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CHAPTER -1
INTRODUCTION



1.0 Introduction

Cadyss by heteropolyacids (HPA) and related compounds is a fied of growing
importance, atracting atention worldwide in which many novd and exciting
developments are taking place, both in the aeas of ressarch and technology.
Heteropolyacids belong to the family of polyoxometaates that incorporates  anions
(heteropolyanions) having metal-oxygen as the basic dructurd unit. The octahedra are
linked together and form an extremdy dable and compact skeleton of the
heteropolyanions. The cations may be hydrogen, dkdi metd and other metd ions. More
than twenty types of structures, incorporaing four to forty metd atoms and from one to
nine heterostoms ae known for molybdenum, tungden, vanadium and niobium

heteropolyanions [1]. Some of the commonly known series of heteropolyanions are

shownin Table-1
Table-1
Common Heteropolyacids
XM Structure Formula Negative X
charge
1/12 Keggin (typeA) XM 12040 8-n P>* As", S,
Silverton (typeB) XM12042 8 Ge**,c*
ce, Th**
1/11 Keggin-like XM11039 12-n Pt AS,
(lacunary) Ge**
2/18 Dawson XoM 18062 6 |:’5+,AS5
1/9 Waugh XMgO3, 6 Mn™*, Ni**
1/6 Anderson (typeA) XMeO24 12-n T 1"
Anderson (typeB) XMgO24 6-n Co3+,r3 AP,
C +

M = W°® Mo®* etc.



The commonest compounds kelonging to the saturated 12" series (M:X = 12) are of the
greatest importance in catalyss. These Keggin type heteropolyacids are the most stable,
more eadly avalable and have been dudied in more detal. They contan the
heterododecametalates with the formula XM12,040*® having the Keggin structure where X
is the centrd or the heteroatom ( S**, Ge**, P*, A" etc), x the degree of its oxidation
state and M is the metal atom ( Mo®*, W®") which can be partly replaced by other metdls.
Wdl-defined Keggin structure is composed of a centrd XO, tetrahedron surrounded by
twelve edge and corner sharing metd-oxygen octahedra (MOg) units. These compounds
ae nealy dways negdaively charged dthough the negdive charge dendty is widdy
vaidble depending on the dementd compostion and molecular  Structure
Heterpolyanions are polymeric oxoanions formed by the condensation of more than two
different mononuclear oxoanions in acidic medium as shown in the equation

pX**O; +qM™ O, + ZH* ® XpMOLLP* ™42 + 7/2 H,0

with M = metd

X = hetero-atom

x =vdency of hetero-atom

m = vaency of the addenda atom

and stz/2 = n.q + r.p (oxygen baance)

for example

PO, + 12M004* + 24H'® PM012040 > + 12H,0

Although the dements that can function as addenda aoms, M, in heteropoly or
isopolyanions, gppear to be limited to those with both a favourable combination of ionic

radius, charge and the ability to form ¢-pp M-O bonds and there is no such restriction



on the heterostom X. This theds incorporates the work done on Keggin type
heteropolyoxometdates. They are the most sudied among al the sructurd types in the
class of heteropoly compounds because of their stability and ease of synthesis.

1.1 History of Keggin heteropolyoxometalates.

It was in 1826 Berzdius described the ydlow precipitate that is produced when
ammonium molybdate is added to phosphoric acid and which is now known as
ammonium12- molybdophosphate (NH4)3(PM012040) ag . However it was not until the
discovery of tungdodlicic acids and their sdts by Marginac in 1862 tha the andytica
composition of such heteropolyacids were precisely determined. But he did not propose a
dructure for the a&bove compound which was laer correctly anadyzed as
S0,.12W03.2H,0. The firg attempts to understand the compostion of heteropolyanions
were based on Werner’s coordination theory. Structure determination for heteropoly
compounds was not possble until the arivd of X-ray diffraction techniques. A
hypothesi's advanced by Miolai and Pizzighdli in 1908 was adopted and developed by
Rosenheim. During the subsequent 25-30 years Rosenheim was probably the most
productive and influentid worker in the fieddd of polyanion chemistry. According to the
Miolati- Rosenheim (MR) theory heteropoly acids were based on six coordinate hetero
aoms with MO4% or My,O7 % anions as ligands or bridging groups. Subsequent isolation
of sdts such as Cg [Si(W207)s] and (CN3Hg)7[ P(W-207)s].12H,0 lent an early support to
MR theory. The firsg serious criticism of the theory came from Pauling in 1929. While
accepting the Rosenheim gructure for 6:1complex, Pauling noted that molybdenum(V1)
and tungsten(VI) had crystd radii appropriate for octahedral coordination by oxygen and

proposed a dructure for the 12:1 complex based on an arangement of tweve



molybdenum(VI1) or tungsten(VI) octahedra surrounding a centrd XOg tetrahedra. The
resulting formula were written as Ha[SO4W12(OH)se], and these predicted the correct
(observed) badcities. The dructure was ultimatey shown to be wrong in detail, snce
Pauling congdered only the corner sharing between the MOg octahedra. After four years
Keggin solved the structure of H[PW12040]. 5H.O by X-ray diffraction and showed that
the anion was indeed based on WOg octahedra units as suggested, but these octahedra
were linked by shared edges as wdl corners. Anions were confirmed shortly afterwards
by Bradey and Illlingworth’'s investigation of H3[PW12040] .29H,0. Structure
determination was based on powder photographs[1].
1.2 Nomenclature in Heteropolyoxometaates

The literature data on the nomenclature of heteropolycompounds have been. inconsigtent.
Older designation consisted of prefixing the names of the central atoms to the words
“molybdate (tungstate)”or “molybdic (tunggtic)”acid — for example, “phosphomolybdate’
or “ dlicomolybdate’. Greek prefixes were used to describe the number of aoms of the
central element and molybdenum or tungsten i.e, dodecatungstosilicic acid. However the
Internationa Union of Pure and Applied Chemistry (IUPAC) uses a different system of
nomenclature. Names of heteropolyanions begin with an Arabic numerad designding the
amplest raio of molybdenum or tungsten atoms to the centrad aom. This is followed by
the prefix “molybdo” or “tungsto” and then by the name of the smple anion (or acid)
which contains the centra atom in the corresponding oxidation date. In case of
ambiguity, Roman numerds may be used to designate the oxidation date of the centrd
atom. Current knowledge of the dructure and propertties of heteropoly compounds

necesstates a more adequate nomenclature of such compounds by taking into



consderation both the dtructure and degree of polymerization and oxidation of the centra
atom. Proposed system of nomenclature is designed to extend the current ITUPAC names
to describe heteropoly compounds more adequately in cases where information about
dructure is currently available. In this system, the oxidation state of the centra aoms as
shown by a Roman numerd in parentheses The prefix molybdo, tungsto or vanado
desgnates the peripherd atoms, whereas the itdicized prefix oct, tet, etc., indicates the
stereochemistry (octahedra and tetrahedral) about the periphera and the centrd atoms.
Arabic numerds desgnate the ratio of the number of peripherd and the centra atoms.
The term dimeric, for example, preceding the name indicates the degree of
polymerization of the heteropolyanion when known. A superscript Arabic numerd at the
end of the name indicates the charge of the anion. The Greek letter designates bridging
between centrd aoms [1]. Examples of nomenclature of the IUPAC and the proposed

sysem are given in Table-2

Table-2

| UPAC Nomenclaturein HPA

Formula Tentative Proposed Names

lUPAC
Names

Nag[P™M01204] Trisodium Sodium12-oct- molybdo-
dodecamolybdophosphate(V)  tet- phosphate(V)®)

H4[SW12040] 12- Wolframodlicic acid 12-Oct-tunggto-tet-

slidc(IV)? add

K 3[P*®W12040] Tripotassum Potassium12-oct- gl)Jngst(}
dodecatungstophosp & PhoshatelV)
hate (V)




1.3 Classification of heteropoly compounds

Heteropoly compounds may be classfied according to the ratio of the number of centrd
atoms to the peripherd molybdenum or other such atoms. Compounds with the same
number of a@oms in the anion usudly ae isomorphous and have smilar chemica
properties. Usudly, the heteropolymolybdates and heteropolytungstates containing nor:
transition eements as centrd atoms have more dructurd anadogues than those containing
trangtion dements as centra atoms|[1].

Bdow in table-3 are the list of the dements known to be cgpable of acting as centrd

atoms in heteropolycompounds.

Tahle-3

Central Atomsin Heteropoly

compounds

Periodic Hement

Group

I H, Cu™

I Be™, Zn"*

1 B™, A", Ga™

W Si™, Ge™, Sn™(?), Ti'", Zr™, Th™ Hf"®, Ce™, Ce"™, and other rare earths
V N+5(?), P+3, P+5, AS+5, V+4(?), V+5, Sb+5(?), Sb+5(?), Bi+5
VI Cr3, s™ Te™, Te™

Vil Mn™, Mn*, 1%

VI Fe™, Co™, Co™, Ni*, Ni**, Rh*™, Pt™(?)

(?) = Doubtful existence of a heteropolyanion

1.4 Structure of Keggin heteropoly compounds




The Keggin type of heteropoly compound is an assembly of three kinds of gructures. It is
very important to distinguish between the primary, secondary and tertiary structure which
are the building blocks of the complex [2].

14.1 Primary Structure

The heteropoly acids in the solid date are ionic crystds (sometimes amorphous) which
condst of large polyanions that are linked together. This polyanionic Keggin structure
specidly the a type has Ty symmetry and conssts of a centrdly located XO, tetrahedron
(X = heteroatom or centra aom) surrounded by twelve edge and corner sharing MOg
octahedra (M = addenda atom). The octahedra are arranged in four MsO;3 groups. Each
group is formed by three octahedra sharing edges and having a common oxygen aom
which is dso shared with the centrd tetrahedron XO,4.The oxygen aoms in the Keggin
dructure are classfied into four classes of symmetry equivadent oxygensX-OaM, M-Op
M (“inter” bridges between corner sharing octahedra), M-O.-M (“intra bridges between
edge sharing, i.e, within a M3013 set) and M-Oq4 (the termina oxygens) where M is the
addenda atom and X is the heteroatom. The anion contains twelve quasilinear M-O-M
linkages between the octahedra forming part of different M3O13 triads twelve angular M
© M bonds between the octehedra within a single triad, four X-O-M bonds where the
triads are joined to the centrd atom, and twelve termind M = O bonds.

1.4.2 Secondary Structure

The three dimendond arangement consging of the large polyanions, cations, water of
cyddlization, and other molecules conditute the secondary structure of heteropoly
compounds. Acid forms of heteropoly compounds in solid dtate, contain counter cations

or the protons which play an important role in the Structre d the crydd, by linking the



neighbouring heteropolyanions. For eg., protons of cryddline HzPW12040.6H,O are
presented in  hydrated species, HsO,', each of which links four neighbouring
heteropolyanions by hydrogen bonding to the termind W-O4 oxygen aoms, and the

polyanions are packed in a bcc dructure. Thisis shown in the figure

W=0--H —0=W
N /H
-------- H----O
/ N
W=0--H H O =W

Secondary dructures may dso contan organic molecules for eg., HsSW12040.9DMSO
which contains nine molecules of DMSO in a unit cel where there are weak hydrogen
bonds between methyl groups and oxygen atom of the heteropolyanions. Ancther
interesting example is PW12040. [(CsHsN)2H]s which is obtained by the reaction of
anhydrous HsPW12040 with pyridine.

14.3 Tertiary Structure

Structure of the solid heteropolyacid as assembled condtitutes the tertiary component of
the complex. The sze of the paticles pore dructure and didribution of protons in
particles are the dements of the tertiary structure.

1.5 General properties of Keggin Heteropoly compounds



The physical and chemical properties of heteropoly compounds are listed below [1]
1. Heter opolycompounds gener ally have very high molecular weights ranging.over
2000.
2. Free acids and most salts of heter opolyanions ar e extraordinarily solublein water
and are often very solublein a wide range of organic solvents.
Inwater: Most free acids are generally extremely soluble (up to 85 % by weight of
solution). In general, the heteropoly salts of small cations, including those of many
heavy metals, are also very soluble. Heter opoly with large size counter cationsare
less soluble.Thus Cs*, Ag*, TI*, Hg™", Pb™ and thelarger alkaline earth metal salts
are often insoluble. The NH;", K*, and Rb" salts of some of theimportant seriesof
heter opolyanions areinsoluble. Salts of heter opolymolybdate.and
heter opolytungstate anionswith cationic coor dination complexes, alkaloids, or
organic amines are usually insoluble. Solubility of the heter opoly compoundsin
water must be attributed to very low lattice ener gies and solvation of cations.
Solubility is governed by packing consider ations.in the crystals. The counter cations
arefitted in between the lar ge negative anions. When large cationslike Rb", Cs" are
present they allow stable packing in the large inter stices, causing sufficient lowering
of lattice energy to produce insolubilty.
In organic solvents. M any of the free acids and a few of the saltsare very solublein
organic solvents, especially if the latter contain oxygen. Ethers, alcohols, and
ketones (in that order) are generally the best solvents. Free acidsareinsolublein

non-oxygensolvents such as benzene, chloroform and carbon disulphide. The



dehydrated salts sometimes dissolve readily in organic solvents; the hydrated salts
are insoluble.
3. Thecrystallinefree acids and salts of heter opolymolybdate and

heter opolytungstate anions ar e almost always highly hydrated. A given acid or salt
will often form several solid hydrates. Most of the heter opolymolybdate seriesform

isomor phous 30-hydrates. They mdlt in their own water of hydration between 40 to
100°C. In dry air they begin to lose water and they give up all thirty water molecules

in vacuum over sulphuric acid.

4. Many heter opoly compounds ar e highly coloured and the coloursranging
through the spectrum and occuring in many shades. Heter polymolybdates are
generally yellow in solution and in crystal form. Partial substitution of the
molybdenum atom/s by vanadium changes the colour from yellow to orange. The
corresponding tungstates ar e pale yellow or colourless.

5. Some heter opoly compounds especially heter opolymolybdates are strong
oxidizing agents and can be very readily changed to fairly stable, reduced
heter opolymolybdates. These reduced species are called “ heter opoly blues’.

6. Heter opolytungstates and molybdates ar e strong acids. The acidity isgenerally
determined by dissocation constants and the Hammet acidity function. Thefree
acids generally have several replaceable hydrogen ions. Protons ar e dissociated
completely from the structurein aqueous solution. Since in heter opolyacidsthe
negative charge of smilar valueis spread over much larger anionsthan those from
mineral acid and the eectrostatic interactions between proton and the anion is

much lessfor heteropolyacidsthan for mineral acids. An additional important



factor ispossibly the dynamic delocalizability of the charge or electron. The change
in the electronic char ge caused by deprotonation may be spread over he entire
polyanion unit..
Acidity in solid HPA

The drength and the number of acid centers as well as related properties of
heteropolyacids can be controlled by the structure and compostion of heteropolyanions,
the extent of hydration, the type of support, the thermd treatment, etc. Solid
heteropolyacids such as HzPW12040.xH2O and H3PM012,040.XH2O are pure Bronsted
acids and ae dronger than conventiond solid acids such as SiO,-AlbOs3 . Themd
desorption of basc molecules aso reveds the acidic properties. Pyridine adsorbed on
SO, - AlbO3 is completdy desorbed a 573 K. On the other hand, sorbed pyridine in
HsPW12,040 mosly remains a 573 K, indicating that HsPW12049 is a very srong acid.
The acid drength can dso be demondrated by temperature- programmed desorption
(TPD) of NHs. The generd trend for acid strength among the common heteropolyacids is
asfollows

HaPW12040 > HaSW 12040 2 H3PM012049 > HaSIM012040

7. All heteropolymolybdates and heteropolytungstates are decomposed in strongly.basic
solutions. The find degradation products of these compounds are smple molybdate or
tungstate ions. Heteropolytungstates are more sable in acid solutions than the
corresponding molybdates. Heteropolytungstates are hydrolyticaly more dable than the
heteropoly molybdates. If a base is progressvely added to a solution contaning
heteropolyanions, the pH of the solution gradudly rises. The anion retans its identity

through a certain range of pH until the pH of degradaion of that particular anion is



reached. After this stage the pH changes a little more as more base is added until the
heteropolyanion is converted to a gpecies dtable a a higher pH range or is completely
degraded to smple ions. Throughout specific ranges of pH and other conditions, most
solutions  of  heteropolymolybdates and  heteropolytungstates appear to  contain
predominantly one distinct species of anion. It is generdly reasonable to assume that this
predominant species is identicd with the anion exiging in the solid date, in equilibrium
with the solution, or is closdy related to it ; some heteropolyanions are remarkably stable.
Badicity and acid strength: Heteropolyacids and sdts are not stable in agueous medium
and undergo partiad hydrolytic degradation to produce H ions but these can be stabilized
in  mixed <solvents such as  water-dioxane, water-acetone,  water-acohol,
etc.Heteropolytungstates are more stable in agueous medium than the corresponding
molybdates. 12-Heteropolymolybdates with different heteroatoms  differ markedly in
their gability to degradation in water solution in the following decreasing order
S>(ZrT)>Ge>P>As

The pH range of sability extends highest for heteropolycompounds containing S as the
heteroatom while very acidic solutions are required to keep the 12- heteropolymol ybdates

with phosphorus as the central atom intact as 12-anions.

8. Therma dability of the free acds of the heteropolymolybdates and
heteropolytungdtates is quite high. The dability is dependent on the naure of the
heteroatom and addenda atom. Complexes containing phosphorous as the centrd atom
ae generdly more gdable than the compounds containing slicon as the heteroatom.
Heteropoly compounds containing tungsten as the addenda atom are more stable than

those with molybdate atoms. The decompostion a high temperatures causes loss of



acidity. The phosphomolybdic acid gets decomposed to the corresponding MoOs; and
P,Os. The Keggin dructure is reconstructed when the complex is exposed to an
atmosphere containing water vapour wheress in the case of less labile polyoxotungstates
this kind of recondruction is less likey. Heteropolyacids are used as solid acid catdysts
for vapour phase reactions at high temperatures. The subditution of trangtion metas in
the anionic framework generdly reduces the therma gability in these complexes. The
subdtitution of molybdenum in phosphomolybdic acid by addenda atom/s such as
vanadium reduces the thermd dability of the resulting phosphomolybdovanadates. The
thermd sability reduces with the vanadium atoms in the polyanion framework. At higher
temperature there is eviction of vanadium from the primary structura framework and the
subsequent degradation into smple oxides i.e, MoOz and V,0s. The formaion of such
gpecies is detected by X-ray diffraction andyss which dealy diginguishes between the
heteropoly and the metal oxide phases. The dructure of such complexes can be
reconstructed on exposure to atmaosphere of water vapour.

1.6 Synthesisof Keggin heteropoly compounds

1.6.1 Synthesisof thefreeacid series

The heteropoly compounds of the free acid kind are commercidly avalable in very pure
date as cryddline hydrates. Heteropolyacids are generdly prepared by acidifying an
aqueous solution containing the sdt of the heterodement and dkai metd molybdate and
tungstate. The product as the free acid is then isolated by extracting with ether or by ion
exchange technique. As a rule, the yidds obtained are not high, involving a large amount
of waste products formed in the process [3]. Tungstophosphoric acid is formed in the

following manner



12WO4* + HPO4* + 23H" ® PW1,040> + 12 H,0

The equilibrium condants and rates of formation are large enough to dlow the
polyanions to be cryddlized as sdts from goichiometricaly acidified mixtures of the
components a room temperature. A careful control of pH and temperature may be
necessary during the synthess. The sequence of addition of the reagents may dso play an
important role, for e.g.,

9032 WO,% thenH+ ® a-[SW12040]*

WO,%, H" then SO3* ® b-[SW12040]*

Acidification is achieved by the addition of common mineral acids. The members of
the free acid series are sufficiently stable to be crystallized from aqueous solution. In
such cases the anions can be isolated from the reaction mixture by the “etherate’
method. When a strongly acidified solution of the heteropolyanion is shaken with
excess of diethyl ether, three phases separate out (a) an upper ether layer (b) an
aqueous layer and (c) a heavy oily etherate layer. The heavy oily etherate layer is
then drawn off, shaken with excess ether to separate entrained aqueous solution,
and separated again. The etherate is decomposed by the addition of water, the ether
is removed, and the aqueous solution of the heteropoly acid is allowed to evaporate
until crydallization is accomplished. Exact nature of the etherate is not clear
although Et,OH" group has been detected by infrared spectroscopy. During the
synthesis of HsPM 012040 by this technique the etherate of the acid is reported to
contain approximately 20 mol ether and 50 mol water per mol of heteropolyacid.
I solation of the polyanions from solution is generally achieved by the addition of an

appropriate counter cation such as salts of alkali metal, ammoniun or the tetra alkyl



ammonium series. Salts of larger alkyl ammonium and smilar cations such as
tetrabutyl ammonium, etc., are insoluble in water but can be recrysallized from
solvents such as acetonitrile, nitromethane and acetone. Another method for the
synthesis of heteropolyacids is electrodialysis. An efficient eectromembrane
technique is used for the synthesis of phosphotungstic acid which is among the most
important acid catalyst in the HPA series. The heteropolyacid is formed in the
anode compartment of the dialyzer from Na,WO,; and HsPO4 in an agueous
solution. Acidification is achieved by the eectrolyss of water. Sodium ions are
transferred by the eectric potential from anode to the cathode through a cation—
exchange membrane. Thus pure tungstophosphoric acid is formed at the anode and
sodium hydroxide at the cathode. The alkali thus obtained can be used to prepare
sodium tungstate from starting WOs3. The heteropolyacid prepared by this method
is obtained in pure form with no waste material formed. Many a transtion metal

containing heter opolyanions can also be obtained by thistechnique [4].

1.6.2 Genead methods of preparation of trandgtion metd subdituted polyoxometaates
(TMSP)

The TMSP is a generd name for trangtion meta subdtituted polyoxometdates which

contain trangtion metds as addenda ions. The common trangtion metds incorporated in

the framework are the firs row metds. The trangtion metd fits into the lacunary vacancy

created in the otherwise complete Keggin dructurd unit. The lacunary or “defect

dructure” is crested by the loss of an MOg octahedra (which is equivdent to

doichiometric loss of an MO™ unit resulting in the formaion of XM;1030™). This



involves the partid degradation of the Keggin unit by lowering the pH of the solution by
the addition of a suitable buffer. The pH is dependent on the nature of the centrd and the
addenda atom. The solubilities of the TMSP complexes can be controlled by sdecting an
gopropriate counter cetion. Usudly akai metds and tetra dkyl ammonium groups ae
the counter cations of choice. There are two methods for the synthess of TMSP. The first
method (method A) involves the addition of a trangtion meta sdt to the aready prepared
isolated lacunary sdt under gppropriate synthetic conditions while the second method
(method B) developed by Smmons et al involves the genegration of in situ lacunary

vacancy followed by the addition of the trangition meta sdt.

1.6.2.1 Method A

Preparation of lacunary polyoxometal ates

The lacunary heteropolyanions usudly prepared are the sodium or the potassum sdts of
PW11039"" or SW1103% .The agueous solution of the transition metd sdlt is added to
ether Na / K st of ether PW11039” or SiW11030% with an appropriate molar ratio
followed by the addition of sodium carbonate to attain the needed pH vaues depending
on the nature of the dementsin the anionic framework

Preparation of K7[PW;1039] .XH20

Tungstophosphoric acid is dissolved in hot water and a concentrated potassum acetate
solution ( with pH adjusted to 7 with acetic acid ) is added drop wise under vigorous
dirring. The reaction mixture is then filtered and the filtrate refrigerated. The precipitate
obtained isfiltered and dried in adesiccator over slicagd [5].

Another method for the preparation of same compound is as follows. Tungstophosphoric

acid is dissolved in hot water and solid potassum chloride is added to this solution. The



pH of this solution is adjusted to 5 by the addition of agueous solution of 1M potassum
bicarbonate. After some time the reaction mixture is filtered through a membrane filter.
The filtrate is then concentrated and dlowed to sand a room temperature. White
crystdline sdt that forms is separated and recrystalized from hot water [6].

Preparation of Naz[PW;1039].xH20

Sodium tungstate and disodium hydrogen phosphate are dissolved in water. The solution
is heated upto 80-90 °C and titrated with concentrated nitric acid with tirring till the pH
reaches 4.8. The volume of the solution is then reduced to haf by evaporation and then
the HPA is separated in a dense lower layer by liquid — liquid extraction with acetone.
The process is repeated till the acetone extract shows no nitrate ions. The sodium sdt is
obtained as the hydrate by evaporation to dryness (in air) of the acetone extracts[7].
Preparation of Kg[ SiW;1039].XH20

Sodium tungstate and sodium slicate is dissolved in hot weater. Progressvey 4 M HCl is
added while mantaning a boiling temperaiure for one hour. The potassum <t is

obtained by the addition of solid potassum chloride [8].



Preparation of TMSP

Aqueous solution of a dight excess of trandtion metal sdt such as Co, Mn, Fe, Ni €c. (as
chloride, nitrate or acetate) is added to the agueous solution of the lacunary species. The
resulting solution is then buffered depending on the nature of the meta incorporated. The
potassum st is then isolated by the addition of potassum chloride. The complex
containing sodium ions as the counter cation is prepared by the addition of the sodium
st of the lacunary compound to the trangtion meta sdt and subsequent adjustment of
the pH by the addition of a suitable buffer [9).

1.6.2.2 Method B

In this method the lacunary vacancy is crested in situ in the Keggin unit by the addition
of trangtion metal sat under gppropriate pH conditions [10]. The XM12040 anion is
partly degraded in situ to the lacunary XM11039 Species by the addition of buffer such as
potassum acetate or potassum bicarbonate to adjust the pH depending on the nature of

the centra and the neighbouring addenda atoms as shown in the table below

Heteroatom Addenda Atom pH needed
P, S, Ge Mo 4.3- 4.5
P W 5.0 -55
S, Ge W 6.0-6.7

The hydrated slicotunggtic acid is dissolved in water containing acetic acid. The pH is
adjusted to a pH 6.0-6.7 by the addition of the buffer, potassum acetate. The solution is
then boiled and to which is added agueous solution of cobdt acetate. This is followed by

the addition of solution of potassum acetate containing glacid acetic acid. This hot



solution is then filtered and the filtrate kept a 5°C overnight for the separation of the
product to yied Ke[SW11Co(H20)O39].nH-O
1.6.3 Preparation of mixed addenda heteropoly compounds

The mixed addenda complexes are formed by the subditution of one or more tungsten
(VI) or molybdenum (VI) ions in the Keggin dructure by other addenda atom like
tunggten (VI), molybdenum (VI) and vanadium (V). By changing the number and the
kind of subdituted addenda and the heteroatoms, numerous mixed addenda
heteropolyanions can be prepared and applied as catdysts for oxidation reactions. The
mixed addenda complexes containing phosphorus, molybdenum and vanadium ae
among the mogt widdy used because of ther oxidizing ability aitributable to the high
vdue of oxidation potentid. The methods of preparation of molybdovanadophosphates
with protons, dkai metads and tetra dkyl ammonium groups as the counter cations are

described in detall .

1.6.3.1 Synthesis of molybdovanadophosphoric acids

This class of mixed addenda contains protons as the counter cations. In this series of
heteropolyacids the molybdenum aom(s) are subgituted by vanadium aoms. These
compounds are prepared by two methods. In the firs method, Tsigdinos and Halada
prepared Hsix [PM012-xVxOao]. N HO (where x = 1, 2, 3) by mixing the aqueous solutions
of NgHPO,4.12H,0, NavO3; and NaM004.2H,0 in gppropriate molar ratio in acidic
medium [11].

The heteropolyacids formed were extracted with diethyl ether and recovered by

evgporation of the eher layer. The resulting orange coloured powdered were



recrydalized from weater and the crysds were dried in ar and tored over slica gd in a
desiccator.

The second method involves dissolving MoOs and V205 with stoichiometric amount of
phosphoric acid in water and refluxing the resulting solution [12].

H3PO4(ag) + (12-X)M0Os + X/2 V205 + X/2H,O ® Haix PMO12.VOu0

This method introduces only the essentid components into the solution but works only a
low vanadium contents. The dissolution of vanadium pentoxide is very dow into the
polyoxometdate sysem which requires long refluxing times extending upto one week.
Synthess of Hi[PM011VOy4] proceeds with complete incorporation of vanadium
pentoxide. The V,Os incorporation remans incomplete even after prolonged hours of
refluxing. The vanadium pentoxide incorporation becomes more difficult with increesng
vanadium content so this method is disadvantageous for systems having compositions
withx 3 3

1.6.3.2 Molybdovanadophosphates with alkali metals as the counter cations

Synthess of sodium sdt of molybdovanadophosphates involves the mixing of the
aqueous solutions of molybdovanadophosphoric acid and sodium hydrogen carbonate in
gppropriate molar concentrations and subsequent drying of the obtained solid [13].

The agueous solution of the sodium sdlt is obtained in the following manner

Since the solubility of MoOs; in acidic solution is more than that of V,0s, the MoOs is
reacted with a dissolved vanadate sdt with stoichiometric quantities of HzPO, to directly
obtain the partid sdt solutions. Thus NaVO3 (a dissolved vanadate sdlt) is prepared in the
same pot by dissolving V205 with stoichiometric quantities of NgCOs.

V205 + NaoCO3 ® 2 NaV03(aq) + CO,



HsPO4(ag) + (12-x)M0oOs + x NaVOz(ag) ® NayHsz PMo (12.x)VxOao(aq)
This method provides a repid, scdable, one pot synthesis. The reaction can be
accomplished within half aday in the laboratory [12].
1.6.3.3 Molybdovanadophosphates with alkyl ammonium groups as the counter
cations
Synthesis of the ammonium sdt is caried out by mixing the gppropriate molar ratios of
aqueous solutions of the corresponding free acids and ammonium chloride followed by
subsequent drying of the obtained precipitate]11].
The tetrabutyl ammonium sdts are prepared by two methods [14]. The firs method
includes the direct addition of excess tetrabutyl ammonium bromide to the agueous
solution of the molybdovanadophosphoric acid and drying of the ydlow coloured
precipitate.
The second method involves the in situ generation of the lacunary PMo11039”” into which
the vanadium is incorporated followed by the addition of tetrabutyl ammonium bromide.
To the agueous solution of H3[PM012040] is added solid lithium carbonate until the pH
reaches 4.3. A single pesk a d -1.39 ppm ( *P NMR ) confirms the presence of pure
foom of a lacunary species. To this solution is added agueous solution of NavOs
(dissolved a 90°C) and cooled to room temperature. The clear orange solution is adjusted
to pH 0.5 with 6M HCl and then dirring is continued for 48 hours. To the solution is
added solid tetrabutyl ammonium bromide. The immediately produced yellow powder is
then dirred with water for 5 hour and filtered off, washed again with water, then with
ethanol and findly with ether in vacuo.

1.7 Catalytic activity of heteropoly compounds



Heteropolyacids have severd advantages as catdysts which make them economicdly and

environmentally attractive and viable. On one hand heteropolyacids have a very strong

Bronsted acidity approaching the superacid region on other hand they are efficient

oxidants exhibiting fast reversble multidectron redox transformations under mild reaction

conditions. Solid heteropolyacids have a discrete ionic structure comprisng of farly

mobile basc dructud units anions and the counter cations. This unique dructure
manifests itsdf to exhibit an extremely high proton mobility and “ pseudoliquid phase’

while the heteropolyanions are useful in the Sabilization of cationic organic intermediates.

Other attractive properties like high solubility in polar solvents, and a farly high thermd

dability in the solid dsate render them as potentidly promisng acid cadyss [15].The
subdtitution of one or more of the addenda aoms in the Keggin anionic framework by

other trangtion meta increases the oxidation properties of the heteropoly compounds. The

trangtion metd subgtituted compounds are active as oxidation catdysts with a wide range

of organic / inorganic substrates and are operable with a wide variety of oxygen donors in

various solvents [16].

Acid catalysisin heteropolyacids

The property of acid catdyss in the heteropolyacids is attributed to the strong Bronsted
acidity which is found superior to the the acid cadyds like minerd acids. In contrast to the
minerd acids the heteropolyacids are non-toxic, non-volaile, have no smdl and are dable
to prolonged storage. Although heteropolyacids are found to be more expensve than the
minerd acids ther use is judified due to their high effidency and sdectivity exhibited in
cadytic reactions. Acid catayss by heteropolyacids proceeds under mild reaction

conditions. Due to the inert nature of the anions they do not enter into Sde reections like



chlorination, sulphonation and nitration as observed in mingrd acids. The acid strength of
the heteropolyacids is found to be greater than that of the minerd acids as described earlier.
In the case of heteropolyacids the negative charge of smilar vaue is soread over much
larger anions than those formed from minerd acids, thus the dectrodatic interaction
between the protons and anions is much less for heteropolyacids (alowing easy
dissociation of protons) than the minerd acids. There is weak dependence on the acid
grength of the heteropolyacid on their compogtion. This is due to the large sze of the
heteropolyanion and the unusuad proton structure of the heteropolyacid. In agueous and non
agueous-solutions the heteropolyacid consists of solvate separated ion-pairs H'(H.O)m //
HPA ™ in which the potons are hydrated and linked to the anion as a whole and not to a
gpecific centre in heteropolyanion. The HPA dructure conssts of a charged sphere with a
large radius on the surface of which the acid protons are accommodated in the form of
point charges. In genera the acid strength increases with a decrease in the negative charge
of the anion or the an increase in the vaency of the hetero atom [2]
Co<B<S, Ge<P
The generd trend in acid strength is as follows [15]
H3PW12040 > H3PM 012040 > H1SW12040 @ H4GeW12040 > HaSIM012040 > H4GeM 012040
The acidity of heteropolytungstates is more than that of the heteropolymolybdates which
agrees with the higher negative charge on the oxygen aom in heteropolymolybdates compared
to that of the heteroplytungstates. Thus the tungstophosphoric acid are the most widdy used
compared to the other acids because of their higher acidity, hydrolytic and thermd sability and
lower oxidation potentid compared to molybdenum and vanadium containing heteropolyacids.

The acid drength, number of acid centers as wel as the relaed properties of the



heteropolyacids can be controlled by vaying the dructure, composton of the
heteropolyanions, the extent of hydration, nature of support and the thermd trestment rendered
to the HPA.
Acidity in salts
Sometimes the protons in heteropolyacids are replaced by dkdi and trangtion metals. This
increases the surface area for eg., if the protons in HPW12040 are replaced by a large atom
like cesum the surface area increases from < 10nf/g for the acid to @130 nf/g for the cesum
sdt. There are saverd possible types of origins of acidity in the heteropoly sdts[2]

(&) dissociation of coordinated water

Ni(H20)m?*® Ni(H20) m-1(OH)" + H

(b) Lewis acidity of metd ion.

(c) protons formed by the reduction of metal ionsfor eg., Ag" + ¥H, ® Ad’ + H*

(d) protons present in the acidic sdts for example asin CsH3.xPW12040

(e) partid hydrolysis during the preparation process for example

PW1,040> ® PW11039" + WO,* + 6H"

Supported heteropolyacids



Acids such as tungstophosphoric acids when supported on inorganic carriers like
slica reduces the acid drength. The acid strength of tungstophosphoric acids
diminishes inthe following sequence of supports SO, > Al,O3 > activated
charcoal.The acid strength of the heteropolyacids on SO, as measured by ammonia
TPD (thermal programmed desorption) decreases in the orderH3PW12040(865 K) >
H4SiW12040 (805 K) > H3PM 012040 (736 K) > H3SiM 012040 (696 K). The values in
brackets are the temperatures of desorption [2].
Determination of acid strength in heteropolyacids
Themd desorption of basc molecules like pyridine and ammonia reveds the acidic
properties. Pyridine adsorbed on SO,-Al,O3 is completely desorbed a 573 K. On the
other hand sorbed pyridine in Hz3PW1,040 mogdtly remains a 573 K, indicating that the
heteropoly compound is a very strong acid. Ammonia adsorbed on SO,-Al,O3 is modly
desorbed at temperatures less than 800 K, while HEPW12040 gives a rdatively sharp peak
a about 800 K. The acidity is dso determined by the Hammett function which is then
compared to the values for minerd acids [2].
1.7.1 Applicationsasacid catalysts
The high acid drength of heteropolyacids makes them excdlent catdysts for a wide
vaiety of acd catdyzed reactions. Literature is rich in reports with the utility of
heteropoly compounds as acid catalysts [15]. In acid catalyss the Bronsted acidity plays an
important role. Heteropolyacids are active catdysts in solution compared to the
conventiona cataysts such as the minegrd and organic acids. These are used as industrid
cadyss for severd liquid phase reactions. The important characteristics accounting for the

high catdytic activity incdlude the add drength, softness of the heteropolyanions, catadyst



concentration and the nature of the solvent. Molar catalytic activity of heteropolyacids is
often 100-1000 times higher than that of minera acids. Thus it is possble to carry out the
catalytic process at a lower catalyst concentration and at a lower temperature. There are no
Sde reactions observed with the heteropolyacids. Heteropolyacids are successfully used in
the industry as heterogeneous catdyts for liquid-phase reactions. Advantages of
heterogeneous cataysts include easy separation and reuse. Use of heteropolyacids on
inoganic cariers has been a fidd of growing interes. Supports such as dlica, dumina,
titanium oxide are widely used for heterogeneous reactions. Recent reports include the use
of mesoporous molecular sieves such as MCM-41 as supports for heteropolyacids for acid
catalyzed reactions,

1.7.1.1 Heteropolyacidsfor homogeneous liquid- phase acid catalyzed reaction

1. Hydration and Dehydration reactions

The hydration of propylene was the firss commercid process based on heteropolyacid
cadyss. The activity of the agueous solution of HzPW 12040 is found to be two or  three
times more than that of sulphuric or phosphoric acid by Misono et al. The basic reason for
high sdectivity is assumed to be dabilization of the intermediate propyl cation by
coordination by the heteropolyacids[17].

lzumi et al. observed high activity of heteropolyacids for the hydration of isobutene in
dilute solutions. The activation energy is 4 ke mol™ lower br HPW12040 than for nitric
acid. This is a commercid process for the separation of isobutene from a mixture of
isobutene and n-butene through a direct hydration of the former to give tert- butyl acohol

[18-22].



Matsuo e ad have found that heteropolyacids have an edge as catdysts over H,SO,4 and
HCIO4 in the hydration of phenyl acetylene[23].

Higher activities of heteropolyacids are dso found by Baba et al for the dehydration of 1,4
-butanediol to yield tetrahydrofuran [24]. The activity isin the order

HaSW 12040 > H3PW12040 > H3PM 012049

2. PrinsReaction

Urabe and his group have caried out Prins reaction of akenes, which proceeds with
H3PW1,040 as catdyst and is found be 10-50 times more active than sulphuric or para

toluene sulphonic acid (PTS) [25].

3. Ether cleavage reaction



Heter opolyacids are both active and selective catalystsin the
homogeneous alcoholysis of epoxides such as epichlorohydrin,
1,2- epoxybutane, isobutene oxide and styrene oxide under
mild reaction conditions (45°C and excess of alcohol) as shown
by Izumi et al . The HsPW1,040 shows a higher activity for the
above reaction .compared to sulphuric, para toluene sulphonic
acid or perchloric acid. Whilerapid deactivation is observed
with sulphuric acid probably dueto the for mation of alkyl

sulphate, H;PW 1,040 maintainsits activity [26, 27].

4. Polymerization of tetrahedydrofuran (THF)
The heteropolyacid, H3PW12040 is used by lzumi et al for the preparation of
polyoxotetramethylene glycol (PTMG) which is employed for the manufecture  of
gpandex fibres and polyurethanes. PTMG is commonly prepared by a two step process
i.e, ring opening followed by hydrolysis[26].
Aoshima et al found that THF can be directly polymerized to give PTMG in a highly

concentrated solution of H3PW 12040 [28].
5. Condensation Reaction
Cyclotrimerization of propionadehydehas been performed by Khankhasseva et al to give

2,4,6-triethyl- 1,35 trioxane catdyzed by H3PMo012040. Sdectivity exceeding 97 % and

turn over exceeding 300 moles of product per moles of catadyst have been obtained.



Condensttion of acetone to give medtylene is catdyzed by H3zPW12,04 a room
temperature [39]. Kozhevnikov and his research group catalyzed the condensation of
isophytol with 2,35 trimethyl hydroquinone to yidd a- tocopherol which is the active
form of vitamin E usng HsPW12040 and HySW 1,040 asthe catdyst [30].

6. Methyl Tertiary Butyl Ether (MTBE) synthess

MTBE is a gasoline octane booster which is produced indudridly on a large scde by
reecting isobutene with methanol in  the presence of addic ionexchange
resn.Heteropolyacids and their sdts were found to catdyze the above reaction in
homogeneous and heterogeneous reaction conditions by Ono and co workers [31].

Keggin type heteropolyacids were shown to be 2-4 times more active as catadyss by
Maksmov et d than the conventional acid catadysts with respect to reaction rate per unit
proton site [32].

7. Ederification and ester decompaosition

The reaction of carboxylic acids with olefins proceeds in solution in the presence of
H3PW1,040 @ the concentration level of 10% — 107> mol dmi® at 293- 413 K with 100%
sectivity. The ederification of p-nitrobenzoic acid with ethanol was performed by Ono,
Kozhevnikov and others with 3-7 wt % HsPW 1204 at 75°C [33, 34].

The synthess of diakyl phthalates used as plagticizers was achieved by Schwegler and
his team after esterifying phthaic anhydride with Cg-Cy9 adcohols a 100-120°C in the

presence of HsPW12040 [35].



8. Alkylation

Alkylation of hydroguinone with isobutene to yield 2- tert —
butyl hydroguinone and 2,5-di- tert-butyl hydroguinone is
catalyzed with HsPW 1,04 by Timofeeva et al under phase
transfer conditions in biphase system including toluene
(upper phase) and HPA dioxane etherate (lower phase).

The products are obtained from the toluene phase [36].

9. Other reactions include Beckmanns rearrangement and Pinacol rearrangement [37,38].

1.7.1.2 Heteropolyacids as heter ogeneous catalysts

Reections in liquid- solid system are catadyzed by bulk and supported heteroplyacids and
their sdts. Advantage of this category of acid catayds is their easy separation from the
reaction mixture.

1. Dehydration and hydration reaction

H3sPW1,040 was found to be more active catalyst by Hayakawa et al for the dehydration
of 2-propanol than SIO,-Al,O3 a 398 K [39]. The unique activity of the cesum sdt of
HsPW1,040 was found by Tatematsu and his team for the dehydration of 2 propand. The
high aectivity is explaned by the pseudo liquid behaviour of H3PW12040 ad its afinity

for polar molecule like 2-propanol [40].



Bulk and supported heteropolyacids like HPW12040 and HiISW1,04¢ are proven to be
active catalyds for the hydration of isobutylene by Baba et al [41]. Various supports have
been tried for this reaction which incdlude Amberlyst 15 [porous sulphonated poly
(styrene-divinylbenzene)], activated carbon, dlica and titanium oxide. Maximum activity
is observed when Amberlyst 15 is used as the support at 30 wt % HsSW12040.

2. Edeification and ester decomposition

Activated carbon entraps H3PW12040 and exhibits catdytic activity for the edterification
of acetic acid with ethanol. The activity is more compared to Nafion-H. The sdectivity to
ethyl acetate was found to be 99.5% by Izumi and co workers & 95 % converson with
HPA [42]. Ceasum sat of H3PW12040 was found to be more active as catayst by
Okuhara for the decompostion of cyclohexyl acetate in solid- liquid mixture than other
acid cadyds like NafionrH, HY zeolite, HZSM-5, SO,- Al,O3 and sulphonated zirconia
as the ceasum sdt has amuch larger surface area[43].

3. Alkylation and Dedkylation

Soeda et al have caried out cataytic monoakylation of hydrocarbons like p-xylene
with isobutene and  with HzPW;1,040 as the catadyst with 75 % sdectivity.The product
tertiary butyl para xylene is an important precursor for liquid crysaline polyesters and
polyamides with low meting point and good solubility [44].

Alkylation of para-cresol by isobutene was performed by Kozhevnikov for the gnthess
of phenolic antioxidants. The activity of H3PW12040 is grester by four orders of
magnitude than sulphuric acid [45].

H,SW12,040 on SO; is an excdlent catays for the dkylaion of benzene withl-dodecene

a room temperature as shown by lzumi et a [46].



Dedkylation reactions are dso performed with solid HPAs. Thus dedkylation of 2,6 -di-
tert- butyl phenol takes place at 403-423 K in the presence of solid H3PW12040. The
heteropolyacid was found to be two orders of magnitude more active than A,(SO,)s for

thisreaction by Kulikov et al [47].
1.7.2 Heteropoly compounds in oxidation catalysis

Oxidetion catdyss by polyoxometdates especidly by the Keggin type heteropoly
oxometaaes is a rgpidy expanding area due to thear unusud versatility and compdtibility
with environmentdly friendly conditions (with oxidants like O, and H;0O,) and
operations. The research in the area of oxidation using this category of complexes has
been intense in the past decade for severa reasons (a) oxidation reactions are chdlenging
in nature in order to achieve satifactory yidds and high sdectivity levels (b) the exising
caaytic processes leave ample margin for further improvement to develop new catayst
gysem that can peform under rigid reaction conditions (c) the reaction mechanisms are
quite complex for oxidation reactions and even multiple mechanisms can be
amultaneoudy operdble (d) extensve application in aeas ranging from fine chemica
gynthess to the degradation of many toxic materids .Subdtituion of the addenda atom/s
by ether d dectron trandgtion metd (TMSP) or other addenda aoms increases the
oxidation ability of the heteropolyoxometdate. The synthess of the TMSP complexes
was atempted after a thorough study of the metdloporphyrin sysem by Hill and his
group. This TMSP system was to behave as oxidation catdyst by transferring oxygen
from atypical donor to the organic subsirate.

TMSP complexes show many of the dtractive features exhibited by metaloporphyrins

ability for dioxygen binding (b) formation of high vaent species with Soichiometric



oxygen trandfer () reaction with oxidants such as iodosobenzene, sodium periodate and
tertiary butyl hydroperoxide (d) these multidentate ligand systems can bind the d eectron
trangtion meta ion in multiple oxidation Sates with sufficent strength so that they are
not lost from the sructure. This is critical as the oxidation process brings about a change
of oxidation date in the metd. The change in the oxidation Sate results in sufficient
change in lability and other dectronicdly controlled properties and hence it is often
difficult for the ligand sysem to retain the metd in the framework Sructure during the
cataytic cycle. If during the oxidation process sructural degradation of the catayst takes
place the metd atom is logt as it is precipitated as the metal oxide. These metd oxides are
suiteble as cadyss only under heterogeneous conditions and ae inactive for low
temperature homogeneous reaction conditions (€) both complexes can activate substrates
in proximity to the active dte (f) metdloporphyrins and the TMSP sysems can be
reduced which facilitates the activation of some oxidants and the quenching of various
intermediates observed in the process of oxidation (g) the eectronic structure can be
dtered and controlled by rationa synthess and (h) both the cataytic systems can be
rendered soluble in polar and non-polar media. The TMSP complexes have an edge over
the metaloporphyrin sysem as catdyst for oxidation. The metdloporphyrins are organic
molecules and are thermodynamicdly ungable in the presence of srong oxidizing agents
and hence undergo oxidative degradation during the reaction. The TMSP complexes are
not susceptible to oxidative degradation and hence continue to catdyze the oxidation
reection for a longer period than metaloporphyrin and other inorganic complexes with
organic ligands. They ae themdly more robust than the porphyrin and other

macrocyclic ligands. The acceptor properties of the oxometalate ligands are dependent on



its reducibility and can be modified by metd replacement or partia reduction. The
electron population on metd and and ligand is more variable as compaed to the
metdloporphyrins. The TMSP complexes unlike metdloporphyrins are readily accessble
and avalable in dgnificat leves in two-three sep synthesis. Solubility, an important
agpect for homogeneous cataysis can be eadly controlled by judicious choice of the
counter cations during synthess of the TMSP complexes. In these complexes the
trangtion metd is bound by an inorganic ligand, the lacunary polyoxometdate which acts
as the multielectron acceptor.

Mixed addenda comlpexes are those in which one or more of the addenda atoms in the
framework are subgtituted by other addenda type aoms like tungsten, molybdenum or
vanadium. The attractiveness of this class of compound as catadysts for oxidetion is ther
high vaue of oxidation potentid, low cod, therma ability and oxidative robustness,
ease in preparation and olubility in media ranging from water to hydrocarbons. The
redox potentid depends on () negative charge densty and (b) eemental composition.
Both the factors can be controlled to a greast extent syntheticdly. The dependence of
redox potentid on eementad compostion is dictated by the presence or absence of the
most oxidizing addendametd atom.

The order of decreasing redox potentialsare (V) >Mo(VI1)> W(VI).

Hence the molybdovanadophosphate system is the most extensvely studied for oxidation
reections. Thus dl the types of Keggin compounds mentioned above are found to be
compdible in operation with environment friendly oxidants like oxygen and hydrogen
peroxide. They ae adso found to be reactive with oxidants like tetiary butyl

hydroperoxide, iodosobenzene, sodium periodate, potassium persulphate, etc.



1.7.2.1 Oxidation with molecular oxygen

Oxidation with molecular oxygen heteropolyoxometaate facilitated oxygen activation is
goplied to a wide range of organic subdrates. Oxidation by molecular oxygen is
influenced by the oxidation potentid of the TMSP. The TMSP of the Keggin type are
efficient oxygen binders. They act as catdyss by oxygen transfer from a typicd donor to
a typicd TMSP followed by trandfer of this TMSP activated form of oxygen to an
organic substrate,

The TM SP complexes ar e potential catalystsfor the epoxidation of olefinsin the
presence of aldehydesin the presence of molecular oxygen or air asthe oxidant.
Mizuno et al have found pronounced catalytic activity of PW11C00s9°> for the
epoxidation of alkenes such as cyclohexene, 1-decene and styrene by molecular
oxygen in the presence of aldehydes such asisobutyraldehyde and pivaldehyde at
303K [48].

Alkene epoxidation by dioxygen in the presence of isobutyraldehyde and the
tetrabutyl ammonium salts of transition metal substituted heter opolyanions
PW1:MO39" (PW;:M ;M =Co'", Mn'", cu", Pd", Ti'"Y, Ru'", VV) has been studied
by Kholdeeva et al. Trans-stilbene is used asthe model substrate in acetonitrile
medium. Selectivity of epoxidation reached 95% at complete alkene conversion. The
reaction is shown to beinhibited by 2,6- di-tert-butyl- 4-methyl phenol indicating
chain radical mechanism for thisreaction. The acyl peroxy radical isfound to bethe
active spedesfor epoxidation [49].

Selective epoxidation of cyclohexene by mono-transition metal substituted Keggin

type heter opoly tungstates by molecular oxygen in the presence of aldehyde has



been reported by Mizuno et al. The substituted transition metals ar e cobalt, copper,
iron, nickel and manganese. The epoxidation of 1-decene and styrene wasreported
with PW11C0039°> as the catalyst. Thisreaction might involve peracids as
intermediates as the formation of perisobutyric acid is confirmed by *H NMR [50].
Oxidation of olefins and ketones by molecular oxygen / aldehyde/ vanadium
heter opolyoxometalate system has been achieved by Hamamoto et al. Olefins were
epoxidized with dioxygen in the presence of two equivalents of 2- methyl propanal
under the influence of catalytic amounts of (NHz)s[ PM 0sVeO40] to give the
corresponding epoxidesin moderate to good yields. This system was also extended
to allylic and homo allylic alcohols. Baeyer—Villiger oxidation of cyclic ketones was
achieved using benzaldehyde instead of 2-methyl propanal [51].
K uznetsova et al found that PW11Fe(H,0)O39” in the pH range 3.5-5 at 20°C isan
active catalyst for H,S oxidation with O, to elemental sulphur [52].
Harrup et al discovered that the polyoxometalate based catalysts such asKs[Zn
PW11039], @ - Kg[ SIW11039], @ -Ke[ZN S\W11039] and K4[NaPsW300110] are activefor
the aer obic oxidation of H,Sto elemental sulphur at 60°C and under 1.1 atm of O,
[53].
Chromium(l11) heteropolytungstate or their corresponding oxygenated form, oxo
Cr (V) areefficient as catalystsfor the oxidation of alkenes, alkanes, alcohols and
triphenylphosphines by a variety of oxidants such as OCI", H,O, or PhlO.
Khenkin and Hill thus oxidized alkenesto epoxides, allylic alcohols, ketones and
Cr(111) by oxo Cr (V) complexes [54]. Thus

Cr¥=0 + Substrate ® Cr'" + Substrate O



Kuznetsova et al prepared the complexes of Pd(l1) and Pt(l1) with PW11039” and these
heteropolyanions were found to be cadyticdly active for the oxidatiion of benzene to
phenol. The reections were performed in a mixture of O, and H» gases in a two phase
water- benzene system at atemperature of 10-40°C [55].

Passoni and fellow workers made the use of heteropolyacids as reoxidants for Pt in the
direct oxidatiion of benzene to phenol with molecular oxygen. The converson with
respect to benzene was about 15 % and the selectivity to phenol was about 70 % [56].

Phenol synthess by liquid phase oxidation of benzene with molecular oxygen over iron
heteropolyacids was studied by Y-J Seo et al [57].

The vanadium subdituted heteropolyanions have a farly high vadue of oxidaion
potentid (0.7 V rdative to NHE) and are capable of oxidizing subgtrates ranging from
organic to inorganic compounds. They are reversbly acting oxidants i.e, ther reduced
forms can be reoxidized to the origind form by oxygen in mild conditions. The V** «

V" transformation is actudly responsble for the redox activity of mixed addenda
heteropolyacids [15].

Neumann et al have successfully caried out the oxidative dehydrogenation of a-
terpinene to p-cymene catdyzed by mixed addenda compound of the type
Hs[PM010V2040]. The reaction mechanism involves the formation of a dable subdrate
catdyst complex in the catdys reduction (substrate oxidation date) stage and the
formation of am peroxo catayst intermediate in the catalyst reoxidation stage [58].

Substrate + Catalyst ox ® Product + Catalystyeq + 2H"

CatalyStreg + 2H" + Y0, ® Catalystoy + Ho0



Oxidetion of tridkyl subdtituted phenols like 2,3,6-trimethyl phenol in the presence of
phosphomolybdovanadium heteropolyacids has been reported by Kholdeeva e a. The
product obtained is 2,35 trimethyl-1,4-benzoquinone with 86 % yied and 100 %
converson of the title compound. 2,2, 3,3, 6,6-hexamethyl- 4,4’ -biphenol has been
isolated as an intermediate. The product is an intermediate in Vitamin E synthess. The
divanadium subgituted phosphomolybdates are found to catdyze the oxidation
didkylphenols to diphenoquinones. The rae is highly dependent on the oxidation
potentid of the substrate and the reaction proceeds by eectron transfer from the substrate
to the heteropolyanion catalyst [59].

The divanadium subdtituted heteropolyanion has been found catalyze aerobic oxidation of
didkyl phenols to diphenoquinones and the oxidation of 2,3,5-trimethyl phenol to 2,35
trimethyl-1,4-benzoquinone has been accomplished by Lisse et al. The rate is found to
be dependent on the oxidation potentid of the substrate and proceeds by dectron transfer
from the subdgrate to the heteropolyanion catdyst [60]. These catayds are equaly
efficent for oxybromination in organic medium. Thus oxybromination of phenol, anisole,
o-cresol, p-cresol, 1-naphthol, N,N-diethyl aniline, toluene, cumene, acetone,
cyclohexanone and 1-octene to the corresponding bromides has been achieved in ambient
conditions by Neumann et al. The di vanadium substituted complex is dissolved in a nort
polar chloro hydrocarbon solvent by complexation with tetraglyme [61].

Nakayama and co-workers were successful with the oxidation of benzylic derivatives
with oxygen cadyzed by mixed addenda metdlophosphate containing vanadium and
molybdenum. Thus (NHi)s [PM0eVeOso] catdlyzed oxidaive dehydrogenation of

benzylic amines to the corresponding Schiff base amines with oxygen in toluene solution



at 100°C. Isochroman and indan are oxidized to 3,4-dihydroisocoumarin and 1-indanone
with high sdlectivity [62].
Oxidative cleavage of ketones such as subgtituted cyclodkanones, 1- phenylakanones
and open chain ketones to the corresponding acids was observed by El Ali et d. Thus
substrates such as 2,4-dimethyl cyclopentanone are oxidized to 50x0-3- methyl hexanoic
acid and 1- phenylpropant1-one to a mixture of benzoic and acetic acid. Open chan
ketones such as pentan+-3-oneis oxidized to the corresponding carboxylic acid [63].
The mixed addenda system can act as catdysts in the presence of a co-catadys. The most
common sysem in opeation is the vanadium subgtituted phosphomolybdate in
conjunction with Pd(ll) for the oxidation of olefins to carbonyl compounds. This is
analogous to Wacker oxidation process based on CuCh and Pd(I1). In contrast to Wacker
process the HPA system works at very low chloride concentration or even in its absence.
In addition the HPA is more active, sdective and less corrosve. Other examples of such
two component cataytic system indude TP /TI*, Pt** / PE* RU* / RU*, Ir** 1 1P, Bry /
Br-andl,/17[15].
Atlamsani and co-workers have successfully carried out the oxidation of 2- methyl cyclo
hexanone and cyclohexanone by dioxygen to 6-oxo- heptanoic acid and adipic acid
respectively. The catalysts in use were molybdovanadophosphoric acids [64].

1.7.2.2 Oxidation by hydrogen peroxide
Hydrogen peroxide is an important and a widdy used oxidant for the organic substrates
for the ample fact tha it is cheep, eadly avalable and affords water as harmless side
product which is environmenta friendly. A wide range of oxidation processes such as

epoxidation and hydroxylation can be accomplished with Keggin heteropoly compounds.



As the heteropoly compounds are generdly insoluble in organic subdtrates they are
rendered soluble by using akyl ammonium groups as the counter cations. Tungsten and
molybdenum compounds are efficient cadysts for oxidation by hydrogen peroxide.
Tunggen and molybdenum containing polyoxometdates catdyze the oxidation of a wide
range of organic subgrates for a large variety of reactions. The reaction proceeds in
homogeneous or in a two phase system. Peroxo polyoxometaates have been shown to be
the active intermediates in these reactions. Two efficient and mechanidticaly closdy
rdated cadys sysems involving polyoxometdate mediated hydroperoxide oxidation
were developed by Ishii and Venturelo. Ishii demondrated that the oxidation of organic
subgtrates with commercidly available 35 % H,0O, is performed in homogeneous or more
often in biphasc sysgem. This sysem involves cadys comprisng the heteropolyacid,
tungstophosphoric or  molybdophosphoric acid and cetylpyridinium chloride. The latter
provides a phase trander function. The tri- cetylpyridinium sdts of tungstophosphoric
acid is prepared by the reaction of the heteropolyacid with three equivaents of
cetylpyridinium chloride. According to the reaction mechanism proposed the reaction
proceeds in the presence of the heteropolyacid as the catalyst precursor. An active peroxo
polyoxometdate species is formed in the agueous phase by the interaction of the Keggin
heteropolyoxometdate with H,O,. With the phase trandfer agent i.e, the cetylpyridinium
cation, this peroxo polyoxometdate is dmogt fully transferred to the organic phase as it is
soluble in the organic solvent. The reaction takes place in the organic phase via oxygen
transfer from the peroxo polyoxometaate to the substrate. Peroxo polyoxometdate is
then regenerated a the interface by interaction with H,O». Epoxides with good yields

and sHectivity are obtained with this system [15].



Venturelo sysem involves the epoxidation of akenes in a biphasc system eg.water-
chloroform a 60-70°C with the use of dilute H,O, as the oxidant with tungsten and
phosphate ions as catdyst precursors in the presence of a phase transfer catdyst i.e.
quaternary ammonium cation (Q") with C¢ — Cig dkyl group. The peroxo
polyoxometalate {POsj[WO(O2),]4} is the active oxygen trandfer agent which is isolated
and characterized. This peroxo polyoxometdate has C, symmery with a centrd
tetrahedron linked through its oxygen aoms to two pars of edge sharing distorted
pentagond pyramids W(0O,).0s. Each tungsten is linked to two peroxo groups one non-
bridging and the other bridging located in the equatorid plane of pentagona bipyramid
[15].

Thus epoxidation of 1-octene was achieved in a biphasic system by Aubry et al [65].

The oxidation of trimethoxy benzene to dimethoxy-para- benzoquinone in acetic or
formic acid medium was achieved a 30°C by Orita et al. The cadysts include
molybdophosphoric acid, molybdosilicic acid and tungstophosphoric acid [66].

Aromdic amines ae oxidized with H;O, cadyzed by cetylpyridinium sdts of
heteropolyoxometalates by Sakaue et al. Thus subgituted anilines were oxidized to
nitrosobenzenes or nitrobenzene a room temperature under two-phase conditions in
chloroform solvent. At room temperature the anilines are converted to nitrosobenzenes
while a edevaed temperature nitrobenzene is the chief product. Reaction in agueous
medium affords azoxybenzene [67].

Ishii and co-workers have reported the oxidation of sulphides to sulphoxides and

sulphones by two phase reaction conditions in chloroform as solvent with 93 —99 % [68].



Oxidetion of diphatic and aromatic amines with hydrogen peroxide is cadyzed by
peroxo heteropolyoxometaate by Sakaue et al. The primary amines were oxidized under
homogeneous conditions in tert-butanol as solvent while the secondary amines were
oxidized under heterogeneous conditions in chloroform to oximes and nitrones
respectively. The aromatic amines were oxidized to nitroso or nitro compounds [69].

Oxidetion of olefins and docohols by peroxo molybdenum complex derived from
triscetylpyridinium  12- molybdophosphate and hydrogen peroxide in chloroform. The
complex Q**{PO4[W(0)(02),]a}> (where @ = [(CsH13)aN"] ) in conjunction with HO-
as the primary oxidant in agueous / organic biphasic sysem was developed by Venturello
et al . Water insoluble inactivated dkenes, internad or termind, open chain or cydlic,
isolated or carrying diversfied functiondities were epoxidized in high yieds under mild
reaction conditionsin a short reaction time [70].

Bdligreri and co-workers were successful with the oxidation of akynes both internd and
termind by hydrogen peroxide in the presence of (cetylpyridinium)s (PM012040). The
activity of this sysem was @mpared with an andogous oxidation catdyzed by NaMoO4
where [M = Mo(VI1), W(VI)]. The heteropoly system was found to perform better than
the MO,> system. Higher catdytic activity of peroxometdate dlows the oxidation of
internal akynes by H,O, which does not occur with MO,? system [71].

The versdile trandformation of vic-diols to hydroxy ketones with H,O, was performed
with Sakata et al by peroxotungstophosphates at reflux temperatures of chloroform. Thus
1,2 hexanediol and 1,2-ctanediols were converted respectively to 1-hydroxy-2-hexanone
and 1-hydroxy- 2- octanone at yields above 90 % [72] .

Tris cetylpyridinium — 12- tungstophosphate provided an aternate method developed by



Oguchi and co-workers to prepare epoxy acids from a, b unsaturated acids. Crotonic acid
was chosen as the modd substrate [73].

Matoba et al have peformed the epoxidation of dlylic dcohol with H,O, by a new
catalytic system prepared from 12- molybdophosphoric acid and cetylpyridinium chloride
under two phase conditions in chloroform. Substrate such as geraniol, 3 hydroxy- endo-
tricyclo deca- 3,8- diene were taken for study [74].

Shimizu et al have caried out the oxidation of 2,6-di-tert- butyl-4-methyl phendl in
acetic acid to yiedd hydroperoxide which converts into para benzoquinone. This reaction
has been caried out with a wide range of caaysts such as molybdophosphoric acid,
molybdosilicic acid and tungstophosphoric acid and their respective sodium sats[75].

The trandtion metads incorporated in the Keggin framework are efficient oxygen transfer
agents with oxidants such as hydrogen peroxide are found to catdyze oxidation of
akanes, akenes and aromatic compounds. The activetion of the relaively inert GH bond
via oxygen insation is catdyzed by the trangtion metd subdituted heteropolyanions
usng H,O,. Diiron subgtituted polyoxometdaies were found to be highly efficient for the
sdective oxygenaion of cyclohexane with hydrogen peroxide. Other dkanes such as n+
hexane, - pentane and adamantane were catdyticaly oxygenaied with this sysem by
Mizuno and his fdlow workers. The efficiency and activity for the use of hydrogen
peroxide greatly depends on the iron centers and the diiron substituted complexes showed
the highest efficiency for hydrogen peroxide conversion [ 76].

The cadytic properties of the trangtion metd subdtituted polyoxometdates of the kind

[PM(L)W11039] where M = Fe(lIl), Cr(lll), Ru(lV), Ti(IV) and V(IV) were studied by



Kuznetsova et al for subgtrates such as cyclohexene, benzene, acohols and addehydes
with hydrogen peroxide and other oxidants [77].

Titanium substituted polyoxotungstate with the composition [PTixWiz.x Oag] 29" where
x =1,2 and peroxo titanium complexes were found to be efficient catdysts for adkene
epoxidation reactions with H,O,. Toshihiro et al edtablished that the epoxidation results
from the synergidtic interaction between a tungstent peroxo ste with an adjacent Ti-
peroxo (m dte which acts as eectrophilic center for the dkene on the catdys. The
kingtic feaiure for the epoxidaion implies the involvement of .OH radicds with the
competition with H,O» dismutation [78].

Cataytic properties of heteropoly complexes containing Fe(lll) ions and heteropolyanion
PW11039", isolated from agueous solution as tetrabutyl ammonium salts were established
by Kuznetsova e d for the oxidation of benzene by hydrogen peroxide in acetonitrile
medium a 70°C. Different types of iron containing complexes have been identified. The
mechanism of H,O, activation by one of the complexes i.e, [PW11039Fe(OH)]° indludes
mog likely the initid formaion of a peroxo complex which was obsarved in the
electronic spectra [79]. Chromium containing derivatives of PW11039"" were synthesized
by Kuznetsova and his co-workers and these were used as catadydts for the oxidation of
unsaturated hydrocarbons such as benzene and cyclohexene with hydrogen peroxide. The
surface location of Cr(l1l) is supposed to favour oxygen trandfer from hydrogen peroxide
to hydrocarbon. The resulting oxidized species PW11Cr[O] are active oxidants in the
reaction with unsaturated hydrocarbons [80].

Keggin type polyoxotungdates as cataysts in the oxidation of cyclohexane by dilute

hydrogen peroxide were utilized by Smoes et al. The reactions were carried out in



acetonitrile medium, usng tetrabutyl ammonium <dts of the complexes. The polyanions
PW11039” and [PWyiFe(H,0)030]* shows higher cataytic adtivity and different
sectivity for oxidation than the corresponding Cu, Co, Mn and Ni substituted complexes
[81]. Oxygenation of akenes such as cyclooctene, 2-octene, 1-octene, cyclohexene,
dyrene and trans- dilbene was found to be effected by catalytic amounts of di-iron
subdtituted  slicotunggtate with high and efficient utilizetion of H,O,. Mizuno and his
team of workers showed that this type of cataysts accounted for the highest efficiency of
H,O, utilizetion and conversgon. The dructure of iron centers remarkably influenced the
cadytic activities, the di-iron subdituted slicotungtate being specificdly the mogt
active for the oxidation of cyclohexane, cyclohexene and trans-stilbene [82].

Mizuno e d found the cataytic activities of di-iron subdtituted slicotungstate to be 101-
102 times higher than those of non, mono, and tri-iron subgtituted silicotungstates [83].
Characterigtic features of vanadium containing heteropoly catadyss for the sdective
oxidation of hydrocarbons has been described by Misono et al. Converson on the bass
of H,O, was 93 % for oxidation of benzene to phenol with 100 % sdectivity on the bass
of benzene [84].

Usng sdectivey dte subdituted vanadium (V) Keggin heteropolytunggtaies the catdytic
activities for the hydroxylation of benzene in the presence of agueous hydrogen peroxide
was examined by Nomiya and felow workers under atmospheric pressure in a two liquid
phase, agueous and organic. The activities and dabilities of cataysts were compared with
those of vanadium(V) — aubgitted Dawson HPA's vanadium(V) — containing
isopolyanions, the Milas reagent and the picolinato- vanadium (V) oxo peroxo complex

[85].



Functiond action of Keggin- type mono- vanadium (V) —  subdtituted
heteropolymolybdate as a single species on benzene hydroxylation in the presence of
hydrogen peroxide was invedtigated by Nomiya and his team. The experimentd
observations suggested that the catalyss by PMo11V is due to the cooperdive interaction
of the molybdenum framework with one vanadium(V) center. The marked ability of
these catdysts precursors was established in benzene hydroxylation [86].

Neumann et d have shown that Keggin type mixed addenda heteropolyanions containing
vanadium atom such as PMoyoV2040> are effective as catdysts for the oxidation of akyl
aromatics to respective acetates or acohols and adehydes or ketones using 30 % HO- as
oxidant in acetic acid. The cadys is not degraded during the cataytic cycle. The
reaction proceeds by homolytic cleavage of PMo01gV2040° - peroxo intermediate. The
resulting hydroperoxy and hydroxy radicas initiste the formation of benzyl radicds
which lead to product formation [87].

1.7.2.3 Oxidation with tertiary butyl hydroperoxide and others.

Other oxidants such astertiary butyl hydroperoxide (TBHP), iodosyl benzene (PhlO),

sodium periodate( NalO,4), potassum per sulphate (KHSOs), meta perchloro benzoic acid
(MPCBA) ec. ae successfully operatable with trangtion metal  subgtituted
polyoxometdates and mixed addenda heteropolyacids. Oxidation of para substituted
phenols usng TBHP- heteropolyacids system was accomplished by Shimizu and his team
of scentits in acetic acid medium a 35°C. Thus 4- tert- butylperoxy -2,5-
cyclohexadien-1-one was obtained in good yidds by the oxidation of 24,6-tridkyl
subdtituted phenols usng HzPM 012040, H3PW12040, H4SIM012040, HaSW12040 as the

catalysts[88)].



Trangtion metal subgtituted polyoxometaates and mixed addenda heteropoly compounds
are good oxygen transfer agents with the above oxygen donors and are efficient for the
oxygenation of a wide variety of hydrocarbons. Extensve cataytic work has been
reported with ruthenium subgtituted heteropoly compounds with a variety of oxidants.
Bressan and the team of workers used Ks[Ru(H,O)PW11039] as catays for the oxidation
of a series of saturated hydrocarbons such as adamantane, cyclooctane, cyclohexane,
hexane and heptane with TBHP and hypochlorite as the source of oxygen. Hypochlorite
oxygenation proceeds via oxo-metal species[89].

Neumann et al have reported the successful utilization of ruthenium  subdituted
heteropolycomplexes of the type [Qa4N]s[SRu(L)W11039] where Q is (CgHiz) with
oxidants TBHP, KHSOs, PhlO, NalO4 for the oxidetion of akanes and akenes. Thus
liquid phase oxidation of dkanes such as adamantane, cyclohexane and akenes such as
oct-1-ene, Styrene proceeded with high activity and sdectivity. The activity and
sectivity varied with the oxidant used. With periodates sdective bond cleavage
proceeded to give ddehydes as the exclusve product. The oxidation of styrene with per
iodates gave benzadehyde as the chief product. Invedtigation of reaction kinetics,
subdituent effect and isotope incorporation enabled the formulation of reaction
mechanism. Interaction of styrene with the catdyst forming a metalocyclooxetane which
rearranges in the rate determining step to a cydlic diester through two different trangtion
dates depending on the subdtituent. In the find step the cyclic diester decomposes
yielding the cleavage product [90, 91].

Rong and co-workers epoxidized trans- dilbene by iodosyl benzene with a series of

complexes of the kind [PW1103RU'(L)] where L = MeSO, (CH,)4SO, PhSO,



MeSmethyl cysteine, maeic acid, fumaric acid, crotonic acid, 1,4- dihydroxybut-2-ene
and pyridine[92].

Fag and his team found tha other trangtion meta subgtituted heteropolytungstates
proved to be effective for the oxidation of hydrocarbons on interaction with akyl
hydroperoxides. The product yields and sabilities of these systems are higher than those
of other homogeneous catalytic adkane oxygenation systems reported in literature. Thus
tetra - hexylanmonium <lts of trangtion metal subgtituted heteropoly complex of the
kind [PW11(M)Os] with M = Co'', Mn', Fe' catalyzes the oxidation of organic substrates
such as cyclo-CgHi2, CsHsBut and Me;CHCHMe; in different solvents [93].

Divanadium containing phosphomolybdates with TBHP were found to oxidize thioether
mustard andogs a 25°C by Gall et a. The reaction tends to proceed by initia thioether
oxidation and polyoxometdate reduction followed by reduced polyoxometaate
reoxidation by TBHP. This is in sharp contrast to the conventiona mechanism for meta
complex mediated peroxide oxides (electrophilic peroxide activation by metal complex or
radical process) [94].

1.8 General Applications

The wide range of applications of heteropoly compounds are based on ther unique
properties which include Sze, mass, dectron and proton transfer (Storage abilities),
themd dability, lability of “latice oxygen’and high Bronged acidity of the
corresponding acids. An added advantage is that the heteropolyacids can be separated and
eriched and can be extracted into organic solvents. There are more commercid
goplications of polyoxometdates than other class of cluser compounds and promise for

additiond application in areas from cadyss and medicine to materids and micro device



technology is substantid. Polyoxometdates have long been used for detection, separation
and quantitation based on propeties like ther high molecular weight, their
electrochemicd activity and reducibility to form coloured species and the fact that a wide
variety of eements can be incorporated in the polyanion framework.

Analysis

Among the earliet and the most widdly used application has been the determination of
phosphorus and dlicon ether by gravimetric and physcd methods after reduction to
heteropoly blues. Similar gpplications include the determinaion of P, S, Ge and As by
differentia pulse voltammetry, chromatographic (HPLC) separations and measurements
of nanomolar concentrations of slica in sea water. Andyticd determination of dements
such as Ti, Zr, Hf, Th, Nb, Ce and Sb are based upon sructurdly undefined complexes of
these dements with [PM012040] * or [SiM012040]*.

Biochemical Applications

Many pharmaceutical and biological samplesareroutinely
deter mined by using poly- oxometalates.

Ability of the polyoxometalate to coagulate proteinsand to
precipitate organic moleculeslike alkaloidsisimportant in
this connection. The acid H3PW 1,04 either in aqueous or
ethanolic solution isused as non-specific electron- dense stain
for electron microscopoy. These staining and precipitant

applications are based on coulombic interaction between



polyanion and the cationic sites on the biomolecules.
Polyoxometalatesfind their usein clinical chemistry and in
other biologically active molecules. The dyestuffsindustry has
for many year s utilized heter opolymolybdates and tungstates

to form colour lakesor tonersfrom basic dyes. The electron
acceptor propertiesin [SiM03,040]* ~ and [SW1,040]*~ are made
use of in photosynthesis and photophosphorylation studies.

L ar ge heter opolytungstate anion like [SiW1,040] * ~and
[BW1,040] *~ exhibit antiviral and antitumoral propertiesat
non- cytotoxic dosesin vitro and in vivo and ar e potent
inhibitorsof cdlular, bacterial and viral DNA and

polymer ases.

Catalysis

Heter opolyacids are used as heter ogeneous catalystsfor awide
variety of reactionslike oxidation of propylene and isobutylene
to acrylic and methacrylic acids, and ammoxidation of
acrylonitrile, oxidation of aromatic hydrocar bons, olefin

polymerization and epoxidation and hydro desulphurization.



Solid heter opolyacids are known to be efficient as catalysts for
polycondensation of benzyl alcohols, and Friedel — Craftstype
alkylation, acylation and sulphonation of aromatics, for
oxidation of butadieneto furan and for dehydration of
alcohols.

Heter opolyanionsin homogeneous solution have r eceived
recent attention. Mixed addenda system coupled with Pd (11)
saltsare known to effectively catalyze aerial oxidation of
olefins. Following are some of theindustrial processesin

oper ation wherein heteropoly compounds ar e used as catalysts
(a) oxidation of methacrolein (b) hydration of olefins (propene
and butene) (c) polymerization of tetrahydrofuran (d) methyl

tertiary butyl ether synthess.

Other applications

Insoluble sdts of heteropolyanions such as the ammonium molybdophosphate are long
in use and are avalable as ion-exchange materials. Reduced hetropolyacids are used to
detect dcohol or carboxylic acid radicds generated by radiolyss of agueous solutions.

Heteropoly complexes are used as flame retardants and smoke suppressants or as



corroson inhibitors and converson coatings on sed and aduminium ae reported.
Cryddline 12-tungstophosphoric and 12- molybdophosphoric acid are good protonic
conductors and both these acids are eectrochromic in the solid State as a consequence of

formation of the reduced species[1, 95].

1.9 Characterization techniquesfor Keggin heteropoly compounds

1. Chemicd andysis

This method includes techniques like dementd micro andyds aomic absorption
spectroscopy and X-ray flourescence .

2. Infrared spectroscopy

Vibrationa spectroscopy is an extengvely used tool in polyoxometdate  chemistry
mainly for sructure eucidation. The dretching frequencies in the Keggin type heteropoly
compound depends on the nature of the meta-oxygen linkages found in the complex.
There are four types of meta-oxygen linkages present in the Keggin structure (XM12040) :
four O; (internd oxygens connecting X and M), twedve O (edge-shaing oxygen
connecting M’s), twelve O

(corner- sharing oxygen connecting MsO13 units) and twelve O; ( termind oxygen bonding
to one M atom). The metd atoms are displaced outward from the center of the octahedron,
giving the M-O; bond a double-bond character. The internd oxygen is located indde the
anion and the M-O;X bond is long and weak. The region of interest for Keggin type
heteropoly compounds is from 1100- 600 cri' where the absorptions due to meta-
oxygen dretching vibrations occur. In table-4 the characterigtic IR bands with assgnments

given by Rocchicaadlini — Deltcheff et d. are summarized [96].



Table-4

IR Bands characteristic of Keggin Anion,a-XM1,040 (cmit)

PW12 PMo12 SWi» SMos2
(X-0) 1080-1081 1062- 1068 920-928 899-904
(M-Oy)? 976-995 954-975 967-981 940-957
(M-OcM) 890-900 869-880 878-894° 855- 868
(M-Oe-M) 805-810 785-810° 780-797 770-795

a shoulder pesks which sometimes appear a about 10 cmi higher than the main pesk

are included in the range of wave number.
b insomecases, a- SWi, and a- PMo;2 show adoublet.
The S-O, Ge-O and P-O stretching vibrations a 923, 830 and 1080 cmi* respectively
shows higher frequencies than the smple XO4™ anions suggeding higher p- bond
character of the X-O bond present in the Keggin unit.
Stretching frequencies in lacunary heteropolyanions
The dretching frequencies in lacunary heteropolyanions ae of a different nature
compared to those observed in the Keggin structure [2].
Keggin related compounds a- XM11039™ have a defect structure in which one meta atom
and its termina oxygen a@oms are missng. These anions have a hole surrounded by five
oxygen aoms and they behave as pentadentate ligands. A generd plitting of P-O
dretching frequencies is interpreted as a weekening of anion cohesion. In particular, the
decrease in frequency of asymmetric bridge dretching is congstent with the lowering of

M-Oc-M angles. The RO stretching band for PW11039" is split into 1085 and 1040 cmi™.



This splitting is due to change of symmetry from Tgq (XM12) to C{XMji1) leads to the
broadening of the band and there by causes splitting in the frequency. Table-5 gives the

characterigtic frequencies of the lacunary anion.

Tdble-5

|.R bandsfor lacunary heteropolyanions

(potassum and ammonium sats)

PW11039 - PM011039 - 9W110398_ SM 0110398- Nature of bond
1085 1060 Nau(P-O)
1040

1010
950 930 952 930 Nav(M-Oy)
900 910
885 870 Nay(SFO)
900 860 870 830 Nay(M-Op-M)
860
810
725
790 797 740 Nav(M-Og-M)
742 725

3. UV- Vigble spectroscopy

The dectronic spectra of the Keggin type heteropoly compounds find use in sructurd
and quantitative anadyss. These compounds with Keggin dructure absorb mainly
between the region 180- 270 nm. The dectronic absorption spectra give information
about the eectronic sate of the compound [3]. The incorporaion of a trandtion metd in
the framework shows intendve bands in the visble region. The podtion of the band
depends on the nature of the trangtion meta incorporated in the lacunary vacancy. The

electronic absorption spectroscopy can be used as a technique for postulating a reaction



mechanism especidly for oxidation reactions by performing in situ study of the reaction
mixture. The changes observed in the spectra can be corrdated to the formation of the
active intermediate formed due to the interaction between the active center in the cadyst
and the oxidant. These changes are usually observed as appearance of a new band or
increase in the absorption intensity with time.

4. Nuclear Magnetic Resonance spectroscopy

NMR spectroscopy is a vauable tool to study the eectron dendgty digtribution due to
large chemicd shifts induced both by paramagnetic atoms and eectron transfer between
aoms in diamagnetic HPA. The NMR chemicad shift with diamagnetic syssem in solution
aises from two contributions, diamagnetic and paramagnetic. The diamagnetic term is
determined by the potentid created by the inner dectrons. The paramagnetic contribution
determines the varigtion of the obsarved chemicd <hift. The dructurd detals of the
Keggin type heteropoly comlpexes can be eucidated by this type of spectroscopy.
Severad important eements can be measured eadly. The most widdy investigated nucle
indude 3'P, 83w | ®v, H and ’O. When ther cataytic, eectrochromic and other
properties are used, they participate in redox reactions with rather specific eectron
densty transfer. Studies of the dectron dengty digtribution both in the diamagnetic and
paramagnetic species are quite important for understanding the nature of chemicd
bonding in HPA and their role in chemicd reactions!’O NMR spectroscopy gives
information about the bonding rature of the oxygen atoms. There is a corrdaion between
the downfidd shift and the decreasing number of meta aoms to which the oxygen atom
is bonded. 'O NMR spectroscopy is not fully utilized due to the low natura abundance

of Y’0.'H NMR is an important and widely used tool for the detection of the different



types of protons present in the heteropoly compound. There is observed a change in the
type of spectrum with the number of water of hydration. The 3'P chemica shifts provides
information about structure, composition and the dectronic sate of these materids. The
chemicd shifts in the agueous solution is corrdlated with X-O bond strength. The 3P
NMR chemicd shiftsis greetly dependent on the degree of hydration in 12-

phosphotungstic acid, \alues being —15.1 to —15.6 ppm for n =6 and —11.1 to —10.5 ppm
for n =0. The difference is explaned as follows, in the former protonated water,
H(H20),+, is connected with the heteropolyanion by hydrogen bonding a termind
oxygen and in the latter the protons are directly attached to the oxygen atoms of the
polyanion. 3P NMR is an important and widdy used tool for structure description
epecidly in mixed addenda heteropoly compounds due to the presence of number of
structural isomers which increases with the number of addenda aoms. 'V NMR is
widdy investigated for the dructurd eucidation in vanadium containing mixed addenda
heteropoly compounds due to the large natural abundance of °! V nudd. The number of
gructurd isomers increase with the increase in the number of addenda atoms and their
position in the Keggin structure is confirmed by >V NMR spectroscopy [97].

5. Electron spin resonance spectroscpoy (ESR spectroscopy)

This spectroscopy is wdl suited to study deocdization problems and spin dengty
digribution but is limited to sysems with unpared eectrons. ESR gpectroscopy gives
information about Ste symmetry and dectronic dructure of a paramagnetic meta ion in
an polyanion. ESR spectra gives information about mixed vaence sructure of reduced
heteropoly compounds. The presence of unpaired spin in reduced HPA species gives rise

to an EPR spectrum whose pattern depends considerably on the number of aoms



aquiring the unpaired eectrons and temperature.  For axid MOg complexes to which the
reduced form of HPA containing V**, Mo>* or W** bdong, the EPR spectrum has an
anisotropic pattern at low temperature and may be described by the spin Hamiltonian
k=gbH;S; + gb (HxSc +HySy) + AiS D + An(Sidx + Sly)

where S = eectronic $oin

| = nuclear spin

A = hyperfine splitting constant

At devated temperature the EPR spectrum becomes isotropic due to molecular tumbling
and electron delocdization over severad atoms. Presence of a non-degenerate dyy orbital
for each octahedron dlows these HPA’s to be reversbly reduced with one or more
electrons with retention of the origind dructure. Reduction of the anion results in the
blue colour due to intervalence band. The one dectron reduced species gives EPR spectra
which have been interpreted to show complete delocdization of the unpaired spin over
the twelve metalic aloms. The EPR gpectra at different temperatures have shown that one
eectron is trapped a quite low temperatures with only a partid ddocdization but is
completdly delocdized a higher temperatures. This suggedts that the spin is partidly
locdized in the ground date but is involved in rapid therma hopping from one dSte to
another at elevated temperatures. This unpaired eectron resides on a more easily reduced
metalic aom. The degree of dectron delocdization in the ground date is determined by
the extent of interaction in the bridges [97].

5. Electrochemistry of Keggin heteropoly compounds

Heteropoly compounds can act as redox active materids by changing the heteroatom, the

trangtion metd, without affecting the basc Keggin dructure. The vast chemigry of



heteropolyanion involves oxidation / reduction of addenda or the active trangtion metal.
The dectrochemicd andyss of such species forms the bass of identification of redox
active species. Thus eectrochemicd technique such as cydic voltammetry is a means to
understand the reactivity and mechanistic behaviour of heteropolyanions as redox agents
and redox catalysts. The wide range of counter cations hdps in sudying the redox
behaviour of these anions in a variety of solvents from water to a large number of organic
solvents. The heteropolyanions undergo rapid one and two electron reversble reduction
to produce the heteropolyblues and further irreversble reduction can lead to ther
concomitant decomposition. Reduction is accompanied by increase in the charge dendty
and badicity. Reduction can adso be accompanied by protonation depending on the pK, of
the produced oxometalate. The reduction potentids of the Keggin type heteropoly
tungstates and heteropoly molybdates are controlled by factors such as the nature of
isomers. The reducibility increeses in the sequence a, b, | isomers. The reduction
potentid of one dectron waves is found to decrease linearly with a decrease in the
vaence of the centrd metal or an increase in the negative charge of the heteropolyanion.
The trangtion meta incorporated in an heteropolyanion resides in an octahedrd
environment with one coordination Ste occupied by a solvent molecule, mostly weter.
This is oxidisable to corresponding oxometd, hydroxometa or peroxometd derivative
depending on the nature of the metd and the oxidant. These species play an important
role in oxidation caidyss ad hence in synthetic gpplication. The forma redox potentia
depends on a number of factors such as nature of the heteroatom and the addenda atom.
The redox potentid of the metd increases with increesing forma charge on the centrd

aom. For a given oxidation date, the redox potentia incresses with the sze and



decreasing dectronegativity of the centrd metd aom. The eectrolytic conditions such as
pH, counter cation and the nature of the solvent dso play an important role in deciding
the forma redox potentid. By varying the addenda atom the dectrochemical character of
the polyoxometaates can be changed. The addenda atoms can be arranged in decreasing
oxidisng ability in the following order

vV (V) > Mo (VI) > W (VI).In case of one dectron reduced mixed addenda
heteropolyanions the added dectron is locdised on the more reducible atom a room
temperature [98].

7. Thermd Andyss

The TG, DTA and DTG measurements gives an idea about the number and nature of
water molecules present in the HPA. The results of thermogravimetric andyds shows
the presence of two types of water in heteropoly compounds, i.e, “water of
cyddlization” and “conditutiond water molecules’. The loss of former usudly occurs
a temperatures below 473 K. At temperatures exceeding 543 K for HsPM 012040 or 623
K for H3PW;1,040 the conditutiona water molecules (the acidic protons bound to the
oxygens of the polyanion) ae los. The DTA, TG ad DTG of
molybdovanadophosphoric acids of the series Hz+x)M012.xVxOas0. N HO with he highest
content of water of crystdlization (n = 19-34) mets above 40°C, giving solutions of
heteropolyacids which boil a 110°C to 130°C. The totd loss of crystdlization of water

occurs below 170-200°C [99].
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CHAPTER -2
EXPERIMENTAL

20 EXPERIMENTAL

21  Synthesisof heteropolycompounds
Synthesis of Ks5[PW11TiO40]. NH20
Synthesis of K7[PW10Ti2040]. NH20

Synthesis of Kz[BU4N]5[PVV10Ti204o] . nH>0
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2 EXPERIMENTAL

2.1 Synthesisof heteropolycompounds

Synthesis of K5 [PW11TiO40] .nH20

Solution of lithium acetate dihydrate (10 gm, 98.01 mmol) made in 30 ml water was
brought to pH 6 with acetic acid. A solution of phosphotungstic acid (10 gm, 3.25 mmol)
in water (35 ml) was added to form PW11039” in Stu. Then one ml quantity of TiCl, was
added dropwise with girring. After the addition, the mixture was refluxed for 20 minutes,
cooled to room temperature and filtered through an anaytica filter ad. The precipitated
solid was recrystdlised from water.

Synthesis of K 7[PW1oTi2O40]. NH20

Sodium dihydrogen phosphate dihydrate (3 gm, 19.23 mmol) was added to a solution of
solution of sodium tungdate dihydrate (15 gm, 4547 mmol) in 50 ml water. Titanium
tetrachloride (0.9 ml) was added dropwise with dirring. The mixture was refluxed for a
period of 20 minutes followed by filtration through an andyticd filter ad. The dear,
colourless filtrate whose pH was 8.2 was cooled. To this was added solid potassum
chloride (7.5 gm). The white product obtaned was separated by filtration and
recrystalized from water and used for cataytic sudy.

Synthesis of Ko[BusN]s5[PW10Ti2040]. NH20

Excess solid tetrabutyl ammonium bromide is added to the agueous solution of
K7[PW10Ti2040]. The white coloured product obtained was recrystdlized from weter.
Synthesis of Na 2,25 [(CH3)2(CsH5)(CeHsCH2)N]4.75 [PW10Ti2040].nH20

Sodium dihydrogen phosphate dihydrate (6 gm, 43 mmol) was added to a

solution of sodium tungstate dihydrate (30 gm, 91 mmol) in 100 ml water.



To this was added 1.8 ml of titanium tetrachloride dropwise with
congtant stirring. The mixture was refluxed for a period of 20 minutes
followed by filtration. The pH of the clear and colourless filtrate was
checked to be 8.2. Then solid dimethyl phenyl benzyl ammonium chloride (4
gm) was added to obtain a blue precipitate which was separated by filtration

and dried.

Synthesis of K7 [PW10Ti2040] supported on slica (10 % w/w)

The catayst K7 [PW10Ti2O40] (0.5 gm) was dissolved in 5 ml water. Coarse dlica gd (4.5
gm) was added with congtant dirring. The supported catdyst was obtaned by
evapording the resultant durry on a water bath, followed by drying overnight in an oven
maintained a 110°C. The dried catalyst was then activated in a furnace at 300°C for four
hours.

Synthesis of K5 [PW11Co(H20)039].n H20

Commercidly availablel2-phosphotungstic acid (11.2 g) was dissolved in 25 ml water
containing 3 ml glacid acetic acid . The pH of the solution was adjusted between 5 and
55 with potassum bicarbonate. The solution was boiled and cobat acetate tetrahydrate
(0.8 g) in minimum quantity of water was added with girring, followed by the addition of
potassum acetate (15 g in 8 ml water and 0.5 ml glacid acetic acid). The hot solution
was filtered and kept in refrigerator overnight. The purple solid that separated was
filtered and air dried.

Synthesis of Ks [P\NllM n(Hzo)Ogg].n Hzo



Hydrated 12-phosphotungstic acid (11.2 g) was dissolved in 25 ml water containing 3 ml
glacid acetic acid . The pH of the solution was adjusted between 5 and 5.5 with
potassum  bicarbonate. The solution was boiled and manganese acetate tetrahydrate (0.8
g) in minimum quantity of water was added with irring, followed by the addition of
potassum acetate (15 g in 8 ml water and 0.5 ml glacid acetic acid). The hot solution
was filtered and kept in refrigerator overnight. Yellow solid that separated was filtered
and air dried.

Synthesis of K [PW11Cu(H20)039].n H20

Hydrated 12-phosphotungstic acid (11.2 g) was dissolved in 25 ml water containing 3 ml
glacid acetic acid . The pH of the solution was adjusted between 5 and 55 with
potassum bicarbonate. The solution was boiled and copper acetate tetrahydrate (0.8 g) in
minimum quantity of waer was added with dirring, followed by the addition of
potassum acetate (15 g in 8 ml water and 0.5 ml glacid acetic acid). The hot solution
was filtered and kept in refrigerator overnight. Green crystas that separated were filtered
and air dried.

Synthesis of K g [SiW11Co(H20)O0z9].n H.0O

Hydrated 12-slicotunggtic acid (11.5g) was dissolved in 25 ml water containing 3 ml
glacid acetic acid . The pH of the solution was adjusted to 6 with potassum bicarbonate.
The solution was boiled and cobdt acetate tetrahydrate (0.8 g) in minimum quantity of
water was added with sirring, followed by the addition of potassum acetate (15 g in 8 ml
water and 05 ml glacid acetic acid). The hot solution was filtered and kept in
refrigerator overnight. Deep red crystals that separated were filtered and air dried.

Synthesis of Kg[SiW1:Mn(H20)Os¢].n H,0



Commercidly avalable hydrated 12- dglicotunggtic acid (11.5 gm) was dissolved in 25
ml water containing 3 ml glacid acetic acid. The pH of the solution was adjusted to 6
with potassum acetate. The resulting solution was boiled and then manganese acetate
tetrahydrate (0.8 gm, 321 mmol) dissolved in minimum quantity of water was added
dowly with irring.

This was then followed by the addition of a solution of potassum acetate (15 gm
dissolved in 8 ml weater containing 0.5 ml acetic acid). The hot solution was then filtered
and kept in refrigerator overnight at 4°C. The ydlow solid that formed was separated by
filtration and then air dried.

Synthesis of K [SIW11Cu(H20)O039].n H,0O

Pure and hydrated 12-slicotungdic acid (11.5g) was dissolved in 25 ml water containing
3 ml glacid acetic acid . The pH of the solution was adjusted to 6 with potassum
bicarbonate. The solution was boiled and copper acetate tetrahydrate (0.8 g) in minimum
quantity of water was added with dirring, followed by the addition of potassum acetate
(15 g in 8 ml water and 0.5 ml glacid acetic acid). The hot solution was filtered and kept

in refrigerator overnight. The whitish blue solid that separated was filtered and air dried.
Synthesis of Hy [PM01,V Oyg]. NH20

Sodium phosphate dibasc dodecahydrate (1.77 gm, 5 mmoal), was dissolved in 25 ml
water and mixed with sodium metavanadate (1.52 gm, 12.5 mmol) made soluble in 25 ml
boiling water. The mixture was cooled and acidified to red colour with 1.25 mil
concentrated sulphuric acid. To this coloured solution was added sodium molybdate
dihydrate ( 33.25 gm, 137.42 mmoal) in 50 ml of water. Finaly 21.25 ml of concentrated

sulphuric acid was added. Colour of the solution turned to light red. After cooling the



solution was extracted with four fractions each of 25 ml diethyl ether to isolate the
heteropolyacid in a separating funnel. In this extraction the heteropoly etherate was
present as the middle layer. After separation, a stream of ar was passed through the
heteropoly etherate layer to free it of ether. The orange solid that separated was dissolved
in water, concentrated to the first appearance of crysta in a vacuum desiccator over
concentrated sulphuric acid and then dlowed to cryddlize further. The orange crystds
that formed were dried, crushed and used for further studies.

Synthesis of Hs [PM 019V2040]. N"H.0

Sodium metavanadate (4.06gm, 33.29 mmol) was dissolved by bailing in 16.6 ml water
and then mixed with a solution of sodium phosphate dibasic dodecahydrate (1.18 gm,
3.29 mmol) in 16.6 ml water. To the cooled solution was added 0.83 ml of concentrated
sulphuric acid. The resulting solution developed a red colour. Addition of sodium
molybdate dihydrate

(20.16 gm, 83.32 mmoal) in 50 ml water was then done. While the solution was dtrirred
vigoroudy 14.16 ml of concentrated sulphuric acid was added dowly and then the hot
solution was cooled to room temperature. The title compound was then extracted with
four fractions each of 20 ml diethyl ether in a separaing funnel. The heteropolyacid was
present as the etherate in the bottom layer. This layer was isolated and dried in order to
make it ether free. Orange coloured solid was obtained after complete drying. Pure
complex was obtained after recrysalization in water. The crystas that formed were dried
and crushed for further use.

Synthesis of Hg [PM 05V3040]. NH20



Sodium phosphate dibasc dodecahydrate (1.77 gm, 4.95 gm) was dissolved in 12 ml
water. Sodium metavanadate ( 9.15 gm, 75.04 mmol) was made soluble by boiling in 50
ml water. The sodium phosphate solution was mixed with the sodium metavanadate
solution. The resulting solution was cooled followed by the addition of 1.25 ml of
concentrated sulphuric acid. This red coloured solution was then added to a solution of
sodium molybdate dihydrate (13.62 gm, 56.3 mmol) in 37.5 ml water. This solution was
dirred vigoroudy and smultaneoudy 21.25 ml of concentrated sulphuric acid was added.
The hot solution was cooled to ambient conditions. The heteropolyacid formed was
extracted with four frections each of 25 ml diethyl ether in a separating funnd. The
hetropolyacid is present as the etherate in the middle fraction. The middle layer was then
isolated, dried to free of ether. The resulting red coloured solid obtained was dissolved in
water, concentrated to first crystd formation and dlowed to crysalize further. The red

crystdsthat formed were dried and powdered prior to further use.

Synthesis of [BuaN]4 [PM 011V Oyg).n H,O

Commercidly avalable 12- molybdophosphoric acid (5.9 gm, 2.86 mmoal)
was made soluble in 25 ml water. Solid lithium carbonate was added in
small portions till the pH of the above solution reached 4.3. To this was
added sodium metavanadate (0.32 gm, 2.66 mmol) dissolved in 25 ml hot
water. The solution was cooled and the pH adjusted to 0.5 with 6M HCI.
This solution was stirred in a round bottom flask on a magnetic stirrer for 48
hours a room temperature after which solid tetrabutyl ammonium bromide

(4.83 gm, 30 mmol) was added. The immediately produced yellow powder



was then sirred with additiona 50 ml water for five hours, filtered off,
washed thoroughly with 250 ml water, then twice with 50 ml ethanol and
finally with 100 ml of diethyl ether (in two fractions of 50 ml). The yellow

coloured powder obtained was dried in vacuo prior to further use.
%/ntheSiS of [NH4]4 [PM 011VO40] .Nn Hzo

Solid ammonium chloride was added in excess to agueous solution of H, [PM 011V QOyq] to
obtain ayelow coloured precipitate which was filtered and dried prior to use.

2.2 Procedure: Catalytic reactions

2.2.1 Catalyticruns

Autoclave reactions

The liquid phase oxidation reactions of substrates such as styrene,
cyclohexene and para xylene were carried out under pressure in a stainless
steel 300 ml capacity Parr autoclave.

Styrene oxidation was carried out by adding styrene (5.2 gm, 5 mmoal), isobutyradehyde
(14.42 mmal), acetonitrile (solvent, 15 ml) and catayst (65 mmol) to the autoclave. The
contents were pressurized with dry air to 440 pd. The temperature in the autoclave was
maintained a 60°C under irring for five hours. The products were andysed by gas
chromatograph. Cyclohexene (4.1 gm, 5 mmol) was oxidised under smilar conditions as
dyrene. The liquid products of cyclohexene  oxidation were andysed by gas
chromatograph and gas chromatograph mass spectrometer.

The liquid phese oxidation of p-xylene was caried out in a danless sed 300 ml

capacity Parr autoclave. The reactants, p-xylene (15 g, 140 mmol), water (15 g tert-butyl



hydroperoxide as the initiator (0.3 g) and the catdyst (0.096 mmol) were taken in the
autoclave. The reactor was pressurised with air upto 400 ps and kept a 180 with gtirring
(600 rpm). After an induction period of 2 h, a sudden drop in pressure was observed
suggesing the commencement of the oxidation reection; heating and dirring were
maintained till there was no further pressure drop. The autoclave was then cooled to @
and gaseous products were released through a gas holder, collected and andysed. The
reactor was further repressurised with air upto 400 ps and the reaction was continued at
180°. This operation was repested once more. The solid product (6.5 g) was separated by
filtration. A sample of the solid product was andysed by ederification by the following
procedure: the solid product (0.1g) was dissolved in methanol (5 ml) and BF3.MeOH
(14% solution, 2 ml) was added and the mixture was then refluxed for 6 h. After cooling
the sample, water was added and the esters formed were extracted with dichloromethane
and andysed by GC. The filtrate portion of the oxidation product conssted of two
layers. one was the agueous layer while the second was organic. Both the layers were
separated and andysed. The agueous layer was extracted with dichloromethane before

the GC andysis.

Reactions under atmospheric pressure

The liquid phase oxidation reaction of substrates like benzene, cyclohexane,
methyl cyclohexane, naphthalene, methyl naphthaene, biphenyl and phenol

were carried out under atmospheric pressure.

The hydroxylation of benzene was carried out in atwo-necked 50 ml round bottom flask



fitted with a water condenser and a glass stopper and placed in an oil bath maintained at
65°C. In a typicd experiment, benzene (1.56 g ,20 mmol), aqueous hydrogen peroxide
(236 gm, 20mmal), catays (0.05 gm ,0.025 mmol) were mixed in 6 mL of acetonitrile
and placed in the flask and contents were girred with a magnetic dirrer. The reaction
mixtures withdravn a regular inteevd of 30 mnutes were andysed by ges
chromatography (Hewlett Packard gas chromatograph mode No. 5890 Series-ll ) using
HP-5 fused column with 30m x 0.53m x 1.0 mm film thickness and FID detector. Phenol
formed in the reaction was confirmed by comparing the retention time with authentic
gandard and dso by GCMS. From the moles of benzene reacted, turnover numbers were
cdculated. The samples were dso andysed smultaneoudy by UV- Visble and EPR
gpectroscopy to identify the active intermediate species.

In case of cyclohexane oxidation the reaction was caried out in a two necked 50 ml
capacity round bottom flask fitted with a water condenser and a glass stopper and
immersed in an oil bath whose temperature was kept congtant a 65°C. Thus the reaction
mixture contained cyclohexane (1.68 gm ,20 mmol), agueous hydrogen peroxide (2.36
gm ,20 mmol), catdys (0.05 gm, 0.025 mmol) and 20 ml acetonitrile. The oil bath was
kept on a magnetic dirrer to gir the reaction mixture. The reaction products were
analysed by @s chromatograph. The reaction mixture was subjected to °*V and *C NMR

Spectroscopy a regular time intervas of half an hour.

In separate experiments methyl cyclohexane (1.96 gm, 10 mmoal ),
naphthaleng( 1.28 gm, 10 mmoal), methyl naphthalene(1.42 gm, 10 mmal),
biphenyl (1.54 gm, 10 mmol) were dissolved in 20 gm, 5gm, 8 gm and 5 gm

of acetonitrile respectively, mixed with agueous hydrogen peroxide (1.18



gm,10 mmol) and catadyst (0.025 gm ,0.0125 mmol). The oxidation
reactions were carried out under the same reaction conditions as that of
cyclohexane and al the reactions were carried out for a period of one hour.

Phenol hydroxylation was carried out under atmospheric pressure. Thus
phenol (1.88 gm, 20 mmoal), H,O, (2.36 gm, 20 mmol) are mixed together in
2.1 gm acetonitrile and catalyst (0.025 gm, 0.0125 mmol) . The reaction was

carried out at 65° C. Reaction parameters were varied to study the trends.

2.3 Procedures: Catalyst characterisation

2.3.1 Chemicd andyss

The CHN andyss was done to determine the percentage of carbon, hydrogen and
nitrogen present in the organic counter cation. The dementad analyss was done on Carlo
Erbainstrument (modd no. EA 1108 dementd anayzer).

The other technique for chemicd andyss induded X-ray flourescence carried out on a
sequential waveength dispersive X-ray spectrometer (Rigaku, 3070 E).

Atomic absorption spectroscopy was done on an atomic absorption spectrometer Hitachi
model Z 8000. Standard solutions were used for cdibration. Metas like V, @, Mn and

Cu were quntitatively estimated by this method.

232 Thermd andyss
This technique was used for determining the tota number of water molecules present in
heteropolycompound. The loss of weight corresponds to the loss of two different types of

water molecules in the heteropolycompound. The therma anadyss was done on Seko



modd ingrument (TG/DTA 32 ). The rate of heating was kept a 10° C / minutes from
30°C upto 600°C under nitrogen aimosphere.

2.3.3 Infrared spectroscopy

The vibrationd spectra of the samples were carried out to confirm the formation of the
Keggin dructure. The frequencies were indicative of the nature of the metd- oxygen
bonds predominantly present in these type of complexes.

The FTIR spectra of the catalysts were recorded as nujol mulls a ambient temperatures
between the range 4000 — 400 cmt. The spectra were recorded on a Shimadzu FTIR 8201
PC ingtrument.

2.3.4 UV-Visble spectroscopy

The dectronic absorption spectra were recorded for structural and quantitative anayss.
Thiskind of spectroscopy gives information about the e ectronic Sate of the compound.

The insrument in use was a Shimadzu UV-2101 PC UV — VIS spectrophotometer. The
spectra were recorded at room temperature between the range 200 — 900 nm. The solution
gpectra were taken with reference to the respective solvent as the background. UV-
Vidgble spectroscopy was useful for in Stu characterisation of the reaction mixture for the

determination and identification of the active intermediate species.

2.3.5 Electron paramagnetic resonance spectroscopy
This technique was used for determining the eectronic date of the meta present in the

heteropoly compound.



The solid and solution spectra were recorded at ambient temperatures on a Bruker EMX-
X band spectrometer with 100 kHz modulation. The spin Hamiltonian parameters were
determined by smulating the spectra usng a Bruker Smfonia software package.

2.3.6 NMR spectroscopy
Structurad  elucidation of heteropoly complexes was achieved by this technique. It is a

vauable tool to study the dectron dengty didribution due to chemicd shifts induced in
the heteropoly compounds. Solid and solution NMR with ®'Vv, ¥ C, nucde was carried
out on a Bruker instrument MSL 300. The measurements were carried out at 75.47 MHz
for 13C and 78.9 MHz for ®'V using a standard 10 mm probe. An externa DO lock was
used for &l the measurements. The chemica shifts for **V used VOCk as the externd
standard while for 3C the standard was dioxane in D,O.

2.3.7 Cydic Voltammetry

This dectrochemica technique is used for the study of redox active materids in
heteropoly compounds. The trandtion meta substituted heteropoly compounds are
dudied for ther redox behaviour by this method. Cyclic voltammetry is a tool to
undersand the rapid eectron trandfer between the metd ions. The feadhility of a
particular reaction is dependent on the redox potentia of the catdyst and the subsirate.
This can be easly determined using this techniqueThe cydlic voltammetry studies were
caried out on an EG & G scanning potentiostat model attached with plotter mode RE

0151.
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3.0 Olefin oxidation
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3.4 Conclusons
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3.1 Introduction

Oxidation of olefins leads to the formation of products like epoxides, carbonyl

compounds, diols which are of importance to both fundamental and industria

chemigtry. The epoxidesin particular find use in insecticides, plagticizers, resns,
dabilizersfor rubber and paints, lubricants, detergents, emulsifiers and waxes.

Epoxy resins are used as coatings, adhesives, castings and foams.

The task of designing new catalysts for sdlective oxidation of olefins by heteropoly
anions has been accomplished by the synthesis of trandtion metd substituted
complexes [1,2]. Introduction of the trangtion metal into the Keggin Sructurd
framework of tungstophosphate enhances the oxidisng power of the heteropoly
anions. Thus transition meta ions such as Co**, Fe®*, Ni#*, RU®*, Cr**, Ti**, etc., have
been incorporated into the Keggin structure by stepwise replacement of the tungsten
aoms. It has been found by gpectrd evidences that the Sructurd identity of the
complex is retaned even dfter such subgtitution. The mgor factor responsble for
employing such compounds as oxidation catdyds is ther rdative Sability towards
oxidative degradation. Further, these catdyss ae themaly dable and easy to
prepare in high yidds. Alkene epoxidation by dioxygen in the presence of
isobutyrddehyde and tetrabutylammonium  sdts of trandtion metd  subdtituted
lacunary heteropoly anions [PM(L)W11030] "™ ~ where [M™ = Co?*, Mr?*, Cu**™ Pd 2*,
Ti**, Ru**, V°*] and L = H,O has been studied by Kholdeeva et al [3]. There are afew



other reports about olefin epoxidation with oxygen and ddehydes using trangtion
metal subgtituted poluoxometaates as catadysts [4-6]. In this chapter we describe the
gynthess and cadytic sudy of the mono and di titanum  subdituted Keggin

tungstophosphate anions, for the air oxidation of styrene and cyclohexene in presence
of isobutyradehyde.
Air oxidation of syrene and cyclohexene has been <udied in the presence of

isobutyradenyde as reductant usng HPA cadysts such as Ks[PW11TiOg40],
K7[PW10Ti204], K 2[BusN]5[PW10Ti2O40],
Nap.25[ (CH3)2(CeHs)(CsHsCH2)N]4.75] PW10TizO40] [DMPBA st and
K7[PW10Ti2O40] supported (10% by wt.) on slica The magor product of styrene
oxidation was styrene oxide while that for cyclohexene was the corresponding oxide.
The maximum molar converson for syrene was 81% with 83% sdectivity for the
oxide; for cyclohexene, these vaues were 49 and 93% respectively.
3.2 Experimental
321 Materids
Acetonitrile (HPLC grade) and other reagents were procured from Loba Chemie,
Mumbai; cyclohexene and syrene (Aldrich) were used as such. The catayds
Ks[PW11TiO40], K7[PW10Ti2040], K2[BwsN]s[PW10Ti2O40],
Nép 25[ (CH3)2(CeHs)(CeHsCH2)N]4.75[ PW10Ti2O40] and  K7[PW10Ti2O40] supported
(10% wiw) on slica were prepared according to methods mentioned in chapter 2 and
were characterised by dementa and thermal analysis, XRF and FTIR spectroscopy.

3.2.2 Procedure
A typicd experimenta procedure was as follows : Styrene (5.2 g, 5 mmol),
cyclohexene (4.1 g, 5 mmol), isobutyraldehyde (14.42 g, 20 mmol), the solvent

acetonitrile (15 ml) and the catalyst (65 micromols) were taken in a Par pressure



vessd (cgpacity 300 ml) and pressurised with dry air to 440 ps. The autoclave was
heated to 60°C under tirring (600 r.p.m) and kept for 5 h. The product was taken out
after reasing the gas a 10°C and analysed by gas chromatograph Hewlett Packard
mode 5890-11 with a SE-30 megabore capillay column and equipped with flame
ionisation detector.

3.3 Resultsand discussion

3.3.1 Catayst characterisation

Thermd andysis

The thermd andyss of dl catdyss was caried out to determine the number of

water

molecules in the compounds.
K 5P\N11Ti040

As can be seen from the thermogram (Fig- 1) the mass loss upto 150°C is due to
water molecules and the find vaue of mass loss a 582.6°C was found to be

3.657%. This accounts for atota of 6 water molecules in the compound.

K7PW10Ti2040

The thermogram in Fig —1 shows a single decomposition step upto 200°C due to loss
of water, and beyond 250°C, it shows no weight loss. The total mass lost is 7.439%
accounting for 13 water molecules.

K 2[BwN]s[PW10Ti2Oa0]



In the thermogram (Fig —1) the loss in the weight due to water molecules has been
observed upto 200°C. The weight loss in percentage due to water a this stage is
7.52% which corresponds to 18 water molecules. The weight loss due to organic
moiety begins

from 200 and ends a 400°C and theredfter there is no lossin weight.

Nap 25[ (CH3)2(CeHs)(CeHsCH2)N] 4,75 PW10Ti2O40]

This compound shows a loss in weight (Fig.1) due to water molecules upto 116.9°C
which corresponds to 1.77% and the total water molecules calculated to be » 4. The
remaining three decomposition steps seen at 218.9, 288.6 and 379.9°C are due to loss

in weight because of the different organic groups present in the counter cation.

Elementd andyss
The carbon, hydrogen and nitrogen percentages in the tetrabutyl and the DMPBA st

was

determined by microanadysis.



K 2[BusN]s[PW10TiO40] :Carbon — 24.23 (24.66), Nitrogen — 1.69 (1.79), Hydrogen
—4.41 (4.62) Oxygen 21.91 (22)
N &g, 25[ (CH3)2(CsHs)(CsHsCH2)N]4.75] PW10Ti2O40] :Carbon — 22.88 (23.11), Nitrogen
—1.61 (1.79), Hydrogen — 2.35 (2.50) Oxygen — 18.77 (18.87)

The values in bracket are the calculated %.
XRF andysis

X-ray fluorescence technique was used to cdculae the amount of titanium,
phosphorus and tungsten in the freshly prepared complexes. Pdlets of the catalysts
were prepared and calibration was done by preparing a standard pellet containing
TiO2, WO3, KH,PO4 of comparable composition. NaH,PO, was used instead of
KH,PQO4 for the DMPBA sdt. The % composition was found to be asfollows
Ks[PW11TiO40] : K- 5.99 (6.41), P—0.99 (1.03), W —65.99 (66.37), Ti — 1.48 (1.58)
K7[PW10Ti2O40] :K- 8.69 (8.78), P—0.89 (0.99), W —58.88 (59.13), Ti —2.96(3.06)

K 2[BusN]s[PW10Ti2O40] K- 1.80 (1.85), P —0.68 (0.73), W —42.88 (43.67), Ti —2.06
(2.26)

Nap.25[ (CH3)2(CsHs)(CsHsCH2)N14.75] PW10Ti2O40] :Na 1.29 (1.39), P —0.78 (0.83),
W — 49,01 (49.70), Ti — 2.46 (2.57)

The values in bracket are the calculated %.

Infrared spectra
The IR spectra of the catdysts (Table —1) shows absorption peaks between 1100 and
800 cmt which are characteristic of Keggin units. The triply degenerate

asymmetric phosphate stretch at 1080 cmit in phosphotungstic acid is split for mono-



substituted complex ( a 1049 and 1082 cmit) and into three pesks for di-substituted
complex ( at 1082, 1062 and 1045 cmt). These splittings are cused by the lowering
of the tetrahedrd ste symmetery by the replacement of [WY'O]** sub-units by
titanium; the degree of Solitting varies with the nature of the heteropoly group, and
the strength of the bond between W-O and P-O groups[7,8].

Table-1

FTIR spectra detals of the catalysts
used in the reactions

Catayst uP-O uW-0O UW-Oc-W | UW-Oe-W

Ke[PW11TiO] 1049 952 860 796
1082

K7[PW10Ti2O40] 1082 954 875 796
1062
1045

[BuNJsK, 1068 972 848 805

[PW10Ti2O40]

Nap 25 1055 950 889 808

[DMPB]4.75

[PW10Ti2O40]

H[PW120ag] 1078 979 902 808

c= corner sharing
e= edge sharing

3.32 Cataytic activity
Styrene oxidation
Styrene oxidation, carried out air in presence of excess of isobutyraldehyde and PWTi

as cadyd, proceeds under mild conditions to give epoxide and isobutyric acid as



main oxidation products. Among the catdyss sudied, both KsPW11040 and
K7PW1oTiO40 give dmost the same styrene conversons (about 70%). A margind
increase in the epoxide odectivity (about 77%) has been observed for the
disubgtituted andogue. Both the quaternary ammonium sdts of disubgtituted PWTI
caadyss give a decreased styrene converson compared to the corresponding
potassum sdts. The epoxide sdectivity usng DMPBA sdt was found to be higher
than that of BwN derivative. The enhanced cataytic activity observed for the dlica
supported KPWTi, catdyst could be attributed to an increased surface area of the
catayd.

Resultsare given in Table 2.

Table- 2
Oxidation of styrene by titanium
containing tungstophosphates
Catayst Molar Product TON
(in mma) Conv.% Sd. %
Oxide | CgHsCHO




Ks[PW11TiOu0] 69.0 71.3 28.7 106
[0.06569]

K7[PW10Ti2O040] 70.0 76.7 23.3 106
[0.06578]

[BusN]sK 2 56.0 58.1 41.9 85.0
K7[PW10Ti2040]
[0.06578]

Nag 25[DMPB].75 57.0 73.7 26.3 86
[PW10Ti2040]
[0.06578]

Supported 81 83.2 16.7 247.0
K 7[ P\NloTizo40] /S Oz
(10 % wiw)
[0.0328]

K7[PW10Ti2020] 205 - 100 310
Without adehyde
[0.06578]

Hs[ PW12040] 6.8 - 100

Cyclohexene oxidation

The second subdtrate for study was cyclohexene. The results are summarised in Table 3.
As in the case of dyrene, the mgor product of its oxidation was cyclohexene oxide with
minor quantities of dlylic oxidaion products such as 2-cyclohexene-1-ol and 2-
cyclohexenel-one, identified by GC-MS (Shimadzu mode QP 5000) and estimated by
GC usng dandard reference samples. The results show that supported catdyst gives
maximum converson (about 47%) compared to the neat HPA sdts. However the
sdectivity for epoxide was higher in the case of neat complexes.

Table—3 gives the results for cyclohexene oxidation.

Table- 3




Oxidation of cyclohexene by titanium
containing tungstophosphates

Catalyst Molar Product TON
(in mmal) Conv.% Sd. %

Oxide 2- ol 2-one

Ks[PW11TiOx0] 39.9 88.3 | 18 9.9 61
[0.06569]

K[PW10Ti2O040] 42.8 89.8 | 0.9 9.3 65
[0.06578]

[BusNJsK 2 37 922 |51 2.7 56
K7[P\N10Tizo4o]
[0.06578]

Nao 25 DMPB]4 75 49.0 93 3.3 3.7 59
[0.06578]

Supported 47.0 78.5 69.0 14.6 143.0
K7[PW10Ti2O40] / SO
(10 % wiw)
[0.0328]

When the oxidation of styrene was carried out without the addition of isobutyraldehyde,
the product obtained was mainly benzaldehyde a 20% converson. Isobutyradehyde was
oxidized to the corresponding acid and was estimated by gas chromatography.

In order to ascertain the function of titanium in HPA catalysed aerid oxidation of olefins,
a control experiment was carried out usng syrene as substrate and phosphotungstic acid
as catayd. In this reaction, benzadehyde was the main product and the converson was
about 7%, thus confirming that the presence of titanium is important for the sdective
epoxidation reaction and that the trangition metal centers are active sites for the reaction.

The dructura ability of the Keggin type titanium substituted tungstophosphates under

the reaction conditions is an important criteria for the sudies. The FTIR spectrum of the




catalyst K7PW1oTiO40 were compared before and after the reaction. It was observed that
both were dmog identical; al the absorption pesks characteridic of the Keggin sructurd
framework (between 1100 and 800 cm') were retained after the reactions as seen in
figure 2. This observation indicates that these compounds are robust oxidation catalysts
which retain their structure during the course of the oxidation process.

In order to understand the reaction mechanism, two pardld experiments were conducted,
one by the addition of a radica trgpping anti-oxidant (diphenyl amine, 5 mmal) to the
reaction mixture contaning cyclohexene (50 mmol), isobutyrddehyde (200 mmol and
K7PW1oTioO40 (0.065 mmol) in acetonitrile (15 ml) in presence of oxygen and other
experiment without anti-oxidant. No oxidation products were obtained in the case of
diphenyl amine added experiment which suggests a chain radicd mechanism via acyl
peroxy radica formation leading to epoxide and isobutyric acid as suggested by
Kholdeeva et al. Less than one percent cyclohexene converson with a negligible amount
of epoxide and isobutyric acid were noticed in the reaction products of former
experiment compared to a 40% conversion with 90% sdlectivity in the case of latter [3].

The reaction mechanism comprises e ementary steps of chain radical process leading to

epoxide and isobutyric acid formation.

The acyl peroxy radicas are the active intermediates in epoxidation reactions. These are
generated via reaction 5 if the oxidation reaction is caried out in the presence of
complexes which catalyse the homolytic decomposition of peroxy acid.

3.4 Conclusons
In this chapter we have reported results for the highly sdlective aerid  epoxidation of

olefins - styrene and cyclohexene - catdysed by titanium subgtituted tungstophosphates.



The usage of isobutyradehyde as the reductant improved converson and sdectivity to
the desired products, namely the oxides. It was proven beyond doubt hat the oxidation
reaction proceeds via the radicd chan mechaniam with the acyl peroxy radicd as the

active intermediate involved.
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4.1 Introduction

The oxidation of alkyl benzenes to the corresponding carboxylic acids
is of industrial importance. Oxidation of para - xylene
to yield the completely oxidized product i.e., terephthalic acid, is an
important industrial process. Terephthalic acid is useful in the
manufacture of a polyester, polyethylene terephthaate. The industrial
preparation of aromatic polyesters requires a cheap source of aromatic
acids. This polyester is formed by the condensation of terephthalic

acid and ethylene glycol. Polyethylene terephthaate can be fabricated



into an excellent fiber. This led to a search to find a suitable reagent of
aufficient availability and a suitable oxidation method to prepare
terephthalic acid. The key idea was to find a catayst which will
selectively control the incorporation of dioxygen into the
hydrocarbon. Other uses of terephthalic acid include the manufacture
of paints, films and adhesives. Due to the extreme insoluble and non-
melting nature of terephthalic acid it cannot be prepared on a large
scale with purity sufficient enough for condensation with ethylene
glycol to produce the polyester. The crude terephthalic acid is

therefore converted into dimethyl ester i.e., dimethyl

terephthalate, which is then brought to the fiber grade by crystalization
and didtillation. Many intermediate products of oxidation are formed in
this reaction which include para - tolualdehyde, para - toluic acohal, para
- toluic acid, 4 - carboxybenzadehyde, 4 - carboxybenzyl acohol and
terephthalic adehyde. The intermediate product 4 - carboxybenzaldehyde
Is the most deleterious contaminant formed during the manufacture of
terephthalic acid as this adehyde group is unable to undergo
polymerization with ethylene glycol during polyethylene terephthalate

formation. The aerid oxidation of para - xylene proceeds in acetic acid



medium in the presence of Co-Mn-Br catayst to produce terephthalic
acid. Various catalytic procedures for this oxidation of para - xylene to
terephthalic acid have been described in patent literature as this is an
industrially important reaction. US patent No. 4892,970, assigned to
Amoco Corporation, describes a process for the oxidation of para - xylene
sdlectively to terephthalic acid in the presence of a mixture of cobalt
acetate, manganese acetate and HBr as cataysts and acetic acid as
solvent. Zaidi has reported the use of low concentrations of cobalt acetate
and sodium bromide as catalysts in the Iquid phase oxidation of para -
xylene by air at a temperature of 60-105° to afford only para - toluic acid
[1]. A mgor disadvantage of the above described process is the necessity
to combat the corrosive nature of cobalt/ manganese/ bromide/ acetic acid
mixtures and consequent increase in cost of capital equipment due to the
usage of expensive anti- corrosive Teflon coated autoclave. Another
disadvantage is the loss of about 10 parts by weight of acetic acid per 100
parts of aromatic carboxylic acid produced, by conversion to carbon
dioxide. Other reports on oxidation of para -xylene include the use of
transition metal salts of Fe™*, Cu™, Ni** or Cr** in combination with cobalt

salts as cataysts. Cobalt catalyzed para - xylene oxidation in



agueous medium at temperature in the range 100-150 °C in the presence
of phase transfer catalysts has aso been reported. This process yielded
mainly para - toluic acid as the oxidation product [2]. In this chapter we
report the liquid phase oxidation of para - xylene using transtion metal
substituted Keggin type heteropoly anion in a hdide free system in
aqueous medium to give amixture of para - toluic and terephthalic acids.
4.2 Experimental

4.2.1 Maeids

Paraxylene, 1,2-dichloroethane and 70% agueous tert- butyl
hydroperoxide were procured from Aldrich and were used as
such for the reactions. The catalysts were prepared according to methods
described in chapter 2. The catayst characterisation was done by
techniques like thermal andysis, atomic absorption, infrared, electron spin
resonance (ESR) and UV — Visible spectroscopy .

4.2.2 Procedure

The reaction was carried out in a danless steedd 300 ml capacity Par autoclave. The
reactants, para - xylene (15 g, 140 mmoal), water (15 g), tert-butyl hydroperoxide as the
initiator (0.3 g) and the catdyst (0.096 mmol) were taken in the autoclave. The reactor
was pressurised with air upto 400 psi and kept at 180° with stirring (600 rpm). After an
induction period of 2 h, a sudden drop in pressure was observed suggesting the

commencement of the oxidation reaction; hesting and girring were maintained il



there was no further pressure drop. The autoclave was then cooled to °C and gaseous
products were released through a gas holder, collected and andysed. The reactor was
further repressurised with air upto 400 ps and the reaction was continued a 180°C.

This operation was repeated once more. The solid product (6.5 g) was separated by

filtration. A sample of the solid product was andysed after edterification by the
following procedure: the solid product (0.1g) was dissolved in methanol (5 ml) and to
that was added BF3.MeOH (14% solution, 2 ml) and the mixture was then refluxed for
6 h. After cooling the sample, water was added and the esters formed were extracted
with dichloromethane and anadlysed by GC. The filtrate portion of the oxidation product
conssted of the agueous and the organic layer. Both the layers were separated. The
aqueous layer was extracted with smal volume of dichloromethane and mixed with
organic layer and andysed.

Analysis of products : The gaseous products were anayzed on a
Shimadzu GC- 14B with thermal conductivity detector having Porapak N
column. The liquid oxidation products were analyzed on Hewlett Packard
GC, model 5890 using SE-52 megabore capillary column for separation.
4.3 Resultsand discussion

4.3.1 Catayst characterisation

Thermd andyss

The water content in the Kg[PW,Co(H,0)O3q], Ks[PW1;MNn(H,O)O4],

Ks[PW1,Cu(H,0)Og9], Kg[SW1:C0(H,0)Os9], Ke[SW13MN(H,O)O30]



and Kg[SW;Cu(H,0)O5] was determined by thermogravimetric
analysis.

Congtitutional water is present in al the above catalysts. This water is lost
upto»  550°C while heating the catalyst upto 600°C.
Ks[PW1,Co(H,0)Oz]

The loss due to water takes place at three different temperatures till
600°C. The final weight loss corresponds to 9.325% which when

calculated accounts for » 17 water molecules.

Ks[ PW1:Mn(H,O)Ox]

The loss in weight due to water molecules is noticed upto 11.02% which
Is equivalent to 20 water molecules in the complex.

Ks[PW1;Cu(H,0)O3]

The different decomposition steps amount to atotal of 11.14% weight loss
which when calculated accounts for 20 water molecules in the
compound.  Kg[S\W1,Co(H,0)O4]

Two steps of degradation are seen for the cobalt substituted complex, one
at 136.9°C and the other at 588°C. The final weight loss is recorded
as 10.54% which shows 19 water molecules in the complex.

Ke[SW1:MN(H,O)Og]



The compound is thermally stable with complete weight loss occurring at
582.7°C equivalent to 9.16%. This corresponds to 17 water molecules.
Ke[SW 1,Cu(H,0)O49]

The total weight loss occurs at 587.9°C which is equivaent to 8.023% loss
corresponding to 14 water molecules.

The thermograms are given in figure —1.

Atomic absorption spectroscopy

The quantitative analysis of the elements incorporated in the heteropoly
compounds were determined by atomic absorption spectroscopy. The
agueous solutions of the catalysts with appropriate concentrations (» 100

ppm) were given for atomic absorption spectroscopy and the percentages

of the substituted metals were determined. In table-1 are lised the



concentrations of the substituted transition metals

Table-1
Concentrations of the substituted transition metals
Catalyst % Metd (theoretical
vaue)
Ks[PW1;Co(H,0)O030].17H,0 1.63 (1.81)
K[ PW1,Mn(H,0)O30].20H, 1.44 (1.66)
O
Ks[PW1:Cu(H,0)Oxg). 1.78 (1.91)
20H,0
Ke[SIW1:Co(H,0)O34].19H, 1.56 (1.76)
O
Ko[S\W1;Mn(H,0)O3y].17H, 1.42 (1.67)
O
Ke[SW1;,Cu(H,0)O49].14H, 1.74 (1.95)
O

Infrared spectroscopy

IR spectra of the transition metal substituted phosphotungstate complexes
show the absorption bands characteristic of Keggin structure, viz.
pesks at 1074 cm*, 943 cm*, 920 cmi* and 810 cmi” respectively dueto n
[P-O-(W,)], n ( W-Op) and the two n ( W-O.-W) where a = centra P-O

bond, b = terminal double bond between tungsten and oxygen and ¢ = the



two types of bridging bonds between meta — oxygen — metd [3]. Further
the presence of a shoulder near 1074 cm* could be attributed to the
stretching frequency of P-O-(M) bond, thus indicating the presence of
trangtion meta ion in the heteropolyanion. The IR spectra of the

analogues silicotungstate salts exhibited peaks

at 1000, 960, 900 and 796 cmi* which were attributed respectively to n(W-
Ot), n(Si-O-W) and to the types of bridging (W-O-W). The transition
metal absorption could not be resolved as these absorptions overlap with
the (W-O-W) band.

The FTIR spectra of the catalysts are shown in figure - 2 .



ESR spectroscopy

The copper and manganese containing heteropoly compounds were shown
to be ESR active, with these metals in the +2 oxidation state. The spectra
of the powdered samples were taken at room temperature i.e. 298 K.

ESR spectrum of KsPW1;Mn(H,0)O3

The ESR spectrum of KsPW;Mn(H,O)Os9 exhibit sgnals a 1940 G,
4983 G, 1525 G, 2250 G, 3453 G. All these features indicate Mn —

Mn dimeric interaction in the Keggin structure of the compound. Had it



been one manganese center in Keggin unit one would have observed a
signal at 3475 G (corresponding to g » 2) only.

ESR spectrum of KeSW1;Mn(H,0)Ox9

The spectrum exhibits interacting manganese signas at 1073 G and 3669
G. However, the difference in the spectra of KsSW;Mn(H,O)Ox
and KsPW1Mn(H,O)O59 suggests that the Mn — Mn species are of
different nature in the two compounds.

ESR spectrum of KsPW,Cu(H,0)O439

Two types of species were known to be present in the copper substituted
complex. Copper is seen to be present in the monomeric and
dimeric form.

Copper in the monomeric form

Copper present in the monomeric state was found to have the following
ESR parameters:

A, =94.79G, g, =2408, g = 2077. The A parameter was not
resolved.

Copper in the dimeric form

The signals at 2427 G, 3692 G, 3967 G were found to be due to the spin
dlowed trangitions of dimeric copper interactions. Yet another signal at

1554 G isdueto



forbidden transition ( DM = 1) of the dimeric Cu (I1) species.

ESR spectrum of KeSW1,Cu(H,0)O49

The ESR spectrum of copper in the slicotungstate framework shows
copper present as monomeric and the dimeric species.

IMonomeric copper

Copper in the monomeric form has the following ESR parameters

A |, =103.8 G, g, = 2383 and 2.361. There are two different g, values
suggesting the presence of more than one type of monomeric copper.

The A« parameter is not resolved while g = 2.105 for both the types of
MoNnomeric Species.

Additiond dignds a 1550 G, 2521 G and 3679 G are due to dimeric
copper species present in the compound.

The ESR spectra are given in figure 3.



UV — Visible spectroscopy

Cobalt in the +2 oxidation state was shown to be EPR inactive and hence
its  incorporation in the Keggin framework was proven by UV — Visble
spectroscopy.

The UV-Visble spectra of these catalysts were taken in water medium.
The spectrum of the cobalt substituted phosphotungstate catalyst
exhibited absorption band at 530 nm because of the typical d-d trangtions.
The cobalt substituted silicotungstate also showed corresponding band at
546 nm. The UV- Vis spectra are shown in fig.4.

Fig.4 UV-Visible spectra of (a) KsPW,,Co(H,0)O3q
(b) KeSiW1,Co(H,0)O3q



4.3.2 Cataytic activity

The trandgtion metal substituted heteropolyanions of the type
K[ PW1;M(H,0)O44] and Kg[SW1;M(H,0)034] (M = Co™, Mn** and
Cu*") have been found to be good catalysts for the aerial oxidation of para
- xylene in water medium. Oxidation reactions were carried out under
identical conditions using these catalysts and the results are tabulated in

Table-2. The results reved that the silicotungstate analogues give 10-20%



more catalytic efficiency for para - Xxylene converson compared to
phosphotungstate analogues. Among the catalysts studied the cobalt
substituted silicotungstate, Kg[S\W1,C0o(H»0)O30].19 H,O gives maximum
activity as seen from the higher para - xylene conversion. Under the set
experimental conditions, the maor oxidation product was para - toluic
acid. Other products included para - tolualdehyde, para - methyl benzyl

acohol and terephthalic acid.

Table- 2
Air oxidation of p-xylene catalysed by
trangtion metd subgdtituted heteropolyanions

Catalyst Converson Product
mol% sectivity %

A B C D
K 5PW1:Co(H20)O30 52.28 61.65 | 21.45 | 15.45 0.99
KsPW11Mn(H20)O3g 54.36 68.42 | 21.74 9.83 -
KsPW11Cu(H20)O39 50.01 51.39 | 24.72 18.82 5.05
KeSW11Co(H20)O39 70.45 60.64 | 24.53 13.27 1.54
KeSW11Mn(H20)O3g 51.13 65.04 | 22.21 11.27 1.46
KeSW11Cu(H20)O39 65.72 5253 | 23.00 | 23.62 0.85

Reaction temp.180°, p-xylene 15 g, water 15 g. A:
para- toluic acid; B: para- toluaddehyde; C: para-
methyl benzyl acohal; D: terephthdic acid

The effect of different reaction parameters such as temperature,

catalyst concentration and solvent were studied on the oxidation



of para— xylene using the catayst K¢[SW,Co(H,0)04].19H,0.

Effect of temperature
Oxidation of paa - xylene was caried out usng the cadys

Ke[SW11Co(H20)039].19H,O a a temperature range 140 —180°C; the resuits
[given in table-3] suggest an increased product yield at 180°C. The conversions
were much less upto 160°, theredfter a sudden increase in the reaction rate was
observed. At lower temperatures the first oxidation products such as para - methyl
benzyl dcohol and toluddehyde were more than para - toluic acid. At 180°C,
there was a sudden increese in the yidd of terephthdic acid in the product

suggesting that the catdyst was very effective even at this temperature and did not

undergo any decomposition.
Table-3
Effect of temperature on para- xylene converson.
Temp Converson Product sdlectivity %

(°0) Mol %

A B C D
140 12.67 19.67 37.39 42.92 -
160 32.22 35.93 30.29 33.76 -
180 70.45 60.64 24.53 13.27 154

A, B, C and D sameasin table-2.

Effect of catalyst concentration
The effect of catalyst concentration on the oxidation of para - Xxylene has been

studied. The oxidation reactions were performed at 180°C using three different



molar raios of para - xylene and Ke[SW11Co(H20)O34].19H,0 under identicd
conditions. The daa given in table-4 suggest that there has been a dgnificant
increase in the reectivity at molar ratio 1470 as seen from the substrate conversion
vdue. At higher catayst concentraion, there was a dragtic reduction in para -
xylene converson which would be atributed to the inhibiting action of the
catadyst. Trangtion metal complexes are known to be good cataysts for side chain

oxidation reections a low concentration levels, but as inhibitors a higher

concentrations [4].
Table- 4
Effect of catalyst concentration on
para- Xylene converson
Catalyst
conc. Converson Product
(substrate to mol % sHectivity %
cadyst
molar retio)
A B C D
735 27.97 4331 | 2167 | 34.77 -
1100 57.64 63.67 | 19.59 | 16.72 -
1470 70.45 60.64 | 2453 | 13.27 1.54

A ,B,CD sameasin Table-2

Effect of solvent
The oxidation of paa - xylene has been caried out a 180° usng 1.2

dichloroethane and water as solvents, a solventless reaction dso has been carried
out [Table-5]. The solventless reection gave a low (»25%) converson, though the

sdectivity to para - toluic acid was high (72.15%). The sdlectivity to other products,



i.e, para -toluddehyde and para - methyl benzyl acohol is 23.52% and 4.31%

respectively.

The reaction in 1,2-dichloroethane adso gave a poor converson of »20%. No
para -methyl benzyl dcohol was formed in this reection the products formed were
para -toluic acid and para - toluadehyde with 62.3 and 37.69% sdectivity
respectively. When water was used as medium , the conversons were increased
upto 70 %. The difference in converson in various solvents may be attributed to
the polarity of the solvents. Mobility of the free radicds, the active species in this
autoxidation reaction, would be more in polar solvents such as water. Hence the

conversion vaues for para- xylene were found to be more in aqueous media

Table-5
Effect of solvent on para - xylene conversion
Converso Product
n sectivity %

mol %

Solvent
A B C D
Solventless
25.71 72.15 23.52 431 -
1,2-Dichloroethane

20.37 62.30 37.69 - -
Water

70.45 60.64 24.53 13.27| 154

A,B,C,D sameasin Table-2.

Reaction mechanism for p-xylene oxidation



The hydrocarbon substrate, p-xylene reects initidly with the radica initiator, TBHP, to
form the benzyl radicad (1) which reacts with molecular oxygen to form benzyl peroxy
radica (2). The peroxy radical absracts one hydrogen atom from p-xylene to give 4-
methyl benzyl hydroperoxide (3). This reaction is made more feasble in the presence of
cadyss containing transtion metds like Co®*, Mr?* and Cuw?*. This active transtion
metal centre reacts with benzyl hydroperoxide to form the species (4), 4- methyl
benzyloxy radicd and an oxidized metd pecies. This oxidized metd reacts with benzyl
hydroperoxide to get back to its origind oxidation dsate aong with the formation of
active benzyl peroxy radica, which atacks another mole of subdrate to continue the
reaction. Meanwhile species (4) reacts with another mole of subgrate to form the active

benzyl radica and the cycle of reactionsis repeated as seen in the reaction mechanism.
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4.4 Conclusions

The oxidaion of p-xylene is an indudridly important chemica reaction. The
production of terephthdic acid from p-xylene is achieved in industry using an
homogeneous cobdt - manganese based catalyst with bromine compounds as
promotors in acetic acid medium. In this chapter we discuss the utility of cobdlt,
manganese and copper subdtituted Slicotungstates as  catalysts in p-xylene
oxidation in agueous medium with ar as oxidant. The advantage of aur system is
that it has been performed under mild and non-corrosive conditions. The product
obtained in the firdt stage of oxidation is p-toluic acid, which is an intermediate in
the formation of terephthalic acid.
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51  Introduction
Phenol is produced commercidly by Hock process, in which cumene is oxidised to cumene
hydroperoxide by ar oxidation in agueous emulson of Na,CO; and its subsequent cleavage
in acidic media to equimolar amounts of phenol and acetone [1]. The economy of this process
is dependent on the market value of the side product acetone. Thus efforts are in progress for
the development of a new route towards phenol synthesis via a onestep process by the
hydroxylation of benzene to phenol. The hydroxylation of rdatively inert hydrocarbons like
benzene has remained an intriguing reaction and extensive research work has been focussed
on the development of an efficient catalyst system for this purpose.

Many trandgtion metal containing catalytic sysems have been used for this type of oxidation
reaction. The most common catalyst sysems under operation include zeolites and transtion
metd complexes. Catdytic amounts of trandtion metd subgtituted polyoxometdates and
mixed addenda complexes are found to be efficient for oxidation of hydrocarbons [2]. These
complexes are able to oxidize hydrocarbons with a wide variety of oxygen donors. Literature
is rich in reports for the use of trandtion metal substituted and mixed addenda containing
catalytic systems for the hydroxylation of benzene moslly operable under homogeneous
reaction conditions. The guest trangition meta act as efficient oxygen transfer agents. The
latter haf of last decade has witnessed tremendous focus being lad on the use of such
complexes for phenol synthess from benzene. The main oxidants in use include hydrogen
peroxide and molecular oxygen.

The tetrabutyl ammonium sdts of iron and chromium containing tungstophosphates were
found to be efficient as catdyds for the oxidation with hydrogen peroxide. Spectra
techniques are used to detect the active intermediate species which are known to be formed
by the interaction of the heteropoly containing the transtion meta and the intermediate
product of hydrogen peroxide decomposition [34]. Polyoxometdates containing the
trangtion metds such as iron, chromium, ruthenium, vanadium and titanium ae used as
catdysts with hydrogen peroxide for benzene hydroxylation. The naure of heteropolyanion
and composition of the reaction mixture are found to be the governing features for the
catdytic activity [5]. The vanadium containing phosphomolybdates and phosphotungstates
ae equdly efficient for the oxidation of benzene usng hydrogen peroxide as oxidant under
different reaction conditions [6-10]. Many spectroscopic techniques are used to identify the
active intermediate species formed during the oxidation reaction. Trangtion metal containing



polyoxometaates are functiond as catdysts for benzene oxidation with molecular oxygen.
Iron containing system was effective catayst in the presence of molecular oxygen [11]. The
use of heteropolyacids as reoxidants for metas like pdladium and plainum have been
reported for phenol formation with molecular oxygen [12,13].

The catalytic activity of mono, di and tri vanadium substituted molybdophosphates for the
hydroxylation of benzene under improved reaction conditions to yield phenol in good yields
has been reported in this chapter. The effect of the number of vanadium centers on the
catalytic activity and the subsequent in situ spectroscopic study are reported in this part of the

thesis.



5.2 Experimental

521 Materials

Benzene, agueous 30 % hydrogen peroxide (E. Merck, India Ltd., Indid), acetonitrile of high
purity grade were used as such without further purification. Strength of hydrogen peroxide
was determined by redox titration with KMnO, prior to use in the oxidation reaction.
Phosphomolybdic acid was used as such. The cadysts with the abbreviagions PMaq,V,
PMoy,V, and PMoy Vs were prepared by the methods described in chapter 2.

5.2.2 Procedure

Procedure for determination of strength of hydrogen peroxide

Hydrogen peroxide (5.5 gm) was taken in a 250 ml capacity volumetric flask and diluted up
to the mark with didtilled water. A definite volume of the diluted system (25 ml) was taken in
a conica flask to which was added 20 ml each of 2N H,SO, and didtilled water. This solution
was titrated againg previoudy sandardized KMnOs. The end point of the ftitration was
colourless to pink. From the titration reading the drength of hydrogen peroxide was

cdculated using the equation

% peroxide = Burette reading x Normdity of KMnO, x 25 x 0.01701 x 100

Weight of hydrogen peroxide taken

Procedure for cataytic run
The oxidation reactions were carried out in a two-necked 50 mL round bottom flask placed in
an oil bath maintained a 338 K. In a typica experiment, 0.05 g (0.025 mM) of cadys, 1.56

g (20 mM) of benzene and 2.36 g (20 mM) of aqueous hydrogen peroxide were mixed in 6



mL of acetonitrile and placed in the flak and the contents were dirred with a magnetic
stirrer. The reaction mixtures, withdrawn at regular interval of 30 minutes, were andysed.

Analyss of products The products of benzene hydroxylation were andyzed by a gas
chromatograph (Hewlett Packard gas chromatograph model No. 5890 Series-ll ) usng HP-5
fused column with 30m x 0.53m x 1.0 nm film thickness and FID detector. Fhenol formed in
the reaction was confirmed by comparing the retention time (standard) and dso by GCMS

(Shimadzu GC MS QP 5000). From the moles of benzene reacted, turnover numbers were
cdculaed. The samples were adso andysed sdmultaneoudy by UV- Vishle and EPR

spectroscopy to identify the active intermediate species.

53 Results and Discussion

53.1 Catalytic activity

The catdytic activities of vanadium subgtituted phosphomolybdic acids were investigated in
the hydroxylation of benzene to phenol and the results are presented in Table 1. The
hydroxylation of benzene gave phenol as the only product under the reaction conditions
Studied.

Table 1. Catalyst activities in hydroxylation of benzene to phenof*

Catalyst Benzene conv.(mol.%) | TON
PMoy,V 10.7 92
PMowoVe 9.2 74
PMoyVs 6.3 50
PM01:,040 _ _

“Conditions: Benzene(0.02 M), H0,(0.02 M), Catalyst( 0.05 g),
Acetonitrile (6 mL), Temperature (338 K), Reaction time (2 h) and
TON = Turnover number (moles of benzene converted per mole of catalyst).

The maximum conversion of benzene (@1%) with TON = 92 was achieved with PMoy, V.
However, when the hydroxylation was caried out with free phosphomolybdic acid, no

hydroxylation activity was seen. This confirms that vanadium is the active center in the above



cadysts. The converson of benzene increases linearly with dl the catdysts and then
becomes sable with further no change in the activities of cadyss. It is found that the
activities of the three cataysts in hydroxylaion of benzene to phenol decreased in the

following order.
PMoy,V > PM0o,oV; > PMoy Vs

In other words, the cataytic activity for hydroxylation of benzene decreased with the number
of vanadium centers in the polyoxoanion sysem. The cadys eactivity data indicated that
PMoy,,V was comparatively more active than di and tri vanadium subdtituted catadyds. The
decrease in the cataytic activity of the di and tri vanadium substituted cataysts could be due
to the poor dtabilities of the corresponding peroxo intermediate species in the oxygen transfer

reaction. Fig.1 shows the conversion of benzene with the number of vanadium centers in the

heteropolyacid.

Fig.1 Time course of benzene hydroxylation with hydrogen peroxide catalyzed at 338 K

in acetonitrile. (a)o, PM0o11V; (b) 8, PM0yoVs ; (€) -, PMV3
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5.3.2 Kinetics of hydroxylation of benzene to phenol catalyzed by PM o,V
Hydroxylation of benzene catdyzed by PMouiV under the given reaction corditions yielded

phenol. Hence, kinetic invedtigations of this reaction were caried out to establish the



dependence of rate of hydroxylation with respect to the variations in the concentrations of the
reectants involved in the system in excess acetonitrile solvent. The totd volume of the
resction mixture in al kinetic experiments was adjused to 10 mL by the addition of
acetonitrile solvent. Rates of hydroxylation of benzene were caculated from the plots of
moles of benzene reacted vs. time.

The reaction parameters were varied to determine the rate of the reaction.

(a) Effect of substrate concentration

Experiments on hydroxylation of benzene were caried out a 338 K by vaying the
concentrations of the substrate benzene as 0.01,0.02,0.03 and 0.04 M, while keeping the
concentrations of HO, (0.02M) and catdyst (2.33 x 10°M) constant. The effect of substrate
concentration on the rate of hydroxylation of benzene is shown in Fig.2 , as a plot of rate vs
concentration of benzene.

Fig2 Effect of benzene concentration on therate of hydroxylation
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It was found that the rate of hydroxylation of benzene to phenol showed a first order

dependence with respect to substrate concentration.



(b) Effect of H,O, (oxidant) concentration

Keeping substrate as 0.02 M, catdyst, 2.33 x 10° M and temperature, 338 K congtant, the
HO, concentration was kept as 0.02, 0.04, 006 and 0.1 M. The graph of rate of
hydroxylation vs. [H:0,] ¥? is given in Fig.3.

Fig.3 Effect of oxidant concentration on rate of hydroxylation
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The graph is liner and showed a hdf-order dependence with respect to oxidant
concentration. In other words, half a mole of oxygen is transferred from oxidant to benzene to
give phenal.

(c) Effect of catalyst concentration

Catalyst concentration was kept as 0.75 x 10°, 1.4 x 10°, 1.86 x 10° and 2.33 x 10° M, at
subgtrate, 0.02 M, oxidant, 0.1 M and temperature 338 K. Fig.4 shows the graph of rate of

hydroxylation vs. catalyst concentration .



Fig.4 Effect of catalyst concentration on rate of hydroxylation
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It is seen from the graph that the rate of hydroxylation has a linear and first order dependence
with respect to catalyst concentration.

(d) Effect of temperature

Effect of temperature on the rate of hydroxylation of benzene to phenol was studied by
vaying the temperature as 308, 318, 328 and 338 K, while other parameters were kept
constant as substrate, 0.02 M, oxidant, 0.02 M and catalyst, 2.33 x 10° M. From Arrhenius

plot of Ink vs LT shown in Fig.5, the activation energy E,evaluated was 21.5 kca mole™.



Fig.5 Arrhenius plot
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In order to understand the transient species formed during the course of the above reaction,
the reaction mixtures were subjected to UV-Vishle and EPR spectroscopic studies at regular
timeintervals.

5.3.3 WV-Visble spectroscopy

The UV-Visble gspectra of the neat catdyst PMo,V in acetonitrile showed absorption
maximum a 307 nm as shown in Fig.6. This band a 307 nm is associated with octahedraly
coordinated MJ* and arises due to ligand to metal charge transition [14]. The presence of

vanadium in the Keggin structure has broadened the LMCT band.



Fig. 6 Electronic spectra of the catalyst PM 011V in acetonitrile
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The study of the relaive change in cadyst with the reaction was done by subjecting the
reaction mixture to spectroscopic techniques like dectronic and dectron spin  resonance
spectroscopy. A fixed amount of the reaction mixture containing the substrate, oxidant,
catalyst and the solvent was taken for the above mentioned spectroscopic techniques.

A fixed volume (0.075 gm) of the reaction mixture diluted with acetonitrile to 10 ml in a
volumetric flask was exposed to absorption spectroscopy a regular time interval of 30
minutes. Upon the addition of the oxidant and subdrate to the caidyst solution, the UV-
Vishle spectra showed the gppearance of a new band at 330 nm in addition to the dready
exiging band a 307 nm. This new band a 330 nm could be due to the formation of vanadium
(V) peroxo species, which is an active intermediate, formed as a result of interaction of the
vanadium cetter with hydrogen peroxide. The intengity of this band increased linearly during
the course of the reaction. This increase in intendty is an indication of phenol formation and
dmultaneous HO; decomposition in the sysem. The intensity was found to reduce as the
concentration of phenol remained congtant in the course of the reection. This was verified by

gas chromatographic andysis. Fig.7 shows the UV-Visble spectral changes for the reaction



mixture containing PMo11V, PMowV> and PM@Va. Similar pattern was observed, when the
di and tri vanadium substituted catadysts were used. Active intermediate species were formed
in al the three cataysts but their dtabilities were found to be different. The active species
formed by mono vanadium subdtituted phosphomolybdic acid was more stable than the other
two. This observation supported the fact that only a single vanadium site (PMow1V) is nesded

for hydroxylation reaction .

Fig.7 (a) Absorption spectra of PMoy;V asafunction of time
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Fig.7(b) Absorption spectra of PMo4,V» as a function of time
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Fig 7(c) Absorption pectra of PMogV; as a function of time
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534 EPR spectroscopy

Vanadium subgtituted heteropolymolybdates PMoy;V, PMoV. and PMogVs showed EPR
spectra typica of a vanadium (1V) ion [15]. The spectra of solid samples were broad due to
spin-spin interactions. The CH:CN solution spectra showed eight narrow signas (Hpp= 12 G).
These signds arose due to the interaction of unpaired éectron spin (S =1/2) with the nuclear
spin of vanadium ( *'V has a nuclear spin | = 7/2 with a natural abundance of 99.75 %). The
separation  between the adjacent hyperfine signds is not equa due to second order
interactions and increases from 105 G to 129.5 G in increasing field direction. The isotropic g
and hyperfine coupling constants were estimated to be 1.965 and 117 G, respectively. The
spectra for frozen CH;CN solutions, a 77 K, were amost similar for dl the three vanadium
containing catdysts and were characterised by an axid g and hypefine tensors (g = 1.933, g
= 1977, A = 2020 G and A= 76.7 G). PMo,V, ad PMogV; samples did not reved the

presence of multinuclear vanadium centres.



Inspite of vanadium being in the +5 oxidation state in the source of vanadium used for
synthesis the samples were found to be paramagnetic and showed EPR sgnds
corresponding to the +4 oxidation state of vanadium. The V** species may be formed diring
the synthesis steage of the these catalysts. These results, therefore, suggest that a small
quantity of vanadium is probably present as VO®* ion outsde the Keggin structure
compensating for two H' ions Bayer e a have reported the formation of (VO)*'H PMo011V]
during the synthesis of PMoV [16]. In our samples the former type is probably present at
impurity levels. EPR spectroscopy being a sendtive technique for paramagnetic ions has
detected these impurity species. Vanadium subgtituted for molybdenum ions in the Keggin
dtructure, isin +5 oxidation stete.

EPR gpectroscopy is used to monitor the paramagnetic transent species formed during
benzene hydroxylation by vanadium subgituted heteropolymolybdates. This  technique
reveded the role of vanadium in the cataytic hydroxylation of benzene. A known amount of
the sample was taken out each time from the reaction mixture at specified times and spectra
were recorded after quenching the samples to 298 and 77 K, respectively. Spectra for the
reection mixture containing the catalyst PMoyV, PMoV, and PMogVs a different reaction
times is shown in Fig.8(i), 8(ii) and 8(iii) respectively. The spectra variations for dl the three

cataysts are, in genera, smilar.



Fig.8 (i) Room temperature BPR spectra of PMouV in the reaction mixtureasa
function of time: (a) PMowuV+ benzene +CH=CN, (b) reaction mixture + HO- at 0
min, (c) 90 min, (d) 24 h. Species|| ismaximum at 90 min.
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Fig.8 (i) Room temperature EPR spectra of PM0o,pV2 in the reaction mixtureasa
function of time: (a) PMo;;V+ benzene +CHLCN, (b) reaction mixture + HO, at 0

min, (c) 60 min, (d) 90 min, and (e) 24 h. Species || ismaximum at 60 min.
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Fig.8 (iii) Room temperature EPR spectra of PMogV3 in the reaction mixture
asa function of time:
(&) PMoyV3+ benzene +CH3CN, (b) reaction mixture + HxO, at 0 min, (c) 30 min, (d)

90 min and (e) 24 h. Species || ismaximum at 30 min.
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The CHCN solutions without H,O, are paramagnetic due to trace quantities of VO** as the
counter cation [species |; Fig.8()(d)]. Soon after adding HO;, the solutions became EPR
dlent due to the oxidation of V(IV) to V(V) [Fg.8(i)(b)]. After a cetan time, sgnds
corresponding to two new vanadium(lV) species I' and Il appeared [Fig.8(i)(c)] . The
Hamiltonian parameters of these species are different (9s,=1.970, As~=108.2 G for species I
and gs= 1.963 and A= 95.2 G for species Il ) from those of origina species | (giso= 1.965
and As= 117.0 G). A lower vdue for Aiso, epecialy for species Il reveds lower symmetry at

the ste of vanadium and higher delocdization of eectron densty onto the ligands. The



intensity of the signals for species I' and |l was maximum at a reaction time of 90 minutes for
PMoy;V, 60 minutes for PMoV, and 30 minutes for PMogV; catadyst systems and then
onwards, signds of species |1 decreased and findly disappeared as shown in Fig. [8(i)(d)].

Varidtion of log intendties of sgnas for pecies I' and Il for al the three catadysts are shown

inFig. 10.

Fig. 9 Plot showing the variation of EPR signal intensity for species I’ (1) and

species ||

(ii) asa function of time.
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While the behaviour of intendgty variaion is amilar for PMoV, and PM@V; this variation
for the cadyst sysem PMoy,V is different, especialy for species I'. This sgnal intensity of
species I' for PMoyV, and PMogVs increased gradudly and reached a maximum vaue while
that for PM011V decreased with time. The spectra after 24 h contained signas due to species
I'only (Fig.3(d)). The overdl spectrd intensity of the vanadium (IV) ion incressed a the end
of the reaction and suggests that a pat of the subdtituted vanadium leaches out during the
course of the reaction. This leaching for catdysts PMoygV, and PMogVs is more and thus
shows a different type of intendty variation for species I'. It is interesting to note that

molybdenum centre is not involved in the hydroxylation resction.

5.3.5 Mechanism and rate law
Based on the spectroscopic and kinetic observations made in the system, a mechanism has
been proposed for vanadium substituted heteropoly acid catdyzed hydroxylation of benzene
to phenal and is shown in Fig 10.

Fig.10 Reaction mechanism for the hydroxylation of benzene
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The proposed mechanism involves the transformation of vanadium in heteropolymolybdates

to an ungable vanadium (V) hydroxy hydroperoxy species 2, on interaction with hydrogen
peroxide in a preequilibrium step. Species 2, rgoidy transforms into a redively dabler
vanadium (V) peroxo species 3 on loss of a water molecule. This species has been identified
and shows a band a 330 nm in the UV-Visble spectra The species 3, interacts with the
substrate  benzene in another preequilibrium dep to give a medlo- peroxy-arene
intermediate species 4. Transfer of oxygen by C-H bond activation tekes place in a rae
determining step (rds) to give vanadium (IV) phenoxy intermediate species 5. The species 5
has been identified as species Il in the EPR spectrum (Fig.3(c)). Homolytic cleavage in
species 5 reaults in rapid dissociation to give phenol and regenerating the species 1 and a

smal amount of vanadium (IV) hydroxo species 6, in a cataytic cycle. Species 6 has been



identified as a dable species I' in the EPR spectrum. The built in concentration of inactive
species 6 reduced the catalytic activity in the system.

Based on the reaction mechanism and kinetic rate dependence <udies, the rate law for
PMoy;V

catalyzed hydroxylation of benzene to phenol could be written as.

rate = kKK, [HPA-V][S[HO,] V2 (1)

Where, k = over dl rate constant of the reaction, K and K, are, pre-equilibrium constants as
shown in Schemel, [HPA-V] = PMoy,V catalyst conc., [S] = benzene concn. and [H,O,] =
hydrogen peroxide conc., respectively.

By applying steady date reaction conditions and the tota concentration of catalyst present in
different forms (shown in Schemel) is expressed as [HPA-V], then the rate law can be

modified as;

kK1Kz [HPA-V]1[S][HO7] *
rae = 2
1 + K [HO] V24 Ki K[ SI[HO5] vz

To evduate equilibrium and kinetic congtants graphicaly, egn. 2, could be rearranged in a

dope and intercept form in the following two ways as.

[HPA-V]; 1 1 1 1
_____________ = R )
rate [S]  KkKiK[H:0 Y*  KkKa k
[HPA-V]; 1 1 1 !
- ( )+ =+ ) 4

rate [H200] Y2 kKiKz2[9] k Ko[S]



From egn.3, a plot of [HPA-V]4 rate vs. U[S gives a draight line with an intercept from
which, the vdue of k was cdculated. Similaly from egn4, a plot of [HPA-V] ¢/ rate vs.
1[HO]"? gives a sraight line and subdtituting the vaue of k, in the Sope and intercept
values of this graph, the pre-equilibrium condants K; and K> were obtained. Thus, the values
of k, K;, Ky for the hydroxylation of benzene to phenol catdyzed by PMo;,V a 338 K were
found to beask =833, min™, K, =39.4, M "and K, =263, M ™, respectively.

From the temperature dependence study carried out on hydroxylaion of benzene to phenal,
the energy of activation was evaluated. Other thermodynamic activation parameters, such as,
enthalpy of activation (H), entropy of adtivation (S*) and free energy of activation (G') were
caculated from standard thermodynamic equations. These vaues are, Ea = 21.5 kcd mol®

DH" = 209 keal mol™ DS’ = 48.1 cd deg™ mol* and DG' = +5.37 kcal mol™.

5.4. Summary

The cadytic activities of vanadium containing heteropolymolybdates of the generd
formula Hs, [PMO0O;,.,V,040]. N H,O where, x = 1,23 in the sdective hydroxylation of
benzene were invedigaied usng hydrogen peroxide as oxidant. GC andyss reveded
phenol as the only product of oxidation. The effects of various parameters like
temperature, the concentrations of subdrate, catdyst and oxidant on the rate of
hydroxylation of benzene were sudied and thermodynamic activation parameters were
edimated. The UV-Visble and EPR spectroscopic techniques were used to monitor the
active intermediate species A mechanism of hydroxylation reaction involving vanadium
(V) peroxo intermediate species has been proposed. It is seen that the mono vanadium
subgtituted phosphomolybdate is the most active for the oxidation of benzene to phenol

compared to the di and tri vanadium substituted acids.
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CHAPTER -6

CYCLOHEXANE
OXIDATION



6.0 Cyclohexane oxidation
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6.1  Introduction

Trandormation of hydrocarbons into  oxygenated
products has been extensively

investigated over the past many years as such products are

valuable intermediates
for organic synthesis in the laboratory as well as in the
industry. In the bulk chemical
industry,  classical processes are  environmentally
unacceptable, non-selective and thus have been largey
supplanted by cleaner catalytic alternatives. Among
hydrocarbons, the oxygenation of alkanes has attracted

much attention because they are abundant as resources and



low in reactivities as feedstocks. In this chapter we shall
discuss the oxidation of the hydrocarbon, cyclohexane in
detail. The partial oxygenated products of cyclohexane are
valuable precursors for industrial chemicals. The liquid
phase aerial oxidation of cyclohexane to cyclohexanol and
cyclohexanone was developed in 1940s. The oxidation of
cyclohexane is wusually carried out with a soluble
cobaltnaphthate catalyst in a series of stirred autoclaves at
140-180°C at 0.8-2 MPa of air. The initial oxidation product
Is cyclohexyl hydroperoxide, which is converted into to
cyclohexanol and cyclohexanone (2:1 molar ratio) and the

reaction is as shown below:

C6H12 + Oz ----- > C6H1100H (1)

3CgH;;O0H ----> 2CgH,,0H + CgH;0 + H,0 + O, (2)
Because these products are more readily oxidized than cyclohexane,
converson must be kept low (<10 %) in order to maximize yield of acohol
and ketone, respectively. The current chalenge involves the study the metal
complexes catayzed oxidation of cyclohexane with high selectivity towards
oxygenated products. With respect to the oxidants, fine chemica production

alows the choice of various oxygen donors such as peroxides. Among them



hydrogen peroxide is a preferable oxidant due to its smplicity in handling,
environmentaly friendly nature of the co-product i.e. water, high percentage
of active oxygen (47%) and its versatility in the oxidation reactions. In this
context the development of efficient catdyst for the oxidation of
hydrocarbons is very attractive and chalenging. The current challenge
involves the study the meta complexes catalyzed oxidation of cyclohexane
with high selectivity towards oxygenated products. Heteropolycompounds,
especidly those with Keggin-type structure have created a renewed interest
in the oxidation of organic substrates under homogenous and heterogeneous
reaction conditions. The advantages of heteropoly compounds as catalysts
ae. (@) Therma and chemica ahility, (b) Wide range of posshbilities for
modifying the Keggin structure without affecting its primary structure, ()
Reactivity with a wide range of oxygen donors like hydrogen peroxide, tert-
butyl hydrogen peroxide, iodosylbenzene, persulphate, molecular oxygen,
etc. and (d) High resstance to oxidative degradation. These properties of
heteropoly compounds lead to their vauable application in catayss.
Cyclohexane oxidation under mild reaction condition has been successfully
carried out with many transition metal substituted polyoxometaates. Most of
the literature reports include the use of Co*, Fe**, Cr*", Ru*" and Rh*
substituted polyoxotungstate as catalysts using either H.O2 or TBHP as
oxygen donors [1-3]. The vanadium-substituted heteropolymolybdates have

attracted attention as catalysts for many oxidation reactions. The reactivity of



vanadium substituted phosphomolybdates towards oxygen donors like
hydrogen peroxide is a subject of recent investigation [4-7]. The high
reactivity of this system encouraged us to extend it to the family of saturated
hydrocarbons, like methyl cyclohexane, naphthadene, and 1-methyl

naphthal ene and biphenyl substrates.

6.2 Experimental

6.2.1 Materids

Disodium hydrogen phosphate dodecahydrate, sodium molybdate dihydrate and sodium meta
vanadate (all from M/s Loba Chemicds, Mumbai), conc.H,SO, and diethyl ether were used as
received for the preparation of molybdovanadophosphoric acid. Cyclohexane (M/s. S.D.Fine-
chem.Ltd, Mumbal), aqueous 30%H,0O, (M/s. EMerck India Ltd, Mumba) and acetonitrile of
high purity were used without further purification. The exact strength of hydrogen peroxide was
determined by redox titration againg standard KMnO,4. The catdysts were prepared by methods
described in chapter 2.

6.2.2 Procedure

Procedure for the determination of strength of hydrogen peroxide

The peroxide content in the commercidly available hydrogen peroxide is determined by

the procedure described in chapter 5.

Procedurefor catalyticrun

The liquid phase oxidation reactions were carried out in a two necked 50 ml round bottom flask
immeased in a theemodated oil bath maintained a 65°C. A typicd reaction mixture included
0.05g (0.025 mmol) of catdyst, 1.68g (20 mmol) of cyclohexane, 2.36 (20 mmol) of agueous
hydrogen peroxide and 20 ml acetonitrile. A magnetic sirrer was provided to gir the reaction

mixture. The reection mixture was subjected to GC andysis for product estimation. The samples



were andyzed smultaneoudy by 5V and 13C NMR spectroscopy at regular time intervals of 30
minutes to identify the active intermediate species. Smilaly 0.02 M of subgrates like methyl
cyclohexane, naphthalene, methyl naphthdene and biphenyl were taken in 20, 5, 5 and 8 gm
acetonitrile respectively, and oxygenated under the same reaction conditions as cyclohexane.

Andyss of products The liquid products of cyclohexane and methyl cyclohexane oxidation
were andyzed by gas chromatography on a Shimadzu GC-14B equipped with a 2 meter, 10 %
cabowax 1560 with diameter 1/8" and having a flame ionization detector.The other substrates
were andyzed on Shimadzu GC-14B using a HP-5 fused column with 30m x 0.53mx 1.5 mn
film thickness and F.I.D detectorIn situ nuclear magnetic resonance spectroscopy was done by
withdrawing the cycohexane resction mixture a regular intervas of 30 minutes The 'V and
13C NMR spectra were recorded on a Bruker instrument MSL 300. The measurements were
carried out a 75.47 MHz for 1°C and 78.9 MHz for ®V using a standard 10 mm probe. An
externa DO lock was usad for dl the measurements. The chemicd shifts for >V used VOCk as
the external standard while for 3C the standard is dioxane in D,0.

6.3 Resultsand discussion

6.3.1 Cadys characterisation

The molybdovanadophosphoric acids of the kind Hs[PM01:VOyq]. NH0, Hs[PM01oV2040]
NH,0 and H;[PMogV30,,] .nH,O were characterised by thermd analyss, FTIR, UV- Vishle
and atomic absorption spectroscopy as described in chapter 5. Insitu %V and *C NMR
spectroscopy was carried out to establish the reaction mechanism for cyclohexane oxidation.

6.3.2 Caayticactivity

After benzene hydroxyldion the cadytic activity of the mono, di and tri vanadium subgtituted
phosphomolybdic acids was extended to saturated substrates like cyclohexane with H,O, as the

source of oxygen. The reaction conditions and the results are presented in table 1.



Table 1. Cadytic activitiesin oxidation of cyclohexane

Catalyst system Cyclohexane SHectivity, (Wt.%) TON?2
Conv.(Wt%)  ~Eydohexanol  Cydiohexanone
H.[PM0,,VO,] 159 66.2 33.8 1474
Hs[PMO10V2Osg  13.5 612 38.8 108.8
Ho[PMOoV3040]  12.2 59.9 40.1 97.3

Conditions. Cyclohexane (0.02 M), H,O, (0.02 M), Catdyst (0.025 mM), Acetonitrile
(20 ml), Temperature (65°C), Reection time (2h) and
TON? = Turnover number (mol substrate consumed per mol catayst).

From the results presented in Table 1, it is evident that H[PMo.,VO,] is the best
performed catdys in the oxidation of cyclohexane and hence, we tested this caidyst for
its activities in the oxidation of subgituted benzenes such as methyl cyclohexane,
naphthaene, 1-methyl naphthaene and biphenyl and the results are presented in Table 2.

Table 2
Adtivity of H,[PM0,,VQO,,] in the oxidation of aromatic hydrocarbons

Subdtrate Convn.(%) TON?* Products (%, Sdectivity)
Methyl cyclohexane 09 9.2 Methyl cyclohexanone (38.0)
(in20 g CH;CN) Methyl cyclohexanol (58.0)
Others (4.0
Naphthalene 6.9 64.5 2, Naphthol (17.7)
(in5g CH;CN) 1,4-Naphthoquinone (56.7)
Phthalic anhydride (13.6)
Others (12.0)
Biphenyl 2.8 27.6 0-Hydroxy biphenyl (41.5)
(in8g CH;,CN) 2,5-Cyclohexadiene,1,4-Dione,-2- Phenyl
(43.7)
Others (14.8)
1-Methyl ngphthdene 4.0 41.5 2,Methyl 1,4-Naphthalene (62.6)
(in5g CH;CN) 2,Methyl 1,Naphthol (30.8)
Others (6.6)
Conditions. Substrate (0.02 M), H,O, (0.02 M), Catdyst (0.025 mM), Temp (65°C),
Time (1.0 h).

TON? = Turnover number (mol substrate consumed per mol catalyst).

The oxidation of cyclohexane was followed by G.C andyss and NMR spectroscopy.
Both %V and 3C nudei were used in the study. These techniques were used for the
identification of an active intermediate species leading to the formation of products in the
above oxidation reaction.

The molybdovanadophosphate-H,O, system readily oxidizes cyclohexane in acetonitrile
a 65° C to give cyclohexanol and cyclohexanone. Triphenylphosphine (PPhs) was added
to the reaction products and the GC andysis of this showed a sharp increase in the
concentration of cyclohexanol, while the concentration of cyclohexanone substantialy



reduced. This proves tha  cyclohexane  oxidation  proceeds via the
cyclohexylhydroperoxide (intermediate) formation, which is found to be reduced by PPhs.
Cyclohexylhydroperoxide is short lived and gets decomposed in the chromatographic
column to yield the corresponding acohol and ketone.

Spectroscopic evidence

>V NMR spectroscopy

The catdyss used for investigating the reaction mechanism was Hy[PM0,,VO,g. "H,O. The
51V NMR spectra of the above cataysts was taken in acetonitrile. The spectrum exhibited a
sngle pesk a — 560.41 ppm typical for a mono varedium substituted phosphomolybdic acid as
shown in figurel. Hydrogen peroxide was then added to the above solution and the mixture
refluxed for haf an hour. The solution was then subjected to *'V NMR spectroscopy. This
spectrum showed two peaks one a — 543.4 ppm and the other a& — 641.9 ppm as seen in figure
2. The former is due to the catdyst while the latter may be assgned to the formation of

H4[PMo0;,VO,q] - peroxo compound generated in solution

3C NMR spectroscopy
Oxidation reaction was followed by *C NMR (natura abundance) spectroscopy et

different intervas of time. The 13C NMR spectra of the reaction mixture exhibited pesks

due the formation of reaction intermediates and products (Fig.3). Pesks are observed at

210, 85, 71, 36.96, 31.91, 27.19, 25.87 and 25.32 gpart from the signas arisng from



acetonitrile (2.3 ppm, 119 ppm) and cyclohexane (28 ppm). The signds at 85, 31.91,
27.19,25.32 ppm are assigned to the cyclohexyl hydroperoxide formed during the reaction
[10]. Resonance peaks at 71, 36.96, 25.87 ppm are due to the different carbons of
cyclohexanol, which is the mgjor product formed. The pesks at 210, 43, 25.87 ppm ae
arisng from cyclohexanone formed in the reaction medium.

The 13C spectra were aso taken dter the addition of triphenyl phosphine in the
reaction mixture (Fig.4). The spectrum showed a consderable decrease in the intensties
of the pesks arisng from cyclohexanone. For example, the carbonyl pesk a ~ 210 ppm
was reduced admost to noise leved. This clealy indicates that the formation of
cyclohexanone is supressed in the reaction while cycdohexanol is found to predominantly
exsg in the reaction mixture. There is a decrease in the intengty of the Sgnd a 33.96
and 25 ppm. The disgppearance of pesks a 85 ppm indicates that the cyclohexyl
hydroperoxide formed during the reaction has been reduced by the added
triphenylphosphine.  This goes in accordance with the GC reault that the oxidetion
reaction proceeds through cyclohexyl hydroperoxide formation before the find products
of oxidation are formed.

M echanism
The>V NMR spectra of the catalyst was taken in acetonitrile, which exhibited asingle

resonance a —560.41 ppm (Fig. 3 @) The formation of species|V has been confirmed by
taking the >V spectrum of the catalyst in the presence of hydrogen peroxide without
substrate under identical conditions, which showed signas a —545 ppm and—648 ppm.
The resonance at —527.36 ppm may correspond to smilar vanadium (V) species along
with the oxidation reaction. After a contact time of 1 h, asignd at—637.43 ppm (Fig. 3¢)
appeared, which could be due to other smilar species of vanadium: peroxo having a
different chemica environment. Vanadium peroxo species |V rgpidly undergo one

electron reduction by the loss of one dectron to form V'V



6.4 Conclusons

In this chapter we continued the description of molybdovanadophosphates as catalysts for
cyclohexane oxidation in acetonitrile medium with hydrogen peroxide as oxidant under
homogeneous reaction  conditions.  Oxidation with  higher  sdectivity towards
cyclohexanol has been achieved and a comparison of the efficiency of mono-, di- and tri-
vanadium subdtituted catdysts has been caried out. The reaction mechanism was
established by peforming in situ °V and *C NMR spectroscopy and confirmed that
cyclohexyl hydroperoxide is the active reaction intermediate. The oxidaion sSudy was

extended to other types of hydrocarbons too.



6.5 References

1. M.R. Cramarossa, L. Forti, M.A. Fedotov, L.G. Detusheva, V.A.Likholobov,
L.I. Kuznetsova, G.L.Semin, F.Cavani and F.Trifiro, JMal.Catal., 127 (1997) 85.

2. Y. Matsumoto, M. Asami, M. Hashimoto and M. Misono, JMol.Catd ., 114 (1996)
161.

w

. M. Noritaka, C. Nozaki, |. Kiyoto and M. Misono, JAmM.Chem.Soc., 120 (1998) 9267.

D

. K. Nomiya, H. Yanagibayashi, C. Nozaki, K. Kondoh, E. Hiramatsu and Y. Shimizu,
J. Mol. Catal.,114(1996) 181.

()]

. K. Nomiya, K.Yagishita, Y. Nemoto and T. Kamataki, J. Mol. Catal., 126(1997) 43.

6. M. Misono, N. Mizuno, K. Inumaru, G. Koyano and Xin-Hong Lu,
Stud. Surf. Sci. Catal., 110 (1997) 35.

\l

. N. Kenji, N. Yukihiro, H. Takeshi and M. Shin, JMol.Catd., 152 (2000) 55.
8. G.A. Tdgdinos and C.J. Halada, Inorg. Chem., 7 (1968) 437.
9. Th. llkenhans, B. Herzag, Th.Braun and R. Schlogl, J. Catal.,153 (1995) 275.

10. D.H.R. Barton, S.D.Beviere, C. Warinthorn, E. Csuhai, D. Dario and L. We-guo,
JAmM.Chem.Soc., 114 (1992) 2147.

11. N.A. Alekar, SB. Hdligudi, D. Srinivas, S. Gopinathan and C. Gopinathan,
JMoal.Catd., (2000) In press and references therein.



CHAPTER -7

SYNTHESIS, SPECTRAL

AND SINGLE CRYSTAL

CHRACTERISATION OF
TRISTETRABUTYL AMMONIUM
PHOSPHODODECAMOLYBDATE



7.0 SYNTHESS, SPECTRAL AND SINGLE CRYSTAL
CHARACTERISATION OF TRISTETRABUTYL

AMMONIUM

PHOSPHODODECAMOLY BDATE

7.1 Introduction

7.2 Experimenta
7.3 Reaults and discussion
74  Conclusons

75 References

71 Introduction

Keggin type heteropoly compounds find usage in acid catdyss as they are stable in
solution and solid form. Phosphomolybdic acid H;PM0,,0,, is a potentid and promising
solid acid catayst for homogeneoudy catalysed reactions. In order to heterogenise the
catays tetrabutyl ammonium sdt is prepared and characterized.

The characterisation of tris tetrabutyl ammonium phosphododecamolybdete was carried
out by techniques like CHN, T.G andyss vibraiond spectroscopy, eectronic
spectroscopy. The single crystd andysis was done by X-ray diffraction technique. The
X-ray diffracion dudies reved that the compound has a Keggin like dructure with
tetrahedral PO, group at the center and MoOg octahedra forming a heteropolyanion with
surrounding cationic groups.

7.2 Experimental

7.2.1 Maerids
Phosphomolybdic acid and tetrabutyl ammonium bromide (both from
Loba chemicds, India) were commercidly available samples. Methanol



used was Aldrich grade.
7.2.2 Procedure: Catayst preparation

The tris tetrabutyl ammonium phosphododecamolybdate was prepared by adding excess
solid tetrabutyl ammonium bromide to the agueous solution of  phosphomolybdic acid.
The ydlow precipitate that formed immediately was filtered and washed with cold weter.

Single crysta preparation

The wdl defined prismatic crystas of the metal complex were obtained from a sdution
in methanal.

7.3 Resultsand discussion

Catalyst characterisation

Compostion:

CHN and thermogravimetric analyses have been carried out to obtain the composition and
theemad gability of the compound. CHN andysis results are in agreement with the
composition (TBA); PM0;,040, the observed (calculated) vaues are C = 22.62% (22.6),
H = 4.26% (4.24), N = 1.58% (1.65). TGA and DTG curves of the TBA sat are shown in
Fig. 1. The total weight loss observed a 450 °C (~29%) is comparable to that expected
for the composition (TBA)3 PM0;,040 (29.4%). The compound is stable up to 300 °C and
a two-step weight loss is observed in the 300-450 °C temperature region. The first weight
loss around 335 °C (~13%) corresponds to the loss of two n-butyl units fram the
tetrabutylammonium cation, [(C4Hg)aN]3PM0,,0,49 = [(C4Hg),H.N]3PM0,,0,4, and the
second weight loss a  410°C corresponds to the complete decomposition of the
compound. The two-gtep weight loss indicates relaively longer GN bonds of two of the

n-butyl groups of the n-butylammonium cation in the compound.

Vibrationa spectra



Infrared spectra of the TBA sdt and the free acid are compared in Fig. 2. The four magor
bands observed at ~1060, ~960, ~880 and ~800 cm! in the spectrum of the free acid ae
dueto ny P-O, ns Mo-Oy, ny Mo-Op-Mo, and n,s Mo-O.-Mo vibrations, respectively.
Because of the Dy symmetry of the phosphate group in the free acid [1], only the n; and
n, modes of vibrations of the phosphate group are observed at 1060 and 594 cm'. A
comparison of the spectrum of the st with that of the free acid indicates that the P-O
stretching band a 1060 cm? is affected on sdt formation and some additional bands aso
appear at lower frequencies. Observation of the additional vibrations in this region as well
as the appearance of the n; mode of vibration of the phosphate group a 955 cm! are
indicative of the lowering of the symmetry of the phosphate group on sdt formation.
Additional vibrations are observed at 1107, 1031, 1010 and 980 cmi? in the region of the
ns mode of vibration a 1060 cm™. Sanchez et d [2] have assigned the vibration at ~1030
cm! of polyarysgdline TBA;PMo;,0,, as due to that of the cation. However, it is possible
that the feature at 1031cmi® in the spectrum is from the vibration of the phosphate group
due to lowering of symmetry because of the following reasons, i) a very wesk shoulder a
~1030 cm? is observed in the spectrum of the free acid, ii) Sanchez e d [2] have
observed a very wesk band at 1030 et in the spectra of (NBu,); XMo;,0,, when X =P
only and this band is not observed when X = S, Ge or As (if this band were due to
cationic vibrations, it would have been obsarved in dl the cases), iii) in the case of
smple inorganic phosphates, when the symmetry is lowered to G or C; (as in the case of
LaPO,), very weak bands are observed at 1025, 1010 and 980 cm [3] as in the present
goectrum. Single crystd sudies have indicated that the phosphate group is of C;
symmetry in the TBA sdt (compared to the D,y symmetry in the free acid) and therefore
the prominent wesk band at 1030 cm? observed in the spectrum of the TBA sdt can be

assigned to that of RO vibration. The new band a 740 cm in the spectrum of the TBA



sdt which was dso observed in the spectraof X = P, S, Ge and As in (NBug)3XM012040

by Sanchez et d [2] may be assgned to cationic vibration.

Electronic spectra
The dectronic spectra of the free acid and the TBA sdt are compared in Fig. 3. The

spectral features are identicd, two prominent bands are observed a 229 and 310 nm in
the spectrum of the free acid as wdll as the TBA sat. So and Pope [4] have argued that
the two charge transfer bands in the spectrum of the free acid are relaed to optica
electronegativity difference between meta (Mo) and ligands (O). The two charge transfer
bands are therefore due to a difference in the nature of the metaligand interaction and
one of the charge transfer bands is due to the oxo-type oxygen in the MoOs octahedra
This is the shorter Mo-O bord in the MoOg octahedra and this oxygen is coordinated to
only one Mo aom [1]. The identical spectral features of the free acid and the compound
indicate that the Keggin structure is not much disturbed on the formation of the TBA .

X-ray Diffraction:

The wdl defined prismatic crysds of the metd complex were obtaned by dow
evgpordion from a solution in methanol. X-ray data were collected on a PC controlled
Enraf-Nonius CAD-4 dngle caysd X-ray diffractometer  usng MoKj radiation
(1 =0.70930 A). The sructure was solved by direct method using SHELXS-86 The
orystd belong to triclinic space group P-1 with the unit cell dimensions a = 14.182(2)A
b= 23.832(4) A ,c = 26.355(5) A and a = 96.40(1)°, b = 90.02(1)°, g = 107.30(1)°. The
volume is 8446(2) AS. It has a Keggin like structure with tetrahedral PO, group a the
center and MoO6 octahedra forming a heteropoly anion which is surrounded by three
tetrabutyl ammonium cations can be seen from the packing of the molecules (Fig-4.). The
Keggin anion unit is shown in Fig 5. The dructure was refined usng SHELXL — 97 (2)

which converged to afind R vaue of 0.0784 from 18407 observed reflections.



The dectron-dengty pesks of the tetrabutyl ammonium cations were diffuse, showing
high anisotropic vibration. Due to high thermd parameters of the butyl carbon atoms,
hydrogen atoms were not included.

Crystal Structure of CagHisM 012N 3040P :

The tetrabutyl ammonium group has an extended conformation, with the thermd
parameters increasing progressively aong the chain. It is observed that some of the GN
distances in the tetrabutylanmonium moiety are reatively larger (157(2A) compared to
the other C-N distances (152 A) as seen from Table-1. Themogravimetric andyss
showed a two step weight loss ( Fig.1 ) in the range 300-450 °C. Around 335 °C two nt

butyl units are lost which may be due to the observed difference in C-N bond distances.

Table-1. Comparison of the C-N bond lengths in the tetrabutyl ammonium moiety

Atom A B C D E F
NI-C1 | 151(1) | 151(2) | 151(1) | 1531 | 1522 | 152(2)
NI-C5 | 151(2) | 152(2) | 153(1) | 152(1) | 1532) | 150(1)
NI-C9 | 1572 | 1571 | 1571 | 1551) | 1541) | 157(2)
N1-CI13 | 155(1) | 1522) | 152(1) | 153(1) | 1542 | 153(2)

7.4 Conclusions

The synthesis of the compound tris tetrabutyl ammonium phosphododecamolybdate

was caried out and the sngle crystd isolated for X-ray diffraction sudy. The crysta
belongs to triclinic space group. The crysta has a Keggin dructure with tetrahedrd PO,
group a the center and the MoOg; octahedra forming a heteropoly anion which is
surrounded by three tetrabutyl ammonium cations. Other characterisation techniques such
a IR, UV — Vis gpectroscopy and therma anadyss have been used to confirm the

formetion of Keggin structure.
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81 Introduction

All the three dihydroxy derivetives of benzene are of grest commercid importance.
Caechol is the gdarting product for a series of important fine chemicds for pest
control, pharmaceuticals, and flavours and aromas. The main uses of hydroquinone are
as a photographic developer, polymerization inhibitor, and antioxidant. It is adso an
important intermediate for numerous dyes. Commercidly important Smple derivaives
indude the mono- and di-ethers of hydroquinone in particular, and the akyl
hydroquinones and their ethers. Resorcinol, the meta- isomer, which is in great demand,
is not reported to be formed in the oxidation of phenol with hydrogen peroxide. The
hydroxylation of phenol is a fidd of great chdlenge. The most widdy used
hydroxylating agent is hydrogen peroxide due to its environment friendly nature.
Phenol hydroxylation has been widdy investigated over various cadysts such as
minerad acids, metd ions, metd complexes and supported meta oxides. Titanium
dlicdites such as TS-1, TS-2, Ti-beta, Ti-MCM-41, Ti-ZSM-48, TAPO-5, TAPO-11,
VS-2, etc. [1] have aso been reported for the hydroxylaion of phenol, but dl caidyds

except TS-1 showed low catdytic activity or low product selectivity. Thefirst



commercid process utilizing TS-1 for the hydroxylation of phenol was introduced by
Enichem. In Itdy, Brichima runs a process for the hydroxylation of phenal with
hydrogen peroxide in a 5000 tonper-year plant in the presence of smdl amounts of
iron and cobdt-sdt initiators, phenol is oxidized with 60% hydrogen peroxide a 40°C
in aradica reaction [2]. The ratio of hydroquinone to catechol is between 40 : 60 and
20 : 80, with a total selectivity of over 90% and a phenol conversion of about 20%.The
reection temperature, solvent, molar raio of phenol to hydrogen peroxide, reaction
time, catdys amount and method of hydrogen peroxide addition- dl have been found
to be the mgor factors affecting phenol converson, hydrogen peroxide efficiency and
product sdectivity. Recently it has been reported by Feng-Shou Xiao that a nove
complex oxide, hydrothermdly syntheszed in a Bi,O3V,05-CuO-H,O system is
cadyticdly active for phenol hydroxylaion usng hydrogen peroxide. The results
obtained were comparable to those obtained when TS-1 was used as the catayst, but
the sdectivity was more towards catechol than hydroquinone, the former being the
more desired product. The new catays had a lower surface area than TS-1 and hence
showed a much lager TON, a much longer cadys life than TS-1., cheaper and
efficient recyclability [3]. In another recent paper Feng-Shou Xiao describes a nove
catalyst, copper hydroxyphosphate, Cu,(OH)PO,, as a better cadyst for the
hydroxylation of phenol [4]. Comparative studies suggest that the unusud catdytic
activity of this copper catdyst may be rdaed to the unique structure of hydrothermally
synthesized Cu,(OH)PO ,.

The mono-vanadium  subdituted  phosphomolybdic  anion, mentioned  in
Chapter 5, is cgpable of hydroxylaing benzene, and this work has been extended

to hydroxylation of phenal in this chepter.



8.2 Experimental
8.2.1 Materids
Disodium hydrogen phosphate dodecahydrate, sodium molybdate dihydrate and
sodium meta vanadate (al from M/s Loba Chemie, Mumbai), conc. H,SO, and diethyl
ether were used as received for the preparation of molybdovanadophosphoric acid.
Phenol (M/s. SD.Fine-chem., Mumbai), aqueous 30% H,O, (M/s. EMerck India Ltd,
Mumba) and acetonitrile of high purity were used without further purification. The
exact drength of hydrogen peroxide was determined by redox titration againgt standard
KMnO,. The catalysts were prepared by methods described in Chapter 2.
8.2.2 Procedure
Procedure for the determination of strength of hydrogen peroxide
The peoxide content in the commecdly avalable hydrogen peroxide is
determined by the procedure described in Chapter 5.

Procedure for catalytic run
The liquid phase oxidaion reactions were caried out in a two necked 50 ml round
bottom flask immersed in a themostated oil bath maintaned a 65°C. A typicd
reaction mixture included phenol (1.88 gm, 20 mmol), agueous hydrogen peroxide
(236 gm, 20 mmol), catdyst (0.025 gm, 0.0125 mmol) and 2.10 gm acetonitrile. A
magnetic sirrer was provided to gir the reaction mixture. The reaction mixture was
subjected to GC analysis for product estimation. The effect of reaction parameters like
catalyst concentration, temperature, solvent were on phenol hydroxylation were
dudied. The effect of molybdovanadophosphate sdts with ammonium and tetrabutyl

ammonium groups as the counter cations was studied and compared to that with the



molybdovanadophosphoric  acid  (with proton as the counter cation) for phenol
hydroxylation.

Andyss of products. The liquid products of phenol hydroxylation were anadyzed on
Shimedzu GC-14B using a HP-5 fused column with 30m x 053mx 15 mm film
thickness and F.I.D detector.

8.3 Resultsand discussion

8.3.1 Catdys characterisation

The molybdovanadophosphoric  acids of the kind H,[PM0;,VO,q. nH,O,
Hs[PMO010V2040] .NH,O and H;[PM0gV3040] .NH,O were characterised by therma
andyss, FTIR, UV- Vidble and aomic absorption spectroscopy as described in
chapter 5. The redox activity of vanadium subdituted phosphomolybdic acids was
Sudied by determining the redox potentials of these materids by cydlic voltammetry
and comparing them with phosphomolybdic acid.

Characterisation of [NH,],[PM0;,VO,g] and [(C4Hg),4 N]4 [PM0;,VO,(]

Thermd andyss

The water content in these complexes was determined by thermogravimetric anaysis
(givenin fig.1) performed under the same conditions as the remaining cataysts.
[NH4]4[PM0;1VOy0]

The loss in weight due to water molecules is observed till 120.9°C which is about
542%. This indicates the tota number of water molecules to be » 6. Theresfter the
loss in weight is atributed to the ammonium cation upto 459.1°C. Theredfter the

compound was found to be stable.



[(CaHo)s N]4 [PM0O11VO,(]
The thermogram for this compound displays very low loss mass due to water
molecules. Only 0.31 % weight loss is attributable to water molecules which occurs at
204.2°C. This complex contains only 0.5 water molecules of water. The remaining
dradtic lossin weight is due to the tetrabutyl moiety upto approx. 450°C.
The phosphorus, molybdenum and vanadium content were determined by aomic
absorption spectroscopy,
The microandyss for the sdts containing the ammonium and tetrabutyl ammonium
groups as the counter cations was performed to determine the percentage of carbon,
hydrogen and nitrogen.
Tota eemental content was found as follows:
NH4[PMo,,VO,g]: Nitrogen 2.76(2.86), Hydrogen 1.39(1.41), Phosphorus 1.38(1.58),
Molybdenum 52.87(53.97), Vanadium 2.3(2.60), Oxygen 36.99(37.54)
[(C4Hg)sN]4[PM0,,VO,o]: Carbon 27.78(27.88), Hydrogen 5.20(5.26), Nitrogen
2.01(2.03), Phosphorus 1.10(1.12), Molybdenum 38.30(38.31), Vanadium 1.79(1.84),
Oxygen 23.42(23.52).

The vaues in brackets are the calculated %o.

I nfrared red spectr oscopy
NH4[P|\/| 011VO40]
Theinfrared spectrum of thiscomplex isalmost similar to
that of the
molybdovanadophosphoric acid except that an extra peak is
observed at 3220.9 cm* indicative of the N-H bond

stretching.
[(C4Hg)aNJu[PM0O;,VO 4]

This compound shows bands peculiar to the Keggin anionic framework betwean the



1100 — 700 cm'* range with a shoulder observed on the 1056.9 cmi* band indicating

the incorporation of vanadium into the framework as showninfig.2.



Cyclic voltammetry study

The cydic voltammograms of phosphomolybdic acid and the mono vanadium
substituted phosphomolybdic acid [both 1x 103mol dm?®] were taken in 50 % (V/v)

water—acetonitrile  medium containing 05 mol dm® H,SO, as the supporting
eectrolyte. A glassy cabon dectrode, a plainum wire and a saturated caomel
electrode were used as working, counter and reference eectrodes respectively. The
voltammograms were recorded at ambient temperatures.

For phosphomolybdates it is difficult to obtain wel — defined redox waves in cydlic

voltammetry in aqueaus dectrolytes, due to the easy hydrolysis of HzPMo;2040.
Hence the complex is dabilised by addition of comparatively large amounts of
organic solvents. Thus the voltammogram is usudly meesured in mixed organic-
aqueous solvents containing acids.

In case of H;[PMo,,0,] three redox couple were observed when the voltammograms
were scanned from the potential range +0.6 to — 0.3 V at three scan rates i.e., 50, 100
and 200 mV/ seconds. The difference between the E,c and E, is nearly equd to 60
mv which corresponds to a one dectron reduction which is observed at dl the three
successive redox couple. The cathodic and anodic pesk potentias (E,. and E,, ) were
found to be invariant with scan rate. Representative cyclic voltammetry data for 100
mv/ second run is given in table-1. The E;, (hdf wave potentids) vaues were
cdculated as the average of the cathodic and anodic pesk potentids for the oxidative

and reductive waves. The ratios of cathodic and anodic peak currents were close to

unity. The plos of cathodic pesk currents v/s square root of scan rate passed through
the origin suggesting that the process is diffuson controlled. The vaues are presented

in table —1 and voltammogramsin fig. 3.



Table—1

Cydlic voltammetry datafor H;PM0,,0,,

Redox Cathodic Anodic Hdf
Couple Peak Peak Wave
Potentia Potentid Potential
Eoc (inV) Epa(inV) Eio (inV)
I +0.28 +0.22 +0.25
[ +0.16 +0.11 +0.135
M1 -0.08 -0.12 -0.10

Experimenta conditions ; Working dectrode: Glassy carbon,

Counter eectrode; Pt wire, Reference eectrode Saturated calomd e ectrode,

Potentid range: +0.6 to —0.3V. Current: 100mA. Scale: X axis = 100mv/cm

Y axis= 250 mv/cm. +1VFS.
Cycdlic voltammetry of molybdovanadophosphoric acid
Subgtitution of one molybdenum in the anionic framework by vanadium changes the
naure of cydic votammogram. The cydic voltanmery experiment of
molybdovanadophosphoric acid was carried out under the same conditions as that for
phosphomolybdic acid except that the potential sweep was conducted from +0.6 to —
0.4V for the former complex.
No clear voltammogram was obtained for the vanadium subdituted complex & a
lower scan rate of 50 mv/sec. But a well defined voltanmmogram was obtained at
higher scan rates of 100 and 200 mv/sec. At these scan rates a fla wave like feature
appears & +0.45 V with its andogues redox couple a +0.40 V. The introduction of
vanadium into the complex has shifted the redox potentid vaues to a more podtive
position. The standard eectrode potential for the V°*/V4* redox couple in acidic pH

(3 —3.5) is +0.48V vs SCE. Techniques like >V NMR and ESR spectroscopy confirm

the presence of both the oxidation Sates for the vanadium in the as synthesized



samples.  The Pourbaix diagram aso indicates the presence of VO?* and VO, a
such low pH values (upto 4).
The rest of the peeks in this voltammogram are present as redox couple as given in

table-2. The vaues of redox potentids for these pesks maich for the molybdenum

gpeciesin the complex.

Table—1(a)
Cyclic voltammetry datafor H,PM0,,VO,q
Redox Cathodic Anodic Hdf
Couple Peak Peak Wave
Potentia Potentia Potentia
Epc (inV) Epa (inV) Eqip (iNV)
[ +0.45 +0.40 +0.425
I +0.28 +0.11 +0.325
[l -0.08 -0.10 -0.09

Experimenta conditions, Working ectrode: Glassy carbon,

Counter dectrode: Pt wire, Reference eectrode: Saturated calomel eectrode.
Potentia range: +0.6 to —0.4V. Current: 100mA. Scale; X axis = 100mv/cm
Y axis= 250 mv/cm. +1VFS,

832 Cadytic activity

After the benzene hydroxylation dtudies, the catdytic activity of the mono, di and tri
vanadium subgtituted phosphomolybdic acids was extended to subdrates like phenal.
The reaction when peformed under the conditions mentioned in the experimenta
section gave afairly good phenol conversion as given in table —2.

Table—2
Catdytic activity of Hs,, [PMO0O15., V, Oyl
for phenol hydroxylation



Cadyst % Phenal % Product selectivity TON
conversion Catechol Hydroquinone | PBQ*

PMo;1V 1747 38.13 60.31 1.56 279

PMoyoV2 16.34 34.48 63.63 1.89 261

PMogV5 14.15 32.56 64.88 2.56 226

Conditions : Phenal (0.02 M), H,O, (0.02M), Catayst (0.0125mM), Acetonitrile
(2.1 gm), Temperature (65°C) and TON : Turn over number (mol substrate
consumed per mol catalyst), Reection time (1hr).

PBQ = Para benzoquinone

It is agan seen that the mono vanadium substituted
phosphomolybdic acid is the best performing of the above tabulated
catalysts. The selectivity to para benzoquinone, the oxidation product
of hydroquinone increases with the number of vanadium atoms in the
catalys.

The effect of reaction parameters like catayst concentration,
temperature, solvent were on phenol hydroxylation were studied. The
effect of nature of counter cation was aso studied. All the above
mentioned factors were studied with PM011V as the catays.

No phenol hydroxylation occurred in the absence of a catalyst.
There is no product formation in the absence of vanadium in the
anionic framework of the phosphomolybdates. This suggests that
vanadium is the active center for the catalytic reaction.

Effect of catalyst concentration
The catalyst concentration plays an important in the hydroxylation
reaction. The substrate to catdyst molar ratio was 1600 for the
reaction performed under conditions mentioned in table —2 which
gave 17.47 % phenol conversion. The selectivity to the products i.e.
catechol and hydroquinone was calculated to be 38.13 and 60.31 %
respectively. The ratio was then reduced to 800. A net reduction in
the value of phenol converson was observed with increase in the
concentration of the catayst. A further reduction in the cataytic
activity was observed when the ratio was reduced to 400 or the
concentration of the catalyst was increased four times as in the initial
reaction. The selectivity to para benzoquinone was found to increase
with the catalyst concentration. The remaining reaction conditions




were kept the same as given in table —2. So it was observed that the
substrate conversion values reduced with the increase in the catalyst
concentration which may be due to the fact that the rate of
decomposition of hydrogen peroxide exceeds the process of

oxidation. These results are tabulated below in table- 3.
Table—3

Effect of catdyst concentration on phenol hydroxylation

Subdtrate: % Phenal % Product sdlectivity

Cadyst conversion _
(molar ratio) Catechol Hydroquinone | PBQ

TON

1600 17.47 38.13 60.31 1.56

279

800 10.96 28.29 69.46 2.25

400 5.87 13.07 83.91 3.02

87

23

Effect of temperature

The temperature dependence on the hydroxylation of phenol was
studied by performing the reaction at room temperature (35°C), 65°C
and 80°C. No products were formed at room temperature when the
reaction was kept for two hours. As mentioned above about 17.5 %
phenol conversion was obtained at 65°C but the conversion level
dropped to 14.16% when the reaction temperature was increased to
80°C. It is interesting to note that the selectivity to the para product
increased with temperature. The decrease in the reactivity with
temperature may be attributed to the decomposition of hydrogen
peroxide. The substrate phenol gave more sdectivity to para
benzoquinone at 80°C. These results are given in table— 4.

Table— 4
Effect of temperature on phenol hydroxylation

o .
C) converson Catechol | Hydroquinone | PBQ

Temperature | % Phenol % Product selectivity TON

35

65 17.47 38.13 60.31 1.56

279

80 14.16 19.33 76.77 3.90

226




Effect of counter cations

Compounds containing ammonium and tetrabutyl ammonium
groups as the counter cation and a single vanadium atom substituted
in the anionic framework were used as catalysts for phenol
hydroxylation. Their catadytic activity was compared with complex
containing proton as the counter cation. The former two compounds
exhibited dightly lower activity compared to the acid (with proton

as the cation). This suggests that Bronsted acidity is needed for
phenol hydroxylation reaction, which decreases with sdts containing
ammonium and tetrabutyl ammonium groups as the counter cations.
Theresults are given in table— 5
Table—-5
Effect of nature of counter cation on

phenol hydroxylation

Counter | % Phenol % Product sdlectivity TON
Cdion | converson Catechol Hydroquinone PBQ
H* 17.47 38.13 60.31 1.56 279
NH,* 14.85 38.43 60.58 0.99 237
NBu,, 14.72 40.11 59.0 0.89 235

8.4 Conclusions

We dexcribed in this chepter efficient phenol hydroxylaion to catechol and
hydrogquinone and minor quantities of para benzoguinone with vanadium
subgtituted  phosphomolybdates in  different  reaction conditions, accomplished
with hydrogen peroxide as the oxidant. The effect of different counter cations has
been dudied on phenol hydroxylation. The redox chemistry of vanadium
subgtituted phosphomolybdates in the presence of hydrogen peroxide has been
sudied by cydlic voltammetry.
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SUMMARY

A novd class of heteropoly compounds, namdy those of the Keggin dructure, has
atracted world wide attention as potentiad catdysts for organic reactions. The complexes
with Keggin dructure have the generd formula [XM12040]" where X is the centrd /
hetero aaom M is the metal / addenda atom and n is the charge on the anion. The basic
sructure of Keggin type of heteropoly compounds consists of a tetrahedron with the
hetero atom at its center surrounded by twelve octahedra in four sets. Each s&t contains
three octahedral units. These odahedra are linked to each other and to the centra
tetrahedra through metal oxygen bond linkages. The synthess of this class of compounds
can be talored in a fashion suited for goplication in a particular reaction. Heteropoly
compounds containing protors as the counter cation are known to be very strong acids
having Bronsted type of acidity. Their acid drength is found to be grester than that of the
minera acids. Specid properties associated with them like therma  sability, ease in
synthess and handling, high sdectivity and good solubility facilitate ther use in add
catalysed reactions.

The subditution of one or more metd aoms by another trandtion metd provides
oxidation propety to these compounds. The solubility of these trangtion metd
subgtituted polyoxometdates, (T.M.SP as they are caled), can be controlled by sdlecting
an gppropriate counter cation. The most common counter cetions include protons, akali
metas, akyl ammonium groups, trangtion metds, etc. These compounds can be used
under both homogeneous and heterogeneous reaction conditions with a wide variety of

oxidants.

In the present work we have studied the oxidation properties of the Keggin



compounds

and utilized them as catdysts in liquid phase oxidation reactions. The study
has been conveniently divided into eight chapters.

Chapter-1 : Introduction

After a brief information about the different types of heteropoly compounds,
an account of the history of Keggin type heteropoly comlpexesis given. This
is followed by the system of nomenclature, structural details and genera
properties of this class of polyoxometaates. The genera methods of
synthesis and characterization of these compounds are described in this
chapter. The catalytic behaviour of Keggin heteropoly compounds with
gpecid emphasis being laid on the oxidation properties is discussed
thereafter. An outline of the proposed work is aso mentioned.

Chapter-2 : Experimental

In this chapter we discuss the synthess of trandtion metd subdtituted heteropoly
compounds. Preparation of the potassum sdt of mono titanium  subdtituted
phosphotungstates is described which is followed by the disubdtituted titanium complexes
with tetrabutyl ammonium and dimethyl phenylbenzyl ammonium groups as the counter
caions. The synthess mehod for the potassum sdt of dititanium  subgtituted
phosphotungstate supported on silica (10% w/w) is aso described.

We have incorporated other trandtion metas like cobdt, copper and manganese in the

dlicotungstate lacunary framework and have aso converted them to potassum sdts. The



chapter describes preparatory methods for the vanadium subgtituted phosphomolybdates
having protons, anmonium and tetra akyl ammonium groups as the counter cation.

The chapter dso includes detaills of various characterization techniques used while
working on the heteropoly compounds. The andyticd techniques employed include

micro andys's and atomic absorption spectroscopy. Physical techniques include

infrared, ultraviolet- visble and nuclear magnetic resonance spectroscopy to confirm the
formation of the Keggin dructure in the synthesized catdyst. Electron spin resonance
spectroscopy was used as a tool to establish the oxidation state of the incorporated
trangtion metd and the rdaive changes that occur during the reaction. The water content
in the compounds was edimated by carying out thermogravimetric andyss. The
electrochemica properties of the vanadium substituted compounds were studied by cyclic
voltammetry.

Chapter-3 : Olefin oxidation

This chapter describes oxidation of olefins such as cyclohexene and styrene.
We have explained the role of isobutyraldehyde as reductant in the presence
of titanium subgstituted phosphotungstates for the selective oxidation to
epoxide dong with the formation of some minor products in small quantities.
Thus cyclohexene is oxidized to cyclohexene oxide in good yields aong
with traces of dlylic oxidation products. Styrene is sdlectively oxidized to
styrene oxide with the formation of oxidative cleavage product, i.e.,
benzaldehyde. The radica mechanism of the reaction is confirmed by the
addition of aradical scavenger.

Chapter-4 : Oxidation of p-xylene



The oxidation of p-xylene is an indudridly important chemicad reaction. The production
of terephthdic acid from p-xylene is achieved in industry usng an homogeneous cobdt -
manganese based catdyst with bromine compounds as promotors in acetic acid medium.
In this chapter we discuss the utility of cobdt, manganese and copper substituted
dlicotungdates as cadyds in p-xylene oxidaion in agueous medium with ar as oxidant.
The advantage of our system is that it has been performed under mild and non-corrosive
conditions. The product obtained in the firs stage of oxidation is p-toluic acid, which is

an intermediate in the formation of terephthalic acid.

Chapter-5 : Benzene hydroxylation

In this chepter we <hift the atention to the use of vanadium subgtituted
phosphomolybdates as efficient oxidation catadysts under homogeneous reaction
conditions with hydrogen peroxide as the source of oxygen. Here we discuss an efficient
benzene hydroxylation process with high yields of phenol under the reaction conditions.
The reaction kinetics was performed and the mechanism confirmed by UV-Vis and ESR
Sspectrosoopy.

Chapter-6 : Cyclohexane oxidation

In this chapter we continue the description of molybdovanadophosphates as catdysts for
cyclohexane oxidaion in acetonitrile medium with hydrogen peroxide as oxidant under
homogeneous  reaction  conditions.  Oxidaion with higher Sdectivity towards
cyclohexanal has been achieved and a comparison of the efficiency of mono-, di- and tri-
vanadium subdtituted catdysts has been caried out. The reaction mechanism was
confirmed by performing in situ >V and :3C NMR spectroscopy.

Chapter-7 : Synthesis, spectral and single crystal characterisation of tris tetrabutyl

ammonium phosphododecamolybdate



The synthesis of the title compound was carried out and the single crystd isolated for X
ray diffraction study. The crystd beongs to triclinic space group. The cystd has a
Keggin dructure with tetrahedra PO, group at the center and the MoOg octahedra
forming a heteropoly anion which is surrounded by three tetrabutyl ammonium cations.
Other characterisation techniques such as IR, UV — Vis spectroscopy and thermd andysis
have been used to confirm the Keggin structure.

Chapter-8 : Phenol hydroxylation

We describe in this chapter phenol hydroxylation to catechol and hydroquinone with

gndl quantities of para benzoquinone usng vanadium substituted phosphomolybdates in
different reaction conditions, accomplished with hydrogen peroxide as the oxidant. The
effect of different counter cations has been studied on phenol hydroxylation. The redox
chemidry of vanadium subgituted phosphomolybdates has been sudied by cydlic
voltammetry.

Conclusion

The theds briefly mentions the mgor findings of the sudy followed by logicd
conclusons derived from it. This sudy mainly includes liquid phase oxidetion of organic
substrates. We have laid emphasis on the reaction mechanism which is aptly supported by
spectroscopic evidence. Thus the successful utilization of these compounds as oxidation

cataysts promises a bright and a promising future for this class of compounds.






