolactone as the re¬ 
sult of migration of the hydroxyl group to the fourth carbon atom. Oleic 
and elaidic acids were presumed to undergo hydroxylation at the double 
bond, followed by migration of the hydroxyl group, and lactoriization to 
produce 7-stearolactone. Erucic acid and A^®’“-undecenoic acid were pre¬ 
sumed to form 7-behenolactone and 7-undecanolactone, respectively. 
Only the 7-behenolactone was obtained in crystalline form (m.p. 63.5®C.), 
which on oxidation with chromic acid produced 7- or 4-ketobehenic acid 
(m.p. 103®C.). The 7-undecanolactone, on treatment with acid or alkali, 
gave 7- or 4-hydroxybehenic acid (m.p. 34°C.). The oily reaction products 

D. Price and R. Griffith (to National Oil Products CJo.), U. S. Pat. 2,367,050 
(Jan. 9, 1945). 

A. A. Shukoff and P. J. Schestakoff, /. Rxiss, Phys.-Chem, <S»oc., 40, 830-839 (1908). 
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were apparently not homogeneous and the conclusions concerning their 
structures can therefore not be considered as settled. 

Schaeffer and co-workers^^ subjected oleic acid to sulfation at 10®C. 
with a 3:1 molar ratio of sulfuric acid (95.5%) and hydrolyzed the resulting 
product with alcoholic potassium hydroxide. The hydrolyzate was re¬ 
acidified and esterified with methanol and fractionally distilled to separate 
the methyl monohydroxystearate fraction. The distilled fraction was 
oxidized with nitric acid with ammonium vanadate as catalyst and the 
oxidation products separated by steam distillation. Esters of dibasic acids 
having more than ten carbon atoms were found in the water-insoluble 
portion. The dimethyl ester of 14-tetradecanedicarboxylic acid (m.p. 
49.5-50.3^0.) was isolated and identified. Esters of monobasic acids longer 
than decanoic were stated to be present but were not specifically identified. 

It is evident that the so-called ^'sulfonated'^ oils and acids of commerce 
consist of various mixtures of sulfated oil, sulfated acids, sulfuric acid esters, 
hydroxy acids, estolides, lactides, and di- or higher polymeric substances, 
depending on the nature of the raw material and the conditions of ^'sulfon- 
ation'^ (sulfation). However, under certain conditions of sulfonation to be 
mentioned later, these products may also contain some true sulfonated 
acids or oils. 

Sulfated Alcohols.—In addition to the sulfates prepared by treatment 
of fatty acids and oils with sulfuric acid, other surface-acting compounds 
containing sulfate radicals are known. About 1930, a group of detergents 
(Gardinol, Dreft, Drene, etc.), consisting of sulfates of long chain alcohols 
prepared by catalytic hydrogenation of fats or fatty acids, were placed on 
the market. They may be represented as being prepared according to the 
following scheme: 

RCOOH —RCHsOH RCH,OSO,ONa 

They may also be produced from mono- and diglycerides in which one of 
the hydroxyl groups is esterified with sulfuric acid or sodium pyrosulfate, 
Na2S207. Syntex M, sodium glyceryl monolaurate sulfate, is typical of 
this class of commercial product. 

(c) Sulfonation Reactions 

True sulfonic acids, in which carbon-to-sulfur bonding occurs, may be 
prepared by a variety of methods but particularly by carrying out the sul¬ 
fonation in a relatively anhydrous medium. Oleum, sulfur trioxide, and 
chlorosulfonic acid are generally employed in treating unsaturated acids or 
oils containing these acids for the production of true sulfonated products. 

When fuming sulfuric acid (oleum) is used in place of sulfuric acid, sul- 

B. B. Schaeffer, E. T. Roe, J. A. Dixon, and W. C. Ault, J, Am. Chem. Soc., 66, 
1924-1925 (1944). 
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fonation probably occurs according to the following reaction, illustrated 
with oleic acid: 

CH,(CH,),CH ^/SOaOH CH,(CHO,CH-SO,H 

HOOC{CH,),<!!h* ^ \SOaOH ^ H00C(CH,),<!3H 080,H 

The resulting product therefore contains a sulfate and a sulfonic acid 
group. The former, on hydrolysis with water, is converted to a hydroxy 
group while the latter is unaffected. The final product will, therefore, be 
a hydroxysulfonic acid; 

CH3(CH,)7CH(SO,H)CHOH(CH*)tCOOH 

If the reaction with sulfuric acid is carried out in the presence of an 
organic acid anhydride or chloride, sulfonation is claimed to occur at a car¬ 
bon atom adjacent to the double bond.^^ Thus, methyl oleate when 
treated with acetyl chloride and sulfonated at 0°C. with sulfuric acid is 
claimed to produce among other products a true sulfonic acid in accordance 
with the following equation: 

CHiCOCl 
CHa(CH2)7CH:CHCH2(CH2)gCOOR-► CHa(CH,)7CH:CHCH(SOaH)(CH*).COOH 

HaSOi 

Another representative of the class of true sulfonates derived from fatty 
acids, but which contains the carbon-sulfur bond in the ester portion of the 
molecule, is sodium /3-oleylethane sulfonate (Igepon A). This product is 
prepared by esterifying oleic acid with isethionic acid and treating the sul¬ 
fonic acid with alkali: 

CHa(CH,)7CH;CH(CH2)7COOH + HOCHjCHjSOjH -> 
CH,(CH2)aCH:CH(CH,)7COOCH2CH,SO,Na 

A similar product (Igepon T) results when oleic acid is treated with taurine, 
NH2CH2CH2SO8H. Reaction occurs between the hydroxyl group of the 
acid and the amino hydrogen with the formation of a substituted amide, 
CH8(CH2)7CH:CH(CH2)7C0NHCH2CH2S08Na. 

The number of sulfated and sulfonated derivatives of the fatty acids is 
now considerable and their industrial production is limited more by eco¬ 
nomic than chemical considerations. Reference should be made to special 
texts, particularly those of Burton and Robertshaw® and Dean,^ for de¬ 
tailed information concerning various sulfating and sulfonating agents and 
reactions for producing the various products of this type. 

« H. Bertsch (to H. Th. Bdhme Akt.), U. S. Pat. 1,923,608 (Aug. 22,1933). 
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CHAPTER XX 

IN VITRO SYNTHESIS OF FATTY ACIDS 

1. Introduction 

The earliest systematic synthesis of normal fatty acids dates from about 
the 1870^8 although various methods were known and applied prior to this 
time in the preparation of individual fatty acids. A number of methods are 
now available for accomplishing the synthesis of practically all of the nor¬ 
mal fatty acids and several methods are available which are especially 
applicable to the synthesis of unsaturated fatty acids. Most of the methods 
involve the use of compounds such as alcohols, aldehydes, nitriles, or other 
acids of the approximate molecular weight of the required acid and con¬ 
verting these by oxidation, hydrolysis, or condensation to the corresponding 
acid. In some cases the acids may be produced by oxidative degradation of 
compounds of high molecular weight as, for example, the air oxidation of 
paraffins obtained synthetically by the Fischer-Tropsch process or by dis¬ 
tillation of coal. 

While most of the known methods are generally applicable to the syn¬ 
thesis of low molecular weight fatty acids, they may produce very low 
yields or fail entirely when applied to the synthesis of long chain acids. 
None of the methods can therefore be considered as standard or generally 
applicable in every case wherever the need arises for some particular syn¬ 
thetic acid. However, some effort has been made to include a number of 
general and special methods for the preparation of pure acids in Organic 
Syntheses,^The number of acids included therein is now fairly extensive 
and includes both normal and substituted acids such as amino-, arseno-, 
bromo-, chloro-, dichloro-, hydroxy-, methyl-, and phenyl-substituted acids. 
Some of the methods involve the preparation of the required acids from 
natural sources rather than synthesis from simpler molecules. 

Although these methods are not generally applicable to the preparation of 
all members of a given homologous series, it is oftentimes possible to extend 
their applicability by minor modifications. Directions for the preparation 
of alkylhaUdes and halohydrins, as well as higher alcohols, which are often 
required as intermediates in various fat and fatty acid syntheses are also 

1 H. Gilman, Organic Syntheses, Collective Vol. I, Wiley, New York, 1932. 
* A. H. Blatt, Organic 8yrUhese%, Collective Vol. II, Wuey, New York, 1943. 
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included in this collection of methods. Among the intermediates to be 
found therein are allyl alcohol and bromide, n-butyl and isobutyl bromides 
and chlorides, n-butanoyl chloride, ethyl, n-octyl and.n-dodecyl bromides, 
glycerol-a,a'-dichloro- and dibromohydrin, glycerol-a-monochlorohydrin, 
Wr-heptyl alcohol, methyl-»-hexylcarbinol, n-hexadecyl iodide, lauryl alco¬ 
hol, oleyl alcohol, etc. 

Among the earliest syntheses of the saturated acids are those of Lieben 
and Rossi* and of Lieben and Janecek^ who prepared all of the normal 
acids from acetic to heptanoic. Starting with methyl alcohol, they applied 
the reactions shown in the accompanying equations and repeated them in 
sequence until the chain was lengthened to seven carbon atoms; 

CHiOH-> CHal-► CH,CN-► CHaCOOH-> CH,CHO-► 

CHaCHjOH-► CHaCHJ-► CHaCHjCN-► CH,CH,COOH, etc. 

Hi^er fatty acids have also been prepared by a modification or exten¬ 
sion of this method. For example, Francis, Piper, and Malkin* prepared a 
number of the higher fatty acids by reducing the ethyl ester of the parent 
acid with hydrogen under pressure and at a high temperature, and then 
halogenating the alcohol and reacting it with hydrogen cyanide followed by 
saponification. The sequence of reactions used were as follows: 

C„H„COOC,H. > C.,H„CH,OH —C„H„CH,I. 
Ethyl stearate 

C„H„CH,CN C,7HttCH,COOH 
Nonadecanoic acid 

Margaric acid was prepared from palmitic acid and the C19, C20, and C21 

acids were prepared from stearic acid by repetitions of this method. Erucic 
acid was first reduced to behenic acid, esterified, reduced to the correspond¬ 
ing alcohol, and from it the C2S and C2e acids were prepared by the above- 
mentioned sequence of reactions. 

Levene and Taylor® employed a method similar to that used by Francis 
et dl.f except that the ethyl ester was reduced with metallic sodium in al¬ 
cohol solution. Oleic acid was reduced to stearic acid, and erucic to behenic 
or w-docosanoic acid, which formed the materials for increasing the chain 
length by way of the nitriles. The series of odd- and even-numbered acids 
from stearic to hexacosanoic were prepared in this manner. 

Hofmann^ devised a second method of synthesis based on the conversion 

* A. Lieben and A. Rossi, Ann,, 159, 68-69, 70-79 (1871). 
< A. Lieben and G. Janeoek, Ann., 187, 126-149 (1877). 
® F. Francis, S. H. Piper, and T. Malkin, Proc, Roy. Soc. London^ A128, 214-252 

(1930). 
• P. A. Levene and F. A. Taylor, J. Biot €hem.<^ 59,905-921 (1924). 
^ A. W. Hofmann, Bar., 14, *^2736 (1881); 15,407-416,762-762,762-775 (1882); 

17,1406-1412 (1884); 18, 2734-2741 (1885). 1^ E. Luts, md., 19, 1433-1441 0886)* 
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of the amide of a fatty acid to an acid containing one less carbon atom than 
the original amide. According to this method, the amides are treated with 
bromine and caustic potash and the carbonyl group is split off in the form of 
carbon dioxide with the formation of a primary amine containing one less 
carbon atom. The amine is then transformed into the corresponding 
nitrile. Hydrolysis of the nitrile produces the corresponding acid which can 
again be converted into an amide and the process repeated according to the 
following scheme: 

Ci«H,3CH2COOH-> C16H33CH2CONH2-► CieHaaCHjNHa-► 
Stearic acid 

CieHssCN-► CiftHsaOOOH 
Margaiic acid 

By the use of these reactions, Krafft* and others converted stearic acid to 
margaric acid and the latter to palmitic acid, and by further reactions of the 
same type to nonanoic (pelargonic) acid. It may be said, therefore, that all 
of the odd- and even-numbered carbon acids from acetic to palmitic have 
been synthesized by means of these two series of reactions starting with 
either methyl alcohol or naturally occurring stearic acid. 

One of the oldest methods of producing fatty acids of shorter chain length 
than the original acid, which was also used by Krafft, involves the pyrolysis 
of the barium salts of the higher acids in the presence of barium acetate. 
This reaction produces an alkyl methyl ketone which, on oxidation, 3delds 
the next lower homologous acid: 

Ba(CHiCOO)j CrOi 
Ba(Ci7H,5COO), —^^ 2CnH36COCH3-► 2 C,eH,3COOH 

dUtill 
Barium stearate Methyl stearone Margaric acid 

Margaric acid by the same reaction yields palmitic acid. 
The synthesis of the lower members of the aliphatic acid series can be 

readily effected by means of the Grignard® reaction. When carbon dioxide 
is passed into an ethereal solution of organomagnesium halides, RMgl or 
RMgBr, an organomagnesium compound of the formula RCOO-MgX is 
precipitated which, on decomposition by ice and dilute sulfuric acid, 3delds 
the corresponding acid. Grignard prepared acetic, isovaleric, and isohexa- 
noic acids by this means. The synthesis of acetic acid from methyl iodide 
may be represented by the following equations: 

4-Mg 4-COj 4-HOH 
CH,I —CH,MgI —-> CH,C(X)MgI ^ CH.COOH -f MgOHI 

Although applicable to the preparation of the lower members of the 
aliphatic acid series, the Grignard reaction has not been extensively used to 

» F. Krafft, Ber., 12, 1664-1668, 1668-1673 (1879). 
• V. Grignard, Ann. Univ. Lyon (N.S. 1], iSciences, mSdednef No. 6, 1-116 (1901). 

See Sur les combinaisom orgamma,g;ni8iennes mixtea et leur applicaiion d de$ aynthbaea 
iPacidaa^ d*alcooU at d'hydtocarhwrea, Gauthier-Villars, Paris; Key, Lyon. 1901, p. 118. 
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prepare the higher fatty acids because the chain length can only be extended 
one carbon atom at a time and the necessary Grignard compounds of the 
higher alkyl halides are not easily prepared. 

2. Malonic Ester Synthesis 

The malonic ester synthesis^®”^^ constitutes a classical method for in¬ 
creasing the chain length of lower members of the aliphatic series. Like 
acetoacetic ester, the ester of malonic acid, ROOC CH2-COOR, possesses 
two methylene hydrogen atoms which are readily replaceable by sodium. 
When the sodium compound is treated with an alkyl or other organic halide, 
the metal is replaced by the alkyl residue. On heating to a high tempera¬ 
ture, the substituted malonic ester loses a molecule of carbon dioxide with 
the formation of a monobasic acid. 

This method has been used frequently to prepare the lower members of 
the aliphatic acid series and Bleyberg and Ulrich^* applied it also to the 
preparation of the even-numbered carbon acids from C20 to Cso and to the 
preparation of the corresponding anhydrides, ethyl esters, alcohols, and 
iodides. The method of preparation of the higher acids from the next lower 
homolog by this method is illustrated by the following equation: 

RC9OH + C,H,OH-» RCX)OC,H, RCHjOH ■ - > RCH,I 

Bodium hydrolysis heat 
- RCH,CH(C02Et), RCHaCH(COOH),-►RCH,CH,COOH 
malonic ester 

The various intermediates, fatty acids, and derivatives prepared by 
Bleyberg and Ulrich by application of the malonic ester synthesis are given 
in Table 140. 

3, Acetoacetic Ester Synthesis 

The acetoacetic ester synthesis is one of great utility in building up or¬ 
ganic compounds and it is especially useful in the synthesis of the higher 
aliphatic acids. An example of the practical utility of this synthesis is 
represented by its application to the commercial production of caproic 
acid. At the time that caproic acid was first required in considerable quan¬ 
tity for the production of hexylresorcinol, butyl alcohol was commercially 
available SRd provided a means of obtaining caproic acid by way of the 
acetoacetic ester synthesis. 

The synthesis carried out with acetyl acetate and butyl bromide is: 

2CHiCXX)CsHi + Na + NaOCjHi -► CH8C(ONa):CHCOOC,Hi + CfHiOH 
(trace) 

>0 M. Conrad and C. A. Bischoff, Ann., 204, 121-127 (1880). 
» W. A. Noyes.Am. Chem. Soe., 18,1105-1106 (1896). 
» C. Daimler, Ber., 20, 203-204 (1887); Ann., 249,173-181 (1888). 
>» W. Bleyberg and H. Ulrich, Btr., 64, 2604-2513 (1931). 

N. L. Drake and R. W. Riemenswneider, J, An. Chm, Soc., 52,5006-5008 (1980). 
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The sodium ethylate produces an aldol condensation between the a-hydro- 
gen of one molecule of the ester and the carbonyl group of another. The re¬ 
sulting product loses a molecule of alcohol, enolizes, and forms the sodio 
derivative. The sodio derivative on treatment with absolute alcohol and 
n-butyl bromide forms ethyl-n-butyl acetoacetate as follows: 

CH,C(ONa):CHCOOC,H5 + C4H.Br -► CH3COCH(C4H.)COOC,H5 + NaBr 

On heating the ethyl-n-butyl acetoacetate with alcoholic potash, there is 
obtained the potassium salts of acetic acid and n-butylacetic or caproic 
acid from which the free acid is produced by acidification: 

CH,COCH(C4H.)COOCjH5 + 2 KOH-> 

CHiCOOK + C4H.CH,C00K + CaH.OH 

When n-amyl alcohol became commercially available, the production of 
caproic acid by way of the acetoacetic ester method was abandoned in favor 
of the simpler method of converting the alcohol to the acid via the iodide 
and cyanide (nitrile) according to the method used by Lieben and co- 
workers®** to which reference has already been made. However, the method 
still retains its utility and merit as a laboratory method for the preparation 
of various types of long cliain aliphatic compounds, including all of the nor¬ 
mal aliphatic acids. 

The self-condensation of esters having hydrogen on the a-carbon atom 
may be effected readily to produce keto esters which in turn can be hydro¬ 
lyzed to form ketones. This self-condensation amounts to an acylation of 
the ester by another molecule of the same ester as indicated in the following 
equations: 

RCH,C00C2H. 4- HCHRCOOCjH.-► RCH.COCHRCOOCjH. + CjHfiOH 

R2CHCOOC2H6 + HCR2COOC2H6-► R2CHCOCR2COOC2H5 + C^HsOH 

In the case of some esters the condensation reaction is reversible and cer¬ 
tain jS-keto esters, especially those having one or two substituents on the 
a-carbon atom, are cleaved by alcoholic sodium hydroxide to form esters. 
For example, a-propionyl propionate is formed by the self-condensation of 
ethyl propionate in the presence of sodium ethoxide, but when treated with 
alcoholic sodium ethoxide it reverts to ethyl propionate. Thex^versibility 
of the reaction may be represented as follows: 

2RCHtCOOC,H, + NaOCjH* ;;==± RCH2C(ONa):C(R)C()OC,Hft -f 2CiH|OH 

McElvain^ avoided this back reaction in the case of the preparation of 
ethyl-a-propionyl propionate and ethyl-a-butyryl butyrate by periodic 
distillations of portions of the alkyl ester which had been used in consider¬ 
able excess at the start of the reaction. 

» S. M. MoElvain, Am. Chm. 80c,, 51,3124-3130 (1929). 
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The self-condensation of the acetoacetic ester type has been used to pre¬ 
pare a fairly extensive series of aliphatic /5-keto esters of the type RCH2CO- 
CH(R)C00C2H5. Briese and McElvain^® prepared the /3-keto esters of all 
of the aliphatic acids from n-valeric to myristic by the forced self-conden- 

Table 141 

CONDITIONS AND TIME REQUIRED FOR FORMATION OF /S-KETO ESTERS* 

Ethyl ester 
used 

Reaction 
temperature, 

oc.. 

Reaction 
pressure, 

mm. 

Time for 
comple¬ 

tion, hrs. 

Keto ester 

Yield, 
% 

B.p.»““- or 
m.p. in ®C. 

Valerate 89-90 120-130 7-8 77 109-110 
Gaproate 90-95 75-80 7-8 80 132-133 
Heptanoate 90-95 60-65 7 78 147-148 
Gaprylate 90-95 20-25 5 84 173-175 
Nonanoate 100-105 15-20 4-5 74 195-200 
Caprate 105-110 15-1^ 4 74 220-225 
Laurate 120-125 15-20 4 79 28-29 (m.p.) 
Myristate 125-130 

1_ 
15-20 4 

1_ 84 37-38 (m.p.) 

® R. R. Briese and S. M. McElvain, /. Am. Chem. <Soc., 55, 1697-1700 (1933). 

sation of the corresponding ethyl esters in the presence of sodium ethoxide. 
The yields and boiling or melting points of these /3-keto esters are shown in 
Table 141 above. 

Each of the keto esters shown in Table 141 was converted by hydrolysis 
to the corresponding ketone by refluxing the ester for three or four hours 
with a 5% solution of potassium hydroxide in 90% alcohol. In the cases of 
valerone and caprone, the alcohol was removed by distillation and the 

Table 142 

PROPERTIES AND YIELD OP KETONES OBTAINED BY HYDROLYSIS 

OF THE CORRESPONDING KETO ESTERS* 

Ketone Melting point. Yield, 
% Ketone Melting point. Yield, 

% 

Valerone 6 72 Nonanone 52-53 93 
Caprone 14-15 81 Capraone 58-59 95 
Heptanone 30-31 82 Laurone 68-69 98 
Caprylone 41-42 93 Myristone 78-79 97 

® R, R. Briese and S. M. McElvain, J. Am. Chem. Soc., 55, 1697-1700 (1933). 
* B.p. 88 ®C. at 22 mm. Hg, 

residue diluted with water. The higher ketones crystallized from the re¬ 
action mixture on cooling. The hydrolysis proceeds smoothly and readily 
to give the ketones in good yield. The properties and yields of the ketones 
prepared by hydrolysis of the keto esters in Table 141 are shown in Table 

142 above. 

R. R. Briese and S. M. McElvain, /. Am. Chem. Soc.^ 55, 1697-1700 (1933). See 
S. M, McElvain, Md., 51, 3124-3130 (1929); A. C. Cope and S. M. McElvain, ibid., 
54, 4339-4325 (1932), 
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4. Robinson-Robinson Synthesis 

The Robinson and Robinson synthesis, developed originally for the 
preparation of the higher aliphatic keto acids, has in the course of its various 
modifications become of first importance as a means of obtaining many of 
the long chain aliphatic acids. As originally applied, it represented a modi¬ 
fication of the malonic ester synthe.sis and later of the acetoacetic ester 
synthesis. The value and success of the method depends on the observa¬ 
tion by Robinson and Robinson that, when two acyl groups occur in a long 
chain acylacetic ester, a stepwise hydrolysis can be carried out in such a 
manner that the stronger acid is preferentially removed. 

It was known that oleic acid could be prepared from 10-ketostearic acid 
by its reduction to hydroxystearic acid followed by conversion to iodo- 
stearic acid and dehalogenation with caustic potash, hence a means of pro¬ 
ducing keto acids for conversion to the corresponding unsaturated acids 
was desired. The synthesis developed by the Robinsons made it possible 
to prepare any keto acid of the formula R(CH2),„CO(CH2)«COOH. It 
was found that this synthesis could also be accomplished by the conden¬ 
sation of ethyl sodio-n-alkyl malonate and a carbethoxy alkyl chloride, or 
preferably by the use of ethyl sodio-2-acetyl alkylate and a carbethoxy 
alkyl chloride. 

When ethyl sodio-2-acetyl nonanoate and 9-carbethoxynonanoyl chloride 
were brought into reaction in ethereal solution, the ester, CH3(CH2)6*CAc- 
(COOEt)CO(CH2)8COOEt, was produced. When cautiously hydrolyzed, 
first with cold dilute alkali, then with boiling dilute sulfuric acid, and finally 
with boiling aqueous sodium hydroxide, the sparingly soluble, crystalline 
sodium salt of 10-ketostearic acid was obtained, and this was converted by 
the methods given above to oleic acid unaccompanied by either elaidic or 
stearic acid. 

6-Ketostearic and 4-ketopalmitic acids were synthesized by the same 
method, using ethyl sodio-2-acetyl n-tridecanoate and 5-carbethoxyvaleroyl 
chloride in the first case and ethyl sodio-2-acetyl n-tridecanoate and 3-car- 
bomethoxypropionoyl chloride in the second case. 

The method described above, although successful, gave only moderately 
satisfactory yields because a varying but always considerable amount of 
dibasic acid, COOH(CH2)«COOH, was formed in the course of the syn¬ 
thesis. The method was improved by G. M. Robinson^® by using as starting 
materials ethyl acetoacetate and the co-bromo ester, Br(CH2)nCOOEt. The 
keto acid obtained on hydrolysis of the reaction product was subsequently 
reduced to the normal acid by the Clemmensen^® method. The improved 

G. M. Robinson and R. Robinson, J, Chem, 5oc., 127,176-180 (1925); 1926, 2204- 
2209: Ann. Repts. Progress Ckem.f 22, 80 (1926). 

« G. M. Robinson, J. Chem. Soc., 1930, 745-751. 
« E. aemmensen, Ber., 46,1837-1843 (1913); 47, 61-63,681-687 (1914). 899 H. R. 

1*9 8u9ur and J. C, Withers, J. Chem. Soc.. 107,736-739 (1915), 
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synthesis may be illustrated by the following equations: 

(1) CHsCOCHNaCOOEt + Br(CH,),oCOOEt - 

Na 
(e) CH3CX)CH(COOEt) (CHJ ioCX)OEt - 

CHi(CH*)nCOCl 

(S) CH3(CH,)nCOC.(COOEt)(CO.CH,)(CH,)ioCOOEt-> 

CH,(CH2)nCOCH*(CH2)ioCOOH 

Ethyl a-acetyl brassylate (2) is obtained in good yield from the readily 
available 11-bromoundecanoic ester. The complex (3) resulting from the 
condensation of the sodio derivative of (3) with an acid chloride, when sub¬ 
mitted to a graded hydrolysis, yields the desired long chain keto acid 
accompanied by varying amounts of 13-ketotetradecanoic acid. These 
higher keto acids are readily reduced by the Clemmensen method, and 
thereby twelve carbon atoms are added at a time to the original acid. 

By means of this method, stearic acid yields n-triacontanoic acid^° and 
undecanoic and lauric acids 3deld tricosanoic and tetracosanoic acids, 
respectively.^^ Starting with behenoyl chloride, Francis et syn¬ 
thesized tetratriacontanoic acid and then hexatetracontanoic acid 
(C46H92O2) by the Robinson-Robinson method. A somewhat similar 
method was used by Perkins and Cruz^® for synthesizing di-chaulmoogric 
acid. In this case, acetoacetic ester was condensed with oj-cyanoun- 
decanoyl chloride and then with A®-®-chlorocyclopentene and the resulting 
ketochaulmoogric acid was reduced with hydrazine and sodium ethylate to 
dZ-chaulmoogric acid. 

The compilation in Table 143 of the keto, normal, and unsaturated acids 
prepared by means of the original and modified Robinson-Robinson 
syntheses testifies to the value and utility of these methods of obtaining a 
variety of long chain aliphatic acids and corresponding derivatives. All of 
the keto acids listed in this table can be reduced to the corresponding hy¬ 
droxy acids or oximated to produce the corresponding oximes. 

5. Arndt-Eistert Synthesis 

The Arndt-Eistert synthesis has been used in preparing the next higher 
homologs of the more readily available lower acids. It is applicable to both 
aliphatic and aromatic acids, but appears to have been used primarily for 
the synthesis of cycloalkyl, aromatic, and heterocyclic acids rather than for 
long chain normal aliphatic acids. The synthesis involves three steps, 
namely, the preparation of the acid chloride, formation of a diazo ketone, 

» G. M. Robinson, J. Chem^ Soc., 1934,1543-1545. 
^ It. Ashton, R. Robinson, and J. C. Smith, J. Chem. Soc.f 1936,283-285. 
” F. Francis, A. M. KiM, and J. A. V. Wiflis, /. Chem. Soc., 1937,999-1004. 

G. A. Perkins and A. 0. Cruz, J. Am. Chem. Soc., 49,1070-1077 (1927). 
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Table 143 

KBTO, SATURATED, AND UNSATURATBD ACIDS AND DER^ATIVES PREPARED 
BY THE ROBINSON-ROBINSON SYNTHESIS 

Number of 
C atoms Acid or derivative M.p.. ‘^C. 

Saturated keto acid or ester 
10 d-Benzoylpropionic 116 
13 10-Ketotridecanoic 63 
14 4-Ketomyristic 87 
16 Ethyl 13-ketomyristate 28-29 
16 4-Ketopalmitic 91-92 
16 5-Ketopalmitic 88 
16 7-Ketopalmitic 78 
16 8-Ketopalmitic 77-78 
16 4,13-Diketopalmitic 101 
IS 6-Ketostearic 87 
18 9-Ketostearic 83 
18 10-Ketostearic 83 (80.14)“ 
19 10-Ketononadecanoic 1 86^7 
21 13-Keto-l 5-phenylpentadecanoic 1 72-74 
21 
22 

15-Phenylpentadecanoic 
10“Ketobenenic 

60-61 
94 

23 Tricosanoic 78.86 (78.85)“ 
24 13-Ketotetraco8anoic i 95 
24 Tetracosanoic 84 (83.5)“ 
28 13-Keto-22-phenylbehenic 81 
28 22-Phenylbeheiiic 81 
30 Etlwl 22-phenylbehenate 

13-Keto-n-triacontanoic 
1 ^3 

30 104 
30 n-Triacontanoic 93.5-94 
32 Ethyl triacontanoate 70.5 
34 Tetratriacontanoic 98.2 
42 13-Keto-r^<iotetracontanoic 110 
46 Hexatetracontanoic 107.1 

Unsaturated acids 
14 4-Keto- A^*-tetradecenoic 79.5 
18 Oleic 13«, 16* 
18 di-X-Ketochaulmoogric 76 
18 di-Chaulmoogric 68.5 
21 <rans-4-Keto- A‘*-heneicosenoic 82.5 

Lactones i 
14 
14 

y-n-Decylbutyrolactone 
7- A®-Decenylbutyrolactone 

[ 30-31 
26-27 

16 5-Undecylvaleroiactone 29.5-30 
21 7- A*-Heptadeceny Ibutyrolactone 42 

Unclassified 
16 8-Ketopalmito amide 58 
30 f»r.Triacontanol 86.5 
30 t»-Triacontanyl iodide 68.5 
32 n^Triacontanyl acetate 69 

■ Freezing points. 

and rearrangement of the ketone with loss of nitrogen. The sjmthesiB 
which is described in detail by Bachmann and Struve*^ may be illustrated 

** W. E. Bachmann and W. S. Struve, in Organic ReaeUom. R. Adams, ed 
Vol. I, WUey, New York, 1942, pp. 88-62. 
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as follows: 
(/) RCX)OH 4- SOCl,-► RCOCl + HCl + SO, 

(e) RCOCl 4- 2 CH,N,-► RCOCHN, 4- CH,C1 4- N, 

{S) BCOCHN, + HOH » RCHiCOOH + N, 

The acid chloride is prepared by treatment of the acid with SOCb or 
other halogenating agent which is then converted to the diazo ketone by 
treatment with diazomethane, thus introducing an additional carbon atom 
in the molecule. Rearrangement of the ketone to the acid with loss of 
nitrogen occurs when the ketone is treated with water in the presence of 
colloidal silver or other catalyst. 

6. Synthesis of Fatty Acids from Aldehydes and Aldehyde Esters 

When the aldehyde is available the corresponding fatty acid may be 
obtained by simple oxidation. In many cases the aldehyde is less readily 
available than the corresponding acid, consequently only the lower members 
of the aliphatic acids have, as a general rule, been prepared by direct oxi¬ 
dation of an aldehyde or by aldol condensation followed by oxidation. For 
example, it is possible by condensation of acetaldehyde to produce croton- 
aldehyde, CHsCHrCHCHO. Crotonaldehyde can be reduced by zinc- 
copper couple to normal butyl alcohol which on oxidation produces butyric 
acid. 

Kuhn, Grundmann, and Trischmann®* demonstrated the fact that cro¬ 
tonaldehyde solutions underwent condensation in the presence of piperi¬ 
dine acetate to form: octatrienal, CH8(CH;CH)3CH0; dodecapentaenal, 
CHaCCH: CHCH0)6; and hexadecaheptaenal, CHsCCH: CH)7CHO. Since 
the last-mentioned polyene aldehyde contains sixteen carbon atoms it can 
be reduced to cetyl alcohol and the alcohol can be oxidized to palmitic acid. 
On the other hand, the malonic acid condensation product of hexadecahep¬ 
taenal can be hydrogenated and distilled to produce stearic acid. 

Fischer, Hultzsch, and Flaig^ showed that dodecapentaenal, which con¬ 
tains twelve carbon atoms, can be reduced to lauraldehyde from which 
lauric acid is obtained by oxidation. The malonic acid condensation prod¬ 
uct of dodecapentaenal gives tetradecahexaenoic acid, CH8(CH:CH)6- 
COOH which can be reduced to give myristic acid. 

NoUer and Adams^ have described a method for the preparation of both 
normal and hydroxy saturated fatty acids from aldehyde esters. The al¬ 
dehyde esters are obtained by the ozonolysis of naturally occurring unsatu- 
ratfed acids by the method which has been described previously. 

The synthesis of the saturated acids may be illustrated by the formation 

“ R. Kuhn, C. Grundmann, and H. Trischmann, Z, phyM, Chem.^ 248, IV~V (i937). 
*• P. G. Fischer, K. Hultzsch, and W. Flaig, Her., 70,370-375 (1937). 
» a R. NoUer with R. Adams, /. Am. Cfum. Soc., 48,1074-1080 (1926). 



540 XX. IN VITRO SYNTHESIS OF FATTY ACIDS 

of tridecanoic acid from 8-aldomethyl octoate. n-Butylmagnesium bro¬ 
mide is condensed with 8-aldomethyI octoate to give 9-hydroxymethyl tri- 
decanoate which is then treated with phosphorus tribromide to give the 
corresponding bromo ester. The bromo ester is heated with alcoholic pot¬ 
ash to give a mixture of olefinic acids which are reduced in alcohol solution 
with platinum oxide-platinum black and hydrogen to tridecanoic acid. 
The various reactions may be illustrated as follows: 

C4H,MgBr + CH0(CH,)7C00CH,-» C.H,CHOH(CH,),COOCH, 

KOH Hi 
C4H9CHBr(CH2)7COOCH, -► olefinic acids -> CHs(CH2)iiCOOH 

7. Synthesis of Fatty Acids from Hydrocarbons 

Large scale production of fatty acids by air oxidation of paraffins was de¬ 
veloped in Germany during World War II and during the same period a 
method was developed for their production from olefins. Commercial pro¬ 
duction of fatty acids by the latter process was not achieved by the time 
hostilities ceased, although a plant with an estimated capacity of 10,000 
tons annually of synthetic alcohols was erected and would have been in 
operation in a short time. 

(a) Synthesis from Paraffins 

The first-mentioned process, namely air oxidation of paraffins in the 
presence of permanganate catalysts, was operated on a large scale throughout 
the war, although there is some doubt that the claimed productions of 
60,000 tons of fatty acids in 1940 and 100,000 tons in 1944 were actually 
achieved. The four plants, located at Magdeburg, Witten, Heydebreck, 
and Ludwigschafen-Oppau in Germany, probably had a combined maxi¬ 
mum capacity of approximately 100,000 toils of fatty acids of various types 
and qualities. 

Any saturated paraffin fraction of the appropriate molecular weight can 
be used in the air-oxidation process. These paraffin or Gatsch fractions 
having a mean molecular weight of 280-290 may be obtained by hydrogena¬ 
tion of coal or by the Fischer-Tropsch synthesis. Generally, only the fatty 
acids derived from oxidation of the Fischer-Tropsch Gatsch fraction, so- 
called Fischer Gatsch^ has been used for the production of edible fats, but 
consumption has not exceeded five per cent of the production of fatty acids 
from this source. The remainder of the production has been used priikarily 
in the manufacture of soaps. \ 

Production of Paraffin Intermediates.—The Fischer-Tropsch process 
for the synthesis of hydrocarbons from water gas has developed "gradually 
over a period of more than a quarter of a century. This development can 
be followed through a long series of articles published in Brennstoff Chemie 
from about 1923 on. 
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The Fischer-Tropsch process consists essentially of the reaction of carbon 
monoxide and hydrogen to form primarily straight chain hydrocarbons. 
About 1923, the process was operated by Badische Aniline Fabrik, using an 
iron catalyst and high pressure which resulted in the formation of a large 
amount of oxidized products. The iron catalyst was activated with po¬ 
tassium hydroxide and the reaction carried out at about 100 atmospheres 
pressure. This process is no longer used anywhere in Germany. New forms 
of iron catalysts, lower pressures, ranging from one to fifteen atmospheres, 
and temperatures about 230°C. are still used and under these conditions 
primarily saturated and unsaturated aliphatic hydrocarbons are produced. 
The newer Fischer-Tropsch process employs a cobalt-thoria-magnesia 
catalyst to hydrogenate carbon monoxide primarily to saturated paraffins. 
When the ratio of carbon monoxide to hydrogen is 1:1.2 (z.e., water gas ra¬ 
tio) the reaction product consists of a mixture of saturated and olefinic 
hydrocarbons with less than 0.25% of oxidized products. 

When the ratio of carbon monoxide to hydrogen is 1:2, only saturated 
hydrocarbons are produced or saturated hydrocarbons with a very low 
percentage of olefinic hydrocarbons. In 1938, the reaction was carried out 
at substantially atmospheric pressure and a temperature of 195--205°C. 
Another type of hydrogenation known as ‘‘middle pressurehydrogenation 
conducted at about ten atmospheres pressure was operated extensively in 
the 1940^s. The products of the normal Hscher-Tropsch process consist of 
saturated hydrocarbons ranging from methane to hydrocarbons of about 
1000 molecular weight and melting point of 136®C. 

The reaction is explained as being the result of formation of carbides^^® 
at the points of activation on the surface of the catalyst. The carbides are 
linearly oriented and are hydrogenated to form straight chain compounds. 
The reaction and eatalyst are very sensitive to changes in temperature and 
pressure. Increase in either of these factors first results in the formation of 
olefins and ultimately in oxidation products. 

The mixture of hydrocarbons formed in the Fischer-Tropsch process are 
separated into five main fractions on leaving the reaction chamber. These 
fractions comprise: (1) the condensible gas fraction, principally propane 
and butane; (2) the gasoline fraction, pentane to octane, maximum boiling 
point of 160®C.; (8) Diesel oil fraction, b.p. 220-350°G., (4) Gatsch 
fraction, b.p. 320-450°C.; and (5) the solid paraffin wax fraction. These 
fractions are separated by an arrangement of air and indirect water con¬ 
densers, wash oil and charcoal scrubbers, and other devices. A very high 
melting wax (m.p. about 136°C,) remains adsorbed on the catalyst and 
results in its ultimate inactivation. 

The higher paraffins comprise from 10% to 50% of the polymerized water 

E. F. G. Herington, Chemistry & Industry^ 1M6, 346-347. 
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gas depending on the manner of operation. Any of the paraffin fractions 
may be refractionated to produce fractions of the most desirable composi¬ 
tion for specific applications and the higher fractions may be cracked to 
form olefins and lower molecular weight paraffins. 

Oxidation of Fischer Gatsch Paraffins to Fatty Acids,—As previously 
stated, paraffin fractions of appropriate molecular weight from any 
source may be employed in the air-oxidation method of producing fatty 
acids but for use in edible fats only the Gatsch fraction from the Fischer- 
Tropsch process^ can be used, as the nature of the raw material has a 
marked influence on the process and products of air oxidation.** For soap¬ 
making purposes, the most desirable fraction contains hydrocarbons vary¬ 
ing from CigHss to C28H6g with an average molecular weight of 284. 

Experimental production of synthetic fatty acids by oxidation of paraffin 
hydrocarbons began about 1936 and reached full commercial production in 
1939. The process has been described by Wittka,*®“** Mannes,” Ohme,** 
Imhausen,*® and others and is covered by numerous patents.*® 

The actual oxidation step is relatively simple and consists essentially of 
contacting air and paraffin in the presence of a suitable catalyst, generally 
KMn04 or a manganese soap such as manganese stearate. Although the 
exact mechanism by which oxidation occurs is unknown it is believed that 
0 adds at various positions along the C chain to form hydroperoxides: 

RCHjCHjCHjR 4* 0, --► RCHaCHCH,R 

ioH 
These hydroperoxides, being unstable, are converted successively to alco¬ 
hols, aldehydes, and fatty acids presumably as follows: 

RCHiCHCHJl 

(!>0H 

H 

• •RCHjd^-O ̂ H,R RCHjCHO + RCHiOH 

“ F. Fischer and H. Pichler, Ber., 72, 327-330 (1939). 
» K. Blass, FeUe u. Seifen, 51, 221-223 (1944). 
^ F. Wittka, Oev^nnung der hoheren Feiiaduren durch Oxydaticn der Kohlenwaaseratoffe, 

ifiaith XiCipzig 1940 
»* l'. Wittka, Soap, 16, No. 8, 28-32, 73; No. 9, 34-37, 73 (1940). See G. Wietsel, 

Fette u. Seifen, 46, 21-25 (1939); M. Aschenbrenner, ibid., 46, 26-29 (1939); also F. 
Rofendahl, Seifeneieder^Ztg,, 17, 68-70 (1944). 

*• F. Wittka, Seifenaieder-Ztg,, 70, 60-51, 6^9 (1943). 
•• L. Mannes, Z)w Chemie, 57, ^11 (1944). 

W. Ohme, Oel u. Kohle, 40, No. 5/6, 87-89 (1944). 
» A. Imhaiisen, Chem.-Ztg., 62, 213-215 (1938); KoUmdrZ., 85, 234-246 (1938). 
^ Henkel A Cie G.m.b.H., French Pat. 832,546 (Sept. 28, 1938), 833,064 (Oct* 11, 

1938); M&rkischen Seifen-Industrie, French Pat. 818,796 (Oct. 4, 1937), German Pat. 
722,591 (May 28, 1942); E. Keunecke (to I. G. Farbenindustrie A.-G.), U. S. Pat. 
2,095,473 (Oct. 12,1937), Gennan Pat. 626,787 (March 10,1936); I. G. Far^nindustrie 
A.-G., British Pat. 478,317 (Jan. 14, 1938); H. Pardun (to Noblee A ThOrl G.m.b.H., 
German Pat. 723,528 (June 18,1942). 
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2 RCHjCHO + O,-► 2 RCH,CX)OH 

Apparently other reactions also occur and the final reaction product con¬ 
sists of a complex mixture of unreacted paraffins, aldehydes, alcohols, ke¬ 
tones, fatty acids, hydroxy acids, esters, and other products. By separating 
and recycling the unreacted paraffins, about 80% of the original paraffin is 
ultimately recovered as fatty acids. The composition of the recovered 
fatty acids apparently varies considerably with the conditions of oxidation 
and subsequent fractionation. On a commercial scale four major fractions 
are generally produced which are claimed to be essentially as follows: 
C4 to Cio, 12%; C9 to C20, 65%; C20 to C28, 14%; residue, C28 and above, 
9%. Somewhat different values have been reported by Wittka*^ as indi¬ 
cated by the data in Table 144 for a carefully fractionated sample of original 
mixed fatty acids. 

Table 144 

COMPOSITION OP FISCHER GATSCH PARAFFIN FRACTION AND DERIVED 

FATTY ACIDS" 

Paraffin fraction Derived fatty acids 

Number of 
Per cent 

Number of 
Per cent 

Number of 
Per cent carbon atoms carbon atoms carbon atoms 

19-22 27.4 7 7.25 14 8.75 
22-26 31.0 8 4.25 ! 15 9.00 
25-27 23.7 9 5.70 16 6.70 
27-28 11.7 10 7.40 17 i 6.25 
Over 28 1.7 11 6.20 18 4.25 

12 7.65 Over 18 18.20 
... 13 8.30 

• F. Wittka, Soap, 16, No. 8, 28-32, 73; No. 9, 34-37, 73 (1940). 

Plant Process.—In actual practice, oxidation of the Fischer Gatsch 
fraction (b.p. 320-450°C.) is carried out as follows. The hot raw material is 
first centrifuged to remove any foreign solids after which it is charged into 
the oxidation towers. These are cylindrical vessels of ten to twelve tons' 
capacity made of aluminum, 1.8 to 2.3 meters in diameter and 10 meters 
high. The converter contains a mushroom-shaped false bottom perforated 
with about 1000 holes, one-sixteenth of an inch in diameter. The bottom of 
the converter contains an aluminum heating coil and about midway to the 
top, a cooling coil of the same material. The top of the converter is con¬ 
nected by means of a large vapor duct to a surface and then to a baromet¬ 
ric condenser. 

The catalyst, generally a 0.2% solution of potassium permanganate in 
water is prepared in SOO-gallon tanks equipped with stirrers. In one varia¬ 
tion of the oxidation process the paraffins may first be activated by mixing 
them with powdered potassium permanganate and heating to 150^0. for ten 
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minutes. Where this step is omitted^ the potassium permanganate solution 
is charged to the converter containing the paraffin and the mixture is heated 
to 110®C. to drive off the moisture. Air is then blown through the charge 
at the rate of about fifty cubic meters per hour per ton of charge. Since the 
reaction is exothermic, liberating approximately 500 calories per kilogram 
of paraflBn, the charge must be cooled in order to maintain the preferred 
temperature of approximately 105®C. The aeration is continued for twenty 
hours after which time the reaction product will contain 33% to 35% of free 
fatty acids. By recycling the unreacted paraffin, the final over-all yield of 
fatty acids is about 80%. 

Separation of the Fatty Acids.—The oxidate is washed with hot water 
to remove the water-soluble acids and catalyst, after which the residue is 
saponified at a temperature of lOO^C. using direct steam. After standing 
about ten hours, the product separates into two layers consisting of about 
two-thirds soap and emulsified unsaponifiable materials and one-third un¬ 
reacted paraflSns. The latter are recycled to the converter. The other 
fraction is pumped continuously through an autoclave heated under pres¬ 
sure to 180°C. to break the emulsion and then to continuous separators. 
About one-third of the separated product at this stage is unreacted paraffin 
which is also returned to the converter. 

The remaining oxidate is further freed of unsaponifiable matter by flash 
distillation. This is accomplished by heating the mixture under pressure 
to 320~380®C. in a gas-fired pipe still, adding steam and flashing into a baf¬ 
fled dephlegmating chamber at atmospheric pressure. The paraffin vapors 
pass to a condenser and are recycled to the converter. The soaps settle 
to the bottom of the chamber and are removed by means of a screw con¬ 
veyor to solution tanks where they are dissolved in water and then acidu¬ 
lated. The separation of the unsaponifiable matter by solvent extraction 
described by Wittka,*^ Schrauth,*^ and others does not reduce the unsaponi¬ 
fiable matter below 4% compared to 1.2% by the flash distillation method. 

The fatty acids recovered after acidulation are distilled in a series of four 
stills to produce the fractions previously alluded to, or other similar frac¬ 
tions depending on the conditions of distillation. When operated for the 
production of fatty acids for soap making, the vapor temperatures of the 
four stills are, respectively, 150-160®, 240®, 280-290®, and 320®C. The 
vacuum is varied correspondingly. 

(6) Synthesis from Olefins 

Fatty acids may be produced by synthesis from olefinic as well as paraf¬ 
finic hydrocarbons. A process known as the Oxo process was developed in 

W, Schrauth, Chem,-Ztg.^ 63, 274-278, 303-306 (1939); AUgem, OeU u, FeU^Ztg,, 36, 
413-419 (1939). 
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Germany for the production of fatty alcohols and acids from olefins and was 
operated on a pilot-plant scale (three tons per day) for several years, follow¬ 
ing wliich a plant of ten thousand tons annual capacity was erected. 
The plant was practically complete and ready for operation when hostilities 
ceased. 

Production of Olefin Intermediates.^—The net^essary olefins may be 
produced either by cracking heavier paraffin fractions derived from the nor¬ 
mal Fischer-Tropsch synthesis or by operating the Fischer-Tropsch process 
so as to produce a high ratio of olefins to paraffins. The Fischer-Tropsch 
process is normally operated to produce principally paraffinic hydrocar¬ 
bons corresponding in composition to the five fractions previously men¬ 
tioned—gas, gasoline, Diesel oil, Gatsch, and paraffin wax. The last-men¬ 
tioned fraction is generally refractionatcd to produce a series of waxes for 
special uses. The fraction melting below 40°C. is added to the Gatsch 
fraction, thus producing a fraction containing paraffin hydrocarbons vary¬ 
ing in composition from C20 to C40. 

In the Oxo process, this fraction (C20 to C40) is cracked in a Dubbs crack¬ 
ing still at 400° to 450°C. to produce a mixture of 40% to 50% of olefins 
and the remainder, short chain saturated paraffins. Other paraffinic frac¬ 
tions, e.g.f the Diesel oil fraction, may also be cracked to produce olefins for 
use in producing short chain alcohols. However, the process is preferably 
operated to produce olefins having a chain length of Cn to Cn which are 
most desirable for producing alcohols for sulfonation. 

The required olefins may however be produced directly from water gas 
by a modification of the Fischer-Tropsch process, thus avoiding the losses 
as well as the costs accompanying the cracking operation when paraffins are 
used. In the modified or cyclic Fischer-Tropsch process, water gas having 
a carbon monoxide to hydrogen ratio of 1.0 to 1.2-1.5 is continuously re¬ 
acted and the products of reaction removed. The residual water gas is en¬ 
riched with carbon monoxide to produce a ratio of carbon monoxide to 
hydrogen of 1.0 to 0.8 and further reacted in the same manner but with 
the formation of a higher ratio of olefins to paraffins. When operated in 
this manner the Fischer-Tropsch process produces about 50% of the de¬ 
sired olefins and renders unnecessary the cracking operation required with 

paraffins. 
Conversion of Olefins to Alcohols and Acids.—Regardless of the 

source of the olefins, the subsequent steps in the synthesis are the same. 
The olefins are further reacted with water gas in the presence of the Fischer- 
Tropsch catalyst which results in the introduction of carbon monoxide at 
the double bond to form an unstable cyclic ketone which is subsequently 
reduced by the hydrogen to the corresponding aldehyde. The mixed alde¬ 
hydes thus formed may then be further reduced to the corresponding alco¬ 
hols or oxidized to acids. The reactions may be represented as follows: 



546 XX. IN VITRO SYNTHESIS OF FATTY ACIDS 

—HC=CH~ -f CO —HC-CH— 

A 
—HO-CH2-- 

HC=-0 

Hi -> 

Hi 

O* 

—HC—CHa— 

H,(i!OH 

—HC—CHr- 

COOH 

As illustrated in the accompanying equations, only primary alcohols are 
formed on reduction of the cyclic ketone, but since the double bond in the 
original olefin may be located anywhere along the hydrocarbon chain the 
final hydrogenation product will consist of a mixture of normal and iso al¬ 
cohols. 

The reaction between the olefins and water gas to produce aldehydes oc¬ 
curs in the presence of the same catalyst—90% cobalt, 7% thoria, and 3% 
magnesia deposited as carbonates on kieselguhr—as is employed in the origi¬ 
nal synthesis of the hydrocarbons. The subsequent reduction of the alde¬ 
hydes to alcohols is carried out in the presence of Raney nickel catalyst. 
When it is desired to produce acids instead of alcohols the aldehydes are 
oxidized in the presence of sodium carbonate. 

The Cii to Ci7 fractions of olefins derived either from cracked paraffins or 
by direct synthesis from water gas are reacted in vertical converters con¬ 
sisting of cylinders 400 mm. in diameter and 12 meters high. For purposes 
of heating and especially cooling the charge, since the reaction is highly 
exothermic, each converter is provided with a bundle of 30 tubes, 30 mm. 
I.D, and 38 mm. O.D., which extend three-fourths of the distance from the 
bottom of the chamber. Each converter is also provided with a reflux 
condenser to return any hydrocarbon or aldehyde which may be carried out 
by the gas. 

A suspension of catalyst and liquid olefins, or of catalyst and Diesel oil 
if the reaction is to be carried out with gaseous olefins, is made by agitation 
in a mixing vessel and then pumped to a high pressure measuring tank from 
which it is charged to the converter to a depth of about three-fourths of its 
height or 720-840 liters, approximately 500-600 kg. of product. 

Water gas, freed of impurities and especially of organic and inorganic 
sulfur to which the catalyst is extremely sensitive, is compressed to 200-300 
atmospheres in a four-stage system of compressors and then reduced to 150 
atmospheres at which pressure it is introduced into the bottom of the con¬ 
verter containing the reacting mass preheated to 150®C. The water gas is 
supplied for twenty to thirty minutes and the temperature maintained at 
150-180®C. The relative amounts of aldehydes and ketones formed are 
primarily a function of the temperature of operation. The higher tempera- 
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ture, although favoring aldehyde production, reduces the final yield of 
these products owing to subsequent polymerization of aldehydes which is 
also favored by high temperature. For example, when operating with ethyl¬ 
ene, temperatures as low as 85°C. can be used and under optimum condi¬ 
tions the reaction product is composed of 70% of propionaldehyde and 30% 
of diethyl ketone by weight. 

The water gas, which originally has a composition corresponding to car¬ 
bon dioxide and inserts 13%, carbon monoxide 38-39%, hydrogen 48-49%, 
is recycled through the converter after addition of fresh gas, usually in the 
ratio of 200 cubic meters per hour of exhaust gas and 40-50 cubic meters per 
hour of fresh gas. The final residual gas is exhausted and burned when the 
concentration of inert gjises reaches approximately 30% and carbon mon¬ 
oxide and hydrogen, 15% to 20% and 40% to 50%, respectively. The cata¬ 
lyst may be reused 50 to 100 times depending on the type of olefins with 
which it is employed. 

Since it is not possible to separate the various aldehydes and unreacted 
olefins by distillation because of the tendency for aldehydes to undergo 
polymerization under th(\sc conditions, the catalyst is removed and the 
reaction product is hydrogenated in the presence of Raney nickel catalyst 
to convert the aldehydes to alcohols and residual olefins to paraffins. The 
product from the second stage of the reaction is then fractionally distilled to 
separate the alcohols and paraffin hydrocarbons. The higher alcohols are 
subsequently sulfonated for the production of various detergent products 
and the paraffins are either used as such or returned to the Fischer-Tropsch 
plant. 

8, Synthesis of Hydroxy and Kelo Acids 

(a) Synthesis of a-Hydroxy Acids 

The a-hydroxy acids, RCHOHCOOH, may be prepared from aldehydes 
by way of the corresponding cyanohydrin, thus, a-hydroxybutyric acid 
may be produced from propionaldehyde by reaction of the latter with an¬ 
hydrous liquid hydrogen cyanide and a basic catalyst, or preferably by re¬ 
action with sodium cyanide and sulfuric acid, to form propioncyanohydrin 
which on hydrolysis gives the desired hydroxy acid. 

a-Hydroxy acids may also be produced by reacting aldehydes with sodium 
bisulfite and treating the bisulfite addition compound with sodium cyanide 
to form a cyanohydrin which can be hydrolyzed to the corresponding acid. 
The reaction may be illustrated as follows: 

ECHO —RCH(OH)80,Na > RCH(OH)CN —RCH(OH)COOH 

The reaction is especially valuable in preparing a-bydroxy acids containing 
an aromatic ring, e. g., mandelic acid. 
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or-Hydroxy acids are readily produced by reacting aliphatic acids with 
bromine and red phosphorus. When the free acid is used, the a-bromoacyl 
bromide is produced and is converted to the a-bromo acid by hydrolysis 
with water. Mendel and Coops^® found that the long chain a-hydroxy 
acids could be readily prepared by reacting fatty acids, e. g., palmitic acid, 
with bromine and red phasphorus at 80°C. for eight to ten hours to produce 
the a-bromo acid, esterifying the latter with methanol to form the a-bromo 
ester, acetylating with sodium acetate, and finally, by methanolysis, con¬ 
verting the acetyl methyl ester to the a-hydroxy ester from which the free 
acid is obtained by saponification in methanol solution. 

(ft) Synthesis of fi-Hydroxy Acids 

/S-Hydroxy acids, RCHOHCH2COOH, may likewise be prepared from the 
Qf-halogenated acids by means of the Reformatsky®® reaction. The reaction 
is especially selective and is widely applicable to the production of i^-hy- 
droxy acids and their dehydration products. The synthesis involves the re¬ 
action of an Qf-bromo ester with zinc in the presence of an aldehyde or ke¬ 
tone. The action is presumed to proceed by way of an organozinc com¬ 
pound as illustrated in the following equations using butyraldehyde and a- 
bromoacetic ester to produce ethyl valerate: 

H H 

CH,CHjCHsi=0 + BrCHjCOOCjHs —CHaCHjCHjCCHjCOOCjH, 

(i)ZnBr 

> CH,(CH,)sCHOHCH,COOC,H5 

The Reformatsky reaction was applied by Adickes and Andresen*® with 
minor variations to improve the yield, to the synthesis of a series of /S- 
hydroxy acids ranging from i3-hydroxyvaleric to jS-hydroxylauric acid. Of 
this series (see Table 145), jS-hydroxyheptanoic, )S-hydroxycaprylic, 
hydroxyundecanoic, and jS-hydroxylauric had not previously been de¬ 
scribed in the literature, and jS-hydroxyvaleric, jS-hydroxycaproic, /8-hy- 
droxynonanoic, and /?-hydroxycapric had previously only been obtained 
as syrupy liquids. Of the /S-hydroxy acids included in Table 145 all but 
three were prepared by Adickes and Andresen. The Cm acid was prepared 
by Thaler and Geist,*^ the Cm by Robinet,^^ and the Cm by Levene and 
Haller. 

“ H. Mendel and J. Coops, Rec. trav. chim.^ 58,1133-1143 (1939). 
3«S. Reformatsky, Rer., 20, 1210-1211 (1887); 28, 2842-2847 (1895). See J. A. 

Nieuwland and S. F. Daly, /. Am, Chem. Soc.y 53,1842-1846 (1931). 
^ F. Adickes and G. Andresen, Ann. 555,41-56 (1943). 

H. Thaler and G. Geist, Biochem. Z., 302, 369-383 (1939). 
M. Robinet, Bull. boc. chim. Bdg.f 40, 710-725 (1931). 

« P. A. Levene and H. L. Haller, J. Biol. Chem., 76,415-422 (1928). 
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Table 145 

MELTING POINTS OF jS-HYDROXY AND a-KETO ACIDS 

Aliphatic 
chain 

/S-Hydroxy acid 
m.p., ®C. 

a-Keto acid 
m.p., ®C. 

Aliphatic 
chain 

/J-Hydroxy acid 
m.p., ®C. 

a-Keto acid 
m.p., ®C. 

c, Syrup 13.6 Cii 73-73.6 55 
c. 38 31-32 Ci2 70-70.5 56.5-57 
c. 43-44 6-7 c., 62-62.5 
c. 13 7-8 Ci4 72-73 63.8 
c. 40-41 29-30 C,5 68-68.5 
c. 38-38.5 32-33 c.. 83-8^5 69 
c, 
Cio 

60 
56-56.5 

43-44 
46-47 

Ci8 98 

(c) Synthesis of o)-Hydroxy Acids 

A series of acids has been prepared in which the hydroxyl group is in 
each case attached to the terminal or «-carbon atom. These acids are sym¬ 
metrical with respect to the relative positions of the hydroxyl and carboxyl 
groups which are attached to opposite ends of the hydrocarbon chains. 
This series is of interest not only because it is relatively complete, but also 
because several of the acids have been found to occur in nature, particularly 
in the waxes of several species of juniper in which they are found both free 
and in the form of esters. 

Table 146 

W-HYDROXY ACIDS PREPARED BY CHUTT AND HAUSSER® 

Acid Formula M.p., ®C. 
Corresponding 
w-bronio acid 

m.p., ®C. 

8-Hydroxycaprylic H0(CH2)7C00H 58 38.5-39 
9-HydroxyTionanoic H0(CH2)8C00H 51-51.5 36 

10-Hydroxy capric i H0(CH2)9C00H 75.5-76.5 42-42.5 
1 l-Hydroxyundecanoic HO(CH2)ioCOOH 70-70.5 51 
12-Hydroxylauric* HO(CH2)iiCOOH 84-85 52-52.2 
13-Hydroxy tridecanoic HO(CH2)i2COOH 79.5 59-59.2 
14-Hydroxy myristic HO(CH2)i3COOH 91-91.5 61.8-62 
15-Hydroxypentadecanoic* HO(CH2)i4COOH 84.8-85.2 65.2-65.5 
16-Hydroxypalmitic^ HO(CH2)i6COOH 95 70-70.5 
17-Hydroxymargaric HO(CH2)i«COOH 87.5-88 70.5-71 
18-Hydroxystearic HO(CH2)nCOOH 96.6-97.2 75.2-75.8 
19-Hydroxynonadecanoic HO(CH2)i8COOH 91-91.5 73-74 
20-Hydroxyarachidic H0(CH2),«C00H 97.4-97.8 77-78 
21-Hydroxyheneicosanoic HO(CH,)2oCOOH j 92.5-93 75-76 

“ P. Chuit and J. Hausser, Helv. Chim, Acta^ 12, 463-492 (1929), 
* Also reported from natural sources. 

Chuit and Hausser^^ prepared a series of w-hydroxy acids corresponding 
to the formula HO(CH2)nCOOH by six different methods, among which 

** P. Chuit and J. Hausser, Heh, Chim, Acta, 12, 463-492 (1929). See P. Chuit, F. 
Boelsing, J. Hausser, and G. Malet, ibid., 9,1074-1093 (1926). 
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may be mentioned the reduction of the monoesters of dibasic acids with so¬ 
dium and alcohol and the action of potassium cyanide or sodium malonic 
ester on the monobromohydrins of glycols and subsequent conversion to the 
hydroxy acids. The various acids of this series which have been prepared 
by Chuit and Hausser are given in Table 146. These investigators also 
prepared the methyl ethers, acetyl, and the w-bromo acids corresponding to 
each of the hydroxy acids and for each series presented melting point data 
as a function of the number of carbon atoms in the chain. 

(d) Synthesis of a-Keio Acids 

Two methods are available for the preparation of a-keto acids, RCO- 
COOH, one of which employs the chloride of the next lower fatty acid to 
produce a keto nitrile. The acid chloride is reacted with silver cyanide to 
produce the nitrile which is then hydrolyzed to the corresponding keto acid 
as indicated in the following equations: 

RCOCl + AgCN-> RCX)CN + AgCl 

RCOCN + H2O-> RCOCOOH 

The method is limited by the difficulty of saponifying the higher a-keto 
nitriles.'*^ 

The second method involves the use of the acetoacetic ester synthesis of 
the a-oxamic acid ester. This method is limited by the poor conversion of 
the oxamic ester to the keto ester. However, the related oxaloacetic ester 
S3mthesis applied by Adickes and Andresen^^ leads readily to the formation 
of a-keto esters. This synthesis is similar to the previously described ma¬ 
lonic ester and acetoacetic ester syntheses. Oxaloacetic ester, like aceto¬ 
acetic ester, reacts as an a-ketonic acid undergoing “acid” and “ketonic” 
hydrolysis. For the preparation of a-keto acids up to a-ketocapric acid,* 
the method is carried out in the following way. 

An alcohol-free suspension of sodium ethylate in ether (350 ml.) is pre¬ 
pared by reacting powdered metallic sodium (23 g.) with the calculated 
amount of absolute ethanol. To this solution there is added a solution of 
oxalodiethyl ester (87 g. or 0.5 mole). After two eight-hour periods of 
refluxing, the reaction mixture is poured into a mixture of ice and 50% sul¬ 
furic acid containing 60 g. of concentrated sulfuric acid. The ethereal solu¬ 
tion of the oxalo-fatty acid diethyl ester is concentrated to 200 ml. and 
shaken with a solution of potassium carbonate (1:4) until the ether fails 
to give a reaction with alcoholic ferric chloride. The collected potassium 
carbonate extracts are washed once with ether, acidified with 20% sulfuric 
acid, and the ethereal solution separated, dried, and distilled, the last 100 
ml. at 30®C. in vacuo. The crude a-oxalo fatty acid ester is diluted with 

W. Tschelinzeff and W. Schmidt, Bcr., 62,2210-2214 (1929). 
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water (1:4), two parts of concentrated hydrochloric acid added, and the 
mixture refluxed for six hours with rapid mechanical stirring to saponify 
and decarboxylate the ester. The solution is then neutralized with sodium 
hydroride and the recovered a-keto acid purified by crystallization of the 
barium or calcium salt. For acids higher than capric the method requires 
modification to increase the yield by addition of a catal3^t such as pyridine 
or piperidine. 

The melting points of the a-keto acids prepared by Adickes and Andre- 
sen^ together with several acids previously described by others are given 
in Table 145. All of the a-keto acids included in the table can be reduced 
to the corresponding a-hydroxy acids and in many instances this has been 
done. 

The preparation of keto acids of various structures by the malonic 
ester and acetoacetic ester s3mtheses and by the Robinson-Robinson modi¬ 
fications of these syntheses has already been discussed. Keto acids may 
also be prepared by the action of alkyl magnesium and alkyl zinc chlorides 
on the monoalkyl ester chlorides of the dibasic acids. For example, acetyl 
zinc chloride and ethyl sebacoyl chloride (9-carbethoxynonanoyl chloride) 
react to form lO-ketostearic acid as follows: 

CH3(CH2)7ZnCl 4- ClCO(CH2)8COOEt-► CH,(CH2)7CO(CH2)8COOEt -h ZnCh 

This reaction will be referred to in connection with the vsynthesis of branched 
chain acids. 

9. Synthesis of Alkyl- and Aryl-Substiluted Acids 

Both alkyl- and aryl-substituted aliphatic acids have been prepared syn¬ 
thetically and a number of the former have also been isolated from natural 
sources. Because of the need for branched chain acids of known constitu¬ 
tion for comparison with similar acids isolated from natural sources, several 
methods have been developed for this purpose. 

(a) AlkylrSuhstituted Adds 

Fordyce and Johnson^ prepared two series of branched chain aliphatic 
acids corresponding to the general formulas: 

CH»v C2H6. 
^H(CH2)«C00H and ^H(CH2)nCOOH 

CH,' 

by the action of isoalkyl magnesium halides on sebacoyl chloride, CIOC- 
(CH2)8C0C1, and 9-carbethoxynonanoyl chloride, C2H600C(CH2)8C0C1. 
Alkylation results in the formation of a branched chain keto acid which on 
reduction by the Clemmensen method gives the corresponding branched 

« C. R. Fordyce and J. R. Johnson, /. Am, Chem, Soc,^ 55,3368-^372 (1933). 
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chain or iso acid. Thus, isobutyl magnesium chloride and 9-carbethoxy- 
nonanoyl chloride react to give 12-methyHO-ketomyTistate which on re¬ 
duction and hydrolysis gives 12-methylm3Tistic (isomyristic) acid accord¬ 
ing to the following equations: 

CH, 

CH; 
'^HCHjMga + C10C(CH,),COOEt 

CH, 

CH, 

CH 

CH, 

OMgCl 

^HCHr-c')—(CH,),COOEt 

il 

'^HCHjCO(CH,),COOEt 

-MgCl. 

CH, 

H,o CH, 
')>CH(CH,). ,COOH 

In the course of preparation of the above-mentioned series of branched 
chain acids, the corresponding keto acids from Cu to Cw were prepared and 
reduced to the corresponding alkyl-substituted acids (Table 147). The 
method is a general one and is especially useful owing to the extensive series 
of dibasic acids which are available but the yields are disappointingly low. 

Table 147 

SUBSTITUTED ACIDS SYNTHESIZED BY THE GRIGNARD REACTION® 

Acid M.p., ®C. Yield, % 

lO-Ketoisomyristic (12-methyl-lO-ketotridecanoic) 64-55 43-47 
Isomyristic (12-methyltridecanoic) 50.5-51 60-65 
9-Ketoisomyristic 68.2-59.5 . • • 
10-Ketopalmitic 76-75.8 28 
10-Ketoisopalmitic (14-methyl-lO-ketopentadecanoic) 
Isopalmitic (14-methylpentadecanoic) 
10-Ketostearic 

68-69 
61.8-62.4 

24 
79 

82-82.8 12 
10-Ketoisostearic (16-methyl-lO-ketoheptadecanoic) 71.2-72 11 
Isostearic (16-methylheptadecanoic) 67.6-68.2 76 

® C. R. Fordyce and J. R. Johnson, J. Am. Chem. Soc.^ 55, 3368-3372 (1933). 

Spielman*^ applied a modification of the method of Fordyce and Johnson 
to the synthesis of dZ-lO-methylstearic acid, m.p. 2()-21°C., which was ac¬ 
complished as indicated in the following equations: 

CH3(CH2)7ZnCl -h ClCO(CH2)8COOEt-> CH,(CH2)7CO(CH,)gCOOH-► 

barium salt CH,(CH,),COH(CH0,COOH 

in, 
CH,{CH,)7C=CH(CH,),COOH CH,(CH,),CH(CH,),C<X)H 

in, (IlH, 

M. A. Spielman, J. Biol. Chetn. 106, 87-96 (1934). See S. F. Velick and J. Eng¬ 
lish, Jr., ibid., 160, 473-480 (1945). 
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The reaction of organometallic <3ompounds with the acid chlorides of the 
half esters of dibasic acids is particularly useful in synthesizing long chain 
aliphatic compounds containing side chains, and as has been shown by 
Cason, the alkyl cadmium compounds are particularly useful for this pur¬ 
pose. Cason^* prepared the ethyl ester of lO-keto-17-methyloctadecanoic 
acid by the reaction of diisononyl cadmium with w-carbethoxynonanoyl 
chloride which was then converted by the Clemmensen reduction and 
hydrolysis to 17-methyloctadecanoic acid, m.p. 67.3--67.8°C. 

(b) Aryl-Substitvied Acids 

Various syntheses of aryl-substituted aliphatic acids have been under¬ 
taken because of the value of these derivatives in physiological investiga¬ 
tions of the theory of /3-oxidation^® and tK^cause of their possible industrial 
value.®® 

Eijkman®^ investigated the reaction between the lower members of the 
unsaturated fatty acid series, benzene (also, in some cases, toluene), and 
anhydrous aluminum chloride for the production of phenyl-substituted 
saturated acids. It was found that when the double bond occupied the po¬ 
sition alpha to the carboxyl group, phenylation did not take place, which is 
in accord with the observation of Ponzio and Gastaldi®^ that similar acids 
containing a double bond at this position are relatively unreactive and add 
iodine from Hiibl, Wijs, or Hanus solutions extremely slowly and never 
quantitatively. 

When the double bond occupies a position farther removed from the car¬ 
boxyl group, phenylation occurred but all of the products were found to 
be uncrystallizable oils. Nicolet and deMilt,®® Schmidt,®^ and Fourneau®® 
observed that phenylation of oleic acids under the same conditions likewise 
led to the formation of viscous oils. The reaction is very rapid and is 
completed in five minutes or less when equimolar mixtures of oleic acid 
and aluminum chloride are used in the presence of a large excess of benzene. 

Hannon and Marvel®® prepared a number of phenyl-substituted ali¬ 
phatic acids from C? to Cw by methods which insured addition of the phenyl 
group at a specific carbon atom. These phenyl-substituted acids together 
with some of their properties are given in Table 148. The 9- and 10-phenyl- 
stearic acids prepared in this manner melted at 36.5-38® and 40-41.5°C., 

« J. Cason, J. Am. Chem. Sac., 04, 1106-1110 (1942). 
F. Knoop, Beitr. chem. Physiol. Pathol., 6, 150-162 (1904). 

“ A. J. Stirton and R. F. Peterson, Ind. Eng. Chem.^ 31,856-858 (1939). 
« J. F. Eijkman, Chem. Weekblad, 1, 421-424 (1904); 2, 229-231(1905); 4, 727-738 

(1907); 5,655-666(1908). 
** G. Ponzio and C. Gastaldi, Gazz. chim. Ual., 42, n, 92-95 (1912). 
** B. H. Nicolet and C. M. deMilt, J. Am. Chem. Soc., 49,1103-1106 (1927). 
« E. G. Schmidt, J. Am. Chem. Soc.,S2. 1172-1174 (1930). 
“ E. Fourneau and P. M. Baranger, auJl, soc. chim.^ 49,1161-1172 (1931), 

J. Harmon and C. S. Marvel, J. Am. Chem. Soc., 2515-2527 (1932). 
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respectively, and it was shown that the viscous oily preparations of previous 
workers consisted of an equimolar mixture of these two isomers. 

Table 148 

PROPERTIES OF SOME PHENYL-SUBSTITUTED FATTY ACIDS® 

Acid 
Boiling points 

Sp.gr.J 
®G. mrn. 

3-Phenylheptanoic 144-149 3 1.5049 1.0117 
6-Phenyldecanoic 176-180 3 1.5000 0.9817 
3-Phenylundecanoic 167-172 2.5 1.4960 0.9679 
3-Phenyldodecanoic 165-171 0.3 1.4950 0.9623 
8-Pheny Idodecan oic 184-187 3 1.4970 0.9729 

10-Pheny Itetradecanoi c 178-183 0.1 1.4936 0.9555 
6-Phenylpentadecanoic 182-185 0.1 1.4924 0.9470 
8-Phenylnexadecanoic 190-195 0.12 1.4912 1 0.9417 
9-Phenyloctadecanoic 200-204 0.09 1.4891 1 0.9340 

10-Phenyloctadecanoic 199-205 0.09 1.4894 0.9338 

® J. Harmon and C. S. Marvel, J. Am, Chem. Soc., 54, 2515-2527 (1932). 

Stirton and Peterson®^ prepared a series of aryl-substituted stearic acids 
from oleic acid by the use of the Friedel and Crafts reaction. These sub¬ 
stituted acids included p-tolylstearic, p-chlorophenylstearic, p-bromo- 
phenylstearic, p-methoxyphenylst.earic, p-phenoxyphenylstearic, and p- 
xenylstearic acids as well as ethyl tolyl stearate and methyl phenoxyphenyl 
stearate. All of the products consisted of viscous oils which could not be 
crystallized and probably consisted of mixtures of at least two isomers cor¬ 
responding to additions at the ninth and tenth carbon atoms of oleic acid. 

10. Synthesis of Unsaturaied Acids 

No general methods are available for the synthesis of unsaturated acids 
which are applicable for preparing an extensive homologous series of these 
compounds. Debromination of monobromo acids or dehydration of mono¬ 
hydroxy acids, except a- and co-substituted acids, generally leads to mix¬ 
tures of at least two positional isomers; consequently even specific short 
chain unsaturated acids are prepared by methods of limited applicability. 
With increasing chain length, synthesis of specific monounsaturated acids 
becomes increasingly difficult and the synthesis of polyunsaturated acids 
even more so. 

(a) Synthesis of Oleic Acid and Isomers 

A partial synthesis of A®*^®-oleic acid was accomplished by Robinson and 
Robinson®’^ by the method previously described for preparing keto acids. 
The ethyl ester of 2-acetyl nonanoate was prepared from w-heptyl iodide 

^ G. M. Robinson and R. Robinson, J, Chem. Soc.^ 127,175-180 (1925). 
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and acetoacetic ester, and its sodio derivative was condensed with 9-car- 
bethox3monanoyl chloride. The resulting ester was successively hydrolyzed 
with cold 5% alkali, boiling 5% sulfuric acid and then with boiling 5% 
aqueous sodium hydroxide to give 10-ketostearic acid (m.p. 83®C.). The 
lO-ketostearic acid was reduced by sodium in alcohol solution to 
lO-hydroxystearic acid (m.p. 84.5°C.). 

Although apparently not experimentally carried out by Robinson and 
Robinson, they state that 10-ketostearic acid can be reduced to 10-hy- 
droxystearic acid with sodium and alcohol which in turn can be converted 
to 10-iodostearic acid by treatment with phosphorus triiodide and water. 
The 10-iodostearic acid can be converted to oleic acid by the reaction of al¬ 
coholic potassium hydroxide which, according to Arnaud and Postemak,®* 
leads to the formation of oleic and elaidic acids and some hydroxystearic 
acid. These reactions may be represented as follows: 

CH8(CH*) J 4- CHaCOCHNaCOOCjHs-> CH8(CH2)eCH(COCH3)COOC2H8 

CH3(CH2)eCNa(COCH,)COOC,H8 + ClCO(CH2)8COOC2H5-► 

CH,(CH,).C(COCH,)(COOC5HJCO(CH2),CXX)C,h/-^^^^ 
sodium PI* 

CHa(CHs)7CQ(CHj),COOH-> CH,(CH,),CHOH(CH,),COOH- 
alcohol 

alcoholic 

CH,(CH,)7CHI(CHj),CX)OH CH,(CH,),CH=CH(CHj)7COOH 

If the halogen is attached at the tenth carbon atom as indicated by the 
accompanying equations it might be expected that dehalogenation might 
be accompanied by removal of a hydrogen from either of the adjacent car¬ 
bon atoms, in which case a mixture of 9,10- and 10,11-oleic and elaidic 
acids would result. 

Robinson and Robinson showed that 9,10-stearolic acid: 

CH8(CH2)7C=C(CH2)7C00H 

can be reduced by zinc dust and hydrochloric acid in the presence of 
titanous chloride and acetic acid to give oleic acid (f.p. 13®C.) which is 
identical with that isolated from olive oil. However, they were unable to 
reduce 10-ketostearic acid to steardic acid and thus complete the synthesis. 

Noller and Bannerot®® effected the synthesis of an equilibrium mixture of 
^».io-oieic and elaidic acids starting with 9-aldononyl chloride. The alde¬ 
hyde on treatment with bromine, hydrogen bromide, and methyl alcohol 
gave 8,9-dibromo-9-methoxyiionyl chloride. By means of the Grignard re¬ 
action, the latter compound was reacted with n-octyl bromide to give 8- 
bromo-9-methoxyheptadecyl chloride which on reduction with zinc in bu¬ 
tanol solution gave A® ®-heptadecenyl chloride. The chloride was con- 

“ A. Amaud and S. Postemak, ComvU rend,. ISO, 1525-1528 (1910). 
** C. E. Noller and E. A. Bannerot,«/. Am. Chem. Sac.^ $6,1563-15^ (1934). 
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verted to the corresponding nitrile and the latter hydrolyzed to give a mix¬ 
ture of A®''®-oleic and elaidic acids in the proportions of 37% to 63%, re¬ 
spectively. The reactions may be represented as follows: 

ClCH2(CH0eCH,CHO 

H 

cichj(chi),(!:cho 

Br 

H H 

ClCHi(CH,)ei—(*30CH, 
HBr ^^11 

Br Br 

H H 

— ClCHj{CH,),i—(!3(CH2)7CH, 

L (!)CH, 

Zn 

butanol 

NaCN 
ClCH,(CHj),CH==CH(CH,),CH,-► CNCHj(CH,).CH==CH(CH,),CH, 

CH,(CHj),CH=CH(CH!),COOH 

The synthetic oleic acid was characterized by its neutralization equivalent, 
iodine value, and preparation of the p-phenylphenacyl ester. The elaidic 
acid melted at 44°C. and was apparently identical with the acid prepared 
by elaidinization of natural oleic acid. 

Strictly speaking, this is not a complete synthesis of oleic acid since the 
<i)-chlorononylaldehyde was originally obtained from butyl oleate by reduc¬ 
tion with sodium and alcohol to oleyl alcohol and treatment of the alcohol 
with thionyl chloride to give 9,10-octadecenyl chloride. Ozonolysis of the 
chloride resulted in fission at the double bond with the formation of w-chlo- 
rononylaldehyde. 

The fact that the final product of the synthesis consisted of a mixture of 
oleic and elaidic acids in the proportion of 37% to 63%, respectively, is in¬ 
teresting in view of the fact that Griffiths and Hilditch®® found that catalytic 
elaidinization of oleic acid with oxides of nitrogen leads to an equilibrium 
mixture of 34% of oleic acid and 66% of elaidic acid. However, the forma¬ 
tion of the two isomers must have occurred in a different manner in the syn¬ 
thesis than in the elaidinization reaction, possibly in the course of the re¬ 
duction with zinc and butanol. However, some prior intermediate, for 
example the Grignard reaction product, may have been a mixture of iso¬ 
mers in the proportions which were observed in the end products of the 
synthesis. 

The method of Noller and Bannerot,®® which is essentially the same as 
that used by Dykstra, Lewis, and Boord®^ for the synthesis of olefins, was 
extended and improved by Baudart®* who also synthesized oleic, elaidic. 

H. N. Griffiths and T. P. HUditch, J, Chem, Soc., 1932, 2315-2324; /. Soe. Chem. 
Ind,, 53, 75-81T (1934). 

H. B. Dykstra, J. F. Lewis, and C. E. Boord, J. Am, Chem. Soc.^ 52, 3396-3404 
(1930). 

•* P. Baudart, Compt. rend., 217, 399-400 (1943); 220, 404-407 (1946). 
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undecenoic, dodecenoic and palmitoleic acids Baudart condensed 1- 
methoxyhexyl-6-magnesium bromide with 1-ethoxy-1,2-dibromodecane 
and reduced the condensation product with zinc to give l-methoxy-7-hexa- 
decene which was treated with hydrobromic acid to give l-bromo-7-hexa- 
decene. The last-mentioned product was converted to the iodide and 
treated with sodium ethyl malonate in n-butanol. After saponification 
and decarboxylation a mixture of oleic (35%) and elaidic (65%) acids was 
obtained which was separated by means of the lead salt-alcohol method. 

The reactions may be illustrated by the following scheme: 

CH,0(CH,)«MgBr + CHBr(OCjH6)CHBr(CH2)7CH,-► 

CH,0(CH,),CH(OCiH.)CHBr(CH.),CH, ■ > 

CH,O(CH0.CH=CH(CH,),CH, —Br(CHO.CH=CH(CH,),CH. 

malonate 
synthesis 
-► HOOC(CH2)tCH==CH(CH,),CH 

With the use of other reactants the above synthesis can be applied to the 
preparation of other monounsaturated acids. 

Kapp and Knoll®* synthesized two positional isomers of ordinary oleic 
acid, namely, and A^^‘^®-oleic or octadecenoic acids. The synthesis 
was achieved by preparing the unsaturated keto acids by means of the 
acetoacetic ester method and reducing the keto acids by the Wolff-Kishner®® 
method (see p. 385). “-Undecenoic acid (m.p, 24.5°C.) was converted 
to A^®'“-undecenoyl chloride by treatment with thionyl chloride and 
condensed with sodiodiethyl acetyl suberate to give Q!-acetyl-a-10,ll-un- 
decenoyl diethyl suberate. This product was hydrolyzed by the Robinson- 
Robinson stepwise procedure to give 8-keto-A^^“®-octadecenoic acid which 
was reduced by the Wolff-Kishner method to A^’^'^^-octadecenoic acid (m.p. 
48-50®C.). 

The various steps in the process may be represented by the following 
equations: 

anhydrous 

CH,COCH,COOC5,H, + NaOC,H, + BrCH.CCHO.COOCjH, 

Na, anhydrous 

CH,CX)CH[(CH,),CCK)CiH,]C(XK:!.H, ■ » 

CH,COCNaI(CH0.C(X)(iH,](XKXiH. + CH^H(CH,).COCa-> 

dU. »a. KOH 
C3Hf=CH(CHO.COC(COCH,) [(CH,).COOC,H,]COOC,H,-2-. 

CSe<!H(CHO.CX)CHt(CHO.CX)<XiH,]a)C)C,H, (not isolated) -» 

•• R. Kapp and A. Knoll, J. Am. Chem. Soc., 65,2062-2064 (1943). 
L. Wolff, Ann., 394, 66-85, 86-108 (1912). 
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dil. aq. HtSO^ dil. aa. NaOH 
CHi==M:;H(CH,)i(X)(CH,),ccKx::,H5 —--> 

aoidifioation 

sodium ethoxids 
CH^H(CH,)rf30(CH,).CXX)H -► CH^H(CH,)„COOH 

hydraxine HCl 

Synthesis of A^^’^^-octadecenoic acid (m.p. 62.8-63.5®C.) was accomplished 
in the same manner using A®‘^®-undecenoyl chloride instead of A^°'^^-undec- 
enoyl chloride. 

It is worthy of note that these two oleic acids are solids of relatively high 
melting points compared to A®*^®-oleic acid which would indicate that the 
melting points of the Cig-monoethenoid acids increase as the double bond 
is moved toward the terminal methyl group or that the products obtained 
were ^rans-isomers similar to elaidic acid. It is also noted that the reduc 
tion of the keto acid although apparently not involving the double bond 
gave a yield of 65% of unsaturated acid which is comparable to the equilib¬ 
rium concentration of elaidic acid observed by Griffiths and Hilditch for 
the oleic-elaidic transformation. Since the Wolff-Kishner reduction of the 
keto acid is carried out at high temperatures and for protracted times in the 
presence of sodium, absolute alcohol, and hydrazine, it is not unlikely that 
isomerization occurred in this final step of the synthesis to give an equilib¬ 
rium mixture of A^^'^®-oleic and elaidic acids. 

(b) Synthesis of Linoleic Acid 

Using the same series of reactions as were used for the synthesis of oleic 
and elaidic acids, Noller and Girvin®^ attempted the synthesis of ordinary 
linoleic acid. In order to accomplish this synthesis, it was necessary to 
prepare l-bromooctene-2 starting with acrolein and n-amyl magnesium 
bromide for use in {weparing the required Grignard reagent. However, 
the method of preparation was such that a mixture of l-bromooctene-2 
and 3-bromooctene-l was obtained in accordance with the following reac¬ 
tions: 

CHj=CHCHO + CH,(CHJ.MgBr-» CH^HCHOH(CH,)4CH,.> 

CH^HCHBr(CHj)4CH, ^==± BrCH,CH=CH(CH,)*CH, 

Since the unsaturated bromo intermediate was a mixture of primary and 
secondary bromides, it is to be expected that the final product of the syn¬ 
thesis would contain, in addition to the desired A*'*®’‘*-‘*-linoleic acid, an¬ 
other acid containing a branched chain at the eleventh carbon atom. This 
acid would be ll-n-amyl-9,12-tridecadienoic acid: 

CHi=CHCHCH=CH(CH,)7CXX)H 

C. R. Noller and M. D. Girvin, J. Am, Chem, Soe., 59,006-608 (1937). 
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Neither the normal nor the branched chain acid was isolated in pure form 
but their presence in the final reaction mixture was demonstrated by in¬ 
direct methods. 

(c) Synthesis of Unsaturated Hydroxy Acids 

Collaud®® described the preparation of a series of unsaturated hydroxy 
acids, among them 16-hydroxy-A®'^-hexadecenoic acid and the saturated 
6,16-dihydroxyhexadecanoic, and 6,7,16-trihydroxyhexadecanoic acids. 
For these preparations, undecylenic alcohol was converted by the method 
of Darzens and Meyer®^*®* to 11-chloroundecene-l, CH2=CH(CH2)8CH2C1, 
from which ihe corresponding magnesium chloride was prepared and then 
treated with cyclohexanone to produce undecenylcyclohexanol. 

The terminal methylene group of the alcohol was eliminated by ozonoly- 
sLs and the hydroxy aldehyde which was formed was hydrogenated to give 
the diol which on dehydration produced the corresponding unsaturated 
alcohol. Ozonolysis and reduction resulted in the rupture of the cyclohex¬ 
ene ring and gave the corresponding hydroxyketo aldehyde which was re¬ 
oxidized to the hydroxyketo acid, HOOC(CH2)4CO(CH2)ioOH. Catalytic 
hydrogenation produced 6,16-dihydroxyhexadecanoic or 6,16-dihydroxy- 
palmitic acid, melting at 111-112®C. Dehydration of the dihydroxy acid 
with phthalic anhydride gave a mixture of unsaturated acids from which 
16-hydroxy-A®'^-hexadecenoic acid, m.p. 71”72°C. was separated. Upon 
oxidation with potassium permanganate, 6,7,16-trihydroxyhexadecanoic 
acid (m.p. 100-101°C.) was obtained. 

Aleuritic acid, 8,9,16-trihydroxypalmitic acid,®® which is isomeric with 
the 6,7,16-trihydroxypalmitic acid obtained by Collaud, was synthesized 
by Mitter, Sen-Gupta, and Bose.^® The ethyl ester of a>-methoxy-A®’^°- 
hexadecenoic acid, CH30(CH2)6CH:CH(CH2)7C00Et, which had been 
previously synthesized by Mitter and Mukherjee^^ was converted to 16- 
chloro-A®'^®-hexadecenoic acid by treatment with fuming hydrochloric 
acid. The corresponding ethyl ester was acetylated with potassium acetate 
and the acetyl derivative oxidized with hydrogen peroxide to give 16- 
acetoxy-9,10-dihydroxypalmitic acid. Saponification with sodium hydrox¬ 
ide in ethanol gave 9,10,16-trihydroxypalmitic acid melting at 125®C. com¬ 
pared to 101® for the natural acid. The natural and synthetic products 

«« C. Collaud, Heh), Chim, Acta, 25, 966-977 (1942), 
G. Darzens and M. Meyer, Compt, rend,, 196, 489-490 (1933). 
M. Meyer, Campt. rend., 203, 1074-1077 (1936). 

®®P. C. Mitter and P. C. Dutta, J, Indian Chem. Soc., 16, 673-676 (1939). P. C. 
Mitter and B. K. Bhattacharyya, ibid,, 19,69-75 (1942). 

P. C. Mitter, M. C. Sen-Gupta, and A. Bose, J. Indian Chem. Soc., 21, 295-296 
1944). 

P. C. Mitter and S. Mukherjee, J, Indian Chem. Soc,, 19,303-307 (1942). 
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represent cis- and <rans-compounds. The reactions by which the synthetic 
product was obtained may be represented as follows: 

fuming 
HCl 

CH,0(CHs)eCH==CH(CH,),COOEt-> a(CH,),CH==CH(CH,),CX)OH 

potassium 
acetate HtOt 

Ethyl ester-> CH,COO(CH,),CH=CH(CH,)7COOEt-► 

CH,COO{CH,),CHOHCHOH(CHi)7COOEt 
saponification 

HO(CH.),CHOHCHOH(CH,),COOH 



CHAPTER XXI 

BIOSYNTHESIS OF FATTY ACIDS 

1. Introduction 

Practically every organ of all plants and animals, no matter how far 
down the evolutionary scale, contains fatty acids in some form. Fatty 
acids, or derivatives thereof, have been isolated from bacteria, yeasts, algae 
and all species of higher plants and animals which have been investigated in 
this respect. The pollen of flowers, the seeds of plants, the spermatozoa and 
ova of animals are rich in fatty acids in the form of glycerides, phosphatides, 
and other lipids. The universal distribution of fatty acids or esters through¬ 
out the plant and animal kingdom, the intimate association of these materi¬ 
als with practically every cell, their storage in large quantities in special or¬ 
gans, and the specific nature of these substances in certain organisms and 
specialized organs, constitute ample proof of their biological importance. 
Fats appear to be of equal importance with the carbohydrates and proteins 
in the development and reproduction of all living organisms. 

Compared with the carbohydrates and proteins, however, relatively 
little is known concerning the mode of synthesis and functions which fats 
perform in the living organism, whether plant or animal. In the case of 
animals, it is known that stored fats may serve as a source of energy which 
may be drawn on when the supply of available carbohydrates is inadequate 
or exhausted. This, however, is probably not the sole function or even the 
principal function of all fats even in animals, or in all organs of animals, 
since Mayer and Schaeffer^ and Terroine^ have observed that organs such 
as the kidney, lung, spleen, and heart of animals which have been starved 
to death contain the same amount of fat as the corresponding organs of 
normal animals. In the case of plants, no definite proof has been adduced 
that fats serve as a reserve material except possibly for reproductive organs 
such as the seeds of certain plants. Even in seeds the relative amount of 
fat present varies from a few per cent to more than half the weight of all 
other constituents combined. 

Whether the fatty acids and fats are always S3mthesized at the site 
where they are found or are synthesized in some special organ and trans- 

1 A. M^er and G. Schaeffer, J, physiol, path, g&n,, 15, 554-548 (1913). 
• fi. F. Terroine, Ann, ad, not. ZooL, 4,5-397 (1920). 
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ported throughout the living organism is not known with certainty. Per¬ 
haps both processes may occur in the same plant or animal. 

Much of the experimental work directed toward an understanding of the 
synthesis of fatty acids has been carried out with animals since they can be 
fed specific diets and can be subjected to a certain amount of control 
which is not possible with plants except for the lower forms such as the bac¬ 
teria, yeasts, molds, and other fungi. In the case of plants, analyses of 
various organs at different stages of growth furnish practically the only 
evidence with regard to fatty acid synthesis. Even here, many reported 
analyses are of little value because the supplemental data necessary for 
their interpretation are lacking. 

One of the most common forms of this type of experiment is the deter¬ 
mination of the percentage on a dry weight basis of fat or oil in seeds at dif¬ 
ferent stages of maturity. Witliout a knowledge of the moisture content, 
total weight of the seed, and percentage of other constituents, little can be 
done to interpret these results in terms of mechanisms of synthesis. Con¬ 
siderable histological and anatomical data are also needed, especially with 
respect to the location of the oil, state of cell division and growth, and cell 
size at the time the analyses are made. The percentage of oil or fatty acids 
expressed on a dry weight basis obtained by analysis of a seed undergoing 
rapid cell division, and similar data obtained with seeds of the same plant 
but at a later stage of maturation when little cell division but considerable 
cell enlargement is occurring, may have entirely different significance with 
regard to the process and rate of fatty acid synthesis. 

Although many analyses have been reported for the fatty acid composition 
of the blood of various species of animals, exceedingly few similar analyses 
have been reported for the cell saps of plants. Generally, it is tissumed 
that the cell saps of plants are practically devoid of fats per se, but they 
may contain the precursors or intermediates of the higher fatty acids and 
glycerides. The cell saps of plants certainly are as variable in composition 
from species to species as are the fatty acids and fats found, for example, in 
the fruits and seeds of different species. 

Not only is knowledge desired concerning the synthesis of the fatty acids 
but of all of their derivatives, the glycerides, phosphatides, wax esters, and 
of the analogous long chain substances, namely alcohols, ketones, hydro¬ 
carbons and other associated lipid materials. 

Unfortunately there is no known plant or animal, however primitive, 
which contains a simple fat system consisting of but one or two fatty acids, 
or one or two simple esters, which might serve as a prototype in investigat¬ 
ing any given hypothesis of s3nithesis. Some specialized organs may ap¬ 
proach this condition but the plant or animal taken as a whole generally 
contains a complex group of lipid materials. The nearest approach to such 
experimental organisms are the few known bacteria, yeasts, molds, and 
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other fungi which possess the ability to synthesize relatively large quantities 
of fatty acids when grown on artificial substrates. A few such organisms 
have been investigated to some extent, especially by Haehn and Kinttof,® 
Smedley-Maclean and Hoffert,^ Barber,^ Reichel and co-workers,® and oth¬ 
ers. Generally, the results of the experiments of this type which have been 
made in the past have left much to be desired since the quantitative compo¬ 
sition of the fatty acids produced was not always determined. It is of ob¬ 
vious importance to know what acids are being produced, and their relative 
proportions, if light is to be shed on the nature of the synthetic process. 

Numerous reviews and not a few books and monographs*^have been 
devoted to the biochemistry of fatty acids and their derived and associated 
lipids and most of the known theories and experimental work on fat synthe¬ 
sis have been summarized therein. Even a cursory review of the literature 
leads to the impression that the greater amount of experimentation and 
speculation has in the past been concerned with the synthesis and metabo¬ 
lism of fats in animals rather than in plants. This is true despite the fact 
that animals are primarily dependent on plants for their supply of fats and 
for all but the simplest types of fatty acids. 

2. Synthesis of Fatty Acids by Plants 

Fundamental to the problem of fatty acid synthesis in plants are certain 
peculiarities, or what appear to be peculiarities perhaps for lack of adequate 
information, concerning the nature and distribution of fatty acids. For 
example, it is known that naturally occurring fatty acids generally contain 
only even-numbered carbon chains. Those acids occurring most frequently 
and in greatest quantity contain 12, 18, 24, 30, and 36 carbon atoms, i. e., 
they are whole multiples of the hexose carbon chain. Furthermore, under 
normal conditions in the living plant relatively little free fatty acid is pres¬ 
ent and practically no free glycerol. The exceptions to the occurrence of 
free fatty acids in nature are two. In the early stages of development of 
certain oil-bearing seeds appreciable quantities of free fatty acids have been 
observed, whereas in lat(?r stages seeds from the same plant contain little or 

* H. Haehn and W. Kinttof, Ber.y 56, 439-445 (1923); Chem. ZeUe Gewebe^ 12, 115- 
156 (1925). 

* I. Smedley-Maclean and D. Hoffert, Biochem, 20, 343-357 (1926). 
® H. H. Barber, Biochem. 23, 1158-1164 (1929). 
« L. Reichel and 0. Schmid, Z. angew. Chem., 51, 190 (1938); Biochem. Z., 300, 274- 

283 (1939). 
^ L. Reichel and W. Reinmuth, Biochem. Z., 2Q9, 359-362 (1938). 
«W. R. Bloor, Biochemistry of the Fatty Adds and Their Compounds, the Lipids. 

Reinhold, New York, 1943. 
* H. B. Bull, The Biochemistry of the Lipids. Wiley, New York, 1937. 

I. Smedley-Maclean, The Metabolism of Fat. Methuen, London, 1943. 
“ J. B. loathes and H. S. Raper, The Fats. 2nd ed., Longmans, Green, London, 

1925. 
H. Maclean and I. S. Maclean, Lecithin and Allied Substances. Longmans, Green, 

London, 1927 
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no free fatty acids. This was shown to be true by Ivanov^* for rape, hemp, 
poppy, sunflower, and flax seeds. Similar results were found by Eyre and 
Fisher,Eyre,^® Barker,^® and others. The variation in the free fatty acid 
content of linseed oil with growth is illustrated by the data in Table 149 
which is condensed from the extensive data of Eyre^® on two varieties of flax, 
Linum usitatissimum and L. cibrosum. 

Table 149 
VARIATION IN FREE FATTY ACID CONTENT OF LINSEED OIL WITH GROWTH, 

EXPRESSED AS PERCENTAGE OF OLEIC ACID 

Days after 
flowerins 

Linum 
cibroaum 

Linum 
uaitatiasimum 

14 42.0 4.3 
17 11.8 
20 7.2 2.i 
23 3.6 1.1 
28 1.6 
32 6^3 
44 0.6 
46 o.’s 
66 b.’4 0.2 
76 0.2 
84 0.06 ... 

The other condition under which high free fatty acids are observed is the 
case of oil seeds which have undergone damage or deterioration either while 
still attached to the parent plant or after removal at maturity. As a result 
of adverse weather conditions, excessive rain, frost, etc., cottonseed, soy¬ 
beans, and other oil seeds have been observed to develop a high content of 
free fatty acids while the plants are still in the field. Adverse storage condi¬ 
tions may result in an equally high content of free fatty acids in normal seed. 
It is now established, especially with cottonseed, that this type of free fatty 
acid formation is due to general autolysis of the cells, mixing of the cell 
contents, and hydrolysis of the fats by lipolysis.^^*^® 

With these exceptions, free fatty acids are generally not encountered in 
either plants or animals to any appreciable extent. Therefore, any synthe¬ 
sis of fatty acids must be accompanied by a simultaneous synthesis of glyc¬ 
erol, and subsequent esterification. Another peculiarity is the apparently 
rare occurrence of mono- and diglycerides in nature. It might be expected 
that these glycerides occur also in the early stages of fat production in oil 
seeds but it is possible that no serious effort has ever been made to detect 

”S. Ivanov, Botan, Centr, Beiheftej 2Bt 159-191 (1912); Ber, deut, botan, Ges,, 29, 
694-602 (1911). 

J. V. Eyre and E. A. Fisher, /. Agr. Sci,, 7, 120-134 (1915). 
“ J. V. Eyre, Biochem. 25, 1902-1908 (1931). 
w M. F. Barker, /. Soc. Ckem. Ind.y 51, 218-222T (1932). 

M. L. Karon and A. M. Altschul, Plant Physiol., 19, 310-325 (1944). 
** A. M. Altschul, M. L. Karon, L. Kyame, and M. Caravella, Oil dk Soap, 20, 258- 

262 (1943); L. Kyame and A. M. Altschul, Plant Physiol., 21, 650-561 (1946). 
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them at the stage of growth where high free fatty acids have been observed. 
If, however, free fatty acids and mono- and diglycerides are generally ab¬ 
sent in the living plant, then the rate of fatty acid formation must be nicely 
adjusted to three times the rate of glycerol formation. 

(a) Hexose Condensation Hypothesis 

With regard to chain length, the Cw acids (saturated, mono- and poly- 
ethenoid, hydroxy, and keto acids) taken as a group predominate in both 
plants and animals. Oleic acid, together with the diunsaturated linoleic 
acid, are represented in practically every plant or animal and quite often 
make up the bulk of the acids present. The Cso and Cse acids are found 
primarily in various natural waxes and especially the leaf-coat waxes. The 
Ci2 and C24 acids are found in the fats of certain species of plants and ani¬ 
mals but generally to a lesser extent than Cm and Cm fatty acids. Although 
monounsaturated fatty acids, and to a lesser extent di-, tri- and highly un¬ 
saturated acids, corresponding to each saturated fatty acid are known to 
occur in nature, nevertheless, the Cm unsaturated acids predominate. 

These observations seem to support the hypothesis that fatty acids are 
derived from hexose units by some method of condensation and terminal 
oxidation. If hexose molecules are condensed primarily to form fatty acids 
they must simultaneously either be reduced or be dehydrated to remove the 
hydroxyl groups. If simple reduction of the hydroxy groups occurred, the 
resulting acid would be saturated; if dehydration occurred by splitting 
out water between hydroxyl groups and adjacent hydrogen atoms, each 
molecule of water removed would result in the formation of a double bond. 
In order to account for the formation of unsaturated acids under the first 
assumption, the parent saturated acid must subsequently be dehydrogen¬ 
ated; and to account for the formation of saturated acids under the second 
assumption, the parent unsaturated acid must subsequently be hydro¬ 
genated. It has generally been assumed that saturated acids are formed 
first and subsequently are dehydrogenated to produce unsaturated acids. 
However, either dehydrogenation or hydrogenation could occur in the pres¬ 
ence of the appropriate dehydrogenase-hydrogenase enzyme system. 

No means of experimentally verifying either hypothesis are available at 
present. However, it was observed by Dollear, Krauczunas, and Markley^® 
and later verified by Scholfield and Bull*® that the ratio of saturated to un¬ 
saturated acids in soybean oil is relatively constant, regardless of the iodine 
number (102.9 to 151.4) of the oil. It was also observed that the percentage 
of linoleic and linolenic acids increased more or less regularly with increased 
iodine number of the oil, while the reverse was true with respect to the per¬ 
centage of oleic acid. These observations might be explained on the as- 

F. G. Dollear, P. Krauczunas, and K. S. Markley, Oil dt Soapt 17,120-121 (1940)« 
C. R. Scholfield and W. C. Bull, OH A Soap^ 21,87*-89 (1944), 
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sumption that three hexose molecules condensed and underwent dehydra¬ 
tion to form a highly unsaturated Cig acid which subsequently underwent 
a stepwise hydrogenation to form linolenic, linoleic, oleic, and stearic acids. 
The extent to which each acid would accumulate would depend on the rel¬ 
ative rates and the equilibrium constants of the several hydrogenation re¬ 
actions. 

The foregoing hypothesis, however, does not account for the formation of 
the intermediate acids between C12, Cis, C24, Cgo, and Cse and particularly 
for the relatively abundant Ch and Cie acids. Palmitic acid is considered 
by some to be the predominant saturated acid of nature. 

At this point it seems pertinent to consider the meaning of the phrase 
‘^predominant acid of nature’’ which is frequently used but not always de¬ 
fined. It can mean that this acid is encountered in some specific organ or 
organism in more species than is any other acid or of all other acids in a 
given mixture, or it can mean the total natural production by weight or 
other measure is greater than that of any other acid. Still other meanings 
become evident on a few moments’ reflection. 

If the statement is intended to apply only to the number of species in 
which all the fatty acid components have been quantitatively determined, it 
is quite possible that the limited number of species thus far examined 
compared to the hundreds of thousands which exist may be misleading, es¬ 
pecially since the bulk of these determinations has been confined to seed 
fats. If it applies to the relative percentage of a specific acid in a mixture 
of fats or fatty acids, the same argument applies and may be complicated 
further by the fact that the same acid may be passing from organism to or¬ 
ganism, e. g.j from grass to animal to human or other sequence, with rela¬ 
tively little change. If it is applied to the total amount of a specific acid 
S3mthesized in nature it may be impossible of interpretation, e. g.y the ba- 
basvsu palm is counted by the billions in the jungles of the Amazon Valley 
and the amount of oil produced annually by these palms has been estimated 
to equal the entire world production of vegetable oils from all sources. Since 
this oil contains about 45% of lauric acid compared to 6% to 8% of pal¬ 
mitic acid, it requires a tremendous production on the part of nature else¬ 
where to overbalance this lauric acid with some other acid. An analogous 
example, however, exists in the case of the oil palm, Elaeis guineensts, 
which grows in enormous numbers all over the world. This oil palm con¬ 
tains palmitic acid as the predominant saturated acid of the pericarp oil. 
Whether or not palmitic acid is the predominant acid, its frequency of oc¬ 
currence and relatively large amounts in nature require explanation. 

(6) fi-Oxidation and Resynthesis 

One hypothesis which has been advanced to explain the occurrence of 

palmitic and other '‘non-hexose multiple’' acids in nature assumes that the 
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original acid formed by hexose condensation undergoes jS-oxidation (c/. 
pages 479-480) to form acids containing two less carbon atoms than the 
unoxidized acid. Thus, stearic acid by jS-oxidation would give palmitic 
acid, palmitic acid would yield myristic acid, and myristic acid would 
yield lauric acid. However, lauric acid could also be formed directly by con¬ 
densation of two hexose units and might therefore be assumed to occur in 
greater abundance and with higher frequency than palmitic acid; otherwise 
it must be assumed that the number of /^-oxidations which can occur in se¬ 
quence is limited. The condensation of two pentose and one glucose units 
to form palmitic acid is discounted as being no more likely than the con¬ 
densation of three pentose units to form a C15 acid.® 

Another theory which has been proposed to explain the presence in fats 
of acids which are nonmultiples of Ce, assumes that glucose is broken down 
into acetaldehyde^^-^'^ and the fatty acid synthesized by a stepwise series 
of aldol condensations. The work of Raper^^ lends support to this theory 
with regard to the formation of short chain fatty acids. Smedley^® and 
Smedley and Lubrzynska®® proposed a similar synthesis by way of acetalde¬ 
hyde derived from pyruvic acid. According to this synthesis, acetaldehyde 
condenses with pyruvic acid to form an unsaturated a-keto acid which loses 
carbon dioxide to form crotonaldehyde. The crotonaldehyde similarly con¬ 
denses with pynivic acid to give higher unsaturated aldehydes which are 
ultimately oxidized to acids of varying chain lengths and degrees of unsatu¬ 
ration. A modification of these two hypotheses was suggested by Smedley- 
Maclean and Hoffert^ in which acetaldehyde was condensed to form a hex¬ 
ose and the latter directly condensed to form higher fatty acids. 

Barber® investigated the production of fatty acids by a species of Pem- 
cillium which was grown on a series of substrates consisting of sucrose, glu¬ 
cose, xylase, and glycerol which contain, respectively, twelve, six, five, and 
three carbon atoms. Each of the.se substrates was utilized by the organism 
to produce palmitic, stearic, oleic, and linoleic acids both in the free state 
and combined with glycerol. Analytical data indicated that the organism 
produced the same fatty acids and glycerides in relatively similar propor¬ 
tions regardless of the nature of the substrate. These experiments do not 
appear to substantiate the theory that direct condensation represents the 
entire mechanism of synthesis. Either direct condensation is followed by 
oxidation or, according to Barber, all the substrates are first broken down to 
a common intermediate which is utilized in the subsequent synthesis of the 
fatty acids. 

« M. Nencki, /. prakU Chem,, 17, 105-124 (1878). 
** F. Hoppe-i^yler, Z. physiol, Chem,^ 3, 361-361 (1879). 

A. Magnus-Levy, Beitr, chem. Physiol, Path,^ 2, 261-296 (1902); Arch, Anal, 
Physiol,, Physiol. Am,, 1902, 365-369. 

H. 8. Raper, /. Chem, Soc., 91,1831-1838 (1907). 
“ I. Smedley, /. Chem. Soc., 99,1627-1633 (1911). 

I. Smedley and E. Lubrzynska, Biochm, /., 7,364-374 (1913). 
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(c) Effect of Environment 

It has been observed by many workers that environment, especially cli¬ 
mate, markedly influences the type of fatty acids which compose the glycer¬ 
ides of a specific fat or oil. For example, it is known that the fats of many 
plants indigenous to the tropics contain fatty acids of shorter chain length 
and a higher degree of saturation than do those from related plants of tem¬ 
perate climates. Also, it is in tropical species of plants that many of the 
abnormal types of fatty acids are found including hydroxy, keto, conju¬ 
gated double bond, and cyclic acids. The high temperatures, high humidi¬ 
ties, rich soils, etc., appear to have induced plants indigenous to these re¬ 
gions to develop a variety of acids which are generally not found in plants 
indigenous to temperate climates. The formation of hydroxy and keto 
acids may indicate the existence of more active oxidative mechanisms in 
tropical plants if these acids are formed by oxidation of saturated acids, or 
less active mechanisms if derived by reduction of condensed hexose sugars. 
Also the occurrence of conjugated acids in fats of tropical plants rather than 
the isolated double bond acids implies a different dehydrogenation or de¬ 
hydration mechanism, depending on the nature of the precursor, than that 
which predominates in plants indigenous to temperate climates. 

McNair*®® has compiled and reviewed the data and literature on the syn¬ 
thesis of plant fats as related to evolutionary order and environment. 
The reader should consult this work for a more comprehensive discussion 
than is possible here. 

Variation in Unsaturation.—The peculiar variation which has been ob¬ 
served in the unsaturation of the fatty acids synthesized by plants may ulti¬ 
mately provide a clue to the mechanism of synthesis. In fact, unsaturation 
is the easiest detectable characteristic of fatty acids and is susceptible to 
experimental alteration. For example, it is known from agronomic experi¬ 
ments that the iodine value of the oil from the same variety of oilseed will 
decrease or increase when grown in warmer or colder climates, respectively. 
It has been observed that a given variety of flax normally grown in the 
Northwest (the Dakotas and Minnesota) will produce seed containing oil 
as much as 20 units lower in iodine value when grown in the Southwest 
(Texas). If grown under irrigation,' as for example in the Imperial Valley 
of California, the iodine number of the oil will be intermediate between the 
two. 

It is also well established that the iodine value of the fatty acids or oil of 
many plants increases steadily during growth and maturation. The varia¬ 
tion in iodine value with growth is illustrated by the results in Table 150, 

^ J. B. McNair, Botan. Rev.^ 11, 1-59 (1945). See J. B. McNain Am, J, Botany, 
16, 832-S41 (1929); 18, 518-525 (1931); 21, 427-452 (1934); Field Museum Nat His-^ 
tory Botan, Ser,, Pub. 276, 9 (No. 2), 47-68 (1930) ; BuU, Torrey Botan, Club, 62, 515- 
532 (1935); Scusnee, 94, 422 (1941); Lloydia, 6, 155-156 (1943). 
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Table 150 

VAKIATION IN OIL CONTENT AND IODINE VALUE OF LINSEED OIL 

WITH GROWTH AND MATURATION 

Days after 
flowering 

Oil content Iodine 
value Per cent (dry wt.) Per cent (original) 

10 2.46 0.46 114.1 
16 27.86 8.47 124.7 
20 36.98 16.67 129.8 
26 37.16 22.38 1 164.9 
29 36.66 20.62 171.9 
36 36.84 22.38 180.1 
39 36.42 23.36 183.0 
44 36.14 26.39 188.0 
61 36.66 191.9 

which are condensed from the results of Barker. Cartter and Hopper 
have amassed a considerable amount of data illustrating the effect of soil, 
climate, and fertilizer treatment on the degree of unsaturation of soybean 
oil. 

What is most important to this type of work and which is entirely lack¬ 
ing in practically all such reported data is a knowledge of the fatty acid 
composition of these oils. Without information concerning the changes 
in the specific acids which are responsible for the variation in iodine num¬ 
ber, this type of data is of little value in formulating any theory con¬ 
cerning the nature of the synthetic process active in the plant. Only re¬ 
cently has such data become available, especially with respect to change in 
composition as a function of maturity. 

Another significant fact pertaining to the synthesis of fatty acids is the 
relatively large amounts of unsaturated acids which are present in fish and 
other marine animals. Whether this tendency to produce predominantly 
unsaturated acids is associated with the more primitive organization of 
these animals or to the effect of environment, i. e., relatively low and uni¬ 
form temperatures compared to plants, or to the ingested food, is as yet a 
matter of speculation. 

3. Synthesis of Fatty Acids by Animals 

There is little enough evidence concerning the synthesis of fatty acids by 
plants, but that pertaining to animals is still less. Direct evidence that fats 
are synthesized by animals is difiScult to obtain with the result that most 
investigators in this field have been concerned with the metabolic fate of 
ingested fatty acids rather than with the mechanisms of biosynthesis. 

Although the bulk of the fats and fatty acids stored or metabolized by 
animals is derived directly or indirectly from plants, it appears that some 

« M. F. Barker, J. Soc, Ckem, Ind,, 51, 218-222T (1932). 
J. L, Cartter and T. H, Hopper, u. S, DepL Agr, Tech. Btdl., No. 787,66 pp. (1942). 
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fats and fatty acids can be synthesized by animals from carbohydrates and 
possibly also from proteins.^* However, the type of acids which can be 
synthesized by animals is extremely limited compared to plants. This lim¬ 
itation has been especially demonstrated by the work of Hilditch, Lea, and 
Pedelty*® who have shown that pigs reared on specific diets produce pri¬ 
marily palmitic, oleic, and stearic acids. The inability of animals to syn¬ 
thesize linoleic, linolenic, and arachidonic acids has been demonstrated by 
Burr and co-workersin connection with their studies on the deficiency 
disease which is induced when these acids are omitted from the diet. 

Karrer and Koenig^® found that none of the five unsaturated acids which 
were added successively to linoleic acid-free diets could be converted by 
animals to linoleic acid, as indicated by growth failure and the characteris¬ 
tic deficiency diseases which developed on these diets. Bernhard and Schoen- 
heimer*’' and Bernhard, Steinhausen, and Bullet®® have shown that mice 
and rats cannot synthesize linoleic or linolenic acid from carbohydrates 
even when given large doses of vitamin Br. These experiments would ap¬ 
pear to indicate that polyunsaturated acids cannot be synthesized by the 
animal from carbohydrates or by dehydrogenation of saturated or mono- 
unsaturated fatty acids. 

Perhaps the greatest variety of fatty acids produced by animals is found 
in the milk fat of mammals. These acids are primarily short chain fatty 
acids, generally saturated but with small amounts of the corresponding 
monounsaturated acids and some octadecadienoic acids.®® It has usually 
been assumed that the short chain acids found in animals resulted from 
oxidation of ingested longer chain acids. However, Klem^® observed that 
when the triglycerides of deuteriumized lauric and myristic acids were fed 
to rats, the acid underwent an increase in chain length in the animal or¬ 
ganism instead of a decrease. Deuteriumized lauric acid was converted to 
myristic acid and deuteriumized myristic to palmitic acid. The author in¬ 
terpreted these results to indicate that jS-oxidation was a reversible proc¬ 
ess. Since the process of /S-oxidation has itself never been proved, the re- 

*• T. P. Hilditch, The Chemical Constitution of Natural Fats. Wiley, New York, 1941, 
pp. 271-289. 

T. P. Hilditch, C. H. Lea, and W. H. Pedelty, Biochem. 33,493-504 (1939). 
G. 0. Burr and M. M. Burr, J. Biol Chem., 82, 345-367 (1929); 86, 587-621 

(1930). 
•* G. O. Burr, M. M. Burr, and W. R. Brown, Proc. Soc. Exptl Biol Med., 28, 905- 

907 (1931). 
G. O. Burr, M. M. Burr, and E. S. Miller, J. Biol Chem., 97, 1-9 (1932). 
G. O. Burr and A. J. Beber, J. Nutrition, 14, 553-566 (1937). 

“ G. O. Burr, J. B. Brown, J. P. Kass, and W. 0. Lundberg, Proc. Soc. Exptl Biol 
Med. 44 242—244 (1940). 

*• i^arrer and H. Koenig, Help. Chim. Acta, 26, 219-226 (1943). 
” K. Bernhard and R. Schoenheimer, J. Biol. Chem., 133, 707-712 (1940). 
•»K. Bernhard, H. Steinhausen, and F. Bullet, Hdv. Chim. Acta., 25, 1313-1318 

(1942). 
T. P. Hilditch and H, Jasperson, J. Soc. Chem. Ind., 64,109-111 (1945). 

« A. Klem, Fette w. Seifen^ 51,184-188 (1944). 
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versibility of the mechanism is also questionable. It would appear more 
plausible to assume that some form of condensation occurs to increase the 

chain length of the ingested acids. However, it may be possible that more 
than one organ is capable of synthesizing or transforming fats, e, jr., that 
synthesis of fats may occur in the liver and short chain acids may be pro¬ 

duced by degradation of long chain acids in specialized organs such as the 
mammary glands. 

Another peculiarity of the distribution of fatty acids is the predominance 

—already remarked upon—of unsaturated acids in fish and other marine 
animals. However, the same types of fatty acids appear to be present in 

algae, plankton, and other primitive aquatic plants and animals which 

furnish the primary source of food of all fish and marine animals either di¬ 
rectly or indirectly. It is not improbable then that fish and other marine 
animals are also incapable of synthesizing fatty acids or glycerides but de¬ 
rive these substances from external sources some of which may be metabo¬ 

lized directly and others stored per se. 

If it is true that the wide variety of fatty acids found in fish and other 

marine animals is derived from marine plants, that most land animals 

cannot synthesize polyunsaturated acids as appears to be the case, 
and that the short chain acids found in milk fats are produced by 

degradation of longer chain acids, then the problem of fatty acid synthesis 

in animals is greatly simplified and leaves the problem of the synthesis of 
the varied and complicated acids in the domain of plants. 

It is not unlikely that the synthesis of fatty acids and glycerides in the 

higher plants and in animals may occur by quite different mechanisms, and 
that these substances may serve entirely different purposes in different or¬ 
ganisms, and in specific organs, thus rendering it impossible to explain their 
origin by a single mechanism. 
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CHAPTER XXII 

SEPARATION OF FATTY ACIDS 

1. Introduction 

The isolation and identification of the component acids comprising a 
natural fat or wax is generally a diflBicult process, especially if it is to be 
carried out in a quantitative rather than a qualitative manner. Fats 
and waxes are of all degrees of complexity and sometimes contain fatty 
acids of widely different properties, e. g,, they may comprise readily volatile 
and highly nonvolatile acids, or completely saturated and highly unsatu¬ 
rated acids. On the other hand, they may comprise a homologous series 
of acids differing only slightly from member to member in chemical and 
physical properties and thus affording no ready means of sharp separation 
or of preparing characteristic derivatives unequivocally differentiating them 
from neighboring members of the series. 

Owing to the complexity of the mixture of acids present in natural fats 
and waxes, no single method is universally applicable to their separation. 
In some cases several methods, usually of different degrees of applicability, 
are available and a choice must be made between them especially since the 
separation may be conducted for one or another of several different pur¬ 
poses. For example, it may be desired to know as exactly as possible the 
quantitative composition of a fatty acid mixture or merely to identify 
qualitatively the presence of a specific acid in the mixture, or it may be 
desired to prepare a small quantity of a highly pure acid or a large quantity 
of a less pure acid. For each condition some method or combination of 
methods of separation is preferable to any other. 

The present methods have been developed over a long period and 
although they are now more reliable than at any previous time they still 
leave much to be desired in the way of simplicity and accuracy. Some 
methods formerly in vogue have been superseded by others of greater ac¬ 
curacy but the search continues for simpler, more widely applicable and 
more reliable ones. 

The available techniques may be divided into three general types 
involving separation by (Jf) distillation, {2) solubility, and (S) adsorption 
of fatty adds per se, or after conversion into esters, salts, or halogenated 
derivatives. It is sometimes feasible to effect a partial separation of 
the glycerides or wax esters by crystallization either with or without sol- 

675 
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vent or by molecular distillation, but generally little advantage is gained 
by such preliminary fractionation. 

Similarly, a number of methods are available for characterizing a given 
fatty acid after it has been separated from its admixture with other acids. 
These methods involve: (1) determination of one or more physical prop¬ 
erties such as melting point, boiling-point, refractive index, etc.; (2) 
determination of one or more chemical properties such as absorption of 
iodine, thiocyanogen, hydrogen, etc.; or (S) preparation of a characteristic 
derivative, usually an ester, and determination of the properties of the 
derivative. 

Regardless of the subsequent procedure to be followed in separating and 
identifying the component acids of a natural fat or wax, it will usually be 
desirable to saponify the product to produce a mixture of fatty acids, and 
in some cases to convert these to a mixture of monoesters; therefore refeir- 
ence will be made to these processes as preliminary to the actual separa¬ 
tion and identification processes. 

2. Saponification and Esterification 

(a) Saponification of Fats and Waxes 

Saponification of a fat or wax may be accomplished in a number of dif¬ 
ferent ways and the precise manner in which it is accomplished depends to 
some extent on the nature of the original material and the object to be 
attained. Most fats as well as waxes are saponifiable by means of potas¬ 
sium and sodium hydroxides, alkali alcoholates, or some other base in 
methanol, ethanol, butanol, or other organic solvent. Fats may also be 
hydrolyzed with steam under pressure or by the action of a catalyst such 
as Twitchell reagent or some other aromatic sulfonic acid. 

For purposes of quantitative identification, it is essential that all opera¬ 
tions involved in the saponification and subsequent steps be conducted in 
such a manner that no alteration of the fatty acid occurs. The unsatu¬ 
rated fatty acids are especially prone to undergo alteration, e. g,, the highly 
unsaturated acids of fish oils tend to undergo isomerization and polymeriza¬ 
tion when heated too long or in the presence of concentrated alkali. It 
has been observed by various workers that heating unconjugated poly- 
ethenoid acids in the presence of alkalies results in the production of vary¬ 
ing amounts of conjugation depiending on conditions. The conditions 
which favor the production of conjugation are long periods of heating, 

1 W. J. Dann and T. Moore, Biochem. J., 27, 1166-1169 (1933). 
* T. Moore, Biochem. /., 31, 136-154 (1937). 
»J. H. Mitchell, Jr., H. R. Kraybill, and F. P. Zscheile, Ind. Eng, Chem., Anal, Ed., 

15, 1-3 (1943). 
« J. P. Kass and G. 0. Burr, J, Am, Chem, Soc,, 61, 3292-3294 (1939). 
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use of high boiling solvents (butanol, ethylene glycol xnonoethyl ether, 
diethylene glycol), and high concentrations of alkali. 

On the other hand, the true waxes and some fats (wool fat, spermaceti, 
leaf fats) which contain waxy materials and some other esters, are not 
readily saponified under mild conditions and recourse must be had to more 
drastic methods to insure complete saponification. 

In addition to pol3mierization and isomerization reactions, more or less 
oxidation may occur during saponification of glycerides of the highly un¬ 
saturated acids, especially if they contain conjugated double bonds; con- 
sequ(^ntly, it is necessary to protect them against oxidation by passing a 
current of nitrogen or hydrogen through the reaction mixture. 

Saponification of Fats.—For ordinary fats and oils, Hilditch® has ob¬ 
served that saponification is readily accomplished by refluxing for six hours, 
100 parts of fat with 60 parts of potas.sium hydroxide and 500 parts of 
95% to 100% ethanol. Sodium methylate has been frequently recom¬ 
mended®-* for use with difficultly saponifiable fats. Even for ordinary 
fats its u.se is advantageous as the .saponification is decidedly more rapid. 
Steet** found that 0.5 N potassium hydroxide in ethylene glycol mono¬ 
ethyl ether gave instantaneous saponification at the boiling point of the 
solution and that complete saponification occurred even in wool fat and 
carnauba wax in fifteen minutes. Redemann and Lucas” found that po¬ 
tassium hydroxide in diethylene glycol resulted in complete saponification 
of many types of esters in three minutes. 

Marcus” has described a so-called “cold saponification” process which 
was originally proposed for separating vitamins A and D in an essentially 
unaltered form from cod liver oil. Actually the “cold saponification” 
comprises a reaction of an oil with concentrated aqueous alkali which 
proceeds exothermally, provided a small amount (less than one per cent 
on the basis of the oil used) of ethanol is added. The exothermic reaction 
will not occur without the addition of the alcohol but once added, the 
reaction becomes vigorous and is complete in a short time. The process 
may be carried out by dissolving 260 g. of potassium hydroxide in 250 ml. 
of water. To this solution there is added with vigorous stirring a liter of 
the oil to be saponified. Ten milliliters of ethanol is then added, where¬ 
upon the exothermic reaction starts and is complete in a few minutes. 

Another method of saponification which is intended to produce mini- 

‘ T. P. Hilditch, The Chemical Constitution of Natural Fats. Wiley, New York 1941 
pp. 367,368. ’ ' 

• A. Kossel and K. ObermUller, Z. physiol. Chem., 14, 599-601 (1890). 
' A. Kossel and M. Krtiger, Z. physiol. Chem., 15, ^1-330 (1891). 
• K. ObermUller, Z. physiol. Chem., 16, 152-159 (1892). 
• A. Beythien, Pharm. ZentraUialle, 38, 850-852 (1897). 
“ W. R. Steet, Analyst, 61, 687 (1936). 
“ C. E. Redemann and H. J. Lucas, Ind. Eng. Chem., Anal. Ed., 9,521-522 (19371 
” J. K. Marcus, J. Biol. Chem., 80, 9-14 (19^). 
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mum alteration in the labile constituents has been described by Heilbron 
el In this method, 500 g. of oil is heated with 1250 ml. of a 12% 
solution of alcoholic potassium hydroxide for one hour at 75®C. under an 
atmosphere of nitrogen. 

Saponification of Waxes.—The saponification of waxes and particularly 
insect waxes, has been shown by Chibnall and co-workers'^ to be especially 
difficult and cannot be completely accomplished by the same methods used 
in saponifying ordinary fats and oils. Not only is the saponification 
extremely difficult, but the subsequent separation of the soaps and liber¬ 
ated alcohols is complicated by peculiar and unexpected solubility rela¬ 
tionships. Tt was recognized for a long time that, in general, the solubility 
of the long chain fatty acids and alcohols in organic solvents decreased 
with increasing length of the carbon chain, but it was not recognized that 
the sodium and potassium soaps of fatty acids become increasingly soluble 
in organic solvents with increase in chain length.'® The sodium and potas¬ 
sium soaps of the higher fatty acids, C26 to Cae, are soluble to an appreciable 
extent in boiling acetone and freely soluble in boiling benzene. On the 
other hand, the calcium salts are only slightly soluble in boiling alcohol 
and acetone, but are nearly insoluble in boiling benzene and are completely 
insoluble in boiling ethyl ether. 

Chibnall and co-workers'* developed a method for saponifying waxes 
which, although involved and tedious, leads to complete separation of the 
fatty acids and alcohols. The process involves the saponification of the 
wax in a benzene-alcohol solution of potassium hydroxide, followed by a 
second saponification with sodium ethoxide of the unsaponified portion of 
wax remaining after the.first treatment. 

The details of the method are best illustrated by the description given by 
the authors for its application to a specific wax, namely, coccerin wax, ob¬ 
tained from Coccus cacti. These are as follows: 

“The wax (62 g.) was dissolved in 1800 ml. of hot benzene, 1200 ml. of 10% al¬ 
coholic potash were added, and the mixture was boiled under reflux for 12 hours. 
At the end of that period 3 liters of 95% alcohol containing 160 g. of calcium chlo¬ 
ride were added and the boiling continued for another 2| hours. The mixture 
was then filtered hot, using a battery of hot water-jacketed conical filters. The 
residual calcium soaps were extracted three times successively with 3 liters of 
boiling alcohol and then with the same volume of boiling acetone. The filtrates 
were cooled, and the crude cocceryl alcohol which separated was collected. This 

I. M. Heilbron, R. N. Heslop, R. A. Morton, E. T. Webster, J. L. Rea, and J. C. 
Drummond, Bioc/tem. 26, 1178-1193 (1932). 

A. C. Chibnall, A. L. Latner, E. F. Williams, and C. A. Ayre, Biochem, 28,313- 
325 (1934). See A. Pollard, A. C. Chibnall, and S. H. Pij^r 2Sf, 2111-2122 
(1931): A. C. Chibnall, S. H. Piper, H. A. El Mangouil E. F. Williams, and A. V. V. 
Iyengar, ibid,, 31,1991—1986 (19o7); B. K, Blount, A. C. Chibnall, and H. A. El Man- 
gouri. 1375-1378 (1937). 

“ k H. hper, A. C. Chibnall, and E. F. WilUanM, Biodtem. 28,2175-2188 (1934). 
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material (41 g.) was treated five times successively with boiling acetone and fil¬ 
tered hot. The filtrates on cooling gave 24 g. of crude alcohol. The residue in¬ 
soluble in the hot acetone (12 g.) contained calcium soaps, which in the previous 
stage must have been rendered soluble in hot alcohol by the excess of potash present, 
a little unsaponified wax and much unidentified material. The crude alcohol and 
residue were therefore collected, dissolved in 1200 ml. of hot benzene and boiled 
under reflux for 3^ hours with sodium ethoxide (20 g. of sodium in 480 ml. of 
alcohol). 30 g. of calcium chloride in 250 ml. of 95% alcohol were then added, and 
and the boiling was continued for 2 hours. The mixture was filtered hot, and the 
insoluble soaps were extracted three times successively with 1 litre of boiling 95% 
alcohol and finally with 1 litre of boiling acetone. The combined filtrates, on cool- 
ing, gave 26.5 g. of crude cocceryl alcohol, M.P. 99-100®. This was digested with 
3^ litres of boiling acetone and filtered hot. The filtrate, on cooling, gave 15 g. 
of alcohol, M.P. 99.6-99.8®. The residue was treated three times, successively, 
in the same way, giving a further 4.7 g. of alcohol, M.P. 100.2-100.5®. The ulti¬ 
mate residue of soap weighed 0.8 g., and the acetone mother-liquors on evaporation 
gave 4 g. of crude alcohol which was neglected. 

“The calcium soaps from the first saponification were boiled under reflux with 
2 litres of glacial acetic acid until the solution was clear and the mixture poured into 
an excess of cold water. The precipitated acids were collected, the treatment with 
glacial acetic acid repeated, and the product crystallized from acetone. The 
material thus obtained (25.7 g.) was digested for some time with 3 litres of boiling 
acetone and filtered hot. On cooling, the filtrate gave 14.1 g. of fatty acid, M.P. 
98.2-99®. Three further extractions of the residue gave in all 6.5 g. of fatty 
acid, M.P. 104r-105®. Tlie ultimate residue was neglected, as also were the 3 g. of 
crude acid recovered from the acetone mother-liquors on evaporation. The gross 
3deld of acids recovered was 23.6 g. and of alcohol 23.7 g., showing a loss of 14.7 g.” 

Recovery of Fatty Acids from the Saponification Medium.—Following 
saponification of ordinary fats or oils, it is usually preferable to remove the 
unsaponifiable constituents from the fatty acid soaps unless they are 
present in very small amounts, t. e., less than 0.5% on the basis of the orig¬ 
inal fat. This operation is difficult and tedious at best. Removal of 
the unsaponifiable material is ordinarily accomplished by partially remov¬ 
ing the alcohol, diluting the residue with a large volume of water, and ex¬ 
tracting the soap solution with ethyl ether or petroleum naphtha. It is 
general practice to remove about one-half of the alcohol by distillation 
before adding water to the mixture of soaps and unsaponifiable material. 
Reduction of the alcohol concentration beyond about half of the original 
volume is generally avoided because of the possibility of altering the un¬ 
saturated acids by prolonged heating in the presence of a constantly in¬ 
creasing concentration of alkali, and also because the presence of some 
alcohol tends to minimize the formation of emulsions during the subse¬ 
quent extraction of the unsaponifiable matter. 

There are several methods available which permit the removal of nearly 
all of the alcohol where this is desirable without much risk of affecting the 
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unstable constituents. One such means is to add water to the distilling 
mixture to maintain the original alkali concentration relatively constant 
while the alcohol is being distilled. Another method is to employ distilla¬ 
tion technique which permits the removal of the alcohol at a low tempera¬ 
ture, i, e.y slightly above room temperature. This can be accomplished with 
a still similar to that described by Naumann^® for preparing biological 
extracts. 

In the usual procedure of removing approximately half of the alcohol, 
the residue is transferred to a separatory funnel, diluted with water, and 
the unsaponifiable matter extracted by shaking with an organic solvent, 
preferably ethyl ether or petroleum naphtha. Not uncommonly there 
are formed difficultly separable emulsions and oftentimes separation of 
the soaps and unsaponifiable matter is rather incomplete owing to the fact 
that neither the aqueous phase nor the organic liquid phase is homogeneous 
with respect to either solvent. The difficulties in this operation have led 
to the introduction of various modified procedures intended to simplify 
the separation or reduce the tedium. Hilditch,® for example, has de¬ 
scribed a continuous extractor for use in handling large volumes of soap 
solutions. 

When using the cold saponification process, Marcus^^ found it expedient 
to extract the unsaponifiable matter with ethylene dichloride. The use 
of this solvent was found to overcome Xhe formation of emulsions and had 
the advantage of separating below the lighter soap solution. Repeated 
extractions can be made without removing the soap solution from the sepa¬ 
ratory funnel as is the case when ethyl ether or petroleum naphtha is 
used. 

After removal of the unsaponifiable matter, the fatty acids are liberated 
from the soaps by the addition of acid. The longer chain acids which are 
relatively insoluble can be separated from the aqueous medium by allowing 
them to stand, preferably below room temperature, until they rise to the 
surface. After separation of the fatty acids they should be washed to 
remove entrained mineral acids and then dried and weighed. All these 
operations should be carried out in the presence of an inert gas wherever 
appreciable quantities of unsaturated acids are present. If the original 
fat contains low molecular weight fatty acids which are more or less 
soluble in water, the wash waters and acidulated aqueous layer should be 
extracted with ether to recover these acids. These acids may be kept 
separate or added to the higher molecular weight acids as desired. 

At this point the procedure for handling the acids may be varied con¬ 
siderably depending on the nature of the components, their relative 
amounts, and the objective to be achieved, e, g,, whether it is desired to 

H. N. Naumann, Biochem. J,, 29, 094-997 (1935). 
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determine quantitatively the relative proportions of the different acids 
present in the original mixture, or merely to obtain some one Ifighly pure 
component. Generally, the mixture of acids will be too complex to render 
direct separation of the individual components possible by a single process, 
as for exampfe, distillation. Therefore, it is necessary to separate the 
mixture into two or more gross fractions containing a smaller number of 
components of relatively similar nature. It may be desirable to separate 
(1) the readily volatile from less volatile acids, (2) saturated from un¬ 
saturated acids, (5) components of saturated fraction from each other, 
and (4) components of the unsaturated fraction from each other. It may 
be desirable to conduct these operations on the free acids, esters, salts, 
or halogen derivatives, if not at this stage, at some subsequent stage. 

(6) Preparation of Esters 

It may often be desirable to conduct the separation of a mixture of fatty 
acids by distillation or other treatment of the corresponding monoesters. 
The required inonoestcrs may be prepared by direct esterification of mono- 
hydric alcohols and the mixed acids obtained by saponification and subse¬ 
quent acidulation of a fat or oil, or by esterification of the individual frac¬ 
tions obtained by prior partial separation of metallic salts, bromo deriva¬ 
tives, or other means. The esters may also be prepared directly from the 
fat or oil by alcoholysis, thereby eliminating the prior saponification opera¬ 
tion. Either methanol or ethanol may be used for preparation of the cor¬ 
responding esters. Ethyl esters possess the advantage over the methyl 
esters of somewhat greater thermal stability, lower boiling point, and 
availability of more extensive characterizing data such as melting and 
transition points, crystal spacing, etc. 

Methods of preparing monoesters by direct esterification and alcoholysis 
have been discussed in a previous chapter. As pointed out in Chapter X, 
there is no general agreement as to the best method of accomplishing the 
direct esterification of fatty acids. This operation depends to some extent 
on the nature and amount of acids to be esterified. For quantities up to 
a few hundred grams the procedure most generally followed comprises 
refluxing the mixed acids for three to six hours with two to four times 
their weight of methanol or ethanol containing two per cent by weight of 
sulfuric acid or 1% to 2% by weight of dry hydrochloric acid as catalyst. 

The esterification mixture is then distilled at as low a temperature as 
possible, especially if it contains esters of highly unsaturated acids, to 
remove most of the alcohol. The residue is dissolved in ethyl ether and 
washed, first with water to remove the mineral acid catalyst, and then with 
dilute sodium carbonate solution to remove any unesterified fatty acids, 
and finally with water to remove any excess of sodium carbonate. When 
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the esterification operation is conducted as part of a quantitative analysis, 
any unreacted fatty acids should be subjected to further esterification. 
Other conditions for conducting the esterification process and recovery 
of esters are described in Chapter X. 

Preparation of esters by direct methanolysis or ethanolysis of ordinary 
fats and oils possesses many advantages over the method of saponification 
and re-esterification, especially when conducted under the conditions pre¬ 
scribed by Kurz.^^ The conversion of glycerides present in the more 
common fats and oils to methyl or ethyl esters occurs rapidly (two hours) 
even at room temperature and many times more rapidly at 50® to 60®C., 
merely by shaking a homogeneous solution of these substances in methanol 
or ethanol containing 0.50 to 0.75 equivalent of sodium or potassium 
hydroxides.^® 

According to Kurz, a fat or oil such as olive oil is converted to methyl 
esters to the extent of more than 98% by merely allowing a mixture con¬ 
taining 50 parts by volume of a 20% solution of the fat in ethyl ether, 35 
parts of neutralized methanol, and 1.0 part of 0.5 N solution of potassium 
hydroxide in methanol, to stand for 24 hours at 20®C. 

3. Distillation 

Distillation of mixed fatty acids may be carried out to effect one of 
several different types of separation, namely to separate so-called volatile 
from nonvolatile acids by means of steam, to separate relatively non¬ 
volatile members of a homologous series by vacuum distillation, and to 
separate a relatively nonvolatile acid from a nondistillable component such 
as an oxidized or polymerized component by molecular distillation. 

Distillation may also be applied to a mixture of fatty acids containing 
both saturated and unsaturated fatty acids or it may preferably be applied 
to the separation of individual components of the saturated and unsatu¬ 
rated acid fractions obtained by prior crystallization from solvents of the 
original mixed fatty acids, metallic salts, or bromo derivatives at ordinary 
or low temperatures. 

More often than not, distillation of the methyl or ethyl esters of the 
original mixed acids, or the saturated and sometimes the unsaturated acid 
fractions, is conducted to obtain a specific acid or to effect separation of 
the mixture into a series of readily identifiable components. • Although one 
of the most common operations employed in the examination of fatty acid 
mixtures, it is quite frequently carried out with less attention to pertinent 
details than almost any other laboratory process. 

H. Kurz, FetU u. Seifen, 44, 144-146 (1937). 
“ Y. Toyama, T. Tsuchiya, and T. Ishikawa, /. 8oc, Chem, Ind. Japan. Suppl. bind¬ 

ing, as, 230-2316, 231-232B (1933). 
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(a) Steam Distillation 

Most monographs^®’*® and methods of anal3rBe8*^ contain directions for 
conducting t»he separation of so-called volatile acids from nonvolatile acids 
by steam distillation. Such methods are necessarily empirical because 
most of the fatty acids found in common fats are volatile with steam in 
varying degrees depending on the temperature, pressure, throughput of 
steam, and other factors obtaining during distillation. The relative de¬ 
gree of volatility of the fatty acids from C2 to C22 is readily apparent from 
Figure 36 (Chapter VI, page 167). 

The method of steam distillation is of some utility in the case of milk 
fats, nearly all of which contain short chain acids such as butyric, caproic, 
caprylic, etc. Coconut, palm kernel, and related fats also contain small 
amounts of acids which are somewhat more volatile than the long chain 
acids with which they are associated. Isovaleric acid which occurs in the 
head and jaw oils of the porpoise, is also readily volatile with steam. 

Steam distillation may serve to effect a partial separation of the shorter 
chain from the longer chain acids. The volatilized acids may then be re¬ 
covered from the condensed distillate by extraction with ethyl ether. 
After removal of the ether, the acids may be further separated by frac¬ 
tional distillation through an efficient column. If it is desired to recover 
quantitatively the acids in the steam distillate care must be exercised in 
the ether extraction because of the tendency of the lower acids to partition 
themselves between the aqueous and ethereal phases. 

(6) Vacuum Distillation 

Vacuum distillation of fatty acid and ester mixtures constitutes one of 
the most important methods of separation of these products. The past 
quarter of a century has seen great activity in the field of petroleum frac¬ 
tionation and during this period many publications have appeared dealing 
with the theoretical and practical aspects of the process. Similar intense 
investigations have not been directed to the fractionation of fatty acids 
and esters with respect to theory, practice, or design of equipment. Only 
in the past few years have these phases of fatty acid investigation received 
consideration commensurate with their importance in the laboratory and 
industry. 

Theoretical Considerations.—Under ideal conditions of fractional distil¬ 
lation it should be possible to resolve a mixture of components by com¬ 
pletely removing successive molecular species at fixed temperatures and 

” Q. S. Jamieson, Vegetable Fata and Oils. 2nd ed,, Reinhold, New York, 1943, pp. 
400-408. 

T. P. Hilditch, The Chemical Constitution of Natural Fata. Wiley, New York, 1941, 
pp. 369-370. 

^ Official and TerUatwe Methods, V. O. Mehlenbacher, ed. American Oil Chemists’ 
Society, 1946. 
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pressures. Also ideally, it might be assumed that one component of a 
given mixture should distill at a fixed temperature and pressure until all of 
that component has been removed, following which the tei^perature of 
the condensate vapor should rise to that of the next higher boiling com¬ 
ponent and again remain constant until it has been removed. Actually, 
distillation is dependent on a vapor-liquid equilibrium similar to that 
represented in Figure 78. 

The upper curve in Figure 78 represents the composition of the vapor 
which will be in equilibrium with the liquid in the lower curve at any given 

temperature. A liquid corresponding 
to Xi mole per cent of component B 
at a temperature h will give rise to 
a vapor which, when cooled to tem¬ 
perature t2, will produce a liquid con¬ 
taining ^^2 mole per cent of compo¬ 
nent B. Re-evaporation of the latter 
liquid at a temperature (2 will give 
rise to a vapor which, on cooling to 
temperature <3, will produce a liquid 
containing mole per cent of com¬ 
ponent B. If the process of evapora¬ 
tion and condensation, re-evaporation 
and condensation were repeated a suffi¬ 
cient number of times, a pure compo¬ 
nent would theoretically be obtained. 

In practice, this is accomplished by 
a process in which distillate vapors 
leaving the heated liquid are allowed 

to pass upward through a tube or column at the top of which they are 
condensed. The condensate, which is designated refliLXj is returned down¬ 
ward through the tube in which it comes into more or less intimate contact 
with ascending vapors. Here a heat exchange occurs between the rela¬ 
tively cooler liquid condensate and the warmer vapors so that the more 
volatile part of the liquid is vaporized while the more readily condensible 
part of the vapors is converted to liquid. Under ideal conditions the heat 
lost by the rising vapors is gained by the descending liquid and no gain 
or loss of heat occurs within the system. This series of interactions re¬ 
sults in a concentration of the more volatile component of a mixture in 
the top of the column and an increasing concentration of less volatile 
material at the bottom. In an ideally adiabatic distillation complete 
resolution would result. 

Such ideal conditions seldom prevail and, in the case of routine fatty 
acid or ester fractionation, they arc quite frequently not even approxi- 

Fig. 78. Hypothetical distillation 
curve. 
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mated. Distillation is more often than not carried out over a range of tem¬ 
peratures and pressures without any very exact knowledge of the manner 
in which these conditions are varying. The resulting fractions cannot, 
therefore, be expected to be composed of a single component, or if the origi¬ 
nal mixture is very complex, even of a very small number of components. 
That this is true in many cases is evident from the examination of the pub¬ 
lished data on acid and ester fractionation. Many experimenters have 
assumed, for example, that the distillate fractions are two component 
systems, or three components if, as in the case of saturated acid fractions, 
they are found to have an appreciable iodine value. It is generally true 
that one component predominates in the mixture, but this predominancy 
depends generally on the relative complexity and percentage composition 
of the original distilland. Even the assumption that the fraction contains 
but three components is oftentimes unwarranted, and it is seldom sub¬ 
stantiated by rigid physical or ch(imical criteria of homogeneity. For 
additional treatment of the theoretical and practical aspects of distillation 
of fatty acids and esters reference should be made to Chapter VI. 

Practical Considerations.—A distillation unit of whatever design must 
of necessity be a compromise between theory and practice, but it is pos¬ 
sible to design and operate such equipment with a relatively high degree 
of efficiency. Such a unit consists of four essential parts, namely, a 
boiler and source of heat, a column including the packing and insulation, 
a still head including a condenser, reflux controller and fraction cutter, 
and a means of producing and controlling the vacuurti. 

Column.—In design, the column must have the proper diameter to 
total height, the packing must have good height efficiency, i. e., low 
H.E.T.P. (height equivalent to a theoretical plate), good throughput 
rate, low liquid holdup, and freedom from channeling. 

In selecting the proper column diameter for a given distillation it should 
be remembered that increasing the diameter of the column increases its 
capacity. The increase in capacity is roughly proportional to the square 
of the diameter of the column as indicated in the data in Table 151. It is 

Table 151 

EFFECT OF DIAMETER ON CAPACITY JLND HOLDUP OF COLUMN PACKED 

WITH PODBIELNIAK HELI-GRIDS® 

Packing 
diameter, 

mm. 

Maximum 
capacity, 
ml./hr. 

Ratio of 
capacity 
to diam.* 

Holdup, b 
ml. 

Ratio of 
holdup 

to diam.* 

8.0 240 3.8 4.0 0.063 
11.0 360 3.0 7.2 0.059 
13.0 560 3.3 11.2 0.066 
22.0 1500 3.1 30.0 0.062 

« F. A. Norris and D. E. Terry, Oil & Soap, 22, 41-46 (1945), 
^ Milliliter holdup at 50% maximum capacity for 36-inch column. 
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also evident from the data of Norris and Terry,®* which are reproduced in 
Table 151, that the holdup is likewise proportional to the square of the 
diameter. In distillations employing large diameter columns it is, there¬ 
fore, necessary to use relatively large samples to obtain sharp fractiona¬ 
tion. 

Packing.—A large variety of column packings are now available and 
have been investigated to determine their relative efficiencies in fractionat¬ 
ing fatty acids and esters.®®~** NorHs and Terry have compiled data with 
respect to the efficiencies of the more common packings which are repro¬ 
duced in Table 152. Among the more efficient packings for small labora- 

Table 152 

COMPARATIVE H.E.T.P. FOR VARIOUS TYPES OF COLUMN PACKING ACCORDING 

TO NORRIS AND TERRY" 

Typ« of packing Ref. 
No. 

H.E.T.P. 
in cm. 

HeH-Grid i 23 0.5-1.5 
Stedman 24 1.3 
Multiple concentric glass tubes 25 1.8 
^innmg band 
Concentric tubes 

26 2.2 
27 1.9-5.6 

^iral screen 
Glass helices 

28 1.7 
29 2.9-6.3 

Vigreux, indentations only 26 6.0 
Widmer, spiraled glass rod 26 8.2 
Jackchain, single hnk, iron. No. 16 30 10.7 
Single-turn helice^ aluminum, 0.25 in. 
Raschig rings, carbon, 0.25 X 0.25 in. 

30 12.7-27.2 
30 11.9-15.3 

Open tower 29 64.7-74.2 

® F. A. Norris and D. E. Terry, (HI & Soap^ 22, 41-46 (1945). 

tory stills are single-turn helices®^ ®* and conical wire gauze or Stedman 
packing. According to Bragg,** Stedman packing in */8-, */4-, and 1.0- 
inch diameter columns having minimum H.E.T.P. values of 0.42, 0.48, 

** F. A. Norris and D. E. Terry, Oil & Soap, 22,41-46 (1945). 
*• W. J. Podbielniak, Ind. Eng. Chem., Anal. Ed., 13,639-545 (1941). 

A. W. Weitkamp and L. C. Brunstrum Ot7 & Soap, 18, 47-50 (1941). 
*• M. L. Selker, R. E. Burk, and H. P. Lankelma, Ind. Eng. Chem., Anal. Ed., 12, 

352-355 (1940). 
* R. H. Baker, C. Barkenbus, and C. A. Roswell, Ind, Eng. Chem., Anal. Ed., 12, 

468-471 (1940). 
^ S. A. Hall and S. Palkin, Ind. Eng. Chem., Anal. Ed., 14, 807-811 (1942). 
*• H. S, Lecky and R. H. EwelL Ind. Eng. Chem., Anal. Ed., 12, 544-547 (1940). 
*• A. A. Morton, Laboratory Technique in Organic Chemistry. McGraw-Hill, New 

York, 1938. 
^ C. S. Robinson and E. R. Gilliland, Elements of Fractional Distillation. 3rd ed., 

McGraw-Hill, New York, 1939. 
C. O. Tongberg, S. Lawroski, and M. R. Fenske, Ind. Eng. Chem., 29, 957-958 

(1937). 
•* M. R. Fenske, S. Lawroski, and C. O. Tongberg, Ind. Eng. Chem., 30, 297-300 

(1938). 
** L. B. Bragg, Ind. Eng. Chem., Anal. Ed., 11, 283-287 (1939). 
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and 0.50 inch, respectively, throughout the operating range, that is, from 
incomplete wetting to incipient flooding is equal or superior to the best 
of the randomly packed columns. This eflSciency is about twice that of 
Vsrinch helices and four times that of small Berl saddles. 

In selecting a given packing it must be borne in mind that the lower 
the efficiency of the packing, the longer must be the column, to obtain a 
given degree of fractionation. The increased pressure drop through the 
column as a result of increased height results in increasingly higher tem¬ 
peratures in the still pot and correspondingly greater thermal reaction 
(polymerization or decompbsftton) of the distilland. 

Pressure Drop.—The pressure at the bottom of a packed column is al¬ 
ways greater than that obtaining at the top by an amount which is a func¬ 
tion of the packing, vapor velocity, and reflux ratio. In order to main¬ 
tain the temperature of the distilland at a minimum, the pressure drop 
should be kept as low as possible. It should also be kept constant in order 
to maintain constant boiling. With certain types of columns it does not 
follow that a given reflux setting will insure a constant reflux ratio because 
the boil-up may vary and produce, for example, increased liquid descending 
the column. Therefore, the pressure drop should be measured and main¬ 
tained constant at the best operating level. 

Fractionating Efficiency.—With regard to theoretical plate efficiency, 
Norris and Terry^^ state in substance in their treatment of the fractiona¬ 
tion of fatty acid esters that, not infrequently, columns are used without 
any determination of the number of theoretical plates and thus without 
any quantitative measurement of their efficiency. Even if the number of 
plates is determined, investigators may often be misled by assuming that 
the efficiency determined under conditions of total reflux obtains, for ex¬ 
ample, at a reflux ratio of 20:1. Experimentally, a column of 25 plates 
and a reflux ratio of 20:1 may be necessary to provide the same fractiona¬ 
tion as a 15-plate column under total reflux. 

It is not always recognized that H.E.T.P. varies with the molecular 
weight of the distillate and tends to increase as the molecular weight 
increases. This subject has been discussed by Morton** who suggests that 
since the volume of vapor at the boiling point of a unit weight of substance 
is indirectly proportional to molecular weight and directly proportional to 
the absolute temperature, a condition will result, especially in the case of 
a high molecular weight material, in which an equal volume of vapor will 
come into contact with a reduced quantity of backflow. It follows, there¬ 
fore, that H.E.T.P. values as ordinarily determined are minimum in the 
case of methyl ester distillations, or, stated another way, a column will 
exhibit less than its rated number of theoretical plates when operating on 
substances of high molecular weight. 

Insulation.—The fractionating column must be operated as nearly adi- 
abatically as possible throughout its length so that the reflux originates at 
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the top of the column and not somewhere along the walls of the column. 
This condition may be attained by a variety of means, such as silvered 
vacuum jackets,^® external ribbon resistors controlled by means of voltage 
regulators,®^ or combinations of resistors and magnesia insulation, and by 
external circulating liquid jackets. The last two are perhaps the simplest 
to construct and control. 

Norris and Terry®® have used a combination of vacuum jacket and 
metallic reflector for ester fractionation. With this device they found it 
unnecessary to add heat to the column during distillation of material 
distilling upwards to 200°C., while the outside of the column was essen¬ 
tially at room temperature. According to these authors, the need for mul¬ 
tiple thermocouples and voltage controllers is eliminated and the manip¬ 
ulative procedure during distillation is greatly simplified. 

In order to maintain adiabatic conditions and proper control of the dis¬ 
tillation by a method other than that of Norris and Terry, it is necessary 
to provide means of determining the temperature in various parts of the 
system. Temperatures in the still pot, column, and column packing are 
best determined by means of an adequate number of thermocouples con¬ 
nected through a selector switch to an accurate potentiometer. A thermom¬ 
eter may be used at the top of the column if preferred. 

Refltui: Regulation.—It is obvious from the preceding discussion that re¬ 
flux is essential to good distillation yet it is quite common to find labora¬ 
tory stills, oftentimes otherwise adequate in design, being operated with 
no provision for returning condensate. Reflux controllers are an essential 
part of the still head and much ingenuity has been exercised in the design 
of these devices. There is often little choice with regard to efficiency of 
many of these devices, consequently simplicity of design and ease of opera¬ 
tion may be the basis of choice. Marshall®^ has described a simple and 
effective reflux controller and more elaborate designs have been described 
by Bruun and co-workers,Simons,®® Noonan,^® Rossini and Glasgow, 
Richards,^® and others. Norris and Terry®® prefer the electrically operated 
reflux controller of Podbielniak which admittedly is one of the best. 

Operating Pressure.—One of the most common faults in the design of 
the vacuum fractionating equipment, especially where good vacuum is re¬ 
quired, is the failure to provide sufficiently large diameter lines between 

C. O. Tongberg, D. Quiggle, and M. R. Fenske, Ind. Eng. Chem., 26, 1213-1217 
(1934). 

» M. J. Marshall, Ind. Eng. Chem., 20, 1379 (1928). 
” J. H. Bruun, Ind. Eng. Chem., Anal. Ed,. 2, 187-188 (1930). 
^ J, H. Bruun and S. T. Schicktanz, Bur. Standards J. Research, 7, 851-882 (1931). 
» J. H. Bruun, Ind. Eng. Chem., Anal. Ed.. 7, 359-860 (1935). 

J. H. Simony Ind. Eng. Chetn., Anal. Ea., 10, 29-31 U938). 
E. Noonan, Ind. Eng. Chem., Anal. Ed., 10, 34 (1938). 
F. D. Rossini and A. R. Glasgow, Jr., J. Research Natl, Bur. Standards, 23, 509- 

514 (1939). 
** A. R. Richards, Ind, Eng, Chem,, Anal, Ed,, 14, 649-652 (1942). 
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the pump and still head. It has been found that the introduction of a 
3-cm. length of 4-mm. inside diameter tubing in the vacuum line will reduce 
the pumping speed of a good vacuum pump by a factor of 50% at 0.001 
mm. pressure. The lengths of tubing of various diameters which will 
reduce the pumping speed by a factor of 50% is given in Table 153. 

Table 153 

LENGTH OF TUBING OF DIFFERENT DIAMETERS WHICH WILL REDUCE 

PUMPING SPEEDS OF VARIOUS CAPACITY VACUUM PUMPS BY A FACTOR 

OF FIFTY PER CENT AT 1.0 MICRON PRESSURE® 

Type of pump 
Length of tubing (cm.) for diameters of 

4 mm. 6 mm. 10 mm. 20 mm. 30 mm. 

Hyvac 10 33 150 
Megavac (320) 3 13 55 420 
Megavac (605) 3 30 250 
Hypervac 20 8 65 
Hypervac 100 6 25 

« CeMCo News Chats, No. 13, 5-7 (1937); No. 45, 12-14 (1944). 

The use of three to four or more feet of small diameter tubing between a 
high vacuum pump and the top of the distillation column is not uncom¬ 
mon. Furthermore, it is not unusual to measure the pressure of the system 
by inserting a manometer near the pump instead of as near the top of the 
column as possible. Consequently, the recorded pressures of many acid 
and ester fractionations bear little relation to that obtaining at the top of 
the column and, owing to lack of information concerning the pressure drop 
through the column, almost none at all to that obtaining in the boiler. 

Little effort has been expended on the automatic control of the free air 
pressure within the system, despite the fact that simple, effective, and in¬ 
expensive devices are now available which function entirely automatically. 
An excellent design of an automatic manostat applicable to the operation 
of fatty acid stills has been described by Oliver and Bickford. 

Although the need for producing efficient vacuum and maintaining it 
relatively constant at a known value have been stressed, it should be 
pointed out that there is generally no advantage in distilling thermally 
stable materials at extremely low pressures, especially where an appreciable 
pressure drop occurs in a packed column. Tliis is made evident from the 
data and discussion on ester fractionation by Norris and Terry, who have 
pointed out that methyl palmitate may be distilled at 136®C. at 1 mm. 
pressure or at 149®C. at 2 mm. pressure, but the pot temperature will vary 
less than 1°C. if a 26 mm. pressure drop occurs in the column. In such a 

** Central Scientific Co., Cenco News Chois, No. 13, 6-7 (1937); No. 46, 12—14 
(1944). ^e G. S. Muirhead, Chemistry & Indmiry, 1946, 298. 

** (j. D. Oliver and W. G. Bickford, Rev, Sd, Instruments, 16,130-131 (1945). 
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column an increase in pressure from 1.2 to 10.0 mm. at the still head will 
increase the pot temperature only 7°C. On the other hand, it is unwise 
to work at very low still-head pressures since small pressure variations 
will have a large effect on the boiling point of the material being distilled. 
Thus, in distilling methyl palmitate, a decrease in still-head pressure from 
1.0 to 0.5 mm. will lower the boiling point about 12.5®C., while a decrease 
of 0.5 mm. in pressure at the 10 mm. level will lower the boiling point only 
about 1°C. Since distillation '^cuts'^ are ordinarily made on the basis of 
temperature changes, it is obvious that pressure variations must be re¬ 
duced to the limit and an operating pressure selected so that any unavoid¬ 
able pressure changes will not seriously affect the boiling point of the dis¬ 
tillate. 

Construction of Fractionation Stills.—In addition to the requirements 
previously mentioned, a well-designed laboratory fractionating still should 
preferably be constructed entirely of glass with a minimum number of 
joints and stopcocks. Where it is necessary to join dififerent parts of the 
system, ground-glass joints either of the standard taper or hemispherical 
ball and socket type should be used. The use of rubber tubing and of 
cork and rubber stoppers should be avoided and metal to glass joints should 
be sealed with any one of many available low vapor pressure vacuum seal¬ 
ing compounds. If stopcocks are used in the main vacuum line con¬ 
necting the pump and the top of the column, they should be of large bore 
(15-20 mm.). Stopcocks in the fraction cutter and reflux controller may 
be of smaller bore. Where fatty acids are distilled, highly corrosion- 
resistant metal such as molybdenum-stabilized stainless steel, Inconel, 
or pure nickel should be used. 

Most of the recently described stills intended for use with fatty adds 
and esters contain some improvement in design and their use has resulted 
in increased effectiveness in the separation of the more complex mixtures 
of these substances. Among the earliest of these improved distillation 
units may be mentioned that described by Jantzen and Tiedcke.^ Lep- 
kovsky, Feskov, and Evans, ^ Longenecker^^ and Weitkamp and Brun- 
strum" have also described fatty acid or ester distillation units of un¬ 
doubted improvement over previously available equipment. 

Longenecker" has thoroughly reviewed the literature on ester fractiona¬ 
tion and pointed out its value and limitations as an analytical tool. Weit¬ 
kamp and Brunstrum^ have discussed in detail the criteria requisite to 
good distillation and have described a distillation unit which incorporates 

E* Jantzen and C. Tiedcke, /. prakL Chem,, 127, 277-291 (1930). 
^ S. Lepkovsky, G. V. Feskov, and H. M. Evans, /. Am, Chem, Soc.^ 58, 978-981 

(1936). 
« H. E. Longeneoker, J. Soc. Chem. Ind,, 56, 199-202T (1937). 
« A. W. Weitkamp azxd L. C. Brunstrum, Oil & Soap, 18, 47-50 (1941). 

H. E. Longenecker, OU A Soap, 17, 53-57 (1940). 
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nearly all of the well-established principles of fractionation in the vapor 
phase. They have also presented experimental data to show the efficiency 
of the separation which can be obtained with the use of such equipment 
in the distillation of the methyl esters of hydrogenated sardine oil. 

Although extensive literature has been published on the separation of 
fatty acids and esters by fractional distillation and various types of dis¬ 
tillation apparatus have been described, only a small amount of work has 
appeared on the actual degree of separation which is effected by this process. 
Wjonan and Barkenbus^® quantitatively determined the fractionation 
efficiency of one type of column by distilling a known mixture of pure 
methyl esters. These authors used a Lesesne and Lochte^^ spinning band 
column 38.5 cm. long with an efficiency of about twenty theoretical plates 
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Fig. 79. Fractional distillation of two-component mixtures of saturated fatty acid 
esters.®® 

measured with benzene and carbon tetrachloride at total reflux. The 
column and head were modified for vacuum operation. Binary, ternary, 
and one quaternary mixture of pure methyl esters of saturated acids of 
known composition were submitted to fractionation. The fractionation 
was followed by changes in the refractive indices of the distillates. The 
results of these fractionations are shown graphically in Figures 79 to 81. 
The flat portions of the curves in these figures may be assumed to represent 
pure esters and the distillate between these portions may be considered 
as binary or more complex mixtures. 

The authors found that even with a highly efficient still such as they 
used, very careful manipulation was Required; even the slightest super¬ 
heating resulted in poor separation. One to two hours and even longer 
was required to attain equilibrium, and 36 to 48 hours were required to 
complete a fractionation. These conditions are probably seldom, if ever, 
observed in ordinary laboratory distillation of methyl esters. 

The results obtained by W3rman and Barkenbus®° in fractionating known 

•® F. W. Wyman and C. Barkenbns, Ind, Eng, Chem., Anal Ed., 12, 653-661 (1940). 
See J. A. Monick, H. D. Allen, and C. J. Marliss, Oil & Soap, 23, 177-182 (1946). 

S. D. Lesesne and H. L. Lochte, Ind, Eng, Chem,, Anal, Ed,, 10, 450 (1938). 
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mixtures of methyl esters under rigidly controlled conditions are reproduced 
in Table 154. The authors found no very great difficulty in separating 
binary mixtures, but with a three-component mixture consisting of methyl 
myristate, methyl palmitate, and methyl stearate, it was difficult to obtain 
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Fig. 80. Fractional distillation of three-component mixtures of 
fatty acid esters.^ 
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Fig. 81. Fractional distillation of methyl caprate, methyl myris¬ 
tate, methyl palmitate, and methyl stearate mixture. “ 

Table 154 
RESULTS OF FRACTIONATION OF KNOWN MIXTURES OF METHYL ESTERS" 

Mixture 
used, g. 

Actual 
composition, % 

Determined 
experimentally, % 

4.983 40.4 palmitate 
59.6 stearate 

39.6 palmitate 
60.4 stearate 

2.161 36.4 myristate 
63.6 palmitate 

35.3 myristate 
64.7 palmitate 

1.504 21.8 laurate 
78,2 myristate 

21.5 laurate 
78.5 myristate 

2.084 11.9 myristate 
10.5 palmitate 
77.6 stearate 

11.3 myristate 
10.6 palmitate 
78.1 stearate 

2.708 26.4 laurate 
17.5 m5rristate 
56.1 palmitate 

26.4 laurate 
17.8 myristate 
55.8 palmitate 

4.910 3.01 caprate 
7.04 myristate 
4.97 palmitate 

84.97 stearate 

1.75 caprate 
6.74 myristate 
4.79 palmitate 

86.72 stearate 

“ F. W, Wyman and C. Barkenbus, Ind, Eng, Chem,^ Anal, Ed,y 12, 658-661 (1940). 
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a distillation plateau corresponding to methyl palmitate. However, rea¬ 
sonably good separation was obtained with a mixture of methyl laurate, 
methyl myristate, and methyl palmitate. Only one four-component mix¬ 
ture was examined, namely methyl caprate, methyl myristate, methyl 
palmitate, and methyl stearate. As may be seen in the upper portion of 
Figure 81, little indication of the presence of methyl palmitate is evident. 
A second fractionation gave better separation and the calculated com¬ 
position is not too greatly divergent from the actual composition. It is 
probable that the fractionation of methyl esters obtained by Wyman and 
Barkenbus^ is the most efficient of its kind on record, yet it still leaves 
much to be desired especially with respect to the number and variation in 
the proportions of the different components of the mixtures investigated. 

Norris and Terry^^ have likewise discussed at length the requisites of good 
ester fractionation and illustrated it with examples of the degree of separa¬ 
tion which is obtainable with binary mixtures of methyl esters of oleic 
and stearic acids, oleic and linoleic acids, and with u.s.p. stearic acid. 
When a 50:50 mixture of methyl stearate and methyl oleate was distilled 
through a Podbielniak column with a reflux ratio of 11:1, the first fractions 
contained 95% of methyl oleate. When a similar mixture of methyl 
oleate and methyl linoleate was distilled, no fractionation occurred despite 
the fact that the difference in boiling points (3.0°C.) of these two esters 
was the same as between methyl stearate and methyl oleate. The'authors 
concluded that fractionation of the unsaturated acids is probably impos¬ 
sible of attainment owing to their strong association. 

Since knowledge of the composition of natural fats is dependent to a 
large extent on the known efficiency of any given fractionation apparatus 
and technique employed, there is much need for additional systematic 
and painstaking investigation in the field. All of the elements, including 
relatively pure acids and esters, many types of distillation equipment, 
and a fundamental knowledge of the theory of distillation are at hand for 
undertaking such investigations. 

Anal3rtical Fractionation.—If we assume that adequate distillation 
equipment is available, the question may arise as to the amount of mixed 
acids or esters to charge into the still pot. The answer depends on the 
amount of fat or oil which is available and the purpose for which the 
fractionation is performed. If the purpose of the fractionation is to deter¬ 
mine the percentage composition of the mixed fatty acids and the quantity 
of original material is limited, i. e., less than 100 g., the largest amount 
which can be spared for fractionation should be used. Where reasonably 
large amounts of the original fat are available and the number of com¬ 
ponent acids is small, the use of 100-150 g. of saturated acids is sufficient 
when it is merely desired to determine the percentage composition of the 
original mixture. 
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If the number of components of the mixed saturated acids is large, then 
200-300 g, should be used in order that sufficient product may be available 
for refractionation. However, it is preferable to carry out the fractiona¬ 
tion in batches of 100-150 g. if a still of small capacity (i. 6., small vapor 
velocity of the column) is used, in order to avoid protracted heating of 
the material in the still. Fractions of corresponding composition can then 
be combined for further fractionation or analysis. When a highly efficient 
and automatically controlled distillation unit is employed, the composition 
of replicated fractions should be quite similar and can be combined without 
introducing additional components in the corresponding combined frac¬ 
tions. Where it is simply desired to prepare a large quantity of a pure acid 
or ester for some specific purpose, the amount of mixed acids to be used 
must necessarily be varied to suit the experiraenter^s needs. 

(c) Molecular Distillation 

Molecular distillation differs from ordinary distillation by virtue of the 
fact that evaporation and condensation occurs in a highly evacuated at¬ 
mosphere (0.001 mm. or less), between surfaces separated by a very 
short distance, usually of the order of 1-2 cm., and by the further fact 
that evaporation of the distilland occurs from the surface of thin films 
(0.01 to 0.2 mm.). Under these conditions separation of normally non- 
distillable, high molecular weight, and thermally unstable substances is 
possible. 

A very extensive literature®^ on molecular distillation has appeared in 
the past few years during which time the process has passed through all the 
stages of development from laboratory to large scale commercial opera¬ 
tion. From time to time reviews®®”^^ covering various phases of these 
developments have appeared and many types of distillation equipment 
have been described together with their application to the separation of 
a variety of substances. 

Molecular distillation has been applied to the investigation of fats and 
oils and particularly to the separation of nonglyceride lipids which are 
present in these substances. Although some degree of separation of the 

S. B. Detwiler, Jr., and K. S. Markley, Oil & Soap, 16,2-5 (1939). S. B. Detwiler, 
Jr., ibid., 17, 241-243 (1940). S. S. Todd, Md., 20, 205-20^ (1943). 

K. Hickman, J. Franklin Inst.^ 213, 119-154 (1932). 
K. C. D. Hickman, Ind. Eng. Chem., 29, 968-975, 1384 (1937). 

“N. D. Embree, Ind. Eng. Chem., 29, 975-979 (1937); Chem. Revs., 29, 317-332 
(1941). 

“ K. C. D. Hickman, Chem. 34, 51-106 (1944). 
C. R. Burch and W. J. D. van Uijck, J. Soc. Chem. Ind., 58, 39-42 (1939). 

w E. W. Fawcett, /. Soc. Chem. Ind., 58, 43-50 (1939); KoUaid-Z., 86, 34-51 (1939). 
» G. Burrows, J. Soc. Chem. Ind., 58, 50-56 (1939). 

H. I. Waterman and C. van Vlodrop, Rev. chim. ind. Paris, 48, 314-322 (1939). 
« E. Blaaco, Ion, 2, 763-760 (1942). 
» H. Dam, Kern. MaanedsUad, 20, 203-207 (1939). 
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fatty acid glycerides may be effected by molecular distillation, its chief 
application has been in the separation of sterols, sterol esters, vitamins, 
hydrocarbons, fatty acids, etc., from natural fats. It has not been exten¬ 
sively applied to the fractionation of fatty acids per se primarily because 
ordinary methods of distillation generally serve to effect the desired sep¬ 
aration more efficiently. However, there have been some notable excep¬ 
tions wherein molecular distillation has made possible separations which 
could not be accomplished otherwise. 

Fanner and van den Heuvel®^ applied molecular distillation (< 110°C., 
mm. mercury) to the fractionation of the methyl esters of highly 

unsaturated acids from fish oils. Under these conditions of distillation 
they were able not only to separate docosahexaenoic acid, C22H32O2, in a 
relatively high state of purity (> 99%) but to separate the esters of Cie, 
C18, and C20 polyunsaturated acids. The C22 hexaene acid which was un¬ 
altered during the course of the distillation is probably the most highly 
unsaturated fatty acid ever isolated in pure form. 

Schuwirth®^ fractionally distilled the methyl esters of the unsaturated 
fatty acids of brain phosphatides, employing a vacuum of 10~® to 10““* mm. 
of mercury and temperatures between 55® and 82®C. 

Molecular distillation is particularly useful in separating monomeric 
and polymeric fatty acids and esters. Lambou and Dolleari^ were unable 
to prepare linoleic acid or linolenic acids of high purity except by molecular 
distillation to separate the monomeric acids from the small amount of 
polymers which invariably accompanied the otherwise pure acid. For 
this purpose a molecular pot still was employed. The purest fraction of 
linoleic acid distilled at 113®C. at 1.0 X 10“* to 4 X 10“^ mm. pressure, 
whereas the purest linolenic acid was obtained by distillation at 115.5® to 
116.0®C. at lO”-® mm. pressure. 

4. Solubility Methods of Separation 

There are available various methods for the separation of fatty acid mix¬ 
tures which depend on the relative solubilities of individual acids, their 
salts, or bromo derivatives in different solvents or in the same solvent at 
different temperatures. These methods make it possible to separate a 
mixture of fatty acids into saturated and unsaturated fractions, and to 
separate the unsaturated acids into subfractions of different degrees of 
unsaturation, or into individual components. None of the methods are 
strictly quantitative owing to the mutual solubility effects exerted by one 
component of the mixture on the solubility of the other components or 

•» E. H. Farmer and F, A, van den Heuvel, J. Soc, Chem. Ind., 57, 24-Bl (1938): 
jr. Chem, Soc,, 1938, 427-430. 

K. Schuwirth, Z, physiol, Chem,, 277, 147-158 (1943). 
•* M. G. Lambou and F. G. Dollar, Oil & Soap, 22, 226-232 (1945). See R. T. 

O’Connor, D. C. Heinzelman, M. Caravella, and S. T. Bauer, ibid., 23, 5-9 (1946). 
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vice versa. However, they afford a means of resolving relatively complex 
mixtures into simpler ones which can in turn be separated further by other 
means. 

The oldest of these methods depends on the relative solubility of the 
metallic salts of a mixture of fatty acids, while the most recently developed 
methods depend on the relative solubility the free fatty acids or esters in 
a solvent cooled to subzero temperatures. 

(a) Separation of Metallic Sails 

Both saturated and unsaturated fatty acids form salts with metallic 
ions, whose solubility in water and organic solvents varies with the nature 
of the metallic ion and the chain length, degree of unsaturation, and other 
characteristics of the acid radical. Many attempts have been made to 
develop quantitative methods of separating the individual fatty acids on 
the basis of the solubility of their metallic salts or soaps. The solubility 
of most of the salts, including those of the alkaline metals (sodium, potas¬ 
sium, and lithium); the alkali earths (calcium, magnesium, barium, and 
strontium); as well as the heavy metals (lead, zinc, iron, cobalt, nickel, 
mercury, gold, and silver), have been investigated in a variety of organic 
solvents, including methanol, ethanol, amyl alcohol, ethyl ether, acetone, 
benzene, toluene, and in mixtures of these and other solvents. No method 
has, however, been developed which leads to effective quantitative separa¬ 
tion of each component acid of mixtures such as are found in the ordinary 
fats and oils of commerce, but only to fractions which are relatively 
homogeneous with respect to certain types of acids. 

Lead Salt Methods.—The oldest and most widely used of the metallic 
salt separation methods depends on the differential solubility of the lead 
soaps of a mixture of fatty acids in ether or alcohol. It is employed 
primarily for the separation of saturated from unsaturated acids. The 
lead salt-^ther method is an old one and was first introduced by Gusserow®® 
in 1828. Since its introduction, it has been investigated many times and 
various modifications have been adopted to improve its general appli¬ 
cability. Among the important modifications is one introduced by Twitch- 
elF which provides for the use of ethyl alcohol in the place of ether for par¬ 
titioning the lead salts. 

Both the lead salt-ether and the Twitchell lead salt-alcohol methods 
are in general use. The former method has been adopted by the Associa¬ 
tion of Official Agricultural Chemists®® and the latter by the American 

•• C. A. Gusserow, Arch. Pharm,^ 27, 153-244 (1828), Kastnera Arch, Chem, 
1, 69-87 (1830). 

E. Twitchell,/. Ivd, Eng. Chem., 13, 806-807 (1921). 
“ QMcial and Tentative Methods of Analyaia. 6th ed., Association of Official Agricul¬ 

tural Chemists, Washington, D.C., 1940, pp. 434-436. 
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Oil Chemists^ Society.®® These two so-called official methods are intended 
for use in quantitative separations employing small amounts (5 to 25 g.) 
of fats and oils. For larger amounts (200 g. or more) the method of 
Hilditch, to be described later, is preferable. 

Official A.O.C.S. Lead Salt-Alcohol Method.—Details of the official 
A.O.C.S. lead salt-alcohol method of separating saturated and unsatu¬ 
rated fatty acids are as follows. 

Twenty-five grams of the melted fat or oil contained in a 600-ml. beaker 
are saponified with 15 g. of potassium hydroxide dissolved in a small amount 
of water and 25 ml. of 95% ethanol. After the saponification is complete, 
the alcohol is removed by evaporation nearly to dryness and 200 ml. of 
distilled water is added. The mixture is heated on a steam bath until the 
soaps are dissolved, after which concentrated hydrochloric acid is added 
with stirring until the mixture is acid to methyl orange, after which it is 
heated on a steam bath and traasferred to a separatory funnel with the 
aid of 109-150 ml. of ethyl ether. The ethereal solution is washed with 
distilled water until it is free of acid after which it is filtered through 
paper into an Erlenmeyer flask. The ether is then removed by evapora¬ 
tion on a steam bath during which operation the acids are protected from 
oxidation by a current of inert gas. If it is desired to determine the yield 
of mixed fatty acids, the flask is weighed before and after the last opera¬ 
tion. 

A sample of mixed fatty acids containing approximately 1.2 rb 0.3 g. 
of solid fatty acids, but in no case more than 5 g. of the mixed acids, is 
weighed into a 250-ml. beaker and 50 ml. of 95% ethanol is added. One 
and one-half grams of powdered lead acetate is likewise dissolved in 50 
ml. of 95% ethanol and both solutions heated to boiling. The lead 
acetate solution is then slowly added to the solution of fatty acids with 
continuous stirring. After cooling, first to room temperature and then 
to 15°C., the mixture is maintained at 15®C. for two hours, following which 
it is filtered with the aid of suction through a Buchner funnel (3-in. di¬ 
ameter) snugly fitted with a filter paper. The precipitated lead soaps 
are transferred to the Buchner funnel and washed with the aid of 200 ml. 
of 95% ethanol cooled to 15°C. 

A sample of the filtrate which contains the lead salts of the liquid fatty 
acids and the excess lead acetate should be tested with concentrated sul¬ 
furic acid to determine whether precipitation was coiuplete, t. e,, whether 
the filtrate actually contains an excess of lead acetate. 

The collected lead soaps of the solid fatty acids which are slightly 
colored are transferred from the Buchner funnel to the original beaker with 
the aid of 100 ml. of warm 95% ethanol. To the alcoholic solution of 

«» Official and Tentative Methods, Y, C, Mehleabacher, ed., American Oil Chemists* 
Society, 1^6. 
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lead soaps enough glacial acetic acid is added to make a 0.5% solution 
(0.5 ml. glacial acetic acid per 100 ml. of ethanol). The solution is then 
heated to boiling and stirred to dissolve the lead soaps after which it is 
allowed to cool to room temperature, then artificially to a temperature of 
15°C., which is maintained for two hours. 

The solution is filtered through a Buchner funnel and washed exactly 
as in the first filtration. After the separated lead soaps of the saturated 
fatty acids have been freed of ethanol, they are transferred to the original 
beaker with the aid of 75 ml. of ethyl ether and disintegrated by adding 
20-25 ml. of nitric acid (1 to 3). After transferring the solution to a 
separatory funnel with the aid of ethyl ether, the ethereal solution is washed 
with distilled water until the wash waters are neutral to methyl orange. 
The ethereal solution is then transferred to a weighed 150-ml. Soxhlet 
flask and the ether removed by evaporation under a current of inert gas. 
The residue is dried for one hour at 101° =*= 1°C., cooled, and weighed. The 
percentage of solid fatty acids is equal to the weight of the solid acids X 
100 divided by the weight of the sample of mixed acids used in the deter¬ 
mination. 

Hilditch Method.—For larger quantities of solid acids, Hilditch^® dis¬ 
solves approximately 200 g. of the mixed fatty acids in one liter of boiling 
95% ethanol and adds an equal volume of boiling ethanol containing 140 
grams of lead acetate and 1.5% of glacial acetic acid. After cooling over¬ 
night at 15°C., the lead salts of the saturated acids which are deposited 
are recrystallized from the same volume of 95% ethanol as was used in the 
original separation. The saturated acids are then regenerated from the 
recrystallizcd lead salts, and the unsaturated acids from the residual lead 
salts obtained on evaporation of the filtrates from the original precipita¬ 
tion and the recrystallization operations. 

Regeneration of Free Acids.—When large quantities of lead salts are 
prepared and separated, the saturated acids are best regenerated by sus¬ 
pending them in a large volume of hot water and adding concentrated 
hydrochloric acid until the solution is distinctly acid to Congo red. After 
cooling, the solid acids are separated in a separatory funnel. The aqueous 
layer and the suspended lead chloride are extracted with ether and the 
ethereal extract added to the separated acids in the funnel. SuflSdent 
ethyl ether is added to dissolve all of the acids and the ethereal solution 
is washed until the wash waters are neutral. The ether is then removed by 
distillation and the solid acids dried in vacuo. 

The unsaturaied acids are recovered by distilling the solution of soluble 
lead salts to remove the ethanol, preferably with the addition of water and 
under an inert atmosphere of gas. The acetic acid will partially or com- 

^ T. P. Hilditch, The Chemical CcnetituHon of Nataral Fats, Wiley, New York, 1941, 
p. 871* 
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pletely decompose the lead salts with the formation of soluble lead acetate. 
After removal of the ethanol, the mixture is transferred to a separatory 
funnel and extracted with ether. Additional acetic or hydrochloric acid 
should be added to insure complete decomposition of the lead soaps. The 
ethereal solution is washed with water until free of acetic and hydrochloric 
acids, after which the ether is removed by distillation under an atmosphere 
of inert gas. The unsaturated acid fraction should be maintained under 
an atmosphere of inert gas at all times to prevent oxidation and polymeri¬ 
zation. 

Limitations of the Lead Salt Method.—Regardless of the method used, 
complete and sharp separation of the saturated and unsaturated fatty 
acids is generally not possible. According to Jamieson’'^ the lead salt- 
ether method, and the same is true of the lead salt-alcohol method, gives 
unsatisfactory results when applied to butterfat, coconut, palm kernel, 
and similar oils because they contain saturated acids (m3rristic and shorter 
chain length) whose lead salts remain in part or entirely with the unsatu¬ 
rated acid fraction. Also, this method cannot be used in separating the 
mixed fatty acids of fats and oils which contain erucic (rape and mustard 
oils), elaeostearic, chaulmoogric, hydnocarpic, or similar acids, because the 
lead salts of these acids are difficultly soluble in ether. 

Sharp separation of the saturated and unsaturated fatty acids derived 
from hydrogenated fats likewise cannot be accomplished by either the 
lead salt-alcohol or lead salt-ether methods because of the relative in¬ 
solubility of the lead salts of the solid iso-oleic acids. The saturated acid 
fraction will contain most of the solid iso-oleic acid of hydrogenated fats, 
small quantities (1% to 2%) of n-oleic acid, and in some cases, for example, 
acids from partially hydrogenated fish oils, relatively large quantities of 
iso acids of a higher degree of unsaturation. The saturated acid fraction 
may also contain appreciable quantities of long chain (C20 and above) 
monoethenoid fatty acids. 

Fortunately not all of these acids are present in any one fat and even 
when some of them are present minor modifications of the procedure may 
provide a reasonably good separation. In the case of coconut, palm 

kernel, and similar oils most of the low molecular weight acids can be 
removed by steam distillation prior to separation of the saturated and un¬ 
saturated fatty acids. For quantitative use with hydrogenated oils 
(cottonseed, peanut, soybean, etc.) the unsaturation accompanying the 
saturated acid fraction can be determined by iodine titration and the 
results corrected on the assumption that the absorption of iodine is due to 

the presence of iso-oleic acid. 

G. E. Jamieson, J, Amoc. Official A nr. Chem,, 11,303-305 (1928); VegetaiUe FaU and 
OilBf 2nd ed., Reinhold, New Yokr, 1943, p. 407. 
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Barium Salt-Benzene Method.—Farnsteiner^^ proposed the use of ba¬ 
rium salt-benzene as a means of separating saturated and unsaturated 
acids. This method, although not widely used, has been employed to ef¬ 
fect separations of specific acids not readily amenable to other methods. 
For example, Bosworth and Helz"^^ used the barium salt-benzene method 
to concentrate and ultimately isolate hydroxypalmitic acid from butterfat. 

Lapworth, Pearson, and Mottram^^ and Skellon^^ applied the barinm 
salt crystallization method to the isolation and purification of oleic acid 
from olive oil and commercial oleic acid. In both cases oleic acid of a 
high degree of purity was obtained for use in determining certain of its 
physical properties. Erdmann and Bedford^® applied the barium salt- 
alcohol method to the separation of oleic and linoleic acids of linseed oil. 

Smith and ChibnalP^ employed benzene containing 5% of 95% ethanol 
as a solvent for fractionating the barium soaps of the fatty acids of forage 
grasses. This medium was used to separate the saturated acids and oleic 
acid (insoluble fraction) from the higher unsaturated acids (soluble frac¬ 
tion). The insoluble fraction was then subjected to the lead salt-alcohol 
method to separate the saturated acids from the oleic acid. 

Lithium Salt-Acetone Method.—Of the many combinations of salts and 
solvents, the lithium salt-acetone method of Tsujimoto^®''^^ has been fre¬ 
quently applied to the separation of individual members in a mixture of 
acids of various degrees of unsaturation. According to Tsujimoto, the 
lithium salts of polyethenoid acids containing four or more double bonds are 
soluble in 95% acetone, whereas less imsaturated acids are relatively in¬ 
soluble in this medium. In fact, the lithium salt-acetone method can be 
applied in separating the polyethylenic acids from the monoethylenic 
and saturated acids, and according to Tsujimoto, it affords the best means 
of separating the highly unsaturated acids in fish oils. 

Lovern^® has applied the lithium salt-acetone method in the investiga¬ 
tion of many oils of aquatic origin. He first separates the saturated and 
unsaturated acids by means of the lead salt-alcohol method and then sub¬ 
mits the unsaturated acid fraction to separation by the lithium salt- 
acetone method. For the latter separation, the crude liquid acids are dis- 

Farnstemer, Z. Untersuch, Nahru. Genussm., 2, 1-27 (1899); 4, 63-65 (1901); 
6, 161-166 (1903). 

73 A. W. Bosworth and G. E. Helz, /. Biol Chem., 112, 489-492 (1936). 
7^ A. Lapworth, L. K. Pearson, and E. N. Mottram, Biochem. J., 19, 7-18 (1925). 
73 J. H. Skellon, J, Soc. Chem. Ind,, 50, 131-134T (1931). 
73 E. Erdmann and F. Bedford, Ber., 42, 1324-1333 (1909). 
77 J. A. B. Smith and A. C. Chibnall, Biochem. /., 26, 218-234 (1932). 
73 M. Tsujimoto, J. Chem. Ind. Japarif 23, 1007-1010 (1920); Chem. Umachau Fette 

Ok Wachse Harze, 33 285-291 (1926). 
7» M. Tsujimoto and K. Kimura, J. Chem. Ind. Japan, 26. 891-893 (1923). 
3® J. A. Lovern, The Composition of the Depot Fats of Aquatic Animals, Dept. Sci. 

and Ind. Res., Food Investigation Special Report No. 51, H. M. Stationery Office, 
London, 1942. See T. P. Hilditch and L. Maddison, J. Soc. Chem. Ind., 51, 169-173 
(1942); 0. B. Bjarnason and M. L. Meara, ibid., 53, 61-63 (1944). 
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solved in anhydrous acetone (960 ml. per 100 g.) neutralized with ammonia, 
and an equivalent amount of lithium chloride or acetate in aqueous solu¬ 
tion (50 ml. per 100 g. of original acids) is added. After shaking the mix¬ 
ture for at least thirty minutes, it is cooled to 0°C. for an hour and the 
precipitated salts filtered off. The monoethylenic acids are contained in 
the precipitate and the polyethylenic members are in the filtrate. Since 
the process is not strictly quantitative each fraction must again be sub¬ 
mitted to the lithium salt-acetone procedure. 

Brown and Stoner*^ prepared a concentrate containing 82% of linoleic 
acid by crystallizing the lithium soaps of the mixed fatty acids of cotton¬ 
seed oil from butanol at 30°, 0°, and — 20°C. The precipitate at — 20°C. 
contained 60% of linoleic acid and the filtrate 82%. Ault and Brown*^ 

applied the lithium soap-acetone method to the separation of the arachi- 
donic acid of suprarenal phosphatides. A single crystallization gave a 
product containing 30% of arachidonic acid. The mixed fatty acids from 
suprarenal phosphatides were found to contain 19.8% of arachidonic 
acid by the lithium salt-acetone method compared to 22.2% on the basis 
of the polybromide number. When the results were corrected for the 
arachidonic acid which remained with the saturated fatty acids (4.4%), the 
agreement between the two methods was almost exact. 

The lithium soap-alcohol method was used by Tsujimoto and co- 
workers®^’®^ and by Toyama and Tsuchiya®^ in isolating and purifying 
clupanodonic acid from various marine animal oils. 

Dor6e and Pepper®® found that the lithium salt-alcohol method was in¬ 
effective in separating erucic acid from the unsaturated acids of rapeseed 
oil. Only about 20% of acid was recovered and it had a low iodine value 
indicative of the presence of other acids. 

Magnesium Salt-Alcohol Method.—Efforts have been made to separate 
specific acids from various fatty acid mixtures on the basis of the relative 
solubility of the magnesium salts in alcohol. Kerr®"^ and later Thomas and 
Yu®® attempted to develop methods for separating arachidic acid from the 
saturated acid fraction obtained from peanut oil. The method, while 
possessing some merit as a qualitative means of separation, was shown by 
Voorhies and Bauer®® to be far from quantitative. 

Chibnall, Piper, and Williams®® applied the magnesium salt-alcohol 

J. B. Brown and G. G. Stoner, J, Am, Chem, Soc., 59, 3-6 (1937). 
«* W. C. Ault and J. B. Brown, J. Biol, Chem,y 107, 615-622 (1934). 

M. Tsujimoto, BuU, Chem, Soc. Japan^ 3, 299-307 (1928). 
M. Tsujimoto and H. Koyanagi, J, Soc, Chem. Ind, Japan, Suppl. binding, 38, 

271-272B (1935). 
Y. Toyama and T, Tsuchiya, BvM, Chem, Soc. Japan, 10,192-199, 232-241 (1935). 

w C. Dor§e and A. C. Pepper, J, Chem. Soc., 1942, 477-483. 
R. H. Kerr, Ind. Eng. Chem., 8, 904 (1916). 

» A. W. Thomas and C.-L. Yu, J. Am. Chem. Soc., 45, 113-128 (1923). 
«• S. T. Voorhies and S. T. Bauer, OU <fc Soap, 20, 175-178 (1943). 
“ A. C. Chibnall, S. H. Piper, and E. F. Williams, Biochem. J., 30,100-114 (1936). 
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method to the purification of the hydroxy acids separated from the oere- 
brosides, phrenosin and kerasin. 

Combination and Comparison of Methods.—Toyama and co-work- 
ers»i'92 employed the sodium soap-acetone, lithium soap-alcohol methods 
individually or in sequence for the separation of gadoleic, eicosenoic, and 
other acids in Japanese fish and whale oils. The lithium soai>-alcohol and 
magnesium soap-alcohol methods were employed by Toyama and Tsuch- 
iya®® in isolating selacholeic acid from cod liver and whale liver oils. These 
authors®^ also used a combination of the barium soap-acetone and lead 
salt-alcohol methods for separating tetradecenoic and dodecenoic acids 
from sperm blubber oil. 

Bertram®® prepared highly pure oleic acid by crystallizing the silver and 
mercury salts of the unsaturated fatty acids obtained by the lead salt- 
alcohol separation of crude or commercial oleic acid. 

In the course of the preparation of oleic acid from teaseed oil, Hartsuch®® 
compared the lead soap-alcohol, barium soap-benzene, and low tempera¬ 
ture crystallization methods for the separation of oleic acid from -the 
saturated acids and from linolenic acid. He found that the low temperature 
crystallization method was the most efficient of the three for the separation 
of saturated from unsaturated acids and also that crystallization from ace¬ 
tone at — 60°C. was the most efficient method for the separation of oleic 
and linoleic acids. 

Keffler and McLean®^ investigated the efficiency of the lead salt-alcohol 
method for the separation of the solid and liquid fatty acids, and of the 
lithium salt-alcohol method for the purification of oleic acid using a large 
quantity (750 g.) of the mixed acids. In neither case was the separation 
complete or efficient regardless of variations in the experimental conditions. 
After twelve recrystallizations of the lithium salt, the composition of the 
separated fraction and that of the mother liquor became constant with a 
maximum iodine value of 86.7. This value could be raised only by frac¬ 
tional distillation. 

The foregoing references are but a few of the many similar ones which are 
to be found in the literature on the subject. They are sufficient, however, 

to indicate the general applicability and limitations of these methods. 

Y. Toyama and T. Tsuchiya, J. Soc, Chem. Ind. Japan, Suppl. binding, 37,14-17B, 
17-20B, 630-534B (1934). 

•» Y. Toyama and T. Ishikawa, J, Soc. Chem. Ind. Japan, Suppl. binding, 37, 634- 
636B, 536-537B (1934). 

•* Y. Toyama and T. Tsuchiya, J. Soc. Chem. Ind. Japan, Suppl. binding, 38, 684- 
687B (1935). 

Y. Toyama and T. Tsuchiya, BvU. Chemical Soc. Japan, 10, 563-569, 570-673 
(1935). 

•• S. H. Bertram, Rev. trav. chim., 46, 397-401 (1927). 
•• P. J. Hartsuch, /. Am. Chem. Soc., 61, 1142-1144 (1939). 
^ L. Keffler and J. H. McLean, J. <sSoc. Chem. Ind., 54, 362-367T (1935). 
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(6) Separation of Bromo Derivatives 

Most of the unsaturated fatty acids when treated with bromine in cold 
organic solvents, e, g,, chloroform or ethyl ether, add bromine at the double 
bonds to form bromo derivatives. Advantage has been taken of the fact 
that these bromo derivatives differ sufficiently in their solubility character¬ 
istics to permit resolution of mixtures of these acids into their individual 
components. For example, unsaturated fatty acids containing four or 
more double bonds form polybromides which are practically insoluble in 
almost all of the common organic solvents. Clupanodonic acid containing 
five or six double bonds forms a polybromide insoluble in nearly all organic 
solvents, arachidonic acid containing four double bonds forms an octa- 
bromide insoluble in cold ethyl ether and benzene. Linolenic acid forms a 
hexabromide which is insoluble in ethyl ether and many other solvents. 
Linoleic acid forms a tetrabromide which is soluble in ethyl ether but nearly 
insoluble in cold petroleum naphtha. Oleic, ricinoleic, erucic, and other 
monoethenoid acids for dibromides which are soluble in most of the common 
organic solvents. The properties of the bromo derivatives of a number of 
unsaturated fatty acids are given in Tables 155 and 156. 

Table 155 

BROMO DERIVATIVES OF MONOETHENOID ACIDS 

Acid Dibromo derivative 

■ 
Formula Molecular 

weight 
Bromine 
content, 

% 

Obtusilic 4,5-Dibromocapric CioHi802Br2 330.08 48.42 
Caproleic 9, lO-Dibromocapric CioHi802Br2 330.08 48.42 
Lauroleic 9, lO-Dibromolauric Ci2H2202Br2 358.13 44.63 
A®>«-Tetradecenoic 5,6-Dibromomyristic Ci4H2e02Br2 386.18 41.39 
Myristoleic 9,10-Dibromom3nristic Ci4H2»02Br2 386.18 41.39 
Palmitoleic 9, lO-Dibromopalmitic Ci8H8o02Br2 414.23 38.58 
Petroselinic 6,7-Dibromostearic CigHi402Br2 442.28 36.14 
Oleic® 9, lO-Dibromostearic Ci8H3402Br2 442.28 36.14 
Vaccenic 11,12-Dibromostearic Ci8H*402Br2 442.28 36.14 
Gadoleic 9, lO-Dibromoeicosanoic C2oH8802Br2 470.34 33.98 
^ii,i2.Eicosenoic 11,12-Dibromoeicosanoic C2oH88G2Br2 470.34 33.98 
Cetoleic 11,12-Dibromobehenic C22H4203Br2 498.39 32.07 
Erucic* 13,14-Dibromobehenic C22H4202Br2 498.39 32.07 
Selacholeic j 15,16-Dibromotetraco8anoic C24H4ft02Br2 526.44 30.36 

^ Also eiaidic acid. 
^ Also brassidic acid. 

Bromination and separation of the bromides on the basis of solubility 
have been applied for many years for the qualitative and quantitative ex¬ 
amination of the unsaturated fatty acids present in fats and oils. The 
method has been the subject of numerous investigations®® and many modi- 

•• J. Lewkowitsch, Chemical Technology and Analyeie of Oils. Fat and Waxes, 6th 
ed., Vol. I, Macmillan, London, 1938 (reprint; original ed. 1921), pp. 585 el seq. 
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fications have been introduced to improve its utility. No more conclusive 
evidence can be had for the presence of linolenic or linoleic acids in a mix¬ 
ture of unsaturated acids than a positive hexabromide or tetrabromide test. 
Unfortunately, the work of the past few years has shown that the method is 
far from quantitative even after various correction factors have been ap¬ 
plied to improve its accuracy. Its failure as a reliable quantitative method 
is due to the fact that bromination of polyethenoid acids results in the for¬ 
mation of two or more isomeric bromo derivatives of different solubilities. 
Only the insoluble isomerides are ordinarily isolated from the reaction mix¬ 
ture and the ratios of the insoluble isomerides to the soluble isomerides are 
not always constant. 

Within the limits of the method, the composition of a mixture of lino¬ 
lenic, linoleic, and oleic acids can be determined by determining the hexa¬ 
bromide and tetrabromide numbers. When the yields of hexa- and tetra- 
bromostearic acids are corrected by the factors to be discussed later it is 
possible, at least in the case of some fats and oils, to obtain a fairly quanti¬ 
tative idea of the composition of the unsaturated fatty acid fractions but in 
other instances the results are merely approximations. 

Bromination Procedure.—Where it is desired to separate the unsatu¬ 
rated acids in a fairly large sample of mixed acids either for purposes of 
identification or for use in other investigations the following procedure is 
satisfactory. 

Bromination is best carried out by dissolving the mixture of unsaturated 
fatty acids in sufficient dry ethyl ether to form a 10% solution. The mix¬ 
ture is cooled to — 10°C. or below and bromine is added very slowly from a 
finely drawn pipette or burette. The mixture should be constantly shaken 
during the addition of bromine and the temperature should not be per¬ 
mitted to rise even perceptibly. Any noticeable rise in temperature of the 
whole solution indicates a very high local temperature at the point of bro¬ 
mine addition. Addition of bromine is continued until a persistent reddish 
yellow color is obtained indicating an excess of bromine. 

If sufficient amounts of tetra- and/or triethenoid acids are present, octa- 
and/or hexabromides will begin to separate immediately. After standing 
ten to fifteen minutes in the brominating bath the excess bromine is de¬ 
stroyed by adding /3-amylene drop by drop until the color disappears. 
The reaction mixture is then maintained at the temperature of ice for sev¬ 
eral hours to permit as complete separation as possible of the ether-in- 
soluble bromides which are then removed by filtration, washed with ether, 
and recrystallized from benzene. The octabromo derivative of arachidonic 
acid is insoluble in benzene. Octa- and hexabromides are distinguishable 
by their solubilities in benzene, melting points, and content of bromine. 

After separation of the ether-insoluble bromides, the ethereal solution is 
evaporated and the residue is extracted repeatedly with successive portions 
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of boiling petroleum naphtha or, if preferred, in a Soxhlet apparatus. The 
petroleum naphtha extract is allowed to stand to permit separation of the 
crystalline tetrabromides. After removal of the separated tetrabromides 
the filtrate is concentrated and allowed to stand to permit tlxe separation of 
any further quantities of tetrabromides. It is oftentimes possible to re¬ 
cover additional quantities of tetrabromides by a repetition of the process of 
concentrating the solution and permitting it to stand at a low temperature 
for long periods either with or without the addition of a few seed crystals. 

The recovered tetrabromostearic acid is readily purified by recrystal¬ 
lization from petroleum naphtha. The addition of a small amount of 
ethyl ether to the petroleum naphtha solution is helpful in purifying tetra¬ 
bromides. Tetrabromostearic acid can be identified by its characteristic 
solubility, melting point, and bromine content. 

The fiiltrate, after extraction of the tetrabromides, contains the dibro¬ 
mides of any monoethenoid acid which was originally present in the mixed 
unsaturated fatty acids but it also contains, in addition, varying quantities 
of higher bromides isomeric with the insoluble polybromides previously 
separated. It has become an established practice to refer to the insoluble 
polybromides as a-bromides and to the isomeric soluble polybromides as 
iS-bromides (see Chapters III and XIII). 

Differences in the composition of the original fatty acid mixture and in 
the ratio in which insoluble and isomeric soluble bromides are formed during 
bromination affect the solubility of the individual bromo derivatives. The 
recovery of the individual insoluble bromides may, therefore, not be quanti¬ 
tative. If the mother liquors obtained on recrystallization of the insoluble 
fractions are added to the filtrate fractions, the final filtrate will contain, in 
addition to the liquid dibromides, the liquid polybromides and any nor¬ 
mally insoluble polybromides rendered soluble by the mutual solubility effect 
of the mixed bromides. Some information concerning the composition of 
this final filtrate fraction may be obtained by debrominating it, esterifying 
the recovered unsaturated acids, fractionally distilling them, and deter¬ 
mining the iodine and thiocyanogen values of the distilled fractions. 

Polybromide Numbers.—It has long been recognized that the yield of 
bromo derivative from any given polyethenoid acid is not quantitative, 
Arachidonic acid gives only about one-fourth, linolenic approximately 
one-third, and linoleic approximately one-half of the theoretical yield of 
bromides. However, by carrying out the bromination and separation of 
the bromides in a rigidly prescribed manner certain empirical values have 
been obtained which have been designated octabromide, hexabromide, and 
tetrabromide numbers or collectively as polybromide numbers. By 
means of suitable equations these polybromide numbers can be related to 
the percentage of the individual components of a given mixture of unsatu¬ 
rated acids. 
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From time to time various empirical constants have been proposed for 
calculating the composition of mixtures of unsaturated fatty acids on the 
basis of their observed polybromide numbers. The constants proposed by 
Brown and co-workers which are discussed below are perhaps the most 
reliable proposed to date. These constants were obtained by determining 
under certain rigidly prescribed conditions the actual yield of insoluble 
polybromides which were obtained by bromination of highly purified un¬ 
saturated acids. 

For arachidonic acid, Ault and Brown®® found that the percentage of 
unsaturated acid equaled the polybromide number of the mixed adds X 
100/80.4, or 100/91.8 for the methyl esters. A similar factor was proposed 
by Shinowara and Brown^®® for calculating the percentage of linolenic acid 
which is equal to the hexabromide number X 100/92. For determining the 
percentage of linoleic acid. Brown and FrankeP®^ proposed the use of the 
equation: percentage of linoleic acid equals the tetrabromide number X 
100/90.6. These equations are summarized as follows: 

^ , 1.1. 1 (Octabromide No. of mixed acids) X 100 
Per cent arachidomc acid «-- 

^ ^ ^ (Octabromide No. of mixed methyl esters) X 100 
Per cent methyl arachidonate --gj-g----- 

„ i. 1 . • j (Hexabromide No. of mixed acids) X 100 
Per cent linolenic acid * --'- 

T. .V , . .j (Tetrabromide No. of mixed acids) X 100 
Per cent linoleic acid = --^- 

yu.o 

The various polybromide numbers in the above equations were obtained 
by dividing 100 X the weight of the corresponding bromides recovered by the 
weight of mixed fatty adds used in their determination. 

When these empirical values are used in calculating the composition of 
an unknown mixture of unsaturated fatty acids, reasonable quantitative 
results may be obtained in the case of some fats but with many others the 
calculated composition may be considerably in error. One reason for the 
failure of the method from the quantitative point of view results from the 
mutual solubiUty effect which the various bromo derivatives exert on each 
other. For example, if the amount of linolenic acid is small and the 
amounts of linoleic and oleic acids are large, as for example in the case of 
soybean oil, the ether-insoluble hexabromostearic acid may not separate 
from the reaction mixture. Similarly, if the fatty acid mixture contains 

•• W. C. Ault and J. B. Brown, J. Bid. Chem., 107, 615-622 (1934). 
w® G. Y. Shinowara and J. B. Brown, /. Am. Chem. Soc.^ 60, 2734-2738 (1938). 

D. T. Mowiy, W. R. Brode, and J. B. Brown, /. Biol. Chem.f 142, 671-678 (1942); J. P. 
Kass, W. R. Roy, and G. O. Burr, Anal. Chem., 19, 21-24 (1947). 

J. B. Brown and J. Frankel, J. Am. Chem. Soc., 60, 54-66 (1938). 
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an unduly large proportion of oleic acid, tlie dibromostearic acid may dis- 
solve and retain in solution an appreciable amount of petroleum naphtha- 
insoluble tetrabromide. For this reason it is often possible to obtain sev¬ 
eral crops of tetrabromide crystals from the dibromide fraction by main¬ 
taining the solution of dibromides, or the oily dibromide fraction itself, for 
long periods at a low temperature. 

Effect of Isomers on the Polybromide Number Determination.—The 
validity of the polybromide number determination as a quantitative 
method of estimating the composition of a mixture of unsaturated acids is 
based on the assumptions that the unsaturated acids in a natural mixture 
of fatty acids are either identical with or react on bromination exactly as 
the fatty acids used in establishing the values of the constants of the 
polybromide equations. 

Actually there are many cases where these assumptions do not hold, 
probably because both positional and stereoisomers of linolenic and linoleic 
acids do not form soluble and insoluble bromides in the invariant ratios 
assumed for the standard acids. Elaeostearic acid, for example, does not 
add bromine in the same manner as linolenic with which it is isomeric. 

Evidence is available which indicates that naturally occurring fats and 
oils may contain stereoisomeric linoleic acids. For example, Frankel, 
Stoneburner, and Brown found that linoleic acid obtained by low tem¬ 
perature crystallization of the fatty acids from olive oil is not identical with 
the linoleic acid prepared by the same method from sesame, cottonseed, 
corn, grapeseed, and poppyseed oils, since it does not form soluble and in¬ 
soluble bromides in the same manner as do the acids from the latter oils. 
These authors concluded that linoleic acid from olive oil contains in addi¬ 
tion to cis-cfs-A^'^°'^2’^^-octadecadienoic acid, one or more stereoisomers 
which possesses either a irans-cis- or a cis4rans-y but not a trans-trans- 
configuration. The cis-trans- and trans-cis-isomers add iodine mono¬ 
chloride normally but produce petroleum naphtha- and ether-soluble 
tetrabromides instead of the insoluble a-tetrabromide melting at 115.5- 
iie.o^c. 

It has been established by spectrophotometric methods that many 
natural fats contain small amounts of conjugated isomers of the principal 
unconjugated acids previously known to be present in these fats. Also by 
spectrophotometric examination before and after alkali isomerization, it 
has been found that these fats often contain small amounts of acids of a 
higher degree of unsaturation than has heretofore been supposed. The 
failure to detect these small quantities of higher pol3runsaturated acids 
previously has been due to the fact that the corresponding polybromides 
generally do not separate from the bromination mixture where, on the basis 

J. S. Frankel, W. Stoneburner, and J. B, Brown, /. Am, Chem* Soc., 65, 259-'262 
(1943). 
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of solubility of the pure compound, they should have. However, they fre¬ 
quently separate with the next lower polybromide with a consequent lower¬ 
ing of the melting point of that product. This effect is most frequently ob¬ 
served in the case of hexabromostearic acid which is often reported to melt 
between 180° and 184°C. instead of 185.5° to 186.0°, and of tetrabromo- 
stearic acid which is reported to melt at 113.0° to 114.0°C. instead of 115.5° 
to 116.0°. 

The polybromide number method is especially unsuited for investigating 
hydrogenated fats because of the presence in these products of both po¬ 
sitional and stereoisomers which behave quite differently on bromination 
with respect to the relative yield of soluble and insoluble polybromides or 
in some cases even of dibromides. 

It has not generally been appreciated that debromination of polybro¬ 
mides, unless carefully conducted, may yield mixtures of isomeric acids in¬ 
stead of the so-called a-forin of the acid. The unsaturated acid is usually 
regenerated by refluxing its bromo derivative with zinc in alcohol solution 
or in alcohol containing a small amount of mineral acid, usually hydro¬ 
chloric acid. Other solvents have been used including pyridine, ethyl 
ether, isopropyl ether, dioxane, and glacial acetic acid. Petroleum naphtha 
is ineffective as a solvent for this reaction and the use of glacial acetic acid 
produces acids with anomalously low iodine values indicative of hydro¬ 
genation reactions. 

According to Frankel and Brown, the best solvent for debrominating 
tetrabromostearic acid is ethyl ether although methanol, isopropyl ether, 
and dioxane are satisfactory. The use of ethyl ether obviates the neces¬ 
sity of saponifying the debrominated acids in order to remove any esters 
formed during the debromination when alcohol is used as a solvent. When 
ethyl ether, isopropyl ether, or dioxane is used it is only necessary to filter 
the reaction mixture, wash out the last traces of zinc bromide with water, 
and remove the solvent in order to recover the unsaturated acid. 

Applications of the Bromination Method.—Even though the bromina¬ 
tion method may be limited in its quantitative applications, it still has 
merit from the preparative points of view. Crystalline polybromo acids 
can be prepared in pure form from many types of fats and oils and from 
these bromo derivatives the corresponding unsaturated acids may be re¬ 
generated by debromination. Many valuable applications of the bromi¬ 
nation method for the detection and separation of unsaturated acids from 
fats can be cited, for example: Eckstein^®* identified traces of arachidonic 
acid in human fat; Ellis and IsbelP®^ and Brown and Deck^®® identified 

’i®* J. S. Frankel and J. B. Brown, /. Am, Chem. Soc.t 65, 415-418 (1943). 
w* H. C. Eckstein, J, Biol, Chem., 64, 797-806 (1926). 
J" N. R. Ellis and H. S. Isbell, J. Biol Chem., 69, 219-238, 239-248 (1926). 

J. B. Brown and E. M. Deck, J, Am. Chem, Soc., 52,1135-1138 (1930). 
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this acid in lard; and Brown and co-workers found it in the glandular 
organs of animals, in avian oils, and elsewhere. Brown and Hansende¬ 
termined the content of arachidonic and linoleic acid in human blood senun 
of normal and eczematous subjects by means of bromination. 

An interesting application of the bromination method was the separa¬ 
tion of traces of decenoic acid from butterfat by Bosworth and Brown. 
A fraction consisting of the methyl esters of capric and decenoic acids was 
treated with bromine and distilled. The methyl dibromocaprate distilled 
in vojcuo 60°C. above the associated methyl caprate and was therefore 
readily separated from the saturated acid. 

On the basis of the data obtained by fractionating the polybromides of 
the insoluble fatty acids of menliaden oil, McGregor and BeaP^® concluded 
that the maximum unsaturation of the Cu acids of this oil was two double 
bonds, of the acids, three double bonds, of the Cis acids, four double 
bonds, of the C20 acids, five double bonds, and of the C22 acids, six double 
bonds. 

(c) Low Temperature Crystallization 

A marked advance in the technique of separating fatty acid mixtures 
followed the application of fractionation from solvents at low temperatures 
by Brown and co-workers. This solubility method (c/. Chapter 
VII) is not universal in its applications but with the mixed acids of many 
fats and oils rather good separation of the saturated and unsaturated acids 
can be obtained, and individual fatty acids, especially of the unsaturated 
series, can be separated with little difficulty by a combination of low tem¬ 
perature crystallization and distillation. The method, in general, involves 
solution of the mixed fatty acids in a suitable solvent or mixture of solvents 
and cooling to various prescribed temperatures followed by separation of 
the crystalline acids from the motlier liquor. The procedure must neces¬ 
sarily be varied depending on the source of the fatty acid mixture and the 
type of separation which it is desired to effect. 

Separation of Saturated and Unsaturated Acids.—The separation of a 

W. C. Ault and J. B. Brown, J, Biol. Chem., 107, 607-614 (1934). 
J. B. Brown, J. Biol Chem., 83, 783-791 (1929). 
J. B. Brown, /. Biol Chem., 80, 455-160 (1928). 
J. B. Brown and C. C. Sheldon, J. Am. Chem. Soc.f 56, 2149-2151 (1934). 
W. R. Brown and A. E. Hansen, Proc. Soc. Exptl Biol Med., 36, 113-117 (1937). 
A. W. Bosworth and J. B. Brown, J. Biol Chem., 103, 115-134 (1933). 
R. R. McGregor and G. D. Beal, J. Am. Chem. Sac., 48,3150-3161 (1926). 
J. B. Brown and G. C. Stoner, J. Am. Chem. iSoc., 50, 3-6 (1937). 
J. B. Brown and G. Y. Shinowara, J. Am. Chem. Soc., 50, 6-8 (1937). 

‘w J. B. Brown and J. Frankel, J. Am. Chem. Soc., 60, 54-56 (1938). 
G. Y. Shinowara and J. B. Brown, J. Am. Chem. Soc., 60, 2734-2738 (1938). 
J. Frankel and J. B. Brown, J. Am. Chem. Soc., 63, 1483-14^ (1941). 
J. B. Brown, Chem. Revs., 20, 333-354 (1941). 
J. S. Frankel, W. Stonebumer, and J. B. Brown, J. Am. Chem. Soc., 65, 259-262 

(1943). 
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mixture of fatty acids or monoesters into saturated and unsaturated acid 
fractions is generally carried out in acetone vsolution. However, the same 
type of separations can be effected from methanol, methyl acetate, ethyl 
acetate, methyl ethyl ketone, and petroleum naphtha solutions. Fatty 
acid mixtures of different compositions require modification of the method 
but in general separation is more or less readily accomplished by dissolving 
the mixed fatty acids in acetone or methanol sufficient to make a 10% 
solution, cooling to —20° to — 25°C., and filtering off the precipitate, 
either in a room maintained at — 20°C. or by filtration at room temperature 
on a precooled Buchner funnel. Filtration is usually sufficiently rapid to 
permit separation and washing of the crystalline precipitate with pre¬ 
cooled solvent at room temperature. 

Brown and Stoner”^ found that a saturated fatty acid fraction having an 
iodine value of 7.2 or lower could be obtained by cooling a 10% solution of 
the mixed acids of cottonseed oil in acetone or methanol to — 20°C. 
Frankel, Stoneburner, and Brown separated the solid and liquid fatty 
acids of com, sesame, cottonseed, grapeseed, and poppyseed oils by ciystal- 
lizing at —20° to — 25°C. the mixed fatty acids from an acetone solution 
containing 75 g. of acids per liter of solvent. 

Brown,Hartsuch,®® Hilditch and Riley,and others have compared 
the low temperature crystallization and the lead salt-alcohol methods for 
the separation of the saturated and unsaturated acids obtained from a vari¬ 
ety of fats and oils, and concluded that, in general, the former is superior to 
the latter. Singleton, Lambou, and Bailey^^^ investigated the effect of 
solvent, temperature, and other factors on the degree of separation of solid 
and liquid fatty acids obtained from hydrogenated and unhydrogenated 
cottonseed oils. They found that at any fixed temperature the most effi¬ 
cient separations were obtained in the highly polar solvents, acetone and 
methyl acetate. However, it was found possible in any case to make 
equally efficient separations with a nonpolar solvent such as petroleum 
naphtha by conducting the crystallization approximately 10°F. below that 
employed with the polar solvent. 

When large amounts of mixed fatty acids are submitted to low tempera¬ 
ture fractionation from solvents, a somewhat sharper separation of satu¬ 
rated and unsaturated acids can be obtained by redissolving the saturated 
fatty acid fraction and repeating the operation. The combined filtrates 
and washings which contain the unsaturated fatty acids can be reduced in 
volume and the crystallization repeated to recover any additional saturated 
acids which may separate. The mixed unsaturated acids may then be re¬ 
covered by evaporating the solvent under reduced pressure or they may be 

*** T. P. Hilditch and J. P. Riley, J. Soc, Chem. Ind., 64,204-207 (1945). 
W. S, Singleton, M. Lambou, and A. E. Bailey, OU <St Soapt 22,168-174 (1945); 
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fractionated by cooling to still lower temperatures as will be described 
later. 

Earle and Milner^^® found that the method could be used for the quanti¬ 
tative determination of the saturated fatty acids in soybean oil. The pro¬ 
cedure described by these authors is as follows: 

sample of about 5 g. of mixed acids is placed in a test tube, and 50 ml. of ace¬ 
tone is added. The tube and its content are suspended in a cold bath consisting 
of acetone and dry ice at about — 41 ®C., and the sample is stirred occasionally with 
a thermometer until the temperature reaches — 40°C. The soluble acids are then 
removed by filtering through a glass filter stick which has been previously cooled to 
the temperature of the bath. The solid materials clinging to the thermometer 
and filter stick are washed back into the test tube with 50 ml. of acetone and 

permitted to dissolve. After two more crystallizations the solid acids are dissolved 
in acetone and transferred to a small tared flask. The solvent is removed on a 
steam bath, and the residue is dried in an oven at 105®C. for one-half hour. The 
flask and contents are cooled and weighed, and the amount of ^solid^ acids is cal¬ 
culated. The iodine number of the ^solid’ acids is determined and used to c^il- 
culate the amount of unsaturated acid in the ^solid^ acid fraction, assuming that the 

only unsaturated acid present is oleic. Subtraction of the ^oleic^ acid from the 
‘solid* acids gives the amount of saturated acids present in the original sample 
of mixed fatty acids.** 

As a quantitative method, low temperature crystallization is no doubt of 
limited application but in most cases it is probably as accurate as the lead 
salt-alcohol method, and for the preparation of large quantities of saturated 
and unsaturated acid fractions it is simpler, more rapid, and more eco¬ 
nomical than any other method. 

Separation of Specific Unsaturated Acids.—The method of fractional 
crystallization from solvents at low temperature as a means of separating 
specific unsaturated acids from a mixture of such acids has been especially 
fruitful in the hands of Brown and co-workers. They have applied the 
method to the preparation of oleic, linoleic, linolenic, and arachidonic acids 
from the mixed unsaturated fatty acids of a variety of fats and oils. For 
example, Brown and Shinowara”® isolated oleic acid from olive oil by crys¬ 
tallization of the mixed fatty acids from acetone at — 60°C. The proper¬ 
ties of the oleic acid prepared by this method were: m.p. 13®C., molecular 
weight 282.4, iodine number 89.90, 1.4585. 

Smith^*^ prepared oleic acid of extreme purity by a combination of dis¬ 
tillation and low temperature cyrstallization. Methyl oleate was first 
distilled through an efficient column which removed most of the solid acids 
and the regenerated acid was then fractionally crystallized at low temper- 

1** F. R. Earle and R. T. Milner, (hi <fc Soap, 17,106-108 (1940). See W. C. Bull and 
D. H. Wheeler, ibid., 20, 137-141 (1943). 

J. C. Smith, /. Chem. Soc,, 1939,974-980. 
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ature to separate the higher unsaturated acids. The purified oleic acid 
had the following characteristics: a-form, f.p. 13.34^C., m.p. 13.36*^ ± 
0.04°C.; iS-form, m.p. 16.25°C. Smith demonstrated that the presence 
of 1% of stearic acid lowers the melting point of oleic acid by only 0.13°C., 
therefore^ freezing and melting points to be of value as criteria of purity of 
this acid must be taken with the thermometer in the liquid and must be 
accurate to ziz0.05°C. 

Brown and co-workers^prepared linoleic acid from corn, ses¬ 
ame, cottonseed, grapeseed, and poppyseed oils by crystallization of the 
mixed fatty acids from acetone at —20°, —50° and — 70°C., followed by 
recrystallization from petroleum naphtha at —60°. The linoleic acid 
thus obtained had the following properties: iodine number 180.8, n®® 
1.4699, m.p. — 5.4°C, tetrabromide number 100.6. 

The procedure of low temperature crystallization followed by Brown and 
co-workers for preparing pure linoleic acid is as follows: The mixed fatty 
acids of an oil are dissolved in acetone (75 g. per liter of solvent), cooled to 
— 20° to — 25°C., and the crystalline fraction removed by filtration. The 
filtrate is cooled to —50° with slow stirring and the crystalline material 
separated as before. The filtrate from this operation is cooled to —70° 
and the solidified portion again removed. The crystalline product from the 
last operation, which contains approximately 90% linoleic acid, is dissolved 
in petroleum naphtha (65 g. per liter of solvent, b.p. 30-‘60°C.) and cooled 
to —48°. The solid which separates under these conditions contains ap¬ 
proximately 95% linoleic acid. This product is dissolved in petroleum 
naphtha (6.25 g. per liter of solvent) and cooled to —60° to —62°. The 
product separating under these conditions is practically pure linoleic acid. 
The success of the over-all operation is dependent on maintaining the lino¬ 
leic to oleic acid in a ratio that will minimize mixed crystal or compound 
formation. 

Shinowara and Brown^'^ prepared linolenic acid from linseed and perilla 
oils by fractionation of the mixed fatty acids from acetone at —23°, —45°, 
—60° and — 75°C. and from petroleum naphtha at —50°. However, 
crystallization alone, as well as crystallization followed by distillation of 
the most concentrated fraction, failed to yield pure linolenic acid. The 
best product obtained contained only 88% of linolenic acid. Methyl 
arachidonate was prepared by Shinowara and Brown^^® and by Mowry, 
Brode, and Brown'^® from adrenal and suprarenal phosphatides by crystal¬ 
lization of the mixed esters from acetone at —20°, —65° and —75°. The 
final crystallized product was 70% pure but on distillation it gave a product 
containing 97.7% of methyl arachidonate. 

A unique application of the low temperature crystallization method was 

G, Y. Shinowara and J. B. Brown, /. Biol, Chem., 134, 331-~340 (1940). 
!*• D. T. Mowry, W. R. Brode, and J. B. Brown, J. Biol, Chem,^ 142, 671-678 (1942). 
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made by Brown and Green^^^ in the preparation of methyl ricinoleate and 
ricinoleic acid from castor oil. Because of the tendency of ricinoleic acid 
to undergo various changes in structure when it is subjected to heat and 
chemical agents, its isolation in pure form is extremely difficult. However, 
by low temperature crystallization of the methyl esters prepared by direct 
alcoholysis of castor oil, products were obtained which contained 97% to 
99.5% of methyl ricinoleate. The ester melted at —4.0° to —4.5°C., and 
had the following properties: 1.4628, acetyl number 137.0, molecular 
weight 311.6, iodine number 80.7, optical rotation in acetone [ajo 5.19. 
It was not possible to prepare pure ricinoleic acid from the methyl esters 
since saponification, even in the cold, and distillation result in dehydration. 
Cold saponification of the crude esters and fractional crystallization gave 
an acid which was only 95% pure. 

Cramer and Brown'^® applied the method of low temperature crystal¬ 
lization from methanol, acetone, or petroleum naphtha to the separation 
of the methyl esters of Ch, Cie, and Ci8 acids obtained from human body 
fat. De la Mare and Shorland^^ submitted the methyl esters derived from 
pork fat to low temperature (—35°C.) crystallization from acetone (15 
ml. per g. of esters) prior to ester fractionation of the insoluble and com¬ 
bined soluble esters. 

Emersol Process for the Separation of Fatty Acids.—According to 
recent trade literature,^*® Emery Industries, Inc., began investigations on 
the solvent fractionation of fatty acids in 1934 which culminated in the 
development of a pilot plant and subsequently a semicommerical unit for 
effecting this operation. In 1942 the first of two commercial units for the 
production of a variety of fatty acid fractions by low temperature fraction¬ 
ation was placed in operation. The process, which is a continuous one, 
employs methanol as solvent and as the heat interchange medium in the 
multitubular crystallizer. A crystal promoter is added to the methanol 
solution of mixed fatty acids to assist the formation of readily filterable 
crystals of the solid acids. 

The process has been applied to the production of stearic and oleic acids 
from Twitchellized and distilled tallows at a rate of approximately two mil¬ 
lion pounds per month. It is claimed that the process has been applied to 
the separation of solid and liquid acids of linseed, soybean, sardine, palm, 
and cottonseed oils and ucuhuba fat. 

It is evident from the foregoing discussion that the low temperature 
fractionation of fatty acids and esters from solvents has, within a very few 

J. B. Brown and N. D. Green, /. Am. Chem. Soc.j 62, 738-740 (1940), 
D. L. Cramer and J. B. Brown, J. Biol. Chem.^ 151, 427-438 (1943). 
P. B. D. De la Mare and F. B. Shorland, Analyst^ 69, 337-339 (1944). 
R. E. Kistler^^V. J. Muckerheide, and L. D. Meyers, Oil & Soap. 23, 146-150 

(1946). See also Emersol Process for the Separation of Fatty AcidSf Bull. No. 2051, 
BlaW'Knox Division of Blaw-Knox Co., Pittsburgh, Pa., 1945. 
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years, passed through various stages of development from laboratory to 
commercial practice. To^pome extent it has been developed as a quantita¬ 
tive method but its greatest utility lies in the ease and effectiveness with 
which separations can be made into saturated and unsaturated fatty acids 
on one hand, and preparation of relatively pure unsaturated acids on the 
other. 

The process is comparatively simple and rapid, and except for the process 
of saponification, without the introduction of any steps which might result 
in isomerization or other changes in chemical structure of the final product. 
It obviates the use of the operations involved in the lead salt separation, 
esterification, distillation, and subsequent saponification of the distilled 
esters. The operation requires a minimum of equipment and the solvent 
can be recovered and reused. 

5. Chromatographic Separation 

Chromatographic analysis, so-called because it was first applied by 
Tswett to the separation of plant pigments, has been successfully applied 
to the separation and purification of various components and derivatives 
of fats and oils, including fatty acids, esters, glycerides, phosphatides, 
hydrocarbons, sterols, ketones, and fat-soluble vitamins. Although it 
has not been equally effective in separating all types of lipids, chromatog¬ 
raphy has made possible the isolation of certain substances which could 
not otherwise have been obtained in equal degree of purity by any other 
method. 

The method, in general, comprises solution of the products to be sepa¬ 
rated in a suitable solvent and passing the solution through a column of 
adsorbent. As a result of the difference in the degree to which each molec¬ 
ular species is adsorbed, the various components of the solution will be 
separated into a series of bands. Separation into bands results from the 
fact that the weakly adsorbed substances will move through the column 
more rapidly than those components which are more strongly adsorbed. 
Subsequent washing of the column results in more complete separation 
and ultimately in the development of distinct bands or adsorption zones. 
When the adsorption bands have been developed, the column can be sepa¬ 
rated into series of zones each one of which contains either a simple mix¬ 
ture or, in an ideal separation, a specific component which can then be re¬ 
covered by elution with a suitable solvent. 

Various adsorbents have been used in separating fatty components, the 
most effective of which is activated alumina. Various fat solvents, includ¬ 
ing petroleum naphtha, benzene, and chlorinated solvents, have been used 
and, of these, petroleum naphtha and benzene are generally the most 
effective. Detailed directions for the preparation of adsorption columns 
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and the technique of carrying out various types of separations are given in 
standard works on the subject of chromatographic analysis.^®^’^®* 

(a) Separation of Saturated and Unsaturated Acids 

Kondo^®® obtained a partial separation of a mixture of oleic and stearic 
acids, and of oleic and palmitic acids, on passing a solution of the mixed 
acids through a column of alumina. The acids were dissolved in petroleum 
naphtha containing a little benzene and the chromatogram developed by 
washing the column with benzene. The oleic acid was adsorbed in the 
upper portion of the column and the saturated acid in the lower portion, 
while the unresolved mixture was contained in the central portion. 

Manunta^®^ prepared a mixture of palmitic, stearic, and oleic acids in 
petroleum naphtha and subjected it to chromatographic analysis using hy¬ 
drated magnesium sulfate, MgS04 • IH2O, as adsorbent. When the solution 
was passed through the column, several zones or bands were developed. 
The uppermost band contained oleic acid; the lower portion of the column 
contained a mixture of palmitic and stearic acids. By reuniting the 
products of similar melting point and refractionating on a column of the 
same material, relatively pure palmitic and stearic acids were obtained. 

As part of a comprehensive investigation of the applicability of adsorp¬ 
tion technique to the separation of a variety of fatty products, Kaufmann*^* 
prepared mixtures of saturated with unsaturated acids, as well as mixtures 
of various unsaturated acids, including oleie-linoleic, oleic-erucic, pal¬ 
mitic-oleic, erucic-stearic, stearic-oleic-linoleic, etc., and submitted them 
to chromatographic analysis using various solvents, fatty acid concentra¬ 
tions, and adsorbents. Many other mixtures of acids, as well as the mixed 
fatty acids from coconut and palm oils and butter, were submitted to 
chromatographic adsorption with varying degrees of success. He con¬ 
cluded that the method was especially valuable for producing concentrates 
of fatty acids, and for the isolation of specific acids, as for example unaltered 
linolenic acid, and further, that it was a practical process for refining fats 
and separating fatty acids on an industrial scale. 

Swift, Rose, and Jamieson^*® applied chromatography to the preparation 
of pure methyl linoleate from cottonseed oil. The mixed methyl esters of 

L. Zechmeister and L. Cholnoky, Principles and Practice of Chromatography, 
Chapman & Hall, London, 1941. 

H. H. Strain, Chromatographic Adsorption Analysis^ Interscience, New York, 
1942. See also N. R. Fisk, Paint 'Fcc/i., 10, 85-89, 107-112 (1945); T. I. Williams, 
An Introduction to Chromatography, Blackie, London, 1946. 

H. Kondo, J. Pharm. Soc. Japan, 57,832-839, in German 218-229 (1937). 
Manunta, Helv, Chim. Acta, 22, 1156-1160 (1939). 

H. P. Kaufmann, Fette u. Seifen, 46, 268-273 (1939); Angew, Chem,, S3, 98-99 
(1940); French Paterjts 853,065, and 853,066 (March 9, 1940); British Patents 541.002 
541,003 (Nov. 10, 1941). 

C. E. Swift, W. G. Rose, and G. S. Jamieson, Oil <& Soap, 20, 249-255 (1943). 
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cottonseed oil were prepared by ester interchange using methanol and me¬ 
tallic sodium as catalyst. The esters were distilled and a single fraction 
representing 95% of the total acids was collected and submitted to chro¬ 
matographic separation. Aluminum oxide was used as the adsorbent and 
hexane as the solvent. The recovered methyl linoleate had the following 
properties: Wijs iodine value 170.4, thiocyanogen value 87.3, 
1.4594. Distillation of the ester effected no change in these constants. 
It was computed that the product consisted of 97.7% methyl linoleate and 
2.3% methyl oleate. 

Dutton^®^ described a method of adsorption analysis of colorless com¬ 
pounds which employs a highly sensitive differential refractometer for 
measurement of changes in the refractive index of percolates from adsorp¬ 
tion columns during continuous flow. The method was applied to the sepa¬ 
ration of artificial mixtures of oleic and stearic acids of known composition. 

Claesson^*’® has recently developed a method whereby long chain satu¬ 
rated, branched chain, and unsaturated fatty acids may be separated by 
a flowing chromatographic method which employs a nonpolar solvent 
(heptane) and activated silica as adsorbent. Each homologous series can 
in turn be separated into individual components by a similar technique 
which employs activated carbon as adsorbent. 

(6) Separation of Saturated Fatty Acids 

In connection with the investigation of the applicability of chromatog¬ 
raphy to the separation of fatty acids, which has already been referred to, 
Kaufmann^*® determined the degree of separation which could be effected 
with mixtures of long chain saturated acids. With a 1:1 mixture of stearic 
and myristic acids, pure stearic and myristic acids were obtained in the 
top and bottom zones, respectively, of the chromatographic column em- 
plojdng Brockmann aluminum oxide as adsorbent and benzene as solvent. 
A similar mixture of palmitic and myristic acids yielded a fraction contain¬ 
ing 96% myristic and 4% palmitic acids. 

Graff and Skau^®® separated mixtures of stearic and myristic acids, and 
of stearic and oleic acids, by adsorption on magnesium oxide columns im¬ 
pregnated with phenol red. Development of zones containing the sepa¬ 
rated acids was followed by changes in color of the dye-impregnated adsorb¬ 

ent. 
Cassidy^®® investigated the adsorption isotherms of petroleum naphtha 

solutions of lauric, myristic, palmitic, and stearic acids using various acti- 

H. J. Dutton, J. Phys. Chm,, 48,179-186 (1944). 
S. Claesson, Arkiv, Kemi Mineral, Geol.t 23A, No. 1, (1946); Rec, trav, chim,, 65, 

571-575 (1946). 
M. M. Graff and E. L. Skau, Ind, Eng. Chem., Anal. Ed.^ 15, 340-341 (1943). 
H. G. Cassidy, /. Am, Chmi. Soe., 62, 3073-3076, 3076-3079 (1940). 
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vated carbons, aluminas, magnesium oxide, clay, and silica gel. Of the 
various combinations of acids and adsorbents used only one mixture 
namely, lauric and stearic acids, was readily separated on activated char¬ 
coal from a petroleum naphtha solution. About 93% of the acids were re¬ 
covered in pure form; lauric acid was less strongly adsorbed than stearic 
and, therefore, was found in the earliest percolates. 

(c) Separation of Other Lipids 

Walker and Mills^^® subjected linseed oils of various origins to chromato¬ 
graphic analysis in which aluminum oxide was employed as th(^ adsorbent 
and commercial hexane as solvent. After two fractionations only four 
adsorption zones were obtained. The recovered fractions possessed iodine 
numbers of 202.8, 174.8, 146.3, and 116.2, respectively. The authors 
concluded, therefore, that linseed oil contains relatively few types of tri¬ 
glycerides of which oleodilinolenin and dilinoleolinolenin predominate. In 

a subsequent publication, Walker and Mills'^' reported the separation from 
linseed oil, by means of chromatography, of a fraction having an iodine, 
number of 246.5 and consisting therefore primarily of trilinolenin. 

Winterstein and Stein'^^ found that dipalmityl ketone and hentriacon- 
tane which occur in the unsaponifiable fraction of ethereal extracts of plant 
materials can be successfully separated by chromatography. Wagner- 
Jauregg'^^ applied chromatography to the p\irification of the tribromanilide 
of tuberculic acid, CasHeoNOBrs. The melting point of the crude product 
was raised from 60° to 68°C. by adsorption on a column of aluminum oxide 
from benzene solution. 

Ralston, Harwood, and PooB^^ found that the reaction products pro¬ 
duced by catalytic cracking of long chain nitriles consisted exclusively of 

hydrocarbons and unreacted nitrile which could be quantitatively sepa¬ 
rated by chromatographic adsorption on a column of silica gel. The 
cracked fraction was allowed to flow down a column of silica gel which re¬ 
tained all the components of the fraction. The hydrocarbons were then 
removed by washing the column with petroleum naphtha. The silica gel 
column was then treated with ammonia gas and the nitriles removed by 
heating the adsorbent to 400°C. 

140 F, X. Walker and M. R. Mills, J. Soc. Chem. Ind,^ 61, 125-128 (1942). 
F. T. Walker and M. R. Mills, J. Soc, Chem. Ind.^ 62,196-109 (1943). 

*** A. Winterstein and G. Stein, Z. physiol. Chem., 220, 247-277 (1933). See also K, 
A. Williams, Analyst, 71, 259-263 (1946). 

T. Wamer-Jauregg, Z, physiol Chem,, 247, 135-140 (1937). 
A. W. Ralston, HTJ. Harwood, and W. O. Pool, J. Am, Chem, Soc,, 59, 986-993 

(1937). 



CHAPTER XXIII 

IDENTIFICATION OF INDIVIDUAL FATTY ACIDS 

1. Introduction 

In any investigation involving the isolation of a fatty acid it is generally 
desirable not only to establish its identity but also its degree of purity. If 
resolution of a complex mixture does not result in the isolation of a pure 
acid but yields instead a simpler and still incompletely resolved mixture, 
it may be highly desirable to determine the composition of the product. 
These ends may generally be accomplished by determining certain charac¬ 
teristic properties of the isolated product and comparing them with those 
established for the pure components. 

The physical properties most commonly relied upon for purposes of 
identifying fatty acids and esters are melting, freezing, and transition 
points, refractive index, density, x-ray diffraction spacing, and absorption 
spectra, each of which has been dealt with at length elsewhere in this vol¬ 
ume. Chemical properties applied for the same purpose are neutralization 
equivalent, iodine, thiocyanogen, and hydrogen absorption, oxidation, and 
preparation of various derivatives having additional characteristic proper¬ 
ties. No one of these methods should be relied upon solely for either 
identification of an acid or determination of its relative purity. Owing to 
the increasingly smaller diffemnce in the numerical values of the physical 
properties of adjacent members as the series is ascended, and the additive 
nature of certain of these properties, it becomes more and more difficult to 
identify unequivocably a given higher fatty acid or mixture of acids by 
any one or any combination of molar properties. 

2. Identification of Saturated Acids 

Saturated acids and their methyl or ethyl esters, if extremely pure, can 
readily be identified by comparison of their neutralization or saponification 
equivalents, melting, freezing, and transition points, refractive indices, 
^nd crystal spacings which have been recorded and discussed in previous 
chapters. If the acid is isolated from a complex mixture by means of 
fractional distillation or a combination of solvent fractionation and distil¬ 
lation, it may still comprise a binary, ternary, or even more complex mix¬ 
ture of components of the same or a different homologous series. 

Many workers are not cognizant of the fact that the preparation of a 

619 
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highly pure acid or ester is extremely difficult, and tliat numerical equiv¬ 
alence of a given physical property of a known and unknown acid or ester 
does not necessarily establish its identity. For example, Phillips and 
Mumford^ demonstrated that fractionation alone, even through an effi¬ 
cient column, does not necessarily lead to the separation of a pure acid or 
ester, and that the melting points of the a-form of esters, which in the case 
of esters such as ethyl margarate is the melting point of the compound it¬ 
self, afford no information as to their purity. Furthermore, so far as the 
presence of homologs is concerned, recrystallization of the a-form may serve 
to make an ester lesSj instead of more pure. For purposes of identification, 
therefore, all saturated acid esters should be recrystallized to a constant 
/3-melting point. 

It is now generally agreed that no single quantitative method or combi¬ 
nation of methods of fractionation of a complex mixture of fatty acids or 
esters derived from a natural fat will result in a series of fractions each 
composed of a single component. Therefore, when these fractions are 
composed predominantly of saturated acids or esters recourse is made to 
calculation of their compositions on the basis of neutralization or saponifi¬ 
cation equivalents. In order to do so, a number of assumptions have to be 
made or the necessity for making them must be eliminated. 

It is generally assumed that the saturated acid or ester fraction contains 
no more than three components, two saturated and one unsaturated. The 
two saturated components are assumed to be the two homologs between 
which the observed neutralization equivalent or molecular weight is found 
to lie. The unsaturated component is generally assumed to be oleic acid. 
The amount of unsaturated component in the saturated acid fraction is 
determined by means of iodine and thiocyanogen absorption, or in the 
case of esters, the unsaturated component may be destroyed by perman¬ 
ganate oxidation prior to determining the saponification value of the mix¬ 
ture. 

Mattil and Longenecker^ and Baldwin and Longenecker® have discussed 
the inherent difficulties of determining the composition of mixed fatty acids 
by virtue of the limitations of available analytical methods. These 
authors point out the fact that in a mixture of methyl palmitate and methyl 
stearate the saponification equivalent must be determined accurately to 
±0.28 units in order to calculate the composition to ±1.0% of the true 
value. This represents a maximum analytical error of ±0.1% in the de¬ 
termination of the saponification equivalent of an ester which corresponds 
to ±0.02 ml. of 0.5 N acid used in the titration. 

Mattil and Longenecker proposed a method of determining the composi- 

' J. W. C. Phillips and S. A. Mumford, Rec. trav. chim.f 52, 175-180 (1933). 
* K. F. Mattil and H. E. Longenecker, Oil & Soap, 21, 16-19 (1944). 
* A. R. Baldwin and H. E. Longenecker, Oil d: Soap, 22,151-153 (1945). 
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tion of methyl ester fractions based on their refractive indices which they 
claim can be accomplished with a high degree of accuracy, provided there 
is available a refractometer of the requisite precision. In order to deter¬ 
mine the validity of the refractive index method it was necessary to estab¬ 
lish the variation of this property as a function of temperature. A series 
of highly purified methyl esters was therefore prepared and the refractive 
index-temperature relationships established. They also determined the 
refractive indices of known binary mixtures of saturated and unsaturated 
methyl esters as reference standards. On the basis of this work (see Chap¬ 
ter VIII, sections 55 and 5c) it was found that the composition of a binary 
mixture could be determined to an accuracy of ±0.5% with an Abbe re¬ 
fractometer and even more accurately with an instrument of greater pre¬ 
cision. 

If the assumption that the unsaturated component of the saturated acid 
fraction is oleic acid is invalid, c. gf., where this component is of different 
chain length, either longer or shorter than oleic acid, or if it is of a higher 
degree of unsaturation, then the calculation of the composition of the frac¬ 
tion becomes more involved. Hilditch^ and also Charnley* have indicated 
various mathematical treatments for calculating the composition of these 
more complex fractions. 

However, the application of spectrophotometric methods has greatly 
simplified the problem of determining the composition of such mixtures. 
Baldwin and Longenecker* subjected artificial mixtures of methyl esters of 
lauric, myristic, palmitic, stearic, oleic, linoleic, and linolenic acids to frac¬ 
tional distillation and then determined the iodine value, saponification 
value, refractive index, and absorption spectra after alkali isomerization 
of each fraction, and on*the basis of these data calculated the compositions 
of the individual fractions and the original mixture. The agreement be¬ 
tween the known composition of the original mixtures and that calculated 
from the distilled fractions was found to be exceedingly good. The method 
proposed by these authors is undoubtedly the most reliable and accurate 
suggested up to the present for the analysis of the ordinary fats and oils of 
commerce. 

3* Identification of Unsaturated Acids 

Many unsaturated fatty acids can be identified by conversion into their 
corresponding bromo derivatives as indicated in Chapter XIII and earlier 
in the present section. However, this conversion to crystalline derivatives 
is not always quantitative, hence this method provides only qualitative in- 

* T. P. Hilditch, The Chemical Conetitxdion of Natural Fats, Wiley, New York, 1941, 
pp. 400 et sea, 

• F. Chamley, Can, Biol, Fisheriesf 8, No. 35 (Ser. C. Ind., No. 23), 509-529 (1934); 
/. Biol, Board Can,, 2, 285-297 (1936). 
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formation concerning the identity of a given acid. Furthermore, many 
imsaturated acids yield liquid rather than solid derivatives or do not react 
to yield a completely halogenated derivative. This latter is especially 
true of conjugated unsaturated fatty acids. 

More often than not, mixtures of unsaturated fatty acids or esters can¬ 
not be separated into pure components and recourse must, therefore, be 
had to indirect methods of determining the composition of the mixture. 
Under certain conditions this may be accomplished with reasonably good 
accuracy, whereas under others the available methods lead only to approxi¬ 
mations. In any case, it is necessary to know that the mixture contains 
only nonconjugated unsaturated acids and that it is free of saturated, 
polymerized, and oxidized components. The presence or absence of satu¬ 
rated acids can be determined by means of the Bertram oxidation method 
(see Chapter XV). The presence or absence of pol3rmerized and oxidized 
acids is less readily determined. 

In this connection it might be mentioned that Farmer and van den 
Heuvel® have pointed out the fact that highly unsaturated fatty acids, 
such as occur in cod liver and other fish liver oils, are very sensitive to heat 
and that even at temperatures below 200°C. they undergo polymerization 
and isomerization reactions. Norris and co-workers^ investigated by spec- 
trophotometric methods the changes occurring during the vacuum dis¬ 
tillation of the methyl esters of the highly unsaturated acids of cod liver 
and linseed oils. They found that the fatty acids containing up to three 
double bonds were fairly stable under ordinary conditions of vacuum dis¬ 
tillation. The more highly unsaturated acids were, however, found to be 
less resistant to heat and a certain amount of conjugation and polymeriza¬ 
tion was observed to occur under various conditions of temperature and 
length of heating. Conjugation was first observed to increase and then 
decrease owing to subsequent polymerization. However, they concluded 
in their first publication that various fractions obtained by vacuum dis¬ 
tillation of methyl esters of highly unsaturated acids from cod liver oil are 
sufficiently representative of the original material to permit their use for 
purposes of isolation and structural characterization, but they did not 
state in either communication whether they are sufficiently representative 
to be used in the quantitative determination of the composition of the 
original mixture of acids. 

If it has been established that the unsaturated acid fraction consists 
only of a single acid or no more than two unsaturated acids having no con¬ 
jugated double bonds, identity may be established by determining the neu¬ 
tralization equivalent and iodine value of the fraction. The two acids 

• E. H. Fanner and F. A. van den Heuvel, /. Ckem, Soc,^ 1938,427-430.» 
^ F. A. Norris, 1.1. Rusoff, E. S. Mfiler, and G. O. Burr, /, Bun. CAem., 139,199*206 

(1941); 147, 273-280 (1943). 
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may be of the same chain length and different degrees of unsaturation or of 
different chain lengths if they are adjacent members of the same homologous 
series, e. g,, Cw and C20 or C20 and C22. If the mixture contains unsaturated 
acids of different chain lengths and different degrees of ynsaturation, the 
calculations are somewhat more involved as has been shown by Hilditch^ 
and Chamley.® 

lodiner-Thiocyanogen Method 

If the unsaturated acid fraction contains three components of the same 
chain length and different degrees of unsaturation, c. g,, oleic, linoleic, and 
linolenic acids, the composition of the mixture can be determined with 
reasonably good accuracy in many cases by the iodine-thiocyanogen 
method. The development by Kaufmann,®*® in 1925, of the thiocyanogen 
addition method for the determination of unsaturated acids led to a marked 
increase in our knowledge of the composition of fats and oils. 

The iodine-thiocyanogen method is based on the assumption that one 
mole of iodine adds quantitatively to each double bond of unsaturated 
fatty acids, whereas the thiocyanogen radical, SCN, adds quantitatively 
to the single bond of a monoethenoid acid, to one of the two double bonds 
of a diethenoid acid, and to two of the three double bonds of a triethenoid 
acid. On the basis of these assumptions it is possible, therefore, to de¬ 
termine by calculation from the iodine value the composition of a mixture 
of fatty acids containing only saturated, oleic, and linoleic acids, provided 
that the saturated acids are determined by some method such as the lead 
salt-alcohol or low temperature crystallization method. If the saturated 
acids are not separately determined, the percentage of total saturated 
acids and of oleic acid and linoleic acid can be determined from the iodine 
and the thiocyanogen values. If, on the other hand, the mixture is known 
to contain only saturated acids and olei<5, linoleic, and linolenic acids, its 
composition can be determined by calculation from the iodine and thio¬ 
cyanogen values and the percentage of saturated acids determined by an 
independent method such as the lead salt-alcohol or low temperature 
crystallization method. 

The same methods can be applied with other mixtures, as for example, 
one containing erucic, but no oleic acid, together with linoleic and/or lino¬ 
lenic acid. It cannot be applied to glycerides or mixtures of fatty acids or 
esters containing conjugated double bonds since addition of iodine and 
thiocyanogen is not quantitative in these cases. Elaidic acid adds iodine 
and thiocyanogen in the same manner as oleic acid so that the method can 
be used in the presence of either or both acids, but it cannot distinguish 

• H. P. Kaufmann, Arch. Pkarm.t 263, 675-721 (1926); Z. UrUersuch. Lebenttm.^ SI, 
16-27(1926). 

• H. P. Kaufmann, Studien aufdem Fettg^iet. Verlag Chemie, Berlin, 1935. 
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between them. Whether it can be applied to glycerides and mixtures of 
fatty acids containing more than three double bonds has not been estab¬ 
lished with certainty. 

The iodine and thiocyanogen value determinations can be made directly 
on a fat or oil, or on the mixed fatty acids derived therefrom, or on the mixed 
unsaturated fatty acids and their methyl or ethyl esters. It is possible to 
calculate the composition of a fat or oil on the basis of determinations made 
on any of these related products but generally the mixed fatty acids or the 
mixed unsaturated fatty acids are used for this purpose. It would be pref¬ 
erable to make the determination directly on the fat or oil since even 
under the best manipulative conditions alterations occur in the unsaturated 
fatty acids during saponification and subsequent separation. 

It was stated that the validity of the iodine-thiocyanogen method rested 
on the assumption of the quantitative addition of iodine and thiocyanogen 
in the manner indicated. Although the assumption is valid for iodine 
addition, it is not valid for the thiocyanogen addition. It has been shown 
by numerous investigators^®”^® that with relatively pure acids the addition 
of thiocyanogen is quantitative in the case of oleic, elaidic, and other mono- 
ethenoid acids, whereas addition to linoleic acid is somewhat greater than 
that required by theory, and in the case of linolenic acid it is considerably 
less than theory; also that in both latter cases the addition is dependent 
on the normality of the thiocyanogen reagent used in the determination. 
This discovery has not invalidated the method but has made it necessary 
to replace the theoretical constants in the original Kaufmann equations by 
empirical constants^® obtained by determining the thiocyanogen value on 
very pure unsaturated acids under rigidly standardized conditions. 

Experience of many investigators has revealed a number of anomalous 
behaviors in the application of the thiocyanogen method to the analysis 
of the ordinary fats and oils of commerce. These observations led Lambou 
and Dollear^® to undertake a comprehensive investigation of the factors 

W. Kimura, J, Soc, Ch&n, Ind. Japaut 32, 451-461 (1929); Suppl. Binding, 32, 
138-141B (1929). 

R. W. Riemenschneider, C. E. Swift, and C. E. Sando, Oil & Soap, 18, 203-206 
(1941). 

R. W. Riemenschneider and D. H. Wheeler, Oil & Soap, 16, 219-221 (1939). 
J. P. Kass, W. 0. Lundberg, and G. O. Burr, Oil & Soap, 17, 50-53 (1940). 

** J. P. Kass, H. G. Loeb, F. A. Norris, and G. O. Burr, Oil Soap, 17, 118-119 
(1940) 

w T* P. Hilditch and K. S. Murti, Analyst, 65, 437-446 (1940). 
w H. I. Waterman, S. H. Bertram, and fi. A. van Westen, J, Soc. Chem. Ind., 48, 

50-51T (1929). 
” G. Y. Shinowara and J. B. Brown, /. Am. Chem. Soc., 60, 2734-2738 (1938). 
“ N. L. Matthews, W. R. Brode, and J. B. Brown, Oil dt Soap, 18, 182-187 (1941). 

V. C. Mehlenbacher, Chem. Eng. News, 22, 606-608 (1944). See also M. G. Lam¬ 
bou and F. G. Doliear, Oil & Soap, 22, 226-232 (1945). 

M. G. Lambou and F. G. Doliear, Oil & Soap, 22, 226-232 (1945); 23, 97-101 
(1946). 
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which influenced the course of thiocyanogen addition to unsaturated acids. 
As a result of this investigation various modifications have been introduced 
in the preparation of the thiocyanogen reagent which, together with refine¬ 
ments in the technique, have extended its application and increased its 
accuracy. For details of the method which are too extensive to be repro¬ 
duced here the reader should consult the publications of Lambou and 
Dollear.*® 

4. Characteristic Derivatives of Saturated and Unsaturated Acids 

Much effort has been expended in the preparation of a variety of deriva¬ 
tives of both saturated and unsaturated fatty acids with the object of 
finding a reagent which would yield with each acid a derivative whose 
properties would not only serve to distinguish it from all other acids, but 
which would also provide a means of quantitatively resolving a mixture of 
acids into its individual components. 

Since the carboxyl is the most reactive group common to all fatty acids 
most investigators have sought to introduce, in place of its hydrogen or 
hydroxyl, an organic radical of relatively large molecular weight. By 
such a procedure it was hoped that the low molecular weight acids and the 
liquid unsaturated acids would yield well-formed, characteristic crystalline 
compounds. In some cases, derivatives of this type have been obtained 
but many of the reagents investigated produced only liquid or oily prod¬ 
ucts of little or no value for identification purposes. 

(a) Phenacyl Derivatives 

One of the earliest attempts to systematically characterize the fatty 
acids was made by means of the phenacyl esters, including the p-bromo-, 
p-iodo-, and p-phenylphenacyl derivatives. To this end, Judefind and 
Reid^^ prepared the p-bromo- and p-iodophenacyl esters of eleven satu¬ 
rated fatty acids including both even- and odd-numbered members of the 
series. All of the acids from acetic to stearic gave crystalline derivatives 
as indicated by the melting points shown in Table 157. The melting 
points of the saturated acid derivatives were found to increase with in¬ 
crease in the atomic weight of the halogen but the melting points of in¬ 
dividual members of the homologous series of acids were not sufficiently 
distinctive to permit their use as identifying criteria. 

Kass, Nichols, and Burr^^ prepared the p-phenylphenacyl esters of a 
series of octadecenoic acids in the hope of obtaining derivatives which 
would be suitable for purposes of isolating and characterizing individual 
members of this series of acids. All of the derivatives possessed satisfac- 

« W. L. Judefind and E. E. Reid, /. Am, Chem, Soc,, 42,1043-1055 (1920). 
** J. P. Kass, J. Nichols, and G. 0. Burr, J, Am, Chem, Soc,, 64,1061-1062 (1942)• 
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Table 157 

MELTING POINTS (iN DEGREES CENTIGRADE) OF p-HALOGENOPHENACYL 

ESTERS OF FATTY ACIDS® 

Acid 
p-Bromo- 
phenacyl 

ester 

p-Iodo- 
phenacyl 

ester 
Acid 

p-Bromo- 
phenacyl 

ester 

p-Iodo- 
phenacyl 

ester 

Acetic 85 114 Caprylic 65.5 77.0 
Propionic 59 94.9 Capnc 66 80.0 
Butjrric 63.2 81.4 Palmitic 81.5 90.0 
Valeric 63.6 78.6 Margaric 78.2 88.8 
Isovaleric 68.0 78.8 Stearic 78.5 90.5 
Caproic 71.6 81.5 Erucic 61 73.8 

• W. L. Judefind and E. E. Reid, J, Am. Chem. Soc., 42, 1043-1055 (1920). 

tory melting points as indicated by the data in Table 158, but only the p- 
phenylphenacyl oleate and elaidate gave theoretical iodine numbers. 

Table 158 

MELTING POINTS (iN DEGREES CENTIGRADE) OF p-PHENYLPHENACYL ESTERS 

OF SOME UNSATURATED PATTY ACIDS® 

Acid p-Pheiiylphenacyl 
ester 

Acid p-Phenylphenacyl 
ester 

Oleic 61-62 Linolelaidic 73-75 
Elaidic 72-73 Linolenic 

coco 

Linoleic 37-37.5 
46.5-47 

iS-Elaeostearic 89-90 

« J. P. Kasa, J. Nichols, and G. O. Burr, J. Am. Chem. Soc., 64,1061-1062 (1942). 

(b) Amino Derivatives 

Dermer and King^® investigated the possibility of characterizing fatty 
acids by means of iV-benzylamide derivatives prepared by reaction of 
benzylamine and carboxylic acids or esters according to the following 
equation: 

RCOOR' + CeH5CH,NH,-► RCONHCH,CA -f R'OH 

They found that although the fatty acids readily formed JV«benzylamides, 
the melting points of the derivatives were relatively low and differed from 
member to member by too small increments to be satisfactory for purposes 
of identification. 

In contrast to the amides of benzylamine, the diamides of 4,4^-diamino- 
diphenylmethane were found by Ralston and McCorkle*^ to possess 
relatively high melting points and a sufficient temperature increment be- 

« O. C. Dermer and J. King, /. Org. Chem., 8^ 168-173 (1943). 
A. W. Ralston and M. R. MoGorkle, J, Am, Chem, 8oc,, 61,1604-1605 (1939). 
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tween adjacent members to render them valuable for purposes of charac¬ 
terizing fatty acids. When the fatty acids were heated with theoretical 
proportions of 4,4'-diaminodiphenylmethane, diamides were formed ac¬ 
cording to the following equation: 

H 

NHjCeH, r-O-CJI, NHi + 2 RCOOH 

H 

RCNHC(^H4—C—C*H4NHCR + 2 H,0 

A k A 
All of the saturated acids from acetic to stearic yielded well-crystallized, 

relatively high melting derivatives with this reagent. The difference in 
melting points of the diamides of adjacent acids is relatively large for the 
lower members but becomes increasingly less as the series is ascended. 
As indicated in Table 159, appreciable depression of the melting point 
occurs on addition of the diamide of the next higher homologous acid. The 
extent of the depression of the melting point also decreases as the series is 
ascended. Despite these limitations the derivatives are especially use¬ 
ful for characterizing specific saturated acids. 

Table 159 

MELTING POINTS (iN DEGREES CENTIGRADE) OF FATTY ACID DIAMIDES 

OF 4,4'-DIAMINODIPHENyLMETHANE® 

Acid Diamide 
Mixture with 
next higher 

homolog 
Acid Diamide 

Mixturr with 
next higher 

homolog 

Acetic 227-228 205-210 Undecanoic 175-176 172-174 
Propionic 212-213 188-193 Laurie 174-175 171-173 
Butyric 197-198 185-188 Tridocanoic 172-173 170-172 
Valeric 188-189 179-181 Myristic 170-171 167-169 
Caproic 185-186 179-181 Pentadecanoic 167-168 166-168 
Heptanoic 183-184 176-178 Palmitic 167-168 164-166 
Caprylic 182-183 i 176-179 Margaric 164-165 163-165 
Nonanoic 
Capric 

175-177 
178-179 
1_ 

175-177 
173-175 

Stearic 164-165 

« A. W. Ralston and M. R, McCorkle, J. Am. Chem. Soc.^ 61, ICCH-IGOS (1939). 

The preparation of the derivative is accomplished by heating in a Pyrex 
tube a mixture of 1 g. (0.005 mole) of 4,4'-diaminodiphenylmethane and 
slightly more than 0.01 mole of a fatty acid. The reaction mixture is 
maintained at the boiling temperature until water ceases to be evolved, 
after which the product is crystallized from a mixture of benzene and 
methanol until a constant melting point is obtained. With the lower 
molecular weight acids, a reflux condenser and a reaction period of about 
one hour are required. The time required to complete the reaction de¬ 
creases as the series is ascended and in the case of stearic acid five minutes 

is sufficient. 
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Pool, Harwood, and Ralston^® prepared the 2-alkylbenzimidazoles of all 
the aliphatic acids from formic to heptadecanoic acid. The acids were 
found to react with o-phenylenediamine according to the following equa¬ 
tion: 

The 2-alkylbenzimidazoles are readily prepared with small amounts of 
fatty acids. They have comparatively high melting points and, in the 
case of the lower members of the series, the melting point interval between 
adjacent members is large and the depression in melting point resulting 
from the addition of the next higher homolog is considerable, as may be 
observed in Table 160. These derivatives of the fatty acids are perhaps 

Table 160 
MELTING AND MIXED MELTING POINTS OP 2-n-ALKYLBENZIMIDAZOLES® 

n-Alkyl Melting 
point, *C. 

M. p. of 
mixture with 
next higher 

homoiog, **0. 

n-Alkyl Melting 
point, “C. 

M. p. of 
mixture with 
next higher 

homolog, *C. 

Hydrogen- 
Methyl- 

172.0-173,0 130-132 Nonyl- 127.&-127.5 117-120 
177.0-177.5 157-158 Decyl- 114.0-114.5 106-107 

Ethyl- 174.5 155-156 Undecyl- 107.5 107-108 
Propyl 
Butyl- 

157.0-167.5 141-143 Dodecyl- 109.0-109.5 105-106 
155.0-155.5 152-153 Tridecvl- 

Tetradecyl- 
105.0-105.5 100-102 

Pentyl- 163.0-103.5 138-143 98.5-99.5 97-98 
Hexyl- 137.5-138.0 132-135 Pentadecyl- 96.5-97.0 94-96 
Heptyl- 
Octyl- 

144.5-145.0 136-137 Hexadecyl- 93.5-94.5 93-94 
139.6-140.5 128-131 Heptadecyl- 93.5-94.5 

•W. 0. Pool, H. J. Harwood, and A. W. Ralston, J, Am. Chem. Soc., 59, 178-179 
(1937). 

the most useful ones thus far described for characterizing fatty acids and 
especially for the lower members of the series. 

(c) Hydroxamic Acids 

Hydroxamic acids may be prepared by the reaction of hydroxylamine, 
NHaOH, on the esters, anhydrides, chlorides, and amides of fatty acids. 

For example, formhydroxamic acid, , is produced when equi- 

molecular quantities of formic ester and hydroxylamine are allowed to 
stand in a solution of absolute ethanol. The resulting hydroxamic acid 
is a crystalline product melting at 81-82°C. 

The more general method of preparation of hydroxamic acids comprises 

“ W. 0. Pool, H. J. Harwood, and A. W. Ralston, J. Am. Chem. Soc., 59, 178-179 
(1937). 
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treatment at room temperature of the ethyl esters of aliphatic acids with 
hydroxylamine hydrochloride and sodium ethoxide. The resulting hy- 
droxamic acids are white crystalline compounds which give an intense red- 
dish-violet color with ferric chloride, FeCls, in alcoholic solution. With an 
excess of cupric acetate, Cu(OAc)2, solution they produce green-colored, 
voluminous amorphous precipitates of the corresponding copper salts. 
The parent fatty acids may be regenerated from the hydroxamic acids by 
hydrolysis in dilute alcoholic sulfuric acid solution. Hydroxamic acids 
are presumed to be formed from fatty acids as shown in the following 
equation: 

+ NHiOH-► r RC^Sh 1-> 
L \nhohJ 

RC/° ?==i + CjHiOH 
\nhoh ^NOH 

The only systematic investigation of the hydroxamic acids as charac¬ 
terizing derivatives of the normal aliphatic acids has been reported by 
Inoue and co-workers^® who prepared the hydroxylamine derivatives of 
all the even-numbered fatty acids from acetic to behenic. They also pre- 

Table 161 

MELTING POINTS OF ALKYLHYDROXAMIC ACIDS DERIVED FROM NORMAL 

AND UNSATURATED FATTY ACIDS 

Original 
acid 

Hydroxamic 
acid, 

m.p., ®C. 
Original 

acid 
Hydroxamic 

acid, 
m.p., ®C. 

Formic 81-82 Myristic 98-98.5 
Acetic 88 Palmitic 102.5 
Propionic 92.5-93 Stearic 106.5-107.0 
But3rric a Arachidic 109 
Valeric 73.5-76 Behenic 112.5 
Caproic 63.5-04 Oleic 61 
Caprylic 78.5-79 Elaidic 91 
Capric 88-88.5 Linoleic 41-42 
Laurie 94 Linolenic 37-38 

• Reported as a viscous liquid and as a solid melting at 127 °C. 

pared the corresponding derivatives of oleic, elaidic, linoleic, and linolenic 
acids. All of the products, with the exception of that derived from 
butyric acid, were crystalline compounds melting above room tempera¬ 

ture (Table 161). 

•* Y. Inoue and H. Yukawa, /. Aqr. Chem. Soc, Japan^ 16, 504-609, 510-512 (1940), 
17, 411-413 (1941); Bull, Chem, Soc, Japan, 16, 100-101 (1940), 17, 44 U941). 
Y. Inoue, H. Yukawa, and H. Katumata, J, Agr, Chem. Soc. Japan, 17, 491-493, 493- 
494 (1941); BuU. Agr. Chem, Soc. /opan, 17,59-60 (1941); (J. H. L, Yale, Chem. Reee.^ 
33, 209-256 (1943). 
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Inoue, Yukawa, and Katumata^ investigated the possibility of separat¬ 
ing the saturated and unsaturated acids of soybean oil by way of the cor¬ 
responding hydroxamic acids. Soybean oil was converted directly to a 
mixture of hydroxamic acids and the latter separated by crystallization at 
0°C. from ethanol, ethyl ether, petroleum naphtha, and carbon tetra¬ 
chloride. The corresponding saturated acids were found to represent 12.3% 
to 13.6% of the total acids and little difference was found in the yield re¬ 
gardless of the solvent used. The authors also applied the method to the 
determination of the volatile and nonvolatile acids of coconut oil. Hy¬ 
droxamic acids were prepared from the ethyl esters of coconut oil fatty acids 
and the alcoholic solution of reaction products was diluted with water to 
form a 15% alcoholic solution. The insoluble product which separated 
was removed by filtration and the filtrate was evaporated in vacuo to re¬ 
cover the soluble acids, after which both fractions were decomposed with 
sulfuric acid. The mean molecular weight of the two fractions indicated 
that the separation of volatile and nonvolatile acids was equally as effec¬ 
tive as steam distillation, 

(d) Thiuronium Derivatives 

Kass, Nichols, and Burr^^ prepared the S-benzylthiuronium salts of a 
series of octadecenoic acids with a view of obtaining specific derivatives 
which could be used in characterizing these acids. High melting deriva¬ 
tives (Table 162) were obtained, but only that from elaidic acid was defi¬ 
nitely crystalline and none of the derivatives gave theoretical iodine 
values. 

Table 162 

MELTING POINTS OF THIURONIUM DERIVATIVES OF FATTY ACIDS 

Fattv 
acid 

S-Bensylthiuronium 
salt, m.p.,®C. 

Fatty 
acid 

p-ChloTobensyl- 
pseudothiuronium 

derivative, 
m.p., ®C. 

Oleic 134-134.5 Formic 148 
Elaidic 125-125.5 Acetic 140 
Linoleic 123.5-125 Propionic 143 
Linolelaidic 122-123 Butyric 139 
Linolenic 122-124 Valeric 142 

I 
Caproic 143 
Palmitic 146 
Oleic 131 

Dewey and Sperry*^ prepared a number of p-chlorobenzylpseudothiuro- 
nium chloride salts of aliphatic acids. Derivatives were readily obtained 
by adding an equivalent quantity of a cold 10% alcoholic solution of p- 

^ B, T. Dewey and R. B. Sperry, Am, Chm. 5oc., 61,3251-3252 (1939). 
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chlorobenzylpseudothiuroniiim chloride to an aqueous solution of the salt 
of the fatty acid. The derivative usually precipitated immediately on 

addition of the reagent but if it did not, the solution was concentrated 
under reduced pressure until precipitation occurred. The melting points 
of the derivatives are given in Table 162. 

(e) Other Derivatives 

Ford^® and Gilman and Ford® prepared a diversified series of derivatives 

of lauric, myristic, palmitic, stearic, and oleic acids. As indicated by the 
data in Table 163, all of the saturated acids gave solid derivatives, but dif- 

Table 163 

MELTING POINTS (iN DEGREES CENTIGRADE) OF VARIOUS DERIVATIVES 

OF LAURIC, MYRISTIC, PALMITIC, STEARIC AND OLEIC ACIDS® 

Derivatives Lauric Myristic Palmitic Stearic Oleic 

iST-Acylcarbazole 78-79 81-82 85-86 91-92 oil 
iV-Acylphenothiazine 70 75 80 86 oil 
AT-Acyl-p-toluenesulfonamide 83-84 89-90 93-94 98-99 oil 
p-Phenylphenacyl ester 86 90 94 97 60 
p-Nitroanilide 
A^-Acylsaccharin 

78 
88-89 

84 
9a~91 

93 
90 

96 
95 oil 

2,4-Dinit rophenylhydrazide 110-111 118 120-121 123 oil 
Ar-Acyl-2-nitro-p-toluidine 62-63 73-74 78-79 85 
p-Tolylmercuric salt 
rhenylmercuric salt 

93-94 95-96 99 102-103 oil 
82 86 93 ' 95 oil 

Triphenyllead salt 91 102-103 no 112 
Monoureide 182 178 175 174 
Monothioureide 138 135 135-136 133 113 
p-Xenylamide 146 143 142 143 
p-Diphenyl ketone 
2,8-Diacylcarbazole 

101-102 102-103 103-104 106-107 
176 169 162 163 

p-Acylaminobenzoic acid 
Diacylbenzidine 

227-228 224-225 226-227 221 
248 241-242 233 232 

“ G. M. Ford, Iowa State ColL J, Sci,, 12, 121-122 (1937). H. Gilman and G. M, 
Ford, ibid,, 13, 135-147 (1939). 

ferences in melting points between the various members in the homologous 
series were usually no greater than those between the individual acids. 
Except for the p-phenylphenacyl ester, the ureidc, and thioureide, all of 
the derivatives of oleic acid were oily products. 

« G. M. Ford, Iowa State CoU, J. Sci,, 12, 121-122 (1937). 
»»H. Gilman and G. M. Ford, loioa State Coll J, Sci., 13,136-147 (1939). 
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melting points, 111 
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technical application, 300 
velocity constants, 295, 296 
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Alcoholysis (ConVd) 
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classification, 484, 485 

Alkoxy acids, synthesis, 315-317 
Alkyl amines, 485, 506-516 

boiling points, 508-510 
classification, 506, 507 
melting points, 508 
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solubilities, 509, 511 
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Alkyl cyanides. See Alkyl nitriles 
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dielectric constants, 245 
heats of combustion, 160 
melting points, 260 
polymerization, 332 
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solubility in propane, 208 
spacing values, 94, 95, 102 
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Alkyl ethers. See Ethers, Ttlkyl 
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synthetic, 387-389 

properties, 488 
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Aminopropionic acids, 486, 488 
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mutton, 27, 31, 63, 309 
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Arachidic (eicosanoic) acid, 16, 21, 
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Arachidic-behenic acids, phase dia¬ 
gram, 121 
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gram, 121 

Arachidonic acid, 29, 34, 63, 409, 426, 
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absorption spectra curve, 143, 148 
bromination, 604, 606, 607 
isomerization of, 63 
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Arndt-Eistert synthesis, 537, 539 
Aryl-substituted acids, 553, 554 
Association (dimolecular) of fatty 
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catalysts, 462, 457, 460, 461, 466, 

467, 468, 472, 477 
concepts, 453-459 
cyclic peroxide theory, 461-473 
ethylene oxide theory, 456, 469-461, 

466 
factors, 452-453 
hydroperoxide theory, 456-459, 461, 

464-466, 472-477 
of fats and oils, 461-454, 466, 467, 

461, 466, 470, 471 
Avian fat, 610 
Azelaic acid, 394, 395, 397, 399, 406- 

410, 425, 426, 427, 428, 480, 432, 
434, 435, 436, 474, 481, 517 

Azelaic semialdehyde, 397, 425, 428, 
429, 430, 435 

Azides, 485, 495, 496, 512 

B 

Babassu oil, 566 
Barium salt-benzene method, 600, 602 
Barium salts, separation, 600, 602 
Beef fat, 26-28, 31, 35, 63, 309, 483 
Beeswax, 40, 251 
Behenic (docosanoic) acid, 21, 24 
Behenic-arachidic acids, phase dia¬ 

gram, 121 
Behenic-brassidic (isoerucic) acids, 

phase diagrams, 123, 125 
Behenic-erucic acids, phase diagram, 

123, 125 
Behenic-lignoceric acids, phase 

diagram, 121 
Behenolic acid, 37, 338 
Behenone, 320 
Ben (Moringa) oil, 24 
Benzylamides, 626 
Binary mixtures. See also Phase dia-^ 

grams 
refractive index, 238 

Biological oxidation, 478-483, 666-668, 
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Boiling points, 161-174 

acid amides, 490 
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methyl esters, 169-174 
monohydric alcohols, 379 
saturated acids, 167, 168, 174 
unsaturated acids, 172-174 

Bone fats, 251 
Brassidic (trans-erucic) acid, 37 

oxidation, 394, 397, 414, 415, 418, 
419, 428, 437, 445, 446, 448 

with hydrogen peroxide, 414, 418 
with per acids, 415, 418, 419, 442, 

445, 446 
with permanganate, 394, 397 

Brassidic-erucic acids, phase dia¬ 
grams, 127 

Brassidone, 320 
Brassidoyl chloride, 350, 357 
Brassylic acid, 426, 432, 434 
Brassylic semialdehyde, 428, 431, 435 
Bromination, method, 605-610 
Bromo acids, melting points, 549, 604, 

609 
molecular weights and bromine con¬ 

tent, 603, 604 
separation, 603-610 

Bromohydrins, formation, 342-347 
Bromohydroxystearic acid, 345 
p-Bromophenacyl esters, melting 

points, 626 
Bromostearic acid, 340, 348, 349 
Bromoundecanoic acid, 340-342 
Bromoundecenoic acid, 341 
Butanal, 435 
w-Butanoic acid. See Butyric acid 
Butinoic acid. See Tetrolic acid 
Butter fats. See Animal fatis) 
n-Butyric (butanoic) acid, 21, 22, 394, 

409 
Butyroyl chloride, 357 

C 

Capric (decanoic) acid, 21, 23 
Capric-caprylic acids, phase diagram, 

120 
Capric-lauric acids, phase diagram, 

120 
Caproic (hexanoic) acid, 21, 22, 409, 

411, 412, 426, 432, 435, 436, 481 
synthesis, 533, 534 

Caproic-caprylic acids, phase diagram, 
120 

Caproleic acid, 25, 432 
Caproyl chloride, 367 
Capryl chloride, 367 
Caprylic (octanoic) acid, 21, 23, 406, 

411, 412, 474, 481 
Caprylic-capric acids, phase diagram, 

120 
Caprylic-caproic acids, phase diagram, 

120 

oUia) 

Capryloyl chloride, 367 
Carnaubic acid, 16 
Castor oil. See Vegetable 

Catalyst, Fischer-Tropsch, 541, 646, 
547 

Catalysts for air oxidation of hydro¬ 
carbons, 542, 543 

for glycerolysis, 304-306 
for halogen addition, 335, 340 
for hydrogenation, 369-362, 365- 

371, 373, 374, 381-384, 613- 
516, 540, 541, 546 

for interesterification, 293-295, 
297-309, 311-313 

for pyrolysis of acids, 320-322, 327, 
328 

Cerotic (hexacosanoic) acid, 16, 20, 21, 
40 

Cetoleic acid, 25, 28, 432 
Chaulmoogra acids, 41, 42 

esters, 78 
optical activity, 76-78 
properties, 77 

Chaulmoogric acid, 41, 42, 46, 76-78, 
537, 538, 599 

Chia oil, 29, 332 
Chicken fat, 27 
Chloroacetyl chloride, 356 
Chlorohydrins, formation, 342-347,448 
Chlorohydroxystearic acids, isomerism 

in, 343-347, 440 
Chlorostearic acid, 339 
Chloroundecanoic acid, 341 
Chromatography, 616-618 
Cis-trans isomers. See Isomerism and 

Isomers 
Clemmensen reduction, 384, 385, 536, 

537, 651, 653 
Clupanodonic acid, 29, 35, 36, 367, 409, 

427, 603 
separation, 601 

Coccerin wax, 678 
Cocksfoot oil, 63 
Cocoa butter fat, 63, 297, 421 
Coconut oil. See Vegetable oil(s) 
Cod oil. See Fish and marine animal 

oilis) 
Coefficient of dispersion, 234 
Coefficient of viscosity. See Viscosity 
Coefficient of volume expansion, 211 
Compound formation. See Association 
Conductance, electrical, fatty acid 

solutions, 178, 179 
equivalent, fatty acids 240 

fatty acid solutions, 179 
specific, fatty acids, 240-243 

temperature coefficients, 243 
temperature equation, 242 

Conjugated acids, halogen addition, 
337-338 

Conjugated hydrogenation. See 
Hydrogenation 

Conjugation, 16, 32-36, 50-55, 68-70 
effect on molecular refractivity, 

239, 240 
produced by alkali isomerization, 

52-54, 366 
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Conjugation (ConVd) 
by bleaching earth, 52 
by dehalogenation, 54 
by dehydration, 52, 54, 327, 328 
by hydrogenation, 51, 365, 366 
by oxidation, 458, 475 

spectral absorption produced by, 
141-144, 147-151, 153, 154, 366 

Convergence temperature, 107, 108 
Corn germ oil. See Vegetable oil{s) 
Cottonseed oil. See Vegetable oil{s) 
Crotonaldehyde, condensation and 

reduction, 539 
Crotonic acid, 24, 26 
Crystal lattice, 82, 85, 87, 190. See 

also under specific compound or 
group 

Crystallization, low-temperature, 203- 
205, 473, 474, 608, 610-615 

Crystallography, 81-83 
Cyclic peroxides. See Peroxides 

D 

Decanal, 435 
n-Decanoic acid. See Capric acid 
Decarboxylation, pyrolytic, 318-324 
Decenoic acid, 25, 26, 408, 459, 610 
Dehydi'ation, biological, 565, 566 

pyrolytic. See Pyrolysis 
Dehyrogenation. See also Hyrogenation 

in vivoy 482, 483 
Dehydroundecylenic (undecinoic) acid, 

36 
Density, 210-213. See also Specific 

gravity 
Denticetic acid, 26 
Diacyls, 358 
Diamides and polyamides, 493-495, 

626, 627 
Diamines, 485, 494 
Dibasic acids. See Dicarhoxylic acids 
Dibromo acids, melting points, 336 

molecular weights and bromine con¬ 
tents, 603 

Dibromostearic acid, 58, 205, 336, 603, 
608 

Dicarboxylic acids, crystal dimensions, 
84 

crystal spacings, 95 
formation by oxidation, 432 
monomolecular films, 186 
polymerization, 332, 333, 494, 495 
properties, 434, 435, 437, 438 

Dielectric constant, 210, 243-246 
ethyl behenate, 246, 246 

Diene addition, 68, 330, 331, 337, 338 
Diesters of unsaturated diols, 358 
Diethenoid acids, 28-32 

bromo derivatives, 53, 603-610 
isomerism in, 49, 53, 64, 69-68 

Diffraction, electron, 189, 190 
x-ray, 83-92 

Diffraction patterns, x-ray, 89, 90, 94 
Diglycerides, preparation by esterifi¬ 

cation, 280-283 
by glycerolysis, 303-306, 312 

Dihydroxy acids, 67-69, 394, 399, 405, 
406, 408, 412, 416, 444-449, 454, 
465, 470, 472 

isomerism in, 343-345, 417-420, 431, 
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melting points, 57 
Dihydroxybehenic acids, 394, 397, 415, 
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Dihydroxydiheptyl peroxide, 462, 464, 

467 
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343-347, 394-397, 401, 405, 407, 
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343-345, 417-420, 431, 437-440, 
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Diketostearic acid, 400, 413 
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Dilatometer, description, 218-220 
Dilatometi'y, 217-222 
Dimerization of fatty acids, 329-332 
Dimethylated fatty acids, 46 
Dispersion, coefficient of, 234 

molecular, 234 
Dissociation constants, 178.-180 
Distillation, 173, 174, 675, 5^76, 583- 

595, 622 
analytical, 593, 594 
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695 
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theoretical considerations, 683-586 
vacuum, practical considerations, 
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pressure regulation, 688-690 

Distillation columns, design, 686, 686 
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packing, 586-587 
pressure drop, 587 
reflux regulation, 588 

Docosahexaenoic acid, 36, 427, 695 
n-Docosanoic acid. See Behenic acid 
Docosanoic-tricosanoic acids, phase 

diagram, 122 
Docosapentaenoic acid, 29, 36. See also 

Clupanodonic acid 
Docosenoic acid. See Erucic acid 
Dodecanedioic acid, 432, 434 
n-Dodecanoic acid. See Laurie a,cid 
Dodecenoic acid, 26, 26, 408, 667, 602 
Dolphin oil, 16, 38, 39, 46 
n-Dotriacontanoic acid, 21 
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Dotriacontanoic-tetracontanoic acids, 
phase diagram, 121 

Dotriacontanoic-triacontanoic acids, 
phase diagram, 121 

Dreft, 525 
D ^2^ 
Dulcitol, esterification. 287-289 

E 

n-Eicosanoic acid. See Arachidic acid 
Eicosapentaenoic acid, 427 
Eicosatetraenoic acid, 29, 34, 427. See 

also Arachidonic acid 
Picosenoic acid, 25, 28, 602 
Elaeostearic acid, 29, 33, 34, 51, 68-70, 

599 
absorption spectra curve, 142 
halogen addition, 337-338, 608 
hydrogenation, 51, 365, 366 
isomers of, 34, 68-70 
oxidation, 410, 422, 428, 436, 471, 

472 473 
Elaidic acid, 48, 56-58, 63, 361-364, 

366, 368-372 
absorption spectra, 142 
crystal structure, 124 
expansibility, 221, 222 
isomers, 363, 364, 366, 368-372 
oxidation, 393-397, 415-417, 425, 

437, 447-449, 474 
with per acids, 415-417, 438, 439, 

442 
with permanganate, 393-397 

reaction with hypochlorous acid, 
342-346 

with nitrogen tetroxide, 517 
with nitrosyl chloride, 518 

ozonolysis, 425 
synthesis, 555-558 

Elaidic-linoleic acids, phase dia¬ 
gram, 127 

Elaidic-oleic acids, phase diagram, 127 
Elaidic-palmitic acids, phase diagram, 

123, 124 
Elaidic-stearic acids, phase diagram, 

123, 124 
Elaidone, 320 
Elaidoyl chloride, 350, 352, 355, 357 
Electrical conductance. See Conduct-- 

ance 
Emersol process, 614, 615 
Enanthic acid. See Heptanoic acid 
Enantiotropism, 92, 93, 96, 99, 101 
Entropy of crystallization, 107, 109 
Enzymic oxidation, 478-483, 566-568, 

570 
Epoxy acids. See Oxido acids 
Epoxyundecanoic acid, 414 
Equivalent conductance. See Conduct¬ 

ance 
Erucic (docosenoic) acid, 25, 26, 28, 

37, 49, 57 
bromo derivative, 603 

Erucic (docosenoic) acid (ConVd) 
nitrogen derivatives, 517, 518 
oxidation, 394, 397, 426, 428, 432, 

437, 448, 450 
with hydrogen peroxide, 414, 418 
with per acids, 415, 417-419, 442, 

443, 445, 446, 448, 518 
with permanganate, 394, 397, 448, 

450 
reaction with nitrosyl chloride, 518 
reduction, 530 
separation, 601 

Erucic-behenic acids, phase diagram, 
123, 125 

Erucic-brassidic acids, phase diagram, 
127 

Erythritol, esterification, 285-287 
pentaerythritol, esters, 285-287, 

289-292 
Essang oil, 29 
Ester (s), ammonolysis, 491, 492. See 

also specific entries, e.g.y Erythri- 
toU Heterocyclic alcohols 

classification, 255 
pyrolysis, 323, 324 

Ester fractionation, 591-594 
Ester interchange, 292, 306-311 
Esterification, 254-313, 581, 582. See 

also specific entries, e.g.^ Anhy- 
drohexitolSf Glycols 

equilibrium constants, 262, 263, 295 
kinetics, 262-267, 285 
velocity, 263, 265-267, 273, 279, 280, 

285-288, 292 
velocity constant, 263, 265, 266, 280 

Ethanal, 435 
n-Ethanoic acid. See Acetic acid 
Ethanolysis, 582 
Ether glycols and glycols, esters of, 

274, 275, 289-292 
Ethers, alkyl, synthesis from acids 

and esters, 315 
Ethinoic acids, 36, 37 

halogen addition, 338 
reduction, 386 

Ethoxy acids, preparation, 316, 317 
Ethyl behenate, polymorphism, 246 
Ethyl elaidate, infrared transmission 

curve, 138 
Ethyl esters, convergence tempera¬ 

ture, 107. See also under specific 
acid groups, e.p., Monoethenoid 
acids. Saturated acids 

heats of combustion, 157 
interfacial tension, 233 
heats of crystallization, 106-108 
heats of transition, 106 
melting, setting, freezing points, 97, 

98, 100, 102, 106, 107, 111, 114, 
257, 260, 532 

melting point equation, 108 
monomolecular films, 186, 187 
polymorphism, 96-103, 246 
spacing values, 94, 96 
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Ethyl esters (ConVd) 
specific gravity, 211 
specific heats, 106, 107 
surface tension, 233 
viscosities, 227, 228 

Ethyl linoleate, infrared transmission 
curve, 138 

refractive index, 238 
Ethyl linolelaidate, infrared transmis¬ 

sion curve, 138 
Ethyl linolenate, infrared transmis¬ 

sion curve, 138 
refractive index, 239 

Ethyl oleate, infrared transmission 
curve, 138 

Ethylene oxide. See Autoxidation 
Eutectic (s), composition of acetic- 

fatty acid systems, 203 
of benzene-fatty acid, 203 
of cyclohexane-fatty acid, 203 

formation of solvent-fatty acid, 
196, 203 

palmitic-stearic acids, 117-119, 207 
Eutectic point, 15, 16, 119, 120, 122, 

124, 126, 127, 441 
Expansibility, method of determining, 

220-222 
Exton, 496 

F 

Fats and oils. See also Animal faf(s), 
Dili8), Vegetable /af(8), and 
specihc entries 

biosynthesis, 661-571 
definitions, 4 
history, 5-9 
hydrogenated, separation of acids, 

599 
nature, 3, 4 
saponification, 676-581 
sources, 9-11, 561-671 
sulfation and sulfonation, 522-525 

Fatty acid(s), autoxidation, 451-477 
biosynthesis, 561-671 
classification, 15-16 
diamides, 626, 627 
distillation. See Distillation 
fractionation. See also Fractionation 

from solvents, 596-618 
halogen substitution, 347-358 
identification, 619-631 
ionic reactions, 260-263 
nitrogen derivatives, 616-519, 

626-631 
nomenclature, 16-20 
)S-oxidation, 479, 480 
a>--oxidation, 480-481 
oxidation of mixed, 393, 396, 398, 

399, 401, 402 
peroxides, 463-455, 467-469, 

461-477 
regeneration from lead salts, 698, 

699 

Fatty acid(s) (ConVd) 
salts, 249-263 
separation, 676-618 
soaps. See Soaps, fatty acid 
solubility. See Solubility of fatty 

acids 
specific volume, 212 
sulfates and sulfonates, 521-625 
sulfur derivatives, 520-526, 630, 

631 
synthesis by animals, 669-671 
synthesis by plants, 563-669 
synthesis in vitro, 629-660 
thiuronium derivatives, 630, 631 
variation in linseed oil, 564, 569 

Fibers, synthetic, 332 
Films, monomolecular, 181-188 

compressibility, 181-186 
measurement, 182, 183 
nature, 181, 182 
polymolecular, 188-190 

Fischer-Tropsch synthesis, 540-543, 
545 

Fish and marine animal oils, cod, 
27, 28, 33, 63, 426, 482, 577, 602, 
622 

dolphin, 16, 38, 39, 46 
herring, 28, 322, 426 
menhaden, 332, 610 
porpoise, 16, 27, 38, 39, 46, 583 
ray, 27 
sardine, 28-30, 32, 36, 332, 363, 408, 

426, 427, 614 
hydrogenation, 367 

shark, 27 
tunny, 483 
whale, 23, 26-28, 63, 251, 252, 304, 

367, 408, 624, 602 
hydrogenation, 367 

Formic (methanoic) acid, 21, 22, 408, 
409, 413, 432, 517 

Formyldecanoic acid, 436 
Formylundecanoic acid, 435 
Fractionation of synthetic acids, 544 
Freezing points. See also Melting and 

freezing points 
of aqueous fatty acid solutions, 178 

Fumaric acid, 438, 439 
Functionality theory, 328-333 
Furfurolysis of linseed oil, 300 

G 

Gadoleic acid, 25, 28, 67, 426, 432, 602 
Gardinol, 525 
Geometrical (cis-trans) isomerism. 

See Isomerism and Isomers 
Glutaric acid^ 332, 408, 409, 426, 434 
Glutaric semialdehyde, 435 
Glycerides, heats of combustion, 160, 

161 
hydrogenation, 372, 373 
monomolecular films, 186-189 
separation by chromatography, 618 



SUBJECT INDEX 655 

Glycerides (ConVd) 
separation of mono-, di-, and tri-, 

306 
solubility in ethanol, 209 

in propane, 208 
Glycerol esterification, 275-284, 332 

conditions, 278-280 
heats of activation, 280 
incomplete, 280-283 
mechanism, 276-278 
velocity constants, 280 

Glycerolysis, 293, 296, 297, 303-306, 
312 

cati^lysts, 304-306 
Glyceryl esters, heats of combustion, 

157, 160, 161 
technical preparation, 283-284 

Glyceryl trielaeostearate, infrared 
transmission curve, 138 

Glyceryl trilinoleate, infrared 
transmission curve, 139 

Glyceryl trilinolenate, infrared 
transmission curve, 139 

Glyceryl trioleate, infrared 
transmission curve, 139 

Glycol (s), alcoholysis with, 302 
properties, 274 

Glycols and ether glycols, esterifica¬ 
tion, 274, 275, 332 

esters, 274, 275, 289-292 
Glyoxal, 410, 426 
Glyoxylic acid, 435 
Gorli seed oil, 42 
Gorlic acid, 42, 76-78 
Gossypic acid, 16 
Grapeseed oil, 31, 63, 608, 611, 613 
Greases, use of soaps in, 251-253 
Grignard synthesis, 531, 533, 540, 552, 

555, 558 

H 

Halogen addition, to monoethenoid 
acids, 334-336 

catalysts, 335, 340 
polyethenoid acids, 336-338 
relative rates, 335 

Halogen hydride addition to unsatu¬ 
rated acids, 338-342 

Halogen substitution in fatty acids, 
347-^58 

Halogenation, 334-358 
Heat, specific. 103-110 
Heats of combustion, 156-161 

of isomers, 158, 169 
Heats of crystallization, 103-109 
Heats of fusion, 103 
Heats of transition, 103-107 
Heats of vaporization, 103, 162, 163, 

169-170 
Hempseed oil, 33, 332, 393, 564 
Hendecanedioic acid, 432, 481 
Hendecanoic acid. See Undecanoic acid 
Hendecenoic acid. See Undecenoic acid 
Heneicosanedioic acid, 432 

w-Heneicosanoic acid, 21 
n-Hentriacontanoic acid, 21 
n-Heptacosanoic acid, 21 
Heptacosanoic-pentacosanoic acids, 

phase diagram, 122 
Heptadecanal, preparation, 316 
Heptadecanedioic acid, 432 
n-Heptadecanoic acid. See Margaric 

acid 

Heptanal, 326, 435 
n-Heptanoic (heptylic, enanthic) acid, 

20, 21, 408, 409, 411, 412, 432 
Heptanoyl chloride, 357 
n-Heptatriacontanoic acid, 21 
Heptylic acid. See Heptanoic acid 
Herring oil, 28, 322, 426 
Heterocyclic alcohols, esterification, 

270, 271 
esters, 270, 271 

Hexabromide number. See Polybro¬ 
mide number 

Hexabromostearic acid, 66-68, 205, 
604-606, 609 

solubility, 209 
n-Hexacosanoic acid. See also Cerotic 

acid 
a-substituted, 46 

Hexacosanoic-octacosanoic acids, 
phase diagram, 121, 122 

Hexacosenoic acid, 25, 28, 432 
Hexadecanal, 435 
n-Hexadecanoic acid. See Palmitic acid 
Hexadecenoic acid, 25, 27, 49, 409, 437, 

559 
Hexadecatrienoic acid, 30, 32. See also 

Linolenic acid 
Hexahydroxystearic (linusic) acid, 66, 

67, 394, 399, 400, 421, 437, 438,441 
Hexanal, 316, 430, 435 
n-Hexanoic acid. See Caproic acid 
Hexatetracontanoic acid, 537, 538 
n-Hexatriacontanoic acid, 21 
Hexitols and anhydrohexitols, esterifi¬ 

cation, 287-289, 291 
esters, 287-292 

Hexose condensation hypothesis, 565, 
566, 567 

Hiragonic acid, 29, 32, 409, 426 
Human fat, 27, 614 
Hydnocarpic acid, 41, 42, 76-78, 599 
Hydnocarpus wightianus oil, 42 
Hydrazides, 485, 496, 496, 512 
Hydroaromatic alcohols, esterification, 

271, 272 
esters, 271, 272 

Hydrocarbons, oxidation to acids, 
540-547 

production from keto acids, 384, 
385 

production by pyrolysis of acids, 
319, 321-323 

pyrolysis, 546 
separation by chromatography, 618 
solubility in water, 177 
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Hydrocarbons (ConVd) 
spacing values, 96 
specific viscosity, 229 

Hydrogen, sources for reduction, 259, 
373-375, 384, 385 

Hydrogen-catalyst complex, 361, 362, 
365, 368, 369 

Hydrogenation, 359-386. See also 
under specific compounds and 
^oups 

activity, 366-368 
biological, 565, 566, 568 
catalysts, 359-362, 365-371, 373, 

374, 381-384, 613-516, 540, 541, 
546 

conjugated, 373, 374 
mechanism, 361-374 
of cottonseed oil, 366, 371-373 
of double bonds, 361-374 
of esters to alcohols, 374-384, 530 
of glycerides, 372, 373 
of linseed oil, 366 
of nitriles, 613-515 
of oximes and amides, 516 
of peanut oil, 371 
of sardine oil, 367 
of soybean oil, 366, 371 
of sunflowerseed oil, 369-371, 374 
of tung oil, 365 
of whale oil, 367 
production of isomers, 48-61, 59, 

148, 362-372 
relative rates, 366-368 
selectivity, 363, 364, 372-374 
types, 359-361, 368-370, 373-374 

Hydrogenation-dehydrogenation, 368- 
371, 373, 374, 565 

Hydroperoxides, 456-459, 461, 464- 
466, 473-477, 642 

isolation, 473-475 
secondary reactions, 475-477 

Hydroperoxide oleic acid, 474, 475 
Hydroxamic acids, 628-630 

melting points, 629 
Hydroxy acids, melting points, 57, 437, 

549 
optical rotation, 75-77 
oxidation with chromic acid, 391 
pyrolytic dehydration, 324-328 
rates of oxidation, 431 
saturated, 40, 75-77, 324-328, 349, 

393-400, 624, 547-550, 600, 602 
synthesis, 539, 547-550 
unsaturated, 41, 43, 50 

Hydroxyarachidic acid, 549 
Hydroxybutyric acid, 647 
Hydroxycapric acid, 548, 549 
Hydroxycaproic acid, 648 
Hydroxycaprylic acid, 648, 549 
Hydroxyheneicosanoic acid, 649 
Hydroxyheptanal, 430 
Hydroxyheptanoic acid, 548 
Hydroxyhexadecenoic acid, 559 
Hydroxyhexanal, 430 
HydroxylaUric acid, 548, 549 

Hydroxymargaric acid, 549 
Hydroxymyristic acid, 549 
Hydroxynonadecanoic acid, 549 
Hydroxynonanal, 433 
Hydroxynonanoic acid, 548, 549 
Hydroxyoleic acid, 459, 474 
Hydroxypalmitic acid, 549, 600 
Hydroxypentadecanoic acid, 549 
Hydroxystearic acids, 474, 475, 483, 

524, 525, 536, 549, 655 
Hydroxytridecanoic acid, 649 
Hydroxyundecanoic acid, 548, 649 
Hydroxyvaleric acid, 648 
Hypobromous acid, addition to 

unsaturated acids, 342-347 
Hypochlorous acid, addition to 

unsaturated acids, 342-347 

1 

Igepons, 526 
Infrared spectroscopy. See Spectro¬ 

scopy 
Infrared transmission curves, 138, 139 
Interesterification, 292-313 

catalysts, 293-295, 297-309, 311-313 
mechanism, 312, 313 

Interfacial tension. See Tension^ 
inter facial 

Iodides, alkyl. See Alkyl iodides 
Iodine absorption, relative rates, 335 
Iodine value (s), effect of environ¬ 

ment, 668, 569 
of esters of monoethenoid acids, 258 

of polyethenoid acids, 259 
of substituted and unsaturated 

acids, 259 
of monoethenoid acids, 26, 335 
of polyethenoid acids, 29 
of substituted unsaturated acids, 

41 
lodine-thiocyanogen method, 623-625 
p-Iodophenacyl esters, melting points, 

626 
lodostearic acid, 340, 555 
Insect wax, 578 
Isobutyl alcohol, esterification, 265 
Isoerucic (brassidic)-behenic acids, 

phase diagram, 123, 125 
Isolinoleic acids, 30-32, 49-55, 60-66, 

362-366, 370 
Isomeric chlorohydroxystearic acids, 

343-347 
Isomeric dihydroxystearic acids, 343- 

346, 437 
Isomerism, 44-78. See also under spe¬ 

cific compounds 
effect on rate of esterification, 

264, 267, 273 
functional group, 44, 45 
geometrical or cis-tranSf 44, 45, 55- 

70, 134, 135, 343-347, 362-364, 
366-372, 431, 437-449, 660, 608 

in halogenated undecanoic acids, 
340-342 
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Isomerism (ConVd) 
keto-enol, 45 
nucleus or chain, 44-47 
optical, 60, 70-78, 343, 437, 438- 

443 449 
positional, 44, 47-55, 362-372, 557, 

558 
structural, 44-55 
types, 44, 45 

Isomerization, by dehalogenation, 50, 
51, 53, 54, 58, 64 

by dehydration, 50, 51, 52, 54 
by means of alkali, 52-54, 147-149, 

154, 608 
by means of bleaching earth, 52, 

149-151 
produced by hydrogenation, 48-51, 

59, 148, 362-372 
Isomers, cis-trans, heats of combus¬ 

tion, 158-160 
cis-tranSf infrared spectra, 137 

monomolecular films, 186 
Raman spectra, 134 
ultraviolet spectra, 142 
velocity of esterification, 267 

effect on polybromide numbers, 608, 
609 

heats of combustion, 158, 159 
relative rates of halogen absorption, 

335 
Iso-oleic acids, 47-49, 56-59, 62, 63," 

361-372, 374 
Isovaleric acid, 16, 22, 38, 39, 46 
Ivy seed oil, 27 
Ivy wood oil, 41 

J 

Java ^‘olive oil,” 43 
Jojoba wax, 28 

K 

Kapok oil, 23, 30 
Keto acids, 386, 392, 412, 536, 537, 

567. See also Licanic acid 
melting points, 549 
synthesis, 550, 551, 552, 555, 557 

Keto esters, synthesis, 534-536 
Keto-enol isomerism, 45 
Ketoazelaic acid, 410, 427 
Ketobehenic acid, 524, 538 
Ketocapric acid, 550 
Ketodecanoic acid, 413 
Ketohydroxy acids, 391, 396, 397, 413, 

428, 446-448, 454, 455, 468, 470, 
472, 559 

oxidation, 391 
Ketohydroxybehenic acid, 397 
Ketohydroxycaprylic acid, 413 
Ketohydroxy stearic acid, 396, 397, 

428, 446-448, 473 
Ketomyristic acid, 538, 552 
Ketone preparation, by acyl ester 

synthesis, 534, 535 

Ketone preparation (ConVd) 
from acid halides, 315 
by pyrolysis of acids, 318-324, 531 
by the Robinson-Robinson synthesis, 

536-539 
Ketopalmitic acids, synthesis, 536, 

538 
Ketostearic acids, synthesis, 536, 537, 

551, 552, 555 
Ketotetradecanoic acid, 537 
Ketotridecanoic acid, 538 
Kinematic viscosity, 223 
Kombo fat, 26 
Kusum oil, 24 

L 
Lacceroic acid, 16 
Lactides. See Lactones and lactides 
Lactones, synthesis, 538 
Lactones and lactides, formation 

during pyrolysis, 325, 326, 524 
Lard. See Animal fatis) 
Laurie (dodecanoic) acid, 21, 23, 427, 

432, 537, 539 
characteristic derivatives, 627-629, 

631 
Lauric-capric acids, phase diagram, 

120 
Lauric-myristic acids, phase dia¬ 

gram, 120 
Lauric-undecanoic acids, phase dia¬ 

gram, 121 
Lauroleic acid, 25, 26, 432 
Laurone, 319, 320, 535 
Lauroyl chloride, 355-358 
Lead salt-alcohol method, 596-599, 

602, 611 
limitations, 599 

Lead salt>-€ther method, 596, 599 
Lead salts, separation of acids by, 

596-599 
Leaf-coat wax, 565, 577 
Leprosinic acid, 76 
Licanic acid, 41, 42, 69, 70, 410, 427 
Lignoceric (tetracosanoic) acid, 20, 21, 

24, 537, 538 
Lignoceric-behenic acids, phase dia¬ 

gram, 121 
Lindera obtusiloba oil, 26 
Linoleic acid, 29-32, 49-55, 60-65, 70 

absorption spectra curve, 142, 143, 
150, 152 

autoxidation, 453, 457, 466-468, 
473-475 

biosynthesis, 565-567 
halogen addition, 336-337, 346, 347, 

427, 603, 606-610, 623-625 
hydrogenation, 362-367, 369-373 
isomerism in, 30-32, 49-55, 60-65, 

362-366, 370, 441, 608 
low-temperature crystallization, 612, 

613 
molecular distillation, 595 
oxidation, 394, 398, 399, 409, 421, 

422, 435, 437, 440, 441 



658 SUBJECT INDEX 

Linoleic acid (Cont'd) 
with permanjranate, 394, 398, 399, 

409, 441 
separation, 600, 601 
solubility ratios, 205 
structure, 30, 31, 427 
synthesis, 658, 659 

Linoleic-elaidic acids, phase diagrams, 
127 

Linoleic-linolenic acids, phase 
diagram, 126-127 

Linoleic-oleic acid solubility ratios, 
206 

Linoleic-oleic acids, phase diagram, 
126, 127 

Linoleic-palmitic acids, phase 
diagram, 123, 125 

Linoleic-stearic acids, phase 
diagram, 123, 125 

Linolelaidic acids, 60-62, 70, 364, 367, 
398, 399 

Linolenelaidic (elaidolinolenic) acid, 
66-68, 70 

Linolenic acid, 29, 32, 65-68, 70 
absorption spectra curve, 142, 143, 

160 
autoxidation, 457, 458, 460, 461, 

464-468, 473 
biosynthesis, 565, 566 
halogenation, 337, 427, 603, 606-610, 

623-625 
hydrogenation, 362-366 
isomerism in, 33, 49, 51, 66-68 
low-temperature crystallization, 

612, 613 
molecular distillation, 696 
oxidation, 394, 399, 400, 421, 427, 

436, 437, 440, 441 
oxidation with permanganate, 394, 

399, 400 
structure, 427 

Linolenic-linoleic acids, phase dia¬ 
gram, 126, 127 

Linolenic-oleic acids, phase diagram, 
126, 127 

Linolenoyl chloride, 355 
Linoleoyl chloride, 365 
Linseed oil. See Vegetable oilie) 
Linseed oil acids, monomolecular films, 

188 
Linusic acids. See Hexahydroxystearic 

a/nds 
Lithium salt-alcohol method, 600, 602 
Lithium salts, separation, 600, 602 
Loofah oil, 29 

M 

Magnesium salt-alcohol method, 601, 
602 

Magnesium salts, separation, 601, 602 
Maleic acid, 438 
Maleic anhydride addition, 471, 472 
Malonic acid, 409, 427, 4^, 435, 436 

Malonic ester synthesis, 316, 317 
Malonic semialdehyde, 436 
Mannitol, alcoholysis with, 302 

esterification, 287-289, 332 
Max'garic (heptadecanoic) acid, 15, 21, 

114, 116-119, 206, 531 
melting and freezing points, 114, 118 
synthesis, 631 

Margaric-palmitic acids, phase dia¬ 
gram, 116-119 

Margaric-stearic acids, phase dia¬ 
gram, 116-119 

Marine animal oils. See Fish and 
marine animal oil(s) 

Melissic (triacontanoic) acid, 16, 20, 
21, 537 

Melting and freezing points, 110-114. 
See also Melting points^ and under 
specific compounds 

definition, 110 
phase diagram, 116-127. See also 

Phase diagrams 
Melting dilation, 222 
Melting point(s). See also Melting 

and freezing points 
as function of chain length, 105, 

108, 111 
determination, 110-113,128 
of acid amides, 490 
of acid anhydrides, 532 
of acid chlorides, 357 
of alcohols. 111 
of alkylbenzimidazoles, 628 
of alkyl amines, 508 
of alkyl esters, 260 
of alkyl iodides. 111, 532 
of p-bromophenacyl esters, 626 
of dibromo acids, 336 
of ethyl esters, 97, 98, 100, 102, 106, 

107, 111, 114, 257, 260, 532 
of hydroxamic acids, 629 
of hydroxy acids, 57, 437, 549 
of p-iodophenacyl esters, 626 
of keto acids, 549 
of margaric acid, 114, 118 
of methyl esters, 100, 102, 105, 107, 

257, 258 
of monoethenoid acids, 48, 57 
of monohydric alcohols, 111, 379, 

532 
of octadecenoic acids, 47, 48 
of palmitic acid, 114, 118 
of p-phenylphenacyl esters, 626 
of saturated fatty acids, 100, 102, 

105, 111, 114, 488, 490, 532 
of stearic acid, 114, 118 
of stearolic acids, 37 
of unsaturated fatty acids, 29, 33, 

37, 41, 48 
Menhaden oil, 332, 610 
Meritectic melting point, 119, 120, 122 
Metallic salts. See Salts 
Metallic soaps. See Soaps, metaUie 
Methanal, 435 
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n-Methanoic acid. See Formic acid 
Methanol, esterification, velocity 

constants, 266 
Methanolysis, 293-295, 297-299, 301, 

582 
of castor oil, 331 
of olive oil, 300, 582 
of phosphatides, 298 

Methyl elaeostearate, infrared trans¬ 
mission curve, 139 

Methyl esters, boiling points, 170-174, 
257. See also specific compounds 

convergence temperature, 107 
crystal spacings, 94, 95 
decomposition pressures and tem¬ 

peratures, 171 
fractional distillation, 591-593 
heats of crystallization, 107 
heats of combustion, 157 
heats of transition, 107 
heats of vaporization, 171 
melting, setting, and freezing points, 

100, 102, 105, 107, 257, 258 
melting point equation, 105 
molecular distillation, 595 
polymorphism in, 96-103 
refractive indices, 236-238 

binary mixtures, 238 
specific gravity, 211 
specific heats, 107 
vapor pressure curves, 173 
viscosities, 227, 228 

Methyl hexyl ketone, 321 
Methyl oleate, polymerization, 331 
Methylated fatty acids, 38-40, 43, 46 

optical rotation, 74-76, 78 
Methylene group, addition of halogen 

halide, 340-342 
cross-section area, 107, 183, 184, 187 
entropy, 107, 109 
molar volume, 214, 215 

Methylmyristic acid, 552 
Methyloctadecadienoic acid, 43 
Methyloctadecanoic acid, 553 
Methylstearic acid, 39, 40, 46. 552 
Methylvaleric acid. See Isovaleric acid 
Milk fat, 22, 23, 26, 27, 31, 570, 571, 

583 
Molar volume. See Volume, molar 
Molecular dispersion, 234 
Molecular exaltation. See Molecular 

refractivity 
Molecular refractivity, 234-236, 239, 

240 
exaltation, 239, 240 

Molecular rotation, 71-75 
Molecular viscosity work, 224 
Molecular volume. See Volume, molar 
Molecular weights. See specific com¬ 

pounds 
Moloxides, 455, 459, 464, 470 
Mono- and polysaccharides, esterifica¬ 

tion, 291 
esters, 290-292 

Monoethenoid acid(s), 24-28 
autoxidation, 453, 454, 456, 457, 459, 

462, 466-468, 473-477 
binary phase diagrams, 123-127 
bromination, 603-610 
bromo derivatives, 58, 603 
dibromo derivatives, melting points, 

336 
esters, iodine values, 258 
ethyl esters, iodine values, 258, 259 

molecular weights, 258, 259 
saponification values. 258, 259 

halogen addition, 334-336 
heats of combustion, 158-160 
hydrogenation, 367-372 
infrared absorption spectra, 137, 

138 
iodine values, 25, 335 
isomerism in, 47-49, 65-59 
melting points, 48, 57 

dibromo derivatives, 336 
methyl esters, iodine values, 258, 

259 
molecular weights, 258, 269 
saponification values, 258, 259 

molecular weights, 25 
monomolecular films, 186 
names, formulas, 25 
neutralization values, iodine values, 

25 
oxidation with alkaline permanga¬ 

nate, 393-396, 400-410, 424, 
445-450 

hydrogen peroxide, 413, 414 
neutral permanganate, 396, 397, 

446, 448 
per acids, 415-421, 444-449 
peracetic acid, 415-418, 421, 444- 

446 
perbenzoic acid, 416-419, 444-447 
periodic acid, 415 
perphthalic acid, 420, 421 
persulfuric acid, 415, 416, 444 

ozonolysis, 425 
products of disruptive oxidation, 

432 
Raman spectra, 134 
reaction with nitrogen tetroxide, 

516, 617 
oxalyl chloride, 363-355 
phosphorus chlorides, 350-352, 

491, 515 
thionyl chloride, 350-364 

sources, 25 
synthesis, 554-568 
ultraviolet absorption spectra, 141- 

144, 147 
Monoglycerides, preparation by esteri¬ 

fication, 280-283 
glycerolysis, 303-306, 312 

Monohydric alcohols, boiling points, 
379 

alcoholysis with, 294-299, 682 
crystal spacings, 95 
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Monohydric alcohols (Confd) 
esterification, with acetic acid, 264 

catalysts, 264-271 
esters, 266-272 

fractionation, 691-694 
hydrolysis, 267 
occurrence, 267 
preparation, 254, 267-272, 581, 

582 
structure, 257-262 

melting points. 111, 379, 532 
oxidation, 391 
production from acids, 374-384 
specific gravities, 379 
specific viscosity, 229 

Monomolecular films. See Films, mono- 
molecular. See also specific com¬ 
pounds 

Monotropism, 92, 93, 96, 101, 112 
Mon tank (octacosanoic) acid, 16, 20, 

21 
Moroctic acid, 427 
Mustard seed oil, 28, 599 
Mutton fat, 27, 31, 63, 309 
Myristic (tetradecanoic) acid, 21, 23, 

411, 412, 639 
absorption spectra curve, 142 
characteristic derivatives, 627-629, 

631 
Myristic-lauric acids, phase diagram, 

120 
Myristic-palmitic acids, phase dia¬ 

gram, 120 
Myristoleic acid, 25-27, 432 
Myristone, 319, 320, 635 
Myristoyl chloride, 357, 358 

N 

Nasturtium oil, 28 
Neat’s-foot fat, 137 
Neocerotic acid, 16 
Neou oil, 29 
Nervonic acid, 28 
Neutralization values. See specific 

compounds 
Nigaki oil, 27 
Niger seed oil, 154 
Nisinic acid, 29, 36, 427 
Nitriles, alkyl. See Alkyl nitriles 
Nitrogen derivatives of aliphatic 

acids, 484-619 
classification, 484, 485 

Nitrohydroxystearic acid, 617 
Nitroparaffins, 485 
Nitrosyl value, determination, 519 
Nomenclature, Geneva system, 17, 18 
n-Nonacosanoic acid, 21 
n-Nonadecanoic (nonadecylic) acid, 21 
Nonanal, 397, 425, 428, 429, 430, 435 
n-Nonanoic (pelargonic) acid, 20, 21, 

395, 397, 406-408, 426, 426, 428, 
432, 474, 517 

Nonanoyl chloride, 357 

Nonenal, 433 
Norelac, 496 
Nutmeg fat, 23 
Nylon, 496 

O 

Obtusilic acid, 26, 26, 432 
Octabromide number. See Polyhromide 

number 
n-Octacosanoic acid. See Montanic 

acid 
Octacosanoic-hexacosanoic acids, 

phase diagram, 121, 122 
Octacosanoic-triacontanoic acids, 

phase diagram, 121, 122 
Octadecadienoic acid, 30, 31. See also 

Linoleic acid 
isomerism, 49-56, 59-65 
methyl substituted, 43 
preparation from ricinoleic acid, 

326, 327, 
Octadecanal, 436 
w-Octadecanoic acid. See Stearic acid 
Octadecatetraenoic acid, 29, 34. See 

also Parinic acid 
Octadecatrienoic acid, 29, 32-34. See 

also Linolenic and Elaeostearic 
acids 

isomerism, 49, 65-70 
Octadecenoic acid, 25, 27 

isomers of, 47-49 
melting points, 47, 48 

Octadecinoic acids. See Stearolic acids 
Octanal, 435 
n-Octanoic acid. See Caprylic acid 
n-Octatriacontanoic acid, 21 
Oenanthylic (oenanthic) acid. See 

Heptanoic acid 
Oil(s). See Fats and oils. Fish and 

marine animal oils. Vegetable 
oil(s), and under specific oils 

Oiticica oil, 42, 69, 332 
Oleic acid, 25, 27, 28, 67 

absorption spectra curve, 142, 143, 
150 

autoxidation, 453, 456, 457, 459, 462, 
466-469, 473, 474 

biosynthesis, 564-667, 670 
characteristic derivatives, 626, 629- 

631 
crystal structure, 126 
density, 216 
dehydrogenation, 368-371 
elaidinization, 617, 666, 568 
hydrogenation, 361-363,366-372,530 
interfacial tension, 233 
low-temperature crystallization, 612, 

613 
molar volume, 217 
oxidation, 389, 390, 400, 406, 407, 

409, 418-417, 426, 428, 429, 431, 
432, 437-439, 440, 442, 446-450, 
453, 457, 469, 466-469, 473-475, 
482, 483 
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Oleic acid (ConVd) 
oxidation with benzoyl peroxide, 414 

with chromic acid, 389, 390 
with hydrogen peroxide, 413, 414 
with per acids, 415-417, 438, 439, 

442, 443 
with permanganate, 393-397, 400, 

406, 407, 409, 429, 447-450 
ozonolysis, 425, 428, 446 
products of disruptive oxidation, 

432 
pyrolysis, 320, 321 
reaction with hypochlorous acid, 

342-347 
with nitrogen tetroxide, 517 
with nitrosyl chloride, 518, 519 

separation of metallic salts, 599,600, 
602 

solubility ratios, 205 
specific conductance, 241-243 
sulfation and sulfonation, 522-526 
surface tension, 233 
synthesis, 536, 538, 554-558 
vapor pressure, 164 
viscosity, 228, 229 

Oleic acid isomers, 47-49, 56-59, 62, 
63, 362-372, 374, 517, 554-558 

vseparation, 599 
Oleic-elaidic acids, phase diagram, 

127 
Oleic-linoleic acids, phase diagram, 

126 127 
Oleic-linolenic acids, phase diagram, 

126, 127 
Oleic-palmitic acids, solubility ratios, 

205 
phase diagram, 123-125 

Oleic-stearic acids, phase diagram, 
123-125 

Oleone, 320, 321 
Oleoyl chloride, 350, 351, 353-357 
Olive oil. See Vegetable oilis) 
Ongokea klaineana oil, 37 
Optical isomerism. See Isomerism 
Optical rotation. See Rotation and 

under specific compounds 
Oxalic acid, 395, 406-410, 426, 434, 

Oxaloacetic ester synthesis, 550 
Oxidation, biological, 478-483,566-568, 

enzymic, 478-483, 566-568, 570 
mechanism of chemical, 443-450 
multiple chain, 481, 482 
of hydrocarbons to acids, 540-547 
products, 434-443 
reagents for, 387, 388 
types, 387 
with air. See Autoxidatiov 
with chromic acid, 389-392, 394, 

407, 444, 524, 531 
with hydrogen peroxide, 410-414, 

444, 464 
with lead tetraacetate, 429-434, 473 

Oxidation (ConVd) 
with nitric acid, 388, 389 
with ozone, 424-428, 443 
with per acids, 415-424, 431, 441, 

442, 444-446, 465 
with periodic acid, 397, 416, 428, 429 
with potassium permanganate, 392- 

410, 431, 438, 439, 445-450, 474 
Bertram method, 401-406, 622 
disruptive, 406-410, 474 
Lapworth-Mottram method, 400, 

401 
mechanism, 445-450 
products, 392, 393 
qualitative methods, 393-400 
quantitative methods, 400-406 

Oxidation and hydroxylation, 387-450 
Oxido (epoxy, oxirane) acids, 344, 

346, 347, 414, 418-420, 422, 441- 
449, 455, 469-461, 466, 470 

Oxidobehenic acid, 441, 442 
Oxidobrassidic acid, 418, 419, 446 
Oxidoelaidic acid, 417, 442, 466, 473 
Oxidoerucic acid, 417, 419, 446, 473, 

518 
Oxido-oleic acid, 417, 446, 466, 473 
Oxidopetroselinelaidic acid, 420 
Oxidopetroselinic acid, 420 
Oxidostearic acid, 419, 422, 441, 442 
Oximes and amides, hydrogenation, 

616 
Oxirane. See Oxido acids 
Oxo process synthesis, 544-647 
Ozonides, hydrolysis, 425, 426 
Ozonolysis, 49, 424-428, 454, 539, 556, 

559 

P 

Palmitamide-stearamide, phase dia¬ 
gram, 123 

Palmitanilide-stearanilide, phase dia¬ 
gram, 123 

Palmitic (hexadecanoic) acid, 21, 23, 
411, 412 

absorption spectra, 142 
characteristic derivatives, 626-631 
melting and freezing points, 114, 

118 
solubility ratios, 205 

Palmitic-elaidic acids, phase diagram, 
123, 124 

Palmitic-linoleic acids, phase diagram, 
123, 125 

Palmitic-margaric acids, phase dia¬ 
gram, 116-119 

Palmitic-myristic acids, phase dia¬ 
gram, 120 

Palmitic-oleic acids, phase diagram, 
123-126 

Palmitic-stearic acids, phase diagram, 
116-121 

Palmitoleic acid, 25, 27, 57, 432, 657 
Palmitone, 319, 320 
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Palmitoyl chloride, 366-358 
Palm kernel oil, 683, 699 
Palm oil. See Vegetable oil(8) 
Parinaric acid, 29, 34, 69, 70, 410 

absorption spectra curve, 142 
Parinarhim laurinum oil, 70 
Parsley seed oil, 27 
Peanut oil. See Vegetable oil(s). 
Pelargonic acid. See n-Nonanoic acid 
n-Pentacosanoic acid, 21 
Pentacosanoic-heptacosanoic acids, 

phase diagram, 122 
Pentacosanoic-tricosanoic acids, phase 

diagram, 122 
Pentadecanedioic acid, 432 
w-Pentadecanoic (pentadecylic) acid, 

21 
Pentaerythritol, alcoholysis with, 302 

esterification, 285-287, 332 
erythritol, esters, 285-287, 289-292 

Pentanal, 435 
ri-Pentanoic acid. See Valeric acid 
w-Pentatriacontanoic acid, 21 
Pentinoic acid. See Undecinoic acid 
Per acid number, 421 
Per acids, types, 415, 422 
Perilla oil. See Vegetable oilis) 
Peroxidation. See Antoxidafion 
Peroxide determination, 462-469 

by method of Lea, 463 
of Franke and Jerchel, 464 
of Goldschmidt and Freudenberg, 

464-466 
of oxygen absorption, 466-469 
of Wheeler, 463 

Peroxides, cyclic, 454, 459, 461-473, 
475 
secondary reactions, 469-473 

Peroxidoleic acid, 446, 447 
Petroselaidic acid, 48, 419, 420, 437 
Petroselinelaidic-petroselinic acids, 

phase diagram, 127 
Petroselinic acid, 25-27, 47, 48, 67, 

405, 409, 420, 432, 437 
oxidation with per acids, 416, 419, 

420 
Petroselinic-petroselinelaidic acids, 

phase diagram, 127 
Phase diagrams, 115-128 

for binary systems of saturated 
acids, 115-123 

for binary systems of saturated and 
unsaturated acids, 123-125 

for binary systems of unsaturated 
acids, 125-127 

Phenacyl esters, 626, 626 
p-Phenylphenacyl esters, melting 

points, 626 
Phenylstearic acids, 663, 564 
Phenyl-substituted acids, 479, 480, 

553, 654 
boiling points, 554 
refractive indices, 564 
specific gravities, 554 

Phocenic acid, 38, 39 
Phosphatides, alcoholysis, 298 

methanolysis, 298 
Phrenosinic acid, 76 
Phthioic acid, 38, 40, 46, 76, 78 
Physetoleic acid, 27 
Physteric acid, 26 
Phytomonic acid, 38, 40, 46, 76, 78 
Picramnia oil, 405, 427 
Picramnia Sow fat, 37 
Pig fat, 26-28, 35, 483, 670 
Pimelic acid. 409, 434, 481 
Pimelic semialdehyde, 435 
Poly- and monosaccharides, esterifica¬ 

tion, 289 
esters, 289-292 

Polyamides and diamides, 493-495, 
626. 627 

Polybromide number, 604-609 
Polybromo acids, properties, 604 
Polycarboxylic acids, esters, 292 
Polyethenoid acid(s), 28-.36 

autoxidation, 463, 457, 468, 460, 461, 
464-473, 475 

bromination, 603-610 
esters, iodine values, 259 
ethyl esters, iodine values of, 259 

molecular weights, 259 
saponification values, 259 

halogen addition, 336-338, 603-610 
hydrogenation, 362-367, 369-373 
iodine values, 29 
isomerism in, 49-56, 59-70 
melting points. 29. 70 
methyl esters, iodine values, 259 

molecular weights, 259 
saponification values, 259 

molecular weights, neutralization, 
iodine values, 29 

monomolecular films, 186 
names, formulas, 29 
neutralization values, 29 
nomenclature, 16 
oxidation, 394, 398-400, 409, 410, 

421, 422, 425-427, 435-437, 
440, 441 

with chromic acid, 392 
with per acids, 421, 422 
with permanganate, 397-400, 409, 

410, 424 
ozonolysis, 425 
separation, 600 
sources, 29 
ultraviolet absorption spectra, 141- 

144, 147-154 
Polyglycerols, esterification, 284 

esters, 284, 285 
Polyhydric alcohol(s), 

alcoholysis with, 296, 297, 302-306 
esterification, catalysts, 273, 275, 

276, 279-283, 286-289 
esters, 272-292 

properties, 290-292 
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Polymerization, 65, 310, 318, 328-333, 
451, 462, 462, 465, 477, 622 

of amino acids and amides, 494, 495 
Polymolecular films, 188-190 
Polymorphism, in acids and esters, 

forms, 110-113 
in ethyl behenate, 246 
in relation to thermal properties, 

103-113 
in relation to crystal structure, 92- 

103 
Pomegranate oil, 69, 410, 426 
Poppyseed oil. See Vegetable oil{s) 
Porpoise oil, 16, 27, 38, 39, 46, 683 
Positional isomerism. See Isomerism 
Po-yoak oil, 29, 42, 69, 427 
Primrose seed oil, 33 
Propanal, 435 
w-Propanoic acid. See Propionic acid 
Propinoic acid. See Propiolic acid 
Propiolic (propinoic) acid, 36 
Propionic (propanoic) acid, 22, 409, 

410, 427, 432, 435 
Propionoyl chloride, 357 
Punicic acid, 33, 34, 68-70, 338, 410, 

426 
Pyrolysis, 318-333 

of castor oil, 326-328 
hydrocarbons, 645 

Pyrolytic dehydration, 324-328 

R 

Raman spectra, 133-136 
of ethyl esters of unsaturated acids, 

133, 134 
Rambutan fat, 24 
Rapeseed oil. See Vegetable oilis) 
Rat fat, 154, 670 
Ray oil, 27 
Reducing agents, 369, 360, 374, 375, 

380-382, 384-386, 513-615 
Reduction, 374-386. See also Hydro¬ 

genation 
Clemmensen, 384, 385, 636, 537, 661, 

553 
of carbonyl groups, 374-386 
of hydroxy esters to diols, 376 
of keto acids to hydroxy acids, 386 
of keto acids to normal acids, 384- 

386 
of ketones to hydrocarbons, 384, 385 
of ketones to pinacones, 384 
of nitriles to amines, 613-616 
of oximes and amides, 515, 516 
of unsaturated acids to unsaturated 

alcohols, 376 
with copper-chromite, 381-384 
with Devarda's alloy, 613 
with sodium, 374-381 
with sodium-alcohol, 375-378, 513, 

615, 616, 530, 650, 656 
mechanism, 378-380 

with sodium-ammonia, 380-381 

Reduction (ConVd) 
with zinc amalgam, 384, 386 
with zinc-copper couple, 374, 539 
Wolff-Kishner, 386, 386, 667 

Refractive index, 234-240 
of binary mixtures, 238 
of ethyl linoleate, 238 
of ethyl linolenate, 239 
of methyl esters, 236-238 

Refractivity, 210, 234-240. See also 
Refractive index 

molecular, 234, 235, 236, 239, 240 
exaltation, 239, 240 

specific, 234 
exaltation of, 239 

Relative density. See Specific gravity 
Resins, synthetic, 292, 309-312, 329, 

332 
Ricinelaidic acid, 76 

oxidation, 417, 437 
Ricinoleic acid, 41, 60-62, 57, 473, 603 

absorption spectra curve, 142 
autoxidation, 467, 468, 472 
dehydration, 60-52, 326-328 
interfacial tension, 233 
low-temperature crystallization, 614 
optical activity, 76, 76 
oxidation, 394, 417, 428, 430, 433, 

437 
sulfation and sulfonation, 622, 623 
surface tension, 233 

Robinson-Robinson synthesis, 316, 636, 
551, 654, 556, 657 

Rotation, molecular, 71-75 
optical, 70-78. See also under speci¬ 

fic compounds 
substituted acids, 75 
unsaturated acids, 41, 76 

specific optical, 71, 76 
Rubberseed oil, 332 
Rye grass oil, 63 

S 

Safflowerseed oil, 32, 398, 399 
Salts, barium, separation, 600, 602 

lead, separation, 696-699 
lithium, separation, 600, 602 
magnesium, separation, 601, 602 
metallic, separation of acids by, 

596-602 
Saponification, 252, 294, 299, 676-681, 

620 
methods, 576-581 

Saponification value, definition, 256 
of monoesters. See under specific 

esters 
Sardine oil. See Fish and marine 

tynimal oils 
Sativic acids. See Tetrahydroxystearic 

acids 
Saturated fatty acid(s), 20-24 

amides, 489-493 
biosynthesis, 666-671 
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Saturated fatty acid(s) (Cant'd) 
boiling points, 165, 167, 168, 488,. 490 
characteristic derivatives, 626-631 
chlorides, 349-358 
convergence temperature, 107 
cross-section area, 107, 183-185, 

187, 188, 213, 215 
crystal dimensions, 84 
crystal structure, 83-92, 123 
decarboxylation, 318-320, 322, 323 
dehydrogenation in vivo, 482, 483 
densities, 212, 213, 532 
determination in mixed acids, 401- 

406 
dissociation constants, 179, 180 
equivalent conductances of solutions, 

179 
ethyl esters, molecular weights, 256 

saponification values, 256 
expansibility, 220-222 
freezing point of aqueous solutions, 

178 
heats of combustion, 156, 157 
heats of crystallization, 104 
heats of vaporization, 169 
identification, 619-621 

by crystal properties, 128-129 
by x-rays, 87-91, 128-129 

interfacial tension, 233 
melting and freezing points, 100, 

102, 105, 111, 114, 488, 490, 
532 

methyl esters, molecular weights, 
256 

saponification values, 256 
molecular dimensions, 84, 107, 183- 

185, 187, 188, 190 
molecular refractivity, 236 
molecular volumes, 213-215 
molecular weights, neutralization 

values, 21 
monomolecular films, 183-186 
names, formulas, 21 
orientation in crystals, 85-87, 109 

on water surface, 181, 183, 184 
oxidation in vivo, 478-483, 566, 567 

with hydrogen peroxide, 411-413 
with nitric acid, 388, 389 

packing in crystal, 85, 87 
on water surface, 183, 186 

phenyl-substituted, 479, 480 
preparation of chlorides, 349-357 
reaction with oxalyl chloride, 354- 

355 
with phosgene, 355-357 
with phosphorus chloride, 350- 

352 
with phosphorus oxychloride, 

349, 350 
with thionyl chloride, 352-354 

refractive indices, 235-237, 532 
separation by chromatography, 617, 

618 
by distillation, 590-594 

Saturated fatty acid(s) (Cont'd) 
by low-temperature crystalliza¬ 

tion, 610-612 
setting point equation, 105 
solubility in acetic acid, 200, 201, 

203 
in acetone, 198, 204 
in acetonitrile, 202, 203 
in benzene, 191, 203 
in 7i-butanol, 197 
in 2-butanone, 199 
in butyl acetate, 200 
in cyclohexane, 192, 203 
in ethanol, 195, 209 
in ethyl acetate, 200, 201 
in hydrocarbon solvents, 204, 205, 

207-209 
in isopropanol, 196 
in methanol, 193, 194, 204 
in nitroethane, 202 
in organic solvents, 190-208 
in propane, 207, 208 
in tetrachloromethane, 194 
in trichloromethane, 193, 194 
in water, 177, 178, 488 

spacing values, 94-96 
specific conductances, 240-243 
specific heats, 104, 105 
specific volumes, 212 
surface tension, 233 
synthesis, 433, 434, 529-560 

from olefins, 544-547 
from paraffins, 540-544 

ultraviolet absorption, 142, 143 
vapor pressure, 161-169 
viscosities, 223-226, 229 

Saturated hydroxy acids. See Hydroxy 
acids, saturated 

Scoliodonic acid, 36 
Sebacic acid, 432, 434, 436, 481, 517 
Sebacic semialdehyde, 430, 436 
Selacholeic acid, 25, 28, 57, 432, 602 
Selective hydrogenation. See Hydro¬ 

genation 
Sesame oil. See Vegetable oil{s) 
Shark oil, 27 
Silkworm fat, 31, 62, 365 
Snakegourd oil, 69 
Soaps, fatty acid, 5-7, 250-253 

polymolecular films, 190 
surface tension, 233 

Soaps, metallic, as driers, 250, 251 
in greases, 261, 252 
miscellaneous uses, 253 
preparation, 250-252 
separation, 596-602 

Soaps, production by alcoholysis, 300, 
301 

Solubility, and solution properties, 
176-209 

anomalous, 205-207 
of fatty acids at low temperatures, 

203-206 
in organic solvents, 190-209 
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Solubility (ConVd) 
in water, 176-178 

of glycerides in propane, 208 
Solubility ratios, oleic and linoleic 

acids, 205 
oleic and palmitic acids, 205 

Sorbitol, alcoholysis with, 302 
esterification, 287-289 

Soybean oil. See Vegetable oilis) 
Specific conductance. See Conductance 

Specific exaltation. See Refractivity 
Specific gravity, 210-217 

of methyl, ethyl esters, 211 
Specific heat, 103-110 
Specific refractivity. See Refractivity, 

n/* 

Specific viscosity, 229, 230 
Specific volume. See Volume, specific 
Spectral absorption, coefficients, 144- 

146 
in visible region, 135 

Spectral extinction coefficients, 144- 
146 

Spectral regions, delimitation, 131 
Spectral units, definitions, 131-133 

Spectroscopy, absorption, 130-133, 
135-154 

infrared, 136-140 
Raman, 133-135 
ultraviolet, 140-154 
visible, 135 
x-ray, 83-103 

Spermaceti wax, 251, 297, 493, 577 
Stearamide-palmitamide acids, phase 

diagram, 123 
Stearanilide-palmitanilide aci ds, 

phase diagram, 123 

Stearic (octadecanoic) acid, 21, 23 
abvsorption spectra curve, 142, 143 
biosynthesis, 566, 567, 570 
characteristic derivatives, 626, 627, 

629, 631 
crystal structure, 83-87, 89, 94 
dehydrogenation, 483 
expansibility, 221, 222 
melting and freezing points, 114, 

118 
oxidation with hydrogen peroxide, 

411, 412 
synthesis, 539 

Stearic-arachidic acids, phase dia¬ 
gram, 121 

Stearic-elaidic acids, phase diagrams, 
123, 124 

Stearic-linoleic acids, phase diagram, 
123, 125 

Stearic-margaric acids, phase dia¬ 
gram, 116-119 

Stearic-palmitic acids, phase diagram, 
116-121 

Stereoisomerism, 44, 45, 55-78, 134- 
135 

Stearolic acid, 37, 338, 394, 427. See 
also Tariric acid 

absorption spectra curve, 142 
melting points, 37 
oxidation, 37, 391, 399, 407, 408 
reduction, 37, 386, 555 

Stearone, 320 
Stearoyl chloride, 356-358 
Stillingia fat, 23 
Suberic acid, 406, 408, 434, 474, 481 
Suberic semialdehyde, 435 
Substituted acids, 18, 38-43. See also 

specific acids 
dissociation constants, 180 
esters, 259 

iodine values, 259 
nomenclature, 17-19 
optical activity, 72-78 
oxidation, 479, 480 
synthesis, 536-538 

Substituted unsaturated acids, iodine 
values, 41 

molecular weights, 41 
neutralization values, 41 

Succinic acid, 333, 409, 412, 413, 426, 
427, 432, 434 

Succinic semialdehyde, 427, 435 
Sulfation and sulfonation, 521-526 
Sunflowerseed oil, 10, 30, 63, 154, 332, 

369, 370, 374, 398, 518, 564 
hydrogenation, 369-371, 374 

Surface tension. See Tension, surface 
Syntex M, 525 
Synthesis. See also under specific 

compounds 
acetoacetic ester, 533-535, 536, 551 
Arndt-Eistert, 537, 539 
Fischer-Tropsch, 540-543, 545 
Grignard, 531, 533, 540, 552, 555, 

558 
malonic ester, 316, 317, 532, 533, 

536, 539, 551, 557 
oxaloacetic ester, 550 
Oxo process, 544-547 
Robinson-Robinson, 315, 536, 551, 

554, 555, 557 
Synthetic resins. See Resins, synthetic 

T 

Tachardiacerinic acid, 16 
Tallow. See Animal fatis) 
Tariric acid, 37, 41, 405 
Tartaric acid, 438, 439 
Tautomerism, 45 
Teaseed oil, 27, 30, 305, 602 
Temperature-composition curves. See 

Phase diagrams 
Tensiometer, use, 232 
Tension, interfacial, 230—233 

surface, 6, 183, 184, 210, 230-233 
measurement, 231, 232 

Tetrabromide number. See Poly^ 
bromide number 
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Tetrabromostearic acid, 53, 60-65, 151, 
153, 205, 604-606, 608, 609 

Tetrabromostearoyl chloride, 353 
Tetracontanoic-dotriacontanoic acids, 

phase diagram, 121 
Tetracosahexaenoic acid, 29, 36. See 

also Nisinic acid 
n-Tetracosanoic acid. See Lignoceric 

acid 
Tetracosanoic-hexacosanoic acids, 

phase diagram, 121, 122 
Tetracosanoic-tricosanoic acids, 

phase diagram, 122 
Tetracosenoic acid, 25, 28 
Tetradecanedioic acid, 525 
n-Tetradecanoic acid. See Myristic 

acid 

Tetradecenoic acid, 25, 26, 408, 602 
Tetraethenoid acids, 34, 35 
Tetrahydroxystearic acids, 60, 62, 63, 

347, 394, 398, 399, 421, 422, 430, 
437, 438, 441 

w-Tetratriacontanoic acid, 21, 537, 538 
Tetrolic (butinoic) acid, 36 
Thiolic acid esters, properties, 521 
Thiolic acids, 520, 521 
n-Triacontanoic acid. See Melisaic acid 
Triacontanoic-dotriacontanoic acids, 

phase diagram, 121 
Triacontanoic-octacosanoic acids, 

phase diagram, 121, 122 
Trichosanic acid, 33, 34, 68-70, 338 
Trichosantkes cucumeroides oil, 34 
n-Tricosanoic acid, 21, 537, 538 
Tricosanoic-docosanoic acids, phase 

diagram, 122 
Tricosanoic-pentacosanoic acids, phase 

diagram, 122 
Tricosanoic-tetracosanoic acids, phase 

diagram, 122 
Tricosenoic acid, 25, 432 
Tridecanal, preparation, 316 
n-Tridecanoic (tridecylic) acid, 21, 540 
Triethenoid acids, 32-34 

conjugation, 68-70 
isomerism in, 65-70 

Triglycerides, alcoholysis, 294, 297- 
306 

ester interchange, 307-313 
fatty acid distribution, 307-309 
preparation by esterification, 278- 

284 
rearrangement, 307-309, 312 

Trihydroxypalmitic acid, 430, 559 
Trihydroxystearic acid, 67, 394, 417, 

433, 437 
n-Tritriacontanoic acid, 21 
Tubercle wax, 39, 40 
Tuberculostearic acid, 38, 46, 76, 78 
Tung oil. See Vegetable oil{s) 
Tunny oil, 483 
Turkey-red oil, 622, 623 
Tsuzic acidi 26 

Twitchell method. See Lead edit- 
alcohol method 

U 

Ucuhuba fat, 614 
Ultraviolet absorption, as function of 

degree of unsaturation, 141-144 
nature, 140-144 
quantitative expression, 144-147 

Undecanal, 316, 426 
Undecanedioic acid, 434, 617 
n-Undecanoic (undecylic) acid, 21, 

426, 432, 537 
Undecanoic-lauric acids, phase dia¬ 

gram, 121 
Undecenoic (hendecenoic) acid, 321, 

326, 432, 517 
halogenation, 340-342 
oxidation, 390, 394, 459, 472 
synthesis, 557 

Undecenoyl chloride, 350, 357 
Undecinoic (pentinoic) acid, 36, 338, 

341 
Undecylenic (9-hendecenoic) acid, 428 
Undecylenone, 321 
Undecylic acid. See Undecanoic acid 
Unsaturated fatty acids, 24-38 

biosynthesis, 31, 32, 34, 35, 564-671 
boiling points, 172-174 
characteristic derivatives, 626-631 
esters, iodine values, 269 
ethyl esters, infrared transmission, 

137-140 
Raman spectra, 134-136 

halogen hydride addition, 338-342 
heat of combustion, 168-160 
hypobromous acid addition, 342-347 
hypochlorous acid addition, 342-347 
identification, 621-625, 629-631 
mechanism of oxidation, 443-450 
melting points, 29, 33, 37, 41, 48 
oxidation products, 434-443 
oxidation with chromic acid, 389- 

392 
with potassium permanganate, 

392-410 
p-phenylphenacyl esters, 626 
polymerization, 328-332 
purification, 151-154 
pyrolysis, 320-323 
reaction with nitrosyl chloride, 518, 

619 
with phosgene, 355-357 

refractive indices, 237-239 
relative hydrogenation rates, 366- 

368 
relative oxidation rates, 366, 367 
separation by low-temperature crys¬ 

tallization, 612-614 
separation of bromo derivatives, 

603-610 
solubility in acetone, 204, 205 

in ethanol, 209 
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Unsaturated fatty acid(s) (ConVd) 
in methanol, 204, 205 
in petroleum naphtha, 204, 206, 

209 
specific gravities, 216 
spectral absorption coefficients, 145 
synthesis, 637, 538, 664-560 
ultraviolet absorption, 141-144 
viscosities, 227-229 

Unsaturated hydroxy acids, 41, 43, 50 

V 

Vaccenic acid, 25, 27, 47, 48, 57, 409, 
432 

Valeric (pentanoic) acid, 21, 22, 38, 
39, 46, 409, 410, 426, 427, 432, 436 

Valeroyl chloride, 367 
Vapor pressure, 161-174 

saturated acids, 164 
Vapor pressure-boiling point relation¬ 

ship, 165, 167, 168, 170-173 
Vegetable fat(s). See also Fata and 

oils 
cocoa butter, 63, 297, 421 
kombo, 26 
nutmeg, 23 
Picramnia Sow, 37 
rambutan, 24 
stillingia, 23 
ucuhuba, 614 

Vegetable oil(s), Adenanthera pavo- 
nina, 24 

almond, 63, 297, 307, 464 
babassu, 566 
ben (Moringa), 24 
castor, 40, 51, 52, 54, 251, 252, 286, 

291, 293, 297, 304, 309, 324, 326, 
327, 331, 433, 440, 493, 522- 
624, 614 

methanolysis, 331 
pyrolysis, 326-328 

chia, 29, 332 
cocksfoot, 63 
coconut, 10, 22, 23, 63, 291, 297- 

299, 304, 307, 311, 405, 483, 
493, 683, 599, 616, 630 

corn germ. 23, 27, 30, 31, 52, 61, 63, 
160, 151, 246, 251, 332, 392, 493, 
608, 611, 613 

cottonseed, 23, 27, 30, 31, 62, 59, 61, 
63, 164, 208, 246, 251, 282, 298, 
301, 311, 366, 371, 372, 373, 392, 
393, 564, 699, 601, 608, 611, 613, 
614, 616 

hydrogenation, 366, 371-373 
essang, 29 
gorli seed, 42 
grapeseed, 31, 63, 608, 611, 613 
hempseed, 33, 332. 393, 564 
Hydnocarpua vrightianuat 42 
ivy seed. 27 
ivy wood, 41 
Java “olive oil,” 43 

Vegetable oil(s) (ConVd) 
kapok, 23, 30 
kusum, 24 
Lindera obtuailobaf 26 
linseed, 6, 10, 27, 29, 30, 32, 62, 54, 

61, 66, 67, 137, 164, 188, 262, 
286, 286-288, 291, 297-300, 302, 
309, 315, 332, 366, 393, 395, 398, 
399, 421, 464, 470, 493, 618, 524, 
664, 668, 600, 613, 614, 618, 622 

furfurolysis, 300 
hydrogenation, 366 

loofah, 29 
mustard seed, 28, 599 
nasturtium seed, 28 
neou, 29 
nigaki, 27 
niger seed, 164 
oiticica, 42, 69, 332 
olive, 6, 7, 27, 30, 31, 63, 246, 297, 

299, 300, 304, 421, 433, 493, 618, 
666, 582, 600, 608, 611 

methanolysis, 300, 582 
Ongokea klaineana^ 37 
oxidation with per acids, 422, 423 
palm, 6, 10, 23, 27, 261, 298, 311, 

405, 614, 616 
palm kernel, 583, 699 
Parinarium laurinum^ 70 
parsley seed, 27 
peanut, 16, 23, 24, 27, 30, 59, 61, 63, 

279, 284, 371, 433, 599, 601 
hydrogenation, 371 

perilla, 29, 30, 33, 66, 67, 332, 493, 
618, 613 

Picramnia, 406, 427 
pomegranate, 69, 410, 426 
poppyseed, 30, 31, 63, 297, 332, 393, 

421, 564, 608, 611, 613 
po-yoak, 29, 42, 69, 427 
primrose seed, 33 
pyrolysis, 322, 323, 326-327 
rapeseed, 24, 27, 28, 251, 252, 291, 

618, 624, 664, 699, 601 
rubberseed, 332 
rye grass, 63 
saffiowerseed, 32, 398, 399 
sesame, 30, 31, 63, 299, 421, 518, 608, 

611, 613 
snakegourd, 69 
soybean, 10, 23, 27, 29-31, 62, 54, 

61, 137, 150, 154, 251, 285, 286, 
304, 309, 322, 332, 366, 371, 392, 
422, 423, 493, 618, 624, 564, 666, 
569, 699, 611, 614, 630 

hydrogenation, 366, 371 
oxidation with per acids, 422, 423 

sunflowerseed, 10, 30, 63, 154, 332, 
369, 370, 374, 398, 618, 564 

teaseed, 27, 30, 305, 602 
Trichoaanthea eucumeroidea, 34 
tung, 29, 33, 61, 64, 68,136,150, 164, 

286, 291, 299, 309, 322, 366, 493 
hydrogenation, 365 
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Vegetable oil(s) (CovVd) 
wallfiowerseed, 28 
walnut, 32, 52, 393 
wheat germ, 332 

Velocity constant of esterification. See 
Esterification 

Viscosity, 210, 222-230 
absolute, 223 
kinematic, 223 
specific, 229 

Viscosity coefficient, 223 
Volume, molar, 210, 213-217 

equations for, 216, 216 
specific, of fatty acids, 212 

W 

Wallfiowerseed oil, 28 
Walnut oil, 32, 62, 393 
Wax(es), 3, 5-9 

beeswax, 40, 251 
coccerin, 578 

Wax(es) (ConVd) 
history, 5-9 
insect, 578 
jojoba, 28 
leaf-coat, 665, 577 
saponification, 678, 579 
spermaceti, 251, 297, 493, 677 
tubercle, 39, 40 

Whale oil. See Fish and marine ani¬ 
mal oils 

Wheat germ oil, 332 
Wolff-Kishner reduction, 386, 386, 557 
Wool fat, 577 

X 

X-ray diffraction. See Diffraction 

Z 

Zoomaric acid, 27 
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