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ABSTRACT

The major work of this thesis is the stabilization of generally rare chromium(IV)
in solution as well as in solid state. It has been possible to stabilize Cr(IV) in solution
phase in the time scale of hours. Also a few novel stable Cr(IV) and Cr(V) compounds
have been isolated in the solid state and characterized.

Aqueous solution of Cr(IV) has been stabilized through ligation by anions of
branched a-hydroxy acids. Reduction of HCrO4~ with H3AsOj; in solutions buffered by 2-
ethyl-2-hydroxybutanoic acid, EHBA (LigH) and its salt (Lig") generates pink solution of
carboxylato-bound Cr(IV), which undergoes facile reduction with nonmetallic substrates
like hydrazine and hydroxylamine. The kinetics of reduction of carboxylato-bound
Cr(IV) with hydrazine is seen to be first-order dependent on [N2H4] with no hint of
kinetic saturation within the range of concentrations of the reductant studied. While in the
Cr(IV)-hydroxylamine reaction, the Cr(IV) forms a precursor complex with NH;0H* (K.
=30+ 7M™"). The electron transfer process is inhibited by excess ligand anion as well as
by hydrogen ion in both the cases.

Methanol instead of toxic As(IIIT) was also used to prepare aqueous carboxylato-
bound Cr(IV). Methanol similar to As(III) acts as pure two-electron reductant. With the
progress of this reaction, a slow oxidation of the product Cr(IV) by the reactant Cr(VI)
takes place. When all the Cr(VI) is consumed the Cr(IV) undergoes very slow
disproportionation to Cr(V) and Cr(III). Expecting these processes to be even slower in
nonaqueous medium, we carried out the generation of Cr(IV) from the reduction of
Cr(VI) purely in methanol medium, and as expected, we were successful in the

stabilization of Cr(IV) in solution in the time scale of hours.



[Cr\'O(EHBA)g]_ is the most studied model compound of relevance to the

biological activity of Cr(V) with regard to chromium induced cancers. We have also
isolated K[Cr\'O(EI—IBA)g].HgO in solid state by reacting potassium dichromate with 2-
ethyl-2-hydroxybutanoic acid in methanol. Its spectral (UV-Vis, IR, EPR) properties and
other physical data are presented.

Complexes of chromium(IV) are limited. Most of the reported six-coordinate
Cr(IV) complexes in solid state are characterized to be diamagnetic. Here, we present the
isolation and characterization of two nonoxo six-coordinate paramagnetic Cr(IV)B
complexes and two oxo Cr(IV) complexes with Schiff base ligands.

The compounds [Cr(abtsal),] and [Cr(4-PhTSCsal),].H,O (where the Schiff base
abtsal is derived from the condensation of o-aminobenzenethiol and salicylaldehyde, and
4-PhTSCsal is the salicylaldehyde 4-phenylthiosemicarbazone) show magnetic moments
Herr = 2.98 BM and 2.83 BM, respectively, consistent with a d? configuration of Cr(IV).
Both these compounds exhibit strong EPR signal in powder state at room temperature as
well as in frozen glass at LNT.

Also we describe here the synthesis and characterization of two new paramagnetic
oxoCr(IV) complexes with tri- and tetra-dentate Schiff base ligands. The compound

[CrO(abtsal)(H20)] exhibits prominent Cr=0 stretch at 1035 cm™ in the IR spectrum and b
two-electron magnetic moment (per = 2.78 BM) at RT, while the compound
[CrO(salphen)(H,0)] (where Hjsalphen is  prepared by the condensation of
salicylaldehyde and o-phenylenediamine also known as 8,8’-0-benzosalen) exhibits
vCr=0 stretch at 870 cm™', and perr = 2.79 BM at RT. Both compounds give strong EPR

signal in solid at RT and LNT and also in frozen glass at LNT.



The coordination chemistry of dioxygen (O,) is of interest in the context of
bioinorganic chemistry and oxidation catalysis. Superoxo complexes of chromium are
rare. We have prepared a Cr(IV)superoxo complex and further converted it to a Cr(1V)
oxo-compound in pyridine. The superoxo Cr(IV) complex [CrOg(L"\P)(L“’)(HZO)] 1S
found to contain one o-amino-thiophenolate(1-) (L’"’)", one o-imidothiophenolato(2-)
(L"™)* and a superoxide ion (O, ). It has the characteristic superoxo stretch at 1118 cm™!
in the IR spectrum which disappears on conversion to the. oxochromium(IV) complex
[CrO(L"\p)(L'SQ)(py)], and instead a v(Cr=0) band appears at 1018 cm™". This oxoCr(IV)
compound exhibits strong EPR signal in solid and also in frozen glass but along with a
radical signal due to the presence of o-iminothionebenzosemiquinonate(1—) n—radical
(L'SO)1-

We have also synthesized a unique Cr(III) complex with another tridentate Schiff
base ligand derived from o-aminophenol and salicylaldehyde. The compound
K[Cr(sap)2].H,0 has been characterized by X-Ray crystallography. The molecule has
tetragonally distorted octahedral structure with two elongated Cr-N axial bonds. There is
strong hydrogen bonding between the hydrogen atom of water and one of the oxygen
bound to chromium. The room temperature magnetic moment of the complex is found to
be 3.74 BM consistent with three unpaired electrons. The Spectroscopic results (IR, UV-
vis, EPR) of the compound is also discussed.

The results presented in this thesis provide additional information to

the existing

chromium chemistry and open new avenues for further exploration.
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CHAPTER 1

Introduction

Chromium (atomic number 24) is a member of the first transition series. It
belongs to group VIB of the periodic table, and it has the ground state configuration [Ar]
3d°4s'. Due to the presence of incompletely filled d orbitals, chromium exhibits wide
range of oxidation states, magnetic and spectroscopic properties. From the electronic
structure of chromium, it might be expected to form compounds with oxidation states
ranging from +1 to + 6. Chromium exhibits these states, and in addition, also, some lower
oxidation states, such as in dipyridyl complexes, carbonyl complexes and carbonyl ions
(Cr(CO)s, Cr(bipy)s, [Cr(CO)slIT, Na[Cry(CO);o] and Na,[Cr(CO):))".

Interest in the oxidation states of chromium lying between +3 and +6 has
intensified since it has been recognized that such states play key role, not only in
inorganic redox systems but also in organic synthesisz‘3 and in biosystems.*” Out of these
four states Cr(III) and Cr(VI) are very stable, and their chemistry is well known. The
intermediate states Cr(IV) and Cr(V) are regarded as unusual or less common oxidation

states of chromium.

1.1. Chromium (IV) Compounds

Compounds with quadrivalent chromium are comparetively rare. The classical
compounds are the oxides and fluorides. The oxide CrO, is well defined.' It is made
from CrO; by hydrothermal reduction, and has a rutile (TiO,) structure. Mixed oxides of
the type M'"4CrOs, M":CrOs, M";,CrO4 (M = Sr or Ba)® are well known. Among the

halides reported,7 only CrF4 1s isolable, CrCly and CrBry exist as vapour. Some ionic



fluorides of the type M'CrFs, M,CrFq " and M"'CrFg ® (M' = Li, K, Rb or Cs; M" = Ba, Sr,
Ca, Cd, Hg or Ag) are also known.

There are some reports on peroxo complexes of Cr(IV). A group of Cr(IV)
diperoxo ammines’ has been prepared by the treatment of CrO; (in cold) with an aqueous
solution of a nitrogenous base and concentrated H,O,. Aqueous solutions of these
complexes are stable for several hours, but the crystalline solids explode when dry.
Crystallographic studies'’ show that the metal center in these complexes is typically
bound to three nitrogen and four oxygen atoms forming a pentagonal bipyramid
(structure 1). A particular important complex of this type has been derived from the
tridentate base diethylenetriamine NH,(CH,);NH(CH;):NH,'"" (Structure 2). Both the
solid state and the aqueous solution of the compound is stable for at least 24 h at room

temperature. The infrared spectrum of the compound shows a strong sharp doublet at 885

and 870 cm™' which are assigned to the —-O—O- stretching frequency.

\H_‘ HZN
O O
/O\Crﬁiho //\rr/ H,0
O/ \O/ 0o ~ H
NH H,N
1 2

Chromium (IV) complexes sometimes result from the disproportionation on
heating Cr(III) complexes. The reaction of CrCl; with LiNEt- followed by distillation

gives the volatile Cr'"Y amide Cr(NEt,)s'2 The amide on reacting with some alcohols give



cr'V  alkoxides Cr(OR)s Among the reported alkoxides” are Cr(OBu'),
Cr(OBu")2(OCMe;Et),, Cr(OCMe;Et)s, Cr(OCMeEt,)s, Cr(OCEt3)s, Cr(OSiEts)s. These
are mostly liquids or low melting solids and were found to be monomeric. These tetra-r-
alkoxides have magnetic moment close to spin only value 2.83 BM (for d* system). EPR
spectra of Cr(OBu')4 in toluene'” solution has been reported, no signal was detected
down to 98 K, but at 10 K a broad absorption at g ~ 4 corresponding to the forbidden
AM; = 2 transition and a relatively sharp signal at g = 1.962 corresponding to AM; = |

transition were noted.

Tetraalkyl chromium compounds,M CrRy, (R = CH.CMe;, CH.CMe,Ph,
CH,CPh;) have been prepared by the alkylation of CrCly-3THF with lithium alkyl or
grignard reagents. These CrR4 compounds are paramagnetic crystalline solids with per =
2.6-2.8 BM. However, tetramethyl chromium CrMe,4 has been prepared by an exchange
reaction between methyl-lithium and Cr(OBu')s, It is a volatile, thermally unstable
maroon oil. The chromium alkyls, CrRs, show a AM =1 EPR signal at room temperature,
as well as a AM = 2 resonance at lower temperatures. Among the chromium alkyls one of
the best characterized compound is Cr(CH,SiMe;)s. The compound is remarkably
unreactive other than towards oxygen, in solid state it has magnetic moment 2.89 BM at
296 K. The relative stability of chromium alkyls, CrRy, is largely due to the absence of B
C-H bonds. The compounds are even more stable towards attack by oxygen and H,SOs,
when R = 1-norborny! (nor) or 4 camphyl.|5 It is because the attack of metal-C bonds by
most reagents are protected by bulky space filling ligands. The compound tetrakis(i-
norbornyl)chromium is well characterized, showing a magnetic moment 2.84 BM. The

EPR spectrum of (nor)sCr in most solvents at ambient temperature shows a simple



symmetric resonance with a half width of 20 G and g values ranging from 1.986 to 1.990.
However, at low temperature the EPR of (nor)sCr in most solvents consists of a broad
(250 G) AM = 1 transition, a narrow (1 1-13 G) AM = 2 transition and a spike at g ~ 2.
The spike is attributable to the double quantum transition."?

In 1981 Bruce O. West et al. reported the synthesis of a,B,y,5-tetraphenyl-
porphinatooxochromium(IV),'(’ (TPPCrO), by the auto oxidation of Cr(Il) porphyrin
(TPPCr). The compound is reported to be diamagnetic (pesr = 0 BM), having an intense
band in IR spectrum at 1025 cm”', which is assigned to v (Cr=0). The crystal structure of
TPPCrO indicates that the four pyrrole nitrogen atoms are in the plane of the porphyrin
and the chromium atom is out of the porphyrin plane towards the oxygen atom.

In old literature there are evidences of chromium(IV) in octahedral environment
such as in corundum cr_\'stal.17 This was achieved by doping Cr(III) and irradiating by y-
rays to get Cr(IV).'® However, this Cr(IV) has been found to be in trigonally distorted
environment in these systems.

There are very few octahedral chromium(IV) complexes that has been made and
structurally characterized. In 1987 Barron ef al.’® reported the first octahedral Cr'"
complexes trans [CrCl(NEt)(dmpe)Z]CFBSO3 and trans [Cr(N=CHMe),(dmpe),]{BPha],
Both these chromium complexes of 1,2-bis(dimethylphosphino)ethane (dmpe) are stable
in air, and are found to be diamagnetic. Both molecules have octahedral structures with
two equatorial dmpe ligands.

In 1991 Wilkinson and coworkers®® have reported another two octahedral
complexes of Cr(IV). One of which is dichlorobis(dimethyiphenyl phosphine)(o-

phenylenediamido)chromium(IV), Cr[CsH4(NH);-0]Cl(PMe,Ph),. The structure of this



diamido compound has been confirmed by X-ray diffraction (structure 3). The molecule
was found to have an octahedral geometry with a chelating diamido function, cis

chlorines and trans phosphines. The compound is EPR silent.

A/ N
QMQ/ AN \ O
N

\ 7

The other compound is a butyl imido complex of Cr(IV). bis[l,2-bis-(dimethyl-
phosphino)ethane]-t-but_\'limidochlorochromium(IV)chloride, [Cr(Nbu)(dmpe),Cl]Cl,
which is sparingly soluble in CH,Cl, but highly soluble in MeCN in which it is a 1:1
electrolyte (Ay = 130 ohm™'cm’ mol™' at 25° C). The compound is reported as
diamagnetic. It is similar to the ethylimido complex [Cr(NEt)(dmpe),C1]CF;SO;
discussed earlier.

In 1992, Carl Redshaw et al®' prepared o-phenylenediamine complexes of
Cr(IV), one of which is the amido(4,5-dimethyl-o-phenylenediamine)tris(trifluoro-
methanesulfonato-kO)chromium(IV), Cr(NH2)(OSO,CF3)3[(H.N).CsH,Me;].Et:O. The
structure was determined by X-ray diffraction. The molecule has an octahedral geometry
with a chelating diamine and a mer configuration of n'-coordinated triflate groups, all of
which are mutually cis to the NH; function. The other unusual octahedral Cr(IV)

octahedral triflate compound prepared by the same group is (o-phenylenediamine)-



tetrakis(trifluoromethanesulfonato-kO)chromium(IV), Cr(O-SO,CF3)4[(H2N)>CeHs)-1.5
Et,0. The compound is deep purple in colour, it has been structurally characterized. It is
a 1:1 electrolyte in MeCN.

Studies on chromium (IV) complexes are of extreme importance as they are
considered to be possible intermediates in Cr-induced cancers. A report by Bose er al.”?
in 1992 on the reduction of Cr(VI) by glutathione (GSH) shows that the reaction proceeds
through long lived intermediates. The magnetic moment data. along with EPR results
suggest Cr(IV) to be dominant long lived intermediate in this reaction, and Cr(V)
accounts for less than 5% of the intermediate in this case. These intermediates have been
suspected to be carcinogenic and mutagenic species. The carcinogenic and mutagenic
activities of chromium compounds are associated with DNA damage. Bose’s research
group™?* has very recently taken up a project to study how the hypervalent chromium
species initiate the degradation of DNA and induce cancer. In 1997 Liu et al.”
synthesized Cr(IV)-GSH complex by the reaction of Cr(VI) with GSH. The compound
was characterized by EPR spectroscopy and magnetic susceptibility measurements. Its
EPR spectrum is centered at g = 1.9629 with a peak to peak line width of 480 gauss, in
powder form as well as in aqueous medium. The compound has magnetic moment of

2.53 BM indicating that the chromium ion has two unpaired electrons. The Cr(IV)-GSH
complex is able to generate free *OH radical in presence of oxvgen in aqueous medium.
These *OH radicals generated by Cr(IV) are able to cause damage to DNA and other

cellular targets. This compound can be used as a model compound to study the role of

Cr(IV) in the mechanism of Cr(VI) induced carcinogenesis.



In 2001 Meier-Callahan er al. reported a Cr'oxocorrole complex.”® The
compound [(tpfc)CrO][Cp2Co] has been prepared by the cobaltocene reduction of
[(tpfc)CrVO] (where (tpfc)Hs is 5,10,15-tris(pentafluorophenyl)corrole). The five
coordinate Cr'" oxocorrole complex was found to be diamagnetic with a (d,\y)2 ground
state, analogous to Cr'v'O porphyrins.

Recently much attention is being paid to chromium(IV) compounds, especially
involving Cr'¥ -0, bonds due to the successful industrial utilization of CrO; as magnetic
tapes.”'28 The diperoxo-amine family of Cr(IV) complexes is of particular interest in this
regard and its magnetic properties are being widely investigated®” in order to design
superior magnetic memory device.

Hydrogen atom abstraction from organic substrates by metal-oxo species is an
important area of research in bioinorganic chemistry and oxidation catalysis. In 2002 Qin
et al. rcported29 a chromium(IV) oxo complex derived from O,, that is capable of
abstracting hydrogen atoms from ordinary organic compounds. The compound

1BuM¢ — hydrotris(3-tert-butyl-5-methylpyrazolyl)

[Tp®*MCr(O)(pz’H)]BARF, (where Tp
-borate), pz'H = 3-tert-butyl-5-methylpyrazole, BARF = tetrakis(3.5-bis(trifluoromethyl)-
phenyl)borate), features trigonal bipyramidal coordination of chromium. Its IR spectrum
shows v(Cr=0) stretch at 905 cm”'. The effective magnetic moment of the compound is
2.7 BM.

In 2002 Filippou et al®® reported the synthesis and molecular structures of
chromium(IV) halides and pseudo halides bearing a triamidoamine ligand, having general
formula [Cr(N3;N)X] where X = F, CI, Br, I, CN. The compounds were prepared by single

11

electron oxidation of Cr triamidoamine complex [Cr(N;N)]*' {where (N3N)*~ =



show narrow EPR signal even at room temperature, some authors denote them as
complexes of chromyl(V)ion, CrO*". The first species of this type, namely M,CrOCl;
and [CrOCl;)"HR" (where M = K*, Rb", Cs" or NH4"; and R = pyridinium, quinolinium
or tetramethylammonium ion) were made by Weinland er al.'®*° by reducing CrOs in
corresponding acid. Many compounds containing [CrOX4]™ (X = F. Cl, Br) ion have been
made and well characterized.”® These species are square pyramidal, having magnetic

moment ~1.7 BM and v(Cr=0) values ~1000 cm™.

In the oxohalo complexes four
halogens in the XY plane are equivalent. The presence of [Cr=0]3 " as a structural unit
gives rise to a strong axial component, and deviation from cubic symmetry. The
significant reduction of EPR line width of these oxohalo complexes compared to that of
CrO4>" ion is because of the extreme deviation from cubic symmetry. and as a result of
the increase in spin lattice relaxation, the detection of EPR signal is possible even at room
temperature.‘”

Green er al.*? have synthesized CrOF: by the reaction of CIF and CrOj; at 0 °C
and studied its structure and properties. The IR and Raman spectral data suggest a
polymeric structure for the compound, with terminal Cr-O bonds and extensive halide
bridging. The compound is reported to have magnetic moment 1.82 BM which is
consistent with Cr(V) species (dl system). The compound CrOCl: is also reported. It has
polymeric structure similar to CrOFs. Its EPR shows a singlet (g = 1.989) which confirms
the existence of Cr(V) oxidation state.

CrFs* was obtained by fluorination of CrF;. Pure CrFs is hydrolysed rapidly in air

and violently in water. Its IR and Raman studies indicate a fluorine-bridged octahedral



structure. Intense EPR signals were observed from powdered sample of CrFs while at
-196°C it gave a broad , asymmetric, structureless feature centered at g = 2.0.
Complexation of Cr(V) with 2-propanol, a series of diols and polyethylene
glycols, some phenols and thiols were established in the course of their oxidation with
chromates.”" These complexes have not been isolated as pure complex salts, they have
been studied only in solution. In contrast to the other diols, pinacol and its derivative
perfluoropinacol form unusually stable chromium(V) complexes. The compound Cr(V)
ethylene glycol, has been studied in detail. It is reported to have a structure with Cay
symmetry (structure 4). The EPR spectrum of the compound shows a nine-component

superhyperfine structure due to eight equivalent protons.

HZC__ ﬁ O—CH2
I O\Q < ,
HZC——O/ 0——CH,

4

Cr(V) complexes with dithioethyleneglycol, 1,2-propanediol, 1,3-, 1,4- and 2.3-
butanediol, pinacol, hexylene glycol and perfluoropinacol are reported to have structure
similar to that of Cr(V) ethylene glycol complex. The EPR spectra of these complexes do
not show any hyperfine structure due to the absence of protons. There are also reports on
some mixed Cr(V) complexes with diols (ethylene glycol or pinacol) and phosphine
oxide, arsenic oxide and arsenic acid.*

The formation of Cr(V) complexes with other types of ligands containing mono

dentate and polydentate O-, N- and S- donors have been detected through EPR studies.*'



The Cr(V) species formed as a result of interaction between Cr(VI) and ligand takes part

both in coordination and redox process as shown below.

ki

Cr(VI) + L = Cr(V) + P (1)

Cr(V)+nL = Cr'L, (2)
ka

Ccr'L, » Cr''Ln+P (3)

Where P is the oxidized product of ligand L.

In cases where the rate of process (1) and equilibrium constant K of process (2) are high,
the corresponding EPR signal could be observed. While, in other cases when the rate of
Cr(V) formation is negligible or the Cr(V) species is thermodynamically unstable or the
rate of Cr(V) decay 1s higher than its formation ( k2 >k;), no EPR signal was detected.

In 1970’s EPR studies on several Cr(V) complexes were conducted such as Cr(V)
dithizone, Cr(V)-0-aminobenzoic acid and Cr(V) o-aminophenol, these exhibit
superhyperfine structure due to 14N with five and nine lines, respectively.*'

In 1978 Krumpolc and coworkers® were the first to prepare Cr(V) bischelates
(structure 5) by the action of CrOs; on a-hydroxy carboxylic acids. These complexes
dissolve in aqueous media yielding solution in which Cr(V) center is retained. The most
stable of these chelates is the bis(2-ethyl-2-hydroxy butyrato) complex,** which has been
used for a host of studies pertaining to the redox chemistry of Cr(V). The compound is

water and air stable. C- symmetry is assumed for this complexes, and the structure shows



two chelating ligands having corresponding atoms mutually trans and are of the same

chirality.
B ] Ry = CHj: Ry = C,H;
R,
Ri 1+ R;=R,=CH
“c—o_ 0 20 I
Nl 0—-C~ R;=R,=C,H;
Na* / r/
R|=R3=C4H9
L0 \O—C—R
0~ v Ri, Ra=(CHa),
Ry R].R3=(CH3)5
— - R|=CH_:2 R3=C(,H5
S

In 1980 Matsuda er al.*’ reported the preparation of oxochromium(V) complex of
7,8,12,13-tetracthyl-2,3.17,18-tetramethylcorrole  (tetmc) ligand. The compound
[Cr(O)(tetmc)] has been investigated in detail by means of cvclic voltammetry.*® The
EPR spectrum at room temperature is also reported.

In 1981 Groves er al.*” have prepared some Cr(V) complexes with porphyrines by
the oxidation of corresponding Cr(IlI) complexes. Structural investigations showed the
presence of Cr'=0 unit. and a pyramidal structure has been proposed for the complex.
The EPR spectrum showed strong signal (g = 1.982) with super hyperfine structure of
nine lines due to four N (I = 1). They have magnetic moment 1.z ~ 2.05 BM. These
porphyrin complexes are remarkably stable, and can be isolated and purified. Another
important feature of oxoporphinatochromium(V) complex is its capability of
hydroxylating and epoxidizing hydrocarbons due to exchange of its oxo ligand.

Chromium(V)-crown ether complexes®® have been reported to have pyramidal

structure with the presence of four hydrogen atoms. Its EPR shows five-component super

hyperfine structure.



In 1983 Siddall et al.* reported the isolation and structure determination of a
series of catalytically active oxochromium(V) salen complexes (structure 6) generated
from various well characterized Cr(Ill)salen [salen = N,N-ethylenebis(salicylidene-
aminato)] complexes. The formation of oxochromium(V) species is readily diagnosed in
solution by the appearance of an isotropic EPR spectrum at room temperature. The EPR
spectrum of oxochromium(V)salen cation in acetonitrile shows a quintet splitting due to
two equivalent nitrogens of the salen ligand with A("*N) = 2.25 G centered at g = 1.978,
accompanied by a four component hyperfine structure arising from the **Cr isotope (I =
3/2) in 9.55% abundance. The infrared spectrum of these oxochromium(V) complexes

shows a sharp stretching band for the terminal Cr=0 bond at ~1000) cm™.

Coordination of donar ligands such as pyridine-N-oxide, Ph;PO and water to the above
compounds is accompanied by changes in infrared and EPR spectrum. In the adducts the
O=Cr stretching vibration decreases to lower frequency due to the weakening of the oxo-
chromium bond. These oxosalen complexes are also capable of efficient oxygen atom
transfer both to alkenes and phosphines and therefore are of interest in the development
of new catalytic systems.

Another interesting new set of nitrido chromium(\’) complexes were also
synthesized.* These compounds were made by photochemical oxidation of

corresponding Cr(IlI)-azide-L complexes or by hypochlorite oxidation of Cr'(OH)L (L=



porphyrin) in presence of ammonia. The nitrido Cr(V) complexes are quite stable having

pyramidal structure with coordination number five. The EPR spectra observed are typical

for Cr(V) species (g ~ 1.98) exhibiting well resolved "*N hyperfine splitting.*'
Chromium(V) oxalato complexes are reported, that has been generated by mixing

solutions of CrQ; and oxalic acid.>

Hexacoordinated Cr(V) complexes having distorted octahedral structure without
Cr=0 or Cr=N structural units are also reported.’’ These are complexes with cis-1,2-
ditrifluoromethylethylene-1,2-dithiolate (g = 1.9941), cis-1.2-diphenylethylene-1,2-
dithiolate (g = 1.996) and o-aminothiophenol and N-methyl-0-aminothiophenol (g =

1.987).

There are reports on cis- and trans- chromium niirosyls’' of the type
Cr(NO)(EHBA); (structure 7 and 8), where EHBA = 2-ethyl-2-hydroxybutyrate. They
were prepared by the reaction of NH,OH and [CrO(EHBA),]™ and were characterized by

EPR. The g values are characteristic of a single unpaired electron.

o 0 0 7
o) | S
N Y 4 N N
c—o_ N 0—C ¢—0 0—
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H H H H
Cis- Cr(NOYEHBA) Trans Cr(NO)EHB A -
7 8

Interest in Cr(V) studies has been enhanced by evidences implicating Cr(V)
species as carcinogens in biosystems. Several Cr¥ complexes with biologically-relevant

ligands have been identified by EPR spectroscopy in solution, but a glutathione complex



is the only one that has been isolated in solid state.” Reports are there on Cr(V) complex
formation in the course of Cr(VI) reduction with a series of ribonucleotides. In all the
cases typical EPR signal for Cr(V) species (g ~ 1.98) has been observed, and the
complexes are thought to be carcinogenic.”>*

Very recently a new Cr(V) complex K[Cr'O(qaH3),]-H-O bis[quinato(2-)oxo-
chromate(V) (where qaH3 = quinato = 1,3,4,5-tetrahydroxycyclohexane carboxylato(2-))
has been synthesized and characterized.”® The interest in this complex has developed
because of its ability to act as both a structural and a biomimetic model for a range of
Cr(V) species considered to be generated in vivo during intercellular reduction of
carcinogenic Cr(VI).

The reduction of Cr(VI) by thiol group of glutathione (GSH) produced Cr(V)
compounds which were postulated to be involved in Cr(VI) genotoxicity.*®’

Later in 2001 Peter Lay and coworkers reported™ the synthesis of Cr(V)
complexes of biologically relevant non-sulfur containing amino acids, by the reduction of
Cr(VI) by amino acids such as glycine, alanine, and 2-amino-2-methylpropanoic acid in

methanol medium. The formation of these Cr(V)-amino acid complexes were studied

using UV-Vis and EPR spectroscopy.

1.3. Kinetic Studies of Cr(IV) and Cr(V) Compounds

As early as 1949 Watanabe and Westheimer™ presented kinetic evidences which
L L : 2- .
indicated that oxidation of alcohols with CrO,"" passed through the tetravalent oxidation
state of chromium. Further evidences accumulated from the works of Espenson, Sullivan,

and Birk ** in 1960’s, which refers that both the +4 and +5 states were intermediates in



the reaction of chromium(VI) with one electron metal centre reductants as Fe(II), V(IV)
and Cr(II). However, it had not been possible to stabilize Cr(IV) in aqueous solution.
Later a small array of alkoxo and porphinato oxo chromium(IV) derivatives had been
characterized,* % but again these compounds do not survive long in aqueous medium to
allow the study of aqueous chemistry of Cr(IV). A group of diperoxotriammines
[CTI\’(Oz)z(NR:{)}] have been found to be relatively stable in water.®”® but the reactivity
of these complexes is detremined more by the peroxo groups than by the tetravalent
chromium centre.

In 1980’s Gould and coworkers reported that the reduction of carboxylato bound
derivatives of Cr(V) to Cr(Ill) using le™ reagents, in principle pass through Cr(IV).
However, the Cr(IV) transient reacts with some reductants (e.g. Ti(Ill), Ir(IlIl) and
Eu(11))®* much more rapidly than does the chromium(V) complex from which it is
formed, and in such cases the intervention of Cr(IV) was not detected. While in other
instances like the reduction of Cr(V) with Fe(II) and VO*,"""* the reaction of Cr(V) and
Cr(IV) intermediate with these reductants are nearly competitive. and hence it has been
possible to estimate the rates of formation of the Cr(IV) intermediate and its subsequent
reduction.

Although Cr(IV) transients were detected when carboxylatobound Cr(V)
complexes were reduced with single electron reagents, the study of such system is
complicated by further reduction of Cr(IV) by the le” reductant. To avoid this problem
Ghosh and co-workers”™"* in 1990-1991 generated Cr(1V) complexes in solution by the
treatment of HCrO,4~ with a series of 2e” reductants in aqueous medium, in the presence

of buffer derived from 2-ethyl-2-hydroxybutanoic acid and its sodium salt. Reductions



with Sn(Il), HSO3™, M0,04** and U(IV) (2¢” reductants) were effective but best results
were obtained with As(III) as reductant. The pink coloured bischelated Cr(IV) complex
generated in solution exhibited a strong maximum at 510 nm (¢ = 2500 M"'cm™). The
decay characteristics of this aqueous Cr(IV) complex is highly sensitive to the presence
of other redox species, but if concentration of remaining CrOs>™ is minimized, half life
exceeding 10 minutes (25 %C) has been observed. There are two reasons behind this
improved stability: firstly the complex was generated by a 2e” reduction of Cr(VI) rather
than le” reduction of Cr(V), to avoid the rapid le” reduction of Cr(IV) following its
generation and secondly the carboxylato ligand which stabilzes the Cr(IV) is attatched to
the Cr(V1) reagent before it undergoes reduction.

Despite several decades of interest, aqua chromium(IV') had never been directly
observed until in 1991. when Espenson and coworkers - generated the new
chromium(IV) species, anaerobically, by stopped-flow mixing of superoxochromium(IIl),
Cr0,** (aq), or (p-peroxo)dichromium(Ill), CrOOCr" (aq), or TI"(aq) with an equal
concentration of Cr*” (aq), in acidic aqueous solution. Also the injection of Cr*" into
acidic aqueous solution saturated with O; yields Cro™.

Cr(H0)5”" + Oz — (H,0)sCrO0™ @
Cr(H;0)s>' + (H:0)sCrO0* - (H0):Cr"" =0 (5)

The pentaaqua(oxo)chromium(IV) ion (CrO*) is a powerful and reactive oxidant
with a tj, =30 s in 1.0 M HCIO;4 at 25°C, and has been used as a reagent in mechanistic
studies. The kinetics of the reactions of CrO*" with various alcohols, aldehydes and

carboxylates are reported,” and a hydride-transfer mechanism common to all these



reactions is proposed. (HzO)SCrO2+ can function as either one electron or two electron
oxidant, it adopts different mechanisms in its reactions with organic materials: hydride
abstraction occurs from alcohols and hydrogen peroxide, hydrogen atom abstraction from
cyclobutanol and O-atom transfer to PPh;.

Thus far, Cr(IV) has been stabilized most effectively by the buffer derived from
2-ethyl-2-hydroxybutanoic acid in aqueous medium, and this compound has been used
by several investigators to study the aqueous chemistry of chromium(IV). The redox
reactions of this carboxylato-bound Cr(IV) complex with a range of metallic reagents
such as U(]V),77 (MO\‘)Q-’} and Sn(II)78 have been studied.

Some additional reactions on metal catalysed disproportionation of carboxylato-
bound chromium(IV) has becn studied. Cr(IV) is stabilized in aqueous solution through
ligation by anion of a- hydroxyacids, but the solutions do not persist indefinitely, they

undergo decay both by disproportionation and reduction by the parent ligand.

werV » e = erY (6)
2V + R,C(OH)COO™ — 2Cr' + RyC=0 + CO, + H” (7)
The relative importance of one path with respect to the other depends on the pH

of the medium and the nature of added transition metal ions. Of the usual d and f block

metal centers only Mn(II) and Ce(IIl) have been found to catalyze this disproportionation

si gniﬁcantly.m‘79

Further in 1993 Ghosh et al.* prepared Cr(IV) solutions by the CrV'- As"
reactions and studied its reduction with metallic reagents like IrCls>", Fe(CN)e",

Fe(4,4-Me,bipy);?*, Fe(5,6-Mexphen);,**. However, no report exists in literature on its



redox reactions with nonmetallic substrates. This prompts one to study the kinetics of

reduction of Cr(IV) with hydrazine, and hydroxylammine.

EPR spectroscopy is a standard method that has been used in studying Cr(V)
transients generated in the reduction of Cr(VI) by organic substrates. An emperical
method™® for determining the coordination number of Cr(V) complexes and the donor
groups bound to Cr(V) from the gis, and Ajs, values has also been developed. The nature
of the donor groups and the number of each group determines the g, value, while the
Ais, value depends on the nature of the equatorial donor atoms and coordination
geometry. Strong correlation between the gis, values of isoelectronic Cr(V) and V(IV)
complexes and between A, values of analogous complexes of the above two metal ions
has been observed. EPR spectroscopy has been very useful in the study of solution
chemistry of Cr(V) also. Such studies have also given valuable information regarding the

biochemistry that occurs in cells exposed to carcinogenic Cr(\1) and hence the possible

. ) . 5
mechanism of chromium-induced cancers.

Chromium(V) chelates derived from o- hydroxyacids are highly stable in air, and
dissolve in aqueous media yeilding solutions in which the generally unusual oxidation
state Cr(V) persists for hours. The ready availability and stability of such derivatives,
resulted in a host of studies pertaining to the redox chemistry of C{V'). The bis(2-ethyl-2-
hydroxy butyrato)chromium(V) complex , which is the most stable of these chelates has
generally been used for such investigations. Conversions of Cr\) to Cr(IIT) with single
electron reductants essentially pass through the still less usual oxidation state Cr(IV).
This state is especially reactive and escapes detection in reactions with Ti(1II), Ce(III)

and Eu(II),”®' but strongly absorbing transients having properties of Cr(IV) were



like hydrazine and hydroxylamine. Stabilisation of these Cr(IV) and Cr(V) species in
solid at RT was achieved and their EPR and other studies are presented in Chapter 3. In
subsequent chapters we present synthesis and characterisation of paramagnetic nonoxo
Cr(1V) (Chapter 4), oxo Cr(IV) (Chapter 5), a superoxo Cr(IV) and an oxo Cr(1V)
(Chapter 6), and an unique Cr(II[) compound that has been structurally characterised

(Chapter 7). In the last chapter (Chapter 8) summary and conclusion of the work is

presented.

1.4. Instrumental Techniques

Elemental (C, H, N) analyses were performed in a Perkin-Elmer 240 CHNS/O
analyzer. Infrared spectra were measured with a Jasco IR report-100 spectrophotometer
using KBr pellet. Far infrared spectra were recorded with a Bruker IFS 66V spectrometer
using polyethylene pellet. Static susceptibility measurements were made with the help of
a Princeton Applied Research Vibrating Sample Magnetometer Model 155. Electronic
spectra were recorded with a Jasco V-570 UV/VIS/NIR spectrophotometer using a pair of
matched quartz cell of path length of one cm. Electrochemical measurements were done
either with the help of a PAR Versastat-II electrochemistry svstem or a Bioanalytical
system CV-27 electrochemical analyzer and a BAS model X-Y recorder at 298 °K under
nitrogen atmosphere. A standard three-electrode cell consisting of either a platinum or a
glassy carbon working electrode, platinum auxiliary electrode and Ag/AgCl reference
electrode was used. TEAP was used as supporting electrolyte. EPR spectra were recorded
using a Varian E-112 X/Q band spectrometer. RT solution EPR spectra were recorded

using aqueous cell. Frozen glass spectra were recorded in liquid nitrogen using a quartz



dewar. Diphenylpicrylhydrazyl (DPPH) was used as internal field marker. The
modulation amplitude, spectrometer gain and filter time constant were optimised to
obtain well resolved EPR spectrum that carries maximum information. Crystal structure

of a Cr(IlI) compound was determined using an Enraf-Nonius CAD-4 diffractometer

equipped with graphite monochromated [Mo-Ka, A = 0.71073 A] radiation.
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CHAPTER 2

Generation and Stabilization of Carboxylato-bound Chromium(IV) Compounds in

Solution and their Kinetic Studies with Nonmetallic Substrates

2.1. Introduction

Until early 1990’s a small number of chromium (IV) compounds had been
characterized, but either these were not stable in aqueous medium'™ or their chemistry
was governed by the peroxo groups present in these compounds “* However. Ghosh and
Gould®’” were successful in preparing an aqueous chromium (IV) complex by the
reduction of HCrOs~ with H3AsOj; in solution buffered by 2-ethvl-2-hydroxy butanoic
acid (LH) and its salt (L ). that is stable in minute scale in aqueous medium. Since it has
been observed that this Cr(IV) complex is oxidized to a familiar bischelate of Cr(V) in
presence of excess Cr(VI), and is reduced at low [Lig’] to a bis chelate of Cr(IIl) by

series of one electron reductants, it too has been proposed® to be a bischelate having

structure 1 or 2.

0]
N[Beate / \ _-O—CEe.
o / /C
ELC—O \ Et,C— O \O /
\H O—C\\ H OH - Q
o)
1 2

* Part of this work has been published in (i) Kumar, M.; Ghosh. S. P.; Koley, A. P.;
Ghosh, M. C. J. Chem. Research (S), 2000, 448. (ii) Kumar, M.: Ghosh, S. P.; Koley, A.
P.; Ghosh, M. C. Indian J. Chem. 2001, 404, 827. (iii) Ghosh, S. P.; Kumar, M.; Koley,

A. P.; Ghosh, M. C. J. Chem. Research (S), 2003, 346.



This carboxylato-bound Chromium(IV) complex gives intense pink colour in
aqueous medium and is characterized by its strong absorbance at 510 nm (¢ = 2500 M
cm 'at [LH] =[L ]=0.1 M, pH = 3.37). Studies conducted by Fanchiang et al.’ show
that the spectra of this carboxylato-bound Chromium(IV) solution is dependent on [H']
between pH 2 and 5; treatment of absorbance data in this range leads to a K, value of 3.8
x 10 * M (pK, 3.4, 23 °C, p = 0.4 ) suggesting protonation of one of the Cr(IV)-bound
OH groups in structure 2. It has been also reported that, the absorbance of the Cr(IV)
complex rises markedly with the increase in concentration of ligand buffer (at constant
pH), indicating partition of Cr(IV) between two ligation levels differing by one unit of
ligand anion. If the less ligated form is the protonated bis chelate (structure 3), then the
equilibrium is represented as shown below, in which the extra ligand is seen to coordinate

in a unidentate manner. resulting in uncharged bischelate (structure 4).

OH OH
= _ =
crY - Lg —= Cr + H,O (1)
O Lig
3 4
ST \,ﬁldcls
It has been reported that the variation in absorbance of Cr(IV) with [Lig ] seitds a

ligation constant K = 90 M ' at 23 °C.” This distribution between the forms is reflected
also in Cr(IV) redox chemistry.

Immediately after the report of the stabilized carboxylato bound chromium(IV)
complex, the chemistry of this unusual oxidation state became the subject of prime

interest. This compound has been used by several investigators® to stu dy the aqueous



chemistry of chromium(IV). The redox properties of this stabilized Cr(IV) with a wide
range of metallic reagents have been studied.*'®'? The kinetic characteristics of the
systems Cr(IV)-Monf‘, Cr(IV)-U(1V), Cr(IV)-Mn(II), Cr(1V)-Sn(II) and Cr(1V)-Ce(I1I)
have been reported,(’"o"z but no report exists in the literature on its redox reactions with
nonmetallic substrates. We have studied the kinetics of reduction of this carboxylato
chromium(IV) with nonmetallic substrates hydrazine and hydroxylamine.

In these studies the Cr(IV) required for the redox studies was generated by the
reaction of Cr(VI) with As¢Il); as a consequence the handling and disposal of arsenic
was the major problem faced. This instigated us to find a method for the generation of
aqueous Cr(IV) avoiding the use of highly toxic arsenic, so we also attempted to prepare
aqueous carboxylato bound Cr(IV) by the direct reduction of Cr(VI) with methanol,
instead of toxic As(IIl). the details of which have also been incorporated in this chapter.
Success of generation of Cr(IV) from Cr(VI) with methanol as the reducing agent led us
to carry out the generation of carboxylato bound Cr(IV) in non aqueous methanol
medium and it was found that the Cr(IV) thus generated has far more improved stability.

We present each of the kinetic studies separately in four individual sections of this

Chapter.



2.2. Reduction of Carboxylato-bound Chromium(IV) by Hydrazine
Experimental Section

Materials. Sodium dichromate (Reagent Grade) and the “ligand acid”, 2-ethyl-2-
hydroxybutanoic acid (Aldrich) were used as received. As(IlI) solution was made by
dissolving As;O3 (Reidel De Haenag Seelze Hannover, Reagent Grade) in aqueous
NaOH. Ionic strength of the reaction mixture was adjusted with NaCl (Aldrich).

Hydrazinium chloride (Alfa) was used without further purification.

Kinetic Measurements. Pink coloured solutions of chromium(IV) were
generated by reducing known deficiencies of Cr(VI) with excess of As(III) in presence of
ligand buffer derived from 2-ethyl-2-hydroxybutanoic acid and its sodium salt and were
characterized’ by its strong absorbance at 510 nm. To the Cr(IV) generated, immediately
hydrazine-hydrochloride was added and it undergoes facile reduction, The kinetics of this
reduction of Cr(IV) by hydrazine was studied under three different conditions: (i) by

varying the [NoHs '], (ii) by varying the [L'], and (iii) by varying the pH.

2.2.1. Reaction of Cr(IV) with hydrazine at variable [N,Hs']. Chromium(IV)

was generated’ by the reaction of (4.0 x 10 M) chromium(VI) with (5.0 x 107> M)
_ ) G.q,ul.Mo\ar

arsenic(III) in the presence of (0.1 M) ligand buffer derived from a/\mixture of 2-ethyl-2-

hydroxybutanoic acid and its sodium salt. The total ionic strength (u) of the medium was

maintained at 0.5 M with NaCl. The pH of the medium was recorded as 3.34. The

development of pink colour within 10-20 seconds of reaction indicated the formation of

Cr(IV) and was characterized’ by its strong absorbance at 510 nm. Immediately



hydrazine-hydrochloride was added. The generated Cr(IV) was found to undergo facile
reduction with hydrazine as indicated by the drop in absorbance at 510 nm. In each run
the concentration of hydrazine was varied. The progress of the reaction in each run was
monitored by measuring the absorbance change at 510 nm (representative Figure 2.1)
using a Jasco Model V-570 spectrophotometer. Conversions were followed for at least
four half-lives. Rate constants for each of the exponential profiles were evaluated from

plots of absorbance difference vs. reaction time. Kinetic data for the reactions are

presented in Table 2.1.

Table 2.1 Kinetic data for the Cr(IV) reaction with N;Hy in excess®

[NaHs M | tizavg, s - 107 xkobs, s ' | 10° x Keat, s
0.020 97 10.72 0.62
0.040 52.1 | 1.33 1.24
0.060 37.5 i 1.85 1.86
0.080 28.9 : 2.4 2.5
.
0.110 19.1 : 3.6 3.4

3 Reactions were run at 25.0 + 0.5 °C; p (ionic strength) = 0.50 M (NaCl); progress of the
reaction was monitored at 510 nm with [Cr(IV)] = 4.0 x 10 * M. Solutions were buffered
with mixtures of 2-ethyl-2-hydroxybutanoic acid and its sodium salt, [LigH] = [lig'] =

0.05 M. pH = 3.34.

The variation of reaction rate Kops With [N2Hs'] is shown in Figure 2.2
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Figure 2.1. Plot of absorbance change vs. time in the reaction of Cr(IV) with
hydrazine, [Cr(IV)] = 4 x 107" M, [N;Hs"] = 0.04 M, pH =3.35, [LigH] = [Lig]
=0.05M. 2. =510 nm.
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Figure 2.2. Plot of kgpg vs. [N2H5+] in the reaction of Cr(IV) with hydrazine
at [Cr(IV)] = 4 x 104 M, pH =3.34, [LigH] = [Lig"] = 0.05 M.



[Note for figures : The circles represent the experimental points and the solid line is

obtained by the best fit procedure in microsoft excel or sigma plot.]

2.2.2. Reaction of Cr(IV) with hydrazine at variable [L"]. 4.0 x 10 * M Cr (IV)
generated by the reaction of 4.0 x 10*M chromium(VI) with 5.0 x 10 * M As(IIT) in
presence of buffer derived from 2-ethyl-2-hydroxybutanoic acid (LH) and its anion(L )
was treated with 0.06 M hydrazine. The total ligand concentration (L) was varied from

run to run. The effect of [L ] on the reaction rate was monitored at 510 nm. Kinetic data

for the reaction of Cr(IV) with hydrazine at variable [L ] are presented in Table 2.2. The

variation of kops With [L ] is shown in Figure 2.3.

Table 2.2 Kinetic data for the Cr(IV) reaction with N;H, at variable [ L]

[L],M t), avg. s 107 X Kops, 5 ' | 10° X Keic, S |
0.017. 15.1 4.6 4.6

0.03 22.7 3.1 3.1

0.085 55.0 1.26 1.44

0.12 75.0 0.92 0.92

0.164 97.0 0.72 0.76

005 215 1:@5 | 86

Reactions were run at 25.0 + 0.5 °C; p = 0.50 M (NaCl); progress of the reaction was
monitored at 510 nm with [Cr(IV)] = 4.0 x 10 * M, [N2Hs™] = 0.060 M. Solutions were
buffered with mixtures of 2-ethyl-2-hydroxybutanoic acid and its sodium salt. pH of the

medium was ~3 4.
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Figure 2.3. Plot of kps vs. [L] for the reaction of Cr (IV) with
N,H, at [Cr(IV)] = 4x10™* M, [NoH5"] = 0.06 M. pH =3.4.



2.2.3. Reaction of Cr(IV) with hydrazine at variable pH. Pink solutions of
Chromium(IV) were prepared by the reaction of 4.0 x 10 * M chromium(VI) with 5.0 x
10 > M As(IIl) in presence of buffer derived from 2-ethyl-2-hydroxybutanoic acid (LH)
and its anion (L ). The pH of each run was varied by using different combinations of
ligand acid and ligand buffer. The total ionic strength was maintained at 0.5 M by adding
required amount of NaCl. To the generated Cr(IV) in each run, a fixed amount of 0.06 M
hydrazine hydrochloride was added. The progress of the reaction was monitored at 510
nm. The absorbance change with time was recorded corresponding to each pH. Kinetic

data for the reaction of Cr(IV) with hydrazine at variable pH are presented in Table 2.3,

The variation of kops With [H'] is shown in Figure 2.4.

Table 2.3 Kinetic data for the Cr(IV) reaction with NoH, at variable pH

pH 10 [H L, M | tizavg,s | 10°xKobs, 8 | 10° X Keate, 51
2.83 14.8 114 0.61 0.79
3.07 8.5 77 0.90 0.99
3.16 6.9 49.5 1.40 1.44
3.34 4.6 37.5 1.85 1.86
3.70 2.0 24.3 2.90 2.90

Reactions were run at 25.0 + 0.5 °C; p = 0.50 M (NaCl); progress of the reaction was
monitored at 510 nm with [Cr(IV)] = 4.0 x 10* M and [N2Hs'] = 0.060 M. Solutions

were buffered with mixtures of 2-ethyl-2-hydroxybutanoic acid and its sodium salt.
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Figure 2.4. Variation of the observed rate of reaction between Cr(IV)

and N,H, with [H'], at [Cr(IV)] = 4 x 107 M. [N,H;"] = 0.06 M.



2.2.4. Examination of Reaction Product. A solution containing 1.0 x 10 * M
Cr(VI) was added to a solution of 0.05 M As(Ill) buffered with 2-ethyl 2-hydroxy
butanoic acid and its sodium salt (LigH = Lig" = 0.05 M). The pH of the medium was
3.32. The solution turned pink immediately due to the generation of Cr(IV). To this
mixture, 3.0 X 10~ M N,H, was added. The solution on keeping overnight turned bluish
green. The spectrum recorded after 24 hours from the time of mixing hydrazine shows

(Figure 2.5) two absorption peaks at Amax = 586 nm (€ =49M 'cm ') and Ao = 412 nm

(e=65M "cm ).

2.2.5. Results and Discussion. The observed stoichiometry corresponds to the
following reaction

4 Cr(IV) + NoHs — 4 Cr(1ll) + N2+ 2 H (2)
The chromium product was characterized as Cr(III) species from the observed spectrum
(Figure 2.5) of the final reaction mixture (Amax = 586 nm, € = 49 M em ™ Aoy = 412
nm, € =65 M ' cm™!). The spectrum bears similarities with that of the product (€sg4 = 49
M~ em s €ns = 76 M cm™') formed from cr¥' - (Mo"); reaction in similarly buffered
solution, which has been assigned® to be a bischelated Cr(III) complex derived from the
buffering hydroxy acid with an additional monodentate carboxyl group.®

In the study conducted on reactions of Cr(IV) with hydrazine at variable
hydrazine concentrations, it was ensured that the reaction was followed at high range of
[N,H4] in order to minimize the interference arising from the disproportionation'2 of
Cr(IV). The reaction is seen to be first-order dependent on [N>H;] with no hint of kinetic

saturation (Figure 2.2) within the range of concentrations of reductant taken. This
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Figure 2.5. Electronic spectrum of Cr(III) product obtained by the complete
reduction of Cr(IV) by hydrazine (Cr(IV) was generated by the reaction of
1.0x 107 M Cr(VI) with 0.05 M As(III) in medium bufiered by 2-ethyl-2-

hydroxy butanoic acid and its sodium salt. LigH = Lig" = 0.05 M). Spectrum

was recorded after 24 h from the time of mixing hydrazine.



indicates the formation of neither any Cr''-N,H, precursor complex nor any ion-pair

between them under the reaction conditions, and is consistent with the uncharged

nature®'? of the Cr(IV) compound under investigation.

In reaction of Cr(IV) with hydrazine at variable [L'], marked inhibition of
reaction rate is observed with excess ligand anion (Figure 2.3). This may be attributed to

the partial conversion of Cr(IV) to very less reactive or unreactive extraligated form

(represented as cr'Y (L)).

In reaction of Cr(IV) with hydrazine at variable pH, an increase in reaction rate

with increase in pH is observed (Figure 2.4). This indicates the involvement of
protonation-deprotonation equilibria in one or both the reactants. Since the reported'*'®
pKua values of hydrazine are 8.07 and —0.88, the only reactive hydrazine species in the
pH range covered in this study is N,Hs" indicating that the protonated Cr(IV) is less
reactive than the deprotonated form. Previous studies”'' have presented evidence that
chelated Cr(IV) in our buffer system undergoes partial deprotonation
Cr'V(OH,) = Cr'Y(OH) + H' Ky=3.8x10" 3)
as well as partition between ligation levels
CrV(OHy) + L™ = Cr'V(L) + H,0 KL =90 4)
Considering the above equilibria and assuming that both the protonated (Cr'V(OH,)) and
the deprotonated (Cr'"Y(OH)) forms, but not the extraligated species (Cr'V(L)) contribute
towards oxidation process, the rate law for our system may be derived from the following
mechanism.

cV(OH) = CrY(OH)+H"  Ku=38x10" 3)

Cr'V(OHp) + L™ = Cr'V(L)+ H,0 K. =90
4)



Cr'V(OHa) + [N2Hs'] - Products kg (5)

Cr'V(OH) + [NaHs"] = Products k (6)

Where ki and k represent the respective rate constants for the reaction of Cr'¥(OH,) and
Cr'V(OH) with [N2Hs ).
From equation 3: Ky = [Cr'Y(OH)] [H')/ [Cr'Y(OH))]
From equation 4: K; = [Cr'VL]/ [Cr'V(OH2)] [L ]
= ([Cr'VL] Ku)/ ([CrY(OM][H'] [L )
From equations 5 and 6: dP/dt = (ku [Cr'V(OHy)] [N2Hs™]) + (k [Cr (OH] [N2Hs"])
Where dP/dt represents the rate of product formation.
Total chromium concentration: Cr'¥r = [Cr'V(OH2)] + [Cr'V(OH] - [Cr"* L]
= [CrY(OH)] {[H"] + K& — ([H][L K1)}/ Ky
Thus we have: [Cr"(OH)] = Cr'Vpx Ku/ {[H"] + Ky + ([H"][L 1K.)}
dP/dt = (k [Cr' (OH)][N;Hs"]) + (ku [Cr'(OH][HJIN:Hs ")) / Ky
or, dP/dt = [Cr" (OH)][NHs"] x {k + (ku [H']/ Ku)}
substituting the value of [Cr'v(OH)] using equation 5 we have:
dP/dt ={Cr'V1 x Ky / {[H] + Ku + (H'][L'] K1)} x [No2Hs™] x 1k = (kg [H']/ Ky}
since kops = dP/dt/ cr'':

we have: ks = Ky [NaHs ] x {k + (ka[H']/ Ku)} /{[H'] + Ky = ([H)[L"]KL)}

Thus the rate law is finally derived as:

Kobs = (Ki k +ky[H])[NaHs "] A([H'] + Ku + [H'][L ]Ky) )



A nonlinear least square fitting of our rate data with equation 7, produces ky = 0.64 +
0.09 M 's'and k =1.57 + 0.08 M"'s™'. Rates are calculated from equation (7) with these
parameters and the reported values of Ky and Ki; and listed in Tables 2.1-2.3 along with

kobs for comparison. Close agreement between the observed and calculated rates indicates

the validity of our rate law.

2.2.6. Conclusion. Similar retardation of rate by excess ligand anion and high
acidity has been observed for the uncatalyzed and Mn(II) catalvzed disproportionation'?

10.1:
The same factors, excess

of Cr(IV), as well as for its reduction by metallic substrates.
[L ] and high [H'], have been found*™' to accelerate the formation of Cr(IV) from the
reduction of Cr(VI) with H;AsO;, (Mo"); or U(IV), and thus impart more stability to
this carboxylato chromium(IV). Thus hydrazine does not differ from the metallic
substrates when the effects of ligand anion and H" on the reactivity trend of Cr(IV) is
considered. These observations, along with the second-order nature of
autodisproportionation” of Cr(IV) suggest that high concentrations of ligand anion and

hydrogen ion, and low concentration of chromium(VI) are the best conditions for

preparing stable aqueous carboxylato chromium(IV).



2.3. Reduction of Carboxylato-Bound Chromium(IV) by Hydroxylamine
Experimental Section

Materials. Sodium dichromate (Reagent Grade) and the “ligand acid”, 2-ethyl-2-
hydroxybutanoic acid (Aldrich) were used as received. As(III) solution was made by
dissolving solid As,0O3 (Reidel De Haenag Seelze Hannover, Reagent Grade) in aqueous
NaOH. Ionic strength of the reaction mixture was adjusted with NaCl (Aldrich).

Hydroxylammonium chloride (Alfa products) were used without further purification.

Kinetic Measurements. As observed from our previous study, the aqueous
chromium(IV) stabilized through ligation by 2-ethyl-2-hydroxybutanoate ion undergoes
facile reduction with hydrazine. Here we describe the reaction of carboxylato-bound
chromium(IV) with hydroxylamine, a reductant that is structurally similar to hydrazine.

The electron transfer process has been studied under three different conditions: (i) by

varying the [NH;OH}, (ii) by varying the pH, and (iii) by varying the [L"].

2.3.1. Reaction of Cr(IV) with hydroxylamine at variable [NH;OH"]. Pink
coloured solutions of chromium(IV) was generated by adding excess As(III) in the form
of H; AsO3 (5 x 10 M) to known deficiencies of sodium dichromate (8.0 x 107° M - 4 x
1074 M) taken in a buffer made up of 2-ethyl-2-hydroxy butanoic acid and its sodium salt
(LigH = Lig™ = 0.05 M). The total ionic strength (n) of the medium was maintained at 0.5
M with NaCl. The pH of the solution was ~ 3.3. Hydroxylamine was added immediately
after the generation of Cr(IV). The concentration of [NH;0H] was varied in each run,

and the progress of the reaction was monitored spectrophotometrically by measuring



absorbance changes at 510 nm. Conversions were found to be exponential in nature, and
were followed for at least three half-lives. Rate constants were calculated from the plots
of absorbance change with time. Rates obtained from replicate runs agreed to within 8 %.

Kinetic data for the reactions are presented in Table 2.4. The variation of reaction rate

kobs With [NH3OH'] is shown in Figure 2.6.

Table 2.4 Kinetic data for the chromium(IV) reaction with variable [NH;OH]

10°x [CrV],M [ 10°x [NH;OHLM [PH [ 10°keps,s™' !
0.8 1.0 329 |0.92 i
2.0 2.0 327 |1.65 {
4.0 4.0 332 [3.10 ﬁ
4.0 7.0 330 [5.30
4.0 10.0 328 |6.80

Reactions were run at 25.0 + 0.5 °C; p (ionic strength) = 0.50 M (NaCl); progress of the
reaction was monitored at 510 nm. Solutions were buffered with mixtures of 2-ethyl-2-

hydroxybutanoic acid and its sodium salt, [LigH] = [lig'] = 0.05 M.

2.3.2. Reaction of Cr(IV) with hydroxylamine at variable pH. Pink solutions
of chromium(IV) were prepared by the reaction of 2.0 x 10™* M chromium(VI) with 5.0 x
10~ M As(IIl) in presence of buffer derived from 2-ethyl-2-hydroxybutanoic acid (LH)
and its anion (L7). The pH of each run was varied by using different combinations of

ligand acid and ligand buffer. The total ionic strength was maintained at 0.50 M by
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Figure 2.6 Plot of Kgps vs. [NH;OH"] showing the indication of complex

formation between carboxylato-bound chromium(IV) and [NH;OH'] at
[Lig™] = 0.05 M and pH = 3.30 + 0.03.



adding required amount of NaCl. To the generated Cr(IV), 2 x 10 M hydroxylamine
was added. The absorbance change at 510 nm with time was recorded for each pH.
Conversions were found to be exponential in nature. Rate constants for each of the
exponential profiles were evaluated. Kinetic data for the reaction of Cr(IV) with

hydroxylamine at variable pH are presented in Table 2.5. The variation of ko, with 1/[H"]

is shown in Figure 2.7.

Table 2.5 Kinetic data for the Cr(IV) reaction with hydroxylamine at variable pH

pH 1I°x[HL,M [ 107 x[HT,M |10°X Kps, 5 '
2.42 3.80 0.263 0.85
2.68 2.09 0.479 1.09
3.04 0.91 0.109 1.40
3.27 0.54 0.186 1.65
3.54 0.29 0.346 2.38
3.74 0.18 0.549 3.38

Reactions were run at 25.0 + 0.5 °C; p (ionic strength) = 0.50 M (NaCl); progress of the
reaction was monitored at 510 nm with [Cr(IV)] = 2.0 x 10™* M. Solutions were buffered

with mixtures of 2-ethyl-2-hydroxybutanoic acid and its sodium salt. [NH;0H'] = 2.0 x

107 M.
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Figure 2.7. Variation with [H+]'l of the observed rate of reaction between Cr(IV)
-3 . -
and hydroxylamine at [NH30H '] =2.0x 10 M and [Lig ] = 0.047 M.




2.3.3. Reaction of Cr(IV) with hydroxylamine at variable [L]. 2.0 x 10™* M
Cr (1V) were generated by the reaction of chromium(VI) with 5.0 x 10° M As(1ll) in
presence of buffer derived from 2-ethyl-2-hydroxybutanoic acid (LH) and its anion (L )
was treated with 2 x 10 > M hydroxylamine. The total ligand concentration (L1) was
varied from run to run. The effect of [L'] on the reaction rate was studied
spectrophotomertically by recording absorbance change with time. Kinetic data for the

reaction of Cr(IV) with hydroxylamine at variable [L'] is presented in Table 2.6. The

variation of kops With 1 [L ] is shown in Figure 2.8.

Table 2.6 Kinetic data for the Cr(IV) reaction with hydroxylamine at variable [ L ]

[LLM [[L] M’ | 107 X Kobs, S '
0.300 |33 091
0200 |5.0 0.93
0.150 |6.7 ' 1.01
0.100 10.0 1.20
0.050 | 20.0 1.65
0.030 |[333 2,60
0.015 | 66.7 [4.10
|

Reactions were run at 25.0 + 0.5 °C; p (ionic strength) = 0.50 M (NaCl); progress of the
reaction was monitored at 510 nm with [Cr(IV)] = 2.0 x 107 M. [NH;0H"] = 2.0 x 10~

M. Solutions were buffered with mixtures of 2-ethyl-2-hydroxybutanoic acid and its

sodium salt.






2.3.4. Examination of Reaction Product. 0.01 M Cr(VI) solution was added into
a solution of 0.05 M As(III) buffered with 2-ethyl-2-hydroxybutanoic acid and its sodium
salt (LigH = Lig = 0.05M). The solution turned pink immediately due to the generation
of chromium(IV)."'7 To the mixture 0.03 M NH;OH" was added. The solution slowly
changed to yellowish brown and then green. The spectrum of the solution taken after 10

minutes of mixing shows (Figure 2.9) two absorption peaks, one at A = 563 nm (g = 38

M ' cm ') and the other (broad) at A = 435 nm (g = 66 M'cem ).

2.3.5. Results and Discussion. The spectrum of the reaction product (A = 563
nm,e=38M lem'and A =435nm, e =66 M 'em l) does not match either with that of
chromium(III) with a pair of chelate rings formed from the buffering carboxylate anion

(Amax = 570 = 579 nm, £ =31=36 M"'em™"; Amax = 411- 412 nm. £ =46 - 55 M 'em ),

max

or with the spectrum of chromium(III) with a pair of chelate rings and an additional
monodentate carboxylato group (Amax = 584 =590 nm, ¢ =48-53 M' 'em™!; Amax = 414 -

423 nm, £ = 68 — 75 M"' em™).* 10-12 However, the observed spectrum is in good

=560 nm, & =29 M 'em™; : .. =438 — 441 nm, ¢ =

agreement with the spectrum (Amax

55 — 85 M 'em™') of the product obtained'’ from the reaction of carboxylato bound
chromium(V) with NH:OH", suggesting that our product is a nitrosyl bound chromium

17
derivative as has been inferred by Gould and coworkers.

The reduction of Cr(IV) with hydroxylamine is seen to be first-order at low
[NH3;0H*] but the plot of Kaobs VS- [NH3;0H"] shows a deviation from linearity at high

concentrations of hydroxylamine, indicating the formation of a chromium complex with

the reductant (represented by Cr-R in equations below).
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Fioure 2.9. Electronic spectrum of Cr product obtained by the reduction of

Cr(IV) by hvdroxylamine (Cr(IV) was generated bythe reaction of 0.01 M

Cr(VI) with 0.05M As(Ill) in medium buffered by 2-ethyl-2-hydroxy

butanoic acid and its sodium salt. LigH =Lig™ = 0.05 M). Spectrum was

recorded 10 minutes after mixing hydroxylamine.



Ccr'V +R« Cr-R Ke (8)

Cr-R — Products k (9)

Where R stands for reductant NH;OH"

From equation 8 K. = [Cr-R}/ [Cr'V][R]

From equation 9 dP/dt =k [Cr-R]

Again Crr =[Cr'"] + [Cr-R]

or, Cry ={[Cr-RV/K. [R]} + [Cr-R]

[Cr-R]=Crr/( 1 + IV K. [R])

[Cr-R] = CriKc[R)/ (1 ~K<[R])

substituting for [Cr-R] in equation 9, we get dP/dt = kKK.Cre[R] (1 -K[R])

or, (dP/dt)/Crr = kK[R] (1 +K[R])

Kops = (dP/dt)/Crr = KK[R)/ (1 +K[R])

since [R] = [NH;0H']

kops = KK [NH;OH')/ 1 = K [NH;0H] (10)

A nonlinear least-square fit of our data to equation (10) yields k = 0.27 £ 0.05 s ' and K,
| Gimilar kinetic saturation and proportionality of rate to the concentration

=30+7M

Cr(IV)-reactant complex was observed in the reduction of Cr(I\') with U(IV)' and in its

oxidation with Cr(VI).% The complex formation constant (K. = 30 + 7 M™") for the

present reaction of Cr(IV) is comparable to that (K. =45 14 M™% obtained for its

comproportionation reaction with Cr(VI), but is more than 100-times lower than that

calculated for the electron transfer reaction between Cr(IV) and U(1V)."°

) -4 I R
The reduction studied at 2 X 104mMcerY, 2x10°M NH:OH™ and under different

pH conditions show that the reaction is retarded with increasing acidity. A plot of Keps Vs.



[H'] ' is linear with a positive intercept (Figure 2.7). The computer fit of the observed

rate data at different [H'] to equation
Kobs = ko + kn [H']"' (11)

yields ko = (7.9 £ 0.4) x 10~ s " and ku = (4.8 £0.3) x 10 * M s . These results indicate

that although the rate of the reaction decreases with increase of [H ], it is not zero at very

high [H']. An analogous dependence of rate on [H'] has earlier been noticed for the

comproportionation reaction of Cr(IV) with Cr(VI).6'7

Results of the reactions carried out by keeping the concentration of chromium(IV)

fixed at 2 x 10™* M, concentration of NH;OH" fixed at 2 x 107 M. pH at 3.32 £ 0.05 and

varying the [Lig ] show a decrease of reaction rate with increase in [Lig"]. The rate is

given by equation

Kews = ko' + ke [L]™ (12)

A plot of Kops VS [L']" is observed to be perfectly linear (Figure 2.8). A computer fit of

the data yields ko' = (6.9 £ 0.3) X 10°s ', andkL =(52+02)x 107 M s ', indicating

that there is a small but positive rate at very high concentration of ligand anion.

>3.6. Conclusion. These results are different from those obtained for Cr(IV)-

hydrazine reaction. First of all, the tendency of rate towards saturation at high

concentration of reductant is observed for hydroxylamine system. but not for hydrazine.

Secondly, although the rat¢ increases with the decrease in concentrations of H" and Lig



for both the systems, rate saturation at very low [H'] or at very low [Lig ] was observed
for hydrazine system enabling us to evaluate the deprotonation constant Ky and
extraligation constant K of Cr(IV). However, no tendency of such saturation of rate with
the decrease in the concentrations of ligand anion and H™ is observed here for
hydroxylamine system, although similar concentration levels of H™ and Lig are covered.
These results indicate the formation of precursor complex of Cr(IV) with NH;OH", but
not with hydrazine. This Cr(IV)-NH;OH" precursor complex has deprotonation constant
and extraligation constant values which are different from Cr(IV)). and because of this we
don’t see any rate saturation here at low H" and Lig for hydroxylamine system.
Although the exact nature of dependence of rate for the reaction under study on
[Lig') and [H'] are different from that observed in the reduction of Cr(IV) with
hydrazine, (Mov)2 % and Sn(II),II the direction of change of rate remains the same
indicating that excess ligand anion and high concentration of hydrogen ion make this

aqueous carboxylato chromium(IV) less reactive towards electron transfer reactions with

metallic, as well as nonmetallic reagents.



2.4. Generation of Carboxylato-bound Cr(IV) in Aqueous Medium by Reaction of

Chromium(VI) and Methanol in Presence of Buffer Derived from 2-Ethyl-2-

hydroxy Butanoic Acid and its Sodium Salt.

18,19

About half a century ago Westheimer proposed both pentavalent and

tetravalent chromium as intermediates in the oxidation of alcohols by chromium(VI). In
the last five decades several groups of chemists?®?** have supported Westheimer’s
proposal, and have demonstrated the presence of Cr(V) as an intermediate from their EPR

spectroscopic results. However, chromium(IV) has thus far escaped direct detection. In

this report we characterize for the first time, long-lived chromium(IV) from the reaction

between Cr(VI) and methanol in presence of 2-ethyl-2-hydroxy butanoic acid.

Experimental Section

Materials. Sodium dichromate (Reagent Grade), acetone free methanol (Aldrich,

ACS grade) and the “ligand acid", 2-ethyl-2-hydroxy butanoic acid (Aldrich) were used

as received. Solutions of NaClOs were prepared by neutralizing HCIO; with NaHCO;.

Reagent for DNP test was prepared by suspending 2 gms of 2.4-dinitrophenylhydrazine

(BDH laboratory reagent) in 100 mL methanol followed by slow addition of 4 mL of

conc. H,SOs4. The mixture became warm and the solid was completely dissolved.

2.4.1. Kinetic Measurements. Reactions were initiated by adding Cr(VI) and

methanol to a buffer solution pr epared from measured quantities of ligand acid, 2-ethyl-

2-hydroxy butanoic acid (HL) and its sodium salt. Ionic strength was regulated by



addition of NaClO, solution. The reactions were followed by measuring the absorbance
changes at 510 nm under pseudo-first-order conditions using large excess of methanol
over chromium(VI). An exponential rise in absorbance followed by a readily separable
very slow decay was observed. Rate constants associated with the rising exponential
curves corresponding to the formation of pink carboxylato bound®’ Cr(IV) were
evaluated by using either semilogarithmic plots of absorbance differences vs. reaction
time or unweighted nonlinear least squares fitting of data points to the relationship
describing simple first-order transformations. Specific rates for replicate runs diverged by
less than 7%. The formation of chromium(V) resulting from the oxidation of product
Cr(IV) by reactant Cr(VI) during the progress of this first reaction was monitored from
the growth of its EPR signal at g = 1.98 using a Varian E-112 X/Q-band EPR

spectrometer. The second order rate constant for the very slow decay pertaining to the

disproportionaion of Cr{IV) to Cr(III) and Cr(V) was calculated.

2.4.2. Examination of Reaction Product. To determine whether the oxidation
product of methanol was formaldehyde the DNP test was performed. A solution
containing 0.2 M Cr(VI) was added to a solution of 1.0 M methanol buffered with 2-
cid and its sodium salt (LigH = Lig" = 0.3 M ). The solution

ethyl-2-hydroxy butanoic a

was kept for 2 hours for completion of reaction, after which DNP test was performed.

Two drops of the above solution was added to 3 mL of DNP reagent prepared, which

resulted in the formation of an orange-red precipitate, thus indicating a positive response

to the DNP test.




2.4.3. Results and Discussion. The reaction under study has three components.
(1) A pure two-clectron transaction from methanol to chromium(VI) to give
chromium(IV) which is characterized from its strong absorbance at 510 nm. Possibility of

h'%!"3 s excluded by the EPR observation

the occurrence of a parallel one-electron pat
(see later) that no initial chromium(V) is formed. (2) This chromium(IV) slowly reacts
with the reactant chromium(VI) during the progress of the first reaction via
comproportionation®’ to form chromium(V) that is characterized by its characteristic
EPR spectrum. (3) When all the chromium(VI) reactant has been consumed. the
chromium(IV) product of the first reaction undergoes a very slow disproportionation
reaction'? to form chromium(V) and chromium(IIl) that were characterized from their
respective EPR'? and UV-Visible spectra.("7

The reaction corresponding to the formation of Cr(IV). which gives rise to
increased absorbance was studied in detail. The formation of chromium(IV) from the
reaction between 2.5 x 10" M chromium(VI) and 10 M methanol in a buffer of 0.30 M
2-ethyl-2-hydroxy butanoic acid and 0.30 M of its anion at pH 3.30 proceeds through two
isosbestic points at 370 nm and 347 nm. This reaction was followed at high
concentrations of methanol to minimize the interference arising from disproportionation
of Cr(IV) and the kinetic data are presented in Table 2.7. This reaction is found to be
first-order at relatively lower concentrations of methanol, but the plot of the observed rate
constant, kops vs. [CH:OH] deviates from linearity at very high methanol concentrations
(Figure 2.10) implying that a complex is formed between Cr(VI) and methanol before the
e of the reaction is enhanced by increased ligand anion

electron transfer takes place. Rat

(L") concentration at a constant pH and constant [CH3OH] but exhibits kinetic saturation
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Figure 2.10. Plot of ks vs [CH;3;0H], in the reaction of Cr(VI) with
methanol. [Cr(VD)] =2.5 x 10 M, [Lig] = 0.08 M, pH = 3.09  0.01.



at high values of [L ] (Figure 2.11) indicating the participation of ligand anion in the
complex formation. Marked acceleration of rate observed with the increase of acidity at a
constant ligand anion concentration and constant [CH3OH] may be attributed to partial
conversion of one of the reacting species to highly reactive protonated form. Since the pK
(15.5) of methanol is much higher25 than the experimental pH range, the only reactive
reductant species present in the reaction solutions is CH3;OH suggesting that the
protonation-deprotonation equilibrium is associated with its reaction partner,
chromium(VI). The plot of kobs vs. [H'] yields a straight line with no positive intercept
(Figure 2.12) suggesting that only the protonated form of the chromium(VI) species is
reactive. No hint of saturation in the plot of keps vs. [H'] at lowest pH 2.63 is in
agreement with the known pKa (2.2)% for the Cry0>— HCrO; equilibrium. The

simplest reaction sequences that is consistent with the observed kinetic patterns can be

outlined in reactions (13) - (16).

Cr(Vl)+H' = Cr(VI)H") Ky =107 (13)

Cr(VIH)+L = Cr(VD(LH) K. (14)
Cr(VIY(LH) + CH;OH = Cr(VI)(LH)(CH;OH) K. (15)
Cr(VILH)CH;OH) —> Cr(IV)(LH)}* HCHO+ 2H"  k (16)

Since eqn 13 has very high K value, we may write total chromium concentration Crr as

Crr= [Cr(VI)(H)] + [Cr(VDLH)I* [Cr(VI)(LH)(CH3;0H)] (17)
Fromeqn 14 KL= [Cr(VI)(LH)]/ [Cr(VI)(H+)] (L]
Fromegn15  Kc= [Cr(VI)(LH)(CH3OH)]/ [Cr(VI)(LH)] [CH:OH]

Substituting the values of [Cr(VI)(LH)] and [Cr(VI)(LH)(CH30H)] in eqn 17 we have,
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Figure 2.11. Plot of kovs vs. [Lig™ ] in the reaction of Cr(VI)
with methanol at [CH3;OH] = 1.0 M and pH = 3.1= 0.01.
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Figure 2.12. Variation with [H ] of tl416 observed rate of the reaction between Cr(VI)
and CH50H at [Cr(VD] =5:0% 107 M, [CH30H] = 1.0M and [Lig') = 0.08 M.




Crr = [CR(VI)(H")] + K [Cr(VIYH)][L "] + Ky K [CR(VI)(H )J[CH;0H] [L ]
Or, Crr = [Cr(VI)(H")]{1 + Ky [L'] + K¢ Kc[CH;0H] [L']}

Since we see from Figure 1.12, kops = [H']

We may write kobs = [H™)(dP/dt)/Cry

and from eqn 16, dP/dt = k [Cr(VI)(LH)(CH;OH)]

= k K¢ Kc [Cr(VI)(H")][CH;0H] [L ]
Kobs = k K. K¢ [CH:OH] [L'T[H)/ (1 + Ki [L7] + K1 Kc[CH:OH] [L]) (18)

The rate law (eqn 18) which is consistent with this reaction scheme (13) - (16) yields
k=119+13M's' K.=45+08M 'andK . =2.1£07M".

Rates calculated from eqn (18) with these parameters are also listed in Table 2.7 for
comparison. Close agreement between the observed and calculated rates indicates the
validity of the proposed reaction sequences and the rate law. Complex formation between
the redox partners was also observed for the Cr(VI)-As(III) s_\'stem7 in the same ligand
buffer. A much lower value of the association constant, Kc. obtained for the present

reaction in comparison to that in Cr(VD)-As(III) (340 M)’ system is consistent with the

uncharged nature of CH:OH, the reductant under study. Enhancement of rate by excess
ligand anion and high acidity was also reported for the formation of Cr(IV) from the
reactions of Cr(VI) with As(II)’ and (Mo")..* However, unlike the previous two systems
rate saturation observed in the present study on ligand anion concentration enables us to

. ot nt K.
calculate the ligand assoc1ation constant K



Table 2.7 Kinetic data for the reaction of Cr(VI) with methanol in the buffer derived

from 2-ethyl-2-hydroxy butanoic acid and its anion with methanol in excess®

[CH;0H], M LM pH 10°XKgps, S | 10°xkeare %5 |
0.25 0.080 3.10 1.30 1.27
0.50 0.080 3.09 2.3 2.2
0.75 0.080 3.08 29 3.0
1.00 0.080 3.10 3.6 3.6
1.50 0.080 3.07 4.4 4.6
2.0 0.080 3.09 53 32
1.00 0.040 3.12 2.5 2.4
1.00 0.120 3.11 4.2 14
1.00 0.160 3.10 4.9 19
1.00 0.20 3.09 5.5 5.3
1.00 0.24 3.10 5.9 5.6
1.00 0.080 3.67 1.10 0.96
1.00 0.080 3.42 1.40 1.74
1.00 0.080 2.90 6.1 5.8
1.00 0.080 2.63 11.6 10.5

3 Reactions were run at 25.0 £ 0.5 0C, p = 0.25 M (NaClOs); progress of the reaction was

monitored at 510 nm with [Cr(V]) = 5.0 X 10"* M. Solutions were buffered with mixtures

of 2-ethyl-2-hydroxy butanoic acid and its sodium salt.® Values calculated from (18),

using parameters in the text.

The reactio

n was also followed by EPR spectroscopy monitoring the growth of

Cr(V) at g = 1.98'% (Figure 2.13) in order to find whether there is any initial formation of

Cr(V), and to determine the rate of formation of Cr(V), if any. No initial formation of




Cr(V) was observed (Figure 2.14), and the rate calculated from the initial stages of Cr(V)
formation at 5.0 x 10 * M chromium(VI), 1.0 M CH;OH, 0.1 M L and at pH 3.30 is 9.9
x 10 *s . This rate is very similar to that (1.1 x 10%s I) calculated for the formation of
Cr(V) via the comproportionation reaction between the product Cr(IV) and the reactant in
excess, Cr(VI) at identical initial conditions for the Cr(VI)-As(Ill) system.’ This
observation indicates that the chromium(V) is formed from the reduction of
chromium(VI) by chromium(IV), and not by methanol. Thus. methanol acts as a two-
electron donor towards Cr(VI) under the reaction conditions and no parallel one-electron
transfer takes place. Espenson and coworkers?’ also found that alcohols act as a pure two-
electron reductant towards comparatively short-lived aqueous chromium(IV).

The slow decay of chromium(IV) corresponding to its disproportionation reaction
was followed with 2.5 x 10™* M chromium(VI) and 10 M methanol in a buffer of 0.30 M
2-ethyl-2-hydroxy butanoic acid and 0.30 M of its anion at pH 3.30. The decay curve of
Cr(IV) corresponds to a second order profile, we therefore consider a second order rate
equation (19). The treatment of data was in terms of observed absorbance (A,) and initial

and final absorbances (Ag and A, respectively).

V[Cr(IV)] + 1/[Cr(IV)]o = kt (19)

where, [Cr(IV)]o= Ao - A=
and [Cr(IV)] = A¢ - Aw

therefore, 1/ (A, - Aw) + 1/( Ao~ As) =kt

A=Ap+ Akt[Cr(IV)]o/(1 + kt[Cr(IV)]o) (20)
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Figure 2.13. EPR spectrum of the Cr(V) species in aqueous medium recorded

at X-band frequency at RT. Hyperfine splitting due to 3Cr is shown.
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Figure 2.14. Plot of EPR signal intensity of the central peak of the Cr(V)

species with time.




The observed second-order rate (0.70 M™'s™") is in excellent agreement with that (0.76
M's ') reported'? for the uncatalyzed disproportionation of carboxylato-bound
chromium(IV) generated by treating Cr(VI) with As(Il) at identical pH and [L],

implying that methanol, like As(III) does not react with the Cr(IV) in our reaction system.

2.44. Characterization of Reaction Products. The oxidation product of
methanol was detected as formaldehyde from the formation of the corresponding 2,4-
dinitrophenylhydrazone. The chromium product of the first step of the reaction between
2.5 x 10 * M chromium(VI) and 10 M methanol at 0.3 M Lig™ of pH 3.33 at 25 °C was
characterized as chromium(IV) from its strong absorbance at 510 nm®’ (¢ = 1800
M 'cm ').%" In this ligand buffer system Cr(IlI) has no absorbance maximum at 510 nm,
and Cr(V) has a very low extinction coefficient (¢ at 510 nm = 180 M 'cm™").%7 The
spectrum of the final chromium(III) product of the overall reaction recorded after keeping
a reaction mixture of 4 x 107> M chromium(VI), 0.2 M Lig" of pH 3.33 and 5.0 M
methanol at 25 °C for 11 days (to ensure that all the Cr(\)) product has also been

converted to Cr(III)) shows two absorption maxima at 584 nm (e = 87 M’ 'em I) and 410

nm (e =126 M 'cm™").

2.4.5. Conclusion. The most novel facet of this study is the direct detection and

stabilization of chromium(IV) in the course of oxidation of methanol by chromium(VI).

-

Methanol, like As(III) acts as a pure two electron reductant,zs"" and does not react with

Cr(IV) in the present case.>® Thus methanol, instead of highly toxic As(lII) can be used to

prepare aqueous carboxylato-chromlum(IV),



ol

2.5. Generation of More Stable Carboxylato Cr(IV) in Nonaqueous Medium by the
Reduction of Cr(VI) with Methanol in Presence of 2-Ethyl-2-hydroxy Butanoic Acid

2.5.1. Experimental Section

Materials. Potassium dichromate from Sarabhai chemicals and 2-ethyl-2-hydroxy
butanoic acid (Aldrich) were used as received. Methanol (GR) used was from Merck.

To a solution of 0.0806 g (0.5 mmol) 2-ethyl-2-hydroxy butanoic acid (EHBA) in
5 mL of methanol, 0.0012 g (0.004 mmol) solid potassium dichromate was added with
constant stirring at room temperature. The solution immediately turned pink and then
dark purple indicating the formation of chromium(IV). The stability of this generated
Cr(IV) was examined spectrophotometrically using a Jasco UV-VIS V-570

spectrophotometer. The reaction was monitored for two hours by recording spectra at

definite time interval. after which the reaction mixture was kept overnight and final

spectrum recorded.

The above reaction was also followed by EPR spectroscopy, to see if Cr(V) is

also generated in the process and to monitor its growth if formed. The solution EPR

spectra in methanol at room temperature were recorded at definite time interval using a

flat cell. Frozen glass EPR was recorded using a quartz dewar at liquid nitrogen

temperature.

2.5.2. Results and Discussion. The intense pink to purple coloured solution

generated by the reduction of potassium dichromate with methanol in the presence of

EHBA, indicates®’ the formation of Cr(IV) and is confirmed by the spectral

measurement. This purple solution exhibits a strong maximum at 510 nm (Emax = 2004




M 'cm ') which is consistent with the spectrum of the Cr(IV) species that was generated

by the reduction of the aqueous dichromate with methanol as mentioned earlier. There are
several reponsé"m"0 on similar pink solutions of carboxylatobound Cr(IV) generated in
aqueous medium by the reduction of known deficiencies of HCrOs with As(IIl) in the
presence of buffer derived from 2-ethyl-2-hydroxy butanoic acid (EHBA) and its anion,
which were characterized by their strong absorbance at S10 nm (gms = 2500 M 'em ).
However, these chromium(IV) species generated in aqueous medium are reported to be
stable only in minute scale. From our spectral study in non-aqueous methanol medium we
find that the absorbance maximum at 510 nm slowly increases with time and then
becomes steady within one hour from the start of the reaction (Figure 2.15), after which a

decrease in absorbance with time is noted (Table 2.8), due 1o the decay of Cr(IV) in

solution. An overlay of the spectra showing the decay of Cr(IV') with time is presented in

Figure 2.16.

Table 2.8 Spectral data showing the decay of chromium(I'V) generated by reaction of

Cr(VI) with EHBA in methanol medium with time

Time, mins | 60 80 100

120

140

Absorbance | 3.26932 3.04594 | 2.81005

2.62574

2.47822

Reaction was carried out at
to 510 nm was noted with time.
These observations imply that

more stable and persists for

workers in aqueous medium-

~33.0 °C, [Cr(VI)] = 1.6 x 10 M, absorbance corresponding

the Cr(IV) generated in non aqueous medium is far

much longer time as compared to that generated by earlier
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Figure 2.15. Electronic spectrum of Cr(IV)species generated by
the reaction of solid potassium dichromate and EHBA in methanol.
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Figure 2.16. The spectral change showing the decay of the
Cr%IV)species generated in methanol.




We have used EPR spectroscopy to detect the formation of Cr(V) in the above
reduction reaction of chromium(VI) with methanol in presence of EHBA. The presence
of Cr(V) in solution is easily identified by its characteristic very sharp signal in the EPR
spectrum and this convenient method for detecting and studying this species has been
used by several research groups.3"3‘1 Using the same technique, we find that the room
temperature X-band solution EPR spectrum in methanol consists (Figure 2.17) of a sharp
single line at g = 1.98 (I = 0, for *’Cr) accompanied by four-component hyperfine
structure (A = 18.3 G) due to 3Cr isotope (I = 3/2) having natural abundance of 9.5%
indicating the presence of d' Cr(V). These findings are in full agreement with data
reported by Kon.’' EPR studies conducted by Garifyanov®® report similar g values for

chromium(V) solutions obtained by Cr(VI) oxidation of glycerol (g = 1.975) and ethylene

glycol (g = 1.975). EPR spectra monitoring the growth of Cr(V) with time were recorded.

A plot of central peak intensity versus time for the Cr(V) species generated is shown in

Figure 2.18, which shows a steady rise followed by a saturation. On extrapolation, this

curve passes through origin, thus indicating no initial formation”” of Cr(V). As discussed

carlier, methanol acts as a two-electron donor to Cr(VI). thus once the Cr(IV) is

generated, it reacts with unreacted Cr(VI) resulting in the formation of Cr(V).

Since solutions of chromium(IV) do not show EPR signal at room temperature

(but show only at very low temperature), the room temperature solution EPR spectrum

shows the signal only that of Cr(V). However, when the same methanol solution was

frozen as a glass at LNT, the EPR spectrum (Figure 2.19) showed the presence of both

Cr(IV) and Cr(V).
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Figure 2.17. EPR spectrum of the Cr(V) species in methanol recorded

at X-band frequency at RT. Hyperfine splitting due to *Cr is shown.
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Figure 2.19. Frozen glass EPR spectrum of mixture of Cr(IV) and Cr(V) species

generated in methanol at LNT.



2.5.3. Conclusion. The conclusion drawn from the above study is that we have

been able to generate Cr(IV) in non aqueous medium by the reduction of Cr(VI) by

methanol, and the use of highly toxic As(II) has been completely avoided. The non

aqueous Cr(IV) species prepared is much more stable than those generated in aqueous

medium. Another important observation is that in both studies conducted in aqueous

medium as well as in non aqueous medium there is no indication of any Cr(V) formation

initially, but it grows steadily with time.

2.6. Summary of Kinetic Studies

In summary based on these four detailed kinetic studies we can state the

following:

I

2)

3)

4)

5)

Carboxylato Cr(IV) complex produced in aqueous medium is short lived and the
concentration of this species is enhanced by high concentrations of ligand anion

and hydrogen ion and low concentration of Cr(VI).

Hydrazine and hydroxylamine used as reductants of Cr(IV) show different
behaviour at high concentrations of reductant.

Chromium(IV) can be generated in non-aqueous medium by reduction of Cr(VI)
with methanol in presence of 2-ethyl-2-hydroxy butanoic acid. This avoids use of

highly toxic As(III).

Chromium(I'V) generated in non-aqueous medium is found to be more stable in
time scale of hours.
Chromium(V) is generated by comproportionation reaction of Cr(IV) with

reactant Cr(V1), and not from initial reduction of Cr(VI) by methanol.
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CHAPTER 3

Solid State Isolation and Characterisation of the Intermediates in the Synthesis of

Chromium(V) Complex with 2-Ethyl-2-hydroxy butyric acid in Non Aqueous

Methanol Medium

3.1. Introduction

Chromium in the oxidation state +5 plays key role not only in inorganic redox
. . . . 1.2 . .
mechanism but also in organic synthesis, spectroscopic ~ studies’  and

magnetochemistry,4 thus the preparation of stable chromium(V) compounds and studying

their properties are of considerable importance to chemists. Interest has further been

enhanced by evidences indicating the potential role of Cr(V) as reactive intermediate in

Cr-induced carcinogenesis.5 o
Several chromium(V) compounds ranging in complexiry’ from CrF; to porphyrin

derivatives have been characterized, however, only few of these are stable in air and

. . 111 \1 . .
dissolve in water without disproportionation (to Cr" and Cr’). Especially notable is a

group of bischelates derived from a-hydroxycarboxylic acids.

In 1978 Krumpolc and co-workers’ prepared the first stable water soluble Cr(V)

compound, potassium biS(2-hydrox)"z'meth}’lbm}’fato)Oxochromate(V) monohydrate,

K[OCT(OzCCOMeEt)z]'Hzo in crystalline form by the action of chromium trioxide on 2-

hydroxy-z-methylbutyric acid in aqueous medium. In this method Cr(V) formed 1s
associated with equimolar mixture of Cr(IIl), so it requires the isolation of the complex

by separation on ion exchange resins, and removal of large quantities of water. The

process is very tedious with low yeild. Thus, in order to overcome these disadvantages






the same group developed a simple method for the synthesis of Cr(V) complexes of

tertiary o-hydroxy acids using acetone as solvent.®

We have already seen (Chapter 2) that when solid potassium dichromate is
reacted with a methanolic solution of 2-ethyl-2-hydroxybutyric acid at room temperature,
both Cr(IV) and Cr(V) species are generated in methanol solution, which are fairly stable
as detected by electronic absorbance and EPR spectra, respectively. Based on these
observations we have synthesized a pure Cr(V) compound, potassium bis(2-ethyl-2-
hydroxy butyrato)oxochromate(V) monohydrate, and a mixture of Cr(IV) and Cr(V)
compounds with the ligand 2-ethyl-2-hydroxybutyric acid in methanol medium. The
method of preparation. IR, UV spectral properties and EPR results of the Cr(V)
compound isolated are discussed vividly in the first half of this chapter. In the latter half

of this chapter we have focussed our interest in the isolation of stable chromium(IV) in

solid state with the same ligand.

3.2. Experimental Section

Chemicals. 2-Ethyl-2-hydroxy butyric acid (EHBA) was obtained from Aldrich
and was used without further purification. Potassium dichromate (GR) was obtained

from Sarabhai Chemicals. Methanol, dichloromethane, and toluene (all GR grade) were

obtained from Merck and used without purification.

Preparation of K[CrO(EHBA)2]-H:O (1). 0.147g (0.5 mmol) sample of solid
potassium dichromate was added to a solution of 0.320g (2 mmol) 2-ethyl-2-hydroxy

butyric acid in 30 mL of methanol. The solution turned pink within a few minutes and

then became purple in colour. This purple colour persisted upto ~3 h, and then turned red




brown within 6 h. This solution was stirred at room temperature for 23 hours and then
filtered through a G3 sintered glass crucible. The filtrate (pH ~5) on evaporation to
dryness, yielded a brown solid. This was dissolved in 50 mL (1:4) mixture of methanol
and dichloromethane and left for crystallization. The solid obtained was filtered, washed

with toluene, dried and collected. Anal. Calcd for CpHxCrKOg: C, 37.40; H, 5.75.

Found: C, 37.85; H, 5.80.

Preparation of a mixture containing Cr(IV) and Cr(V) species. As mentioned
above the purple solution was prepared and stirred at room temperature only for | h,

filtered through a G4 sintered glass crucible, and the purple filtrate was collected and an

equal volume (~30 mL) of toluene was added to it and left for slow evaporation while

two layers separated. The top purple layer was taken out and was dried in vacuuo. The

dark compound was washed with acetonitrile followed by methanol and air dried.

3.3. Results and Discussion

When 2-ethyl-2-hydroxy butyric acid in methanol reacts with solid potassium

dichromate, the solution immediately turns pink indicating the formation of the Cr(1V)
complex and the colour of the solution turned purple as the concentration of this Cr(IV)
species increased with time (1 hour as discussed in the previous chapter). This Cr(IV)
species reacted with Cr(VI) to produce Cr(V) as it was evident from the growing EPR
intensity of the Cr(V) species with time (Figure 2.18 of previous chapter). When stirring
was continued for a long time (about 23 h), the resultant compound was found to be a
pure Cr(V) species (discussed later). However, when the stirring was stopped after just
one hour of the start of the reaction and the solution was purple in colour, the solid



compound obtained from this purple solution was found to be a mixture of a Cr(IV)
species and the Cr(V) compound K[CrO(EHBA),]-H,O (1), as it became evident from the

room temperature powder, solution, and the frozen glass (77 K) EPR spectral studies

(discussed in this chapter).

3.3.1. Infrared Spectra. The infrared spectra of the ligand 2-ethyl-2-hydroxy

butyric acid and the Cr(V) complex 1 derived from it, was recorded using KBr pellet. The

most relevant infrared bands of the ligand and the complex 1 are presented in Table 3.1.

The IR spectrum of K[CrO(EHBA),]-H20 (1) is shown in Figure 3.1.

Table 3.1 Most Relevant Infrared Bands (cm") of ligand and complex 1

Ligand (EHBA) K[CrO(EHBA):]-H,0
Band position (cm™') Assignment Band position,(cm ")  Assignment

3440 (s) ] v %H of carboxylic 3450 (m, br) lattice water
3350 (s) a-ml'. atic CH 2970 (s) v aliphatic CH
2975 (s) /v, CH; 2920 (s) Vas CHs / vas CH,
2940 (s) \'?‘SCH 3/ v EEHZ 2880 (m) vs CH3 / vs CH,
2875 (m) v C(;O ? 1680(vs) vC=0

1735 (vs) = CH, / CHj scissor 1460 (5) 8:s CH3 / CH;
1460 (s) Oas 0 3 1350 (m) 8 CH;

1350 (m) 6s CHs 993 (s) v Cr=0

-

en multiple bonds are generally observed in the region below
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Terminal chromium-0X
e infrared spectra of the chromium(V) complex 1
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reported for potassium bis(2-hydroxy-2methyl-butyrato)oxochromate(V) monohydrate,
(V(Cr=0) at 994 cm™').” The Cr=0 stretching in corresponding sodium salt is observed®
at slightly higher frequency (1005 cm™'). Similar assignments have been reported by
Miller and Wilkins in a number of chromates and dichromates,'® for halooxo complexes
of Cr(V)'9 and oxoCr(V)salen complexes.20 Also, in O=Cr(salen)X complexes (where X
= hexafluoro phosphate. flouride, chloride, bromide) the v(Cr¥=0) bands are observed in
the range 935-997 cm™'.*” The sharp band at 1680 cm”' in the complex 1 (Figure 3.1) is

due to carbonyl stretching. In the free ligand 2-ethyl-2-hydroxy butyric acid, the

asymmetric COO stretching frequency is observed at 1735 cm™. The lowering of the

asymmetric COO stretching frequency in the complex is indicative of the the

coordination of the carboxyl oxygen to the chromium metal. Similar shift due to metal

oxygen bond has been reported for metal glycolato complexes’' and other metal chelates

with oxygen donors.>” The broad absorption band at 3250-3600 cm™! (Figure 3.1) in the

IR spectrum of the complex 1 indicates the presence of lattice water as there is no

unionized carboxyl or hydroxyl group in the complex which could contribute to such

absorption band. The absorption bands of medium intensity at 2920 and 2880 cm™' may

be assigned to Vas(CHz) / Vas(CH2) and vs(CHs)/ vs(CHz), respectively. The bands at 1460
as 2

and 1350 cm™ are due to Sa(CH3) and 8(CHj3) modes. All these bands are very

3
characteristic of the —-CH: and —CH2 groups.

Th Its of infrared spectra and elemental analysis suggest that the compound 1
e results

: : : complex, and that the bonding between the central
is a bischelate chromium 0XO

chromium ion and the ligand occurs through carboxyl and hydroxyl oxygens as shown
romium ion a



below. The room temperature magnetic susceptibility measurements (e = 1.78 BM) and

EPR studies (discussed latter) confirm the +5 oxidation state for the chromium ion.

o) 0
Et,C—O._]|_0—C
K | >Cr\ .H0
//C—O O0—CEt,
1

The compound 1 is very stable at room temperature and is readily soluble in water,

methanol and acetonitrile, but insoluble in toluene and dichloromethane.

3.3.2. Electronic Spectra. The electronic spectra of the compound 1 were

recorded in water and acetonitrile (Figures 3.2a and 3.2b) and the spectral data are

summarized in Table 3.2.

Table 3.2 Electronic spectral band positions of the compound K[{CrO(EHBA),])-H,O (1)

in water and acetonitrile

et

Compound 1 in H20 Compound 1 in CH:CN

Band position (nm). (g, M"cm")

R
Band position (nml,w_)_’

272 (sh)  (3153) 280 (sh)  (3531.9)

350 (sh)  (868.5) 365 (sh)  (870.1)
42

511 (max) (111.6) 542 (max) (159.5)

797 (max) (29.2)

741 (max) (29.4)

o

e e
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Figure 3.2a. Electronic spectrum of 6.43 x 10°4 M solution of K[CrO(EHBA);].H,0 (1)
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The nature of the spectra in both solvents (Figures 3.2a and 3.2b) is similar with slight
shift in the absorption bands to low energy region in case of acetonitrile as compared to
that in water (Table 3.2). Similar shift of bands to low energy region has been observed in
spectra of related compound potassium bis(2-hydroxy-2-methylbutyrato)oxochromate(V)
monohydrate in acetone medium as compared to its spectrum in water.” The most
characteristic feature of the spectrum of compound 1 is the broad weak band in the region
650 to 900 nm (inset of Figure 3.2a) showing a maximum at 741 nm (¢ = 29.4 M"'em™).

This is a typical feature of chromium(V) spectrum. The electronic spectra of

’ . te: : 24 s
O=Cr"(salen)’ compounds in acetonitrile are charecterized™ by similar broad, featureless

absorption from 500 nm extending beyond 800 nm. The spectrum of potassium bis(2-

hydroxy-z-methylbutvrato)oxochromate(V) monohydrate shows a similar broad band in

the region 600-800 nm with Amax at 733nm.” This characteristic feature of Cr(V) species

has been taken advantage of by Krumpolc and Rocek? while studying the reaction of

chromic acid with 2—hydroxy-2—methylbutyric acid. The reaction was monitored

spectrophotometrically at 750 nm to study the generation and decay of chromium(V)

species. The absorption was monitored specifically at 750 nm. a wavelength at which

only Cr(V) absorbs and there is no interference from Cr(VI) or Cr(III) absorption. In the

spectrum of compound 1 the only other maximum observed is at 511 nm (¢ = 111.6 M’

. - R _ ‘
cm™") followed by minimum at 496 nm (shown in Figure 3.2a). The high absorption

b d at 350 nm (¢ = 868 5 M~'em™) is due to the fact that Cr(V) acts as strongly
observed a -

350 nm Similar trend was observed in analogous sodium and also in

absorbing species at
xochromate(V) monohydrate, (350 nm, ¢ =

potassium bis(2-hydroxy-2—methylbutyrato)o

1200 M~'em™).




3.3.3. EPR Results. The room temperature (RT) powder EPR spectra of the

complex K[CrO(EHBA);])-H20 (1) has been recorded at X-band (Figure 3.3a) and Q-
band frequency (Figure 3.3b). The RT solution EPR of the complex 1 has been recorded
using a flat cell and is presented in Figure 3.3c. A strong central line and four satellite
lines are obtained from the RT solution spectrum of 1 in methanol. The EPR spectra of

the mixture containing chromium (IV) and chromium(V) compounds are presented in

Figures 3.4a-c.
The strong signal (Figure 3.3a) exhibited by powder sample of compound 1

implies that the compound is paramagnetic. The +5 oxidation state of chromium, in the

compound 1, is clearly evident from the solution spectra at room temperature (Figure

3.3c), by the appearance of an isotropic EPR signal at room temperature which is

characteristic of d' chromium (V) complexes. It may be mentioned here that the EPR

spectra of Cr'' complexes are very different and normally observable only in frozen

solution,?® and Cr(IV) complexes in solution do not give any EPR signal at room

temperature.26 EPR spectrum of the compound 1 in methanol at room temperature

(Figure 3.3c) consists of a single isotropic line at g = 1.977 (1 =0 For $2Cr) accompanied
by a four component hyperfine structure (A =18.7G) due to 33Cr isotope (1 = 3/2, with a

natural abundance of 9.55%). This is in full agreement with data presented by Krumpolc

et al.” Similar g values have been reported by Garifyanov for Cr(V) solutions, obtained
by the reaction Cr(VI) with glycerol (g = 1.975).” Isotropic EPR spectrum of
paramagnetic oxochromium(V) salen cation is centered at g = 1.977, further it shows 4

sets of lines arising from the $3Cr isotopic splitting of 18.9 G.*
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Fioure 3.3¢c. Solution EPR spectrum of K[CrO(EHBA),]-H,O (1)

in methanol recorded at X-band frequency at RT.



3.4. Mixture of Cr(V) and Cr(IV) compounds

The mixture of the Cr(V) and Cr(IV) compounds also exhibit intense EPR signal
at room temperature as well as at liquid nitrogen temperature. The X-band powder
spectra are shown in Figures. 3.4a,b and the Q-band powder spectrum is shown in Figure
3.4¢, while the X-band solution spectrum at room temperature is shown in Figure 3.4d.

There are two major differences observed between the EPR spectra of the pure Cr(V)

compound 1 and the mixture of the Cr(V) and Cr(IV) compounds. First, the central line is

found to be much broader in the later case. Second, both at room temperature as well as

at LNT, weak broad peaks are observed around 1600 G (Figures 3.4a and 3.4b) in the

mixture of the Cr(V) and Cr(IV) compounds which are completely absent in the case of

the pure Cr(V) compound. The difference in the EPR spectra is more prominent at the Q-

band frequency (Figures 3.3b and 3.4c). However, the room temperature solution EPR

spectra (Figures 3.3c and 3.4d) for these compounds are found to be identical. This is due

to the fact the Cr(IV) does not exhibit any room temperature solution EPR spectrum.?® As

a result the observed spectrum (Figure 3.4d) which is also characteristic of a d' Cr(V)
species in solution 1S originating only from the Cr(V) compound present in the mixture.
But when these solutions are frozen at LNT and the EPR spectra are recorded, the frozen
solution EPR spectrum of the purc Cr(V) compound 1 does not exhibit any peak around

s very much observed (Figure 3.4¢) in the case of the mixture of Cr(IV)

1600 G while it i
be mentioned here that this frozen glass LNT spectrum

and Cr(V) compounds. It should
1 similar to that observed in Chapter 2 for the Cr(IV) species

(Figure 3.4e) is very muc

y reducing potassium dichromate with methanol in presence of the

generated in solution b
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3.4d. Solution EPR spectrif® of a mixture of Cr(IV) and Cr(V)

Figure
X-band frequency at RT.

species In methanol recorded at



"LNT 1e Aouanbaly pueq-x 1e papiosas joueyiaw ui saroads

(A)MD pue (A])1) jo aamixiw ® JO wnnoads Y47 sse(d uozoi, ap*¢ aandiy

00l x

\/\\\/\\(l\‘

9000%

9 00%




ligand 2-ethyl-2-hydroxy butyric acid (Figure 2.19), indicating that they have similar

structure.

3.5. Conclusion

To conclude we may say that Cr(V]) is getting reduced to Cr(IV) which then

slowly reacts with excess Cr(VI) to produce Cr(V) quantitatively. Eventhough we could

identify the intermediate species Cr(IV), we could not separate out this Cr(IV)

intermediate from the Cr(V) product. However, this work demonstrates that this Cr(IV)

species is highly stable in the solid state in presence of air (since all experimental works

59.16 - . ' , o
are done in presence of air). Many groups including us, have generated this species in

solution and studied the kinetics of catalytic activity of this Cr(IV) species. To our

knowledge this is the first time that this carboxylato-bound Cr(I\") species is stabilised in

the solid state Encouraged by this observation we decided to carry out the same

solate Cr(1V) compounds using some other specific ligands

procedure to stabilise and 1

which are discussed in the following chapters.
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CHAPTER 4
Synthesis and Characterization of Two Novel Stable Paramagnetic Octahedral

Chromium(IV) Complexes

4.1. Introduction

Chemistry of chromium in the oxidation states of II, III, and V1. are well documented.'

However, chromium in IV and V oxidation states have been reported mainly as intermediates

omium(VI) to chromium(IIl) in biological?, organic*®,

during the reduction of chr and
inorganic’ systems. In recent years, compounds of chromium(V) have been studied' owing to

their considerable stabilities in solid as well as in solutions, however, chromium(IV)

chemistry is still restricted. Thus the stabilization and isolation of chromium(IV) compounds

is itself a challenging problem to coordination chemists.

A few chromium(IV) compounds, CrCl, and CrBry are known in gaseous phase and CrF;
as a greenish black solid.? Also stable monomeric tetrahedral chromium(IV) compounds have

. 19
been identified in the form of Cr(OR)s [R = CMe;Et, CMeEtz, CEt:. and SiEG]" and CrRs [R

CH,CEHt3, CHzCMCzPh]S_ One of the most well characterized

= t-Bu, n-Bu, neopentyl.

chromium(I1V) complex is the aﬁy&-tetraphenylporphinato-oxochromium(IV), the compound

is reported to be di magnetic'o" In old literature we€ have evidences of chromium(IV) in
o be dia .

in corundum crystal'z. This is achieved by doping Cr(III) and

Octahedral environment such as
s been found to be in trigonally distorted

irradiating by y-rays to get Cr(IV) Wthh ha
ome octahedral Cr(IV) complexes that have been

environment in these systems. THEre are S
rized, for example trans-[Cr“Cl(NEt)(dmpe)ﬂCF;SO;

Synthesized and structurally characte

_ 3
osphinoethane), trans-[Cr(N=CHMe)(dmpe)2][BPha],",

(dmpe = | 2-bis(dimethylPh



Cr{CgHy(NH),-0] Clo(PMe;Ph)z, [Cr(Nbu)(dmpe),CIICL, " [Cr(03SCF3)a{o-(HaN)2CoHa}] and
Cr(NHz)(OSOzCFs)s[(HzN)gC(,HzMez].Etzo15, which have already been mentioned in details
in Chapter 1. However, all of these octahedral Cr(IV) compounds are found to be diamagnetic
d? system and are EPR silent. Gray and coworkers have reported a Cr'¥oxocorrole complex,ls

The compound [(tpfc)CrO] [Cp2Co] has been prepared by the cobaltocene reduction of

[(tpfe)CrO] (tpfe = tris(pentaﬂuorophenyl)corrole). This five coordinate Cr'Y oxocorrole

complex which is analogous to cr'VO porphyrins was also found to be diamagnetic with a

2 .
(dyy)” ground state. However, very recently Theopold and his group have reported two five-

coordinate trigonal-bipyramidal chromium(IV) oxo complexes which are paramagnetic d’

systems.'”'® The EPR studies for these compounds have not been reported. Further, Shi and

Coworkers have reported some paramagnetic chromium(IV) compounds which display EPR

; . 20 ) :
Signals in solutions at room [emperature.lg' Also there are reports for paramagnetic peroxo
chromium(IVv) compounds which are not included here since we restrict our discussion on 0xo

and nonoxo chromium(IV) compounds only.

pounds are less in numbers, mainly because of the difficulty in

ChI'OmiUm(IV) com
jon state. Schiff base ligands are known to coordinate

stabilizing chromium in the + IV oxidat

and it has been possible to stabilize and isolate molybdinum

to transition metal ions easily
g dianionic tridentate Schiff base ligands abtsal

(IV), the heavier congener of chromium, usin

. 121
aminobenzenethxol)

containing hard and soft SNO donor

(derived from salicylaldehyde and 0- and 4-PhTSCsal (derived from
salj . ide)?
allcylald‘311yde and 4-phc:ny1thiosemlcarbfrlz1 €

t attempted to synthesize Cr(IV) complexes with

Systems. In view of the above fact we firs
ds abtsal and 4-PhTSCsal. The complexes [Cr(abtsal),]

these two tridentate Schiff bas¢ ligan

) have been successfully synthesized and isolated from

(1) and [Cr(4-PhTSCsal)2]-H20 (2



methanol soluti
ions. They have been fou
nd to be paramagneti
gnetic. Here we descri
scribe the

S)’IlthCSiS char ri i eClI C nar
) aracterization magnetic S i X ope
y >, Sp troscopic, a d redo i
prop rties of these
two

compounds.

4.2. Experimental Section

C . . .
hemicals. o-Aminobenzenethiol and salicylaldehyde were obtained from Aldrich and
ich an

were i i i i
used without further purification. Potassium dichromate (GR) was obtained fi
rom

Sarabhai : :
abhai Chemicals, India. Methanol (GR), dichloromethane (GR) toluene (GR) v
; vere

obtaj :
ained from Merck. All other chemicals were of reagent grade and were used without
u

Acetonitrile (GR, Merck) was

) was prepared from tetracthylammonium bromide

further i ; '
purification. dried and distilled before use.

T
etracthylammonium perchlorate (TEAP

F :
(Fluka AG) using a method described In literature.”

Preparation of 2-(2-hydroxyphenyl)benzthiazoline (A). This ligand was prepared by a
m : o
ethod reported* for the preparation of 2-(2_pyndyl)benzth1azolme. 12.2 g (0.1 mol) of

2.5 g (0.1 mol) of o-amino

a cream-colored solid began to appear. Stirring

sali 1 1
licylaldehyde was added to 1 benzenethiol with constant stirring

at . .
RT. The rcaction mixture became warm and

which the mass solidified. To this was added 45 mL of

w - i
as continued for half an hour during

as finely ground, sti
recrystallized from absolute ethanol at RT. Anal

rred and filtered. The compound was

me
thanol, and the solid mass W

w .
ashed with methanol, dried in vacu® It was

84: N, 6.11. Found : C, 67.82: H. 4.86; N, 6.04.

C
aled for C,;H,,NSO : C, 68.0%; H, 4.

|dehyde ylthiosemicarbazone (4-PhTSCsal). The

Preparation of salicyla 4-phen
ide (4-PhTSC) was prepared by the method reported by

Co
Mpound 4-phenylthiosemicarbaz
as prepared by th

e condensation of 4-PhTSC and

G
hosh ¢ 4722 The Schiff base W

) of 4-PhTSC was dissolved in 60 mL of methanol at RT. To

-
alicylaldehyde. 8,35 g (0.05 MO!



it6.1 g (0.05n '
mol) of salicylaldehyde was added slowly, and stirred for 40
) r minute i
compound separ ' o
parated. This was filtered, washed with methanol and dried. Tt
. The compound was

2lc llsed [‘] On - E - 2 ] & s

H, 4.83:)
.83; N, 15.49: Found C, 61.54; H, 4.75; N, 15.32.

Preparati C A 0
ration of the complexes. [ r(abtsal)g] (1). sample of 0.147 g (0.5 |
p . g (0.5 mmol) of

solid : -
potassium dichromate was added to 0.229 g (I mmol) of the ¢
ompound 2-(2-

l]ydIO)\ [) - 3 T \ O g S o
i he“ c Z] 17 .] e ‘ S E S
} y[)b n I ]déoll 1 O 1 Of ]ﬂethano] Vlth COIIS[Emt Stl in '].t R l] I i
3 . tl "INg wa
CO““nHed . f‘
fb 6 f “'-] 1] - [h SO][ thI tul ned ﬁ om g()ldell )/CHOW to Orange Emd “
r 1 111¢ e 1 mna y Cd

brow
nand ¢ '
d an yellow compound separated. This was filtered through a sintered glass bl
g crucible
and the
red brown filtrate (pH 6-7) was collected. The yellow residue in the crucible was tl
/as then
thoroug}
ghly washed with distilled water {0 remove any unreacted dichromate, and finall
, inally

) dried in vacuo. This compound was found to be the

was .
hed with methanol and ther
oxidation of the ligand abtsa

»-HOCH4C(H)=NCsHiS-0), and the C, H

| as was identified by comparing its

dis %
ulfide™ formed from the

IR .
pectrum with that of an authentic sample of (

N analysis,
d above was slowly evaporated to dryness at RT. A red

T
he red brown filtrate collecte
as treated with dichlor

e was concentrated to a small volume and

b 0 -
Wn SO (] was Obta' ‘]eci lll':’ \V

tered, and the filtrat

Was
produced. This was fil
ed. This was recrystallized from a 1:1 mixture of

Coopl 3 .
ed while a dark compound Was obtain

for C26H13N28202cr: C, 61.65; H, 3.58; N 5.53

acetonitr
onitrile and toluene. Anal Calcd.

Found.
und: C, 62.23: H, 3.73; N, 5:49-

). A 0.294 g (1 mm
TSCsal in 45 mL of methanol with constant

ol) sample of solid potassium dichromate

[Cr(4-PhTSCsal),)-H20 (2

Wa
S added to 0.542 g (2 mmo[) of the ligand 4-Ph



stirring at RT. Stirring was continued for 24 h while the solution turned from yellow to orange
to red brown. This was filtered. The red brown filtrate (pH ~ 7) was slowly evaporated to

dryness at RT. The dry mass obtained was treated with CH,Cl; and filtered. The red brown

filtrate was evaporated to a small volume and an equal volume of toluene was added when a

dark compound separated. This was filtered and washed with toluene followed by CCla. The

compound was recrystallized from acetonitrile-dichloromethane (2:1) mixture. Anal. Calcd.

for CygH,4NS,0:Cr: C, 55.26; H, 3.95; N, 13.82. Found C, 56.85; H. 4.00; N, 13.15.

4.3. Results and Discussion

¢ the reaction of potassium dichromate with 2-(2-hydroxyphenyl)-

We have carried ou
benzthiazoline (A) in methanol medium in an attempt to prepare the complex of the
corresponding Schiff base N-(z-mercapwpheny])-Z’- hydroxyphenylmethylenimine (B) in the

[t should be mentioned here that the rearrangement of
t s

ianion; . 2
dianionic tridentate form™ .
presence of a metal ion is well known in

i ' iff base in
benzthiazoline to its corresponding Schiff b

literature?! 2627,

HQ SH H

N=C

AN
0
oo

Tz



On the other hand, the ligand 4-PhTSCsal can act either in a monoanionic tridentate

(keto form) or in a dianionic tridentate (enol form) manner.””

o0 O, O

C—N—NH—(]}~N

keto (thione) form enol (thiol) form

ds 1 and 2 support dianionic tridentate

All physicochemical properties of the isolated compoun

SNO chelation of the ligands in both cases. The room temperature magnetic susceptibility

measurements of the compounds confirmed that they are paramagnetic and the measured

are 2.98 BM for 1 and 2.83 BM for 2. As the spin-orbit

n -
lagnetic moment values (at 25 °C)
-1

28 - 1
ature“8 is around 160 cm ', we can interpret

coupling constant value reported for Cr(1V) in liter
dicating two unpaired electrons and °F to be

these room temperature susceptibility values as in

ya 3T,(F) for both the complexes.

the ground state for the free ion and hence possibl

4.3.1. Infrared Spectra. The compound 2-(2-11ydroxyphenyl)benzthiazoline exhibits a
Frla ar ;
: 2425 -
Str()ng band at 3250 m—l (Fioure 4 la) due to the N-H stretching frequency, > this band
C = "
formation as seen in Figure 4.1b. which is in agreement

“Ompletely disappears on complex
ent and has complexed as a Schiff base

' em
With the fact that the thiazoline underwent rearrang

. Compound 1. v(O—H) and v(S-H) stretching pands are also not observed. A very strong

nd 1. v(O-H) a

i d mayv be attributed to V(C=N).

. trum of 1, this ban 3

in the IR spec

ars )

b
d at 1600 cm! appe
431-415 cm™', 379 cm

Th 29 at 455 cm’,
¢ V(Cr-N), w(Cr-0), V(Cr=5)

r ) 1.
eSpeC“VelY in the far infrared Specmlm of
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On tl
1e other hand. the IR spectrum of the compound 2 exhibits a broad band i
and in the

3600-3200 Lo o
cm”' region clearly indicating the presence of lattice water"” in the compound. Tl
. The

Strong v(C= )
g v(C=N) band at 1620 cm | of the free ligand 4-PhTSCsal (Figure 4.2a) is found to b
S - und to be

shifted t ol . o
01595 cm™" in 2 (Figure 4.2b) indicating the coordination of the azomethine nit
iitrogen

to the metal jon* L
al ion~* and v(Cr-N), v(Cr-0), v(Cr-S) are observed at 461 em™! 426 cm', 387

cm™! . , _
. respectively in the far infrared spectrum of 2.

nd 2 that are consistent with the stoitiometry, infrared

T
he structures of the complexes 1a

Spectr
a 4 . .
, magnetic moment data arc prcsentcd in Figure 4.3.

/‘N
N=C
S ‘ ) i
SNO = abtsal. Compound (1)
Cr
‘ U }I\{J-'(I:—":N—-TP% :

NI G AL

ructure of the compounds (1) and (2)

Figure 4.3. St



4.3.2. E . ;
Electronic Spectra. The electronic spectrum of the compounds 2-(2-hyd
-(2-hydroxy-

phenyl ST . ,
yl)benzthiazoline; salicylaldehyde 4-phenylthiosemicarbazone (4-PhTSCsal) and tl
nd the

chromi )
mium complexes [Cr(abtsal)2] (1) and [Cr(4-PhTSCsal),]-H.O (2) detived fat
il 1 the

corres ; e .
ponding Schiff bases have been recorded 1n solution at room temperature. Both tl
; 1 the

pounds 1 and 2 produce Intensc red brown colour 1n solution. The optical spectrum of tl
1€

complex 1 in a itri in di
cetonitrile. and 1n dichloromethane are shown in Figures 4.4a and 4.4b

respecti i itrile i
pectively and that of complex 2 1n acetonitrile is shown in Figure 4.5. The electronic
acetonitrile along with tentative

s .
pectral band positions of compounds 1 and 2 in

ass] 30 : ;
ignments™ are given in Table 4.1.

For the complex 1, the lowest energy band at 600 nm (16666 cm ) has been assigned as

3

T\(F g B .
((F) = 3T,(F). The band at 410 nm (24390 cm) is due to transition “T1(F) = “T1(P). The

30,000 cm™') may be assigned as metal to

ba : : :
nds at the lower side of the ultraviolet region (~

liga . : . s i .
gand charge transfer transition. The intraligand transition energies (Lm — Lr') are

ptical spectrum with that of the free licand. The higher energy

determined by comparing the 0
'), 215 nm (46512 cm™") and 207

bands located at 283 nm (35336 cm’™ ), 256 M (39062 cm

ons when compared to those in the free

nm (48309 cm™') are more or less in the similar positi

li : . e
gand spectrum, and are assigned as L1 = Ln transitions.

nsitions at 625 nm (16000 cm™') and 420 nm

d for the complex 2, thetra

3T,(F) and “Ti(F) = TP

On the other han
(23810 cm™') are assigned as T(F) = respectively. The other

may be due to vibrational progression. The higher

ba . .
nds in between these two transitions

cm '), 333 nm (30030 cm™'), 310 nm (32258 cm™), 293

energy transitions at 350 nm (28571
M (34130 cm-'), 243 nm (41152 o) and 207 nm (48309 ocm”") are close to those found in

sal), and may be assigned due to Ln = Lr transitions.

t
he spectrum of free ligand (4-PhTSC
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and [Cr(4-PhTS
[Cr(4-PhTSCsal),]-H20 (2) in CHiCN

Com
plex 1
Ba .
Nr:d position, £ I\fI'l - . Complcx 2
_()_()_()__jﬂﬁ_ M em’! Assignments Band position !
R — e. M cm’ :
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21 = M(F) = “Talk
410 (74(3);;) 1047 A0 f?ﬁ 83000) 87  TW(F) =T
) ;! . - 391 o 3F
TR A figie "’
(30103 0 468 (2136
283 ) 6215 g) 048
(3906 : 350  (28572) 3385 7 1(F) = Tu(P)
2 2 *
5(1); (4()51)2; 12897 Lo~ LIt 333 (30030)) 1322
(48309 ) 19123 310 (322%5) 1036 L s Lit
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—
te °F and the excited state °P

ion are the ground sta

Th
¢ ter o
ms arising for a d’ configuratl

|
G, 'p
» Dand !
S. The transitions fl he ground G.' |
i ns from the€ groun state to the G.'Dand Sare spin forbidd
C [WO aaen.
remaini 2 3 :
ing states 3 and P can pave spin permitted transitions.

complexes 1 and 2 were recorded at

R spectrd for the

der EP
and 4.7) and also

433
. EPR Results. The po¥
at Q-band frequency at

(Figures 4.6
the powder state

X-b
and f)
requency both at RT and LNT
ilar spectra n

hibit very simila

ompounds ex
2 do not exhibit an

RT both 1 and

by
t\Vh
en di
dissolved in DMF solutions 2
e frozen a5 a glass at [LNT. str

RT
Ie
4.8 and 4.9). Both the €
y EPR signal.

ong EPR signals are

Hq
er, w
hen these DMF colutions ar

h the Compounds
that they are

Dbse
ved (F;
(Figure 4.10 and 4.11) for bot
les indicates

displayed by
ment values and the

Th

& 1

intense EPR signal
d magnetic mo

Par
amgy
gnetj : '
tic. This observation along W
for the cr(1V) metal ion.

Chio
metry
tric results of the (:Ompc'”nd suggests ¢
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[l = I r F 4
1e X-band pO\VdC[’ EPR SPCC[!'B, both at RT and LN 5 show (‘igU[‘CS 6 and 4 7) tl
. . 1€

al i . v
lowed transition AM; =+ 1 (g = 20038 for both 1 and 2) as well as the “forbidden® half.

field single quantum transition (AMs = * 2) at g = 4.1053 for 1 and g = 4.3179 for 2

respectively. However, the line width is found to be very broad in both the spectra. This could

be d ’ ¢ ¥ ’ 1
ue to a very large ‘D’ value, along with unresolved hyperfine coupling from 3¢,

su ; : _ )
perhyperfine coupling from nitrogen, and other dipolar broadening; however, in the absence

of computer simulation any conclusion will be highly speculative. In the Q-band RT powder

spectra the intensity of the forbidden half-field transition is found to be drastically decreased
re 2.0038 (AM, = = 1)

(Figure 4.8 and 4.9). The g values calculated from the Q-band spectra a

and 4.0108 (AM, = = 2) for compound 1 and 2.0038 (AM; =+ 1) and 4.2889 (AM, = + 2) for

compound 2, respectively. These values are consistent with the g values calculated from the

corresponding X-band spectrurm. The line with g ~ 4 could also be due to the tetragonal (axial)

onment instead of its origin from the forbidden half-field

distortion of the ‘“‘octahedral” envir

transition. No double quanturm transition 18 observed for the powder samples either in X-band

s EPR spectrum (Figure 4.10 and 4.11) of

or in Q-band. The overall feature of the frozen glas
o that obtained with the corresponding powder

any of these two compounds is similar t

s which could be originating due to different orientations

sample, but resolved into more line
of the molecules in the frozen glass.

ehavior of the compounds 1 has been

4.3.4. Electrochemical Results. The redox b
p at a platinum working electrode, platinum

Studied in CH3CN containing 0.1 M TEA

nce electrode using cyclic voltammetry (CV). For an

duxiliary electrode, and a Ag/AgCl refere
£200 mV s, there is

a reduction peak near -1.40 V,

Init; .
itia] negative scan at a scan rate 0



IE*’CISBI 01 t]] S 0. I 1 i S
3 . . 3 C ﬂd I'EVC a]

; . \/ ( .g ) 1

anodic peaks indicati igh reproduc F
aks indicating high reproducibili
ility of the electrode reacti
actions. For an initial '
anodic

scan between 0.0 and +1.80 V, only i idation wav ' '
I nly the ox1dat1c.)n wave at Ep, of +1.35 V is observed, and this
ve is found to couple to the reductive response at +1.29 V (Figure 4.12c). Th
| g .12¢). The
anodic response at +0.23 V 1s not observed when the potential is scanned between 0.0 and
+1.80 V. The reduction wave at _1.40 V is coupled to the two successive oxidative responses
C voltammograﬁ during reverse anodic

at —
0.80 and +0.23 V as it is observed from the cycli

ge —1.50 to +1.80 V (Figure
near Epc _1.40 V (Figure 4.12b). The

scans in tl :
1€ pote
P ntial ran 4.12a). It appears that compound 1

undereg :
goes one-step two-electron reduction

5 —0.80 and +(0.23 V are probably due to two-step one-

corr . .
esponding two anodic peaks at Epa’
n. This is supported by the fact that

p two-electron reductio

elec T
tron oxidations of the one-st¢
n direction. but the anodic wave at

s independent of the sca

the -
anodic peak at Epa of +1.35 V!
1 the potential 1 scanned in such a

nitial positive scan wher

E. ;
pa +0.23 V is not observed for an 1

couple (1) mentioned below.

Manner as to cycle only the oxidative
Compound 1 thus exhibits (Figure 4.12¢) reversible oxidative couple (peak to peak
“CParation, AE,, is found to be 60 mV at scan rates v = 200, 400, 600 mV 5!, showing that the

own in eq 1 near +1.32Vvs

lves one-electron transfer) sh

pro :

cess is nearly reversible and inVo

Ag/ : _
&AgCl, indicating that the oxidized species 15 stable.

[Cr(abtsal),]" + ¢ = [Cr(abtsal):] (D



(1) in CH;CN

Cr(abtsal)z]

ams for ~1 X 10" M [
rate of 200 mV B

tammogr
! (b) atascan

q scan rate of 200 mV s

" respectively:

Fio
gure 4.12. Cyclic vol
—

Ntaining 0.1 M TEAP (a) at

and
(c) at scan rates of 200, 400, and 600 mV s



(b) I
1A

-1.00 -1.40 -1.80

— |
0 020 -060
E,V vs. Ag/AgCL

Cr(4—PhTSCSal)2]-H20
Lo(b) corresponding

X107 M (2) in

[tammogram for
£ 100 mV s

Fi
gu

re 4.13, (a) Cyclic VO
can rate O

CH
iICN cantainine 0.1 M TEAP at @ R
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ound 2 (in CH,CN containing 0.1 M TEAP using a

The cyeli
cyclic voltammogram of comp

ive oxidation waves near +0.90 and +1.54 vV

platinun :
] ’ " e
working electrode) shows twoO success

for an inie:
an initia i : ;

al positive scan and two successIve reduction waves near _0.93 and —1.42 V for an
yound 2 was found to be much

initial .
ne S :
gative scan. However, the redox behavior of comj

bett
er for il . .
negative scan at a glassy carbon working clectrode (Figure 4.13a). Three successive

Cathodic wayes are observed at —0-91, ~1.61 and ~-1.78 V, respectively. The shapes and the
POsitions of these reduction waves are not affected by variable scan rates (Figure 4.14).
Differentiq pulse voltammogram (DPV) (Figure 4.13b) indicates that at least the last two
ctrons, possibly one electron in each case. The

redyer:
clion w ;
n waves involve same aumber of ele

I

w0 responses indicate that these are most likely associated

neg , )
gative values of these Jast t
be originating from a

\Vilh li
igand centered reductions, while the wave near 091V could

Met;
al centered reduction.

44
-, Concl a
usion
Jate pure cr(1V) compounds in solid state with two
0
and having

[t ; .
has been possible to stablise and 18
sites

bian:
Nion; _ |
onic tridentate Schiff base ligand
) 1 ith two-electron
delOCaliSati(m Both the compounds are found O be paramagneuc with

rong powder EPR signal at RT as well

My i o
8netic moment at RT and the compounds exhibit st

ds at
NT and also in frozen glass:
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CHAPTER 5

Two Stable paramagnetic Oxochromium(IV)

S\'n” 4
ynthesis : :
sis and Characterization of

Com
me_\'c_- ;3 :
s with tri- and tetradentate Schiff Base Ligands

5.1
- Introduction
s are useful reagents for the oxidation of organic

Tesnaiti
ansition-metal oxo complexe
lexes. In 1977

molecules. ! The _ i ,
. There are relatively few examples of chromlum(IV) oxo comp
Sarkar et alz " . . ) ) 3 .
.~ reported the colation and characterization of a hexa-coordmated chromium
(IV) anj
Zln bl . :

lon | CI‘O(CN)_.(p\-)]-’ as potnssmm salt. The room temperature magnetic moment

cr(IV) metal 1om, with a d’

of th
e
complex was reported to be 3.
Jarp band at 905 cm’ due t0

hromium (IV) dimer by

CONfipypar:
iguration. The infrared (IR) gpectrumm showed 2 st

V(Cr= |
=0). In 1979 Nill e al’ preparcd oxo(phthalocyamnato) ¢
romium (II) by molecular oxvgen. In 1981, o p.y.0-
hesized and

Ing (ﬁ-phthalocyaninato) ch
miumIV) comp

tetrg
ph ;
enylporphinato oxochro!
4
The compoun

[lography-
1 which has beel assigned t0

Jex [TPPCrO] was synt

d was found to be

1020 cm
oles in four different oxidation states,

ﬂuorophenyl) corrole

1 5-t1'is(per1ta
n 1999 Theopold and

of

wh
hich [(tpfc)CrO][CmCo] (where 5,
lex. |

((tps |
OHs)) has been identified 35 a diamagnet:
2 pemically wJared. tg @XD
orkers. reported paramagnet ¢ d° mono’ o compleX g
The compOU” buMeCr(0)OPD] (where
v ol
)] 11
al-b1pyramlda

Com
|
Plexes of the type [(porphi

TptbuvMe
= hydrotri5(3-terr-butyl-



ligand and an axial phenoxide moiety. Rece tl
. ntly

config ;
:.l.lr'll 0 ‘hibi
ation, exhibits an Cquatorial 0X0

[hc L a 7 .
h(ln [§ oroup o ~ - o o b d
dal - (8]
X

thuMe o s
Cr(O)(pz H)]BARF (where pZ'H = 3 feribiEyl-s

complex
plex. The compound [Tp

I’}’Tazolc‘ B/ - _ oy .
ARF = IClIzlkls(3,S-IJIS(U'lﬂllOl‘Oﬂ]Cthyl)phenvl)borate) s Found to/l
‘ 0 have

effecti
Ive magnetl
gnetic . . o
moment 2.7 1B and its IR exhibits v(Cr=0) at 905 cm™* which
moves

0867 cm!
cn .
1 upon substituition with 50,

ynthesis and characterization of two nonoxo Cr(1V)

W v i
¢ have described the s
udies on the

COH]]’JOUI]dS in th .
he previous chapter (Chapter 4). While continuing our st
¢ +4 for chromium by complex formation with hard-soft

Stabilizat;
zation of the oxidation stat
| another chromium(IV)

ated from ethano

do
nor |j

10

gands we have synlhesized and isol
y the condensation of o-

ff basc ligand abtsal formed b

complex i

plC}\ with thC SChl

dmingh

enzenethiol and Salicylaldehydc, which 18 found 10 be a paramagnetic
(1). This has been characterized by C, H,

[Ci‘O(abtsal)(H:zO)]
¢ studies.

, electronic and epr spectroscopi

OXO(;} .
romium(IV) complex,
N
analys; :
ysis, magnetic moment measurement, r
stabilise both

The

success of the a-hydroX
) as well as t

hard dono . also b€ effective 10

pted tO synthesize a chro

Cr(v
) and Cr(IV) (Chapter 3

ligands wit

¢ atoms migh

mium(IV) complex with a

SUg
e
gest that other cuitable

tzing Cr(IV) as well. So we attem
salicylaldehyde and o0-

H,salphen gerived from

ligand
oxoCr(IV ) complex

te'[l‘ad

e .

ntate Schiff bas€
isolating

ph
€nylenediamine,

[CrO
(salphen)(H,0)] (2)- This comple



5.2. Experi
xperimental Section

Chemicals. o-Ami e : :

i Pomu.s 0 ..'\1111I’lObClMLilClthl and salicylaldehyde were obtained from

' assium  dichromate was obtained from Sarabhai Chemicals, India. o-

envleneds

Iv enylenediamine was obtained from Sigma and was used without further puriﬁcation

lett : |
1anol (GR), dichloromethane (GR), toluenc (GR) and acetonitrile (HPLC) were

were used as such.

nicals were of r

obtaj
ined from Merck. All other chet
.um perchlorat€ (TBAP)

etrabutylammom

Tetr
aelh r .
ylammonium perchlorat€ (TEAP) and t

8
yod dcscnbcd in Jiteraturc-

\\rer

P i

reparation of 2-(2-11}’(11”0“‘)’1)110"}'

Dfepa

re :
d by condensation of o- _aminob¢ nzenethlo

ChaptCl‘ 4-

Preparation of the Schiff pase liga

Salic
ylaldehyde were added 10 2

Separ
ated from the solutl

and
collected, Anal. Cald for ConwNzOZ‘ :

1,522 N, 8.80.
Preparation of [CrO(abtsal)(HzO)] (1) A 0.2950 &
of 2-(2-hydroxyphenyl)

S addcd t
tirring

Potase;
Ss1 .
um dichromate W&
- erature S
o ine | temp )
iazoline in 25 Mk of ethan?
to red prown. This was

- ed was txeated

filt
e[‘e
d, and the filtrat€ was evéd

Wit
h 15 mL of cold methanol and filtere™



HO
SH HO

/H

B

A par .
part . Cnhiff Sy
. of the Schiff basc (B) was oxidized during the synthesis of compound 1
forme
d the ve : . g
he yellow disulphide (o-l-lOC()I‘hC(H):NC(,H4S-0):.' which was identified
at of an authentic sample of (0-

fl’()
m its
s IR spe
R spectrum by comparing with th

HOC
sHyC(H)=NC
{C(H)=NCH15-0)2 and the G, H, N analysis.
se B coordinates to the Cr(1V) metal ion as

, of the gchiff ba

Th
e ain; i
remaining portiol
he clemental

A dian:
anionj
e tri ;
¢ tridentate ligand 10 give the complex 1 as ascertamed from t
analye: -
YSis ; . :
IR spectra, []]agnc[ic [non]cnt data Zlﬂd epr SpCCll’OSCO‘_DlC SIUdleS. These studies
SUg -
gest 1}
h ; ;
at the Compound 1 has the following structure:

i OH
S\I yd 2
Cr
/TN
@,
Il
HC
1
4V li |aldehyde and
On the other hand, t gchiff hase Hgsalphen (demed from 54 y
er 1€ |
- benzosalen),” acts @5 sadridentat
as 8877

0
\DhEn
ylelledial 1 wil
Tllne) (also kno

l
Il

—



bianionic i
anionic ligand 1
g n the dark brownt
: o black coloured ne
utral compound 2 a
s suggested by

“S LICIIH >
(ll 'S1S I[{ "‘:0 e ‘[ B Y - 1 I

All evi
idences poi

s point to the fact that the compound 2 is an oxochromium(IV) compl ith

ex with

IhC struc
tructure proposed below.

ic susceptibility

ere introduced

5.3.1. Magnetic Mo
nds w

ry dlamag”e
is 2.78 BM

Su
rements (the necessd

with the d’

usinp
g Pascal’
scal’s constants
e consistent

ving two unpaired

Whi]
¢ that for complex 2 is 2.7
ple.'f.es ha

Confj .
Iguration of the cr(lV) metal 107 E

electrons

5.3.2. Infrared Spectrd: T
bengyp: c,—O(atha]
zthiazoline (A) and the chromiu™ [
and are

hav
€ been recorded using KB pellet

Qom
Pound 2-(2-hydrcmyph‘erl

c
9.13 ¢his banl

m 4
ue to N-H stretchin®
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ion in the form of Schiff base

indicating |
ating 1ts ree
£ 11s rearrangemec
£ nt and coordi i
nation to the m
etal

(BJ In co
mplcx 1 his 1s fi r portc €
: . 115 15 further suj
I t Yy the p e of an 1 n and a
[ db resenc an 1ntensc band at 1600

14,15 A b
. road band observed in the 3400 cm”

=t mng f ‘ S 1

ure 5.1b) is possibly due to the presence of a

region i
= nin the s
he spectrum of complex 1 (Fig

and at 1035 em”' may be attributed to Cr=0

Coord,
rdinated water.'® The promi b
_ -ominent

Stretchineg®
g" of the . P
1e complex 1. Gimilar value (1020 cm”') was reported for the v(Cr=0) i

trapl ; -

! 79“}1pOrph]naioo_\'ochromEum(IV) complex.4

of the free ligand H,salphen and the corresponding
o

ed using KBr disc and

The i
he infrared spectrd
1as also been record

H,0)] (2) I
ecion (Figure 5.2b) indicates

chro
mium complex [CrO(s qlphw)
are shown j
« \VI"I ot
in Figure 5.2. The broad band around 3400 cm” reg
¢ small but distinct peak at 3050 cm” in the

romatic C-H stretch 7 The very

the
prese
n ;
ce of water 10 complex 2. [h

mplex 18 due to 2

Spect
rum :
of ligand as well as in the €O
<pectrum of the free

-l due to the C=N st

StrOn
g and sharp band at 1610 €M
li :
gand s fOUnd . _1 i 14 :
to be shifted to 1605 cm 10 complex 2. The prominent band at 870
" This pand 1S absent 1n

dto v(Cr’O
0)-]O:

y be attribut€

Cm*l .
i
n the spectrum of complex 2 ma
SCF3 synthesized by

ding [Cr”l (salphen)(Hg

the |
R
spectrum of the correspon

Koch:
ch
1 and coworkers.”

2 are highly soluble in

h the complexes 1 an
e and di chlor

Cr O(salphen)(HZ 0)

ic Spectra. Bot
The electronic

5.3.3. Electronl
omethant-

in acetonin il

0)] (1) [Cr

ye been recor

metha
nol and moderately soluble
| @, 2@

ded 10 acetomtrlle

SDe(;t
fa of the compounds [f -O(abtsal (2
(A) and Hs? phen b2

hyq
Io
X}’Dheny1)-benzthiaz0line



n in Figures 5.3 and 5.4, respectively and

The s
Spectr: -
a of the comp]c,\'cs 1 and 2 are show

the el
ectronic spectr
¢ spectral band positions are listed in Table 5 1

(cm") of the complexes

Tﬁbl
e 5.1 Ele e B
lectronic  Spectral Band Positions in nm

[CrO(ab
¢ ‘.-.z .
sal)(H,0)] (1) and [C:'O(salphcn)HgO] (2) in CH:CN.

R ——
EZ:};DLC;:“O 1 1 1 Complex 2

: n, ¢ ) - e 5 = :
lm-__(m:ij Asslgnmcnts I?]allll:d poszt;lc:;l ; M lem I Assignments
600
510 518-667) 514 ] dd oo (16667 M6 ] d-d
45 b ,608) 2297 430  (20,833) 726
318 (24,390) 5916 373 (26, g10) 1,933 7]
230 (31,447)  15.556 330 (3 30,303) 384
253 (35.714)  22.397 L LT 316 (31,640 3731 |Ln—~ Ln
m (39,526)  28.760 S0 (34.247) 4,573
207 (42919)  37.16 S45  (40810) 5.877

(48.309)  49.837 207 (47,619) 11,316 —

. pands at 16,667 c:m“l and

< 1the low enerel

um of comple

In the clectronic SPECtf
47 cm'l are more

e to d-d transition ds pevond 31,4

The ban

19,6 ~
08 cm™ are probablv du
gpectrut: and ar¢ assigned as LT =

observed at 16,667 and

20,8 .
833 cm™'. The higher energy pand
476 _
19 cm™ are comparable to th
"
Ssigned as Lt — L
It may be pointed out

Co
mplex with the same ligand salpher
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absorpti
§ ion band re :
reported beyond 4 76 nm, whereas the electronic spectrum of compound
un

2 ¢l
carly shows
h LV » -acenCe 1
s the presence of a band at ~600 nm which may be assigned as d-d
transiti
Hlon CI 2 ) 3 3 = 0f 1
early indicating the differences 10 the electronic structure of the metal ions in

these tw
se two complexes.

5.3.4. Electrochemical Results. The electrochemical behavior of compound 1
0.1 M TEAP at @ platinum working electrode,

hag b
S bee R © T e
n studied n CH:CN containing

a Ag/AgCl reference clectrode  using cyclic

plati -

num auxiliary electrode,
volt | - - |
ammetry (CV). gcanning the potential on the negative side of Ag/AgCl, a reductive
as Obscwed with 1tS con‘esponding oxidative counterpart &

res
ponse near —1.07 V W
+1.80 V from 0.0V,

-‘-0. . ., " >
53 V (Figure 5.5)- Seanning scparately on the positive side upto
ackward direction Was observed (Figure not shown).

no r
e A "
sponse ecither In forward Of b
jal was scanned in the range

jons were
, the reduction wave

Ho
w :
ever, different observat

i o] negati

of —
1.80 to +1.80 V. For an hitia
0.53, +0.41, and

as obtained-
+0.83 A second reversal of scan yielded two
V, respectively were 0D
reductlon wave near —1.07

_o.40 V fol
d when the potential

Cathod;
odic waves at +0.55 and
observe

starting from 0.0 V. Similarly,

W

as scanned only on itive Si

a positive side scan starting
nd -0.40 V are coupled to

th
€ oxidation wave at =~
fro
mo.ovVv : ears t
Thus it apP I Suggesti\’e of the fact that the
the ) +0
ano and 7
dic waves at +0.41 species generated in the ECE

responses at +0.53 and _0.40 y arc orl






hemi i i :
mical) associated with the Cr'V-Cr"

process
( ]LClrochLmlcal-chcmtcal-clcctroc

reducti e
on. The ¢ .
ompound 1 1s reduced near ~1.07 V, this reduced species 1s oxidised
at

and +0.83 V, respectivey- The oxidised species at

-0.53 v .
. and further oxidised at +0.41

.83 v
’ l.“‘ldc ¥ A C . . . .
rgoes two successIve reductions at +0.55 and —0.40 v, respectively; and
fina]| ’
ally reduced agai
ed again at —1.07 v The following ECE process may be suggested for the

ob
served results.

+H _ (Cr(OH) (abtsal)(H ,0)]

[CrO(
abts Le -
tsal)(H,0)] T [CrO(abtsaI)(HzO)] il
-1.07V
+e - 040V
C - _
(CrOabisaly(r1,0)] 053V |-¢
+E T +0.55V '
(Cro i v € + #IJ
(abtsal)(H?O)]z* ~-e,—H [CI’(OH) (abtsal)(HZO)] +4‘--——"‘[Cr(OI—I) (abtsal)(HZO)] !
) 083V + 041V
2 F?
:;
7ot G .CN containing 0.1 M
The redox behavior oF Compound 2 has peen studled in
Jectrode; and a Ag/AgCl

TR
AP
at a platinum working electrode,

ref
eren
ce electrode using cyclic voltammetfy

tl near o) o g
ave -~

\\} agg ~t1N<
t ShO n) Su.__.ebtln.a

‘.va
Vi .
¢ is ob | (Figu®
served on scan reversa
: rved around —%-

OXidas:
ation of the compound 2. A proad 1€

T
mt]al ne .
gative scan, which on

Fi
gUre
not shown) indicating
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How
ever; the ¥ .
? rec ( shhav » ~
lox behavior of COmpound 7 was found t0 be better for negative scan ata

glassy car
assy carbon working clectrode, and the cyclic voltammogram exhibited cathodic waves
at —() 8
0.84 and -1.63 V, respectively (Figure 5 6a). The later one was found t0 be coupled

10 an - .

an anodic peak at —1.54 v (AEp =90 mV) and another anodic wave was observed near
—() ]

60V (Figure 5.6a). These results suggest WO quasi reversible electron transfer

Processg
Sses 2
for this compound 2 as shown below.

[CrO(s: +e = _
rO(salphen)(H ,0)] -—'“""__,_-———L [CI'O(salphcn)(H ,0)] - [CrO(salphen)(H 20)]2
ffected bY variable scan rates

Th
€s :
hapes and the positions of these waves are not @
(Fi
gu v 1 H S " .
re 5.7) indicating high reprodumblhty of the electrode reaction.
; ~1.03 and +1.47 Vv,

On the other hand. two anodic wav
working clectrode was used for an initial positive

igure 5.6b).

y carbon
an reversal (Fi

reSp y
ecti
Vclys when a glass

SCan
. No corresponding
ds only a very

Mo
re
ver, these anodic waves Were n

bro
a : .
d oxidation wave around +1.5

foll

owed by electrode pollution.

53 or the complexes 1 and 2 were
3.5. EPR Results:

il 528) and also at Q-

y poth at RT 2

recorded at X-band fredue™®

banqg frequency at RT (Figures > qand 5.1 ). When the

Cither methanol or DM F hese S solutions do not exhibit 2y EPR signal at T. However,

When thege methanol and pMF solutions are frozem as a glass at LNT, strong EPR signals
unds (Figures 5.12 and 5.13)

dr
€ observed for both the comp9
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99

t X-band, both at RT and LNT

The powder spectra displayed by the compounds a

are found s Tar
to very broad. The g values calculated from the RT powder spectrum are

42080 and 2.0038 for compound 2, respectively

42612 .
612 and 2.0038 for compound 1, and

{ RT show (Figures 5.8 and 5.9) the allowed transition

The X-b:
1e X-band powder EPR spectra
at g ~ 4 could be either due to the

h1and?2, while the lin€

I,=+ 1 at ¢ = 2.0038 for bot

5_):
“f()rb‘ .

idden” half-field single quantum transition (AM; = % 2) or due to axial distortion.
|e oxidation state of the metal ion cr™)

Thus the E
us the EPR results provide strong support for tl

in th
ese complexes.

54.C
- Conclusion
) complexes in the

It has been possibl
tion. The compounds are

solj _ ;
olid state with the Schiff b3S ligands g 1—delocalisa
found 1o be highly stable in solid as well as in solution in presence of air. Both of them
t RT and at LNT, as well as in frozen glass:

€Xhib;
1ibit powder EPR spectrd &
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CHAPTER 7

Chromium(III) Complex With the Schiff Base

Salicylaldehyde
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Coord;
Inate t g

o transition metal 10ns casily, and this
) complexes involving

| reports 01 Ccr(11I

3
1-3 There ar¢ severa

com
plexes wi
s with such ligands.
few reportsz‘4 on

13 put there are relatively

ase Jigands,
One of them s

bi
» dand -
quadridentate Schiff b
a cationic

dentate

Cr(11
) complexes with trid
.ff base ligand

bisc
helateCr(111) complex’

H 4 ¢ H=
(sallcy clehydat())

This compoun
ation of the Schiff base

Centy
al Cr(Ill) ion.
ing t0 the form

it
m
tum(III) reacting with ethy! cnedla

pl :
ex mentioned above-
| e
b Recently Jacobsen and coworkers g report
aSe
ch
romium(I1I) complexes whic
discov -ered that the modlﬂcatwn

very T

ecently
complex

het
€ro-Dj
iels-Alder reactions:

With .
C
IS‘laz-aminoindanol, followed



Bu

avy.
5%

hesized and

We have s : : i
e have successfully synt isolated an unique bischelate Cr(III)
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X-Ray cryst: .
\ C:}stdllography. Concentrated solution (0.5 mL) of the compound 1 1
n

acetonitri
ile was placed 1 i
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7.3.3. Crystal S
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Table 7.2 Atomic coordinates (X 10*) and equivalent isotropic displacement parameters
(A*x 10%) for 1. U (eq) is defined as one third of the trace of the orthogonalized U]

lensor.
Atom X Y Z U (CCI)
Cl) 2771 (2) =7742) o i

e i ) 7995 (3) 441

C(2) 1567 (3 ~766 (2) .

Ca 567 (3) ; 7643 (3) 54 (1)
) 37,6'\ ('l,) *1]63 (2) 5 57(1
4) o i) 7688 (J) )
4391 (3) -912(2) , 53 (1

(s ) 8100 (3) (1)

) 4615 (3) -253(2) 2436 ) 41 (1)

C(6) 3832 (2) 186 (2) a 56 (1)
C(7) —-— 860 (2) 8933 (0 44 (1
C(8) j“;'ﬂ 1997 (2) 9806 (3) 618

135 ” 9664 (4)
E“) 5110 (3) 2276 (? 10184 (4) 68 (1)
C(1 1 3309 (2) 108} 55 (1)

& ) 4743 (3) < 2) 10978 (4) >3

Ciiz) 3766 (3) ,3)03;3 22) 10463 (3) 43 (P
C(13) 3446 (3) %/51 2 2940 (3) 3_?8
s, 28 i) 1 68801 60 ()
o -398 ) 18 6884 (7 60 (1)
C(16) -1481(3) 1077 (2) 7931(:“ 50 (1)
CH;) -1916 3) 12;5 @) B 37(1)

) 1256 (3) 9005 ()
C(19) - 1469 (2) 273) 37(1)
“161 () 2 2) e 35 (1)
(ng?) 357 (2) 222 Ez) 12033 zi: 45 (1)
) 1110(2) " 22(2) 1294277 54 (1)

C(22) 82 14073 ()

\ 650(3) 2) 57 (1)
C(23 -401 14345 (1)

o ) 1287(3) 17 176 0) 50 (1)

0(24) 2411(3) 19 (2) 1,3)284 &) 36 (1)
) 2882(3) ) 12 51(1)

Clag 409 ( ) 9379(3)

N(l) 2258(2) 1314 (2) 10043 (%) i

NQ; 3661(2) 102D 8791 @ ‘;g 8;

q 2478(2) 1649 (1) 1 521( 2)

) 38(2) ) ! 60 (1
O(4) 13 797 ( g057 (1) 33 (1)
K(] 2749(2) 3034(1) 9691 (1) 50 (1)
oo 1912 (1) 1186 (1) 5113(4)

h 2152 (1) 1246 (2)

1243(3)



Table 7.3 Seclected bond lengths | A ]and angles [ °]

N(1) - Cr (1) 2.025(3)
N@) - Crl) 2.030 (2)
0l - 1.937 (2)
}=Lr(h) 1982 (2)
2@)-Cr(n 1.994 (2)
D) - Cray 1934 (2)
04)- Cr(1) '
.90 (10)
0(4) Cr(l)- O(2) 13;.08(9)
O() - cr(1)- 0() 170.30 (9)
OW)-cr(1y- 03) 91.94 (9)
O~ cr(ny-0@3) $8.26 (9)
02)-cr1y-03) 91.47 (10)
OW)-criny- N 91.81 (11)
0(1) Cr(1)- N (1) 81.30 (11)
0Q)-cry-N() 96.75 (10)
0(3)‘(31(1)— (1) 89.81(9)
(4) - Cr(1) - N(2) 90.26 (9)
(l)‘ Cr(1) - N(2) 96.61 (9)
E - Cr(l)- N(2) 81.79 )
N

- Cr(l)- N(2) 177.51 (1)
J = Cr(l) - N(2 ’
"-—-\___




Table 7.4 -
4 > of
l'able of Least-Square Planes

Ol‘ﬂ'l 0 P
0ot al E
10rmal ILqUEl[iOIl of Plane 1

0.1828 ¥

828 X + -

0.0000 0.7910 Y + -0.5839 Z - ~7.4923 =0
0.0000 0.0000  0.0000

Cry
stallographic E
ographic Equation of Plane

2.3020 X +
X +-153062Y +-5.9787Z~ .7.4923=0

0.0000
0.0000 0.0000 0.0000
Atom
. X ¥ Z Distance
N2
04 -1.4242 51330 9.5886 _0.0543
C20 0.9201 | 5426 10.9997 0.0172
21 -1.9624 {3000 104332 ~0.0099
€22 -1.2561 06429 11.4792 0.0510
oy 0 o585 123560 0.0297
Coq 480 _0.7766 13.4370 _0.0113
C25 -0.1291 _0.6140 13.6962 _0.0434
C26 0.6558 0.1520 12.8662 -0.0212
Ohi g 1320 o007 117287 0.0423
quared = 0.0
0
E}ller Atoms
0.5717 2.2950 9.2527 0.3786
on
ormal Equation of plane 2
0.0033 X +-0.8391 Y + 0.5336Z" _6.7396=0
0.0000 0.0000 0.0000
C
rYSta]
lographic Equation of Plan¢
13
(B42x 4 162369 Y+ 7 e ’
0.0000 0.0000

000
0 0.0000

Esd

-0.0000
- 0.0000
~0.0000
- 0.0000
- 0.0000
-0.0000
- 0.0000
~0.0000
- 0.0000

- 0.0000

Contd.



Atom X
N2 ‘ Y
03 1.4242 2.1330
Cla -0.0702 3.1903
Cls -1.3934 3.3890
Cl6 -2.0192 4.1237
Cl7 -3.3848 42918
Clg 4.1639 3.7290
Cl9 -3.5667 3.0083
-2.1899 2.8429

C .
hi Squared = 0.0
Other Atoms

Cr[
0.5717 2.2950

Ortho
normal Equation of Plan¢ 3
-0.25¢

0'000)3 X +0.3965Y - -0.8833 727

0.0000 0.0000

C

Iystal .

lographic Equation of Planc

"3.152

5

O-OOOQX +76726Y ~ -78808 27
0.0000  0.0000

Atom
N] ~ Y
0 2.5514 2.5432
8 0.7944 4.0901
o 3.0437 3.8640
Clo 4.3030 4.4053
C1y 4.5809 5.6648
Cly 3.5858 6.402
Cl3 2.3199 5.8734
20303 45913

Ch;
! Squared = 0.0

Ot
Crl;er Atoms
0.5717 2.2950

Z

9.5886
7.5911
7.5812
6.5684
6.5723
7.5726
8.5861
8.5978

9.2527

~7.4917= 0
0.0000

_7.4917=0
0.0000

Z

8.9075
10.0618
9.3622
9.2271
9.7232
10.3284
10.4814
9.9903

9.2527

Distance

-0.0161
0.0193
-0.0020
-0.0117
-0.0101
0.0109
0.0114
-0.0018

-0.1841

Distance

~0.0062
0.0273
~0.0074
0.0113
~0.0030
0.0102
~0.0181
~0.0201

0.0860

Esd

+(0.0000
+0.0000
+0.0000
+0.0000
+0.0000
+0.0000
+0.0000
+0.0000

+0.0000

Esd

+0.0000
+0.0000
+0.0000
+0.0000
+0.0000
+ 0.0000
+0.0000
+0.0000

+0.0000

Contd.



Orth ,
onormal Equation of Plane 4

ﬁO. ‘) oo 4
. 8(‘;52.\ + 03168Y + -09449Z - _7.8037=0
0000 0.0000 0.0000 0.0000

Cryst ) .
ystallographic Equation of Plane

-1. ,

0 83(4(9 X + 61312 + ~88405Z ~ ~78037% 0
R 0.0000 0.0000 0.0000
om X Y Z Distance Esd
N
E)l 2,3514 2.5432 8.9075 -0.0170 +0.0000
¢ 0.5770 0.5591 8.3938 0.0020 +0.0000
E 1.6279 -0.1490 8.0570 0.0096 +0.0000
Cz |.4684 _1.4829 7.6335 o.ooqs +0.0000
C3 2.5518 _2.2548 7.2974 —0_0136’5 +0.0000
CK} 3.8334 _1.7642 7.3406 ,0_?063 i Ogggg
. 4.0252 _0.4892 79333 0.0107 + 0.
o 5 9532 3600 §.1020 0.0194 +0.0000
= PP 9 138 _0.0028 +0.0000
3.3457 1.6647 8.52

C .

hi Squared = 0.0
0

ther Atoms 2527 02592 40,0000

Cr]
0.5717 2.2950

Dih
cdra] Angles Between Plancs:

Ply
ieNo  Plane No Dihedral Angle

1

1 2 17.08 + 000

l 3 g1.00 + 000

2 4 7337 + 0.00

: 3 20.49 £ 0-00

3 4 15.69 + 000
4 1125 = 000




7.3.4. Electronic S
ronic Spectra. The electronic spectrum of K([Cr(sap)2]-H20 (1) 1
has

been recorded in acetonitri N
e ce Ol.nmllg (Figure 7.3), and the band positions along with their
. are summarized in Table 7.5. Eventhough the finer details obtained from X-
crystallographic results show the Cr(III) site having very Jow symmetry, we can
assume ,
[ ume for the analysis of clectronic spectrum in solution that the compound 1 has a
Clra .
agonally distorted octahedral geometry, i e., with @ Dan symmetry which will result in

rgy transitions arc clearly v

region (31446 cm’ ') follo

isible in the spectrum,

Si){ d d
-d transiti 10 <
nsitions. ' The four lowest €né
wed

harge transfer
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1 the €

the fif
th band appears as a shoulder 11
J2F2]CI0s,

by a sj
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\Vhich v
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also trans MX,L: system having Dan symmetry-

Tabl
e7 - ) . ) -
5 Electronic spectral band positions 1t nm (cm

K[Cr
(ap‘sal)z].HgO (1)in acetonitrile.

Ba
(cm )
485 P i
E
459 (20618) 2292 4g'g:j4gjg
43 (21786) 2666 D g
400 (23202) 2331 4g‘g~%4Ai,
313 (25000) 1936 ﬁ;g,%ﬂAf(P)
1761 ‘B lga“ng(gP)

31446) (sh)

280 (
(35714) 3429
d 1 has been

pehav1io
1.3.5. Electrochemical Results: he redoX _ rrode platinumm
Wdieq i 1 TBAP al a platinum orking e1e
. ing 0-
N s I trode using lic vo]tammetry (CV).
eleC

aUXiliary l fereﬂce
electrode, and a Ag//’*gcE e
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(Figure 7.6
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CHAPTER 8

Summary and Conclusions
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