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GENERAL INTRODUCTION

American Chemical Society Series of
Scientific and Technologic Monographs

By arrangement with the Interallied Conference of Pure and Applied
Chemistry, which met in London and Brussels in July, 1919, the American
Chemical Society was to undertake the production and publication of
Scientific and Technologic monographs on chemical subjects. At the same
time it was agreed that the National Research Council, in coperation with
the American Chemical Society and the American Physical Society, should
undertake the production and publication of Critical Tables of Chemical
and Physical Constants. The American Chemical Society and the National
Research Council mutually agreed to care for these two fields of chemical
development. The American Chemical Society named as Trustees, to
make the necessary arrangements for the publication of the monographs,
Charles L. Parsons, secretary of the society, Washington, D. C.; the late
John E. Teeple, then treasurer of the society, New York; and Professor
Gellert Alleman of Swarthmore College. The Trustees arranged for the
publication of the A. C. 8. series of (a) Scientific and (b) Technologic
Monographs by the Chemical Catalog Company, Inc. (Reinhold Publishing
Corporation, successors) of New York.

The Council, acting through the Committee on National Policy of the
American Chemical Society, appointed editors (the present list of whom
appears at the close of this introduction) to have charge of securing authors,
and of considering critically the manuscripts submitted. The editors
endeavor to select topics of current interest, and authors recognized as
authorities in their respective fields.

The development of knowledge in all branches of science, especially in
chemistry, has been so rapid during the last fifty years, and the fields
covered by this development so varied that it is difficult for any individual
to keep in touch with progress in branches of science outside his own
speciality. In spite of the facilities for the examination of the literature
given by Chemical Abstracts and by such compendia as Beilstein’s Hand-
buch der Organischen Chemie, Richter’s Lexikon, Ostwald’s Lehrbuch der
Allgemeinen Chemie, Abegg’s and Gmelin-Kraut’s Handbuch der Anor-
ganischen Chemie, Moissan’s Traité de Chimie Minérale Générale, Friend’s
and Mellor’s Textbooks of Inorganic Chemistry and Heilbron’s Dictionary
of Organic Compounds, it often takes a great deal of time to codrdinate
the knowledge on a given topic. Consequently when men who have spent
years in the study of important subjects are willing to codrdinate their
knowledge and present it in concise, readable form, they perform a service
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vi CHEMISTRY OF ACETYLENE

of the highest value. It was with a clear recognition of the usefulness of
such work that the American Chemical Society undertook to sponsor the
publication of the two series of monographs.

Two distinct purposes are served by these monographs: the first, whose
fulfillment probably renders to chemists in general the most important
service, is to present the knowledge available upon the chosen topic in a
form intelligible to those whose activities may be along a wholly different
line. Many chemists fail to realize how closely their investigations may
be connected with other work which on the surface appears far afield from
their own. These monographs enable such men to form closer contact
with work in other lines of research. The second purpose is to promote
research in the branch of science covered by the monographs, by furnishing
a well-digested survey of the progress already made, and by pointing out
directions in which investigation needs to be extended. To facilitate the
attainment of this purpose, extended references to the literature enable
anyone interested to follow up the subject in more detail. If the literature
is so voluminous that a complete bibliography is impracticable, a critical
selection is made of those papers which are most important.

AMERICAN CHEMICAL SOCIETY
BOARD OF EDITORS

F. W. WiLLArp, Editor of M onographs

Scientific Series:— Technologic Series:—
S. C. Linp, WALTER A. ScHMIDT,
W. MaNsFIELD CLARK, E. R. WEIDLEIN,
Linus C. PavuLing, W. G. WHITMAN,

L. F. FiEsEr. C. H. MATHEWSON,

Traomas H. CHILTON,
Bruce K. Brown,

W. T. REap,

CHARLES ALLEN THOMAS.



Introduction

In this work an attempt is made to present a brief but fairly complete
account of the preparation, properties and reactions of acetylenc along
with an extensive classified bibliography. A restricted section of this
subject, namely the manufacture of calcium carbide and the derived
acetylene, is covered quite thoroughly in a number of earlier books (1)
and in several special periodicals (2). Accordingly, only an abridged
discussion of this topic appears here. The use of acetylenc as a raw
material for industrial syntheses also has been the subject of a few books
(3) and numerous short review articles (4).

The arrangement of this work is based entirely on a classification of the
methods of preparation and type reactions of acetylene, rather than on
considerations of historical sequence or industrial status.

In any treatise on acetylene numerous references to other acetylenic
compounds are inevitable. In the first place many of these are best pre-
pared by substitution in acetylene. The substitution products in turn
serve as intermediates in many useful laboratory preparations; accordingly,
a short section has been included which points out the principal stepwise
syntheses from acetylene through substituted acetylenes. Secondly, many
reactions of acetylene are best understood by comparison with parallel
reactions of other acetylenic compounds. Historically, a number of
reactions were first applied to other acetylenic hydrocarbons and were
later adapted to acetylene, and this order of development is still common,
because reactions of acetylene are often more complicated and difficult
than those of other compounds of the series. For these reasons numerous
reactions of other acetylenic compounds are cited, but it should be re-
membered that a complete survey of the reactions of the series is not
intended.

Because of unavoidable delays in the completion and publication of
this work, it has not been possible to cover the literature on most topics
later than 1938.

References

(1) Lefvre, “Acetylene,” Paris, 1897. Dommer, ‘“Calcium Carbid und Acetylen,”
Munich, 1898. Panaotovic, “Calcium Carbid und Acetylen,” Leipzig, 1897.
Gibbs, ““Acetylene and its Production and Use,” London, 1898. Lewes, ‘‘Acet-
vlene,”” London, 1900. Kuhn, “Ein Beitrag zur Geschichte der Acetylen-
industrie,” Munich, 1901. Morel, ‘“L’Acetylene, Theorie, Apolication,” Paris,
1903. Castellani, ‘“I’Acetilene,” Milan, 1903. Leeds and Butterfield, ‘““Acety-
lene, Principles of its Generation and Use,” London, 1903. Vogel, “Handbuch
fiir Acetylen,”” Braunschweig, 1904. Liebetanz, ‘“Calcium Carbid und Acetylen,
Wesen, Darstellung und Anwendung,” Leipzig, 1909. Liebetanz, ‘“Calecium
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Carbid Fabrikation,” 3d ed., Leipzig, 1910. Bingham, ‘‘The Manufacture of
Calcium Carbide,” W, Wesley & Son, London, 1920. Caro, Ludwig and Vogel,
“‘Handbuch fiir Acetylen,” Leipzig, 1923. Taussig, ‘‘Die Industrie des Calcium-
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“Enzyklopidie der technischen Chemie,” 2nd ed., 1, 144-54 (1928); 2, 749-85
(1928), Urban und Schwarzenberg, Berlin.

(2) The Acetylene Journal, 1899-1930 (Chicago). Acctylene (London). Z. Calcium-
carbid Fabrikation (Berlin). ‘‘Acetylen in Wissenschaft und Industrie,”’ 1898.
(Halle). Journal de Uacetylene (Paris).

(3) Vogel and Schulze, ‘‘Carbid und Acetylen als Ausgangs Material fiir Producte
der Chemischen Industrie,”” O. Spamer, Leipzig, 1924, Naunton, ‘‘Synthetic
Rubber,” Macmillan & Co., London, 1937. Thorpe, ‘‘Dictionary of Applied
Chemistry,”’ 4th ed., 1, 79-95 (1937). Ullmann, ‘“Enzyklopidie der technischen
Chemie,” 1, 154-63 (1938).

(4) Anon., Oil, Paint and Drug Reporter, 91, No. 20, 72 (1917). Duisberg, Kunistoffe,
8,121-2 (1918). Dubosc, Caoutchouc and Guitapercha, 14, 9316-8 (1917). Wither-
spoon, Can. Chem. J ., 8, 250-3 (1919). Marshall, tbid., 3, 2564-7 (1919). Mathew-
son, tbid., 8, 25861 (1919). Ochi, J. Chem. Ind. (Japan), 23, 733-47 (1920).

Anon., Schweiz. Chem. Ztg., 1921, 201-6. Dilys, Industrie Chimique, 8, 422-5 (1921).
Anon.,J.Soc.Chem. Ind.,41, 189-92 R (1922). Hess, Elektrotechn. Z., 48, 95760,
982-5 (1922). Guyot, Chimie et indusirie, 10, 13-22 (1923). Muhlert, Apparate-
bau, 36, 191-5 (1924). Deschiens, Chimie et industrie, b, 239-56, 398-408, 518-28
(1921); Rev. prod. chim., 29, 397-404 (1926). Thorin, Tek. Tid. Kemz, b9, 83-93
(1929). Cadenhead, Chem. Met. Eng., 40, 184-8 (1933); Can. Chem. Met., 19,
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Chapter I

The Physical Properties, Preparation, and Purification
of Acetylene

1. The physical and thermodynamic properties and the molecular
structure of acetylene. Acetylene is a colorless gas, and when pure is said
to have a slight, pleasant odor. The rather disagreeable odor of acetylene
prepared from calcium carbide appears to be due to traces of impurities.
Physiologically, acetylene acts as an anesthetic and the purified gas has
been used for this purpose (7).

The reported critical temperature of acetylene is 36.5° (1b,2-6), the critical
pressure 61.6 atm (1), 3), and the critical volume 83 cc (3). Liquid acetylene
has been found to have a density of 0.451 at 0°and 0.613 at —80° (1b, 8, 5, 6).
Under a pressure somewhat above one atmosphere solid acetylene is re-
ported to melt at —81-2°C. (1b, 3, 6, 7-10) and to sublime at —83-4° at
atmospheric pressure (b,6,7,11). The vapor-pressure curve of acetylene
has been plotted (3, 6, 10, 12-14). The properties indicate that acetylene
like other simple hydrocarbons is not an associated substance. In this
respect acetylene is totally unlike other simple labile hydrogen compounds,
such as ammonia, hydrogen cyanide and water, which are associated be-
cause of hydrogen bonding to atoms of oxygen or nitrogen.

Villard (8) has reported the formation of a crystalline hydrate of acety-
lene, C;H.-6H;0, at low temperatures and increased pressure. This
substance is frequently responsible for clogging acetylene pipe lines. For-
crand and Thomas (8a) also investigated several mixed hydrates of acety-
lene with halogenated hydrocarbons.

The absorption spectrum of acetylene and deuterioacetylene in both the
infrared (16-36) and ultraviolet regions (37—43) has been extensively
studied. The Raman effect in acetylene also has been the subject of
numerous investigations (44-68). Herzberg, Patat and Spinks (26, 62)
have deduced the bond lengths in acetylene from Raman spectrum data
and report the C-H distance to be 1.058 A and the C-C distance 1.199 &.
On the basis of electron diffraction measurements Pauling, Springall and
Palmer (59) assign the values 1.058 & for the C-H distance and 1.205 &
for the C-C distance. The optical data also point to a linear structure
of the acetylene molecule (19, 68) as indicated in the ordinary structural
formula. The zero dipole moment of some symmetrical disubstituted
acetylenes may be cited in further confirmation of a linear structure in
acetylenic compounds (60-62). Physical data of this type tend to dis-
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2 THE CHEMISTRY OF ACETYLENE

prove the existence of acetylidene isomers of the acetylenes, which had been
proposed by Nef and other investigators (63-66) and which had later been
discredited on purely chemical grounds (67, 68). However, the existence
of a small proportion of an acetylidene isomer in tautomeric equilibrium
is a possibility (66).

The heat of formation of acetylene from graphite and hydrogen has been
calculated by several methods (69-71) and an average value of — 54,900
cal. per mol has been reported recently (72). The highly endothermic
character of acetylene is the driving force behind many of its addition
reactions, and gives it outstanding value as a gaseous fuel, but also is
attended by the danger of explosive decomposition to the elements (see
Chapter I, Sect. 5) which may be initiated by heat, electric sparks, or
by the detonation of the metal acetylides formed under certain conditions
(see Chapter II). The hazard of acetylene explosions has led to numerous
recommendations and legal restrictions on its storage, shipping, and use
(1a,78). Numerous books, articles and reviews describe explosions of acety-
lene (see Ref. 1, Introduction, and Refs. 35, 41-53, Chapter I, Section 5).
As a result of the hazardous nature of gaseous acetylene, especially under
pressure, it is always stored in a solvent in cylinders filled with a porous
solid (see Chapter I, Sect. 9).
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2. A brief survey of the structure and synthesis of the acetylenic car-
bides.* The carbides of the alkali metals, M,C,, and of the alkaline-earth
metals, MC,, yield acetylene upon hydrolysis with water or treatment with
various acidic substances. Under similar conditions the rare-earth
carbides, MC,, yield mixtures of hydrogen and acetylene with ethylene,
ethane (formerly reported as methane), and small proportions of higher
aliphatic hydrocarbons. There is evidence that these carbides are all
electrovalent compounds of the metals with the bivalent anion C,. All of
them are solids of comparatively high melting point and very slight solu-
bility in non-polar solvents. On the basis of x-ray studies of their crystal
structure, the carbides of calcium, strontium, barium, lithium, cerium,
praseodymium and neodymium are considered by Stackelberg (3) to have
ionic lattices of a modified sodium chloride type in which the anion is the
C. group. Investigations of the electrical conductivity of fused calcium
carbide (4) and the electrolysis of lithium carbide and calcium carbide
dissolved in the fused hydrides (5) show that these substances are ionized
to the metal cation and the C, anion at high temperatures. The con-
ductivity of sodium acetylide in liquid ammonia solution (6) and of com-
pressed solid sodium carbide and lithium carbide (7?) also tends to prove the
electrovalent nature of these carbides. From the research of Damiens (8)
it appears that the rare-earth carbides also may be principally simple
compounds of the metals with the C, anion, and that the metals change
from the bivalent state to a higher valence during hydrolysis, yielding
acetylene and nascent hydrogen with subsequent hydrogenation and
polymerization of a part of the acetylene to give complex and variable gas
mixtures.

The acetylenic, carbides of the alkali metals and of magnesium begin to
decompose to their elements at relatively low temperatures. Probably
for this reason these carbides may be made most readily through replace-
ment of the hydrogen of acetylene at low temperatures by the metals
(see Chapter II, Section 2). These carbides have not been made by the

* The literature has been briefly reviewed by Moissan (1) and Putnam and Kobe
@.
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action of the metal oxides on carbon, and have been prepared with difficulty
and in an impure state by the action of carbon or carbon compounds on the
metals. A mixture of potassium carbide with much excess carbon was
probably obtained by E. Davy (9) on heating acid potassium tartrate
with carbon; and the hydrolysis of this material yielded a gas having a
composition and properties which indicate that it was acetylene. This is
the earliest recorded preparation of acetylene (1837). Parsons (I/8a)
claimed that sodium carbide was produced in mixture with boron carbide
upon heating sodium tetraborate with carbon at about 1200°. The action
of sodium, potassium, rubidium and cesium on carbon at 400-800° has
been studied (10, 11, 12) without obtaining evidence of the formation of
acetylenic carbides in appreciable quantities. Moissan (73) states that
sodium carbide begins to decompose at about 400° and considers its synthe-
sis from sodium and carbon impracticable; but later workers (7.4) claim
that small quantities can be prepared at higher temperatures, presumably
as an equilibrium mixture with the metal and carbon. Baimakov (18)
has investigated the formation of sodium carbide on a carbon cathode
during the electrolysis of fused sodium halides. Lithium carbide was
isolated by Moissan (/6) upon heating lithium carbonate with carbon in
an electric tube furnace until the vapor of metallic lithium just began
to be evolved. Guntz (16) was unable to prepare it by a similar method,
but obtained it from lithium and carbon at a dull red heat, at which tem-
perature some decomposition took place. Antropoff and Miiller (7)
state that the decomposition of lithium carbide begins at 300°. Moissan
(18) proved that the carbide MgC, was decomposed in the electric furnace
and the work of later investigators (17) on the reaction of carbon with
magnesium oxide at high temperatures shows that little or no carbide is
formed. However it has also been claimed (18, 19) that a small propor-
tion of magnesium combines with carbon at lower temperatures.

Another method of preparing somewhat impure samples of these ther-
mally unstable carbides consists in heating the metals in a stream of a
gaseous carbon compound, such as an oxide of carbon, a hydrocarbon, or an
organic oxy-derivative. Thus lithium carbide was made by Guntz (16)
from lithium and ethylene, carbon monoxide, or carbon dioxide. Earlier
work (20) on the reactions of gaseous carbon compounds with heated
magnesium has been reviewed and explained by Novak (19), who treated
magnesium with various hydrocarbon gases at 400-800°. He obtained
mixtures of two carbides, MgC, predominating in the lower temperature
range and yielding acetylene on hydrolysis, and Mg,C; reaching a maximum
of 74 per cent in the product from pentane and magnesium at 700° and
yielding methylacetylene on hydrolysis. Above 800° little carbide of
magnesium appears to be formed (19, 21). From their mode of formation
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it is evident that the carbides of the alkali metals and of magnesium are of
little possible value as primary sources of acetylene, although the carblde
Mg,Cs might serve as a source of methylacetylene.

The carbides of the rare-earth metals, on the other hand, are quite stable
at high temperatures and have been made by heating the metal oxides with
carbon, usually in an electric tube furnace (22). Damiens (23) has reviewed
the methods of preparation of these carbides and the earlier explanations
of the origin of the mixed gaseous products derived from them. However,
the rare-earth carbides are entirely unsuitable for the practical production
of acetylene, because of the mixed gases produced by their hydrolysis and
because of the scarcity of these elements.

Barium carbide was first prepared by Maquenne (24) on heating barium
carbonate with magnesium powder and carbon, although he did not suc-
ceed in making the carbides of strontium or calcium in this way. Moissan
(25) prepared small quantities of barium and strontium carbides from
the metal oxides and carbon in the electric tube furnace. Thompson
(27) has studied the equilibrium of barium oxide and carbon with barium
carbide and carbon monoxide at 1145° and 1295° and the easy reduction
of barium oxide as compared to the other alkaline-earths has been demon-
strated by F. Fischer (28) at 850-1150°. A few patents on the production
of barium carbide exist (29, 30, 31), including a method of firing a mixture
of coal with barium oxide in a suitable furnace. After hydrolyzing the
barium carbide to produce acetylene, it was proposed to recover the
barium hydrate and return it to the carbide ‘furnace.

Calcium carbide possesses so many advantages, both from the manu-
facturing viewpoint and in the abundance and low equivalent weight of
calcium, that it has become almost the sole commercial source of acetylene
and is accorded a more extensive treatment in the following section.
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3. The manufacture of calcium carbide.* Hare (Z) and Deville and
Debraye (2) at an early date probably obtained mixtures containing
calcium carbide by heating lime with carbon. Wohler (3) prepared the
carbide from carbon and a zinc-calcium alloy, and was the first to recognize
the nature of the compound and to identify acetylene as the gaseous
product of its hydrolysis. For almost thirty years after this synthesis no
further important work on calcium carbide was reported. In 1893 Willson
(4) was granted a United States patent for the production of calcium
carbide from lime and coke in the electric furnace according to the equation,
CaO + 3C — CaC,; + CO. At about the same time Boehm (5), Moissan
(6) and Bullier (7) made the carbide by somewhat similar methods. The

* For reviews see Introduction (1, 8).
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priority claims of Willson were sustained, and it is generally conceded that
he initiated the commercial development of calcium carbide in America.
The conflicting claims of these workers and the early history of the develop-
ment have been discussed by Eimer (8) and in several publications on
calcium carbide.*

Calcium oxide and some form of carbon are the usual raw materials
which enter into the synthesis of caleium carbide in the electric furnace.
The calcium oxide is prepared by calcining limestone or hydrated lime,
which sometimes is recovered from acetylene generators. Special treatises*
on carbide manufacture have described numerous variations in the com-
position and pretreatment of the furnace charge. As sources of carbon,
besides coke or anthracite, a number of much less suitable carbonaceous
materials, including charcoal, bituminous coal, lignite, bitumen, pitch, tar,
peat and wood waste have been suggested. However in modern industrial
practice coke is employed almost exclusively. Domenico (19) has shown
that a coke of high electrical resistivity gives best results in modern
furnaces.

To a very limited extent other compounds of calcium have been employed
in the manufacture of calcium carbide. When calcium phosphate is heated
with sufficient carbon in the electric furnace, phosphorus is obtained by
volatilization, while calcium carbide remains in the furnace as a by-
product. This process has been investigated and developed by a number
of workers (9). Similarly sulfur and calcium carbide have been obtained
from calcium sulfate and carbon (10), and calcium carbide and carbon
disulfide from calcium sulfide and carbon (17). The quantity of calcium
carbide originating as a by-product in these processes is of course small as
compared to the total production.

For the manufacture of calcium carbide as a source of high-grade acety-
lene, coke and lime containing only minimum quantities of phosphorus,
nitrogen, sulfur and arsenic are desired, since these lead to impurities in the
gas (see Section 4). Silicon and iron as impurities influence the course of
the reaction (72) and often yield ferrosilicon. Magnesium oxide has a
deleterious effect in increasing the temperature of the furnace charge and
the energy consumption (13).

In the ordinary type of carbide furnace heat is generated by the passage
of an electric current between electrodes of carbonaceous matter and
directly through the highly resistant charge of raw materials. Furnacesin
which the heat is supplied wholly or in part by an arc or by a separate
resistance unit have been used occasionally. Descriptions of the earlier

* See Introduction (1, £).
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forms of carbide furnaces may be found in special works on carbide manu-
facture.* The larger modern furnaces have been described in a number of
journal articles (14), and more recent minor improvements and modifica-
tions are the subject of patents too numerous for inclusion in the present
work.

The energy consumption in the manufacture of calcium carbide varies
with a number of factors, such as size and construction of the furnace and
percentage of carbide in the final product; but yields of approximately
one ton per 4000 kilowatt hours usually have been reported. Power
consumption and yields have been discussed by several writers (15).

The reaction in the electric furnace begins near the melting point of the
eutectic between calcium oxide and calcium carbide and takes place chiefly
between this molten material and the suspended solid particles of carbon.
In the absence of impurities the eutectic is said to contain about 32 per
cent of calcium oxide, but in the presence of ordinary impurities the eutec-
tic holds about 30 per cent of calcium oxide and melts at about 1630°.
When the reaction has progressed to the point that calcium carbide forms
over 70 per cent of the total fused material the melting point rises towards
that of pure calcium carbide, about 2300°. As a result, when the reaction
nears completion, increased temperature is needed to maintain the reactive
fused condition. However, as the melting point approaches that of pure
carbide (about 2300°), decomposition of the carbide to calcium and carbon
begins, and the energy consumed in maintaining the higher temperature
increases costs. For these reasons a product containing more than 90 per
cent calcium carbide is seldom made commercially (16) and in some cases it
is cheaper to make acetylene from 70- to 80-per cent carbide. It has been
shown that the reaction, CaO + 3C — CaC; 4+ CO, is to some extent re-
versible and is influenced by the partial pressure of carbon monoxide. These
factors influencing reactions in the furnace have been discussed in several
technical articles (7).

Since in this process the volume of carbon monoxide produced approxi-
mately equals that of the acetylene, the recovery and use of gases from the
electric furnace are economically important and have received much
study (18).

It has been proposed (20) to prepare calcium carbide and other alkaline
earth carbides by heating the corresponding hydrides to 1750-2000° in
the presence of carbon. Somewhat similar methods consist of heating an
alkaline earth metal chloride (20) or carbonate (21) with hydrogen or am-
meonia in the presence of carbon.

* See Introduction (1, 2).
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4. The generation and purification of acetylene from carbides.* The
acetylenic carbides described in the preceding sections were found by the
earliest investigators to react rapidly with water, giving acetylene and the
corresponding metallic hydroxides. The heat of hydrolysis (I) may
produce localized temperatures high enough to polymerize a part of the
acetylene, unless overheating is prevented by the use of excess water or by
some other means. The hydrolysis of calcium carbide has of course been
studied most thoroughly, and the heat of this reaction has been reported
by Lewes (2) to be about 475 cal. per gram of pure carbide, and by Mason,
Anderson, and Jane (5) as 166 Btu per cubic foot of acetylene generated.
Lewes (2) claimed that when a minimum of water reacts with a mass of
carbide a part of the acetylene may react with steam to give carbon mon-
oxide and hydrogen; and in a few cases localized decomposition of acetylene
to hydrogen and carbon has been reported.

Besides moisture, air, finely divided solids, and condensation products
resulting from overheating, the crude acetylene also may be contaminated
with a small percentage of other gases arising from impurities in commercial
carbide* (3). Nitrogen, sulfur, phosphorus, silicon and arsenic may be
present in carbide in combination with calcium or other metals. On
treatment with water the hydrides, ammonia, phosphine, silicomethane
and arsine, may be evolved to some extent, while most of the hydrogen
sulfide is held in the alkaline solution. Modern methods of carbide manu-
facture minimize these impurities by careful control of the composition
of the charging materials. Analysis of acetylene generated from a typical
modern carbide is said to show the presence of .015-.025 per cent of phos-
phine, less than .015 per cent of ammonia, less than .01 per cent of hydrogen
sulfide, and less than .0003 per cent of arsine. At the high temperatures
occurring when little water is present during the hydrolysis of calcium
carbide, the simple hydrides above noted if present may be condensed with
acetylene to give volatile organic derivatives which are difficult to remove.
Kennedy and Holm (76) have identified divinyl sulfide as an important
impurity, and state that more is present if the temperature of hydrolysis
of the carbide is high. They have suggested removal of this impurity by
scrubbing with Chloramine T or sulfuric acid. Hydrogen is sometimes
present in very small quantities. Methods for the estimation of im-
purities in crude acetylene have been reviewed by Brown (4) and others.}

A high reaction temperature during the hydrolysis of carbides results
in a decomposition and condensation of the acetylene which both con-

* The generation of acetylene from carbide, and the impurities and purification
of the gas have been extensively discussed in special treatises; see Introduction (1,2).
t See Introduction (1, 2).
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taminates the product and reduces the yield. Accordingly, it has been the
commonest practice to prepare acetylene by the total immersion of calcium
carbide in a comparatively large volume of water which acts as a cooling
medium. Methods and devices for the hydrolysis of calcium carbide by
this method have been studied extensively, but most of the technical
literature* covers small automatic generators for local or domestic acetylene
supply.

Recently Mason, Anderson and Jane (§) have described a large-scale
method of hydrolyzing calcium carbide using little more than an equivalent
quantity of water, which is based to some extent on earlier methods (6).
This procedure consists in spraying the crushed carbide either in a ball
mill or in a rotating screen drum with a minimum of water, and con-
tinuously separating the powdered calcium hydrate. By this method
localized overheating is prevented and no temperature above 240°F was
observed.. A few other recent patents and articles (7) describe the hydroly-
sis of calcium carbide with a minimum of water. The Prestolite Company
controls United States patents (7a) on a process and apparatus by which
water is brought into reaction with calcium carbide near the bottom of a
cylindrical reaction chamber, provided with an agitator rotated about a
vertical axis. The acetylene and powdered calcium hydroxide rise to the
top of the cylinder, and in one modification the powdered hydroxide, which
overflows the top of the cylinder fills an annular seal similar to a liquid seal.
If the recovered dry hydrate could be converted to a briquet or lump form
(8), it could be used profitably for calcium carbide manufacture. Since
in some localities the accessible supply of limestone suitable for carbide
manufacture is somewhat limited, recovery of the caleium hydroxide is of
interest.

Even when prepared in the best type of generator from a good grade of
carbide, commercial acetylene usually contains traces of impurities. These
are said not to be deleterious in the gas used for welding or cutting (11, 12)
but may act as poisons for the catalysts employed in the chemical utiliza-
tion of acetylene. For some purposes it has been common practice to
oxidize these impurities, particularly phosphine, by reagents which scarcely
attack acetylene and to remove the acidic oxidized products by contact
with alkalies or by precipitation. Solutions or porous masses containing
calcium hypochlorite or potassium permanganate were at one time used or
proposed, and masses containing chromic acid appear to have been exten-
sively used in Europe. A purifying material, which was originally patented
by Granjon (156) and which is at present used in the U. S., consists of a
mixture of ferric chloride, ferric oxide, manganese dioxide, mercuric
chloride, and cupric sulfate. The mercuric chloride appears to bind the

* See Introduction (1, 2).
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phosphine in a complex which is then oxidized by the ferric salts, and the
cupric sulfate catalyzes the reoxidation of the ferrous salts by air and thus
regenerates the purifying material. This method is said to remove 95
per cent of the phosphine. At the present time nitre cake is said to be
used also in the commercial purification of acetylene. Oxidation of phos-
phine by sulfuric acid of about 85 per cent concentration at about 70°
is reported to be an industrial method of purification. Methods of evalu-
ating commercial preparations for the purification of acetylene and some
comparative tests on such materials have been published (9, 13, 14).
An older proposed method of purification consisted in the complete precip-
itation of these impurities by cuprous chloride or mercuric chloride with
other chloride salts. However, these solutions are not perfectly inert
toward acetylene, and a small percentage of volatile addition products
usually was formed. The drying of acetylene by refrigeration, or by the use
of aluminum oxide with proper precautions, or by countercurrent washing
with saturated calcium chloride solution are said to be accepted industrial
practices.

There is reason to believe that a trace of oxygen is a very important
impurity in acetylene to be used in certain syntheses, but this possibility
has received little attention. A small quantity of oxygen is known to be
very deleterious in the preparation of vinylacetylene, and probably has
effects in the polymerization, halogenation and hydration of acetylene.
The acetylene mixtures prepared by pyrolitic processes are probably more
nearly free from oxygen than acetylene derived from carbide. Both
commercially and in the laboratory, oxygen can best be removed from
acetylene by washing with an aqueous alkaline solution of sodium hydro-
sulfite containing a small percentage of anthraquinone g-sulfonic acid (10).

Gaseous hydrocarbons, carbon monoxide and hydrogen are much more
difficult to remove from acetylene; the total elimination of these impurities
is not attempted commercially, since they are not particularly deterimental
in the use of acetylene either as a fuel or for chemical synthesis.
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5. The equilibrium of acetylene with carbon and hydrogen and its
bearing on the direct synthesis, decomposition and storage of acetylene.
Berthelot (1) prepared small quantities of acetylene by means of an arc
between carbon electrodes in an atmosphere of hydrogen. Dewar (2)
concluded that this reaction resulted solely from the high temperature
attained. The equilibrium of carbon and hydrogen with acetylene has
been investigated by a number of workers (3-7, 9-11). In the equilibrium
mixtures produced, either from acetylene or from the elements, little acety-
lene appears to exist between 1000° and 1700°, and above 1700° the con-
centration increases with rising temperature up to a point at which the
equilibrium changes because of the formation of atomic hydrogen. Frost
(12) states that considerable yields can be obtained only in the region of
3100° to 3200°. The continuous formation of acetylene in this high
temperature range may be due in part to a tendency of complex carbon
structures to break down under these conditions into C; groups rather than
into any other simple units. The proportion of acetylene recoverable
from the carbon arc in hydrogen has been reported as about seven to eight
per cent. Since a higher concentration of acetylene can be made by the
pyrolysis of hydrocarbons, the synthesis of acetylene from the elements
has not usually been considered suitable for commercial application, al-
though Brading (13) has patented an arc apparatus for this purpose. A
somewhat related method consists in cracking hydrocarbons in the electric
arc in the presence of finely divided carbon (22).
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Of greater practical significance is the fact that acetylene, being an
endothermic compound, can decompose to its elements with the evolution
of heat. The decomposition at pressures not much above one atmosphere
will first be considered. Berthelot (74) noted that at atmospheric pressure
and a dull red heat in vessels of inert material, polymerization was the
principal reaction of acetylene (see Chapter V, Section 2), while at some-
what higher temperatures the polymerization was associated withdecom-
position to carbon and hydrogen. He considered that this decomposition
took place through a mechanism involving the formation and total de-
hydrogenation of polymers. Haber (15) observed that heat was evolved
during these reactions. It was later found that the decomposition of
acetylene was practically complete in the range 1150°-1325° (7, 16), and
that noticeable decomposition began in porcelain tubes at about 480° and
became the chief reaction at 800° (9).

Several metals have been found to increase the rates of polymerization or
decomposition and to influence somewhat the nature of the produects.
Some of these metals, when finely divided, have also been reported to
initiate the reactions at comparatively low temperatures. Thus Moissan
and Moureau (17) found that pyrophoric iron, nickel and cobalt, and finely
divided platinum became incandescent when placed in a rapid stream of
acetylene at room temperature, and noted the formation of hydrogen,
carbon and oily products. Since these reactions are promoted by increased
heat and pressure, it appears probable that the catalytic effect of metals is
at least partly due to the localized heat of adsorption of the acetylene and
also to the high concentration of acetylene in the adsorbed layer. Berthelot
(8) first discovered the catalytic decomposition of acetylene by iron. A
similar effect of iron, nickel and cobalt has been observed by several workers
at temperatures between 200° and 400° (18-23). Extensive decomposition
of acetylene in contact with iron has been noted at higher temperatures
(24-28), and a few iron compounds have been found to produce a similar
effect (29, 30). Finely divided platinum (18, 31) and palladium (32)
have been reported to induce the decomposition of acetylene at moderate
temperatures. Copper and to a lesser extent a few other metals cause the
condensation of acetylene to cuprene at about 250° (see Chapter V, Section
3), but the catalytic decomposition of acetylene over copper at somewhat
higher temperatures has been observed also (21, 25, 27, 33, 34). Man-
ganese (21) was found to promote acetylene decomposition above 480°.
Most of these reactions were accompanied by hydrogenation and the
appearance of traces of oily condensation products of acetylene. In many
cases particles of the metals became distributed throughout the carbon
deposits, so that coating of the metal with carbon did not completely stop
the catalytic effect. Metals other than those mentioned above appear to
have little effect on the rate of decomposition of acetylene (8). The effect
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of the various forms of carbon on acetylene decomposition is naturally
difficult to determine, and has been the subject of seemingly conflicting
reports. Schlapfer and Brunner (35) considered that carbon accelerates
the decomposition of acetylene. The catalytic effect of various substances
on acetylene decomposition has been reviewed by Egloff, Lowry and
Schaad (36).

As a result of these studies it is obvious that only substances which do not
catalyze the decomposition of acetylene should be used in apparatus for the
pyrolytic processes of manufacturing acetylene, to be discussed in Section 7.
To prevent catalytic deposition of carbon in apparatus of this type, several
materials of construction or special coatings have been patented, including
an alloy of iron and chromium (37), a coating of tungsten, molybdenum,
osmium or tantalum, or their alloys or carbides (38), a coating of molybde-
num, tantalum or chromium (39, 40), and a process for treating the surface
of apparatus at high temperatures with boron, silicon, phosphorus, arsenic,
antimony, bismuth or selenium, or their compounds (40).

At pressures somewhat above one atmosphere a decomposition which is
initiated in any part of a mass of acetylene may spread through the whole
body of the gas with explosive violence. Propagation of the explosion
may be prevented if the heat of localized decomposition is rapidly dis-
sipated, as for example by the cooling effect of a narrow tube or of packing
material. Berthelot and Vielle (41) showed that at above two atmos-
pheres’ pressure explosions of acetylene were initiated by a spark, an
incandescent wire, or a detonator. At pressures below two atmospheres
it was more difficult to cause explosions. These findings were confirmed
and extended by numerous other investigators (35, 42-46). The dilution
of acetylene by inert gases was found to hinder explosive decomposition.
The explosiveness of liquefied acetylene (41, 47, 49) and of solid acetylene
(50) has been demonstrated by a number of workers. Experiments on
acetylene explosions have been summarized in several reviews (36, 61-53).
These properties make pure acetylene at high pressures an exceedingly
dangerous material; accordingly, it cannot be stored by simple liquefaction
or compression in cylinders, as is the practice with most other gases, but
must be dissolved in a solvent under suitable conditions (see Section 9).
However it has been claimed in a patent that solid acetylene is safe for
transportation and storage (64).
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6. The preparation of acetylene by desaturation processes employing
chemical reagents. Acetylene has been prepared by several rcactions
which result in splitting off pairs of atoms or groups from more completely
saturated carbon compounds. The term ‘‘desaturation reactions” is
applied as a general designation for processes of this kind. For the prepara-
tion of acetylene the removal of one or more pairs of halogen atoms by
metals or of one or two molecules of hydrogen halide by alkalies has been
employed most frequently. As applied to the production of acetylene,
reactions of these types have chiefly a historical interest, some of them
having served as an early source of the pure gas. The type reactions may
be represented by the following equations in which X represents a halogen
and M a metal.

9HCX; + 6M — C,H, + 6MX
HXC=CXH + 2M — C,H. + 2MX

H;C—CHX; + 2MOH — C.H. + 2MX + 2H,0
XH,C—CH,X + 2MOH — C,H, + 2MX + 2H,0
H,C=CHX + MOH - C.H, + MX + H.0

Acetylene has been prepared from several organic halogen compounds
by the dehalogenating action of sodium, zinc and a few other metals. In
this way acetylene was made from chloroform (1), iodoform (2), bromoform
(3), tetrabromoethane (4, 11), the diiodoethylenes (5) and the symmetrical
dibromoethylenes (5a). This method has served for the preparation of
acetylene homologs in a few cases, but its use for this purpose is limited
by the lack of easy means of obtaining suitable halogen compounds.

The action of alkalies in splitting out hydrogen halides from vinyl halides
or from dihaloethanes was utilized for the production of acetylene from
vinyl chloride, vinyl bromide (6, 12), symmetrical dibromoethane (7),
ethylidene dibromide (72) and symmetrical dichloroethane (8). Hot
alcoholic solutions of caustic alkalies have customarily been employed in
these reactions because of their solvent power for organic halides. The
authors (unpublished) have also found that ethylene dichloride and vinyl
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chloride are readily converted to acetylene by a solution of sodamide or of
sodium in liquid ammonia.

Acetylene mixed with haloacetylenes usually results from the action of
alkalies on more highly halogenated derivatives of ethylene or ethane. In
these cases the removal of hydrogen halide is either accompanied or
followed by replacement of the remaining halogen by hydrogen. Thus
acetylene has been obtained from tribromoethane (9), dibromoethylene
(10), tetrabromoethane (11), dichloroethylene (12), dibromoethylene (13)
and diiodoethylene (74). The haloacetylenes are also known to be con-
verted to acetylenes by caustic alkalies (see Chapter IIT, Section 1). A
similar replacement of halogen by hydrogen may sometimes occur during
the removal of halogen atoms by metals. Thus some acetylene has been
obtained from the reaction of tribromocthylene (15) and tetrabromo-
ethylene (16) with zinc dust in aleohol. These procedures are somewhat
dangerous because the chloro- or bromoacetylenes, when present in the
gaseous product, are explosive and spontaneously inflammable in air.

Processes of dehydrohalogenation provide the most general method
for the preparation of other acetylenic compounds. However, many of
these procedures require prolonged heating of the halogen compounds with
alkalies, and this sometimes results in dehydrohalogenation in an unex-
pected direction or in rearrangement of the acetylenic product (see Chapter
ITI, Section 2). For this rcason, when pure acctylenic compounds are
desired, it is often advisable to employ the alternative synthetic methods of
substitution in acetylene described in Chapter III.
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7. The production of acetylene by the pyrolysis of organic compounds.
Berthelot (1) isolated acetylene by regenerating it from cuprous acetylide,
which had been observed previously (2, 3) as a precipitate formed by the
action of pyrolytic hydrocarbon gases on an ammoniacal cuprous salt solu-
tion. Following this discovery, a variety of organic compounds were
found to yield acetylene when pyrolyzed in a hot tube or exposed to in-
duction sparks (4-10). Although in a few cases (4, 7) the gaseous product
was fairly rich in acetylene, the yield on the basis of organic material
broken down was usually very low. The other products were liquids,
hydrogen, amorphous carbon, lower olefins and paraffins.

After the successful commercial production of acetylene from calcium
carbide beginning about 1894, interest in the pyrolytic preparation of
acetylene declined for a time, only to be revived much later by the increas-
ing supply of very cheap organic raw materials such as natural gas, mix-
tures of gaseous paraffins and olefins from cracking processes, crude
petroleum and its various fractions, and heavy tars and asphalts. Me-
thane, which is the principal constituent of natural gas, cannot be trans-
ported profitably from many producing regions, and use as a fuel or as a
source of carbon black is limited. Accordingly, processes for converting
it to oth~~ hydrocarbons have been much sought. However, the high
temperature required for the rapid pyrolysis of methane obviates good
yields of olefins or higher paraffins, and although aromatic hydrocarbons
may be formed at about 1200°, the conversion of methane to acetylene
and hydrogen promises to become one of the most important methods for
its utilization. For these reasons the high-temperature cracking of
methane has received more attention than any other proposed process for
the pyrolytic manufacture of acetylene. In parts of Europe where natural
gas is not abundant, a study also has been made of the pyrolysis of coke-oven
gas, or of water gas or methane mixtures derived from carbon monoxide
and by-product hydrogen. The cracking of low-value petroleum residues,
asphalts and tars as potential sources of acetylene has aroused some
interest. Since the other gaseous paraffins, the gaseous olefins, and the
low-boiling distillates are valuable for other purposes, they have been given
less attention as raw materials.

The failure of the earlier investigators to obtain high yields of acetylene
and prevent carbon deposition in the pyrolysis of gaseous hydrocarbons
may be ascribed to the unduly prolonged heating periods employed. More
recent work has shown that there is a very short optimum heating interval
for maximum acetylene production, which varies in length with the tem-
perature, pressure and the composition of the gas to be treated. A tem-
perature in the range 1400-1500° often has been employed. The advantage
of a short heating period is apparently that the decomposition and poly-
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merization of acetylene, when diluted with other gases, is slower than the
reactions which lead to its formation. Accordingly, by carefully limiting
the duration of heating, good yields of acetylene may be obtained; more
prolonged heating produces the usual equilibrium mixture, containing
much less acetylene and increased proportions of carbon and hydrogen
and small percentages of methane and other hydrocarbons. A short
heating period implies a quick and effective method of cooling the off-gases,
and this is usually accomplished by an extremely rapid flow of gas through
the pyrolyzing chamber and into the cooling mechanism.

The pyrolysis of methane or mixtures, such as natural gas or coke-oven
gas, has been the subject of numerous investigations during the past decade
(11-48). A variety of heat sources have been used for this purpose, in-
cluding externally heated tubes, electric resistance heating elements, and
spark or arc electric discharges. Of these methods cracking by means of
an electric arc at rather low pressure appears to be most effective. In
general at a temperature of 800-1100° benzene and other aromatic hydro-
carbons are formed in considerable quantities from methane (17-14) unless
the heating period is very short. A group of German chemists studied
the pyrolysis of methane by a flow method at low pressures and at various
temperatures above 900° and with heating intervals of 0.0001 te.,].0 second
(16-22). By plotting the yield of acetylene against the time of heating at
a constant pressure and a number of different temperatures, it was shown
that the optimum heating period decreased with rising temperature.
Diminished pressure was found to favor acetylene formation; under the
best conditions the yields were high on the basis of the methane reacting,
and few by-products were obtained. A number of other investigators
have observed the advantages of low pressure on the production of acety-
lene from methane (23-28). Studies of the pyrolysis of methane by sev-
eral chemists also have shown (28, 29, 36) similar effects of pressure, tem-
perature and heating time. ,

A number of diluents have been shown to increase the yields of acetylene
based on the quantity of methane p rolyzed, although the concentration
of acetylene in the gaseous pr 'uct may be lowered by the dilution (18,
26, 28, 29-40). Another pur} e of dilution is to decrease or prevent the
deposition of carbon in the ap} iratus. Although hydrogen may constitute
75 per cent or more by volume of the gases formed in the pyrolysis of
methane a number of investigators have observed that addition of hydro-
gen to the methane before pyrolysis increases the yield of acetylene (18,
26, 28, 29-35). It has been claimed (36, 37) that addition of hydrogen
chloride or equivalents of hydrogen and chlorine to methane increases the
yield of acetylene. The use of carbon dioxide or steam as diluents also
has been found to give favorable results (38-40). Carbon dioxide, steam
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and hydrogen chloride have the great advantage of being easily removed
by washing.

The catalytic effect of the wall materials in the reaction chamber and of
several solid packing materials on the pyrolysis of methane has been the
subject of a few investigations (11, 12, 33, 41-44). In general the yield
of acetylene was sometimes decreased and never markedly raised by contact
with the solids.

Concerning the reactions occurring during the pyrolysis of ‘methane,
somewhat divergent views have been expressed (1.4, 41, 42, 46-48). Fischer
(14) considered that the radicals —CHj;, =CH, and =CH were formed
as intermediates, and Peters and Wagner (21, 45) interpreted the spectrum
analysis of the arc pyrolysis of methane as indicating the presence of these
radicals. A mechanism based on thermodynamic considerations has been
proposed by Kassel (46) in which methene, CH,, formed by direct dehydro-
genation of methane, combines with a second molecule of methane to give
ethane. The ethane is then dehydrogenated to ethylenc and the ethylene
to acetylene. This mechanism has been in part confirmed by Storch (47),
who was able to isolate large proportions of ethylene and ethane when
methane was heated at low pressures by a carbon filament in a quartz
bulb immersed in liquid nitrogen. Later Belchetz (48) claimed to have
detected methene as the primary product of the decomposition of methane.

The similar preparation of acetylene from other lower paraffins or olefins
has received less study (6, 29, 49-67). Fischer and Pichler (54) have
investigated the effects of pressure, temperature, heating time and dilu-
tion in the pyrolysis of ethylene and ethane, and in general their results
were similar to those observed with methane.

A number of writers (15, 18, 20, 29, 30, 32, 34, 65, 68-66) have reviewed
the production of acetylene from methane and other organic materials
and have compared the cost and the power consumption in arc pyrolysis
with those of the calcium-carbide industry. For example Peters (20)
states that if the reaction, 2CHs — C,H. + 3H: — 91 cal., could be
realized, the cost of acetylene should be only about 36 per cent of the cost
of acetylene from carbide. Although a close approach to this efficiency
is not likely to be attained, it appears that acetylene as a mixture with
other gases probably can be produced much more cheaply by pyrolytic
methods than from calcium carbide. However, the cost of separating or
concentrating the acetylene from the gas mixtures largely offsets this
decreased cost of production (see Section 9). )

The patent literature on the pyrolytic manufacture of acetylene has
grown enormously in the past few years. A large number of patents have
been issued for the arc treatment of gaseous, vaporized or sprayed liquid
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hydrocarbons and other carbonaceous materials, which specify modified
types of the arc apparatus, special characteristics of the are, or which
limit the rate of passage, partial pressure, dilution or intake temperature of
the hydrocarbons used (67-80).

The pyrolysis of similar materials by contact with the heating elements
of electric resistance or induction furnaces has also been the subject of a
few reviews and patents (81-84).

The preparation of acetylene by the passage of an arc through liquid
hydrocarbons is a promising method and has the advantage of quickly
cooling the gaseous product by contact with the liquid. Since the hot
gases do not come into contact with the walls of the reaction chamber,
catalytic decomposition of acetylene at the walls and the breakdown of
the wall materials present no problems. The carbon formed may be
filtered from the liquid and is accordingly less troublesome than accumula-
tions of carbon during the pyrolysis of hydrocarbon gases. The gas mix-
tures produced by this method usually contain a considerable proportion
of lower olefins along with acetylene and hydrogen. Special apparatus
and procedures for the manufacture of acetylene by means of a submerged
arc have been claimed in a number of patents (85-88) and have been the
subject of a few review articles (89, 89a, 90). The use of electrical resist-
ance heating units immersed in liquid hydrocarbons also has been patented
91).

The lack of cheap clectric power near some important sources of natural
gas and petroleum has drawn attention to other possible methods of heating
(92-98). As stated by Storch (40, 65), temperatures of 1500-1600°,
suitable even for the pyrolysis of methane, may be obtained by the combus-
tion of preheated natural gas with preheated compressed air. The heat
may be applied either to the outside of refractory tubes (92, 92a) or, more
efficiently, to a checker-work heat exchanger in which combustion and
pyrolysis take place alternately (96-98). Procedures of the latter type
have been patented. This method is related to the preparation of acetylene
by the incomplete combustion of hydrocarbons described in the following
section.

Processes of these types are of special interest in America where cheap
hydrocarbon gases are available; but European investigators have given
more attention to electrical methods of pyrolysis in order to conserve their
scanty resources of gaseous hydrocarbons.

A variation of the pyrolytic preparation of acetylene has been proposed
(99), which consists in passing hydrocarbon gases at high temperature over
an alkali or alkaline-earth oxide to form an acetylenic carbide, from which
the acetylene is regenerated in the usual way.
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8. The production of acetylene by the incomplete combustion of organic
compounds and related methods. Berthelot (1) first showed that acetylene
resulted from the incomplete combustion of organic compounds, and pro-
cedures of this type for the laboratory preparation of acetylene were
devised (2-3). Hofmann and Will (5) made an early investigation of the
formation of acetylene by the incomplete combustion of several organic
compounds. Since this method avoids both the high cost of electric dis-
charge heating and many of the heat-exchange difficulties of other pyrolytic
methods, attempts have recently been made to apply it on a manufacturing
scale. However, the optimum temperature for the formation of acetylene
is not readily reached in this way, and the product usually contains a lower
concentration of acetylene than that from other pyrolytic processes.
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Fischer and Pichler (6) have reported the preparation of acetylene from
mixtures of coal gas or methane with air or oxygen at various pressures
when passed through heated porcelain tubes at different rates of flow.
Apparatus and methods for the manufacture of acetylene by incomplete
combustion of gaseous hydrocarbons have been the subject of numerous
patents (7-17). Patents of the I. G. Farbenindustrie (7) claim an im-
proved yield of acetylene by the incomplete combustion of gaseous hydro-
carbons in the presence of elemental silicon, and the Soc. d’Etudes et
d’Exploitations des Matiéres Organiques (10) has employed a number of
metals and their compounds as catalysts. Methods and apparatus for the
preparation of acetylene by the incomplete combustion of liquid hydro-
carbons by a submerged flame also have been patented (18, 19). This
method is said to be promising because clogging of the apparatus with
carbon can be avoided and because the off gases are quickly cooled by the
surrounding liquid.

Wheeler, Binnie and Imperial Chemical Industries (20) and Rudder
and Bierdermann (27) have patented methods consisting in the addition of
hydrogen and chlorine to a gaseous hydrocarbon so that the heat of the
resulting reaction decomposes the hydrocarbon. The advantages of dilu-
tion are thus secured and the hydrogen chloride may be removed by
washing more readily than other diluents.

References

(1) Berthelot, Ann. chim. phys. (4), 9, 413-8 (1866); (5), 10, 365-9 (1877).

(2) McLeod, J. Chem. Soc., 19, 151-4 (1866).

(3) Rieth, Z. Chem., 1867, 598-9.

(4) Roemer, Ann., 233, 182-5 (1886).

(5) Hofmann and Will, Ber., 66, 3228-33 (1922).

(6) F. Fischer and Pichler, Brennstoff-Chem., 11, 501-7 (1930).

(7) 1. G. Farbenind. A.-G., Brit. P. 265,234 (1926); C. 4., 22, 243 (1928). Brit. P.
200,322 (1927); C. A., 28, 846 (1929). Brit. P. 347,493 (1930); C. A., 26, 2752
(1932). Brit. P. 408,691 (1932); Brit. Chem. Abs., 1984B, 615. Brit. P. 408,934
(1934); Brit. Chem. Abs., 1984B, 615; C. A., 28, 5467 (1934). Brit. P. 408,691
(1934); C. A., 28, 5467 (1934). Brit. P. 470,360 (1937); C. 4., 82, 596 (1938).
French P. 705,854 (1930); C. 4., 26, 155 (1932). French P. 818,183 (1937); C. 4.,
82, 2148 (1938). German P. 536,361 (1929); C. A., 26, 999 (1932).

(8) Haeuber and Linkh, U. S. P. 1,804,765 (1933), C. A., 27, 2458 (1933).

(9) Mittasch Frankenburger and Wietzel, U. S. P. 1,823,503 (1932); C. 4., 26, 150
(1932).

(10) Soc. d’Etudes et d’Exploitations des Matiéres Organiques, Brit. P. 282,690
(1926); C. A., 22, 3667 (1928). .

(11) Burgin (to Shell Development Co.), U. 8. P. 1,965,770 (1934); C. A, 28, 5474
(1934). Groll and Burgin, U. 8. P. 1,965,771 (1934) C. A., 28, 5474 (1934).
Can. P. 353,604 (1936); C. A., 80, 1543 (1936)

(12) Voituron, Brit. P. 349,067 (1929) C. A, 26, 5314 (1932). Bnt. P. 352,280 (1929);
C. A, 26, 53156 (1932).

(13) Soc. d’Etudes Scientifiques et d’Enterprises Industrielles, Brit. P. 349,067
(1930) ; Brit. Chem. Abs., 1981B, 832. Brit. P. 352,280 (1929); Brit. Chem. Abs.,
1881B, 960. French P. 692,395 (1929); C. A., 25, 1259 (1931).



PHYSICAL PROPERTIES, PREPARATION, PURIFICATION 29

(14) Winter, Hull, Ferguson and Imperial Chemical Industries, Ltd., Brit. P. 332,731
(1929); C. A., 26, 304 (1931).

(15) Millar (to Shell Development Co.), Can. P. 309, 544 (1931); C. A., 25, 2441 (1931);
U. 8. P. 1,896,552 (1933); C. A., 27, 2696 (1933).

(16) F. Fischer and Pichler, French P. 719,035 (1931); C. 4., 26, 3261 (1932).

(17) Chaffette, French P. 733,248 (1932); C. A., 27, 813 (1933).

(18) N.-V. de Bataafsche Petroleum Maatschappij, French P. 713,012 (1930); C. A.,
26, 1624 (1932). Brit. P. 364,418 (1930); C. 4., 27, 1365 (1933).

(19) Consortium fiir Elektrochem. Industrie, German P. 568,673 (1927); C. 4., 27,
2741 (1933). Hermann and Baum, U. S. P. 1,864,196 (1932); C. A., 26, 4347
(1932).

(20) Wheeler, Binnie and Imperial Chemical Industries, Ltd., Brit. P. 353,913 (1930);
C. A., 26, 5314 (1932); U. S. P. 1,942,889 (1934); C. 4., 28, 1720 (1934).

(21) Rudder and Biedermann, French P. 748,861 (1933); C. A., 27, 5340 (1933).

9. The solubility of acetylene in liquids and its adsorption on solids,
as applied to storage of the gas and separation from gas mixtures. Acety-
lene is characterized by a high solubility in certain selective solvents as
compared to the lower solubility of gaseous olefins and paraffins in the
same media. This property finds application in the storage of dissolved
acetylene in cylinders and in the solvent separation of acetylene from gas
mixtures. The abnormal solubility of acetylene appears to be the result
of an attraction or association between either a labile hydrogen atom or
to a lesser extent an unsaturated carbon atom of acetylene and an electro-
negative atom in the solvent such as oxygen, nitrogen or halogen, which
has an unshared electron pair in its outer shell. Copely and Holley (1)
have postulated hydrogen bonding between the hydrogen of acetylene
and oxygen or nitrogen atoms in several solvents. Other chemists, how-
ever, regard this affinity of an acidic hydrogen for an electronegative atom
as a simple electrostatic attraction. Similar associations involving the
hydrogen atoms of hydroxyl and amino groups are well known. How-
ever, certain acetylenic compounds which do not contain a labile hydrogen
atom also appear to have a rather high solubility in certain solvents con-
taining oxygen or nitrogen, and this behavior may perhaps be due to the
presence of unsaturated carbon atoms. In this connection it is significant
that the presence of unsaturated carbon atoms in keto and nitrile groups
also appears to produce molecular association of compounds containing
these groups.

The solubility of acetylene in selective solvents is greatly increased by a
high pressure of the gas above the solvent. This condition may be repre-
sented by an equilibrium which is forced to the right by an increased

partial pressure of acetylene:

C.H,, gas = C;H,, solution = C,H,, associated with solvent

According to these concepts, several features of the composition and
structure of the molecules of a liquid may influence the effectiveness of the
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liquid as an acetylene solvent. If solubility is the result of the presence of
an uncoordinated electronegative atom in the solvent molecule, then sol-
vents containing oxygen or nitrogen and no acidic hydrogen should be more
effective than similar solvents containing acidic hydrogen and cones-
quently having association between solvent molecules. It is significant
that water, alcohols (7), phenols, carboxylic acids (7), amides and aryl
amines are not particularly good solvents for acetylene. On replacing the
labile hydrogen in any of these substances by a small alkyl group their
solvent power for acetylene appears to be markedly increased.

In general, atoms having the greatest clectronegativity would be ex-
pected to have the greatest effect in increasing acetylene solubility. How-
ever, a steric factor also may be important in establishing the equilibrium

C.H; + solvent = association complex

The speed of dissociation of this complex may depend chiefly on the strength
of the attraction or bonding between the acetylene molecule and the electro-
negative atom of the solvent, while the speed of association may depend in
large part upon the accessibility of the electronegative atom, and be in
inverse proportion to the steric hindrance of the remainder of the solvent
molecule. The attractive force between acetylene and a solvent is prob-
ably weak at best; and according to this concept the maintenance of a high
concentration of such a weakly associated complex depends chiefly on a
very high rate of association, madc possible by a very accessible electro-
negative atom in the solvent. This may be the reason why oxygen in car-
bonyl groups and nitrogen in nitrile groups appear to be more effective in
promoting the solubility of acetylene than oxygen in ethers or nitrogen in
tertiary amines. Similarly, primary alkyl chlorides having an exposed
chlorine atom seem to act to some extent as selective solvents for acetylene.

The weak association complexes formed by acetylene with solvents are
naturally much more stable at lower temperatures, and the solubility of
acetylene in these selective solvents usually increases rapidly with dimin-
ishing temperature.

Table 1 gives the reported solubility of acetylene in a number of liquids.

In order to show the effect of electron donor atoms in the solvent Copley
and Holley (1) have computed the mol fraction solubility of acetylene in a
number of solvents under one atmosphere partial pressure of acetylene,
as compared with the theoretical mol fractions calculated from Raoult’s law.
Their results are given in Table 2. .

The earliest application of the solubility of acetylene consisted in the
development of the practice of storing acetylene in solution. Claude and
Hess (4) found that the danger of explosion was obviated by storing
acetylene as a solution in acetone under pressure, and noted the enormous
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Table 1. Solubility of Acetylene.

G Ratio gf

Solvent T%l‘lllp. Total Ce CiHy Ctmil‘ O%Oélfﬁ!
e prese. sgﬁ;e;i sélogegnt ti:g:ﬁ: Rt

in lig.
Acetone? —80 1 atm* [2000 2
. 0 38.6 3
“ 5 4.4 3
. 10 30.68 | 3
) 15 27.33 | 3
. 20 220 | 3
. 30 198 | 3
« 10 0.1 | 3
‘ 15 latm | 25 4
“ 18 1 atm 18.1 5
‘“ 25 1 atm 13.1 5
“ 15 12 atm | 300 4
Methyl propyl ketone —-10 1 atm 14.8 6
Acetoacetone -10 1 atm 10.2 6
Acetaldehydec -10 745 mm 59.94 6
Acrolein? -10 latm | 22.6 6
Propionaldehyde -10 1 atm 24.2 6
Methylale -10 735 mm 54.34 6
Acetal -10 742 1nm 28.84 6
Methyl formate® —-10 740 mm 48 .44 6
Ethyl formate —-10 738 mm 42.24 6
Methyl acetate -10 736.5 52.3% 6
“ “ 0 38.04 3
« ‘ 10 30.13 3
¢ ‘“ 25 21.25 3
Ethyl acetate —-10 742 mm 44 .5k 6
Isoamyl formate -10 739 mm 17.5% 6
Isoamyl acetate —-10 738.5 29.34 6
Dimethyl formamide 20 1 atm | 33-37 5
“ “ 25 1 atm | 28-32 5
Diethyl formamide 20 latm | 20.6 5
Dimethyl acetamide 20 1latm | 27.8 5
Tetramethyl urea 20 latm | 29.2 5
Dimethyl acetonyl amine 23 1 atm 14.3 5
Trimethyl carbamate 23 latm | 18.5 5
Trimethyl glycine 23 1latm | 15.5 5

N,N,N’,N’-tetramethyl

amino amino acetamide 23 1 atm 16.4 5
Dimethyl oxamethane 24 1 atm 14 5
Ethanol¢ 18 1 atm 6 7
Cyclohexanol 26 0.963 | 8
Amyl aleohol 18 1 atm 3.5 7
Acetic acid 18 1 atm () 7
Paraffin oil? 0 755 mm 1.03 9
Chloroform 18 1 atm 4 7
Carbon bisulfide 18 1 atm 1 7
Carbon tetrachloride 0 0.256 10
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Grams Rc:;ig ’?f
Temp. Total Ce CiHla C:H: per of Cni'[:
Solvent (°C.) press. ‘gf‘l; e‘;ft 8:33 esn X t:)n g‘;;' Ref.
in liq.

Aniline 4.2 1 atm 0.8 11
Benzene 4 755 mm 0.744 Sl 1
Dimethylaniline 0.3 | 751 mm 0.737 11
Nitrobenzene 3.8 | 735 mm 0.553 11
Ethyl mustard oil —-10 1 atm 3.2 6
Ethylidene cyanhydrin -10 1 atm 2.8 6
Water/ 19.5 | 755 mm 0.97 9
“ 12 755 mm 1.06 9

@ These values are little influenced by pressure.

b See (14, 15, 17, 17a) for additional data. See also (13) for acetone-water mixture.
¢ Acetaldehyde in mixtures (6).

4 Acrolein formed a solid complex with acetylene.

¢ Average values are given.

! See (9, 18, 16).

7 See also (12).

» Gas volume reduced to standard conditions.

Table 2. Solubility of Acetylene in Donor Solvents.

Mol fraction
Solvent Temp. (°C.)

Observed Calculated
Diethyl acetal -10 0.200 0.04
Methylal -10 0.192 0.04
Acetaldehyde -10 0.177 0.04
Ethyl acetate -10 0.168 0.04
Ethyl formate —-10 0.144 0.04
Methyl acetate —-10 0.163 0.04
Methyl formate —10 0.142 0.04
Isoamyl acetate -10 0.166 0.04
Isoamyl formate —10 0.095 0.04
Acetic acid 18 0.0150 0.0245
Ethyl alcohol 18 0.0151 0.0245
Benzene 4 0.0252 0.0342
Aniline 4.2 0.0223 0.034
Dimethyl aniline 0.3 0.037 0.0382
Nitrobenzene 3.8 0.0223 0.0345
Cyclohexane 3 0.0176 0.0352
Acetone 0.0 0.092 0.038
Acetone 16 0.074 0.026
Acetone 15 0.490 0.312¢
Acetone 25 0.0402 0.0206

¢ Pressure of acetylene was 12 atmospheres.

increase in the solubility of acetylene in acetone produced by high pressures
of acetylene (2, 4, 18). Janet (19) observed that the margin of safety
is greatly increased by allowing the acetone to impregnate a porous ma-



PHYSICAL PROPERTIES, PREPARATION, PURIFICATION 33

terial, and a number of such materials have been patented for this purpose.
Cylinders filled with a porous solid saturated with a solvent liquid are al-
most universally used at the present time for the transportation and storage
of acetylene (17). Sauerbrei (27) has reviewed the subject of solid fillers
for acetylene cylinders. Acetone is almost always employed but the simi-
lar use of several other solvents (6) has been proposed. However, for this
purpose a solvent either must be cheap or must have low volatility to
reduce losses as the gas is withdrawn. If the acetylene is to be used as a
fuel for cutting or welding, the solvent must be such as to have no adverse
effects on the properties of the flame.

As was stated in the preceding sections, the gases produced by the
pyrolysis of organic compounds at high temperatures contain acetylene
mixed with much hydrogen, some methane, and lesser quantities of other
saturated, olefinic and aromatic hydrocarbons. Traces of more highly un-
saturated substances such as butadiene, allene, methylacetylene and
diacetylene, or their homologs, also may be present. Carbon monoxide
is an important component of the mixed gases when the pyrolysis is carried
on in the presence of steam, carbon dioxide or oxygen as in the incomplete
combustion methods. When nitrogen is present, ammonia and a trace of
hydrogen cyanide may also be formed. Often the concentration of acety-
lene in the mixtures is less than 20 per cent by volume. Since this diluted
gas cannot be stored in cylinders with solvent acetone in the usual way,
and since it is unsatisfactory for some fuel and chemical uses, a number
of attempts have been made either to remove the most objectionable im-
purities, to concentrate the acetylene, or to separate it from mixtures of
this type.- The separation and purification of acetylene from pyrolytic
gas mixtures is the most expensive step in this mode of preparation. The
most promising methods of separation involve the use of selective solvents.
These have sometimes been applied in combination with other procedures
such as selective adsorption on solids, removal of impurities by chemical
reagents, and partial condensation at low temperatures and high pressures.

As a preliminary step in the solvent separation of acetylene, some of the
more reactive impurities and those having the highest boiling points usually
are removed. The acidic components of the gas mixture, such as hydrogen
cyanide, hydrogen sulfide and carbon dioxide, may be eliminated by wash-
ing with aqueous alkalies. The*removal of hydrogen sulfide by oxidation
also is possible. The small proportion of products having more than two
carbon atoms in the molecule may be extracted by fractional condensation
(20) or by washing at temperatures near their boiling points with solvents
of low volatility such as nitrobenzene, gas oil (21, 22) or halogenated hydro-
carbons (21). The dienes and higher acetylenic hydrocarbons are even
more soluble in acetone than is acetylene and may be stripped out by
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acetone at temperatures above that suitable for dissolving acetylene (23).
These highly reactive unsaturated hydrocarbons also may be removed by
polymerization by sulfuric or phosphoric acid (24), or on contact with
silica gel (24, 256) or aluminum chloride (24).

After these preliminary steps the gas mixture is treated with selective
solvents which extract the acetylene from the residual gas, consisting
chiefly of hydrogen, methane, ethylene and ethane. Separations by selec-
tive solution of the acetylene have been described, employing acetone at
low teémperatures (26), acetaldehyde (6), acetonitrile at —10° (28, 29),
water under pressure (30), liquid sulfur dioxide, carbon dioxide, ammonia,
methyl chloride or ethyl chloride (31), glycol diacetate (32) and various
other ethers and esters of glycol and glycerol, ethyl lactate (33), poly
glycols and their esters and ethers (34), “Cellosolves” (35), lactones (36),
diethyl oxalate (37), diethyl carbonate (38), cyclohexanone (39), ketones
having more than three carbon atoms (40), several completely alkylated
amides of carboxylic acids (5) and a variety of other organic solvents (41).

The boiling points of the principal gaseous components of these mixtures
are so low that the methods of total fractional condensation and distillation
have not been applied commercially to their separation. However the
condensation of all components except methane and hydrogen, followed by
fractionation of the liquefied portion, is said to be feasible on an industrial
scale (42), but involves the hazards of handling liquid acetylene. Methods
consisting of combinations of solvent extraction with partial condensation
and fractionation also have been patented (43-45).

Another type of process for the separation of these gas mixtures is the
selective adsorption of the gases on porous solids. Acetylene and the
highly unsaturated components appear to be more firmly held on most
adsorbent solids than the simple olefins, and these in turn are more firmly
held than the lower paraffins or hydrogen. Silica gel, kieselguhr (46) and
charcoal (47-49) have been patented as adsorbents for the separation of
acetylene. In practice, some provision must be made for dissipating the
heat of adsorption of acetylene in processes of this kind and this presents
a difficult problem. It is claimed that the acetylene may be recovered
from the solid by lowering the pressure and increasing the temperature or
by treating with steam. These adsorption methods may be used in com-
bination with solvent extraction.

It should be noted that the hydrogen and most of the other hydro-
carbon gases in the mixtures are recovered in these processes, and the
value of these by-products must be considered in evaluating the separation
methods. .

As an alternative procedure, it has been proposed to use gas mixtures
containing acetylene for the direct synthesis of acetaldehyde (60-62) and
in other chemical processes.
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10. The laboratory purification and analysis of acetylene. For labora-
tory use acetylene usually is either generated from calcium carbide or
drawn from a commercial storage cylinder. If carbide is employed it is
preferable to use a carbide to water type generator, observing precautions
against localized overheating. It is also advisable to use a precipitant or
an oxidative purifying agent to remove traces of phosphine and other
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impurities. (See Chapter 1, Section 4.) However, it is usually more
convenient to use the gas from a storage cylinder. In this case most of the
impurities arising from carbide have been reduced to a proportion which is
negligible if the gas is to be used as a raw material for laboratory syntheses.
The gas from a cylinder does contain acetone in quantities which increase
with decreasing pressure in the cylinder. Sodium bisulfite solution has
been employed to remove acctone. Passing the gas through strong sulfuric
acid in an efficient wash bottle also removes acetone and part of the other
trace impurities but may introduce sulfur dioxide and acid spray. These
may be eliminated by a soda-lime tower or by a dilute sodium hydroxide
wash followed by a drying agent. If it is essential to remove oxygen from
the gas an alkaline solution of sodium hydrosulfite containing a little
anthroquinone sulfonic acid () may be placed in the train. Horiuti (2)
and Conn, Kistiakowsky and Smith (3) have described somewhat more
claborate purification methods. However, acetylene may contain traces
of impurities such as hydrogen, nitrogen, methane, or ethane which can
not be removed by chemical reagents. Accordingly if the gas must be
exhaustively purified it appears essential to liquify and distil it. This
procedure requires special technique and precautions which do not seem
to have been adequately described in the literature.

For the qualitative detection of acetylene a variation of the cuprous
acetylide precipitation is always used, since the characteristic red color
of the acetylide can be scen even when present in minute quantities.
(See Chapter II, Section 5.) However, the acetylide is readily oxidized
with darkening by air in an alkaline medium, and a reducing agent such
as hydroxylamine is necessary to preserve the pure red color. Test papers
based on this reaction have been deseribed (4). For a much more sensitive
test, modifications of Flosvay’s solution have been recommended (5).
This consists of an ammoniacal cuprous chloride solution containing gelatin
which acts as a protective colloid to keep the acetylide in a fine state of
division so that its color is more readily observable at great dilution.
Czaco (6) states that this reagent is sensitive to acetylene in concentrations
of 2-4-19 per cent if proper precautions are taken.

Tlosvay’s solution, also has been used for the colorimetric estimation of
acetylene (5,6). However, the color depends upon both the size of the colloi-
dal particles and the absence of impurities such as traces of hydrogen sulfide
or larger quantities of oxygen or carbon dioxide. Accordingly, most inves-
tigators have preferred to estimate the quantity of acetyhde formed either
by careful drying and weighing as the explosive carbide C:Cuz (7) or better, by
dissolving the acetylide in acid and determining the copper by any standard
method (8). Since the red cuprous acetylide in an ammoniacal solution
is readily attacked by oxygen which darkens the color and may alter the
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ratio of copper to carbon, it is recommended that a reducing agent such as
hydroxylamine or hydrazine be added to the ammoniacal cuprous chloride
solution ().

Chevastelon (9) and Ross and Trumbull (10) have described the estima-
tion of acetylene, especially in the presence of ethylene, by titration of
the nitric acid liberated by the gas from a neutral silver nitrate solution
according to the equation, C;H: 4+ 3AgNO; — C.Ag.AgNO; + 2HNO;.
Hoeppner and Willstitter and Marchmann (17) report that the method is
not very reliable. Novotny (12) proposed that the silver in the precipitate
be determined. Lebeau and Damiens and Wellers (73) used a slightly
alkaline solution of mercuric iodide and potassium iodide to precipitate
acetylene in the presence of olefins.

In gas volumetric analysis methods, reagents, containing copper, silver or
mercury which are capable of absorbing acetylenc are nearly always capable
of taking up lesser quantities of olefins, diolefins, carbon monoxide or higher
acetylenic hydrocarbons, so that methods depending upon loss of gas
volume in such reagents arc of questionable accuracy.

A microchemical method for the estimation of acetylene by reaction
with a bead of cuprous chloride made alkaline with ammonium hydroxide
has been proposed (14).

The analysis of carbide acetylenc for common impuritics has been
described in several treatises on calcium carbide and acetylene (see Ref.
1, Introduction) and a few reviews (16). A number of methods which
describe special adaptation of these procedures to particular gas mixtures
cannot be discussed in this work.
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Chapter II

Metallo-Derivatives of Acetylene

1. Types of metallo-derivatives of acetylene. The metallo-derivatives
of acetylene are of two distinct types.

First, acetylides, in which the triple bond persists, are formed by the
replacement of one or both of the hydrogen atoms of acetylene by a metal
or a metallo- radical. They may result from the action of acetylene on a
metal with the evolution of hydrogen, from the action of acetylene on a
metal compound with the elimination of the corresponding hydrogen com-
pound, or from a metathetic reaction between an acetylide and a metal salt.

HC=CH +M — MC=CH + H
HC=CH + MR —» MC=CH + RH
MC=CH + M'X — M'C=CH + MX

Second, metallo- addition compounds of acetylene usually contain all

of the components of acetylene and an added metal compound.

CgHg + MX — CzHg'MX

In several cases the components of the metal salt become directly linked to
the carbon atoms with partial or complete saturation of the triple bond.
The structures of several other metallo- addition compounds of acetylene
remain unknown.

Metals of the first two groups of the periodic table and a few other
metals and metallo- radicals of low valence are known to form acetylides.
No attempt has been made to prepare and study all the possible metal
acetylides, and only those have been investigated thoroughly which are
useful either for the qualitative or quantitative estimation of acetylene or
as intermediates in the preparation of substituted acetylenes (see Chapter
III). Side reactions appear to prevent the formation of acetylides of cer-
tain metals. Thus reactions which might be expected to yield cupric’
acetylide yield diacetylene and a cuprous salt, and several other metals
probably behave in the same way. The hydrogenation of acetylene by
chromous salts and its oxidation by osmium salts appear to obviate the
preparation of acetylides of these metals.

The metal compounds which add to acetylene include mercuric and
cuprous salts; halides of aluminum, phosphorus, arsenic and antimony; a
few palladous, aurous, chromous and silver salts; and possibly others.
The greatest importance of some of these metal compounds lies in their use
to promote the addition of non-metallic substances to acetylene. Metal

40
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salts employed in this way are commonly referred to as catalysts; however,
additive compounds of the metal salt with acetylene can usually be shown
to exist in the catalytic mixtures, and these should probably be looked
upon as intermediates which are continually regenerated in a cycle of re-
actions. As will be shown later, metal compounds are used for the promo-
tion or control of most of the commercially important addition reactions
of acetylene.

The formation of metal acetylides is reviewed in Sections 2-5, and the
metallo- addition compounds in Sections 6-10 of this chapter.

2. The preparation of acetylides by direct reaction of acetylene with
alkali or alkaline-earth metals. With the alkali and alkaline-earth metals
acetylene behaves as a very weak acid (see Section 3), forming the metal
acetylides with evolution of hydrogen. Berthelot (1) early suggested
that the acetylides of the alkali metals formed at ordinary temperatures
have the simple formula, MC=CH, and this view is usually accepted.
Moissan (2) later advanced the theory that these compounds, as well as
the alkaline-earth acetylides, consist of one molecule of acetylenic carbide
associated with one molecule of acetylene, MC=CM:C;H,. In confirma-
tion, he cited the fact that these compounds lose acetylene and are con-
verted to the carbides on heating. However, the same reasoning would
assign complex formulas to many metal hydroxides and amides which are
generally considered to have simple ones. Moissan also claimed to have
obtained sodium carbide from the acetylide by treatment with iodine, but
this reaction has not been confirmed. In opposition to this theory,
Skossarevsky (3) pointed out that all the reactions of these acetylides may
best be explained on the basis of the simple formulas. The question can
be settled conclusively only by the development of a technique for deter-
mination of the molecular weights of the compounds, but all other evidence
points to the simple formulas, M—C=CH and M(C=CH),.

On this basis the replacement of one hydrogen atom of acetylene by an
alkali or alkaline-earth cation appears to retard greatly the replacement of
the second hydrogen atom. At low temperatures these metals thus tend
to form the monometallic acetylides rather than the carbides, just as under
similar conditions they form the hydroxides rather than the oxides and the
amides rather than the imides or nitrides. Different and more drastic
treatment is needed for the replacement of both hydrogen atoms of acet-
Ylene by these metals.

The simple acetylides are formed with some evolution of heat by the
direct action of acetylene on the more electropositive metals, either in the
solid or fused state, or better in liquid ammonia solution.

M + HC=CH — MC=CH + } H,
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Acetylene acts upon the solid alkali or alkaline-earth metals to give at
most a superficial coating of acetylide which delays further reaction, as
was early observed by Berthelot (1) and later by Moissan (2). The same
authors and also Matignon (4) prepared the acetylides of sodium and po-
tassium by the reaction of acetylene with the metal heated slightly above
its melting point. Further elevation of the temperature results in the
formation of acetylenic carbides, MC=CM, and the method is, accord-
ingly, not applicable to the preparation of acetylides of metals having a
higher melting point, such as lithium and the alkaline-earth metals. It
appears very difficult to secure complete reaction between acetylene and
molten sodium or potassium because of enclosure of particles of unreacted
metal by the acetylide.

The production of the alkali-metal acetylides from the fused metals sus-
pended in xylene has been patented (5); however even in this type of pro-
cedure incrustation of the metal globules hinders the reaction. A method
also has been patented in which the molten metals mixed with an inert
solid material are treated with acetylene in a revolving drum (6).

The alkali and alkaline-earth metals are soluble in liquid ammonia, and
crystalline acetylides of these metals are obtained readily by the action of
acetylene on the solutions. In this way Moissan (2) made the acetylides
of lithium, sodium, potassium, calcium, rubidium and cesium. Hess and
Munderloh (7) employed the method for making a quantity of sodium
acetylide. Cottrell (8) reported a similar preparation of the acetylide of
magnesium, although this metal is very slightly soluble in liquid ammonia.
Some of the acetylides made in this way appear to hold ammonia of crys-
tallization. The acetylide of lithium was found to retain two molecules
of ammonia for each atom of metal, calcium acetylide four molecules of
ammonia per atom of metal, and magnesium acetylide a maximum of five
molecules of ammonia per atom of metal; the other alkali-metal acetylides
held no ammonia at ordinary temperatures. These proportions conform
to the general rule that the number of molecules of ammonia of crystalliza-
tion in a salt increases as the radius of the cation decreases or as its valence
increases. In further confirmation of this view all reactions of the am-
moniated acetylides in liquid ammonia solution appear to be similar to
those of the non-ammoniated acetylides. The authors in unpublished
work have found that the ammonia can be removed completely from cal-
cium acetylide by placing it over phosphorus pentoxide in an atmosphere
of acetylene. _

Vaughn, Hennion, Vogt and Nieuwland (9) have called attention to a
modified technique for the more rapid preparation of sodium acetylide in
liquid ammonia, which is of interest because of the extensive use of this
material in making substituted acetylenes, This method is equally ap-
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plicable to the acetylides of the other metals which dissolve in this medium.
At atmospheric pressure acetylene appears to be quite soluble in both liquid
ammonia and also in the liquid ammonia-acetylide solutions at a tempera-
ture below their boiling points, but it is completely expelled from the solu-
tions on boiling. The presence of metallic sodium in the ammonia greatly
diminishes the solubility of acetylene, and if the concentration of the metal
is high, the solubility of acetylene seems to be practically nil. Accordingly,
the most rapid reaction takes place with a minimum concentration of
sodium metal and a high concentration of acctylene attained by cooling
the liquid ammonia solvent several degrces below the boiling point. If no
other means of cooling is at hand, a solution of acetylene may be main-
tained by blowing a stream of excess acetylene through the liquid ammonia,
thus cooling it by evaporation. It should be remembered that in this
reaction a volume of hydrogen and ethylene is evolved equal to one-half
the volume of acetylene reacting, and some cooling results from evapora-
tion of ammonia in this gas stream. Sodium may be added to the reaction
mixture in a concentrated solution or better by regulating the depth of
immersion of a solid stick of the metal suspended on a wire (10). To avoid
loss of time, the reacting solution is never allowed to become blue through-
out. At approximately —33° solid sodium does not dissolve readily in the
saturated acetylide solution, and concentrated solutions of sodium appear
not to be miscible with it. At this temperature the accumulation of dis-
solved sodium acetylide retards the reaction and a rapid rate can be at-
tained only in solutions which are somewhat less than saturated. In a
bath cooled by solid carbon dioxide the solubility of sodium acetylide in
liquid ammonia is decreased and sodium is soluble in the saturated solution.
Accordingly, at the lower temperature solid sodium acetylide accumulates
in the reaction mixture. The saturated solutions of the less soluble acetyl-
ides of the other metals also give much less retardation. The liquid am-
monia used as a solvent should be anhydrous and the solutions should be
protected from contact with moist air, because the sodium hydroxide formed
is a very undesirable impurity. By observing these precautions large quan-
tities of sodium acetylide can be prepared in a fraction of the time other-
wise required.

Moissan (2) found that the nascent hydrogen produced in liquid ammonia
solution hydrogenated a portion of the acetylene, and hydrogenation of
the mono-substituted acetylenes in reactions of this type also has been
reported (9, 11). Accordingly a metathetic reaction with sodamide (see
Section 3) is advisable with the more costly monosubstituted acetylenes;
but sodium acetylide is more easily made from the liquid ammonia solution
of the metal, and any loss through conversion of acetylene to ethylene is
neglected. |
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The replacement of both hydrogen atoms of acetylene by the alkali or
alkaline-earth metals has been accomplished only at somewhat higher tem-
peratures, either by the action of acetylene on the metals or their hydrides,
or by the loss of a molecule of acetylene from two molecules of the alkali
acetylides, MC=CH. The formation of sodium carbide by these methods
between 190° and 220° has been reported by several investigators (1, 2, 4,
12). The authors (13) have noted that loss of acetylene from sodium
acetylide begins at about 160° under partial vacuum. Moissan (2) pre-
pared the carbides K,C,, Rb.C; and Cs,C; by heating quickly the corre-
sponding acetylides, but some decomposition of these substances occurred
at the same time. Moissan also reported the preparation of Li,C, from the
ammoniated acetylide, to which he assigned the formula Li,C, - C.H,- 2N Hj,
and of CaC, from the compound CaC,-C.;H;-4NHj; on heating. Botolfsen
(14) showed that mixtures of calcium carbide with the nitride and other
impurities resulted from heating the ammoniated calcium acetylide. We
have recently been informed in a private communication (15) that pure
calcium carbide may be prepared from the ammoniated acetylide by the
removal of the ammonia under vacuum at room temperature and subse-
quent heating to eliminate acetylene.
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3. The preparation of acetylides by metathetic reactions of acetylene
with metal compounds having weakly negative anions. Since a hydrogen
atom when directly linked to an acetylenic carbon atom is more labile than
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the hydrogen of most other hydrocarbons, some investigators have looked
upon acetylene and the mono-substituted acetylenes as weak acids. How-
ever, the researches of several chemists have shown that acetylene is only
very slightly ionized as measured by its conductivity in water or liquid
ammonia solutions (7). A fairly accurate concept of the lability of the
hydrogen atoms in acetylene may be attained by a comparison of the meta-
thetic reactions of acetylene and other substances having labile hydrogen
with salts having weakly negative anions. The following reactions illus-
trate the position of acetylene in a series of slightly acidic hydrogen com-
pounds.

NaCH; + NH; —» NaNH, + CH,

NaCH; 4+ C.H, — NaC=CH + CH,

NaNH, + Cull, — NaC=CH + NHj

NaNH, + H,0 — NaOH + NH;

NaC=CH + H.0 — NaOH + C:H.

In general these reactions appear to lead to the formation of the hydride
having the least labile hydrogen, and accordingly the order is methane,
ammonia, acetylene and water. In these reactions the equilibrium is far
to the right and the displacements are practically complete. Strictly con-
sistent results are obtained with similar compounds of all the more electro-
positive metals, but the covalent compounds of some of the less positive
metals do not react in this way. The series of weakly negative anions and
of the corresponding hydrides might easily be interpolated and extended:
for instance, many aryl groups occupy a position between the alkyl groups
and the amino group, while the oxyradicals of alcohols and phenols appear
to be capable of displacing the ethynyl group, and amino and imino groups
probably fall either above or below the ethynyl group, depending upon
their organic components. A series of this kind is of value in predicting
substitution reactions of acetylene. In this connection research to deter-
mine the relative acidity of a number of very weak acids is of interest (2).

Metathetic reactions of weakly acidic hydrogen compounds and their
salts frequently do not go entirely to completion, but the tendency to re-
action is often strong enough to overcome unfavorable factors of solubility
or volatility. Thus slightly soluble sodamide suspended in liquid ammonia
is easily converted to the soluble acetylide by the action of acetylene.
However some evidence may be cited for the existence of traces of these
acetylides in equilibria with aqueous or alcoholic alkalies. For example,
Billitzer (1) concluded that the greater solubility of acetylene as compared
to ethylene in aqueous alkalies was due to the formation of minute propor-
tions of alkali acetylides. Better evidence of equilibrium conditions may
be found in the experiments of Reyerson and Yuster (8), which proved that
a rather rapid exchange of deuterium for the hydrogen of acetylene took



46 THE CHEMISTRY OF ACETYLENE

place in solutions of alkali in heavy water, while no exchange could be de-
tected in neutral or acidified heavy water. Bell (4), using a lower concen-
tration of heavy water at 76° in most of his experiments, failed to observe
the isotopic exchange; but further work by Reyerson (5) and Reyerson
and Gillespie (6) confirmed the previous findings. These results can best
be ascribed to the formation of acetylide ions in alkaline solution, and the
same conclusion can be derived from the necessity for alkaline conditions
in a number of substitution reactions of acetylene to be discussed in
Chapter III.

When one hydrogen atom of acetylene has been replaced by a substituent,
the lability of the remaining hydrogen atom is influenced. The introduc-
tion of the same substituent into water, acetylene and ammonia appears
to produce the same qualitative effect on the lability of the remaining hy-
drogen atoms; for example, phenol, phenyl acetylene and aniline appear
to have more labile hydrogen atoms than the corresponding water, acety-
lene and ammonia. However the comparative lability of hydrogen atoms
in mono-substituted acetylenic compounds has received little study.

The only procedure of the metathetic type which has been applied ex-
tensively to{acetylene is the reaction with alkyl or aryl Grignard derivatives
in ether.%

/ 2RMgX + C,H, —» XMgC=CMgX + 2RH

The halomagnesium group, unlike the alkali metals, upon replacing one
hydrogen atom of acetylene does not appear to retard greatly the replace-
ment of the second hydrogen atom at ordinary temperature. Jozitsch (7)
reported the preparation of compounds of the type XMgC=CMgX by
the action of acetylene on ether solutions of the Grignard reagents prepared
from methyl, ethyl, isobutyl and isoamyl iodides, from propyl, butyl, iso-
butyl, isoamyl and benzyl bromides, and from tertiary-butyl and benzyl
chlorides. Similar results were obtained later by others (8). These di-
halomagnesium derivatives of acetylenc are useful for the direct synthesis
of certain other di-substituted derivatives of acetylene (see Chapter IIT).
Lespieau (9) claimed that the dihalomagnesium acetylides could also serve
for the preparation of mono-substituted acetylenes by the preferential
reaction of one of the MgX groups, e.g.,

RCHO + XMgC=CMgX — XMgC=C—CHOHR.

However, the synthesis of mono-substituted acetylenes from these reagents
usually has been accounted for by assuming that the Grignard derivative
from acetylene contains a greater or less proportion of a monohalomag-
nesium acetylide, HC=CMgX.

Oddo (10) appears first to have called attention to the possibility of ob-
taining a considerable proportion of a monohalomagnesium derivative of
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acetylene in a reaction of this kind. He made the compound HC==CMgBr
from acetylene and phyenylmagnesium bromide. Jozitsch and later
Zal’kind and Rosenfeld (17) also made this compound as almost the sole
product when acetylene was passed into the boiling ether solution during
the preparation of phenylmagnesium bromide. Evidence that varying
quantities of a similar product may result from other Grignard reagents
with acetylene was noted by Dupont and later workers (8). Grignard,
Lepayre and Tcheou Faki (72) investigated conditions of temperature and
acetylene pressure governing the relative formation and the equilibrium
of the di- and monohalomagnesium derivatives of acetylene in ether and
benzene solutions. The equilibrium, XMgC=CMgX + C.H, = 2HC=
CmgX, was forced to the right by an added pressure of one-half atmosphere
of acetylene, and yields of 80 to 90 per cent of HC=CMgX were obtained
at various temperatures. Thus the proportions of the two types of acety-
lene compounds appear to be reached cither by direct formation or by
equilibrium changes, and to be influenced by the identity of the original
Grignard reagent and by acetylene pressure, temperature and solvent.

By a similar reaction Jozitsch (7) made 1ZnC=CZnl from ethylzinc
iodide and acetylene in ether, and Durand (13) claimed to have obtained
the compound ZnC, from zinc diethyl and acetylene in ligroin.

The organic groups of organo-metallic compounds of the less electro-
positive metals are not replaced by reaction with acetylene (74) and in
this respect are quite unlike the organo-compounds of the alkali metals,
of zinc and of magnesium. Thus Durand (13) failed to replace the organic
radicals by reactions between acetylene and the ethyl and phenyl com-
pounds of mercury and lead, which of course are practically non-ionized.
On the other hand the authors, in unpublished work, reported that they
were able to dissolve insoluble amide or imide compounds of silver, lead,
tin and mercury by the action of acetylene on the solids suspended in liquid
ammonia made alkaline by the presence of sodium or potassium acetylide.
The soluble silver and mercuric compounds were obviously quite different
from the acetylides of these metals made in aqueous solutions (see Section
5). Similarly, it is known that the amides and imides of several of the less
electropositive metals are converted to oxides or hydroxides by water,
whereas the organo-compounds of the same metals are inert toward water.
It is quite probable that most metallic amides and imides, which are decom-
posable by water, will also react with acetylene in liquid ammonia under
the proper conditions, but this procedure has received little attention.

Moissan (15) made the acetylides of sodium, potassium, rubidium,
cesium and calcium by the action of acetylene on the hydrides of the métals
at 100°, according to the reaction, MH + C;H: — MC=CH + H;. He
later reported that in the presence of traces of water a violent reaction
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between acetylene and the hydrides began at ordinary temperature, where-
as in the absence of water the reaction began at about 42°.

Picon (16) found that sodamide suspended in liquid ammonia was con-
verted to sodium acetylide by acetylene, and the experience of several
investigators (16, 17) shows that sodium compounds of the mono-substi-
tuted acetylenes are best prepared by the parallel action of the hydrocar-
bons on sodamide.
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4. The preparation of acetylides by metathetic reactions of acetylides
with other metal salts. A promising but meagerly developed general
method for the preparation of acetylides consists in the metathetic reactions
of anhydrous salts of the metals or metalloids with sodium acetylide in
liquid ammonia or with acetylenic Grignard reagents in ether or other
organic solvents. Thus Mahler (1) has reported the formation of amor-
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phous compounds of the empirical composition P;Cs and As,Cs from
XMgC=CMgX on reaction with the phosphorus and arsenous halides in
ether. These compounds were inert toward acids and alkalies and insolu-
ble in ordinary solvents. The yellow phosphorus compound ignited on
warming in air, and the brown arsenous compound exploded by warming
or friction. Wieland and Wesche (2) prepared the compound (CHj),AsC=
CAs(CHs), by the action of cacodyl chloride, (CHj)aAsCl, on the compound
BrMgC=CMgBr. Acetylenc was regenerated from the bis-cacodyl acetyl-
ide by the action of alkalies.

The authors (3) have carried out some investigations on the action of a
large excess of sodium acetylide in liquid ammonia solution on cuprous,
silver antl mercuric salts. The products first formed were soluble, and by
rapid evaporation of the solutions were obtained in mixture with a sodium
salt and sodium acetylide as non-explosive, colorless solids. However,
when the same solutions were allowed to stand for some time, or when less
than one equivalent of sodium acetylide was used, precipitates resulted
which resembled the ordinary explosive, insoluble “carbides” of these
metals. Weibel (4) also obtained acetylide precipitates of variable com-
position by the action of anhydrous nickel and lead thiocyanates on a solu-
tion of potassium acetylide in liquid ammonia. It was found that the
nickel compound decomposed on standing to give a cuprene-like solid.
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6. The preparation of acetylides by metathetic reactions of acetylene
with certain metal salts in aqueous or alcoholic solutions. On treatment
with acetylene in aqueous or alcoholic media, acetylide compounds are pre-
cipitated from alkaline or even neutral or slightly acid solutions of certain
salts of copper, silver, mercury, gol and perhaps a few other metals. In
order to react in this way it appears that the metal must exist as a cation
in solution, since slightly ionized compc inds such as the cyanides and the
thioglycolates of these metals are inert. It is quite probable that both the
slight ionization of the resulting acetylides and the insolubility of most of
them are factors favoring their formation. However, these reactions can-
not be attributed entirely to the insolubility of the products; for instance,
the acetylide compounds from silver thiosulfate and from alkyl mercuro-
nium salts are quite soluble in aqueous alkalies. A number of these com-
pounds have a complex structure due to the introduction into the acetylide
molecule of groups or anions which were linked to the metal in the orig-
inal salt.
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The preparation of acetylides in this way seems to depend upon a specific
property of the metals named, and acetylide formation does not occur with
salts of most other metals in aqueous or alcoholic solution. Thus Durand
(1) failed to obtain acetylide precipitates from the hydroxides of nickel,
cobalt or lead in aqueous alkaline solutions. Alkaline media are most
favorable for this reaction, and of course metals such as lead and tin,
which ordinarily form a part of the anion in alkaline solutions, cannot be
expected to react in this manner; but the authors have also failed to obtain
an acetylide from the cation of triethyllead chloride in alcoholic potash,
although the alkylmercuronium salts reacted readily under the same
conditions. It is probably significant that most of the metal salts which
yield acetylides in water or alcohol are also known to form moke or less
definite addition or association compounds with unsaturated hydrocarbons
in the same solvents, indicating that similar addition compounds may be
intermediates in this type of acetylide formation. The best example of
this mechanism has been provided by Manchot and co-workers (2), who
have proved that certain liquid mono-substituted acetylenes form com-
pounds of the type RC==CH - CuCl when treated with dry cuprous chloride;
these compounds, on contact with aqueous ammonia or even with water,
lose hydrogen chloride and are converted to acetylides of the composition
RC=C—Cu.

In fact metal-salt addition compounds of acetylene may be present in
some acetylide precipitates of this type, and it is difficult to distinguish
between addition compounds and complex acetylides of these metals by
analyses alone. Although the substances thrown down by acetylene from
alkaline solutions of salts of the metals are thought to be acetylides in all
cases, the precipitates formed in neutral and acid solutions of mercuric
salts appear to be almost entirely addition products, while the structure of
some similarly formed silver and copper compounds is rather doubtful.

Acidic substances, especially the halogen acids and hydrogen sulfide,
evolve acetylene from the acetylides of these metals. Baeyer (3) first
used a potassium cyanide solution to liberate diacetylene from its cuprous
salt, and this method has also been found applicable to acetylides. How-
ever the alkali cyanides cease to act in the presence of much caustic alkali
and the acetylides can even be made from the cyanides of copper, silver and
mercury in strongly alkaline solutions. The results are probably due to
the non-ionized condition of these metal cyanides in neutral solutions.
Another test for acetylide structure in compounds of this type consists in
the formation of diiodoacetylene on treatment with iodine in solution. In
the present work it has been assumed that a compound of these metals is
an acetylide rather than an addition compound if it conforms to one or
more of these tests.
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Some, but not all, of the acetylide compounds of the metals named are
explosive. Accordingly, non-explosiveness is not sufficient to prove that
a precipitate formed in this way is an addition compound, as sometimes
has been assumed. The explosive properties of the silver acetylide de-
rivatives have been studied most and appear to be due primarily to the
large quantity of energy released upon their decomposition with libera-
tion of elemental silver and carbon. Thus Berthelot and Delepine (4)
calculated that the heat of formation of the compound CiAg, from the ele-
ments is —87.15 keal/mole, as compared to —8.8 keal for CoNas, —6.25
keal for CaC; and —58.1 keal for acctylene. The presence in complex
acetylides of oxidizing groups such as nitrate, bromate or perchlorate, and
also of the halogens, appears to increase the explosiveness, while the pres-
ence of non-oxidizing anions, such as sulfate, phosphate or organic acid
residues, appears to decrease the explosiveness. Although the explosion
of these substances is very rapid on friction or excessive heating, their
quiet decomposition can be accomplished by carcful heating at a lower
temperature.

Copper, silver, mercury and gold, in contrast to the alkali and alkaline-
earth metals, tend to replace both hydrogen atoms of acetylene at ordinary
temperature. The preparation of the acetylide compounds of these metals
will now be taken up in detail.

The red, explosive acetylide precipitate obtained by passing pyrolytic
gases through an ammoniacal cuprous chloride solution was described (5)
a few years before its exact naturewas known. By treating this precipitate
with hydrochloric acid Boettger (5) regenerated a gas which Berthelot (6)
prepared in the same way, purified and named acetylene. Early workers
assumed that recovery of the acctylene from the cuprous acetylide precipi-
tate was quantitative, but it was soon found that the regenerated acetylene
was not, perfectly pure because of an addition reaction of hydrochloric acid
to form vinyl chloride, and also because of alteration of the precipitate in
air to yield a cuprous compound of diacetylene (see Chapter III, Section 5).

A number of attempts have been made to deduce the structure of the
red cuprous acetylide from analytical data (7-73). Blochmann (8) and
Scheiber and Reckleben (11) showed that the apparently water-free precipi-
tate had the approximate composition Cu.C,-H,O and suggested the struc-
tural formula HC=C—Cu-CuOH. Acids, hydrogen sulfide and potassium
cyanide solutions were found to regenerate acetylene from this substance,
while iodine in sodium hydroxide solution gave diiodoacetylene (13). It
was also found that on prolonged drying over sulfuric acid (9) or calcium
chloride (11) the precipitate approached the composition Cu,C,. A similar
red precipitate has been obtained from ammoniacal solutions of other
cuprous salts in the presence of salts of other metals (11). Kuespert (14)
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called attention to the colloidal condition of the acetylide made in dilute
solutions of cuprous salts, and found that the colloid could be stabilized
by the addition of gelatin. This acetylide is best prepared in a pure state
in the presence of a reducing agent such as hydroxylamine (16), sulfur
dioxide (16) or hydrazine sulfate (17).

The distinctive red color of these copper acetylide precipitates from
alkaline solutions is the basis for a number of qualitative tests for acetylene.
Berthelot early called attention to the reaction as a specific test, and
Deniges (18) developed a test paper for acetylene based on this reaction;
Pietsch and Kotowski (19) have devised an especially sensitive method
using a cuprous salt in a hydroxylamine solution.

For quantitative determinations of either acetylene or copper Scheiber
(11) advises the preparation of the red acetylide precipitate, followed by
either dehydration and direct weighing or conversion of the copper to sul-
fide or thiocyanate. This reaction also has been employed in many gas-
analysis methods for estimation of acetylene by the loss in volume on con-
tact with an alkaline cuprous solution (20). A modification of the cuprous
salt-hydroxylamine reagent containing gelatin has been employed for the
colorimetric estimation of acetylene (21).

There is some evidence of the formation of more complex cuprous acety-
lide compounus in neutral or slightly acid solutions of certain cuprous salts.
Thus Bhaduri (22) obtained an acetylide precipitate containing the thio-
sulfate group from a solution containing cuprous thiosulfate, and Scheiber
and Reckleben (11) found that iodine entered into the composition of what
appeared to be a cuprous acetylide compound precipitated in the presence
of potassium iodide.

From a dilute ammoniacal cupric salt solution an explosive acetylide
precipitate was prepared by Soederbaum (23), who assigned to it the for-
mula 12CuC,-H;0. Only a “humic” material was liberated from this
substance by acids or a potassium cyanide solution. Durand () obtained
a red-brown precipitate by passing acetylene into a solution of cupric
oxide in aqueous potassium hydroxide. The fresh material gave acetylene
on treatment with hydrochloric acid, but the older, blackened material
gave only a colloidal substance. These substances may have been impure
cuprous acetylide precipitates resulting from partial reduction of the
cuproic salts. The probable decomposition of cupric acetylides is dis-
cussed in the following chapter in connection with the preparation of
diacetylene. ’

An explosive precipitate of silver acetylide was obtained by Quet and by
Boettger (5) on passing pyrolytic gases through an ammoniacal silver ni-
trate solution, Berthelot (6, 7) in his early studies on acetylene also in-
vestigated this precipitate, and noted that the material varied in color from
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yellow to pure white due to conditions of formation. Plimpton, Arth and
Stettbacher (24) later established that the yellow precipitate was formed
first, especially in dilute ammoniacal solutions of silver salts. Blochmann
(8) assigned the formula HC=C—Ag,0H to a yellow specimen when dried
at a low temperature; his analysis showed a percentage of silver only a
fraction of one per cent above the theoretical value of 83.7 per cent. Lossen
(25) also obtained a yellow substance closely approximating this composi-
tion by the elimination of carbon dioxide from the silver salt of acetylene
dicarboxylic acid upon treatment with hot water. Berthelot and Delepine
(4) later obtained a similar yellow substance by the action of acetylene on
moist silver oxide. However, the yellow precipitate appears to pass into
a white substance containing a higher proportion of silver on more pro-
longed reaction; white precipitates also are obtained directly from more
concentrated solutions of silver salts in aqueous ammonia. Conditions
suitable for formation of these different types of precipitates have never
been defined exactly, and in view of these facts some of the investigations
of silver acetylide precipitates may have been made upon mixtures of more
than one compound.

Early analyses of air-dried precipitates having little yellow coloration
(26) gave varying proportions of silver up to 89 per cent, and formulas
with more or less oxygen and hydrogen were proposed. Kesser (9) proved
that his white precipitate, when washed with alcohol and ether and dried
over sulfuric acid at reduced pressure, closely approached a silver content
of 89.99 per cent, the composition of Ag.C,, and that the weight of the
dried material remained practically unchanged on explosion in vacuum,
with no evolution of hydrogen, oxygen or steam. This constitution of the
thoroughly dried white acetylide precipitate from ammoniacal silver ni-
trate solutions was later confirmed by other workers (4, 27). Pollitzer
(28) has suggested the quantitative determination of acetylene from the
weight of this compound.

More complex acetylide precipitates are also formed by the action of
acetylene on neutral or slightly acid solutions of a number of silver salts
and even on alkaline solutions of the silver halides. In these reactions a
portion of the anionic material of the silver salt is liberated as acid, while
the remainder is held in the precipitate. Berthelot (7) reported a com-
pound, HC,Ag:Cl, from ammoniacal silver chloride, and precipitates of
undetermined composition from the sulfate, phosphate and benzoate.
Berthelot and Delepine (4) studied precipitates obtained from ammoniacal
silver chloride, silver iodide in aqueous potassium iodide, and aqueous silver
nitrate and sulfate, and proposed formulas based on the composition
C:Ag;X, in some cases with an added molecule of C,Ag; or of the original
silver salt. By the action of acetylene on neutral aqueous solutions of
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silver salts Plimpton (24) reported precipitates of the compositions C;Ags-
41H,0 and C,Ag,-3H,0 from the acetate, and 3C,Ag,-2AgNO;-H;0 and
C.Ag:-2AgNQs-H,O from the nitrate. Similarly, Edwards and Hodgkin-
son (29) obtained a precipitate of the composition C.H,:Ag,0-Ag,CrO,
from silver bichromate, and also precipitates of undetermined composition
from the acetate, benzoate, butyrate, selenate, tungstate, phosphate,
vanadate, and thiocyanate. They also reported that acetylene produced
no silver acetylene compounds in aqueous potassium cyanide or potassium
thiosulfate solutions. Nieuwland and Maguire (30) analyzed a peculiar
non-explosive substance having an exceptionally low percentage of silver,
of the approximate composition 3C.H,-2H,PO,- AgsPO,-H,0, which re-
sulted from the reaction of acetylene with an acid solution of silver phos-
phate; and they also prepared explosive precipitates of undetermined con-
stitution from acid solutions of silver fluoride, bromate and perchlorate.
Bhaduri (22) reported an acetylide precipitate 4Ag,S;03-7Na,S;0;-
86Ag.C.-13C;H, from an aqueous solution of silver nitrate with sodium
thiosulfate, but since this precipitate is rather soluble in water it can
scarcely be as complex as this formula indicates. Chevastelon (31) calcu-
lated the formula of an acetylide precipitate from neutral silver nitrate
solution to be C,Ag,-AgNO;. Willgerodt (32) proposed the formula
HC.Ag,Cl for a precipitate from ammoniacal silver chloride and the
formula HC;Ag,NO; for a precipitate from neutral silver nitrate solution.

These analytical results are rather confusing, but some conclusions con-
cerning the true structure of these substances may be inferred from the
following facts. It has been established by a number of workers that
practically all the silver compounds of acetylene yield considerable quanti-
ties of acetylene on treatment with reagents such as hydrochloric acid,
alkali cyanide solutions or hydrogen sulfide. Compounds giving these
reactions must contain the structures HC=CAg or AgC=CAg, to which
one or more molecules of a silver salt are in some way linked, rather than
any more saturated addition products of acetylene or an acetylide with a
silver salt. This view is further confirmed by the fact that Chevastelon
(81), Berthelot and Delepine (4) and other investigators have found that
some of these precipitates approach more and more closely the composition
Ag,C; on continued reaction, and also on treatment with ammonia. It is
probable that those silver salts which give the most soluble primary reac-
tion products with acetylene yield a final precipitate approaching most
closely to the composition Ag:C,. Concerning the attachment of a silver
salt to an acetylide residue, it has been shown that the precipitates from
monosubstituted acetylenes and silver nitrate in alcohol all appear to have
a constitution RC=C-Ag-AgNOQO,;, and a similar composition has been
established by Krause and Schmitz (33) even for the non-acetylenic com-
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pound, CeHy—Ag-AgNO;. These facts point to the conclusion that the
silver acetylide precipitates probably may be represented by formulas of
the type XAg(-AgC=CAg-).AgX, although sometimes the groups HC=
CAg- and -AgOH may be present; nearly all the analytical results may be
explained satisfactorily on this assumption. Similarly the compound
C,Ag: quite possibly may be a polymer of the structure (- AgC=CAg-)n.

Due to the uncertain availability of mercury for the manufacture of
fulminate in time of war, the possibility of using silver acetylide com-
pounds as detonating agents has been studied. It has been found (34)
that material approaching the composition Ag,C, releases practically no
gas on explosion in vacuum, whereas the acetylide precipitate from an acid
solution of silver nitrate evolves a considerable volume of gas, and accord-
ingly has more explosive force.

Tucker and Moody (35) have suggested the use of dilute aqueous silver
nitrate solution for the semiquantitative separation of ethylene and acety-
lene. Terry (36) has patented the scparation of copper and silver, as
acetylides from ore solutions.

An explosive mercuric acetylide compound was obtained by Berthelot
(7) from an ammoniacal solution of mercuric iodide and potassium iodide,
and Basset (37) reported an explosive precipitate from the action of pyro-
Iytic gases on Nessler’s solution. Keiser (38) studied the explosive com-
pound formed by the action of acetylene on an aqueous solution of mercuric
iodide, potassium iodide and potassium hydroxide. The air-dried material
appeared to contain some water, and upon prolonged heating at 100° the
composition approximated C,Hg. Plimpton and Travers (39) made a
similar substance by the action of acetylene on mercuric oxide suspended
in an ammoniacal solution of ammonium carbonate. Estimation of both
mercury and carbon indicated the formula to be 2C.Hg-H,0, and the pro-
portion of mercury was not further increased by drying at 100°. These
authors reported that ammoniacal solutions of mercuric salts were not com-
pletely precipitated by acetylene unless other salts such as CuSO; or ZnCl,
were added. Keiser (38) and Plimpton and Travers (39) reported that the
acetylide compounds yielded some acetylene with hydrochloric acid and
diiodoacetylene with iodine solutions. Ferber and Roemer obtained an
explosive compound, 2HgC; - C;H, - H,0, possibly having an acetylide struc-
ture, by the reaction of acetylene with a saturated mercuric acetate solu-
tion in acetic acid (40). Acid and neutral solutions of mercuric salts are
known to give addition compounds with acetylene in many cases (see
Section 7), and accordingly a small proportion of addition products has
been found to result from the reaction of mercuric salts or acids on the
mercuric acetylide compounds. The acetylide precipitate from an alkaline
solution of mercuric iodide and potassium iodide has been employed for the
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quantitative determination of acetylene (41), and an alkaline mercuric
cyanide solution also has been used for this purpose (4Ia).

Investigations by Spahr, Vogt and Nieuwland (42) concerning the acety-
lide compounds of organo-mercuric radicals are helpful in understanding
the properties of the acetylides of the less electropositive metals. The
most stable compounds of this class have the type formula R—Hg—C==
C—Hg—R, in which R may be any one of a number of alkyl or aryl groups;
however, there is good reason to believe that more soluble compounds of
the type HC=CHgR are first formed. The compounds RHgC=CHgR,
which were partially precipitated by the action of acetylene on concentrated
solutions of organo-mercuric salt in alcoholic sodium hydroxide, were more
or less soluble in organic solvents, depending upon the specific organic
radical present. The most soluble of the compounds was the isopropyl-
mercuric derivative, and this substance when suspended in alcoholic sodium
hydroxide was completely dissolved by passing in excess acetylene, prob-
ably by conversion to the simpler monometallic acetylide: RHg—C=
C—HgR 4+ C,H, — 2HC=C—HgR. On heating or on reducing the
pressure above this solution, acetylene was given off and the original com-
pound was reprecipitated. The conversion of the less soluble compounds
of the type RHgC=CHgR by means of excess acetylene was much slower.
In no case were compounds of type HC=CHgR completely isolated, be-
cause of the ease with which they lost acetylene. The reactions of these
simple and soluble acetylide compounds are probably similar to the slower
and more obscure reactions of the much less soluble acetylides of this group
of metals. Apparently either one or both of the hydrogen atoms of acety-
lene may be replaced by them at ordinary temperatures. When the prod-
uct resulting from the replacement of one hydrogen atom of acetylene is
quite insoluble, this may predominate in the precipitate, as possibly in the
case of the reported compounds HC=C—Cu-CuOH, HC=C—Ag-AgOH
and HC=C—Ag AgCl, etc. If this first product is somewhat soluble,
the reaction may proceed to the formation of less soluble disubstituted or
chain products. However, if all the possible products are somewhat solu-
ble, an equilibrium probably results which is dependent on the solubilities
and the quantity of acetylene in solution.

A good example of an acetylide of a bivalent metallo-radical is presented
by Hilpert and Gruettner (43), who made a highly insoluble precipitate by
the reaction of acetylene with an alkaline solution of a salt of the radical
—Hg(CH,)sHg—. They considered their product to be polymeric, and
it quite probably consisted of one or more compounds containing a struc-
ture [—C=CHg(CH.)sHg—]..

The unstable acetylides prepared from mercurous salts have received
little study. Burkhardt and Travers (44) found that mercurous acetate
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suspended in water was converted by acetylene into a gray, easily decom-
posable substance from which acetylene was regenerated on treatment with
hydrochloric acid. '

Salts of a few other metals have been found to yield acetylides in aqueous
or aleoholic solutions. Berthelot (7) reported that acetylene produced a
yellow explosive precipitate in an ammoniacal solution of aurous thiosul-
fate, but he did not analyze this material. Matthews and Watters (46)
found that a similar precipitate from an ammoniacal solution of sodium
aurous thiosulfate had the composition Au,C; after drying over sulfuric
acid and yielded acetylene on treatment with hydrochlorie acid; it decom-
posed slowly to gold and carbon in boiling water or upon slow heating.
They found that acetylene had no effect upon an alkaline solution of auric
chloride or upon an aqueous or ammoniacal solution of potassium auri-
cyanide, while it reduced a neutral solution of auric chloride to metallic
gold.

Berthelot (7) also reported that a transient rose-violet precipitate ap-
peared on passing acetylene through an ammoniacal solution of chromous
sulfate. He considered this to be an acetylide, but it decomposed almost
immediately to ethylene and chromic oxide.

Gebauer (46) found that a thin yellow film was formed by the action of
acetylene at the surface of solid sodium hydroxide immersed in alcoholic
solutions of the iodides of either zinc or cadmium, and he attributed this
coloration to a trace of the acetylides of these metals. He also made an
orange acetylide precipitate having a percentage of cadmium corresponding
to CdC,-C.H,-Cd.l, by passing acetylene through an acetone solution of
CdI,CeHsNH,. On long washing with cold water or alcohol the cadmium
percentage approximated the formula Cd,-Cs,H., but hot water liberated
acetylene from both compounds.
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6. The addition of cuprous salts to acetylene. Berthelot (1) first re-
ported the formation of precipitates by the action of acetylene on neutral

aqueous solutions containing a cuprous halide and the corresponding po-
tassium halide, but he erroneously regarded these as complex substitution
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products of acetylene. It has been shown that secondary reactions occur
in neutral aqueous solutions or in the presence of ammonium or alkali
halides. Therefore, the simpler addition reactions in slightly acid solutions
will be discussed first.

By passing acetylene into an acidified aqueous or alcoholic solution of
cuprous chloride, Chevastelon (2) obtained colorless crystals of a substance
with the approximate composition C;H,-Cu.Cl;. Berthelot (3) also ob-
tained this substance and observed that the absorption of acetylene in
similar solutions varied with the temperature and with the pressure of
acetylene. Manchot (4) studied exhaustively the absorption of acetylene
in acidified aqueous solutions of cuprous chloride and found that, over and
above the dissolved acetylene, the absorption reached a maximum corre-
sponding to the formation of the complex C;H,:CuCl when the hydrogen
chloride concentration ranged from about 0.6 to 1.0 mol per liter and the
cuprous chloride concentration was less than 0.4 mol per liter. On treat-
ing an alcoholic cuprous chloride solution with acetylene, Manchot believed
he obtained C;H,-CuCl as a crystalline deposit which dissociated rapidly
to give the original reactants on removal from the mother liquor. When a
higher concentration of dissolved cuprous chloride and the same or a higher
concentration of HCl was employed in the aqueous solutions, a white pre-
cipitate appeared, and only about half as much acetylene reacted, indicat-
ing the formation of the substance C;H,-Cu.Cl; as previously reported by
Chevastelon and Berthelot. It was also observed that the same white
precipitate was in some cases produced by the evolution of acetylene from
clear solutions of the postulated complex C;H.-CuCl. Manchot stated
that the white precipitate lost acetylene too rapidly to permit accurate
analysis. Hofmann and Kuespert (5) claimed to have obtained a different
precipitate, having the composition C;H,-3Cu,Cl,, in mixture with an oily
liquid upon passing acetylene into a solution of cupric chloride in absolute
alcohol, but this result has not been confirmed. The simple addition prod-
ucts of acetylene with other cuprous salts have not been investigated.

Manchot (4) studied similar reactions of a number of acetylenic com-
pounds in an attempt to shed light on the structure and behavior of these
addition products, and found that the ability of an acetylenic compound
to react with cuprous chloride was influenced by the presence of certain
atoms or groups directly linked to an acetylenic carbon atom. Thus while
acetylene, having two hydrogen atoms in this position, added either one or
two equivalents of cuprous chloride, a number of monosubstituted acety-
lenes combined with one equivalent of cuprous chloride to give crystalline
solids of the composition RC=CH-CuCl. Moreover the compounds
CH—C=C—I, CeHs—C=C—Br, CeH;—C=C—CONH; and CeH;—
C=C—CN also readily combined with cuprous chloride, while a number
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of other disubstituted acetylenes and diacetylenes failed to react. These
addition compounds all dissociated to cuprous chloride and the original
acetylenic compound on standing or heating. The molecular structure of
these substances derived from acetylene and substituted acetylenes remains
uncertain.

A number of more complex reaction products with cuprous salts also
have been reported. Berthelot (I) observed that acetylene produced
yellow precipitates by reaction with aqueous solutions of cuprous chloride
containing potassium chloride or ammonium ehloride, and also precipitates
of a transient orange yellow color with aqueous solutions of cuprous bro-
mide and potassium bromide, cuprous iodide and potassium iodide, and
cuprous sulfite and ammonium sulfite. These precipitates were found to
contain acetylene in combination with both salts of the original mixture.
Chevastelon (6) reported that a white substance, C;H,-2Cu,Cly- KCl, was
formed by the reaction of acetylene with an aqueous solution of cuprous
chloride and potassium chloride and that this could be converted to the
yellow substance, CoHj,-4Cu.Cly-2KCl, either by further addition of the
salts or by loss of acetylene as in washing the white substance with ether.
Tzyurikh and Ginzberg (?) found that during the preparation of vinyl-
acetylene the precipitate formed by acetylene in a soluticn of ammonium
chloride and cuprous chloride had the composition 6CuCl-3NH,Cl-C,H,.
The authors have observed that when solutions of this kind have been
standing for some time in contact with acetylene, the yellow precipitate
consists at least in part of a compound of the cuprous salt with vinylacety-
lene which dissociates on heating. This polymerization probably occurs
while the acetylene is in combination with cuprous chloride, but the
mechanism of the change and the structure of the compounds involved is
not known. The authors have also found that similar yellow precipitates
are formed in aqueous cuprous chloride solutions containing ammonium
chloride or amine hydrochlorides and in a solution of cuprous chloride with
pyridine and acetic acid. The conversion of acetylene to vinylacetylene
by a cuprous chloride catalyst is the first step in the industrial process for
making neoprene synthetic rubber (see Chapter V, Section 7).

Chevastelon (8) noted that aqueous cuprous chloride solutions acidified
with 5 per cent of concentrated hydrochloric acid reacted with acetylene to
give first a yellow precipitate, which was then converted to a white precipi-
tate as more acetylene was taken up. The passage of a current of carbon
dioxide through the suspension of the white precipitate regenerated the
yellow substance, presumably by the removal of acetylene. Manchot (4)
observed that a yellow coloration was produced by acetylene in strongly
acid cuprous chloride solutions. It will be noted that the color changes
in the solution containing a high concentration of hydrochloric acid appear
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to be strictly analogous to those in solutions containing alkali chlorides or
ammonium chloride, and may indicate the existence of a complex contain-
ing hydrogen chloride.

Berthelot (1) and several later workers have observed the appearance
of a violet or purple precipitate when acetylene reacted with a dilute neutral
aqueous solution of cuprous chloride. Chevastelon (9) found that a pre-
cipitate of the same color was produced when the substance Cu,Cl;-C,H.
was treated with water and derived the following equation from analytical
data:

2Cu,Cl,-C.H: + H;0 — C.H,-Cu,Cl,-Cu.0 + C;H, + 2HCI

Manchot (4) stated that when 1.0 gram of cuprous chloride in 100 cc of
0.2 N hydrochloric acid was treated with acetylene, a clear solution of an
addition product first resulted which then gave off a part of the acetylene
and deposited a violet precipitate having the composition C,Cu,- CuCl- H,0.
In this substance he considered that at least a part of the hydrogen of the
acetylene had been replaced by copper. In like manner the cuprous chlo-
ride addition compounds of a few monosubstituted acetylenes were found
to lose hydrogen chloride and to be converted into the cuprous acetylides
on treatment with water or dilute ammonia. Berthelot and Delepine (10)
obtained a red precipitate of the composition C.Cuz-Cu,l by the action of
acetylene on a slightly alkaline aqueous solution of cuprous iodide and
potassium iodide, and in similar solutions of higher alkalinity a precipitate
richer in copper was produced. These results all appear to indicate that in
neutral, slightly alkaline or very slightly acid aqueous solutions the cuprous
salts give precipitates with acetylene which are intermediate in composition
between cuprous acetylides formed in distinctly alkaline solutions and the
addition products formed in more strongly acid or saline solutions.
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7. The addition of mercury salts to acetylene. Kutscherov (I) first
observed that mercuric chloride, bromide or sulfate in neutral solutions
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catalyzed the addition of water to acetylene to form acetaldehyde and to a
few substituted acetylenes to form ketones. He recognized that addition
compounds of the acetylenes with the mercuric salts were intermediates in
this process, and postulated rather complex structural formulas for these
substances. It is now known that certain mercuric salts in acid media
promote the rapid addition of water and likewise the analogous addition of
many alcohols, phenols and carboxylic acids to acetylene. Many attempts
have been made to isolate the addition compounds which are present in
these reactions and to clarify their structure, but because of the alterability
of these substances the results are somewhat confusing.

Perhaps the simplest reported addition product of acetylene with a mer-
curic salt is that formed in a dilute hydrochloric acid solution of mercuric
chloride. Biginelli (2) assigned the formula CHCl=CHHgCI to a white
precipitate prepared from acetylene and an acid aqueous solution of mer-
curic chloride. This substance melted at 129-30° and was soluble in a
mixture of alcohol and water. Employing a similar method, Brame (3)
prepared this substance as a white, crystalline, vesicant powder. The
vesicant property is also shown by the simple addition product of mercuric
chloride with ethylene, but is absent in the more complex addition products
of acetylene with mercuric salts. Brame’s material lost acetylene on
heating, and with water yielded some hydrochloric acid, a little acetalde-
hyde, and a more complex organic compound of mercury; it was converted
by aqueous alkalies into an explosive substance which was probably mer-
curic acetylide. Chapman and Jenkins (4) obtained a white, crystalline
substance by circulating acetylene for several hours through an acidified
alcoholic solution of mercuric chloride. This material melted at about
113°, was soluble in organic solvents and also had a composition approxi-
mating C,H,-HgCl.. Hydrochloric acid in higher concentrations retards
or almost entirely prevents the reaction of acetylene with mercuric chloride
solutions.

Keiser (5) analyzed a white substance which was precipitated by acety-
lene from a neutral aqueous mercuric chloride solution, having the approxi-
mate composition C,Hg,Cl;-3H;0. Hofmann (6) suggested the formula
(ClHg);C—CCl; for the amorphous precipitate formed by acetylene in an

g
aqueous solution of mercuric chloride and sodium chloride, but his analyses

showed a deficit of chlorine and he assumed some replacement of chlorine
by the hydroxyl group. On the basis of analyses, Biltz and Mumm (7)
assigned the formula (C1Hg);C—CHO to the precipitate formed by acety-
lene in a neutral aqueous solution of mercuric chloride, and showed that
approximately one mol of hydrogen chloride was liberated for each mol of
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mercuric chloride reacting. In opposition to the work of Hofmann, they
stated that the only effect of sodium chloride was to retard, and when con-
centrated to prevent the reaction, and they postulated the formation of an
intermediate, (ClHg);C—CHC],, which was then hydrolyzed to the final
precipitate. The substituted acetaldehyde structure of this substance was
confirmed by the fact that it yielded iodoform rather than diiodoacetylene
with an alkaline iodine solution. Hofmann (8) in reply stated that, al-
though almost pure (ClHg);C—CHO was probably formed by acetylene
in neutral aqueous mercuric chloride solutions, the compound C,HgsCl
was the principal product when an equimolecular quantity of sodium
chloride was present. Biltz (9) further discussed the structure of these
substances. Ferber and Roemer (10) claim to have obtained a compound
having the empirical formula C,Hg;Cl; by the action of acetylene on an
alcoholic mercuric chloride solution. Manchot and Hass (19) assigned the
formula C;Hg-HgCl;- HgCl-H,0 to a precipitate produced by acetylene in
an aqueous mercuric chloride solution, and claimed that both mercurous
and mercuric ions were obtained from this substance. Mercuric bromide
gave a similar precipitate.

Koethner and Erdmann and Koethner (11) reported “a double compound
of mercuric carbide and mercuric nitrate’’ prepared as a white precipitate
by passing acetylene into a slightly acidified aqueous solution of mercuric
nitrate, and assigned the formula C,HgsNO;-H,O to this substance, which
they found to yield acetaldehyde on treatment with acids. Hofmann (12)
made a white, crystalline compound by reaction of acetylene with a dilute
nitric acid solution of mercuric nitrate, which he stated to be identical with
a product prepared by the mercuration of acetaldehyde. From analyses

NOng H
he suggested the formula AN / for this substance, and noted
Hg=C—C=0

that it yielded acetaldehyde with hydrochloric acid and aldehyde resin
with sodium hydroxide or potassium cyanide solutions. Hofmann also
investigated the compound of Erdmann and Koethner, which appeared to
result from a more prolonged action of mercuric nitrate, and proposed the

formula AN /. Kearns, Hizer and Nieuwland (13) later
OHg=C—C=0

found that nitric acid solutions were reduced by acetylene in the presence

of mercuric nitrate and that most of the acetylene was oxidized to oxalic

acid and a little carbon dioxide.

Hofmann (14) prepared a white explosive precipitate of the composition
C.Hg;CIOsH from acetylene and an aqueous solution of mercuric chlorate,
and found that it was converted by hydrochloric acid to the previously
reported derivative, (CIHg);C—CHO. At the same time he reported a
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nitrite derivative C;Hga2NOs;H made by reaction of acetylene on an aqueous

solution of mercuric nitrate and potassium nitrite. Nieuwland and Maguire

(156) also prepared a nitrite compound which had an odor of acetaldehyde -
and gave the iodoform reaction, and they further reported a mercuric

chromate derivative which deflagrated by friction.

No consistent results have been reported on the analyses of precipitates
produced by acetylene in dilute sulfuric acid solutions of mercuric sulfate,
but Erdmann and Koethner (77) anticipated modern commercial practice
by recommending this solution as the best available catalyst for the con-
tinuous preparation of acetaldehyde from acetylene and water, and modifi-
cations of this solution and procedure are the subject of very numerous
patents (see Chapter IV, Section 6). Likewise Nieuwland and Maguire
(156) noted very erratic analytical data for precipitates formed by acetylene
in acidified solutions of mercuric fluosilicate, fluoborate and perchlorate,
although the iodoform reaction indicated the presence of an acetaldehyde
structure. The authors have since found that acid solutions of these
salts are very useful catalysts for addition reactions of acetylene. It is
probably significant that the precipitates which give the most variable
analyses are formed in those solutions which are most active catalytically.
These variable results have tended to discourage further efforts to deter-
mine the mechanism of the catalytic action of mercuric salts in acetylene
addition reactions by strictly analytical methods.

Frieman, Kennedy and Lucas (16) have determined the effect of concen-
tration of acetylene, acetaldehyde and mercuric sulfate on the rate of
hydration of acetylene in homogeneous solution. They report that the
reaction is second order with respect to mercuric sulfate concentration,
and suggest that this may indicate an intermediate compound of one
molecule of acetylene with two molecules of mercuric sulfate or acid sulfate.
In an investigation of the addition of mercuric acetate to a number of
mono- and disubstituted acetylenic compounds Myddleton, Barret and
co-workers (17) have shown that hydrogen bound to acetylenic carbon is
first replaced by mercury and that both these substitution products and
disubstituted acetylenes then react to form compounds with the central

group, —C—C— . It is possible that acetylene may

CH;COOHg(B IIIgOOCCHs
follow a somewhat similar course of reaction. Hennion, Vogt and Nieuw-
land (18) have discussed the possible courses of the addition and replace-
ment of mercuric compounds as catalysts in the addition of water and
organic hydroxy compounds to acetylenes.
During the catalytic addition of hydroxy compounds to acetylene by
means of a mercuric salt, secondary reactions of unknown nature occur
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which result in the gradual precipitation of insoluble and inactive organo-
mercury compounds or of metallic mercury in amounts which bear no
constant relation to the quantity of addition products formed. Many
modifications of the acetaldehyde process have been proposed to overcome
this catalyst loss (see Chapter IV, Section 6). It is probable that these
side reactions are connected with the presence of variable quantities of
oxygen or other impurities in the acetylene.

No definite addition compounds of mercurous salts with acetylene have
been reported, but the authors (unpublished, 1931) have found that mer-
curous sulfate in concentrated sulfuric acid is an even more active catalyst
than mercuric sulfate for the condensation of acetylene with olefinic or
aromatic hydrocarbons (see Chapter V, Section 5), and it is quite probable
that an addition compound of the mercurous salt is an intermediate in this
reaction. When acetylene reacts with some mercuric salts in acid solu-
tions, mercurous compounds are known to be formed, and may play a part
in the catalytic reaction.
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8. The addition of aluminum halides to acetylene. Baud (7) demon-
strated the absorption of acetylene by anhydrous aluminum chloride* at
temperatures close to the boiling point of acetylene, but the gas was almost
completely regenerated as the temperature was raised. At room tempera-
ture he found that a limited quantity of acetylene was completely absorbed

*8ee C. A. Thomas, ‘““Anhydrous Aluminum Chloride in Organic Chemistry,”
A. C. 8. Monograph %87, Reinhold Publishing Corp., 1941,
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by the anhydrous chloride in the course of several days to give a light brown
solid which appeared to be a derivative of an acetylene polymer. At 70°
the reaction was very rapid, with evolution of fumes and blackening of the
solid product, and when the temperature was raised to 120-140° about
40 mols of acetylene were taken up by one mol of Al,Cls before the reaction
ceased. Under the conditions no hydrogen chloride but some hydrogen
and hydrogenation products of acetylene were given off, and the product
on analysis was found to have a higher ratio of carbon to hydrogen than
occurs in acetylene. Some aromatic material and tar was obtained from
the solid product on further heating. Gangloff and Henderson (2) were
unable to detect reaction of acetylene with aluminum chloride at room
temperature, but confirmed the results of Baud at 60° and higher. By
passing acetylene into solutions of AlICI; in absolute ethyl or methyl alco-
hols they obtained crystalline compounds of the approximate compositions:
AlCls'Csz'CHsOH'HzO, A101302H2202H50H and A1013202I‘122H20.
They stated that the analyses were unsatisfactory because of the evolution
of acetylene and alcohol from these compounds on standing.

The initial addition of an aluminum halide to acetylenc is probably
much simpler than these reports indicate. For instance, in the addition
of the arsenic trihalides to acetylene discussed in the next section it has
been suggested that intermediates of the type AI(HC=CHX), are formed
by the successive reaction of three molecules of acetylene with one molecule
of aluminum halide.
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9. The addition of arsenic trichloride and arsenic tribromide to acetylene.
Nieuwland (Z) first reported the formation of poisonous, evil-smelling
products from the reaction of acetylene with arsenic trichloride in the
presence of anhydrous aluminum chloride, but did not identify the com-
pounds formed. During the World War I this reaction was further investi-
gated by chemists of the United States Chemical Warfare Service, and the
addition products of arsenic trichloride were isolated. Their military use
under the name “Lewisite” was proposed, but the data on this synthesis
were not made available immediately. Dafert (2) also obtained a com-
pound to which he ascribed the formula AsCl;-2C.H, by the action of
arsenic trichloride on acetylene in the presence of aluminum chloride.
The present extensive knowledge of the synthesis is mostly due to the
publications of Green and Price (3), Mann and Pope (4), Lewis and Perkins
(56) (in part a resume of the work of the U. S. Chemical Warfare Service),
and Lewis and Steigler (6), who employed an aluminum halide or in a few
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cases mercuric chloride as an essential catalyst. An addition compound
having the composition AICl;- AsCl;-3C,H; was shown to occur as an inter-
mediate in the reaction of acetylene with aluminum chloride and arsenic
trichloride. When the freshly prepared crude product was treated with
dilute hydrochloric acid to remove aluminum chloride, the compound
8, B’, B”-trichlorovinylarsine, (CICH=CH);As, was found to predomi-
nate over the two other possible derivatives, (CICH=CH),AsCl and
(CICH=CH)AsCl,, even when an excess of arsenic trichloride was present
during the reaction. However, on warming with arsenic trichloride, the
compound (CICH=CH);As or the intermediate containing aluminum
chloride yielded an equilibrium mixture containing the other two deriva-
tives. Lewis and Steigler (6) also found that pure chlorovinylarsines
could be prepared from arsenic trichloride and acetylene with aluminum
bromide as a promoter and that the corresponding pure bromovinyl
arsines could be prepared from arsenic tribromide and acetylene with
aluminum chloride as a promoter, proving that only halogen from the
arsenic halide entered into the composition of the halovinyl groups in the
final product. The following equations illustrate the structure and
mechanisms proposed by Lewis and his co-workers on the basis of this
evidence.
AlBr; 4+ 3C,H; — Al(CH=CHBr),

Al(CH=CHBr); + AsCl; — Al(CHCI—CHBr);As
Al(CHCI—CHBr);As for AlBrs + (CICH=CH);As

(CICH=CH);As + AsCl; — (CICH=CH),AsCl + (CICH=CH)AsCl..

The halogen of the halovinyl groups in these compounds is quite inert,
but when halogen atoms remain directly linked to arsenic they may be
replaced readily, and the arsenic of all the compounds may be oxidized to
the quinquivalent state. The reactions and other characteristics of the
compounds have been described by numerous investigators (7, 8). Ac-
cording to Nekrasov and Nekrasov (8) the halovinyl arsines, like bis-
cacodyl acetylide, yield acetylene on treatment with aqueous alkali. Jack-
son and Jackson (9) have reviewed the history, preparation, reactions and
properties of these compounds.

The condensation of methyl dichloroarsine with acetylene by a similar
method has also been investigated (10).

Before the development of the halovinyl arsines Heinemann (11) and
Fischer (12) had reported the addition of arsenic trichloride to behenolic
and to stearolic acids at the triple bonds. In these cases it is of interest
to note that the reactions occurred on heating without the aid of catalysts.
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(1931). Anon., Gassehutz Luftschutz, 2, 264 (1932). Johnson, Ber., 66, 294-302
(1932). Gorski, Shpanski and Mulyar, 1bid., 67, 730-5 (1934).
(8) Nekrasov and Nekrasov, Ber., 61, 1816-21 (1928).
9) K. Jackson and M. Jackson, Chem. Rev., 16, 439-52 (1935).
(10) Hirenda Nath Das-Gupta, J. Ind. Chem. Soc., 18, 305-8 (1936); C. 4., 30, 7098
(1936).
(11) Heinemann, German P. 257,641 (1913); U. S. P. 1,082,510 (1913); Frdl., 11,
1079-80.
(12) E. Fischer, Ann., 408, 106-17 (1914); U. S. P. 1,178,708 (1916); C. A., 10, 1578
(1916); U. S. P. 1,191,580 (1916); C. A., 10, 2278 (1916).

10. Evidence for the addition of compounds of other metals to acetylene.
Erdmann and co-workers (7, 2) reported that a cold aqueous solution of
palladous chloride, when treated with acetylene, gave a light-brown pre-
cipitate which was soluble in aqueous solutions of ammonium hydroxide,
potassium cyanide and alkali bisulfites and which gave an odor resembling
acetaldehyde. Makowka (3) suggested the formula

CHs—CH——-CCI—CHO

Pd

for this substance on the basis of analysis and because it gave butyric acid
after fusion with caustic potash, decomposition with sulfuric acid and steam
distillation; but the evidence for this structure is far from conclusive.
Berthelot (4) reported the reduction of an auric chloride solution by
acetylene, and Erdmann and Koethner (1) stated that a gold chloride solu-
tion first became dark violet red on contact with acetylene, and that a
black precipitate then appeared which was possibly an addition compound
and which on heating gave off a gas with a sharp odor and left a residue of
metallic gold. Kindler (6) further investigated the reaction of gold chloride
and gold bromide solutions with acetylene and identified glyoxal as the
principal organic product of the decomposition of the black precipitate.
Erdmann and Koethner (1) found that osmium salts were reduced by
acetylene, and Kinder (5) stated that the halides of osmium, molybdenum
and tungsten were reduced by acetylene with production of glyoxal. Erd-
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mann and Makowka (2) have devised methods based on acetylene reactions
for the qualitative and quantitative separation of salts of some of these
metals from salts of metals such as rhodium, iridium and platinum which
do not appear to react with acetylene.

Although there is some evidence for the existence of unstable addition
compounds of silver salts with olefins, the products of the reaction of silver
salts with acetylene and monosubstituted acetylenes usually appear to be
acetylides. However it is quite possible that addition compounds occur
as intermediates in these cases of acetylide formation. In this connection
it is of interest to note that no reactions of silver salts with disubstituted
acetylenes have been reported.

Kutscherov (6) described the catalytic addition of water to acetylene
and a few homologs induced by zinc and cadmium salts as well as by
mercuric salts, but analogous addition compounds of the zinc and cadmium
salts have never been detected. If they occur the quantity present in the
catalytic solutions must be comparatively small, and the catalytic action
is certainly much slower than that of the mercuric compounds.

Berthelot and Jungfleisch (7) found that acetylene was absorbed by
antimony pentachloride, forming crystals having the composition SbCls-
C,H,Cl,.  On heating this compound with excess antimony pentachloride,
symmetrical tetrachlorethane was evolved. Sabanejev (8) was unable to
repeat this work and reported explosions, but Nieuwland (9) found that
the reaction and the formation of the crystalline precipitate sometimes
took place readily, but did not determine the factor responsible for this
effect. Nieuwland and some later workers have used the addition com-
pound as a cyclic intermediate for the chlorination of acetylene (see Chap-
ter IV, Section 5). Nieuwland obtained traces of tarry products having
very disagreeable odors on passing acetylene over a mixture of aluminum
chloride and antimony trichloride.

Nieuwland (9) observed that traces of a compound having a disagreeable
odor resulted from passing acetylene into a solution of aluminum chloride
and phosphorus pentachloride in phosphorus trichloride, but this reaction
has not been further investigated. A possible parallel exists in the addition
of phosphorus pentachloride to a few other acetylenic compounds de-
seribed by Bergman and Bondi (10).

It is possible that an addition of an alkali hydroxide to acetylene occurs
as an intermediate step in the preparation of alkali-metal acetates from
acetylene (see Chapter IV, Section 7). Such an addition would be analogous
to the additions of alkali hydroxides, alkoxides or amides, which are some-
times postulated as intermediates in rearrangements of acetylenic hydro-
carbons (see Chapter III, Section 2).
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Chapter III

The Substitution of Non-Metal Atoms or Radicals for the
Hydrogen of Acetylene

1. Types of substitution of non-metal atoms or radicals in acetylene.
Most of the procedures which are in regular use for the introduction of
substituents into hydrocarbons of other series are not readily applicable
to acetylene, and a number of special substitution methods have been
devised for this purpose. Several inorganic radicals, such as the nitro,
amino or sulfonic groups, which are commonly occurring substituents in
other fields of organic chemistry, have not been attached to a carbon atom
of acetylene. Processes of sulfonation and nitration as ordinarily employed
lead to mixtures of oxidation, polymerization and addition products with
acetylene. As applied to a monosubstituted acetylene, Krafft and Heiz-
mann (1) claimed to have accomplished the direct nitration and sulfona-
tion of 1-hexadecyne in the cold to give the 1-nitro and the 1-sulfonic acid
derivatives, but this is an isolated instance and the work has not been
extended or repeated.

The direct methods of substitution by halogens which are applicable to
saturated and aromatic hydrocarbons lead to halogen addition reactions
with acetylene. However, halogen substitution on an acetylenic carbon
atom may be attained readily by the action of halogens on metal acetylides
or on acetylene in certain solutions which combine with the liberated halo-
gen acid (see Section 6). The haloacetylenes in turn fail to give many of
the characteristic substitution reactions common to the alkyl and aryl
halides, and in consequence are of little use in further synthesis. The
haloacetylenes react with alkaline hydroxides to give acetylene and the
hypohalite salt. However, in the case of a few arylacetylenes this reaction
yields instead the corresponding saturated carboxylic acid or its derivatives
(2), and it is possible that this result indicates the formation and rearrange-
ment of a hydroxy acetylenic compound : RC=C—OH — RCH=CO %,
RCH,COOH. Replacement of the halogen of haloacetylenes by reaction
with alkali sulfides, cyanides or thiocyanides, or with the alkali salts of
aleohols, phenols, oxyacids or mercaptans have not been reported. The
few known compounds of the class of ethynyl ethers and thio-ethers have
all been prepared by dehydrohalogenation methods rather than by replace-
ment of the halogen in a haloacetylene (3). Cyanoacetylene and dicyano-
acetylene have been made by the dehydration of the corresponding carbox-
ylic acid amides (4). A few compounds of the type RC=C—CN have
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been made by the action of cyanogen chloride on the halomagnesium
derivatives of mono-substituted acetylenes (5).

The most valuable of the substitution methods applicable to acetylene
comprise the reactions of sodium acetylide or of the acetylenic Grignard
reagents with organic halides or with organic carbonyl compounds. Each
of these acetylide intermediates has definite limitations, as is shown in the
following sections, but their use in nuclear synthetic reactions has made
possible the preparation of a large number of compounds in the acetylene
series, including hydrocarbons, carbinols, aldehydes, ketones, carboxylic
acids and derivatives of these several classes. Another reaction of some
importance is the synthesis of conjugated diacetylenic compounds from
copper acetylides or from acetylenic halomagnesium compounds. Most
of these methods may be used to replace either one or both of the hydrogen
atoms of acetylene and in many cases two unlike substituents have been
introduced by separate steps. Table 3 presents the type formulas of
compounds which can be prepared from acetylene by these methods.

These substitution reactions provide the only important method of
carbon skeleton synthesis by which an organic radical may be attached
directly to an unsaturated aliphatic carbon atom, and although costly and
imperfectly developed at present, they promise to be of the greatest value
in the study of unsaturated chain compounds.

An enormous number of other organic compounds can be made indirectly
from acetylene by passing through the substitution products as inter-
mediates. This field has been very incompletely developed, and cannot
be discussed or documented in the present work. For example, by addition
at the triple bond most of these acetylenic compounds can be converted
into cis or trans olefinic compounds, saturated compounds, ketones or
ketals, dihalides or tetrahalides, hydrohalides or dihydrohalides, substituted
vinyl or ethylidene esters, and numerous other types. The functional
groups as substituents are also capable of many transformations. . It will
be noted that an acetylene with a functional substituent can be converted
by certain addition reactions into a bifunctional compound which may in
turn serve for the synthesis of elongated chains or heterocyclics. Ac-
cordingly, it is of considerable interest to perfect the methods of substitu-
tion in acetylene in order to make the substitution products more readily
available as intermediates for laboratory syntheses.
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2. The preparation of acetylenic hydrocarbons by the reaction of acety-
lides with halides, sulfates or sulfonate esters. Rearrangement of
acetylenic hydrocarbons. Sodium acetylide, and to a lesser extent the
acetylides of other strongly electropositive metals and the acetylenic
halomagnesium compounds, have been used as intermediates in the synthe-
sis of acetylenic hydrocarbons according to the type reactions:

MC=CH + RX — RC=CH + MX
RC=CM + R’X — RC=CR’ + MX.

Sodium acetylide is employed either as a suspension in ether or as a solution
in liquid ammonia, which is the-only medium in which it is appreciably
soluble. The halomagnesium compounds of acetylene are ordinarily used
in ether solution. In a few instances there is evidence of the direct synthe-
sis of disubstituted acetylenic hydrocarbons, conforming to the equation:

MC=CM + 2RX — RC=CR + 2MX.

In these reactions RX is usually an alkyl or alphyl halide, but recently
alkyl sulfates and sulfonates have been used for this purpose.

The general method has a number of limitations and is not suitable for
the preparation of all classes of acetylenic hydrocarbons. Reactions of
this type have served only for the introduction of straight chain alkyl
groups, alkyl chains branched beyond the 2-position, and arylated methyl
groups. The few aryl halides which have been investigated are inert under
the ordinary conditions of these reactions, and accordingly compounds
having an aromatic ring directly linked to an acetylenic carbon atom have
usually been made by desaturation processes. Organic halides containing
also free hydroxyl, carboxyl or other acidic groups act on the acetylides
to form salts and liberate acetylene. The possibilities of reactions between
these salts and acetylides have not been investigated. The alkali acetylides
remove hydrogen halides from many organic halides in preference to form-
ing the substituted acetylenes. Among the compounds usually dehydro-
halogenated by the acetylides are the secondary and tertiary alkyl halides,
primary halides having a carbon chain branched at the 2-position, vinyl
halides and their homologs, and compounds having two or more halogen
atoms linked to the same or to adjacent carbon atoms. As a side reaction
sodium acetylide removes hydrogen halide even from most straight-chain
alkyl halides, forming olefins as a by-product of the acetylene synthesis.
In this respect alkali acetylides behave much like the alkali hydroxides,
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alkoxides, and amides in reactions with organic halides, and a comparison
with these better known processes may lead to some extensions of the
method for the production of substituted acetylenes.

The synthesis of monoalkylacetylenes by the reaction of alkyl iodides
on sodium acetylide in liquid ammonia was first reported and developed
by Lebeau and Picon (Z). The ethyl, n-propyl, n-butyl, n-amyl, n-octyl,
hexadecyl and isoamyl derivatives were prepared by this method at tem-
peratures ranging from —33° at atmospheric pressure to room temperature
in an autoclave or sealed tube. On the other hand Picon (7) found that
isopropyl chloride and iodide, isobutyl iodide, sec.-butyl iodide, fert.-butyl
iodide, active amyl iodide, tert.-amyl iodide and sec.-hexyl iodide required
a somewhat higher temperature for reaction with sodium acetylide in
liquid ammonia, and yielded olefins as almost the sole product according
to the equations:

R.CH—CH,;X + NaC=CH — R.C=CH,; + NaX + C,H,.
RCH,—CHR’X + NaC=CH — RHC=CHR' + NaX + C,H,.

Maas and Wright (2) and Hurd, Meinert and Spence (3) made methyl-
acetylene from methyl iodide in liquid ammonia. The latter authors
pointed out that pure methylacetylene was obtained in this way, while
that made by a dehydrohalogenation method was contaminated by the
isomeric allene. Tchao Yin Lai (4) reported a 78 per cent yield of ethyl-
acetylene from ethyl iodide and sodium acetylide in liquid ammonia.
Morehouse and Maas (6) made methyl, ethyl, propyl, dimethyl and
diethyl acetylenes by similar methods.

Vaughn, Vogt, Hennion and Nieuwland (6) have carried out a great
number of large runs employing straight-chain primary alkyl chlorides,
bromides and iodides with sodium acetylide dissolved or in part suspended
in liquid ammonia. These reactions proceeded readily even at atmospheric
pressure and a temperature of about —33°. Reaction in an autoclave or a
sealed tube at a higher temperature occurred more rapidly but was less
convenient and usually yielded a higher percentage of by-products, which
included alkylamines, alcohols, ethers and dialkylacetylenes. The alcohols
and ethers arose from traces of water or alcohols in the reagents. The
synthesis of these by-products was accounted for by the following equations:

NH, + RX — NHRX TNCH, Ny g 4+ NaX + C.H; 55 NH;R,X -2,

NH, + NaC=CH = CH, + NaNH, % NH,R + NaX -,

NaC=CH + H;0 — C;H, + NaOH 2% ROH + NaX

NaC=CH + ROH — C;H; + NaOR X ROR + NaX
NaC=CH + RX — RC=CH + NaX

NaC=CH + RC=CH — RC=CNs + C;H; ¥¥5 RC=CR + NaX.
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Increased temperature of the reacting solution accelerated the direct
reaction of alkyl halides with ammonia and by increasing the solubility of
sodamide, sodium hydroxide, sodium alcoholates and the sodium salts of
the alkylacetylenes, it also augmented the yields of the other by-products.
When the reaction was performed in liquid ammonia boiling under atmos-
pheric pressure, only traces of these by-products were formed. On the
other hand no consistent relation was noted between the reaction temper-
ature and the formation of an olefin which usually occurred to a slight
extent according to the equation:

NaC=CH + RCH;—CH:X — RCH=CH, + C.H, + NaX.

When employing batches of from two to fifteen moles, the operation was
conducted most conveniently with vigorous stirring in large flasks, in
which contact of the materials with moist air was minimized by proper
precautions but could not be prevented entirely.

At atmospheric pressure most of the alkyl halide used in these reactions
was either converted to the alkylacetylene or recovered unchanged, and
the slight loss probably was due to olefin formation. When the process
was carried out for several hours at room temperature in an autoclave,
little alkyl bromide and no alkyl iodide were recovered, and amines formed
a predominant by-product.

In order to reduce costs it would be desirable to use the alkyl chlorides
in this process. Since the boiling point of an alkyl chloride lies close to
that of the corresponding acetylene, the two cannot be separated readily
by fractional distillation. Accordingly it is necessary either to insure
total reaction of the alkyl chloride or to devise some other method of
separation, and neither of these objectives has as yet been reached. A
mixture of an alkyl bromide with the corresponding alkylacetylene usually
can be fractionally distilled to yield the hydrocarbon containing only a
small proportion of the bromide, and mixtures of an alkyl iodide with an
alkylacetylene are still more readily fractionated. However, if alkyl-
acetylenes completely free from halides are desired, it is probably best to
treat a liquid ammonia solution of sodium acetylide with an alkyl iodide in
the autoclave and to allow sufficient time for the conversion of unreacted
alkyl iodide to alkylammonium iodide.

In preparing methyl- or ethylacetylene by this method the effluent
gases liberated during the entire course of the reaction were conducted
over water or dilute sulfuric acid, through a calcium chloride tower and
into a refrigerated condenser for collection of the acetylenic product.
After the reaction was practically complete, water was added cautiously
to the liquid ammonia solution.” In preparing the higher acetylene homo-
logs, most of the product collected as an oil layer after dilution with water
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and was separated, dried and distilled. A slight loss occurred by vola-
tilization or entrainment with ammonia during dilution and by solution
in the strong aqueous ammonia. It was found inadvisable to evaporate
the liquid ammonia completely before treatment with water, since the
hydrolysis of any excess sodium acetylide may cause local overheating
with the possibility of isomerizing or polymerizing the alkylacetylene.
Dialkylacetylenes have been prepared from acetylene by first synthe-

sizing a monoalkylacetylene as previously described, converting this to
an acetylide by the action of sodamide, and treating the acetylide of the
monoalkylacetylene with an alkyl halide:

MC=CH + RX — RC=CH + MX

RC=CH + MNH, — RC=CM + NH,

RC=CM + R'X — RC=CR'’ + MX.
The dialkylacetylenes, when prepared from alkyl chlorides, do not appear
to present difficulties of fractionation, but nevertheless alkyl bromides
and iodides have usually been employed for their preparation. Heisig
(7) and Heisig and Davis (8) made dimethylacetylene by the action of
methyl iodide on the sodium salt of methylacetylene in liquid ammonia.
In the later work the dimethylacetylene was crystallized from the reaction
mixture at the temperature of solid carbon dioxide. The authors have
made diethylacetylene from ethyl chloride and sodium ethyl acetylide
in a similar manner and have employed sodium alkyl acetylides and alkyl
bromides for the synthesis of several of the higher homologs (9). Since
the solubility of the sodium salt in liquid ammonia appears to diminish
with increasing molecular weight of the alkylacetylene, the use of an
autoclave at room temperature or above should prove advantageous for
increasing the solubility and reactivity of the sodium salts of the higher
homologs. Bried and Hennion (10) have recently prepared several sym-
metrical dialkylacetylenes by the action of the lower alkyl halides on
a mixture of sodium acetylide and sodamide in liquid ammonia.

2RX + NaC=CH + NaNH,; — RC=CR + 2NaX + NH;.

They have also made several unsymmetrical dialkylacetylenes by con-
ducting this reaction in stages, but without isolation of the intermediate
monoalkylacetylene. This is probably the most rapid and convenient
technique for preparing the dialkylacetylenes.

MecCusker and Kroeger (11) prepared several acetylenic ethers by treat-
ing the ethers of ethylene bromohydrin with sodium acetylide in liquid
ammonia,

Lespieau and Journaud (I2) investigated the reactions of the allyl
halides with sodium acetylide in liquid ammonia. Presumably allyl-
acetylene was first formed, but subsequently the labile hydrogen atoms
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of the central methylene group appear to have been replaced first by sodium
and then by the allyl group. With allyl chloride and bromide, 25 per cent
of a hydrocarbon was obtained which was thought to have the structure
HC=C—CH(CH==CH.)CH,CH=CH,, and with allyl iodide the hydro-
carbon HC=C—C(CH=CH,)(CH;—CH=CH.); was probably formed.
The remaining products were unsaturated hydrocarbons which failed to
give a precipitate with alcoholic silver nitrate. A similar series of reac-
tions was observed by Tchao Yin Lai (4) between homologs of propargyl
bromide, RC=C—CH,Br, and the sodium salts of monosubstituted
acetylenes, R'C=CNa. Products of the types R'C=C—CH,—C=CR,
R'C=C—CH(C=CR)—CH;C=CR, and R’'C=C(RC=C)C(CH.C=
CR); along with resins of unknown composition were obtained. It is
apparent that the hydrogen atoms of the methylene group are activated
by the adjacence of two unsaturated residues.

Bourguel (13) first employed an alkyl sulfate in an alkylation of this
type, causing dimethyl sulfate to react with the sodium salts of alkyl-
acetylenes in ether. Only one of the methyl groups of dimethyl sulfate
is effective in this reaction, and the sodium salt of methylsulfuric acid
is formed as a by-product. Truchet (14) employed the ethyl and butyl
esters of p-toluenesulfonic acid and the allyl ester of benzenesulfonic acid
in a similar way. The authors and their co-workers have found that it
is possible to prepare methylacetylene and ethylacetylene in fair yields
by reaction of the sulfate esters on sodium acetylide or calcium acetylide
in liquid ammonia, alkylamines being formed as a by-product (6). John-
son, Schwartz and Jacobs (16) have made several alkyl- and chloralkyl-
acetylenes by the action of the p-toluenesulfonates on the sodium or
halomagnesium derivatives of acetylene and alkylacetylenes. The prep-
aration of alkylacetylenes from alkali acetylides and alkyl sulfates or
sulfonates in a diluent such as diphenyl oxide at 190° has been patented
(26). The action of dialkyl sulfates or alkyl esters of aromatic sulfonic
acids on alkali or alkaline-earth acetylides appears to be a satisfactory
general method for the attachment of an alkyl radical to an acetylenic
carbon atom. The principal disadvantage of the method is that the
higher alkyl esters are less readily available than the corresponding alkyl
halides.

From a somewhat limited experience (17) it does not appear that the
less soluble acetylides of the other alkali and alkaline-earth metals possess
any advantage over the cheaper sodium acetylide in reactions of this type.

The acetylenic carbides of the alkali and alkaline-earth metals are
much less soluble in liquid ammonia and in consequence are probably less
reactive than the corresponding acetylides towards organic halides; these
reactions have received little attention. Methods of obtaining methyl-
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acetylene and ethylacetylene from methyl alcohol and calcium carbide
(18, 19) and reactions of organic hydroxyl and halogen compounds with
calcium carbide for the production of acetylenic hydrocarbons (20) have
been patented. High temperatures were used to promote these reactions.

The acetylenic halomagnesium compounds are quite inert toward pri-
mary alky<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>