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Synthesis and Exploration of Catalytic and Biochemical Aspects 

of Molybdenum Complexes in Macroligand Environment 

ABSTRACT 

The thesis presents an account of the findings of investigation on synthesis, 

characterization and catalytic activity of some new peroxide containing macro complexes 

of molybdenum(VI), immobilized on polymer supports. The thesis also deals with the 

studies on interaction of the water soluble polymeric compounds with certain enzymes. 

The contents of the thesis have been distributed over seven chapters. 

Chapter 1 gives a general introduction describing the outline and scope of the 

present study in the light of known chemistry and biochemistry of molybdenum in 

general, peroxomolybdenum(VI) (PMo) compounds in particular. The advantages 

associated with immobilization of metal complexes on insoluble cross-linked resin as 

well as water soluble polymers are being highlighted. Attention has been drawn to the 

fact that there is a dearth of information on preparation and application of well-defined 

polymer supported peroxometallates, despite the enormous progress in the field of metal 

containing polymers. 

In Chapter 2, details regarding the materials used and techniques employed for 

characterization of compounds are presented. Reaction protocols used for evaluation of 

catalytic activity of the macro complexes as well as, methods for investigating effect of 

the compounds on various enzyme functions are given. 

Chapter 3 deals with the synthesis of dioxomonoperoxo compounds of 

molybdenum(VI) immobilized on amino acid functionalized Merrifield resin of the type 

[Mo02(02)(L)2t-MR [L = valine (MRVMo) (3.1) or alanine (MRAMo) (3.2) and 
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MR = Merrifield resin]. The fun! tionalized polymers, MRV and MRA were prepared by 

reacting the chloromethylated pOl rstyrene cross-linked with 2% DVB with the respective 

amino acid in methanol and using )yridine as a base. The reaction of MRV or MRA with 

H2Mo04 in presence of 30% H202 liforded the compounds MRVMo (3.1) and MRAMo 

(3.2). 

Preparation and characterization of a new supported complex [M002(02)(CN)2]

PAN [PAN = poly(acrylonitrile)] (PANMo) (3.3) is also reported herein. Synthesis was 

achieved by reacting H2Mo04 with 30% H20 2 and the macromolecuHir ligand, PAN at 

near neutral pH. 

The synthesized compounds were characterized by elemental analysis (CHN, 

AAS and energy dispersive X-ray spectroscopy), spectral studies (UV-Vis, IR, \3C NMR 

and 95Mo NMR), thermal (TGA) as well as scanning electron micrographs (SEM). A 

structural feature common to each of the immobilized compound was observed to be the 

presence ofpMo species in its dioxomonoperoxo form. In the compounds, MRVMo (3.1) 

and MRAMo (3.2), the pMo moieties are unidentately co-ordinated via 0 (carboxylate) 

atoms of the pendant amino acid ligands. In case of the compound P ANMo (3.3), the 

pMo moieties are anchored to the polymeric chain through N atom of nitrile groups. All 

these compounds are stable and non-hygroscopic in the solid state and can be stored dry 

in closed containers at < 30°C. 

In Chapter 4, facile synthesis of a family of peroxomolybdate(VI) complexes 

attached to water soluble polymeric matrices such as poly(acrylate), poly(methacrylate), 

poly(acrylamide) and poly(vinylsulfonate) are described. The one-pot synthesis of the 

compounds was achieved under fairly mild reaction condition by reacting H2Mo04 with 

30% H20 2 and the respective water soluble macromolecular ligand at pH ca. 5. In 
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addition, it was essential to maintain the temperature at S 4 °c and the required time (1 h) 

and limiting water to that contributed by 30% H20 2 and alkali hydroxide solution. 

The characterization of the compounds were primarily achieved by elemental 

analysis, spectral studies and other physico-chemical techniques as described under 

Chapter 3. It is noteworthy that in the soluble macrocomplexes, pMo groups are bound to 

the polymer chain as oxodiperoxo moieties, [M0202(02)4(carboxylate)]-PA [PA = 

poly(sodium acrylate)] (PAMo) (4.1), [MoO(02)2(carboxylate)]-PMA [PMA = 

poly(sodium methacrylate)] (PMAMo) (4.2), [MoO(02)2(amide)]-PAm [PAm = 

poly(acrylamide)] (PAmMo) (4.3) and [MoO(02)2(sulfonate)]-PS [PS = poly(sodium 

vinyl sulfonate)] (PSMo) (4.4), in contrast to the compounds immobilized on insoluble 

polymers, where they occur as oxomonoperoxomolybdenum(VI) species. In the 

compounds, PMAMo (4.2), P AmMo (4.3) or PSMo (4.4), the monomeric pMo units are 

linked to the polymer chain via unidentately co-ordinated 0 (carboxylate), N (amide) or 

o (sulfonate) atoms respectively whereas, in PAMo (4.1), a bridged bidentate co

ordination of the pendant carboxylate group leads to formation of dimeric tetraperoxo 

molybdate structure. 

Chapter 5 comprises of two sections. In Section A, the findings of our 

investigation on activity of insoluble pMo compounds, [Mo02(02)(valine)2t-MR (3.1), 

[Mo02(02)(alanine)2f--MR (3.2) and [M002(02)(CN)2]-PAN (3.3) as efficient 

heterogeneous catalysts ill selective oxidation of organic sulfides and 

dibenzothiophene(DBT) with H20 2 as terminal oxidant have been documented. The water 

soluble complexes, [M020 2(02)4(carboxylate)]-PA (4.1), [MoO(02)2(carboxylate)]-PMA 

(4.2), [MoO(02)2(amide)]-PAm (4.3) and [MoO(02)2(sulfonate)]-PS (4.4), on the other 

hand served as homogeneous catalysts in sulfide oxidation and the results are 

incorporated in Section B. 
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A series of structurally diverse sulfides and dibenzothiophene (DBT) undergo 

clean and selective oxidation to sulfoxide or sulfone by H202, at room temperature with 

high turnover frequency (TOF), under adjusted reaction conditions in presence of each of 

the polymer bound pMo compounds used as catalyst. The synthetic protocols are 

operationally simple, high yielding, halogen free and environmentally acceptable. All the 

catalysts, irrespective of being heterogeneous or. homogeneous, showed excellent 

chemoselectivity towards sulfur group of substituted sulfides with oxidation prone 

functional groups such as allylic, vinylic, benzylic or alcoholic groups. The 

heterogeneous catalysts, 3.1-3.3 could be regenerated and reused for at least up to six 

cycles of reaction without loss of their catalytic activity as well as product selectivity. 

Catalytic activity of the homogeneous catalysts, 4.1-4.4, on the other hand gradually 

decreases with increasing number of cycles. The data obtained from the study thus 

demonstrated that the heterogeneous catalysts exhibit superior catalytic activity over 

homogeneous analogues both in terms of yield as well as recyclability. 

Chapter 6, which is distributed over two sections, describes the activity of the 

supported pMo complexes in oxidative bromination of organic substrates. The results 

included in Section A demonstrated that the polymer supported complexes 

[Mo02(02)(valineht-MR (3.1), [Mo02(02)(alanine)2t-MR (3.2) and 

[M002(02)(CN)2]-PAN (3.3) with monoperoxomolybdate ,moieties heterogeneously 

catalyzed the oxidative bromination of a variety of activated aromatics to afford the 

corresponding bromo organics in presence of H202, in impressive yield. The reaction 

takes place under environmentally clean condition in aqueous-organic medium, at 

ambient temperature with KBr or Et4NBr as bromide source, instead of elemental 

bromine. The catalysts could be easily recovered and reused for subsequent reaction 

cycles. 
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It is noteworthy that the water soluble polymeric compounds with 

diperoxomolybdate species 4.1-4.4, as apparent from the data presented in Section B, 

could also efficiently mediate oxidative bromination of organic substrates in absence of 

H20 2 m aqueous-organic media, in contrast to the insoluble supported 

monoperoxomolybdenum complexes, 3.1-3.3 which were ineffective in bromination on 

their own. 

The bromination activity of supported pMo compounds, 3.1-3.3 and 4.1-4.4 in 

water was explored as well, by using method of de Boer et al. with phenol red as 

substrate. The reaction was monitored spectrophotometrically as the product 

bromophenol blue was formed with absorption at 592 nm with a gradual decrease in 

absorbance of the peak at 433 nm due to loss of phenol red. The homogeneous pMo 

compounds, 4.1-4.4 can stoichiometrically brominate phenol red by utilizing half of its 

coordinated peroxides under physiological pH, an essential requirement of a biomimetic 

model. A mechanistic pathway has been proposed based on the above results. 

"-

In Chapter 7, the results of our investigation on some of the biologically 

important activities of the water soluble polymer bound complexes, 4.1-4.4 and free 

monomenc compounds, [MoO(02)2(glycine)(H20)] (DMo1) (7.1) and 

[MoO(02)2(asparagine)(H20)] (DMo2) (7.2), are documented. We endeavoured to draw 

comparison between the two types of pMo compounds, macro as well as neat, with 

respect to their tested properties. The effect of catalase, the ubiquitous enzyme that 

catalyze the degradation of H202 in the intercellular peroxisomes, on the pMo compounds 

have been examined. From the rates of degradation of the compounds under the effect of 

catalase, it was clear that the polymer bound pMo species were nearly 100 fold weaker as 

substrate to catalase compared to its natural substrate H202. On the other hand, the 

monomeric pMo complexes, DMol (7.1) and DMo2 (7.2) were observed to undergo rapid 
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degradation, with loss of peroxide within approximately 5 mm of incubation with 

catalase. The relatively higher resistance of the peroxomolybdenum moiety in the macro 

ligand environment to catalase action is likely to be a consequence of additional stability 

imparted to the compounds by the polymeric support through immobilization. 

The stability of water soluble polymer bound pMo compounds, PAMo (4.1), 

PMAMo (4.2), P AmMo (4.3) and PSMo (4.4) has been examined in solution of a wide 

range of pH values. The evidences gathered by determining their peroxide content, 

monitoring the absorbances in the electronic spectra as well as J3C and 9SMo NMR at 

specified time intervals, revealed that the compounds remain stable in solution of acidic 

as well as higher pH for at least 12 h. 

It has been observed that pMo compounds are potent inhibitors of membrane 

associated phosphohydrolases: alkaline phosphatase (ALP) and acid phosphatase (ACP). 

The enzyme inhibitory effects of the compounds were studied by using standard enzyme 

assay systems with p-nitrophenyl phosphate (P-NPP) as substrate. Glycine buffer (PH 

=10.0) and acetate buffer (PH = 4.6) were used in assays for ALP and ACP, respectively. 

The half-maximal inhibitory concentration (lCso) for each inhibitor were graphically 

determined which gave rise to a 50% suppression of the original enzyme activity and 

kinetic parameters (Vrnax and Krn) were determined by using Lineweaver-Burk plots. The 

two classes of compounds with their ICso and K. values varying in the range of < 2 IlM 

(for ACP) to 50 IlM (for ALP) exhibit distinct mechanistic preferences as phosphatase 

inhibitors. The polymer bound pMo complexes, 4.1-4.4 behave as classical non

competitive inhibitors whereas the neat mononuclear pMo complexes, DMo l (7.1) and 

DMo2 (7.2) are mixed type of inhibitors of ALP and ACP. The two classes of enzymes 

however, responded differently towards the inhibitor species as evident from the ICso and 



V111 

K, values, which were more than 20 orders of magnitude lower for ACP than those 

observed for ALP. 

The major part of the results of studies described in Chapters 3-7 have been 

published and the rest is under communication. 
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INTRODUCTION 



1.1 Preamble 

Modification of organic polymers by attaching transition metal complexes 

constitutes one of the most thriving areas of current research. Materials with unique 

properties are usually obtained by having a metal complex or a metal as part of a 

macromolecule. 1
-
6 Anchoring of peroxometallates to water soluble polymers has recently 

been recognized as a promising new field. 7 Peroxo complexes have been for the past 

several decades object of intense investigation, due to their potential catalytic, 

biochemical and therapeutic applications.8
-
14 A facile route to newer members of 

peroxometal containing macromolecules opens the possibility of finding novel catalysts 

and biologically active agents. The work presented in this thesis is therefore, focused on 

synthesis, characterization and exploration of biochemical as well as catalytic activity of 

some new peroxide containing macrocomplexes of molybdenum (VI). 

In this Chapter we present a concise review of the following interrelated areas 

relevant to the work embodied in the thesis: 

(i) Immobilization of metal complexes on insoluble cross-linked resin as well as 

water soluble polymer matrices. 

(ii) Selected aspects of molybdenum co-ordination chemistry and biological 

significance of Mo and its compounds. 

(iii) Peroxo compounds of molybdenum - chemistry, importance in catalysis and 

their biochemical relevance. 
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CHAPTER 1 

1.2 Metals and metal complexes bound to macromolecules - General aspects 

Anchoring of an active transition metal complex to a functionalized polymer is 

fascinating from the perspective of designing effective catalysts as well as modeling of 

complex biomolecules and bioprocesses. Polymers containing metals or metal complexes 

have emerged as a new generation of material in the light of their extensive applications 

in diversified fields including, catalysis, medicine, ecology, hydrometallurgy, ultra-high 

strength and superconducting materials, liquid crystals, electronics device and waste water 

treatment. 1-6,15,16 

Besides carbon, the mam elements in chain or network forming organic 

macromolecules are 0, N, P, Sand Si. 17 Organic macromolecules are generally limited in 

most cases by their low thermal stability and relatively weak ability to take part in such 

important processes as binding interactions, activation of small molecules, electron 

transfer processes and therapeutic effects. 17 Therefore, development of new materials 

incorporating other elements is of fundamental importance. Various combinations of 

metal complexes or metals with organic, inorganic and semi-organic macromolecules 

exist. 17 Several methods have been employed for this purpose such as adsorption, 

encapsulation, covalent and coordination bonding and ion exchange and gel 

immobilization. 19,20 

The polymeric matrix may bind with the metal complexes either through 

monodentate binding or by either intra or inter polydentate binding. The polymer support 

usually contributes to coordination unsaturation of a central metal ion and at the same 

time prevents aggregation of active sites, and must be chemically and thermally stable. 19 

Diverse approaches to prepare polymer supported complexes as well as a variety of 

names for supporting processes such as immobilization, anchoring, attachment 
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"heterogenization of homogeneous complexes" have been proposed. 19 According to the 

classification proposed by Wohler, a metal complex21 or metal can be part of a 

macromolecular chain or network by any of the following ways: 

Type I: Binding of metals at a macromolecule - "Macromolecular Metal 

Complexes" 

In this type, as shown in Fig. 1.1, a metal ion, a metal complex or metal chelate is 

attached to a linear or cross-linked organic polymer via a covalent, a coordinative (at the 

metal), a complex (at the ligand of the complex), an ionic or n-type bonds (Fig. 1.1) to 

form the macromolar metal complex. Besides these, binding at the surface of a carrier or 

the end group of a macromolecule are other possible modes of attachment of the metal to 

the polymer. 

Type II: Ligand of metal complexes as part of a macromolecular chain -

"Ligand Macromolecular Complexes" 

This class of macromolecular metal complexes (Fig. 1.2) can be obtained by 

I 

polyreactions of either a multifunctional ligand/metal complex or a multifunctional ligand 

metal complex precursor. Instead of direct synthesis of polymer metal complexes from 

low molecular precursors, a macromolecular ligand can be prepared first which is then 

metallated in a second step. 

Type III: Metal complexes or metals as part of a linear or crosslinked 

macromolecule via the metal- "Metal Macromolecular Complexes" 

In this type, homo chain or heterochain polymers with covalent bonds to the metal, 

coordinative bonds between metal ions and a polyfunctional ligand (coordination 
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polymers), n-complexes in the main chain with a metal, cofacially stacked polymer metal 

complexes and different types (polycatenanes, polyrotaxanes, dendrimers with metals) are 

dealt (Fig. 1.3). 

Type IV: "Macromolecule Incorporated Metal Complexes" 

New composite materials have been synthesized by physical incorporation and 

stabilization of metal clusters or metal complexes in macromolecular environment (Fig. 1.4) 

and have become an important field. 

...tVVVV'VVVV' 

~ 
VV'VVVVVVV' ..rvvvvvvvv ~Q~ I I I 

A L CR B· 

I t K'L 
M+Xn-l 

MXo_1 \1 MXo 
Covalent MXO-I 

Coordinative Ionic type type Complex/Chelate 
type type 

Fig. 1.1 Type I: Metal ions, complexes, chelates at macromolecules.21 

----~----
Ligand part of 
a linear chain 

, , 

----~---
~ , , , , 

Ligand part of 
a network 

MXo 

1t-type 

Fig. 1.2 Type II: Ligand of metal complexes, chelates as part of linear or crosslinked 

macromolecules.21 
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------xf--xf-
-------6----6-- ------~--€J'--
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a linear chain Metal part of 

a network 

Fig. 1.3 Type III: Metals as part of a linear chain or network.21 

Physical incorporation 

Fig. 1.4 Type IV: Physical incorporation of metal complexes, chelates.21 

CHAPTER 1 

Different polymeric materials, natural and synthetic, prepared both by addition 

and condensation polymerization, are reported as matrices to anchor complexes (Table 1.1). 

The great variety of possible combinations of metal complexes with the available 

macro ligands are summarized in Table 1.1. The interaction of metal complexes MXn to 

macromolecule may occur either through monodentate binding or by either intra or inter 

polydentate binding. In the case of linear or branched organic polymer the 

macromolecular metal complexes are soluble in organic solvents and their structure can 

be identified rather easily. The solubility of bridged macromolecular metal complexes 

decreases and they are more stable and have less defined structure. The complexes with 

intermolecular bridge bonds are insoluble and difficult to characterize. The active 

transition metal complex may be supported on insoluble or soluble polymeric supports as 

discussed below in section 1.2.1 and 1.2.2 with each type of the support being associated 

with some advantages as well as disadvantages. 
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Table 1.1 The summary of combinations of metal complexes and macro ligands, as well 
as catalyzed reactions most commonly used in practice22 

Polymer support Functional MXn Catalysed reaction 
group 

Phosphinated CSDVB -PPh2 RhCl(PPh3) Hydrogenation 
[CODRhClh 
Rh(CO)2(PPh3h 
PdCb(PPh3) Hydroformylation 
RuCb(CO)2(PPh 
3)3 

RhHCO(PPh3)3 Deuteriumlhydrogen 
[COdRhClh exchange 
Cocb(PPh3 Isomerisation 
Mo(COh(PPh)2 o ligomerisation 
Fe(CO)4PPh3 Cyclooligomerisation 

CSDVB Dipy Pd(OCOCH3)2 Hydrogenation 
Cp CpTiCh 
NH2CH2C Pt(PhCN)2Cl 
H2NH2 

PA - Ni(napht) PhA hydrogenation 
PEVSi02 NH Pdv nitrobenzene 
PE-gr-P4VP Py PdCb(PhCN2) p-Nitrochlorobenzene 

hydrogenation 
PMMA -COOCH3 Pdv Nitrocompound 

hydrogenation 
PTFE - Auv Deuteriumlhydrogen 

exchange 

CSDVB -NMe2 MCb(Pt,Ru) Hydrosilylation 
PE-gr-PAAc -COOH Co(AcAc) Cyclohexene oxidation 
PAN -C=N M(AcAc )2(M= Ethyl benzenelsoprpyl 

Mn,Co) benzene oxidation 
Pol ystyrene-co-diviny I- N- CuL+ 

benzene-2-Me-5-VP) 
CSDVB Co,Ni,VO, CO, Cyclohexene oxidation 

Fe, 
Mn,phtalocyani 
nes 

PEG - MCb(M= Co, Teralin oxidation 
OCH2CH2 Mn, Cu) H20 2 oxidation 

C 2+ C 2+ - o ,u 
Poly(2-vinylpyridine- FeJ+'Co1+'phthal H202 oxidation 
co-styrene) ocyanines 
Phosphate cellulose -P02OH V'+'Mo'- Cyclohexene epoxidation 
Chloromethy lated Dithiocarbamate Olefin epoxidation 
CSDVB M 5+ , 0 

P4VP -N CuL + Dialkylphenoloxidation 
Polyvinylamine -NH2 C ,L+ o , FeJ +, Thiol oxidation 

Continued ... 
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CuL+'phthalocya 
runes 

P4VP -N CuL+ Ascorbic acid oxidation 
PMMA C=O TiCl4,VCl4 Ethylene polymerisation 
PE-gr-PAAI -OH Ti(OBli4)4 Ethylene polymerisation 
PE-gr-P4VP -N TiCh Stereospecific propylene 

polymerisation 
-N CoClz l,4-cis-butadiene 

polymerisation 
Copolymer of styrene -COOH Ni(napht)2 1,4-cis-butadiene 
and acrylic acid polymerisation 
PE-gr-PAAc -COOH Ni(CH3COO)2 Ethylene polymerisation 

-COOH "Relay-race" ethylene 
Ni2+, V4+ copolymerisation 

Triple copolymer of -N CoClz, NiClz Butadiene di and 
ethylene propylene and oligomeerisation 
P4VP 

PS - AlCh,TiCl4 Styrene and ethyl styrene 
polymerisation 

PE-grPAAI -OH MoCls, WCls,Cu 
2+ 

PhA polymerisation 

CSDVB-P4VP -N CuL+ Oxidative 
polycondensation of 
phenols 

PE-gr-PAAc -COOH Co(OCOCH3)2 Phenol formaldehyde 
oligomers solidification 

CSDVB Cp CpCO(CO)2 Fischer-Tropsch synthesis 
PEl -NH RhCh Methanol carbonyJation 
PVAI -OH CuL+ 2,4 dinitrophenyl acetate 

hydrolysis 
CSDVB TiCl4 Etherification 

Alkylation, acetalisation 
Copolymer of styrene -COOH Cp2TiCl2 Reduction of nitrogen to 
andAAc ammorua 
Thioacetalderivati ves -CH2 -Mo(NMe2)4 Nitrogen reduction 
of poly( 4-amino- -NH2 - Photocatalytic hydrogen 
styrene) formation 
PEl -NH RhJ + Formation ofH2 from H2O 
CSDVB - Mg,Mn,Fe,Ru,P Isomerisation of 

thalocyanines quadricycalne to 
norbornadiene 

Poly[Ru(DiPY)3 i." - - Chemic,!lly modified 
electrodes 

P4VP/Carbon -N CuL+ Electrochemical reduction 
of O2 to H2O 

Poly[Ru(DipY)3 i.+- - - Photodiodes (Chemically 
4VPIPt modified photoelectrods) 
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1.2.1 Metal complexes supported on insoluble polymeric support 

The cross-linked copolymers of styrene and divinylbenzene, first introduced by 

Merrifield in 1963 during his pioneering work on solid-phase peptide synthesis.23,24 is one 

of the most extensively used polymeric materials in the synthesis of supported metal 

compounds due to its ready availability, low cost, mechanical robustness, chemical 

inertness, and facile functionalization.25 Functionalization of Merrifield resin (MR) 

through the aromatic ring with different functional groups provided the potential 

anchoring sites for metal complexes.26-29 The polymer is often prepared commercially by 

copolymerization of styrene and divinylbenzene with active monomers such as 

chloromethylstyrene or bromomethylstyrene (Scheme 1.1)?5 Depending upon the 

requirement, different percentages as well as types of cross-linking agents have been 

incorporated into the polystyrene resins.25 The 2% cross-linked micro-porous or gel type 

polystyrene resins used as support requires solvent swelling for reagents to access internal 

functional groupS.25,30 In order to overcome the need to swell the supports in a compatible 

solvent, macro-porous resins which typically contain greater than 10-15% levels of the 

o==< 
> I 
~o~ 

Some 
POSSible 

Cross-Lmkers 

Radical Initiator 
SuspenSion 

PolymerisatIon 
Range of Porogens 
and Diluents , 

@-O-\I Derivatisation. @-O--\ 
Range of Macro porous 
or Gel Based Resins 

x= NH2 Aminomethyl-PS 
X= OH Hydroxymethyl-PS 

Scheme 1.1 Synthesis and derivatization of PS-based supports25 
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cross-linker, may be used. These however sometimes suffer from poor loading capacity 

and brittleness.25 As a consequence, to rule out some of the above limitations, 1 or 2% 

Jcross-linked polystyrene resins have been modified with suitable functionals. 25 TentaGel 

and Argo Gel are the example of this type where poly( ethylene glycol) (PEG) has been 

grafted onto the polystyrene backbone.25 The cross-linked copolymers of styrene with 

butadiene and divinylbenzene are also used extensively.31 

Ion exchange resins are commonly based on cross-linked poly(styrene 

divinylbenzene) copolymers bearing ion-exchanging functional groups such as sulfonate, 

carboxylate, amine, etc. as shown in Scheme 1.2.32,33 Compared to other insoluble support, .. 
ion-exchange resins usually offer considerable advantages as catalysts carriers such as 

reasonable stability, defined amounts of anchoring sites, easy immobilization procedure, ease 

of handling, particle size allows quantitative recovery by simple filtration, catalyst efficiency 

comparable to homogeneous reactions, ease of catalyst recycle, negligible to low metal 

leaching, compatible with many reaction solvents, including water, adaptable to the 

engineering of reactors, etc.32 There are number of reports available on use of metal 

complexes supported on ion exchange resm m different chemical reactions such as 

oxidation 34-36 , hydrogenations,37-39 hydroformylations,4o,41 carbonylations,42 

polymerizations.32,43,44 

x y 

S03- W 

CO2- Na+ 

NR3+ cr 
~/ NH3+ OH-

Scheme 1.2 Cross-linked poly(styrene divinylbenzene) copolymers bearing lOn-

exchanging functional groups32 
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1.2.1.1 Polymer immobilized metal complexes as catalysts 

The reaction of appropriate polymers and reagents with catalytically active groups 

often confers catalytic activity to the polymer and generates a functional polymer. 19There 

has been an increasing demand of application of polymer-supported catalysts in the 

production of bulk organic substances. 19
,20 The catalytic properties of immobilized metal 

complexes are controlled by a number of factors such as the nature and distribution of 

attached transition metal ions and the character of the polymer support, together with 

unreacted functional groups of the polymer after fixation and activation of metal 

complexes.22 Besides these, the cross-linking level in the polymer-support also offers 

different activity as well as selectivity of the anchored-metal complexes.22
,45 The use of 

polymer groups as ligands permits the ligand surroundings to be varied and regulation of 

the catalytic properties of the complexes become possible because of the flexibility of the 

macromolecular chains and their ability to adopt various conformations. Depending on 

the chemical nature of initial components, immobilized complexes can be soluble or 

insoluble in the reaction mixtures, therefore it is possible to transform homogeneous into 

heterogeneous catalysts and vice versa, which is a remarkable feature of such systems.22 

In fact, immobilized catalysts combine the main features of homogeneous, heterogeneous 

and enzymatic catalysts such as high activity and selectivity, specific character and 

stability in operation which enhances their efficiency. 19 

The so-called "heterogenized homogeneous catalysts", offer the advantage of 

ease of separation from reaction mixture and reuse applications by recycling which lead 

to significant reduction in problems of waste disposa1.46 Also, catalyst reuse increases the 

overall productivity and cost effectiveness of chemical transformations while minimizing 

their environmental impact, ultimately contributing considerably to the sustainability of 
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chemical processes which follows most of the "principles of green chemistry".32,47,48 

Table 1.1 summarizes the use of different polymeric supports with metal centers in various 

catalytic reactions.22 

The poly(styrene) based resins have greatly influenced the activity of supported 

catalysts, which has been the subject of several reviews.25,32,46,49.51 A MR supported 

palladium catalyst reported by Jang and co-workers2S,S2 (Fig. 1.5) was highly effective in 

the Suzuki coupling of a number of organoboranes with alkenyl bromides, iodobenzene, 

and aryl triflates. Subsequently, Miyaura25,s3 has reported another recoverable PS-bound 
• 

palladium catalyst which was efficient in cross-coupling reactions and successfully 

extended the range of applicable substrates. The first instance of an amino acid complex 

ofCu(II) bonded to cross-linked poly(styrene-divinylbenzene) resin was reported by Petit 

et al54 although, the complexes were not examined for any catalytic activity. Pd(II) and 

Ru(III) complexes anchored to a L-valine functionalized cross-linked poly(styrene

divinylbenzene) resin was reported by Valodkar et a1. 55,56 The Pd(II) based complex 

behaved as a versatile and recyclable catalysts for the hydrogenation of l-octene, 

cyclohexene, acetophenone and nitrobenzene. 55 On the other hand, Ru(III) based complex 

acts as catalyst in epoxidation of styrene, norbomylene, cyclooctene and cyclohexene in 

~ LiPPh2 • 

~-CI THF 

Fig. 1.5 Preparation of Merrifield resin supported palladium catalyst.25 
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presence of tert-butyl hydroperoxide as the terminal oxidant.56 An in situ generated PS-

supported rhodium complex reported by Jun and co-workers, catalyzed the reaction of 

benzyl alcohols with terminal alkenes to give ketones.25,57 Significant improvement was 

also observed in turnover number of Heck reaction catalyzed by PS-supported 1,2-

bis(diisopropylphosphino)benzene Pd(II) complex over its solution analogue as well as 

Pd-(OAc)2IPPh3.25,58 A number of PS-supported ruthenium complexes reported by 

Grubbs have been shown to efficiently catalyze olefin metathesis reactions.59 A PS 

supported Pd(PPh3)4 hydrogenation catalyst that reduced alkenes and alkynes under mild 

reaction condition was reported by Nayak et a1.60 The first successful supported 

Jacobsen's Mn(Salen) complex was reported in 1996 by Salvadori that afforded 

asymmetric epoxidation of styrene.25,61 

Redox polymers are a class of chemically active metal containing polymers which 

undergo reversible redox processes.62 The co-ordination chemistry of the redox active site 

plays a major role in these polymers. Redox active polymers had found application in the 

quantitative redox of metal ions and organic substrates63 via the columnar procedure 

devised by Jones in 1963. Since then a multitude of oxidation and reduction have been 

performed by redox polymers. Catalysts of the Zeigler-Natta type such as complexes of 

Ti, Zr, Hf, V, Mo, Co, Ni, Cr, etc. immobilized on polymers in combination with 

organoaluminium compounds are active catalysts for unsaturated substrate reductions.62 

Oxidation of a plethora of substrates such as catechol, amines, hydrocarbons, 

selective epoxidation, hydroformylation of olefins and etherification etc., have been 

achieved by using dioxygen as the oxidant in the presence of polymer supported 

complexes of W(VI), V(V) and Mo(VI).64-72 Reports are available on catalytically active 

O2 bound macromolecules consisting of metals viz., Cr, Mn, Fe, Co, MO.65 Features of the 

polymeric ligand affect the kinetics and even directions of these reactions. For example 
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macrocomplex of C02+ -polyethyleneimine (PEl) are known to reversibly bind oxygen with 

formation of a Jl-peroxo adduct stable in aqueous solution at room temperature73 whereas, 

immobilized Cu2+ compounds are most often used for O2 activation. 74 

Metal catalyzed organic oxidations using dilute H202 as terminal oxidant, has 

been gaining tremendous importance especially for large scale process, mainly owing to 

the recognition of H202 as an ideal environmentally benign and clean oxidising agent. 75,76 

The most widely investigated polymer supported system are W(VI)/H202, V(V)IROOH, 

Mo(VI)IROOH.65 D. C. Sherrington and his co-workers64
-
67 reported few polymer 

immobilized V(V), Mo(VI) and W(VI) complexes supported on chloromethylated 

poly(styrene), poly(glycidyl-methacrylate) and polybenzimidazole based chelating resins 

which could catalyze alkene epoxidation. Mo(VI) and V(V) catalysts immobilized on 

ethylene-propylene rubber and cross-linked poly(ethylene oxide) grafted with 

poly(acrylic acid), poly(methacrylic acid), poly(4-vinyl pyridine) and poly(vinyl alcohol) 

as the support, developed by Stamenova and co-workers77 effectively catalyzed styrene 

epoxidation by ethylbenzene hydroperoxide. Maurya and co-workers78-80 [Fig. 1.6(a)] 

synthesized a number of PS supported V(V), Mo(VI) and W(VI) compounds which 

catalyzed oxidation of organic substrates such as phenol, styrene, sulfide as well as 

bromide by H202. In a recent report of Gupta and co-workers46,81 [Fig. 1.6(b)], polymer-
I 

supported Schiff base (N202 donor set) complexes based on Ti(IV), Mo(VI), Mn(III), Cr(VI) 

and Fe(III) have used as active catalysts in the oxidation of alkanes/alkenes in presence of 

hydrogen peroxide and a variety of other oxidants. 

We have come across only three reports dealing with peroxomolybdates 

immobilized on insoluble polymeric supportS.79,82,83 By using 2-(3-pyrazolyl)pyridine 

functionalized Merrifield resin and Schiff base functionalized chloromethylated 

polystyrene-divinylbenzene as support, Thiel and co-workers82 as well as Maurya et aI.,79 
I 
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respectively, reported pMo complexes which were active in catalytic oxidation of olefin. 

The amberlyst supported pMo complexes reported by Tamami et al.83 on the other hand 

served as stoichiometric oxidants for a variety of organic compounds such as alcohols, 

a-hydroxy acids, thiols, hydroquinones, benzylamines, phosphines and sulfoxides. 

(a) (b) 

Fig. 1.6 Poly(styrene-divinylbenzene) (P or PS) supported (a) molybdenum(VI)78 and (b) 

ruthenium(III)81 Schiff base complexes. 

1.2.1.2 Macrocomplexes as biomimetic models 

Recent progress in the field of biomimetic catalysis has amply demonstrated that 

enzymes, the biological polymeric catalysts, can be mimicked and the processes of nature 

can be modeled.62 Immobilized complexes can be considered as models of biological 

catalysts because they can carry out multicenter activation of a substrate like the metal 

enzyme catalysis. 18,84 

The polymer bound metal complexes were shown to act as model for several 

metalloenzymes including catalase, peroxidase, cytochrome P450, myoglobin, 
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hemoglobin, vitamin B)2, proteolytic and other enzymes. 19,22,85 The most important 

success in activation of molecular oxygen was achieved for immobilized complexes of 

Fe3
+, Mn3

+ and C03
+ with porphyrins and pthalocyanines.86,87 These are studied as model 

systems of metal enzymes for cytochrome P450, myoglobin and hemoglobin.86,87 Polymer 

ligands, like protein globins, are capable of resisting dimerization of active complexes 

through matrix isolation. 

Complexes ofpoly(4-vinylpyridine) (P-4VP) with Co-dimethylglyoxime has been 

employed as a model of vitamin B)2.19 Metallo derivatives of anionic tetrasulphonated 

tetraphenylporphyrin (MTPPS, M = Mn(lII) , Fe(lII) and Co (III» immobilized on 

cationically functionalized divinylbenzene (DVB) - cross-linked polystyrene (PS) were 

shown by others to exhibit peroxidase-like activity.88 Polymer-metal chelates were also 

found to exhibit catalase like behaviour, whereas metal complexes of the monomer from 

which the polymer was derived were devoid of such activity.62 Enzyme catalase is an 

effective catalyst for H202 decomposition. Catalase-type activity of Cu2
+ complexes 

immobilized on CSDVB modified by Schiff bases was studied extensively.22 There are 

many heterogenized enzymatic systems, obtained by immobilization of catalase on 

synthetic polymers, which decompose H202 to H20 and 02?2 

1.2.2 Metal complexes anchored to water soluble polymers (WSP) - General aspects 

The utility of water soluble macromolecular metal complexes in diverse fields 

induding catalysis,19,89 separation processes,90-92 biomedical93-95 and environmental 

applications96-98 are increasingly being recognized in recent years. Coordination 
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compounds of metal ions with soluble macromolecular ligands are interesting with 

respect to bio-inorganic chemistry as well.)9 Since for natural macromolecules, such as 

proteins, enzymes and DNA, water is the basic solvent, water-soluble functional polymers 

find relevance in designing biomimetic models.97,98,99 Also, there is a great deal of 

contemporary interest in the use of environmentally benign solvent such as water in 

organic synthesis particularly in the context of green chemistry.47,97 

The most important requirements for technological application of these polymers 

include: high hydrophilicity, an easy and cost effective route of synthesis, an adequate 

molecular weight distribution, chemical stability and high affinity to bind metal ions.) 

The water soluble polymers are essentially polychelatogens with functional groups able to 

form co-ordinate bonds with metals.) There are various types of soluble polymers bearing 

different functional groups available which are used as support for metal anchoring 

(Fig. 1.7).24 The commonly occurring ligands in these polychelatogens, as shown in 

Table 1.1. are: amines, carboxylic acids, amides, alcohols, amino acids, pyridines, 

thiourea.)')OO The most usual route for synthesis of WSP are through addition 

polymerization and functionalization of polymers by polymer-analogous reactions.) 
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Fig. 1.7 Different water-soluble polymers used for metal ion interaction. 
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1.2.2.1 Catalytic applications of WSP - bound metal complexes 

Use of WSP in catalysis is relatively a newer concept.97 Notwithstanding the 

myriad advantages of insoluble supports there are several limitations in the use of these 

resins due to the heterogeneous nature of the reaction conditions.24 The problems 

associated with insoluble polymer support include nonlinear kinetic behavior, unequal 

distribution or access to the chemical reaction, solvation problems associated with the 

nature of the support, and synthetic difficulties in transferring standard organic reactions 

to the solid phase.24 A way to overcome some of these problems is to use low molecular 

weight soluble linear polymers as supports which reinstate the familiar reaction 

conditions of classical organic chemistry,z4,sl,101,102 In fact, transition metal complexes 

attached to soluble non-cross linked polymer is essentially a homogeneous catalyst with 

macromolecular ligands. One of the advantageous aspects of use of the soluble polymer 

support is that the chemical reactions performed on such polymers can be monitored by 

high resolution solution phase IH and I3C NMR spectroscopy. 103,104 

Traditionally, soluble polymers till recently have received less attention as 

polymeric supports compared to their insoluble counterparts due to the difficulty in 

isolation of the polymer from all other reaction components. In practice however, the 

recovery of soluble polymer supported catalyst can be achieved effectively by 

temperature or solvent-induced precipitation followed by filtration.24,sl, Most frequently, 

the homogeneous polymer solution is simply diluted with an appropriate solvent that 

induces precipitation of the support, followed by filtration to isolate the polymer.24
,Sl 

Besides the solvent-induced precipitation technique, crystallization, dialysis and 

centrifugation methods could also be applied for the separation of polymer from reaction 

mixtures,z4,sl 
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The discoveries of Merrifield and Letsinger in the 1960'SI05,106 in the field of 

peptide and oligopeptide synthesis by using soluble polymers to recover catalysts and 

ligands revolutionized the synthesis of biomolecules. l07 They provided impetus for 

research in industrial and academic laboratories that was directed toward developing 

immobilized or heterogenized homogeneous catalysts. The first example where a soluble 

polymer was used as an alternative to a cross-linked insoluble polymeric resin to support 

a chiral ligand, was reported in 1976 by Bayer and Schurig. IOS A DIOP (4,5-

bis(diphenylphosphinomethyl)-2,2-dimethyl-1,3-dioxolane) ligand was attached to a 

linear polystyrene. The resulting polystyrene-bound version of DIOP was allowed to react 

with HRh(CO)-(PPh3)J, and the resulting polymer-bound Rh complex was used to 

hydrofonnylate styrene. An important progress in soluble polymer support occurred with 

the report of Janda and co-workers on supported chiral catalysts for asymmetric 

dihydroxylation of olefins, in the year 1996. 109 

Among the various types of soluble polymers, poly(ethylene glycol) (PEG) and 

non-cross-linked polystyrene are some of the most often used examples in the preparation 

of soluble polymer-supported catalysts.24 PEG is also known as poly(ethylene oxide), 

poly(oxyethylene) and polyoxirane which is fonned from the polymerization of ethylene 

oxide?4,110 The modified poly(ethylene oxide) catalyst is widely used in catalysis for 

hydrogenation,III,112 Sharpless asymmetric dihydroxylation reaction, 109,1 13 

hydrofonnylation,114 Wacker oxidation,115,116 hydroxylation of aromatic compounds l17 

and epoxidation.24,IIS Additionally, PEG is also well known for its ability to act as a phase 

transfer catalyst.24,119 For instance, anchoring of rhodium to PEG was reported which 

catalyze hydrogenation of various olefins in water. I I I Among the first soluble 

macromolecular metal complexes to be used as catalyst were modified linear 

polystyrenes.10&,no,m Catalysts such as prefonned Rh or Pd complexes were loaded on 
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chemically modified non-cross-linked polystyrene which catalyzed hydrogenation or 

hydroformylation of alkene.51
,122 Polycarboxylic acid and its derivative are often used to 

synthesize soluble ligands and complexes. In this aspect, reports are available on 

manganese, cobalt, iron, copper or chromium complexes anchored on polyacrylic acid for 

autooxidations of cumene to cumene hydroperoxide. 123
-
125 Furthermore, a poly(acrylic 

acid)-Rh(II) complex was reported which have very high catalytic activity for the 

hydrogenation of olefins in homogeneous solution. Besides polyacrylic acid, 

poly(pentenoic acid) has also been used to produce phosphine containing ligands. 126 

Polyacrylamide modified with optically active phosphine containing ligands and Rh 

catalyst were used for asymmetric hydrogenation of prochiral amides. 127
,128 Significantly, to 

the best of our knowledge water soluble polymers were used for the first time in our 

laboratory to obtain a series of pV and pW containing macro complexes.129
,130 These 

complexes, in addition to exhibit unique biorelevant properties, also served as efficient and 

recoverable oxidants in oxidative bromination of organic substrates. 

1.2.2.2 Biological applications of WSP-metal complexes 

Apart from the utility of the soluble macromolecular metal complexes in catalysis, 

the use of water soluble polymer-metal adducts opened new strategies in the development 

of pharmaceutical formulations and other biological applications. l31 Polymers as drug 

carriers have been investigated to achieve efficient delivery of the drug molecule to the 

targeted cell. The application of such metal bound polymeric materials offer numerous 

advantages to the drug molecule such as controlled release, prolongation of drug life-span, 

acceleration of drug absorption, and drug targeting132 which may otherwise be highly 

toxic with poor assimilation and absence of selective action. 133 The pharmacokinetics of 

the high molecular weight materials can be tailored by altering the molecular weight, 
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conformation and molecular weight distribution of the polymer; by selecting the 

appropriate composition.133 

A large number of polymeric materials are used in the formulation of different 

dosage, novel delivery systems and biomedical applications including PV A, 134,\35 PAm, 136 

PAA,134,137 POX,134,138 polyp,134 derivatives of PMA,139 synthetic poly(aminoacids),140,141 

PEO,142 polyamides,143 and polyamines,143 XG,134 CTS derivatives,134,144 DX,134,145 

cellulose ethers,134 ALB,134 and starch or starch based derivatives. 134,146,147 Lee and 

Rashidoval48 studied the biological activity, toxicity, immunological response and the 

pharmacokinetics of several polymer metal complexes of N-vinylpyrrolidone and 

derivatives ofN-2-hydroxypropylmethacrylamide with transition metals. The effect of the 

macroligand type, polyacid behaviour, and the comparison of the biological properties 

between the polymer-metal complexes and the polymer bases were performed. A 

remarkable improvement has been achieved in case of platinum based anti-cancer drugs 

by anchoring it to soluble polymers. 149,15o Dicarboxylato and dihydroxylatoplatinum(II) 

chelates, 15l diaminocyclohexyl platinum 152 are used as anti-cancer agent. Such polymer

drug conjugates can increase the effectiveness of an anticancer drug compared to their 

low molecular weight analogues. 

Rivas and his co-workers introduced Ag(I) based water-soluble complexes 

supported on poly(4-ethylene azide) N-alkylated, poly(diallyl dimethyl ammonium 

chloride) (PDDA) or poly[((3-methacryloyl amino) propyl) tri methyl ammonium 

chloride] (PMPT A) which served as bactericidal agent against both Gram-positive and 

Gram-negative bacteria. 131 Nandi and co-workers l53 studied the bactericide activity of 

metal ions and polymer-metal complexes with Co2+, Zn 2+ and Cu2+ whereas Nonaka 

and co-workers l54 studied the bactericide activity of resins containing the triethylamine 

and thiols as side groups and the metal ions Ag+, Cu2+ and Zn2+ for E. coli and S. aureus. 
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It is observed that the polymer based anti-bacterial agents being non-volatile, chemically 

stable, can reduce the loss associated with volatilization, photolytic decomposition, and 

transportation. lss,ls6 

Hosseinkhani et al. I32 reported cationic polymers including poly(L-lysine), 

polyethylenimine (PEl), poly(ami-doamine) dendrimers, and polymer micelles for the 

delivery of genes and drugs into cells. Their results suggest that a polymer-metal complex 

significantly enhanced the gene expression of cells in vivo treated with dextran or 

pullulan-plasmid DNA complexes. I32 In view of the afore mentioned advancements, it 

appears likely that metal containing polymers would be a rich source of potential future 

therapeutic agents. IS7 A survey of literature however reveals that screening of peroxo-

metal incorporated soluble macromolecules, including compounds of molybdenum, for 

their biochemical potential have so far received scant attention. 
" 

1.3 Co-ordination chemistry of molybdenum and its biological significance 

Molybdenum with the ground state electron configuration [Kr] 5s14ds belongs to 

the periodic Group VI. Molybdenum is the only second row element that is essential for 

most living organisms. IS8 The element was first discovered in 1778 by a Swedish chemist 

named Carl William Scheelels9,16o and the name Molybdenum was derived from a Greek 

word "molybdos".161 

Molybdenum has a chemical versatility that is useful to biological systems and is 

redox active under physiological conditions. 162 In order to understand its role in catalysis 

and its interaction with complex biomolecules an understanding of the basic co-ordination 

chemistry of the metal with simpler ligands is a primary pre-requisite. The co-ordination 

chemistry of Mo appears to be highly complex among the transition elements due to 

several reasons l63 such as: 
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(i) Possibility of a wide variety of stereochemistries, as its co-ordination number 

varies between 4 to 12; 

(ii) Oxidation states can range from 2- to 6+ in complexes; 

(iii) The ability of Mo to form compounds with most inorganic and orgaruc 

ligands, with a particular preference for oxygen, sulfur, fluorine, and chlorine 

donor atoms; 

(iv) Mo shows the tendency to form a bi and polynuclear compounds containing 

bridging oxide and chloride ligands and/or Mo - Mo bonds. 

Molybdenum is very similar, with respect to many molecular properties, to 

tungsten, the third member of Group 6, but different from the first member, chromium. 

The pronounced similarity, in the chemistry of molybdenum and tungsten follow from 

two principal factors: (i) analogous valence electron configurations in all oxidation states 

of nearly all compounds, and (ii) virtually identical radii - atomic and ionic radii for a 

given oxidation state - arising from the lanthanide contraction. I64,165 Nevertheless, there 

also exist clear differences, some in reactivity and others based on electronic structure 

such as ionization and redox potentials I 66 and relativistic effects on structural 

properties l67 between the elements. 164 

A wide variety of compounds are formed by molybdenum (VI) ion with dO 

configuration such as oxides, halides, sulfides, oxohalides, isopolymetallates, 

heteropolymetallates, selenides and tellurides. 160,163,165 Molybdenum trioxide, Mo03 is the 

ultimate product of heating the molybdenum or other compounds in oxygen with 6+ 

oxidation state. 163 When Mo03 is dissolved in aqueous alkali, the resulting solution 

contains simple or normal molybdates such as Na2Mo04.160 On the other hand, if these 

solutions are made strongly acidic, yellow precipitates of molybdic acid, Mo03.2H20 is 

formed. 16o Moreover, careful adjustment of acidity, concentration and temperature, often 
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coupled with slow crystallization produced isopolymolybdates which are characterized as 

Among the heteropolymolybdates(VI), Keggin and Dawson complexes of general 

Besides these, molybdenum forms a very diverse polymolybdate(VI) in association with 

other oxo ligands such as squarate (C20l-), methoxide, malate, phosphate and arsenate 

anion. 163 Molybdenum(VI) forms hexafluoride, MoF6 as well as oxohalides of formula 

M002X2, (X= F, CI, Br, 1).163,171,172 Apart from oxohalides, a wide variety of oxo 

molybdenum(VI) compounds formed containing Mool+ or M004+ structural unit with 

different organic ligands such as acac, 163, 173 D MF, 174 HMPT, 175 Schiff base,I76-179 amino 

acids,180,181 etc.D Molybdenum(Vl) is also found in different forms of thiomolybdates 

such as M003S2-, M002St, MoOSt and Mosl formed from Mool- by successive 

replacement of oxygen atoms by sulfur atoms which act as useful reagents for the 

preparation of metal-sulfur cluster as well as ligands. 160,182 

Molybdenum in 5+ oxidation state with d I configuration forms an extensive range 

f d d· I I .. M 0 3+ M 0 + M 0 4+ 163183 o mono- an muc ear oxo comp exes contammg 0 , 0 2 or 02 3 core. ' 

Fluoro and chloro complexes of molybdenum of the type MoFs, MoF6-, MoFl, MoCls 

and MoOCh are found to exist in this oxidation state. 160,163,171,173 These halides are 

susceptible to hydrolysis and react with oxygen to form different oxygen-containing 

complexes. 16o The tetravalent molybdenum with d2 configuration forms different oxides, 

halides, sulfides and oxohalides and is thought to be the biologically most important 

oxidation state. 160,184-186 Molybdenite (MOS2) is a sulfur containing molybdenum(IV) ore 

which is most stable sulfide and commercially important. 160 In molybdenum enzymes it 

seems, not in details, that the Mo atom cycles back and f9rth from MOIV to Mo VI via 

~ h . . 1 1 \63 oxygen atom transler as S own m equatIOn . : 
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[ MolVO + Sub Mo VI + OSub ]J --- (1.1) 

f 

Molybdenum with lower oxidation state such as III to II formed only few 

complexes of halides and sulfides such as MoX3 (where X= F, Cl, Br, I), MoX2 (where 

X= Cl, Br, I), MoS, etc. along with compounds containing metal - metal bonds e.g. 

M02(02CR)4 and M02(OR)6.160,163,171,173 

Among the numerous transition metal-oxo compounds, molybdenum is one of the 

most studied element as an oxygen atom transfer agent due to its presence in many 

isopoly and heteropoly anions, as well as its importance in several enzymatic systems. 187 

Oxidation of phosphines, alcohols, olefins and alkanes are some of the oxygen atom 

transfer reactions by Mo=O complexes. 187 It is pertinent here to mention that vast 

majority of pterin based molybdoenzymes possesses Mo=O unit in their active site and 

are often referred to as oxomolybdenum enzymes (Fig. 1.8).188,189 

The trace element molybdenum forms the catalytic centre of a large variety of 

molybdenum containing enzymes 190 which are ubiquitous. 162,191-194 . In biology 

molybdenum is a component of fertilizer and nutrient formulations. 1s9 There are at least 

50 such enzymes now known190,192 which are not only important to their host organisms 

for metabolism and energy generation but also the products from the catalytic cycles in 

which these enzymes participate have major impact in the nitrogen, sulfur, carbon and 

arsenic cycles. 191 

On the basis of cofactor composition and catalytic function, molybdenum-

dependent enzymes can be grouped into two categories: 190 (i) bacterial nitrogenase 

containing an iron-sulphur-cluster-based iron-molybdenum cofactor (FeMo-co) in the 

active site, and (ii) pterin-based molybdenum enzymes. The second category is further 
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divided into three families viz. (a) xanthine oxidase, (b) sulphite oxidase, and (c) dimethyl 

sulphoxide reductase (DMSOR), each of which has a distinct active-site structure 

(Fig. 1.8).162,190 Table 1.2 srunmarize representative examples of the reactions catalyzed by 

different molybdoenzymes.192 In order to mimic the activity of these molybdoenzymes 

several molybdenum based bioinspired functional model has been developed. 191 However, no 

such report is available which can clearly described the reactivity of the enzyme functions. 191 

Table 1.2 Representative examples of the reactions catalyzed by molybdoenzymes l92 

Enzyme 

Carbon monoxide oxidoreductase 
( dehydrogenase) 

Dimethyl sulfoxide reductase 

Nitrate reductase 

Arsenite oxidase 

Sulfite oxidase 

Xanthine oxidase 

Aldehyde oxidoreductase 

(a) 

Reaction catalyzed 

Me2S0 + 2H+ + 2e-~ Me2S + H20 

N03- + 2W + 2e-~ N02- + H20 

H2As03- + H20 ~ HAs04
2- + 3H+ + 2e

SO/- + H20 ~ sol- + 2H+ + 2e

Xanthine + H20 ~ uric acid + 2H+ + 2e

RCHO + H20 ~ RC02H + 2H+ + 2e-

(d) 

Fig. 1.8 Chemical structures of (a) FeMo-co (b) Mo-bis-MOD or (DMSOR) (c) sulphite 

oxidase (d) xanthine oxidase. 190 
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Molybdenum concentration in the human body is found to be about 0.07 mg per 

kilogram of weight. 195 It occurs in higher concentrations in the liver and kidney and in 

lower concentrations in the vertebrae. 196 In body, it acts as a cofactor for a limited number 

of enzymes such 'as sulfite oxidase, xanthine oxidase, and aldehyde oxidase although, 

molybdenum deficiency has not been observed in healthy people. 197 

An exciting development which has raised status of molybdenum to an element of 

therapeutic importance is the findings of Goto et al. 198 in 1992, followed by the report of 

Shechter and co-workers,8 on the ability of molybdate to mimic the biological action of 

insulin like vanadate. Molybdenum compounds, such as Na2Mo04 and cis-Mo02L2 [L = 

maltol (3-hydroxy-2-methyl-4-pyrone)] were effective in lowering the blood glucose and 

free fatty acid levels. 199 Molybdate has been known as an anti-diabetic agent and potent 

inhibitor of phosphatases viz., tyrosine phosphatase,200 acid phosphatases,201,202 alkaline 

phosphatases201,203 and glucose-6-phosphatases?04,205 Molybdate is also known to inhibit 

the enzyme ATP sulfurylase which activates sulfate for participation in biosynthetic 

pathways.159 The efficacy of a Mo(VI) maltolato species, [Mo vI(Oh(ma)2],. rna = 

maltolato(-), in STZ-induced diabetic rats is close to its V(IV) counterpart, in a chronic 

treatment. 199,206,207 In another report it was found that ammonium tetrathiomolybdate can 

be used in the therapy of chronic Cu poisoning and is recommended for Wilson's disease 

in humans. 199,208 Moreover, anti-tumor activity of molybdenum compounds such as 

M070246- anion, hexabis(isopropylammonium) heptamolybdate trihydrate and 2,5-

dihydroxybenzoate molybdenum(VI) complex has been confirmed?09 Additionally, 

12-molybdophosphoric acid are finding applications as biomedical agents including 

antitumoral, anticoagulant, antibacterial, antiviral agents.2lO Most importantly, trace levels 

of molybdenum are reported to be not harmful to animals or human beings.2Ii Acute 
\ 
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toxicity of molybdenum compounds has been investigated only m experimental 

animals.211 

One of the most fascinating domains of molybdenum chemistry is its peroxo 

chemistry. Interest in the peroxo transition metal complexes in general, seem to be never 

diminishing. 

1.4 Peroxo compounds of molybdenum - Chemistry and importance 

It has been appreciated for at least 140 years that characteristic color reactions 

may occur when hydrogen peroxide is added to solutions of transition metal 

derivatives.212 Numerous peroxo transition metal compounds have been synthesized since 

then as such systems are attractive as potential catalysts both from industrial as well as 

biological perspectives.8-13,201,213-217 The bonding of molecular oxygen to transition metal 

complexes has been a subject of increasing interest because it represents a basic step in 

understanding the function of oxygen-carrying and -activating metalloproteins in 

b· 1 . 1 218-220 A d' h' 1" d b V k 221 .. 10 oglCa systems. ccor mg to t e ratlOna lzatlOn rna e y as a, transltlOn 

metal peroxides involve covalently bound dioxygen resembling ol- in peroxo 

configuration. The peroxo moiety around the metal center may be co-ordinated in two 

distinctly different ways viz. non-bridging and bridging.9 The non-bridging type may be 

co-ordinated by I} I and I}2 fashion.9 The )..l-peroxo structure, named following the 

definition made by Vaska,221,222 that can bind two metals in bimetallic complexes have a 

variety of mode of co-ordination (Fig. 1.9).222 A common characteristic of these 

complexes is the 0-0 distance, which occurs between 1.4 and 1.52 A (1.49 for Ol-), and 

the corresponding infrared frequency v(O-O), which lies between 800 and 950 cm- I
. 
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Peroxo complexes 

Ly-M /O~ 
""0 R 

Hydtoperoxlde BimetallIc Il-peroxo Peroxy or alkyl peroxide 

Il-Peroxo complexes 

Lx-M M-Ly 

"0-0/ 
/ "" Lz-M M-Lw 

114 

Fig.l.9 Structural classification ofmetal-dioxygen complexes.222 

The dO peroxo complexes of vanadium, molybdenum and tungsten, which have 

clear structural and isoelectronic relationships, are tuned towards their use as an important 

class of stoichiometric or catalytic oxidizing or oxo-transfer agent in variety of organic 

oxidations such as epoxidation of alkenes,223-226 oxidation of sulfides and sulfoxides,227-233 

primary and secondary alcohols234,235 as well as halide oxidation236-24o (Fig. 1.10). Besides 

these, the active involvement or relevance of these peroxometall ate s In 

haloperoxidase,236,238,24o-242 their insulino_mimetic,13,213,243-248 anti-neoplastic249-251 and 

enzyme inhibitory activiry2°o,242,252,253 have been emphasized in the literature which 

increases the biological significance of this class of compounds. 

Molybdenum is capable of forming a number of peroxo species, ranging from 

mono td tetra peroxomolybdates, depending upon the concentration of molybdenum, 

hydrogen peroxide and pH of the medium9,254,255 owing to which the aqueous pMo chemistry 

appears to be rather complex. Besides these, molybdenum is capable of forming di or 
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Fig. 1.10 Selected oxidations of organic compounds by peroxometal complexes,256 

M=V, MoorW. 

polynuclear peroxomolybdate species.9,257 Red tetraperoxomolybdate anion, [MO(02)4f 

is formed in mildly alkaline solution (PH 7-9) by the addition of excess H20 2 to solutions 

of M002-.9,212 However, in solution the species is unstable above pH = 9; below pH = 5 

they are progressively converted into tetraperoxodimolybdate anion.9 

r 

.. 2[Mo(02)4f- + 5H20 
1 r-- (1.2) 
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Salts of triperoxomolybdate anion has been claimed, e.g. Cs2[Mo07]258 but there 

is no convincing evidence that these are pure species, and (HpY)2[Mo07] have been 

shown to be The only confirmed 

"triperoxomolybdate" is the salt reported as (HpY)2[M02011].2H202 and later shown to 

contain bridging hydroperoxo ligands, [MoO(02)2(OOH)]z2- .9,260 

Peroxomolybdate species formed in aqueous solution have been characterized by 

several techniques viz., 95Mo-NMR spectroscopy,254,255 l7O-NMR spectroscopy,261,262 

Raman spectroscopI63,264 and by electrospray ionization mass spectrometry (ESI-

MS).262,265 Structure and reactivity of peroxo molybdenum complexes have also been 

theoretically investigated.266 

A large number of diperoxom~lybdate complexes of the type [MoO(02)2LaxLeq]0/-1I-2 

with a pentagonal bipyramidal structure have been reported.9 In such complexes, the oxo 

and one L ligand (or donor atom of a bidentate ligand) occupy axial positions, and the 

two Il2 -peroxo groups and the remaining L are occupying the equatorial position. A series 

of such types of peroxo complexes are given in Table 1.3. However, the ligands L may 

also function as bridging groups in binuclear species and are summarized in Table 1.4. 

Table 1.3 Structurally characterized oxoperoxo 
molybdenum(VI), [MOO(02hLaxLeq]n- (n=O,l ,2) 9 

complexes of 

Lax Leq n Ref. 

H2O H2O 0 267 

H2O hmpt 0 175 

Py hmpt 0 175 

Yz(bipy) Yz(bipy) 0 2611 

Yz(tbbpy) Yz(tbbpy) 0 269 

H2O Hgly 0 181 

H2O Hpro 0 181 

F F 2- 270 

Yz(cit) Yz(cit) 2- 271 

Yz(Pic[N]) Yz(Pic[O]) 1- 272 

33 



CHAPTER 1 

Table 1.4 Structurally characterized dimeric oxodiperoxo complexes of 
molybdenum(VI), [MOO(02)2LaxLeq]z2- 9 

Lax Leq Ref. 

H2O 11-0 273 

~(1l-00H) ~(1l-00H) 
274 

~(Il-F) F 275 

V4(1l4-tart) V4(1l4-tart) 264 

A sig~ficant contribution to the existing wealth of organic oxidants is the 

important class of molybdenum-peroxo complexes of the type, [MOO(02hLx] (L = py, 

hmpa, dmf, H20 and so on; x =1,2) introduced by Mimoun et al. in 1969 (Fig. 1.11)?76 

The neutral seven-coordinated diperoxomolybdenum complexes were obtained by 

treatment of a solution of Mo03 in 30% H202 with organic bases.9 Since then, a large 

number of apparently analogous complexes have been reported with different ligands 

such as water, amides, ureas, phosphoramides, amino acids, pyridine, pyridine-N-oxides, 

phosphine and arsine oxides and bidentate 2,2'-bipyridine, 2,2'-bipyridine N,N'-dioxide, 

picolinate and its N-oxide, 1,1O-phenantbroline, phenylenediamine and ethanolamine, 

octamethylpyrophosphoric triamide, (S)-dimethyllactamide, etc.9 

(a) (b) 

Fig. 1.11 Structures of Mimoun type complexes (a) [MOO(02)2(HMP A)(H20)] and 

(b) [MoO(02)2(DMF)(H20)].277 

34 



CHAPTER 1 

The Mimoun type complexes are highly soluble in both polar and nonpolar 

solvents. Thus the neutral compounds and appropriate salts of the monoanions have been 

widely used as both stoichiometric and catalytic oxidants in organic oxidations.9 

Epoxidation of alkene,223-226 oxidation of primary and secondary alcohols to aldehydes 

and ketones respectively,234,235 oxidation of sulfides and sulfoxides to sulfoxides and 

sulfones,227-233 and oxidation of indoles,278 furans279 and phenacetin280 are few of the 

examples of stoichiometric oxygen transfer reactions by this class of compounds. It is 

notable that most of these investigation has been carried out with [MOO(02)2(hmpt)], 

however, other complexes are also effective.9 Cass et a1.228 examined the use of Mimoun 

type277 complexes MOO(02)2(L)(H20), (L = pyridine N-oxide or pyrazole) to oxidize a 

wide variety of substituted sulfides and found that the procedure offers several major 

advantages such as control over the degree of oxidation of products, excellent 

chemoselectivity toward the sulfur group of substituted sulfides and sulfoxides.266 

Jacobson et a1.272 synthesized and structurally characterized quite a few oxo-diperoxo

picolinato molybdenum complexes and used these in alcohol oxidation.34,281 Bortolini et 

a1.282 also studied the oxo-diperoxo-picolinate complexes of molybdenum for oxidation of 

alcohol to aldehyde. In the case of one substrate, 20% epoxidation occurs along with 80% 

aldehyde formation. 281 ,282 Bhatlacharyya and co_workers283,294 reported oxo-monoperoxo

molybdenum complexes of the type [MOO(02)(QO)z] as well as its diperoxo analogues 

[MOO(02)2.2QOH] and [MOO(02)z(QO)r using 8-quinolinolate (QO) anion as ancillary 

ligand.283 The complexes act as efficient catalysts in the oxidation of alcohols and 

sulfides.283,284 They have also reported a few oxo and oxoperoxomolybdate(VI) 

complexes coordinated with derivatives of hydroxamic acid which have high potential 

and selectivity as catalyst in the epoxidation of 01efin.28I It is notable that Mo containing 

analogue of W based 'Venturello's complex', (NMe4)2[PhP03{MoO(02)2}z-(H20)] was 
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prepared, and its catalytic ability in epoxidation was examined?85,286 However, the 

compound was found to be much less efficient than the tungsten systems even in harsh 

. d' . 281 reactIOn con ItIOns. 

Besides these mononuclear oxodiperoxo complexes of molybdenum (VI), several 

binuclear pMo complexes having pseudotrigonal bipyramidal oxo diperoxo polyhedra 
" 

were reported?57 In such complexes, the two fragments, MOO(02)2 were joined together 

by a bridging ligand e.g., Jl-O group?57 In addition, isopolyperoxo and heteropolyperoxo 

pseudotrigonal bipyramidal oxo diperoxo polyhedra are known.258,287 

Oxomonoperoxo complexes of molybdenum(VI) of MOO(02)L4 type generally 

exhibit the pentagonal-bipyramidal geometry as observed for the diperoxo species but 

with two equatorial ligands replacing one of the peroxo groups.9,288 

[MoO(02)(dipic)(hmpt)] is an example of this type. Dioxomonoperoxo molybdenum(VI) 

complexes of the type [MO(O)2(02)L], where L = diethylene triamine, 2,2,2-

triethylenetetraamine and 2,3,2-triethylenetetraamine, have been reported.289 In the 

context of existing literature, the number of isolated and characterized 

monoperoxomolybdate complexes are relatively fewer in comparison to its diperoxo 

counterpart.7 

The nature of the coordinating ligand has a dramatic effect on the reactivity of the 

peroxometallates of V(V), Mo(VI), W(VI) and other transition metal complexes. 

Depending upon the ligand, the reactivity may shift from polar to radical oxidants even 

when the metal is the same. In case of monoperoxo complexes containing bidentate 

ligands it is evident that the reactivity of the complexes decrease when the negative 

charge on the metal is increased.290 In fact, it is observed that the ability to decompose 

selected monoperoxovanadium complexes decreases on decreasing the electron-donating 
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properties of the different ligands?90 Furthennore, from the study on peroxo complexes of 

different metals containing the same ligand it was observed that the stronger the oxygen-

oxygen bond, the easier is the electron transfer to the complex. Therefore, peroxo vanadium 

and chromium complexes, in which the 0-0 stretching frequency is the largest, are reduced 

at lower potentials than molybdenum and tungsten derivatives?90 This fits with the common 

notion that radical oxidations are more frequent when peroxo chromium and vanadium 

complexes are used. Thus it appears that in simple oxidations, an increase of the electron

donating character of the ligands may decrease the reactivity?90 Thus the activity of pMo 

complexes as stoichiometric or catalytic agent have been fine-tuned with ligands and various 

correlations have been made involving the electronic ~d other properties of the ligand.291-293 

The pMo species has been observed to catalyze oxidative bromination of organic 

substrates in acidic medium?37 The peroxo-metal mediated oxidative bromination has been 

garnering tremendous interest as such a process is actually a functional model of the activity 

of vanadium-dependent enzymes, haloperoxidases.241 ,294 The haloperoxidases oxidize halide 

by utilizing peroxide to the corresponding halogenating species, which subsequently 

halogenates organic substrates (Orgi41 ,294 (Scheme 1.3). The primary oxidized intennediate 

is still not known with certainity, although for bromide it is thought to be an equivalent of 

hypobromous acid, bromine, tribromide or an enzyme-bound bromonium ion-type 

species?41,294,295 They are referred to as chioroperoxidases, bromoperoxidases or 

iodoperoxidases depending on the most electronegative halogen they can oxidize. 

V-BrPO .. 
(eg. HOBr, Br2, Br3-, Enz-Br) 

/"rg ~02 
Br-Org + H20 

Scheme 1.3 Overall reaction scheme ofV_BP0296 
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Vanadium bromoperoxidase (V-BPO) involved in the biosynthesis of many 

brominated marine natural products ranging from halogenated indoles, terpenes, 

acetogenins, phenols etc. to volatile halogenated hydrocarbons that are produced on a 

very large scale.296,297 In many cases these halogenated marine metabolites possess 

biological activities of pharmacological interest, including antifungal, antibacterial, 

antiviral, and anti-inflammatory activities.296 The haloperoxidase proteins have been 

isolated and characterized irrespective of their origin from all the different classes of 

marine algae or fungi, including Ascophyllum nodosum (brown algae), and Corallina 

officinalis (red algae) or Curvularia inaequqlis (fungi)?96 It is intriguing to note that these 

proteins exhibit a dual activity from peroxidases to phosphatases on the removal of 

vanadate.298,299 

Numerous mechanistic studies have been perfonned to elucidate the catalytic 

cycle of the V-BPO enzymes. Various vanadium based biomimetic functional models 

have been developed which are mainly based on monoperoxovanadium30o or 

triperoxodivanadium species.241 ,301,302 Schiff-base complexes of V(V), aqueous solution 

of cis-dioxovanadium(V) (VO/) in acidic medium, a V20 S and H202 system, KBr in 

excess H202 in presence of vanadyl sulphate in phosphate buffer were all found to be 

effective in bromination of organic substrates and were studied in detail as functional 

mimic of the enzyme. However, despite the progress made in understanding various 

aspects of activity of V -BPO, the exact mechanistic details of the enzyme function is yet 

to be fully unraveled. 

Along with the biochemical interest on the activity ofV-BPO, there have been on

going efforts devoted to establish catalytic protocols with synthetic V -BPO mimics. The 

need for ecologically benign catalytic systems for the synthesis of bromoorganics is 

increasingly being felt since, traditional bromination procedures require the elemental 
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bromine and chlorinated solvents, which are toxic, corrOSIve and hence hazardous 

pollutants.303-307 

Apart from vanadate and peroxovanadate, a few other transition metal systems 

such as MeRe03,308 MoO(oxalate),238 Mo03(aq)237 and W03(aq)237 catalyze the oxidation 

of bromide by hydrogen peroxide and are thus treated as functional mimics ofV_BPO.306 

A tungstate-exchanged layered double hydroxide (LDH) has also been studied as a 

heterogeneous catalyst in oxidative bromination of olefins by H202 system.309 The 

molybdate exchanged LDH catalyzed oxidative bromination of aromatic substrates.310 

Bhattacharjee et al. 311 reported the formation of ~-bromostyrene in presence of Na2Mo04 

by using KBr and H20 2 in aqueous medium. 

However, a great deal of effort is still required to develop peroxometallates with 

definite prospect for application as safer alternative synthetic catalyst for organic 

bromination reactions. For instance, unlike V -BPO which functions most efficiently at 

near neutral pH,294 most of the model complexes were found to be catalytically active 

only in acid medium and required the use 'of chlorinated solvent. It is therefore, 

significant to note that success has been achieved by other workers of the laboratory 

where the present work has been carried out, in synthesizing a series of p V compounds with 

bridging Il-peroxo group of the type [V202(02)3.(L)3].H20 (L = amino acid or 

dipeptide),312,313 as well as a polymer-anchored peroxovanadate compound. 129 which 

could act as powerful oxidants of bromide with good activity at physiological pH thus 

mimicking the enzyme V -BPO. The Il-peroxo vanadium compounds however, undergo 

rapid degradation in solution with loss of its high bromination activity.312 Moreover, a set of 

dinuclear and mononuclear p W compounds with amino acids and peptides as auxiliary 

ligands314 as well as polymer315 supported pW complexes could serve as efficient oxidants 

of bromide at neutral pH, and act as catalyst in bromide oxidation in presence ofH20 2. 
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Interestingly, the enzyme V-BPO not only oxidized halides but also several 

bicyclic sulfides to corresponding sulfoxides with high enantioselectivity.241 The 

sulfoxides constitute an important class of synthetic intermediates for the construction of 

variety of chemically and pharmacologically important molecules including anti-ulcer 

(proton pump inhibitor), antibacterial, antifungal, antihypertensive, and cardiotonic 

agents.316-319 Furthermore oxidative desulfurization involving oxidation of sulfides to 

sulfone is emerging as a promising procedure for removal of sulfur from fuel and 

industrial products.320-323 Thus the contemporary interest in the process of selective 

oxidation of sulfides to sulfoxides or sulfone spurred the development of a vast variety of 

useful reagents and transition metal catalysts including vanadium,324-326 molybdenum, 

234,319,327,328 tungsten,319, 327,329,330 copper,331 manganese,332,333 titanium/23,334 iron,335,336 

rhenium,337 etc. Nevertheless, most of the reported protocols suffer from serious 

limitations such as non-selectivity, high cost, over oxidation, toxicity of the catalyst. Most 

of the protocols also require the use of other additives and harmful chlorohydrocarbon 

solvents. It is worth mentioning the important work ofNoyori et a1.330 where oxidation of 

sulfides to sulfoxide and sulfone with H202 could be achieved by using Na2 W04 under 

solvent and halide free conditions. However, a phosphonic acid promoter and an acidic 

quaternary ammonium salt are required along wi'th the catalyst. Moreover, homogeneous 

reaction conditions of the protocol prevented catalyst recovery and recycling.33o 

There has been lot of emphasis in recent years to find new and strategically 

important synthetic processes using greener ingredients and a robust and recyclable 

catalyst that provides higher atom utilization to minimize waste and pollution level.32,47,48 

The use of solid catalysts under heterogeneous conditions, which allows easy recovery of 

the catalyst are considered ideal for such reactions.47,338,339 Selective oxidation of sulfide 

has been carried out with a large number of supported reagents and catalysts.340-342 Fuerte 
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et al.343 reported dioxomolybdenum(VI) complexes supported on USY-zeolite and 

mesoporous MCM-41 as recyclable heterogeneous catalysts, which selectively catalyzed 

the oxidation of sulfides to sulfoxides or sulfones. However, the catalysts lose their 

sulfoxide selectivity at higher conversion and overoxidation of sulfide to sulfone occurs. 

The important findings of a comparative study carried out by Gomez and co-workers344 

with different oxidant and support to understand the role of support in selectivity of 

sulfoxidation, demonstrated that acid support (amberlyst) gave sulfoxide selectively, 

basic support (basic alumina) increased the proportion of sulfone formed. 345 Some of 

these systems however, are associated with the drawback of gradual leaching of the 

catalytic species during the repeated catalytic cycles. It is important in this context that a 

poly( acrylonitrile) supported p W catalyst developed in our laboratory, served as an 

efficient recoverable heterogeneous catalyst to selectively oxidize sulfides to sulfoxides 

or sulfones by H20 2 under mild reaction conditions.346 A perusal available literature 

shows that in spite of the advantages associated with immobilization of active catalyst on 

polymer support, there appears to be very little information available on application of 

peroxometal compounds supported on polymers in organic oxidations in general. 

In addition to the interesting catalytic or stoichiometric oxidizing activity 

exhibited by the pMo complexes, this class of compounds display properties of clinical 

relevance. The peroxo compounds of molybdenum (PMo) and tungsten (p W), besides 

peroxovanadates (p V), are now recognized as potential insulin mimics.8 It has been 

reported that peroxomolybdates formed in the solution of molybdate with hydrogen 

peroxide stimulate all or most of the insulin bioeffects in rat adipocytes generated 

renewed interest in these systems.8
,198 Peroxomolybdates are also active in normalizing 

blood glucose levels in streptozotocin-induced diabetic rats.8 Mikalsen et a1.200 reported 

that permolybdate formed in solution is potent inhibitor of protein tyrosine phosphatases. 
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A great deal of recent effort has been directed towards developing p V based 

therapeutic agents, despite the fact that most of the synthetic p V compounds are unstable 

under physiological condition and end with radical formation when subjected to redox 

processes1
,13 which limits their pharmaceutical potential. In contrast, although there has 

been ample evidences to show that pMo species formed in a solution of Mo-H20 2 are 

hydrolytically stable and are relatively less toxic,8 the biochemical potential of pMo 

complexes remains relatively unexplored. 

From the foregoing non-exhaustive di~cussion it is evident that despite the 

enormous progress in the domain of polymer supported metal complexes, and multitude 

of pMo complexes synthesized and studied in 'recent years, very few reports exist on 

design, synthesis and application of pMo compounds immobilized on polymer matrices. 

Furthermore, no information is available on peroxomolybdate anchored to water soluble 

polymers. 

In line with the scope highlighted above, in the present research programme,_ we 

have endeavored to establish viable synthetic rou,tes to new pMo complexes supported on 

insoluble as well as soluble polymer matrices. Strong focus of this work involves 

investigating the catalytic activity of the macrocomplexes with respect to organic 

oxidations and testing of some of the key bio-relevant properties of the soluble complexes 

viz., hydrolytic stability and their interaction with certain enzymes. Our effort has been 

directed basically. towards two major goals: (i) to develop newer reagents and 

methodologies for organic oxidations under environmentally acceptable reaction 

conditions, and (ii) to generate peroxomolybdates with biologically important 

characteristics. 

Chapters 3 to 7 of the thesis present interpretative accounts of the findings of our 

investigations on the afore mentioned aspects of peroxomolybdenum chemistry. Each of 
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these Chapters has been so designed as to make it a self-contained one with brief 

introduction, sections on experimental, results and discussion, and conclusion followed 

by relevant bibliography. Most of the new results have been either published or are under 

communication. 
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Materials and Methods 

This chapter gives a brief account of the materials used and the various analytical 

and physicochemical techniques employed for the characterization of the ligands and the 

supported peroxometal complexes. Procedural details regarding the synthesis of the 

complexes and their activity studies are described in their respective chapters. 

2.1 CHEMICALS 

The chemicals used were all reagent grade products. The sources of chemicals are 

given below: 

Acetone, acetonitrile, methanol, ethyl acetate, petroleum ether, diethyl ether, 

dichloromethane, silica gel (60-120 mesh), 50% hydrogen peroxide, 30% hydrogen 

peroxide, aniline (v/v) (RANKEM), DL-alanine, L-valine, aminophenol (CDH, New 

Delhi, India), molybdic acid, sodium hydroxide, sodium sulfate, resorcinol, 

salicylaldehyde, pyrogallol, catechol, acetanilide, nitroaniline, methanol, acetonitrile (E. 

Merck, India), poly(sodium acrylate) (Mw= 2100) (Fluka), poly(sodium methacrylate) 

(Mw = 4000), poly(sodium vinyl sulfonate) (Mw = 4000), alkaline phosphatase from 

rabbit intestine (ALP), acid phosphatase from wheat thylakoid membrane (ACP), 

catalase, p-nitrophenyl phosphate (P-NPP), chloromethylated poly(styrene

divinylbenzene) (2.5 mmol g-l Clloading, 2% DVB) (MR), methyl phenyl sulfide (MPS), 

ethyl phenyl sulfide (EPS), dimethyl sulfide (DMS), dibutyl sulfide (DBS), butyl propyl 

sulfide (BPS), dibenzothiophene (DBT), phenylvinyl sulfide (PVS), 
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2-(phenylthio )ethanol (PTE), dihexyl sulfide (DHS), diphenyl sulfide (DPS), benzyl 

phenyl sulfide (BPS), allyl phenyl sulfide (APS) (Sigma-Aldrich Chemical Co., 

Milwaukee, USA) and sodium thiosulphate, potassium hydrogen phosphate, potassium 

dihydrogen phosphate, glycine, oxine, and MgCb (SD Fine Chemicals, Mumbai, India). 

[MoO(02h(glycine)(H20)] (DMol) and [MoO(02)2(asparagine)(H20)] (DMo2) were 

synthesized according to a previously reported procedure. l Polyacrylamide (PAm) was 

prepared by solution polymerization technique using iron(II) ammonium sulfate and 

hydrogen peroxide as redox initiator.2 The resin, MR was pretreated with aqueous 

dioxane (50:50 (v/v)) and finally washed with methanol and dried under vacuum at 90°C 

for 8 h before chemical functionalization. The water used for solution preparation was 

deionized and distilled. 

2.2 ELEMENT AL ANALYSES 

2.2.1 Molybdenum 

2.2.1.1 Gravimetry3 

Molybdenum was estimated by precipitation as molybdenum oxinate, 

M002(C9H60N)2 by adopting the following procedure. 

An accurately weighed amount of the water soluble compounds PAMo (4.1) or 

PMAMo (4.2) or P AmMo (4.3) or PSMo (4.4) was dissolved in 20 mL distilled water in 

a 250 mL beaker and then acidified with a few drops of dilute M - sulfuric acid. To the 

mixture, 5 mL of2 M ammonium acetate was added and diluted it to 50-100 mL followed 

by heating upto boiling. The molybdenum was precipitated by the addition of 3% solution 

of oxine' in dilute acetic acid until the supernatant liquid becomes perceptibly yellow. The 
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mixture was then boiled gently and stirred for 3 minutes. The precipitate was then filtered 

through a constant-weighed sintered glass crucible and washed with hot water until free 

from the reagent. After washing, it was dried to constant weight at 130-140 °C. 

In case of insoluble compound P ANMo (3.3), an accurately weighed amount of 

the compound was treated with H2S04 (4 N) to detach the anchored molybdenum from 

the polymer matrix. The mixture was filtered and the residue containing the solid polymer 

was washed several times with H2S04 (4 N) for complete removal of the metal. The solid 

residue was discarded and the filtrate and the washings were transferred to a 250 mL 

beaker. Subsequently, molybdenum was estimated by following the procedure as 

mentioned above for compound 4.1-4.4. 

In case of insoluble peroxomolybdate complexes immobilized on ammo acid 

functionalized Merrifield resin, MRVMo (3.1) and MRAMo (3.2), an accurately 

weighed amount was first ignited in a Bunsen flame to remove the polymer. 

Subsequently, the residue was acid digested followed by evaporation to dryness. To the 

dry mass, 20 mL of distilled water was added and estimated the molybdenum content by 

following the procedure as mentioned for the compounds 4.1-4.4. 

2.2.2.2 EDX analysis and Atomic absorption spectroscopy (AAS) 

Molybdenum content was also determined by using Energy Dispersive X-Ray 

(EDX) analysis and atomic absorption spectroscopy (AAS). 

2.2.2 Peroxide4
-6 

2.2.2.1 Permanganometry4 

To a freshly prepared solution of 7N sulfuric acid containing ca. 4 g of boric acid, 

an accurately weighed amount of a peroxomolybdate compound ~as added. Boric acid 
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was used to form perboric acid to prevent any loss of active oxygen. The resulting 

solution was then titrated with a standard potassium permanganate solution. This method 

is suitable for determination of peroxide content in peroxomolybdenum(VI) compounds. 

1 mL of IN KMn04= 0.01701 g ofH20 2 

2.2.2.2 Iodometry5 

An accurately weighed amount of the peroxomolybdenum(VI) compound was 

added to a freshly prepared 2 N sulfuric acid solution containing an appropriate amount of 

potassium iodide (-1 g in 100 mL) and a pinch of sodium bicarbonate with constant 

stirring. The mixture was kept at dark for ca. 15 min in CO2 atmosphere. The liberated 

iodine was then titrated with a standard sodium thiosulfate solution by adding 2 mL 

freshly prepared starch solution when the color of the iodine was nearly discharged. The 

liberated iodine was titrated against standard sodium thiosulfate solution until it turned 

into pale yellow. Subsequently, a few drops (1-5 mL) of 1% starch solution was added 

and the solution was turned into deep purple colour. Finally, it was titrated until the 

solution became colourless and the final reading was observed. 

1 mLoflNNa2S203 =0.01701 gofH202 

This method gives the total amount of peroxide present in the compound. 

2.2.2.3 By standard Ce(lV) solution6 

An accurately weighed amount of a peroxomolybdate(VI) compound was added 

to 0.7 N sulfuric acid solution in the presence of an excess of boric acid. Peroxide was 

then estimated by titrating with a standard Ce(IV) solution. 
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2.2.3 Carbon, Hydrogen and Nitrogen 

The compounds were analyzed for carbon, hydrogen and nitrogen by Perkin 

Elmer 2400 series II at the Department of Chemical Sciences, Tezpur University. 

Carbon and nitrogen content was also determined from EDX analysis. 

2.2.4 Chlorine 

The chlorine content in the compounds was determined by EDX analysis. 

2.2.5 Sulfur 

The sulfur content in the compounds was determined by EDX analysis. 

2.2.6 Sodium 

Sodium content in the compounds was determined by EDX analysis and AAS. 

2.3 PHYSICAL AND SPECTROSCOPIC MEASUREMENTS 

2.3.1 pH measurement 

pH of the reaction solutions, whenever required were measured by using a Orion 

VST AR52, and also by E. Merck Universal indicator pH 0-14 paper. 

2.3.2 Electronic spectra 

The diffuse reflectance UV-Vis spectra of solid samples are recorded using a 

Hitachi U-3400 spectrophotometer equipped with a diffuse reflectance accessory with an 

integrating sphere of 60 mm inner diameter using BaS04 as standard. 
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The UV -Vis absorption spectra in solution were recorded in a Cary model Bio 100 

spectrophotometer, equipped with a peltier controlled constant temperature cell in 1 cm 

quartz cuvettes. All the absorbance values are denoted as, e.g., Atos, AS92, A320 at the 

wavelengths indicated. 

2.3.3 Infrared (IR) spectra 

The infrared (IR) spectra were recorded in KBr pellets using a Nicolet model 

impact 410 FTIR spectrophotometer in the range 4000-400 cm -1. 

2.3.4 Surface morphology analysis by Scanning Electron Microscope (SEM) 

The surface morphology of the samples was analyzed by using the lEOL lSM-

6390LV Scanning Electron Micrograph attached with energy dispersive X-ray detector. 

The samples were mounted on SEM mounts with carbon tape and coated with a thin layer 

of evaporated platinum. Scanning was done at 1-20 Ilm range and images were taken at a 

magnification of 15-20 kV. Data were obtained using INCA software. The 

standardization of the data analysis is an integral part ofSEM-EDX instrument employed. 

2.3.5 Atomic Absorption Spectroscopy (AAS) 

Atomic Absorption Spectrometry was done in Thermo iCE 3000 series Atomic 

absorption spectrophotometer model analyst 200. 

2.3.6 Surface area analyses 

Dinitrogen adsorption/desorption measurements were performed at 77.3 K on 

Quantachrome model Nova 4200e porosimeters. Surface area measurements utilized a 
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five point adsorption isotherm collected over 0.05 to 0.35 p/po and analyzed via the BET 

method7 and pore volume were determined by BJH model.s 

2.3.7 IH NMR spectra 

The IH NMR spectra were recorded on JEOL JNM-ECS400 spectrophotometer using 

deuterated chloroform. The chemical shifts are referenced with respect to TMS = {) 0 ppm. 

The values are given in ppm. The abbreviations s, d, m and br are used to depict the 

singlet, doublet, multiplet and broad absorption signals respectively in IH-NMR 

spectrum. 

2.3.8 13C NMR spectra 

The l3C NMR spectra for all the peroxomolybdenum complexes, 3.1-3.3 and 4.1-4.4 

were recorded in a JEOL JNM-ECS 400 spectrometer at carbon frequency 100.5 MHz. 

The l3C NMR spectra for MR, MRV, MRA, MRVMo (3.1) and MRAMo (3.2) 

were recorded in the spectrometer at carbon frequency 100.5 MHz, 4096 X-resolution 

points, number of scans 2300, 75 ms of acquisition time, 300 pulse length and 0.4 s of 

relaxation delay with IH NMR decoupling method by swelling in (CCI4 / DMSO-d) 

(80:20, v/v). 

The l3C NMR spectra for PAN and P ANMo (3.3) were recorded at carbon 

frequency 100.5 MHz, 32768 X-resolution points, number of scans 10000, 1.04 s of 

acquisition time and 2.0 s of relaxation delay with IH NMR decoupling method in 

(DMSO-d + DMF) (1 :4). 

For the water soluble polymer bound peroxomolybdenum complexes, 4.1-4.4, the 

13 ' 
C NMR spectra were recorded at a carbon frequency of 100.5 MHz, 131 072 X-resolution 
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points, number of scans 8000, 1.04 s acquisition time, and 2.0 s relaxation delay with the 1 H 

NMR decoupling method in D20. 

The BC NMR spectra of organic sulfides, sulfoxides and sulfones were recorded in 

CDCh as solvent. 

In all cases the deuterated solvents provide the lock signal. 

2.3.9 95Mo NMR spectra 

The 95Mo NMR spectra were recorded in JEOL JNM-ECS400 spectrometer and 

Bruker A V 400 MHz FT -NMR at a molybdenum frequency of 26.07 MHz with sample in 

a 10 mm spinning tube with a sealed coaxial tube. For the water soluble polymer bound 

peroxomolybdenum complexes (4.1-4.4), D20 is used to provide the lock signal and for 

the peroxomolybdenum complexes anchored to water insoluble polymer, 

polyacrylonitrile, (DMSO-d + DMF) (1 :4) was used, where DMSO-d provided the lock 

signal. Again, in case of immobilized peroxomolybdate on amino acid functionalized 

Merrifield resin, (CCI4 I DMSO-d) (80:20, v/v) was used as a solvent, where DMSO-d 

provided the lock signal. The spectra for the complexes MRVMo and MRAMo were 

recorded by swelling the compounds in CCk The chemical shift data are recorded as 

negative values of ppm (8) in the low-frequency direction with reference to 1 M 

Na2Mo04.2H20 solution at 298 K. 

2.3.10 GC analysis 

GC analysis was carried out on a CIC, Gas Chromatograph model 2010 using a 

SE-52 packed column (length 2 m, 1/8" OD) with a Flame Ionization Detector (FID), and 

nitrogen as carrier gas (30 mL/min). 
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2.3.11 HPLC analysis 

HPLC analysis were performed using a Waters Tm 2487 dual k detector and 

assayed at fixed wavelengths using a C18, column (Nova-Pak C18, 3.9 x 150 mm, 

Waters). 

2.3.12 Thermogravimetric analysis 

Thermogravimetric analysis was done on SHlMADZU TGA-50 and Perkin-Elmer 

STA 6000 system using aluminum pan, at a heating rate of 10 °C/min under an 

atmosphere of nitrogen. 

2.3.13 Melting point determination 

Melting points were determined in open capillary tubes on a BUchi Melting Point 

B-540 apparatus and are uncorrected. 

2.3.14 Magnetic susceptibility 

Magnetic susceptibilities of the complexes were measured by the Gouy Method, 

using Hg [Co(NCS)41 as the calibrant. 

2.4 COMPUTATIONAL CALCULATION 

Computational calculations were done by employing the density functional theory 

(DFT) method. DFT calculations were performed on the model complexes using the 

BL YP functional and DNP basis set as implemented in the program DMo13.9 The 

complex was first optimized at the BL YPIDNP level. The chemical softness value for the 

model complexes were calculated from the HOMO and LUMO energies. 
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Synthesis and Characterization of Monoperoxo Molybdenum (VI) 

Complexes Immobilized on Polymer Supports 

3.1 INTRODUCTION 

The importance of polymer supported complexes of transition metals which 

rendered them the focus of one of the active areas of contemporary research, have been 

emphasized in the literature l
-
7 and highlighted in the introductory Chapter. Polymer 

immobilized catalysts combine the specificity and selectivity of homogeneous catalysts 

~d operational convenience of heterogeneous catalysts.8
-
10 Our interest in attaching pMo 

species to insoluble polymer resin to obtain macrocomplexes has been stimulated mainly 

by the prospect of generating newer potential heterogeneous catalysts for organic 

oxidations since peroxo compounds of molybdenum have already been recognized as 

versatile reagents for organic oxidative transformations. 1l
-
28 In contrast to the numerous 

reports dealing with synthesis of pMo compounds in various. co-ligand environments, 

there are only a limited number of reported studies on the preparation of well-defined 

pMo containing macrocomplexes. 

For the present investigation, since our goal was to prepare insoluble compounds 

with a plan to develop heterogeneous catalytic systems, we have selected two types of 

polymer matrices for immobilization of pMo species, viz., amino acid functionalized 

Merrifield resin (MR) and poly(acrylonitrile) (PAN). PAN was chosen for 

immobilization of the pMo species due to its being an insoluble, non-toxic, cheap and 

commercially available reagent.29 Moreover, acrylonitrile polymers have attracted much 
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attention for their applications in diverse areas that include medicine,29 antioxidants,29 

surface coatings,30 catalysis,3l textiles treatment,29 binders29 and as adsorb ant for removal 

of heavy metal ions from water.32,33 As far as we are aware, the compound PANW 

reported previously by us, is the only example where PAN has been used as polymeric 

support to obtain an immobilized peroxometal compound. 34 

Divinyl benzene cross-linked polystyrene, support that Merrifield first developed 

for solid-phase synthesis of peptides,35 is still the most popular solid support due to its 

ready availability, low cost, mechanical and chemical robustness and its _ability to 

undergo facile functionalization.36,37 In order to obtain stable metal supported catalysts, 

formation of strong metal-polymer bond which can survive repeated catalytic cycles, 

preventing the metal species from leaching out of the polymer matrix, is an essential 

requirement.24,38,39 Hence, functionalization of the resin with appropriate ligand groups is 

the most important step towards establishing stable metal-polymer linkage.34,38,40 In this 

work, we have decided to use valine and alanine anchored MR as support mainly because 

molybdenum is known to form stable complexes with amino acids.4l Although the first 

synthesis of metal complexes supported on cross-linked poly(styrene-divinylbenzene) 

resin through amino acid group was studied on copper(II) metal in the year 1977,42 yet, 

we have come across only two reports on application of ruthenium(III) and palladium(II) 

complexes supported to L-valine functionalized MR as catalyst in olefin oxidation and 

hydrogenation, respectively.43,44 No report seems to exist on anchoring of pMo species to 

amino acid functionalized Merrifield resin. 

In Chapter 3, we report the synthesis and characterization of dioxomonoperoxo 

compounds of molybdenum(VI) immobilized on amino acid functionalized Merrifield 

resin of the type [M002(02)(Lh12--MR [L = valine (MRVMo) (3.1) or alanine 
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(MRAMo) (3.2) and MR = Merrifield resin] and on poly(acrylonitrile) of the type 

[Mo02(02)(CN)2]-PAN [PAN = poly(acrylonitrile)] (PANMo) (3.3). 

3.2 EXPERIMENTAL SECTION 

3.2.1 Anchoring of amino acids to Merrifield resin 

The amino acid functionalized polymers were prepared by employing a reported 

procedure with some modification.44 Pre-washed chloromethylated poly(styrene-

divinylbenzene) copolymer beads (2 g, 5 mmol Cl) were allowed to swell in 6 mL 

methanol for 1 h. An aqueous solution of L-valine (0.73 g, 6.25 mmol) or DL-alanine 

(0.56 g, 6.25 mmol) in 20 mL distilled water was added to the swollen polymer in 

methanol. The molar ratio of Cl:amino acid:base on the basis of percent replaceable 

chlorine on resin was maintained approximately at 1: 1.25: 1.25. The resulting mixture was 

refluxed for 24 h in presence of pyridine (0.50 mL, 6.25 mmol). The contents were cooled 

and allowed to stand at room temperature for a week with occasional shaking. The pH of 

the reaction mixture was recorded to be ca. 7 at this stage. At the end of the period of 7 

days, pH came down to ca. 5. The colour of the beads changed from off-white to pale 
, 

yellow indicating the attachment of the amino acid. Subsequently, the L-valine (MRV) or 

DL-alanine (MRA) linked polymer beads were filtered, washed with hot water till no 

precipitate of AgCl was observed in the filtrate on treating with AgN03. This was 

followed by washing with ethanol and the product obtained was ultimately dried under 

vacuum at 90°C for 8 h to yield 2.41 g and 2.23 g ofMRV and MRA, respectively. 
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3.2.2 Synthesis of immobilized molybdenum dioxomonoperoxo compounds 

[M002(02)(Lh]2--MR, [L = valine (MRVMo) (3.1) or alanine (MRAMo) (3.2)] 

In a typical reaction, H2Mo04 (0.40 g, 2.5 mmol) was dissolved in 30% H2~ (2.55 mL, 

22.5 mmol) by maintaining the temperature at 30-40 °c. The pH of the clear solution 

obtained was recorded to be ca. 1. Concentrated sodium hydroxide (ca. 8 M) was then 

added to the above solution dropwise with constant stirring to raise the pH of the reaction 

medium to 5.0. Keeping the temperature of the reaction mixture below 4 °c in an ice 

bath, 1.0 g of MRV or MRA was added to it which was pre-swelled in 5 mL ethanol for 

1 h. The mixture was kept for 24 h under continuous stirring in an ice bath. The 

supernatant liquid was then decanted and the yellowish residue was repeatedly washed 

with pre-cooled acetone. The products were separated by centrifugation and dried in 

vacuo over concentrated sulfuric acid. The compounds were further dried by heating upto 

70°C under nitrogen atmosphere. 

3.2.3 Synthesis of [Mo02(02)(CN)2]-PAN [PAN = poly(acrylonitrile)] (PANMo) (3.3) 

Molybdic acid (3.01 g, 18.86 mmol) was dissolved in 30% H202 (20 mL, 176.40 mmol) 

by maintaining the temperature at 30-40 °c, to obtain a clear solution of pH ca. 1. 

Subsequently, pH of the reaction solution was raised to 5.0, by the addition of 

concentrated sodium hydroxide solution (ca. 8 M) dropwise with constant stirring. 

Keeping the temperature of the reaction mixture below 4 °c in an ic~ bath, 1.0 g of 

poly(acrylonitrile) was added t~ it. The reaction mixture was left for 24 h under constant 

stirring for swelling of the suspended polymer beads. The white residue obtained was 

separated by decanting off the supernatant liquid ang was repeatedly washed with pre

cooled acetone. The product was dried in vacuo over concentrated sulfuric acid. 
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3.2.4 Elemental analysis 

The methods described m Chapter 2 were used to obtain the quantitative 

determination of molybdenum, peroxide,· carbon, hydrogen, nitrogen, chlorine and 

sodium. The analytical data of the compounds are summarized in Table 3.1. 

3.2.5 Physical and spectroscopic measurements 

According to the methods described in Chapter 2, the compounds were 

characterized with the help of spectroscopic measurements, TG analysis as well as 

scanning electron micrographs (SEM) and EDX analysis. Structurally significant IR 

bands and their assignments are summarized in Table 3.3. TGA data of the complexes 

are reported in Table 3.6. Table 3.4 and Table 3.5 describe the I3C NMR chemical shift 

values for the complexes and their respective free polymers. 95Mo NMR spectra for the 

complexes are presented in Fig. 3.13. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis and Characterization 

3.3.1.1 Synthesis 

The polymer-supported compounds, MRVMo (3.1) and MRAMo (3.2) have been 

synthesized by adopting a two-step methodology. The functionalized polymer, MRV was 

obtained by reacting the polymer with the respective amino acid in methanol and using 

pyridine as a base, according to a previously established procedure.44 The alanine 
, 

functionalized polymer, MRA was isolated similarly by using alanine in lieu of valine. 
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We have used the chloromethylated polystyrene cross-linked with 2% DYB as support 

mainly owing to its superior flexibility, which is known to facilitate grafting of metallic 

atoms via polymer anchored ligands.7,45 The amino acid containing polymer was 

subsequently allowed to react with peroxomolybdenum species, generated in situ by 

reacting H2Mo04 with 30% H202 at pH 5.0, to afford the immobilized 

peroxomolybdenum compounds, 3.1 and 3.2. Since our earlier experience on synthesis of 

polymer-bound peroxometallates have shoWfol that, formation and anchoring of p y46 and 

p W47 species to a polymer matrix with carboxylate ligands is most conducive at near 

neutral pH, in the present synthesis the pH was strategically maintained at ca. 5. Our 

effort to increase the loading by increasing the contact time to 7 days was however not 

successful. 

The synthesis of the poly(acrylonitrile) anchored compound, PANMo (3.3) was 

achieved by allowing the polymer to swell in a reaction mixture consisting of 

peroxomolybdenum species, generated in situ by reacting H2Mo04 with 30% H202. In 

this case also the pH of ca. 5, maintained by adding alkali hydroxide, was found to be 

optimum for the formation of the peroxomolybdenum species and their subsequent 

anchoring to the pendant nitrile groups of the polymer. The factors such as maintenance 

of required contact time of 24 h and temperature at < 4 °c were also observed to be 

important for the desired synthesis. It is noteworthy that the compounds are non

hygroscopic, stable and can be stored for a prolonged period without any change in its 

catalytic efficiency. 
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3.3.1.2 Characterization and formulation 

The elemental analysis data for the synthesized compounds are given in Table 3.1. 

From the data it is evident that nearly 70% of the CI of -CH2CI groups have been replaced 

by valine to afford MRV whereas in MRA, alanine substituted ca. 58% of Cl. It is 

therefore estimated that about 70% of the ligand units are bound to pMo moieties in 

MRV (60% in MRA). In P ANMo, about 4.51 % of the nitrile units are observed to be 

anchored to the pMo moieties. Furthermore, the ratio of metal : repeat unit for the 

compounds MRVMo (3.1), MRAMo (3.2) and PANMo (3.3) was found to be 1 : 15, 1 : 19 

and 1 : 21, respectively. The ratio of Mo:ol- content for 3.1-3.3 was unity indicating that 

the attached pMo moieties are present in the compounds in their dioxomonoperoxo, 

[M002(02)], form. The molybdenum loading on the compounds, MRVMo (3.1), 

MRAMo (3.2) and PANMo (3.3) correspond to 0.46, 0.38 and 0.77 mmol per gram of 

the polymeric support, respectively which was calculated on the basis of Mo content, 

obtained from gravimetric analysis and confirmed by EDX spectral analysis as well as 

with atomic absorption spectroscopy (AAS). The pMo compounds were diamagnetic in 

nature, as was evident from the magnetic susceptibility measurement in conformity with 

the presence of Mo centers in their +6 oxidation states. 

3.3.1.2.1 SEM and Energy Dispersive X-ray (EDX) Analysis 

Information regarding the morphological changes occurring on the surface of the 

polymer as a consequence of incorporation of the peroxomolybdates into the polymer 

matrix, was derived from scanning electron microscopic study. The micrographs revealed 

that the smooth and flat surface of the starting virgin resin, MR [Fig. 3.1 (a)] undergoes 

considerable roughening upon incorporation of the amino acids [Fig. 3 .1 (b) and 3.1 (d)]. 

Randomly oriented depositions on the external surface of the resin were seen on 
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attachment of the pMo units leading to further roughening of the polymeric surfaces in 

MRVMo (3.1) and MRAMo (3.2) [Fig. 3.1(c) and 3.1(e)]. The surface of compound 

PANMo (3.3), in contrast to the smooth and flat surface of the pristine polymer PAN, 

appeared to be coarse with the metal ions distributed across the surface [Fig. 3.l(f) and 

3.1(g)]. 

Energy dispersive X-ray spectroscopic analysis, which provides in situ chemical 

analysis of the bulk, was carried out focusing multiple regions over the surface of the 

polymer. EDX spectra clearly showed Mo, Na, C, N and 0 as the constituents of the 

compounds MRVMo (3.1) and MRAMo (3.2). On the other hand, absence of sodium as 

counter ion in the compound P ANMo (3.3) was confirmed from the EDX spectrum. The 

observation is in accord with the charge neutrality of the nitrile bound 

monoperoxomolybdenum(VI) species in 3.3. The results presented in Table 3.1 for each 

of the compounds, 3.1-3.3 are the average of the data from these regions. The data 

obtained from energy dispersive X-ray spectroscopy on the composition of the 

compounds, 3.1-3.3 resemble those of the elemental analysis values (Table 3.1). 
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Table 3.1 Analytical data for the amino acid-anchored Merrifield resin and polymer-bound peroxomolybdates 

Compound % Found from elemental analysis Molybdenum loading a 
(% obtained from EDX spectra) (mmol g-l of polymer) 

C H N CI Na Mo 022-

MRV 82.58 7.11 2.11 
(82.01) (2.05) (2.24) 

MRA 82.04 7.29 1.78 
(82.67) (1.82) (3.24) 

MRVMo 74.08 6.84 1.88 2.18b 4.52 1.60 0.46 
(74.54) (1.86) (2.36) (2.03) 4.51 b 

(4.46) 

MRAMo 74.58 6.68 1.80 1.70b 3.66 1.29 0.38 
(74.14) (1.77) (2.89) (1. 73) 3.64b 

(3.60) 

PANMo 59.76 4.58 23.86 7.38 2.44 0.77 
(59.52) (23.17) 7.35b 

(7.29) 

Observed metal % X 10 
aMolybdenum loading = , b Determined by AAS. 

Atomic weight of metal 
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Fig. 3.1 Scanning electron micrographs of (a) MR, (b) MRV, (c) MRVMo, (d) MRA, (e) 

MRAMo, (f) rAN and (g) P ANMo. 
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Fig. 3.2 EDX spectra of (a) MRVMo, (b) MRAMo and (c) PANMo. 

3.3.1.2.2 BET analysis 
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(b) 

-

The surface area of the polymeric samples viz., the pristine resin, functionalized 

resin and the metal incorporated polymers were measured by using BET analysis with the 

nitrogen adsorption method48 and pore volume was determined by BJH mode1.49 The N2 

adsorption/desorption isotherms for each of the samples (Fig. 3.3) showed typical TYPE II 

adsorption of an IUP AC ~tandard32 on particles which have macropores or nonpores, 

showing poor adsorption.33 The textural properties of the neat polymer as well as the 

metal anchored polymeric samples are listed in Table 3.2. The results demonstrated that 

the surface area ofMR (11.45 m2/g) reduces after incorporation of amino acids to 8.57 m2/g 

for MRV and 9.22 m2/g for MRA. Further decrease in the surface area was noted on 
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complexation with pMo moieties to 3.92 m2/g (for MRVMo) and 4.59 m2/g (for 

MRAMo). These reductions in surface area, total pore volume and pore radius are likely 

to be the result of blocking of pores by the attachment of amino acids and subsequent 

incorporation of pMo moieties with MR, as has been reported previously for metal bound 

MR.50 

The surface area of poly(acrylonitrile) (PAN) was similarly found to be reduced 

from a value of 151.22 m2/g to 101.35 m2/g on metal loading to form PANMo (Table 3.2). 

Moreover, TYPE I isotherm is observed in case of PAN and P ANMo indicating 

microporous nature of the adsorbent (Fig. 3.4). 

Table 3.2 BET surface area, Vtot and pore radius of the pMo compounds 3.1-3.3 and base 

polymers 

Compound SBET a (m2/g) V tot b (cc/g) Pore radius (A) 

MR 11.45 0.118 53.6673 
MRV 8.57 0.073 36.5092 
MRA 9.22 0.082 39.4426 

MRVMo 3.92 0.014 24.0492 

MRAMo 4.59 0.018 26.4517 
PAN 151.22 0.158 8.2251 
PANMo 101.35 0.127 6.1183 

a BET surface area. 

b Total pore volume. 
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Fig. 3.3 The N2 adsorption/desorption isotherm of (a) MR, (b) MRV, (c) MRA, (d) 

MRVMo and (e) MRAMo. 
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Fig. 3.4 The N2 adsorption/desorption isotherm of (a) PAN and (b) PANMo. 

87 



CHAPTER 3 

3.3.1.2.3 IR spectral studies 

The IR spectra for the polymer-anchored complexes 3.1-3.3 are presented in Fig. 3.5 

- Fig. 3.7 and the significant features are summarized in Table 3.3. By comparison of IR 

spectra of the immobilized complexes to the spectra of pure polymers and available 

literature on metal compounds comprised of ligands relevant to the present study, 

assignments of the IR bands for the compounds, 3.1-3.3 were made. The three vibrational 

modes at ca. 850, ca. 625 and ca. 520 cm-1 assigned to v(O-O), Vasym(MO-02) and 

vsym(MO-02), respectively51,52 confirmed the presence of side-on bound peroxo ligand in 

each of the title compounds. The intense absorption at ca. 960 cm-1 in the spectrum of 

each of the compounds, 3.1-3.3 was consistent with the presence of a terminally bonded 

Mo=O groUp.51,52 

The IR spectra showed characteristic differences between the spectral pattern 

originating from the polymer-metal complexes, 3.1 and 3.2, and the spectra of the amino 

acid functionalized polymer as well as the virgin MR (Fig. 3.5 and Fig. 3.6, Table 3.3). The 

intense band occurring at 1264 cm-1 in the virgin MR spectrum has been assigned to v(C-Cl) 

mode of -CH2Cl moiety.43,44 The intensity of the band was observed to be substantially 

reduced in the spectrum of the functionalized polymers MRV and MRA on anchoring of 

the amino acids, suggesting replacement of the CI from the -CH2Cl group of the MR by 

the ligands.43,44 Apart from the typical absorptions at ca. 3050, 2900, 1025 and 697 cm-1 

due to varomatlc(CH), VahphatIc(CH), t5aromatIc m-plane(CH) and t5aromatlc out-of-plane(CH), in the 

spectra of MRV and MRA, new bands appear at ca. 1639, 1501, 1487, 1081 cm-1 (for 

MRV) and at ca. 1598, 1530, 1414, 1080 cm-1 (for MRA) attributable to Vasym(COO), 

t5(NH) bending, Vsym(COO) and v(C-N), respectively, giving clear indication of the 

bonding of the amino acids to the polymeric matrix.43,44,53 

Upon incorporation of the pMo moieties to the alanine or valine functionalized 

resins, spectra of both the compounds MRVMo (3.1) and MRAMo (3.2) exhibited a 
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distinct shift of vasym(COO) to a higher frequency and that of vsym(COO) to a lower 

frequency (Table 3.3) compared to the free polymeric ligand values along with some 

broadening. The corresponding Vsym(COO) mode attributable to co-ordinated carboxylate 

group appeared at 1470 cm-I for MRVMo (3.1) and at 1403 cm-I for MRAMo (3.2). The 

resulting ~ v [vasym(COO) - Vsym(COO)] = 216 cm-I for MRVMo (3.1) and 250 cm-I for 

MRAMo (3.2) being much greater relative to the free MRV or MRA demonstrated the 

metal carboxylate co-ordination to be unidentate one.54,55 Presence of free -COOH groups 

in each of the compounds, MRVMo (3.1) and MRAMo (3.2) was evident from an 

additional IR band appearing in the vicinity of 1710 em-I. The position of <5(NH) 

absorption in the polymeric complexes remained practically unaltered compared to its 

position in the spectrum of the corresponding free ligand. It is therefore inferred that the 

amine group was not participating in co-ordination.44 Since the N-H stretching is occurred 

in the v(OH) frequency region, the band could not be distinguished with certainty. The 

broad and strong band appears at 3500-3400 cm-I indicated the presence of lattice water 

in the title complexes. 

The IR spectrum of the neat poly(acrylonitrile), exhibits a strong v(C=N) 

absorption observed at 2247 em-I, in addition to the typical bands at 2938 and 

2870 cm- I due to Vasym(CH2) and vsym(CH2), respectively (Fig. 3.7).56-58 From the 

previous report it has been established that the v(C=N) stretching increases upon metal 

coordination through N atom of the nitrile groUp.56,58,59 In the spectrum of P ANMo (3.3), 

apart from the band at 2247 cm-I for the free nitrile groups, a new medium intensifY band 

was observed at 2367 em-I. This latter band is attributable to a shift of v(C=N) to a higher 

frequency, resulting from co-ordination of the Mo(VI) ion with the nitrile groups of 

PAN.56,59 The IR spectrum of PANMo (3.3) resembled closely the spectral pattern 

observed for the peroxotungsten(VI) anchored PAN analogue reported previously from 

our group.39 
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Table 3.3 Infrared spectral data for the pMo compounds 3.1-3.3 and base polymers 

Compound vasym(COO) Vsym(COO) v(C-CI) v(C-N) t{C=N) v(Mo=O) v(O-O) vasym(Mo-02) vsym(Mo-02) 

MR 1264(m) 

MRV 1639(vs) 1487(s) 1269(vw) 1081(w) 

MRVMo 1686(vs) 1470(s) 1268(vw) 1081(w) 948(vs) 850(vs) 627(m) 519(m) 

MRA 1S98(vs) 1414(s) 1267(vw) 1080(w) 

MRAMo 1653(vs) 1403(s) 1266(vw) 1080(w) 955(vs) 850(vs) 626(m) 514(m) 

PAN 2247(vs) 

PANMo 2247(vs) } 950(m) 864(m) 639(m) 531(m) 

2367(m) 

vs, very strong; br, broad; s, strong; sh, shoulder; m, medium 
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Fig. 3.5 IR spectra of (a) MR, (b) MRV and (c) MRVMo. 
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Fig. 3.6 IR spectra of (a) MR, (b) MRA and (c) MRAMo. 
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Fig. 3.7 IR spectra of (a) PAN and (b) PANMo. 

3.3.1.2.4 Diffuse reflectance UV-visible analysis 
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1000 500 

The diffuse reflectance UV-visible spectra of MRVMo (3.1) and MRAMo (3.2) 

displayed two well resolved peaks in the region 270-380 run (Fig. 3.8 and Fig. 3.9). The 

intense peak at ca. 271 run may be ascribed to 1t--1t* transitions in the polymeric ligand. 60 

The weak-intensity peak at ca. 368 run occurs in the range characteristic of a 

monoperoxomolybdate(VI) species and has been assigned to a peroxo to metal (LMCT) 

transition.61
,62 For the comp0urId PANMo (3.3), such a LMCT band appeared at ca. 361 

run (Fig. 3.10). 
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Fig. 3.8 Diffuse reflectance UV-vis spectrum ofMRVMo (3.1). 
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Fig. 3.9 Diffuse reflectance UV-vis spectrum ofMRAMo (3.2). 
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Fig. 3.10 Diffuse reflectance UV-vis spectrum ofPANMo (3.3). 
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3.3.1.2.5 l3C NMR studies 

The I3C NMR chemical shift induced by co-ordination has been widely utilized as 

a convenient tool in understanding the mode of coordination of the co-ligands in metal 

compounds.63
-68 The I3C NMR spectra and data for the polymer-anchored complexes 3.1-

3.3 and the respective pristine and functionalized polymers are presented in Fig. 3.11 -

Fig. 3.12 and Table 3.4 - Table 3.5, respectively. The interpretation of the major peaks 

were derived based on available reports.69-72 

I3C NMR spectral studies provided evidence in support of the functionalization of 

the resin and subsequent metal binding to finally afford the macromolecular complexes, 

MRVMo (3.1) and MRAMo (3.2). The spectra of the pristine MR and the resins after 

functionalization, MRV and MRA displayed typical peaks corresponding to quaternary 

aromatic, protonated aromatic and aliphatic methine carbons as well as the carbon atom 

of -CH2Cl groUp.70 In addition to these resonances, several new peaks appeared in the 

spectra of MRV and MRA, including the peaks due to carboxylate carbon at 176.35 

(MRV) and 176.02 ppm (MRA), testifying the presence of valine and alanine in the 

functionalized polymers. 7lThe replacement of CI from -CH2CI group by the amino acids 

to fonn C-N bond, was evident in the spectra of both the amino acid containing polymers 

from a new signal at ca. 51 ppm which may be assigned to amine bound methylene 

carbon. 73,74 

After loading of the pMo species onto the MRV and MRA, a new additional peak 

appeared in the spectrum of both the polymers at considerably lower field of 206.11 

(MRVMo) (3.1) and 205.16 ppm (MRAMo) (3.2), respectively attributable to the carbon 

atom of the complexed carboxylate group. Strong metal ligand interaction was indicated 

by the significant downfield shift, !1b (bcomplex - bfree carboxylate) ::::: 29.61 ppm in case of 
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MRVMo (3.1) and ca. 29.03 ppm in MRAMo (3.2) relative to the free carboxylate peak 

of amino acid. 

The \3C NMR spectrum of pure poly(acrylonitrile) displayed peaks at 120.21 ppm 

due to pendant nitrile groups in addition to the peak corresponding to chain carbon atoms 

at 33.35 (for CH2) and 27.97 (for CH) ppm.72 The spectrum ofPANMo (3.3) on the other 

hand, apart from the signal at 120.28 ppm owing to free nitrile group of the polymer, 

showed a new signal at 129.02 ppm which may be ascribed to molybdenum bound nitrile 

group. The nitrile carbon resonance has been known to undergo a downfield shift on co

ordination to a metal. 7S The spectrum thus provided clear evidence for the existence of 

both coordinated as well as free nitrile groups in P ANMo (3.3). Presence of considerably 

strong metal-ligand interaction was evident from the value of ~J (Jcomplexed mtrlle - Jfree mtrlle) 

::::: 8 ppm. 

Table 3.4 \3C NMR chemical shift ofPANMo and PAN 

Compound Chemical Shift (ppm) 

Nitrile carbon CH2 CH 

Free Complexed 

PAN 120.21 33.35 27.97 

PANMo 120.28 129.02 33.36 27.97 
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Table 3.5 13C NMR chemical shift for polymer support, amino acid-anchored Merrifield reSIn and polymer-bound 
peroxomolybdates 

Compound Chemical Shift (ppm) 

Merrifield Resin Amino acid 

Quaternary Protonated Aliphatic CH2Cl CH3 CH2/CH C-NH Carboxylate 
Aromatic Aromatic Methine 

Free Complexed Carbons Carbons Carbons 

MR 145.l8 128.36 41.04 46.17 

MRV 145.14 129.05 41.66 46.10 19.42 31.08 61.48 176.35 

MRVMo 145.25 128.90 41.81 46.18 18.89 31.00 61.21 176.50 206.11 

MRA 145.23 128.74 42.00 46.14 17.01 53.09 176.02 

MRAMo 145.01 127.67 41.89 46.14 17.09 53.l0 176.13 205.16 
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Fig. 3.11 J3C NMR spectra of (a) MR, (b) MRV, (c) MRVMo, (d) MRA and (e) MRAMo. 
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Fig. 3.12 l3c NMR spectra of (a) PAN and (b) PANMo. 
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3.3.1.2.6 95Mo NMR studies 

The 95Mo NMR has been extensively used to identify the peroxomolybdate 

species present in a compound.76 The 95Mo NMR spectra for the polymer-anchored 

complexes 3.1-3.3 are presented in Fig. 3.13. The spectra were recorded by swelling the 

compounds in (CCI4 + DMSO-d) for 3.1and 3.2 and by dissolving in (DMF+DMSO-d) 

for 3.3. The single resonance occurred at - 116 ppm , - 115 ppm and - 114 ppm, 

(relative to [M004f) for MRVMo (3.1), MRAMo (3.2) and PANMo (3.3), respectively 

which is in the region characteristic of monoperoxomolybdate species.76 Moreover, 

appearance of single characteristic peak indicated the presence of single coordination 

environment of Mo(VI) in the compounds. 

0.00 -100.00 
ppm 

Fig. 3.13 95Mo NMR spectra of (a) MRAMo (b) MRVMo and (c) PANMo. 
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3.3.1.2.7 Thermal analysis 

That the polymer-anchored compounds, 3.1-3.3 gradually undergo multistage 

decomposition on heating up to a final temperature of 750°C, was evident from the 

corresponding thermogravimetric analysis data and the TG-DTG plots presented in Table 3.6 

and Fig. 3.14 - Fig. 3.16, respectively. 

A comparative evaluation of the thermogravimetric analysis data of MR, the 

functionalized resins, MRV and MRA and the corresponding pMo loaded polymers, 3.2 

and 3.3 as shown in Table 3.6 and Fig. 3.14 and Fig. 3.15, respectively revealed that the 

two stage decomposition observed in the thennogram of the MR at the broad temperature 

range of 284-700 °c owing to the degradation of the base polymer occurs as a common 

feature in the thennogram of each of the polymeric species.77 Apart from this, in case of 

MRV and the alanine functionalized analogue MRA, a decomposition step with weight 

loss of 17.61 % and 12.08% occurs in the temperature range of 199-255 and 221-274 DC, 

respectively. By analogy with the thermal decomposition characteristics reported for 

valine, alanine and some other amino acids, we ascribe this decomposition to the release 

of amino acid ligands from the resin. 78 In these compounds, the first step of 

decomposition attributable to loss of water of crystallization occurred in the temperature 

range of 89-99 DC. 

Close resemblance was observed in the thennal decomposition patterns in case of 

the compounds MRVMo (3.1) and MRAMo (3.2). The initial step of dehydration 

occurring in the range of 69-100 °c is seen to be followed by weight loss of 1.59% and 

1.19% in the temperature range of 103-181 and 103-177 DC, respectively for MRVMo 

(3.1) and MRAMo (3.2), attributable to complete loss of co-ordinated peroxo group from 

the complexes. The IR spectral analysis of the decomposition product isolated at this 

stage confinns the absence of peroxide. 
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Weight loss of 15.89% and 11.89% in the temperature range of 205-259 and 216-271 °C, 

respectively from the complexes, MRVMo (3.1) and MRAMo (3.2) has been ascribed to 

the loss of the amino acid functional from the resin. Degradation of the amino acids from 

the compounds was further ascertained by recording the IR spectra of the degradation 

product obtained by heating the compounds separately to the respective temperatures, 

which showed the complete disappearance of the signature peaks originating from the 

amino acids. The black residue from the pMo compounds, after total loss of the 

components viz. lattice water, coordinated peroxide, amino acid and polymeric resin, was 

found to be a hydrated oxomolybdenum species. This was also identified from the IR 

spectra which displayed the characteristic v(Mo=O) and v(OH) absorptions and was 

devoid of bands attributable to peroxo and the polymeric ligands of the original 

compound. 

In case of P ANMo (3.3), the first degradation has been observed in the 

temperature range of 112-157 °C, with the corresponding weight loss of 2.14%, 

consistent with the total loss of coordinated peroxo groups from the complexes. The next 

decomposition step appeared as a single peak in DTG, between 306-359 °c with a weight 

loss of 13.44%. It has been reported previously that the degradation of PAN below 400°C 

is accompanied by elimination of HCN, NH3 and H20 and concomitant intramolecular 

polymerization of nitrile groups to form conjugated polyamine (-C=N)n and that the loss 

of nitrogen commences at 750 °C.79 In the present study, the residue obtained at 359°C 

was subjected to IR spectral analysis. The IR spectrum displayed bands at 1579 cm- I and 

1624 cm- I typical of v(C=C) and v(C=N) stretching in addition to v(Mo=O) at 950 cm- I
. 

The observations are in accord with the previous findings on thermal degradation pattern 

of PAN, 57 as well as PANW.39 The degradation further continued up to 750°C. 
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The total weight loss which occurred during the course of the overall 

decomposition process on heating the compound up to a final temperature of 750°C was 

recorded to be 39.69%. The TGA-DTG analysis data for the polymer-anchored 
-\ 

compounds were thus in complete agreement with their composition and formula 

assigned. 

Table 3.6 Thermogravimetric data for MRV, MRA, MRVMo, MRAMo and PANMo 

Compound Temperature Observed Final 
range (OC) weight loss residue 

(%) (%) 

MRV 89-99 0.72 2.56 
199-255 17.61 
283-480 50.88 
480-700 28.23 

MRA 91-99 0.67 1.23 
221-274 12.08 
280-482 56.90 
482-700 29.12 

MRVMo 70-100 1.04 9.06 
103-181 1.59 
286-488 15.89 
205-259 46.15 
488-700 26.31 

MRAMo 69-100 1.14 6.58 
103-177 1.19 
216-271 11.89 
280-488 50.48 
488-700 28.72 

PANMo 112-157 2.l4 60.31 
306-359 13.44 
359-750 24.11 
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On the basis of the elemental analysis and above spectral data, structures of the 

type shown schematically in Fig. 3.17 have been envisaged for the macrocomplexes 

MRVMo (3.1), MRAMo (3.2) and PANMo (3.3). The structures incorporate carboxylate 

groups of the pendant amino acid of MR (in MRAMo or MRVMo), or the nitrile ligand 

of PAN (in P ANMo) unidentately co-ordinated to dioxomonoperoxomolybdenum(VI) 

moiety, completing the hexa co-ordination around molybdenum atom. 
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Fig. 3.17 Proposed structure of (a) MRVMo, (b) MRAMo and (c) PANMo. "VVV''' 

represents polymer chain. 
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3.4 CONCLUSIONS 

In summary, immobilization of peroxomolybdenum(VI) species on amino acid 

functionalized Merrifield resin or poly(acrylonitrile) matrix, afforded a set of novel 

polymer supported monoperoxo complexes of molybdenum. All the compounds have 

been characterized spectroscopically as well as by other physico-chemical methods. One 

of the notable features of these insoluble compounds is the presence of molybdenum in its 

dioxomonoperoxo form. The synthetic methodology is simple involving easily available 

starting materials. It is significant to note that the P ANMo remains stable up to a 

temperature of 112°C whereas for the compounds MRAMo and MRVMo, after initial 

dehydration, decomposition starts only at 200°C. Moreover, the compounds do not suffer 

from explosion upon heating unlike some monomeric peroxomolybdenum compound8o or 

the neat polymer, P AN57 and are non-hygroscopic and stable at room temperature and can 

be stored for a prolonged period. These remarkable features of the compounds, in 

addition to the reasonable simplicity in their method of preparation from commercially 

available starting materials enhance the potential prospect of being useful as catalysts in 

organic transformations. Results of investigation on the activity of the title compounds as 

catalysts in organic oxidations are presented in Chapters 5 and 6 of the thesis. 
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A Family of Diperoxomolybdate(VI) Compounds Anchored to Water 

Soluble Polymers: Synthesis and Characterization 

4.1 INTRODUCTION 

Development of water soluble macromolecular metal complexes is one of the 

promising new trends in the area of metal containing polymers. 1,2 One of the significant 

features of a soluble polymer supported reagent is the facility of product synthesis and 

characterization afforded by the soluble support due to the advantages of homogeneity 

offered by it.3
,4 Polymers are usually devoid of some of the unfavorable properties of 

monomeric species, such as lability, volatility, toxicity and odour. 5 Binding of active drug 

molecules to water-soluble polymeric drug carriers offer various advantages including 

improved drug pharmacokinetics, lower toxicity to healthy organs, possible facilitation of 

preferential uptake by targeted cells and programmed drug release profile.6
-
10 

A polymeric support is known to impart stability to the anchored support. Recent 

work in our laboratory have shown that soluble macrocomplexes of peroxovanadium 

(p V) and peroxotungsten (p W), the first known examples of peroxometal derivatives 

supported on water soluble polymer (WSP),11,12 exhibited unique oxidant activity as well 

as biochemical properties including antibacterial12 and enzyme inhibitory activities. I I 

Moreover, polyacrylate bound p V (P A V) exerted vasomodulatory effect on rat aortic 

rings. 13 These interesting findings clearly show that a lot remains to be unraveled on other 

possible chemical and biochemical applications of these compounds. Synthesis of newer 
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members of this class of new materials appears to be an important pre-requisite from 

which other aspects can be developed. 

In the present work we have endeavored to synthesize pMo containing 

macrocomplexes by anchoring the peroxomolybdate species to appropriate water soluble 

macro ligands. The task of constructing metal containing macromolecules that are stable, 

active as well as selective with respect to a specific property obviously requires adequate 

consideration particularly with respect to choice of the macro ligand. We have selected for 

the present investigation a set of WSP with pendant functional groups such as 

carboxylate, amide or sulfonate anticipating facile attachment of active metal complexes 

which would also reduce the requirement of pre-functionalization step. These 

macro ligands are known to serve as effective chelatogen giving rise to stable metal ligand 

linkage. 14 Most importantly, each of the selected polymers are chemically stable, 

commercially available or can be prepared easily and are relatively cheaper. 12 The 

additional attractive attributes of the polymers are their biocompatibility as evident from 

their use in different biomedical applications such as in bioadhesive products, drug 

delivery and anti-microbial activity. IS 

The present chapter deals with the synthesis and characterization of a series of 

new water soluble polymer bound diperoxomolybdate complexes of the type 

[M020 2(02)4(carboxylate)]-PA [PA = poly(sodium acrylate)] (PAMo) (4.1), 

[MOO(02h(carboxylate)]-PMA [PMA = poly(sodium methacrylate)] (PMAMo) (4.2), 

[MOO(02h(amide)]-PAm [PAm = poly(acrylamide)] (pAmMo) (4.3), and 

[MOO(02h(sulfonate)]-PS [PS = poly(sodium vinyl sulfonate)] (PSMo) (4.4). 
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4.2 EXPERIMENTAL SECTION 

4.2.1 Synthesis of [Mo202(02)4(carboxylate)]-PA [PA = poly (sodium acrylate)] 

(PAMo) (4.1), [MoO(02h(carboxylate)]-PMA [PMA = poly (sodium 

methacrylate)] (PMAMo) (4.2), [MoO(02h(amide)]-PAm [PAm = 

poly(acrylamide)] (PAmMo) (4.3) and [MoO(02h(sulfonate)]-PS [PS = 

poly(sodium vinyl sulfonate)] (PSMo) (4.4) 

In a representative procedure, molybdic acid (0.64 g, 4.0 mmol for compounds 

PAMo and PMAMo; 3.4 g, 21.12 mmol for PAmMo; 1.84 g, 11.50 mmol for PSMo) 

was dissolved in 30% H20 2 (12 mL, 105.84 mmol for PAMo and PMAMo; 22 mL, 194.11 

mmol for P AmMo; 15 mL, 132.30 mmol for PSMo) with constant stirring and by 

maintaining the temperature at 30-40 0c. To the clear solution obtained, 1.5 g of 

respective polymer was added in portions with continuous stirring. The mixture was 

stirred for ca. 60 min in an ice bath until all solids dissolved. At this stage the pH of the 

reaction medium was recorded to be ca. 2. The pH of the solution was raised to ca. 5 by 

dropwise addition of concentrated NaOH solution (ca. 8 M) with constant stirring. A red 

colored pasty mass separated out on adding pre-cooled acetone (ca. 50 mL) to this 

mixture under vigorous stirring. The reaction mixture was allowed to stand for about 30 min 

and the residue obtained after decanting the supernatant liquid was wash.ed repeatedly 

with pre-cooled acetone under scratching. The microcrystalline product, separated by 

centrifugation, was washed with cold acetone and dried in vacuo over concentrated 

sulfuric acid. The compounds were finally dried by heating upto 70°C under nitrogen 

atmosphere. 
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4.2.2 Elemental analysis and physical measurements 

The molybdenum, peroxide, carbon, hydrogen, nitrogen and sodium content in the 

synthesized compounds were quantitatively determined by procedures described in 

Chapter 2. The analytical data of the compounds are summarized in Table 4.1. The 

methods employed for thermogravimetric analysis, scanning electron micrographs (SEM) 

and EDX analysis, as well as spectroscopic measurements have been outlined in Chapter 2. 

Structurally significant IR bands and their assignments are listed in Table 4.2. Presented 

in Table 4.3, are the I3C NMR chemical shi.ft values for the complexes and their 

respective free polymers. TGA data of the complexes are reported in Table 4.4. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Synthesis and characterization 

4.3.1.1 Synthesis 

Use of a soluble polymeric ligand for the synthesis of macromolecular metal 

complexes often offers the convenience of adopting synthetic methodologies used for 

preparing their low molecular weight analogues. l In the present study, the compounds, 

4.1-4.4 supported on water soluble macromolecules containing pendant functional groups 

such as carboxylate, amide and sulfonate were obtained by the reaction of molybdic acid, 

H2Mo04, with 30% H20 2 and the respective polymer in aqueous medium at ice-bath 

temperature. The degree of dissociation as well as mode and extent of chelation of the 

water soluble polyelectrolytes used as support in the present study, are known to be 
I 

strongly dependent on pH. l6
-
18 The pH of ca. 5 was found to be favorable for the desired 
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synthesis of each of the compound. The alkali used to maintain the pH of the reaction 

solution also provided the required counter cations for the complex anions. It was 

important to limit the amount of water to that contributed by the alkali hydroxide solution 

and hydrogen peroxide used. The compounds were obtained as solids by solvent induced 

precipitation which is a common and effective means for isolating soluble polymeric 

compounds.3
,4 Whereas a metal: ligand ratio of (1 : 4) was obtained for the compounds 

P AMo, the same was found to be rather low for the rest of the compounds, PMAMo (1 : 7), 

PAmMo (1 : 12) and PSMo (1 : 6). Our attempts to improve the molybdenum loading in 

the synthesized compounds, have not been successful so far. In the solid state, the 

compounds were found to be stable for several weeks stored dry in closed containers at 

ambient temperature. All the synthesized pMo compounds are soluble in water. 

4.3.1.2 Characterization and formulation 

The results of elemental analysis listed in Table 4.1, indicated the presence of two 

peroxide groups per Mo centre in each of the compounds 4.1-4.4 consistent with the 

formulation of pMo species as [MoO(02)2]. The compounds were diamagnetic in nature 

as was evident from the magnetic susceptibility measurement in conformity with the 

presence of Mo in +6 oxidation states. The molybdenum loading on the compounds, 4.1-

4.4 estimated on the basis of EDX, atomic absorption spectroscopy (AAS) and elemental 

analysis data are presented in Table 4.1. 

4.3.1.2.1 SEM and Energy Dispersive X-ray (EDX) Analysis 

The scanning electron micrographs of the polymer anchored complexes showed 

significant alteration of their surfaces in contrast to the smooth surfaces of the pure polymers 
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(Fig. 4.1 and 4.2) and revealed that the metal ions Me distributed across the surface of the 

polymers. 

Energy dispersive X-ray spectroscopic analysis was carried out focusing multiple 

regions over the surface of the polymer. The results presented in Table 4.1 are the 

averaging out of the data from these regions and the data obtained were consistent with 

that of the elemental analysis values (Table 4.1). 

Table 4.1 Analytical data for the polymer-bound peroxometallates 

Compound % Found from elemental analysis Molybdenum 
(% obtained from EDX spectra) loadinga (mmol 

C H N Na Mo 0/- g-l of polymer) 

PAMo 30.52 2.34 19.26b 13.92 9.31 1.45 
(30.76) (19.19) 13.90b 

(13.88) 

PMAMo 39.74 4.53 19.96b 6.50 4.30 0.68 
(40.07) (19.89) 6.49b 

(6.39) 

PAmMo 46.72 6.96 17.79 5.82 3.71 0.61 
(46.89) (17.13) 5.80b 

(5.79) 

PSMo 15.26 1.87 14.90b 9.82 6.47 1.02 
(15.85) (14.97) 9.78b 

(10.01) 

Observed metal % X 10 
aMolybdenum loading = 

Atomic weight of metal 

b Determined by AAS. 
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.:: 

I 10 ~m I 

Fig. 4.1 Scanning electron micrographs of (a) PA, (b) PAMo, (c) PMA, (d) PMAMo, 

(e) PAm, (f) PAmMo, (g) PS and (h) PSMo. 
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Fig. 4.2 EDX spectra of (a) PAMo, (b) PMAMo, (c) PAmMo and (d) PSMo. 

4.3.1.2.2 IR spectral studies 

Each of the title compounds, 4.1-4.4, displayed typical spectral patterns in the 

infra-red region involving absorptions due to co-ordinated peroxo and polymer bound 

ligands (Fig. 4.3 - Fig. 4.6). The significant IR spectral data are summarized in Table 4.2. 

The IR spectral investigation on the nature of metal-carboxylate co-ordination has 

been the subject of numerous reports. 19-24 Depending on the nature of the metal, ligand or 

pH of the reaction medium, a carboxylate group may bind to a metal in a unidentate, 

bridged bidentate or bidentate chelating fashion. 19
,2o These modes can be easily 

distinguished in the complexes by comparing the values of /). v [vasym (COO) - vsym(COO)] 

and this relationship is also valid for polycarboxylates21 ,22 as well as for polyacrylates?3,24 

In the spectrum of pristine poly(acrylate), the vasym(COO) and vsym(COO) modes 

are observed at 1565 and 1409 cm-I, respectively resulting /).v= 156 em-I. In PAMo, after 
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pMo incorporation, the corresponding peaks for vasym(COO) and vsym(COO) were shifted 

to 1574 and 1406 em-I, respectively giving dV= 168 em-I which is close to that observed 

... f PA ' b'd b 'd ' d" fbi t 19202324 lor ree suggestmg a 1 entate n gmg coor matlOn 0 car oxy a e group. ' , , 

Moreover, the vasym(COO) band was broadened after metal incorporation which is 

ascribed to the presence of uncoordinated carboxylate groups, 

The spectrum of pure poly(methacrylate) displays vasym(COO) and vsym(COO) 

absorptions at 1540 and 1415 em-I, respectively. In case of PMAMo, vasym(COO) was 

observed as a strong broad band at 1659 em-I, The corresponding vsym(COO) mode 

attributable to co-ordinated carboxylate group appeared at 1407 em-I with a shoulder at 

1414 cm-1 probably owing to the presence of free carboxylate, The resulting dV= 252 em-I 

being much greater relative to the free PMA (.1 v = 125 em-I) gave clear indication of the 

presence of unidentately coordinated carboxylate groups in the compound. 19,20 Presence 

of free COOH groups in each of the compounds P AMo and PMAMo was evident 

from an additional IR band appearing in the vicinity of 1710 em-I. 

In the pendant amide groups of poly( acrylamide), amide nitrogen and the carbonyl 

oxygen are the two possible alternative metal binding sites,2S-30 The carbonyl absorption 

is known to shift to lower value in case of co-ordination via carbonyl oxygen whereas, 

v(C=O) (amide-I) band frequency increases upon binding of the metal through the lone 

pair of nitrogen.25-27 The pure PAm spectrum has a strong carbonyl stretching absorption 

at 1643 em-I, whereas the spectrum of the complex displayed, in addition to the band at 

1643 em-I, a new typical absorption in the carbonyl region at 1658 em-I. This latter band 

at higher wave number has been ascribed to a shift of the amide I absorption to a higher 

frequency as a consequence of N(amide) co-ordination to Mo(VI) ion. The medium 

intensity band at 1425 em-I with a shoulder at 1445 em-I was assigned for v(C-N). 
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Table 4.2 Infrared spectral data for the pMo compounds 4.1-4.4 and base polymers 

Compound vasym(COO) vsym(COO) v(C=O) v(S-O) v(Mo=O) v(O-O) Vasym(MO-02) vsym(Mo-02) 

PA 1565(s) 1409(s) 

PAMo 1710(s) } 1406(s) 963(vs) '864(vs) 626(m) 525(m) 
1574(br, s) 

PMA 1540(s) 1415(s) 

PMAMo 1708(s) } 1407(s) 963(vs) 853(vs) 610(m) 527(m) 
1659(br, s) 

PAm 1643(s) 

PAmMo 1643(sh) } 961(vs) 861(vs) 600(m) 509(m) 
1658(br, s) 

PS 1210(sb) } 
1127(vs) 
1040(s) 

-PSMo 1220(vs) 965(vs) 857(vs) 629(m) 533(m) 
121O(sh) 
1189(vs) 
1127(vs) 
1042(s) 

vs, very strong; br, broad; s,strong; sh, shoulder; m, medium. 
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Definite assignment of the band due to N-H frequency was not possible as it occurred in 

O-H frequency region. 

IR spectrum of pure poly(vinyl sulfonate) displayed, apart from the symmetric 

stretching of sulfonate anion at ca. 1040 cm- I
, two bands representing S-O stretching of 

the sulfonate group in the region at ca. 1210 and ca. 1130 cm- I
.
25,30 The PSMo spectrum 

on the other hand, exhibits distinct splitting pattern with new absorptions at 1219 and 1189 

cm- I in addition to the va.lJ'm(S-O) at 1127cm- I attributable to complexed sulfonate 

groUp.25,30-32 The presence of uncoordinated sulfonate group in the compound 4.4 was 

confirmed from the appearance of bands at ca. 1127 and ca. 1210 cm- I
. 

The presence of terminally bound oxo and peroxo groups in each of the compounds 

was ascertained from the occurrence of a strong v(Mo=O) band at ca. 960 cm-I
, and the 

typical v(O-O), Vasym(MO-02) and vsym(MO-02) modes at ca. 860, 610 and 530 cm-I
, 

respectively.33,34 

The weak intensity bands appearing in the range between 500-400 cm- I in the 

compounds, 4.1-4.4 are attributable to metal oxygen vibrations. The spectra also revealed 

the presence of lattice water in the water soluble complexes by showing a broad I{OH) 

absorption centered in the 3500-3400 cm- I region. 
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Fig. 4.3 IR spectra of (a) PAMo (solid line) and (b) PA (broken line). 
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Wavenumber (em-I) 

Fig. 4.5 IR spectra of (a) PAmMo (solid line) and (b) PAm (broken line). 
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Fig.4.6 IR spectra of (a) PSMo (solid line) and (b) PS (broken line). 

4.3.1.2.3 Electronic spectra 

The electronic spectra of all the compounds were recorded in aqueous solution 

(Fig. 4.7 - Fig. 4.10). The weak intensity broad band observed at 310-330 nm in each of 

the pMo compounds, 4.1-4.4 are typical of peroxo to metal (LMCT) transition of a 

diperoxomolybdate species.35
,36 
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Fig. 4.7 UV spectrum of P AMo. 
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4.3.1.2.4 l3e NMR studies 

I3C NMR spectral studies provided evidence in support of the bonding pattern of 

the macromolecular ligands to the metal centres in the compounds and their stability in 

solution. I3C NMR data pertaining to the polymer bound compounds, 4.1-4.4 as well as 

the pure polymers are shown in Table 4.3 and presented in Fig. 4.11 - Fig. 4.13. The 

major peaks were assigned on the basis of available literature data.37
-46 

The l3C NMR spectra of pristine polymers P A and PMA display, in addition to the 

characteristic signals corresponding to chain carbon atoms, resonances due to the C (carboxylate) 

atoms centered at 184 and 187 ppm, respectively43-46 (Fig. 4.11 and Fig. 4.12, Table 4.3). Two 

closely spaced peaks observed in this region are possibly due to the presence of 

carboxylate as well as -COOH groups of the polymers in solution. A striking common 

feature observed in the spectra of each of the polymeric compounds after metal anchoring 

via carboxylate group (PAMo and PMAMo), is the appearance of a new peak at 

considerably lower field of ca. 215 ppm attributable to carbon atom of complexed 

carboxylate group. The substantial downfield shift, ~~ (~complex - ~free carboxylate) ::::: 31 ppm 

in case of P AMo, and ca. 27 ppm in PMAMo relative to the free carboxylate peak of the 

pristine polymer suggests strong metal ligand interaction. It is notable that for the 

compound P AMo, with the bridging carboxylate co-ordination, the observed downfield 

shift of the peak due to complexed carboxylate is higher (~~::::: 31 ppm) than the one with, 
t 

monodentate carboxylate co-ordination (~~ ::::: 27 ppm), PMAMo. Similar observation 

was made earlier in case of a polyacrylate bound vanadium containing analogue with 

bridging carboxylate group. 12,47 

The I3C NMR spectrum of PAm in solution has been thoroughly investigated by 

others under varying pH conditions.48 The spectrum of the pMo incorporated 

poly(acrylamide) compound, PAmMo provides evidence for the presence of complexed 
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as well as free amide groups by displaying a new peak at 200.13 ppm, in addition to the 

characteristic amide resonance at 1 79.48 ppm corresponding to the free amide groups as 

observed in the pure polymer (Table 4.3). 

In PSMo, the peaks attributable to CH and CH2 groups of the poly(vinyl 

sulfonate) remained practically unaffected by complexation as compared to the pure 

polymer. This is not unexpected keeping in view that Mo(VI) atoms are bound to the 

polymer through the sulfonate groups and hence are well separated from the chain carbon 

atoms of the polymer support. 

Table 4.3 I3C NMR chemical shift data for polymer-anchored peroxomplybdate 

compounds 4.1-4.4 and base polymers 

Compound Chemical Shift (ppm) 

Carboxylate/amide carbon CH2 CH CH3 

Free Complexed 

PA 184.50 36.10 45.52 

PAMo 184.51 215.51 36.04 45.81 

PMA 187.41 17.36 56.54 

PMAMo 187.53 215.47 17.32 56.42 

PAm 179.49 34.88 41.66 

PAmMo 179.48 200.13 34.91 41.66 

PS 30.97 54.51 

PSMo 30.98 54.53 
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Fig. 4.13 I3C NMR of (a) PAm and (b) PAmMo. 

4.3.1.2.5 95Mo NMR studies 

The 95Mo NMR technique has been used as a sensitive and useful tool for study of 

the structure of molybdenum peroxo complexes in aqueous solution.49 The 95Mo NMR 

spectrum of PAMo (Fig. 4.14) displayed a single resonance at -225 ppm (relative to 

[M004t) indicating the presence of peroxomolybdenum species.37,49 For the complexes, 

PMAMo, PAmMo and PSMo similarly only one peak was observed in each of the 

spectra at ~ -217, -220 and -230 ppm, respectively (Fig. 4.14). The appearance of a lone 

characteristic peak in the 95Mo NMR spectra of the compounds under investigatio~ 

confirmed the presence of a single co-ordination environment for the peroxomolybdenum 

species present in solution. 
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Fig. 4.14 95Mo NMR spectra of the pMo compounds (a) PAMo, (b) PMAMo, (c) 

PAmMo and (d) PSMo. 

4.3.1.2.6 Thermal analysis 

The thermogravimetric analysis data revealed that the polymer anchored peroxo 

compounds undergo multistage decomposition after initial dehydration (Table 4.4). It is 

notable that the complexes, unlike some monomeric peroxomolybdenum compounds/8 

do not explode on heating. The TG-DTG plots for the compounds 4.1-4.4 are presented in 

Fig. 4.15 - Fig. 4.18. The first stage of decomposition occurring in the temperature 

range of ca. 70-110 °c, for each of the pMo compounds correspond to liberation of 

molecules of water of crystallization from the complexes. The second decomposition 
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stage is in the temperature range of 108-250 °c attributable to the complete loss of co

ordinated peroxo groups from the complexes. Absence of peroxide in the decomposition 

product, isolated at this stage, was confirmed from the IR spectral analysis. 

The loss of peroxide is seen to be followed by the decomposition stage associated 

with decarboxylation and breakdown of the polymer in the temperature ranges of312-591 °c 

(PAMo) and 313-553 °c (PMAMo), respectively. Further evidence regarding 

decarboxylation of the polymers was obtained from the IR spectra recorded after heating 

the compounds separately up to the final decomposition temperature which showed 

complete disappearance of the strong peaks originating from va.lJ'm(COO) of the spectra of 

the original compounds. The compound P AmMo on heating up to a temperature of 

750°C, after the loss of peroxo groups, undergo final decomposition consisting of two 

weight loss processes in the temperature range of ca. 211-447 °c, due to breakdown of 

the polymer ligand (Fig. 4.17). By analogy with the thermal decomposition characteristics 

reported for some polyacrylamides,so we attribute the first stage of decomposition (211-

333°C) to the release of water, ammonia and small amount of carbon dioxide, from the 

pendant amide groups where the polymer chains remain intact. 50 In the second stage of 

decomposition (333-447 °C) main chain breakdown occurs accompanied by majority 

of weight loss (50.27%). 

In case of PSMo, after the loss of peroxide (11 0-199 °C), a two stage 

decomposition occurred in the temperature range of 379-750 °c may be attributed to loss 

of sulfonate group and rupturing of the polymers. On comparing the available literature 

data for thermal degradation pattern of poly(vinyl sulfonate) sodium salt,S! the first step 

of degradation in the temperature range of 379-443 °c corresponds to the loss of sulfonate 

groups and the second step of degradation occurred in the temperature range of 443-750 °c is 
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attributable to the rupturing of the polymer accompanied by evolution of ethylene, water 

and 802 and C82. 

The sticky residue from the pMo compounds, after the complete loss of the 

components viz. lattice water, coordinated peroxide and polymeric functionals was found 

to be a hydrated oxomolybdenum species. This was evident from the IR spectra which 

displayed the characteristic l{Mo=O) and l{OH) absorptions and was devoid of bands 

attributable to peroxo and the polymeric ligands of the original compound. 

Thermogravimetric analysis data of the compounds thus provided further evidence in 

support of their composition and formula assigned. 

Table 4.4 Thennogravimetric data of polymer-anchored peroxomolybdenum complexes 4.1-4.4 

Compound Temperature range (oC) Observed weight loss (%) Final residue (%) 

PAMo 68-90 3.36 46.01 

90-227 9.34 

312-591 41.29 

PMAMo 63-101 2.12 50.34 

107-188 4.10 

313-553 43.44 

PAmMo 69-105 1.07 26.83 

145-184 3.45 

211-333 18.38 

333-447 50.27 

P8Mo 74-101 1.04 49.29 

110-199 6.04 

379-443 16.46 

443-750 27.17 
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Fig. 4.16 TG-DTG thermogram ofPMAMo. 
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Based on the above data, a structure of the type shown in Fig. 4.19(a), has been 

proposed for the compound PAMo (4.1) that contains two Mo atoms co-ordinated to the 

polymer chain via a bidentate bridged carboxylate group, side-on bound peroxo ligands 

and terminal Mo=O. The results are also consistent with the proposed structures of the 

complexes PMAMo (4.2), P AmMo (4.3) and PSMo (4.4) presented in Fig. 4.19(b) - Fig. 

4. 19(d). 

(a) (b) 

(c) (d) 

Fig. 4.19 Proposed structures of polymer anchored pMo compounds, (a) PAMo, (b) 

PMAMo, (c) PAmMo and (d) PSMo. "...r\.I'V" " represents polymer chain. 
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4.3.1.2.7 Density Functional studies 

It is interesting to note that the carboxylate functional group present in the two 

closely related polymer matrices, poly(acrylate) and poly(methacrylate), binds the pMo 

moiety in two different coordination modes leading to formation of two structural forms 

viz. a dimeric tetraperoxomolybdate (P AMo) and monomeric diperoxomolybdate 

(PMAMo). Such variation in mode of coordination of carboxylate groups present in 

poly(acrylate) based polymers is not unprecedented.23
,24 Similar observation was made 

earlier with respect to peroxovanadium compounds bound to PA and PMA chains.12 We 

proposed that the difference in coordination pattern in the compounds is likely to be a 

consequence of the presence of CH3 groups attached to the polymer backbone in PMA 

which being relatively bulkier probably prevent formation of a dinuc1ear pV species 

through a carboxylate bridge. 12
,47 Results of density functional studies performed on the 

p V complexes were in agreement with this hypothesis.47 Therefore, in order to derive 

further information in support of the proposed structures of P AMo and PMAMo, 

reported herein, we have carried out theoretical studies on structural and electronic 

properties of pMo complexes using the DFT method. 

A model complex has been generated based on available experimental data which 

correspond to a section of the pMo-anchored complex P AMo, containing three repeating 

units of the polymer with one dinuc1ear pMo moiety bound through a bridging 

carboxylate group (Fig. 4.20). DFT calculations were performed on this model complex 

using the BL yP functional and DNP basis set as implemented in the program DMoe .52 

The complex was optimized at the BL YPIDNP level to conform to the stability of the 
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complex. The selected geometrical parameters obtained for the model complex are in 

good agreement with the available experimental data.35
,53 We have calculated the 

chemical softness value for the model complex from the HOMO and LUMO .energies and 

found to be 27.780 au-I. Calculations were performed similarly on a complex generated 

by replacing the a - hydrogen of the repeating unit with a methyl group so as to model the 

compound attached to a PMA chain. The chemical softness value calculated for this 

model compound was found to be 45.032 au-I. The higher softness value obtained for the 

later model complex indicated lower stability of the complex compared to the a -

hydrogen containing one. Similar experiments were performed on model complexes 

containing monomeric pMo moieties. It is notable that the presence of monomeric pMo 

units, bonded through a monodentate carboxylate, in the model complex corresponding to 

PMAMo (Fig. 4.21), afforded a stable structure (chemical softness value is 22.510 au-I). 

In case of P A supported complex, model complexes with monomeric pMo units provided 

a structure of comparable stability with the one containing dimeric pMo unit. The results 

are consistent with the proposed structures for the complexes P AMo and PMAMo [Fig. 

4.19(a,b)]. 
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H 

Fig. 4.20 Optimized structure of P AMo model complex obtained by usmg BL YP 

functional and DNP basis set. Selected geometric parameters are also shown in Figure. 
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o 

Fig. 4.21 Optimized structure of PMAMo model complex obtained by using BL YP 

functional and DNP basis set. Selected geometric parameters are also shown in Figure. 

140 



CHAPTER 4 

4.4 CONCLUSIONS 

In this work we have introduced an efficient, straightforward synthetic pathway to 

obtain a set of novel and structurally defined macrocomplexes by anchoring 

diperoxomolybdenum(VI) species to water soluble polymer matrices. The compounds 

were characterized by spectroscopic and other conventional methods, including 95Mo_ 

NMR and SEM-EDX analysis. As far as we are aware these are the first known example 

of peroxomolybate complexes where water soluble polymers are used as supports. It is 

notable that in each of the water soluble macro complexes, 4.1-4.4, the pMo species are 

present in its oxodiperoxo form, whereas in case of the insoluble complexes, 3.1-3.3 

reported in chapter 3, pMo occurs as monoperoxomolybdate(VI) species. 

The work presented in Chapter 7 demonstrates that the compounds 4.1-4.4 are 

stable in solution and possess novel biochemically relevant properties. The findings of 

our investigation on oxidant activity of the compounds are presented in Chapters 5 and 6. 
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Polymer Supported Peroxomolybdenum(Vl) Compounds: New Efficient 

Catalysts for Selective and Mild Oxidation of Sulfides with Hydrogen 

Peroxide 

5.1 INTRODUCTION 

With an ever increasing level of ecological consciousness in recent times, research 

efforts towards developing viable and environmentally benign synthetic methodologies 

for oxidation of organic sulfides to sulfoxides and sulfones appear to have intensified. I
-
3 

As has been mentioned in Chapter 1, importance of sulfoxides and sulfones as commodity 

chemicals, their utility as versatile building blocks for construction of chemically and 

biologically useful molecules including therapeutic agents, are well-documented in the 

literature.4-12The selective oxidation of sulfides is also gaining importance in the context 

of oxidative desulfurization, which is emerging as a sustainable route to obtain ultra low 

sulfur fuel. 13-18 

Although a multitude of oxidants are now available for sulfide oxidation, aqueous 

H202 remains the most attractive, clean and ideal green oxidant with effective oxygen 

content as high as 47%.19-21 Furthermore, it is cost effective, readily available and 

ecologically acceptable as it produces only water as the by_product.22-26 Hydrogen 

peroxide induced oxidations are however rather slow due to its being a relatively weaker 

oxidant and commonly needs to be activated by an appropriate catalyst. 27-29 As a result, a 

vast number of useful transition metal based catalysts have emerged over the years for 

oxidation of sulfides by H202
8,20,22,27,29-47 including molybdenum containing ones such as, 

Mo03,48 dioxo-molybdenum(VI) complex,49 tetra-(tetraalkylammonium)octamolybdate,50 
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immobilized molybdenum heteropolyacid51 and M002Ch.52 However, only a few of these 

are able to stop at the sulfoxide stage averting over oxidation to sulfone. Apart from this, 

majority of the available protocols still suffer from one or more limitations viz., difficulty 

in recovery of the catalyst, high cost, and requirement of a promoter or a co-catalyst, high 

temperature, long reaction time, chlorohydrocarbon solvents and excessive H202 and low 

TON. Selective oxidation of DBT, a refractory sulfide, still remains a difficult task.22,24,53 

These disadvantages are becoming more conspicuous in view of the growing 

environmental concerns in recent times?4,54,55 Therefore the quest for newer alternative 

catalysts and methodologies that adhere to green chemistry specifications continues. 

Heterogenization of homogeneous catalysts by immobilization of active soluble 

catalysts on insoluble polymeric resins provides an elegant solution to the separation and 

recovery of catalysts. 56-58 Furthermore, enhanced catalyst stability within the polymer 

support, increased selectivity, simplicity in handling toxic and odorous materials and easy 

work up of reaction mixture are other important benefits gained as a consequence of 

immobilization. 56-58 

In continuation of our work on peroxomolybdates as described in the preceding 

Chapters, one of the objectives of the present study was to verify the possibility of 

generating newer heterogeneous catalysts and procedures for oxidation of sulfides based 

on pMo containing macrocomplexes 3.1-3.3, under mild conditions. Although peroxo 

compounds of molybdenum have been finding extensive applications as catalysts or 

oxidants in a variety of organic oxidations31,32,36,59-7o including several industrial 

processes, such as epoxidation of 0Iefins,31,64,71,72 olefin metathesis65,66 and isomerization 

of allylic alcohol,67-69 however, there is still a dearth of information on use of pMo 

compounds as catalyst in sulfide oxidation. Moreover, over"the past decades, numerous 

transition metal catalysts supported on MR were prepared and their activity in various 
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catalytic organic transformations have been reported which has been reviewed recently.56-58,73,74 

It is therefore intriguing to note that only few groups have so far investigated the potential 

of polymer-immobilized peroxometallates as catalysts in organic oxidations.61 ,75.78 

Apart' from insoluble polymeric resins used as support, application of water

soluble polymeric materials to attach catalYtically active transition metal complexes, 

although a relatively newer strategy, has received considerable contemporary interest.79,8o 

This is mainly because the soluble supports have ensured phase homogeneity to catalysts 

and reactants, which is a significant advantage over insoluble supportS. 81 ,82 The recycling 

of such catalysts can be achieved by reducing the solubility, with poor solvent or by 

temperature variation.81 ,82 Having gained'an access to the WSP bound complexes 4.1-4.4 

we considered it imperative to explore the activity of this set of compounds as 

homogeneous catalysts or reagents in mediating oxidation of sulfides. 

Attention may be drawn to the fact that besides the difference in the solubility 

profile of the two sets of compounds, 3.1-3.3 and 4.1-4.4, the compounds also differ with 

respect to the type of the anchored pMo species. The pMo moieties are present in the 

insoluble polymers in its monoperoxo form whereas in the soluble macro complexes, 4.1-4.4 

peroxomolybdates bind to the polymer matrix as oxo-diperoxo units. Previous reports 

including work carried out in our laboratory have shown that the monoperoxo and, 

diperoxo compounds of tungsten83.86 and molybdenum31 ,32,36,62,87,88 differ considerably in 

their oxidant activity both in terms of efficiency as well as mechanism of action. The two 

classes of compounds synthesized in the present study thus enabled us to draw 

comparison on their catalytic efficiency for the chosen reactions. 

The present chapter comprises of two sections. In Section A, we report our 

findings on the activity of the pMo compounds immobilized on functionalized MR as 

well as PAN, as efficient heterogeneous catalysts in selective oxidation of a variety of 
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thioethers and dibenzothiophene with H202 as terminal oxidant. The results incorporated 

in Section B demonstrate that the water-soluble complexes, 4.1-4.4 are capable of serving 

as homogeneous catalysts in sulfide oxidation. Also, these compounds are active as 

stoichiometric oxidants of sulfides. Conclusions drawn from our investigation on the two 

families of the compounds are enumerated at the end of Section B of the Chapter. The 

results presented herein illustrate the features which make the developed procedures 

synthetically valuable. 
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5.2 Section A: , 

Immobilized Monoperoxomolybdenum (VI) Compounds as 

Heterogeneous Catalysts in Selective Oxidation of Sulfides 
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5.2.1 EXPERIMENTAL SECTION 

5.2.1.1 General procedure for catalytic oxidation of sulfides to sulfoxides 

In a representative procedure, organic substrate (5 mmol) was added to a mixture 

of catalysts (containing 0.005 mmol of Mo) [MRVMo (10.86 mg) or MRAMo (13.15 

mg) or PANMo (6.49 mg)] and 30% H202 (1.13 mL, 10 mmol) in methanol (5 mL), 

maintaining molar ratio of Mo:substrate at 1: 1000 and substrate:H20 2 at 1 :2, in a 50 mL two

necked round-bottomed flask. The reaction was conducted at room temperature (RT) 

under continuous stirring. The progress of the reaction was monitored by thin layer 

chromatography (TLC) and Gc. After completion of the reaction, the catalyst was 

separated by filtration and washed with acetone. The product as well as unreacted organic 

substrates were extracted with diethyl ether from the filtrate and dried over anhydrous 

Na2S04 and distilled under reduced pressure to remove excess diethyl ether. The 

corresponding sulfoxide obtained was purified by column chromatography on silica gel 

using ethyl acetate and n-hexane (1 :9). 

The products obtained were characterized by IR, IH NMR, 13C NMR 

spectroscopy and in case of solid sulfoxide products, in addition to the above spectral 

analysis, we have also carried out melting point determination (see Appendix 5A). 

5.2.1.2 General procedure for oxidation of sulfides to sulfones 

To a stirred solution of sulfide (5 mmol) in acetonitrile (5 mL), 50% H202 (1.36 

mL, 20 mmol) and the catalysts (containing 0.005 mmol of Mo) [MRVMo (10.86 mg) or 

MRAMo (13.15 mg) or PANMo (6.49 mg)] were added successively maintaining molar 

ratio of Mo:substrate at 1: 1 000 and substrate:H202 at 1 :4. The resulting reaction mixture 

was stirred at room temperature. After completion of the reaction, the sulfone obtained 
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was isolated, purified and characterized by methods similar to those mentioned under 

procedure for oxidation of sulfide to sulfoxide (Section 5.2.1.1). 

5.2.1.3 Regeneration of the catalyst 

The reusability of the catalysts for subsequent catalytic cycles was examined by 

using methyl phenyl sulfide (MPS) as substrate. In the sulfoxidation reaction, mentioned 

under section 5.2.1.1, after completion of the reaction, the solid catalyst was separated 

from the reaction mixture by filtration, washed with acetone and dried in vacuo over 

concentrated sulfuric acid. The solid dried catalyst was then added to a fresh reaction 

mixture of 30% H202 (1.13 mL, 10 mmol), substrate (5 mmol) and methanol (5 mL). The 

progress of the reaction was monitored by thin layer chromatography (TLC) and GC. 

In case of the reaction of oxidation of MPS to sulfone, the catalyst was similarly 

recovered after completion of the reaction by separating it from the reaction mixture and 

charging it with fresh lot of 50% H202 (1.36 mL, 20 mmol), MPS (5 mmol) and 

acetonitrile (5 mL), as mentioned under section 5.2.1.2. 

In an alternative procedure, regeneration of the spent catalysts could also be 

achieved simply by charging the spent reaction mixture, remaining in the reaction vessel 

after separating the organic reaction product, with fresh H202 and substrate and then 

repeating the experiment. Each of the procedures was repeated for six reaction cycles. 

5.2.2 RESULTS AND DISCUSSION 

A variety of aromatic and aliphatic sulfides as well as DBT have been selectively 

oxidized to sulfoxide or sulfone by using H20 2 as terminal oxidant in presence of 

catalytic amounts of the compounds MRVMo (3.1) or MRAMo (3.2) or PANMo (3.3) in 
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excellent yields. Each of the polymer bound pMo compounds, 3.1-3.3 are insoluble in the 

reaction mixture and heterogeneously catalyzed the oxidation reactions. These 

monoperoxomolybdenum compounds are however, inactive in the oxidation of sulfide on 

their own, in absence of hydrogen peroxide. 

5.2.2.1 Oxidation of sulfides to sulfoxides - Optimization of reaction condition 

The effect of various reaction parameters such as type of solvent, reaction 

temperature, substrate:H20 2 stoichiometry, catalyst concentration, etc., were evaluated by 

using MPS as model substrate and MRAMo as the catalyst, in order to optimize the 

reaction conditions as shown in Table 5.1. 

5.2.2.1.1 The influence of oxidant and catalyst amount on the catalytic efficiency 

The reactions were performed at ambient temperature under magnetic stirring. 

From the results presented in Table 5.1, it is evident that the reaction conducted at the 

molar ratio of MPS:H202 at 1: 1 and Mo:MPS at 1: 1000 in methanol proceed smoothly to 

selectively yield sulfoxide as the exclusive product. However, the reaction remained 

incomplete with maximum of 74% conversion (Table 5.1, entry 1). We could achieve 

complete conversion of MPS to sulfoxide as exclusive product, with nearly a 12-fold 

increase in TOF by increasing the amount of 30% H202 to 2 equivalents with respect to 

substrate, under otherwise identical reaction conditions (Table 5.1, entry 2). Significantly, 

even after a prolonged reaction time, no overoxidation to sulfone was noted (Table 5.1, 

entry 1). 
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Table 5.1 Optimization of reaction conditions for MRAMo catalyzed selective oxidation of methyl phenyl sulfide (MPS) by 30% H20 2
8 

0 o 0 

S" 
MRAMo " ~~ .. S" + s" pi Me Solvent, 30% H20 2 pi Me pi Me 

1 la Ib 

Entry Molar ratio H20 2 Solvent Temperature Time Isolated Yield la: Ib TOF 

Mo:MPS (equiv.) (min) (%) (h-1) 

1 1:1000 1 MeOH RT 360 74 100: 0 123 

2 1:1000 2 MeOH RT 40 98 100: 0 1470 

3 1:500 2 MeOH RT 30 97 100: 0 970 

4 1:100 2 MeOH RT 15 98 100: 0 292 

5 1:1000 2 EtOH RT 40 95 100: 0 1425 

6 1:1000 2 CHCh RT 120 11 91 :9 55 

7 1:1000 2 CH2Ch RT 120 13 88 :12 65 

8 1:1000 2 MeCN RT 120 94 59: 41 470 

9 1:1000 2 MeOH 50°C 25 97 100: 0 2328 

10 1:1000 2 MeOH 65°C 15 99 100: 0 3960 

lIb 1:1000 2 MeOH RT 180 99 76: 24 330 

12c 2 MeOH RT 360 7 86: 14 

8 All reactions were carried out with 5 mmoI of substrate in 5 mL of solvent. 
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The amount of catalyst had a substantial influence on the rate of reaction as 

evident from the data presented (Table 5.1, entries 3 and 4). Increasing the catalyst 

amount enhanced the reaction rate and reduced the reaction time from 40 min (with 0.1 

mol% catalyst) to 15 min (with 1.0 mol% catalyst) without compromising the selectivity. 

However, the TOF was found to decrease abruptly from 1470 h- I to 292 h- I
. Thus in order 

to attain high conversion without affecting the selectivity, oxidant substrate molar ratio of 

2: 1 and catalyst:substrate ratio of 1: 1 000 have been found to be optimal. Subsequent 

reactions were therefore carried out under these concentration ratios. 

That the catalyst plays a vital role in leading to the formation of the desired 

product was confirmed by conducting a blank experiment without the catalyst. In absence 

of the catalyst the reaction was sluggish and non-selective affording a mixture of 1a and 

1b in very low yield (Table 5.1, entry 12). We have further compared the heterogeneous 

phase reaction with the homogeneous one by conducting the oxidation reaction in 

presence of soluble unsupported peroxomolybdenum species in lieu of the heterogeneous 

catalyst MRAMo or MRVMo, under otherwise identical reaction conditions. Since the 

reaction of molybdate is known to form pMo species in presence of excess H20 2, the neat 

pMo species were generated in situ by adding Na2Mo04 to the standard reaction mixture 

containing H20 2.
59 As seen from the data in Table 5.1, entry 11, facile oxidation ofMPS 

could also be achieved in presence of neat pMo catalyst under optimized reaction 

conditions. However, the reaction was non-selective leading to a mixture of sulfoxide and 

sulfone in the ratio of 76:24. Moreover, the TOF of the conversion was nearly 5-fold 

lower compared to that obtained in presence of the heterogeneous catalysts. 
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5.2.2.1.2 Effect of solvent 

Our emphasis in the present work has been to conduct the oxidation reactions 

using environmentally safe organic solvents including water and to preclude the use of 

chlorinated solvents. Nevertheless, apart from water, methanol, ethanol, acetonitrile, we 

have screened the sulfoxidation reaction in chloroform and dichloromethane as well. The 

nature of solvent was observed to have a profound effect on the activity of the catalyst 

and the product selectivity of the reactions. From our results it is apparent that best 

performance in terms of TOF and product selectivity of the reaction was achieved by 

using methanol or ethanol as solvents (Table 5.1, entries 2 and 5), which is likely to be 

the consequence of complete miscibility of the organic substrate and H202 in these 

solvents, in addition to the conducive effect of the protic solvents. Moreover, according to 

available literature, the formation of sulfoxide with high chemoselectivity are favoured in 

presence of solvents of high hydrogen bonding ability.36,89,9o However, very little 

conversion was noted when water was used as solvent « 2%). This may be expected 

keeping in view the insolubility of the catalyst as well as the substrate in water. The 

reactions in solvents such as chloroform or dichloromethane were found to be very slow 

(Table 5.1, entries 6 and 7), presumably due to similar reasons. In acetonitrile, although 

the reaction proceeded rapidly, simultaneous formation of sulfone was also observed 

along with sulfoxide yielding a mixture of 1a and 1b (Table 5.1, entry 8). 

5.2.2.1.3 Effect of reaction temperature 

In order to assess the effect of temperature on the reaction rate, we have carried 

out the reactions at three different temperatures viz., room temperature (R T), 50 and 65 

°C under otherwise analogous conditions (Table 5.1, entries 2, 9 and 10). A remarkable 
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increase in rate was observed accompanied by 2 to 3-fold enhancement in TOF on 

increasing temperature from R T to 65°C without any over oxidation to sulfone. 

5.2.2.1.4 Selective sulfoxidation catalyzed by MRVMo, MRAMo or P ANMo 

In· an effort to establish the scope of the protocol, we have assessed the catalytic. 

activity ofMRVMo, MRAMo and PANMo under the optimized conditions (see Scheme 5.1), 

using a series of various types of aliphatic and aromatic sulfides as well as DBT and 

findings are summarized in Table 5.2. Each of the substrate underwent complete 

conversion to the corresponding sulfoxide exhibiting excellent TOFs. Most importantly, 

the reaction was observed to stop completely at sulfoxide stage even on increasing the 

reaction time. On this aspect, the present catalyst displayed superior activity compared to 

some heterogeneous pW catalysts reported previously by US
84 and 

others,19,20,23,24,28,32,33,38,91 where the oxidation was required to be terminated at < 75% 

conversion to sulfoxide in order to avert overoxidation to sulfone.84 

30% H20 2 (2 eqUivalent) 

CH)OH 

o 
II 
S 

/ '\ , 
H R 

a 
L= alanine or valine 

Scheme 5.1 

Although each of the title compounds was found to be effective catalyst in the 

oxidation reactions, the amino acid functionalized Merrifield resin supported catalysts, 

MRVMo and MRAMo displayed slightly superior activity over poly(acrylonitrile) 
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supported catalyst, PANMo in terms of TOF (Table 5.2). The rates of oxidation however, 

varied depending upon the nature of the substrate which is not unusual, as it has been 

known that rate of oxidation of sulfides by H202 increases with the increased 

nucleophilicity of the sulfide?O,24 Aliphatic sulfides are oxidized at faster rate than the 

aromatic sulfides and allylic and vinylic sulfides (Table 5.2, entries 8 and 9) were less 

readily oxidized by H20 2 than the dialkyl sulfides. Conjugation of lone pair of electrons 

over sulfur atom obviously influences the rates of the reaction for these substrates. Most 

importantly, a much less nucleophiIlic sulfide, such as DBT (Table 5.2, entry 12) could 

also be effectively oxidized to sulfoxide in presence of the newly developed catalysts. In 

the present work although the reaction was rather sluggish at room temperature, 

reasonably good TOF was attained by raising the reaction temperature to 65°C and using 

a higher amount of catalyst (Table 5.2, entry 12). Another important feature of synthetic 

value of the protocol could be seen in the chemoselective oxidation of substituted sulfides 

with co-existing functional groups susceptible to oxidation. Allylic and vinylic sulfides 

afforded exclusively sulfoxide without epoxidation of the double bonds (Table 5.2, 

entries 8 and 9) and the benzyli'c and alcoholic sulfides could be oxidized to the 

corresponding sulfoxides without affecting the benzylic C-H bond and -OH group (Table 5.2, 

entries 7 and 11). The suitability of the protocol for relatively larger scale synthetic 

applications was also ascertained by carrying out the oxidation at a ten-fold scale under 

standard condition (Table 5.2, entry 1 f). 
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Table 5.2 Selective oxidation of sulfides to sulfoxides with 30% H20 2 catalyzed by PANMo, MRVMo and MRAMo8 

Entry Substrate Product MRAMo MRVMo PANMo 
Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min) Yield (%) (hoI) (min) Yield (%) (hoI) (min) Yield (%) (hoI) 

1 OS, 0 40 98 1470 45 97 1293 60 98 980 
II 

1# OS, 15c 99 3960 17c 99 3494 20c 97 2910 
1# 40 96d 1440 45 95d 1266 60 97d 970 

15c 97d 3880 17c 97d 3423 20c 96d 2880 
40 98e 1470 45 97e 1293 60 96e 960 
15c 97e 3920 17c 98e 3458 20c 98e 2940 

0 
2 II 35 98 1680 40 97 1455 55 98 1069 

/s'" /s'" 

3 0 40 98 1485 45 96 1280 60 97 970 
II 

~sV'v~sV'v 
15c 97 3880 17c 99 3494 20c 98 2940 

4 0 40 96 1455 45 97 1293 60 95 950 
~s~ II 

'-./'v's~ 

15c 99 3960 15c 98 3920 20c 97 2910 

5 'H;S't1; 
0 40 97 1455 45 98 1306 60 96 960 II 

~S~ 
15c 98 3920 17c 97 3423 20c 98 2940 

0 

OS~ 
II 

6 Os~ 50 98 1176 55 99 1080 65 97 895 
1# 1# 

20c 20c 96 2880 98 2940 22c 98 2672 

Continued ... 

160 



Entry Substrate Product MRAMo MRVMo PANMo 

Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min) Yield (%) (h- I ) (min) Yield (%) (h- I ) (min) Yield (%) (h- I ) 

0 
576 150 97 388 S II 100 96 110 96 523 

7 O~OHOS~OH 
40c 60c ; ; 30c 95 1900 98 1470 95 950 

0 
80 120 96 480 ()S~ 

II 98 735 90 97 646 
8 OS~ 

20c 25c 40c 98 1470 96 2880 95 2280 
0 

OS~ 
II 

210 97 277 240 96 240 270 98 217 OS~ 9 I; I; 80c 95 712 85c 98 691 90c 97 646 
0 

240 97 242 250 98 290 97 200 OSD II 235 
10 OSD 90c 96 640 95c 97 612 130c 96 443 

()s'1) 
0 

90 98 653 110 96 523 140 98 420 
11 O~'1) 30c 95 1900 35c 98 1680 50c 99 1188 

S II 
S 

12f OD 0:0 10 hC 96 9.6 10 hC 94 9.4 10 hC 87 8.7 
- ~ - ~ 

aAll reactions were carried out with 5 mmol substrate, 10 mmo130% H20 2 and catalyst (0.005 mmol ofMo) in 5 mL methanol at RT, unless 
otherwise indicated. 
bTOF (Turnover frequency) = mmol of product per mmol of catalyst per hour. 
cReaction at 65 DC in refluxing methanol. 
dYield of 6th reaction cycle. 
eYield at 5 g scale. 
fSubstrate (5 mmol), catalyst (0.05 mmol of Mo), methanol (5 mL). 
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5.2.2.2 Oxidation of sulfides to sulfones 

Having achieved the excellent results with respect to chemoselective oxidation of 

sulfides to sulfoxides, we have endeavored to attain selective oxidation of sulfides to 

sulfones by using the same catalysts. Taking cues from our earlier experience with sulfide 

oxidation by a polymer supported pW catalyst,84 as well as observation in the present 

study that showed the concomitant formation of sulfone along with sulfoxide in 

acetonitrile (Table 5.1, entry 8), we have carried out the reactions in acetonitrile. The 

reaction conditions were optimized by using MPS and MRAMo as catalyst (Table 5.3). 

We have ultimately achieved the selective oxidation ofMPS to pure sulfone by using 4 

equivalents of 50% H202, under the conditions mentioned in Table 5.3, entry 4. The 

desired selectivity with respect to sulfone could not be obtained even by using 5-fold 

excess of 30% H202 over the substrate. The results presented in Table 5.4 show that the 

methodology is also highly effective for a variety of structurally diverse sulfides. It is 

noteworthy that on conducting the reaction under reflux at 78°C, there was a 

considerable enhancement in the rate of the reaction with a 3-fold increase in TOF. The 

excellent chemoselectivity of the catalysts, 3.1-3.3 toward sulfide group was evident in 

case of selective oxidation to sulfone as well, despite the reasonable excess of 50% H20 2 

used in these reactions. The reaction could also be conv~niently conducted on a larger 

scale as shown in the Table 5.4, entry 1 f. 
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Table 5.3 Optimization of reaction conditions for MRAMo catalyzed selective oxidation of methyl phenyl sulfide (MPS) to sulfone by 50% 

Entry Molar ratio H202 Solvent Temperature Time Isolated Yield la: Ib TOF 
Mo:MPS (equiv.) (min) (%) (hoi) 

1 1:1000 1 MeCN RT 300 73 55: 46 146 

2 1:1000 2 MeCN RT 210 99 29: 71 282 

3 1:1000 3 MeCN RT 150 98 11 : 89 392 

4 1:1000 4 MeCN RT 120 99 0: 100 495 

5 1:500 4 MeCN RT 80 97 0: 100 363 

6 1:100 4 MeCN RT 50 98 0: 100 117 

7 1:1000 4 MeCN 78°C 40 98 0: 100 1476 

aAll reactions were carried out with 5 mmol of substrate in 5 mL of solvent. 
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Table 5.4 Selective oxidation of sulfides to sulfones with 50% H20 2 catalyzed by P ANMo, MRVMo and MRAMoB 

Entry Substrate Product MRAMo MRVMo PANMo 

Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min) Yield (%) (hoI) (min) Yield (%) (hoI) (min) Yield (%) (hoI) 

1 aS' O~? 
120 99 495 130 98 452 160 97 363 

1# A' 40C 98 1470 40c 97 1455 50c 98 1176 

120 96d 480 130 97d 447 160 96d 360 

40c 97d 1455 40c 98d 1470 50c 97d 1164 

120 98e 490 130 9ge 456 160 95e 356 

40c 96e 1440 40c 96e 1440 50c 96e 1152 

2 /s~ 
0yO 100 97 582 110 98 534 140 96 411 
/~ 

3 o 0 110 99 540 115 99 516 160 98 367 
~sV""v' ~'S~ 

40c 50c 35c 96 1645 97 1455 96 1152 

4 o~o 110 97 529 115 96 500 160 97 363 
~s-J"... '-.../"v- -..../'-.... 

35c 98 1680 40c 97 1455 50c 99 1188 

5 'H;Si-i O~p 110 97 529 115 99 516 160 99 371 
~Sr 

11s't1; 
40c 96 1440 40c 97 1455 50c 98 1176 

6 OS~ 
o~o 

130 98 452 140 98 420 180 96 320 
1# o~ 

45c 97 1293 50c 97 1164 60c 97 363 

Continued ... 
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Entry Substrate Product MRAMo MRVMo PANMo 

Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min) Yield (%) (hoI) (min) Yield (%) (hoI) (min) Yield (%) (hoI) 

OS~Hc)Y~H 260 97 223 270 96 213 310 97 187 
7 

; ; 90c 95 633 100c 98 588 120c 98 490 

as~c)Y~ 
180 98 326 190 98 309 210 97 277 

8 
; I; 50c 99 1188 60c 97 970 80c 98 735 

aS~ c)Y~ 
370 96 155 380 97 153 420 98 140 

9 I; , I; 150c 97 388 160c 96 360 180c 98 326 

aSD o~p 400 98 147 410 96 140 440 99 135 
10 0'0 160c 97 363 170c 98 345 190c 96 303 

11 as'D d"'''D 190 99 312 200 97 291 230 97 253 

60c 96 960 70c 98 840 90c 98 653 

S o~o 

121' OD 00 13 hC 94 7.2 13 hC 90 6.9 13 hC 88 6.7 
- ,,# 

aAll reactions were carried out with 5 mmol substrate, 20 mmol 50% H202 and catalyst (containing 0.005 mmol ofMo) in 5 mL acetonitrile at 
RT, unless otherwise indicated. 

bTOF (Turnover frequency) = mmol of product per mmol of catalyst per hour. 
cReaction at 78°C in refluxing acetonitrile. 
dYield of 6th reaction cycle. 
eYield at 5 g scale. 
fSubstrate (5 mmol), catalyst (0.05 mmol of Mo), acetonitrile (5 mL). 
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5.2.2.3 Recyclability of the catalysts 

The catalysts could be easily separated from the spent reaction mixture simply by 

filtration due to their heterogeneous characteristics. The recyclability was examined for 

six cycles by charging the spent catalyst with H202, MPS and MeOH (acetonitrile for 

sulfone) after each cycle of reaction, using MPS as the substrate. It is evident from Fig. 5.1 

and the data presented in Table 5.2 (entry Ie) and Table 5.4 (entry 1 e) that the activity and 

the selectivity of the catalysts remain undiminished even after six reaction cycles. This 

also demonstrates that the catalysts retain their structural integrity after its use in a 

number of reaction cycles. It is notable that for MRAMo the total TOF after 6th reaction 

cycles was estimated to be 8745 hoi (7717 hoi for MRVMo, 5870 hoI for P ANMo) in case 

of sulfoxidation and 2925 hoI (2693 hoI for MRVMo, 2174 hoI for PANMo) for sulfone 

formation at room temperature, which could be increased to 23440 and 8760 hoI (20644 

and 8790 hoI for MRVMo, 17430 hoI and 7008 hoI for PANMo). These values appear to 

be higher than that attained by most of the reported tungstenI9,20,23,24,27,28,32,33,36,38,70,9Io93 or 

molybdenum21 ,27,31,32,34,35,36,49,52,590 61,94o96 containing catalysts and demonstrate the 

synthetic value of the protocols. 

100 r- - - - ~ -GO 

>-L- ~L...... -
J 

No. of cycle 

(a) 

100 ~ r-

10 

- r- ,- ,...... 

l...-., 

No. of cycle • 

(b) 

= Reaction at RT 

I = Reaction under reflux 
condition 

, 
Fig. 5.1 RecyclabiIity of MRAMo (used as representative) for the selective oxidation of 

MPS to (a) sulfoxide or (?) sulfone. 

166 



CHAPTERS 

5.2.2.4 Heterogeneity of the catalytic process 

With an aim to confirm that the oxidation reactions occur via a heterogeneous 

catalytic process, and to examine whether any leaching of the metal complex from the 

polymer-bound catalysts viz. MRVMo, MRAMo and P ANMo into the reaction medium 

occurs during the oxidation reactions, separate experiments were conducted using MPS as 

the substrate under standard conditions. The filtrate obtained by separating the solid 

catalyst after completion of the reaction, was subsequently treated with a fresh batch of 

MPS and H20 2 mixture in a reaction vessel and the reactions were allowed to continue for 

another 4 h. The conversion of MPS was recorded to be only about 6% after removal of 

the catalyst, in line with the value obtained in the absence of any catalyst in the control 

experiment. This suggests that the reaction does not proceed after removal of the catalyst. 

Moreover, the presence of molybdenum could not be detected when the filtrate obtained 

after isolating the solid catalysts by filtration was subjected to AAS analysis. Possibility 

of pMo species leaching out of the catalyst can thus be ruled out on the basis of the 

evidences gathered which,also prove inter-alia, the heterogeneous nature of the catalytic 

process. 

5.2.2.5 Nature of the spent catalyst 

The spent catalysts, 3.1-3.3 isolated after the oxidation reactions, were 

characterized by elemental, EDX and IR spectral analysis. The IR spectra of each of the 

spent catalysts were found to be identical with the respective original catalyst which 

showed the characteristic bands for metal-peroxo and metal bound amino acid or nitrile 

groups as well as the polymer support. Furthermore, no significant lowering of peroxide 

content and metal loading value of the recovered catalyst was indicated by the elemental 

analysis and EDX spectral data compared to the respective original complex. All the 
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information gathered from these studies thus demonstrate that the catalysts retain their 

structural integrity even after their use in a number of cycles of oxidation. 

5.2.2.6 The proposed mechanism 

A plausible mechanism for the selective oxidation of sulfides to sulfoxides or 

sulfones in presence of the heterogeneous catalysts 3.1-3.3 is shown in Fig. 5.2. In 

presence of excess H20 2, the monoperoxomolybdate species I, is likely to be converted 

into diperoxomolybdate species II (reaction a). The active diperoxomolybdate species II 

would then transfer its electrophilic oxygen to the substrate V to yield sulfoxide VI 

(reaction b). This facile oxygen transfer may indeed be expected since the electrophilicity 

of the peroxomolybdate is much higher than that of H202.
19 The sulfide formation 

reaction IS accompanied by simultaneous regeneration of the original 

monoperoxomolybdate species I thus completing the catalytic cycle. The sulfoxide 

formed may undergo further oxidation by a diperoxomolybdate species II, formed in a 

separate cycle, to form sulfone (reaction c) making the sulfone formation a two-step 

process. The oxidation of nucleophilic sulfide to sulfoxide seems to be relatively more 

facile than the second oxidation of the resulting less nucleophilic sulfoxide to sulfone. 19
,2o 

The mechanism of action of pMo complexes, particularly the Mimoun type of . 
complexes97 with an oxodiperoxo Mo(VI) core in oxygen transfer reactions59

,98 with 

respect to alkene epbxidation31 ,64,71,72,97,99-102 as well as in bromide oxidation87
,88 has been 

well studied. 103 The nature of the active catalytic species involved in the proposed 

reaction pathway is therefore fairly simple to understand. The reactive diperoxo species 

are known to perform substrate oxidation converting itself into more stable monoperoxo 

species which has been proven to be less reactive in oxidation.31
,36,87,88,I03-108 In fact it has 

been emphasized that for a peroxomolybdenum(V1) or peroxotungsten(VI) species to be 
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Fig. 5.2 Schematic representation of reactions occurring with heterogeneous catalysts 

MRAMo (3.2) as representative. [a] The polymer-bound monoperoxomolybdenum 

species I reacts with H202 to yield the reactive diperoxomolybdenum intermediate II. [b] 

Transfer of electrophilic oxygen from II to the substrate V takes place to yield sulfoxide 
, 

VI with concomitant regeneration of the original catalyst I. [c J The sulfoxide VI may 

further react with active diperoxomolybdenum species II leading to the formation of 

sulfone VII and simultaneous regeneration of the original catalyst I. No attempt is made 

to show the exact stoichiometry of the reaction. 
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catalytically active in oxidation, formation of an oxo-diperoxo configuration may be a 

pre_requisite.63
,85,87 It is therefore significant to note that even a relatively inactive 

monoperoxo species of Mo when attached to MR served as an efficient heterogeneous 

catalyst for sulfide oxidation by H20 2 as a consequence of its immobilization. The results 

are consistent with our previous findings84
,86 which demonstrated that poly(acrylonitrile) 

supported catalyst P ANW containing monoperoxo-tungstate84 was active in selective 

oxidation of sulfides84 as well as organic bromides86 by H202. 
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5.3 Section B: 

The Water Soluble Mo-Macrocomplexes as Homogeneous Catalysts / 

Oxidants in Selective Oxidation of Sulfides 
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5.3.1 EXPERIMENTAL SECTION 

5.3.1.1 Typical procedure for the selective oxidation of sulfides to sulfoxides 

A 50 mL two-necked round-bottomed flask equipped with a magnetic stirring bar 

was charged with organic substrate (5 mmol), 30% H20 2 and 5 rnL of methanol. Under 

magnetic stirring the catalysts (containing 0.005 mmol of Mo) [PAMo (3.44 mg) or 

PMAMo (7.35 mg) or PAmMo (8.19 mg) or PSMo (4.90 mg)] was added to the mixture. 

A clear homogeneous solution was obtained at this stage. This maintains molar ratio of 

Mo:substrate at 1: 1000 and substrate:H202 at 1 :2. The reactions were performed at room 

temperature (R T) and progress was monitored by thin layer chromatography (TLC) and 

GC. At the end of the reaction, the product and unreacted substrate were isolated by 

extraction with diethyl ether and dried over anhydrous Na2S04. Further the sulfoxides 

were purified and characterized by methods similar to those mentioned under procedure 

for oxidation of sulfide to sulfoxide (Section 5.2.1.1). 

5.3.1.2 Typical procedure for the selective oxidation of sulfides to sulfones 

The reaction mixture containing sulfide (5 mmol), 50% H202 (1.36 mL, 20 

mmol), acetonitrile (5 mL) and the catalysts (containing 0.005 mmol of Mo) [PAMo 

(3.44 mg) or PMAMo (7.35 mg) or PAmMo (8.19 mg) or PSMo (4.90 mg)] were 

charged into a 50 mL two-necked round-bottomed flask maintaining Mo:substrate at 

1: 1000 and substrate:H202 at 1 :4. The resulting homogeneous mixture was stirred 

magnetically at room temperature till the completion of the reaction (as monitored by 

TLC and GC). At the end of the reaction, the product sulfone was isolated followed by 

purification and analyzed by using similar procedure as mentioned for oxidation of 

sulfide to sulfoxide (Section 5.2.1.1). 
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5.3.1.3 Recycling of catalysts 

Each of the homogeneous catalysts, 4.1-4.4 were regenerated and recycled by 

carrying out the reaction using MPS as substrate. For selective sulfoxidation, aft~r 

completion of the reaction (Section 5.3.1.1), the product and unreacted substrate were 

isolated by extraction with diethyl ether and to the aqueous portion containing the spent 

catalyst was treated with a fresh batch of 30% H202 (1.13 mL, 10 mmol), followed by 

employing MPS (5 mmol) and methanol (5 mL). The progress of the reaction was 

monitored by thin layer chromatography (TLC) and GC. The process is repeated for a 

total of three reaction cycles. 

Similar procedure has been adopted in case of oxidation of sulfide to sulfone. In 

the typical experiment, after completion of the reaction mentioned under Section 5.3 .1.2, 

the product and unreacted substrate were extracted from the reaction mixture by ether 

extraction. The aqueous portion of the reaction mixture containing the spent catalyst was 

charged with a fresh lot of 50% H202 (1.36 mL, 20 mmol) followed by addition of MPS 

(5 mmol) and acetonitrile (5 mL). The reaction was followed by TLC and GC and the 

process was repeated for a total of three reaction cycles. 

5.3.2 RESULTS AND DISCUSSION 

The catalytic performance of the water soluble polymer bound pMo compounds, 

P AMo, PMAMo, P AmMo and PSMo in the oxidation of organic sulfides as well as 

DBT were examined. In order to optimize the reaction conditions several reaction runs 

were performed using MPS as substrate and P AMo as the catalyst in presence of a variety 

of solvents including water as described under section 5.3.1.1. It is notable that the 

catalysts are insoluble in the pure organic solvents including methanol and acetonitrile. 
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Interestingly however, in presence of H202 used as oxidant in the reaction, each of the 

catalysts dissolves completely in water miscible solvents such as methanol, ethanol and 

acetonitrile giving rise to homogeneous reaction condition. It is apparent that the presence 

of water contributed by the aqueous H202 is responsible for the solubility of the water 

soluble catalysts in the reaction mixture leading to the homogeneity of the catalytic 

process. On the other hand the catalysts remain insoluble in water immiscible solvents 

such as dichloromethane and chloroform even in the presence of H20 2, obviously due to 

. the immiscibility of these solvents with H202 and water. 

The data presented in Table 5.5 (entry 2) demonstrate that the reaction conducted 

using MeOH as solvent maintaining the oxidant substrate molar ratio of 2:1 and 

catalyst substrate ratio of 1: 1000 at room temperature proceeded smoothly to selectively 

afford sulfoxide with reasonably good TOF. No overoxidation to sulfoxide was noted 

even on prolonging the reaction time. Interestingly, these optimized reaction conditions 

are not very different from the conditions established for the heterogeneously catalyzed 

reactions described under section 5.2.2.1. Considerable enhancement of the rate of the 

reaction, without effecting the product selectivity, was observed on increasing the 

reaction temperature from room temperature to 65 DC (Table 5.5, entry 10). 

Apart from MPS, various types of structurally diverse sulfides as well as DBT 

underwent clean and selective oxidation to the corresponding sulfoxide under the 

optimum condition in presence of each of the complexes (Table 5.6). The reagents 

exhibited excellent chemoselectivity toward sulfur group of substituted sulfides 

containing other oxidation prone functional groups such as -C=C-, benzylic C-H and -OH 

(Table 5.6, entries 7 - 9 and 11). The present protocol is also effective for much less 

nucleophillic sulfide, such as DBT (Table 5.6, entry 12). The homogeneously catalyzed 

reactions also shared' other common features with the reactions catalyzed by the 
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heterogeneous counterparts, 3.1-3.3, such as faster rate of oxidation of aliphatic sulfides 

compared to the aromatic substrates (Table 5.6, entries 2-5), enhancement of rate of 

reaction on increasing the reaction temperature (Table 5.6, entries 1C_12C) without 

affecting the product selectivity and the prospect for larger scale applications (Table 5.6, 

entry 1 e). However, on comparing the TOF, it is observed that heterogeneous catalysts, 

3.1-3.3 display superior activity compared to the homogeneous analogues, 4.1-4.4. On the 

basis of TOF values, PMAMo is found to exhibit higher catalytic activity in comparison 

to P AMo, P AmMo and PSMo. 

Table 5.5 Optimization of reaction conditions for PAMo catalyzed selective oxidation of 

methyl phenyl sulfide (MPS) by 30% H202
a 

Entry Molar ratio H202 Solvent Temperature Time Isolated la: Ib TOF 
Mo:MPS (equiv.) (min) Yield (%) (h-1) 

1 1:1000 1 MeOH RT 390 68 100: 0 104 

2 1:1000 2 MeOH RT 120 97 100: 0 485 

3 1:500 2 MeOH RT 70 96 100: 0 411 

4 1:100 2 MeOH RT 45 98 100: 0 130 

5 1:1000 2 EtOH RT 100 97 100: 0 582 

6 1:1000 2 CHCh RT 120 8 87: 13 40 

7 1:1000 2 CH2Ch RT 120 13 84: 16 65 

8 1:1000 2 MeCN RT 150 98 61 : 39 392 

9 1:1000 2 MeOH 50°C 50 97 100: 0 1164 

10 1:10QO 2 MeOH 65°C 45 98 100: 0 1306 

a All reactions were carried out with 5 mmol of substrate In 5 mL of solvent. 
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Table 5.6 Selective oxidation of sulfides to sulfoxides with 30% H202 catalyzed by P AMo, PMAMo, P AmMo and PSMo8 

Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min) Yield (%) (h-1
) (min) Yield (%) (h-1

) (min) Yield (%) (h-1
) (min) Yield (%) (h-1

) 

as' 
0 120 97 485 90 98 653 100 98 594 110 98 534 

1 " 1# as' 45C 98 1306 30c 97 1940 35c 99 1680 40c 99 1485 
1# 120 47d 235 90 49d 326 100 46d 276 110 44d 240 

45c 43d 573 30c 47d 940 35c 45d 771 40c 45d 675 
120 96e 480 90 97e 646 100 96e 576 110 97e 529 

45c 98e 1306 30c 9ge 1980 35c 97e 1662 40c 96e 1440 

0 
II 100 96 576 80 98 735 90 97 646 95 98 618 

2 /8"" /8"" 

0 120 98 496 90 97 646 100 96 576 110 99 540 
3 II 

~s"v""v ~s"v""v 
45c 97 1293 25c 98 2352 35c 98 1680 40c 97 1455 

0 110 96 523 90 95 633 100 97 582 105 96 548 
4 ~s~ II 

~s~ 

45c 98 1306 25c 96 2305 35c 98 1680 40c 98 1470 

11;Si-i 
0 120 94 470 90 95 633 100 94 564 110 93 507 

5 II 

'11sSi{ 45c 95 1266 30c 96 1920 35c 93 1594 40c 95 1425 

0 

as'-/" 
/I 

130 95 438 100 96 576 110 95 518 120 94 470 as'-/" 6 1# 1# 55c 93 1014 40c 95 1425 45c 94 1253 50c 96 1152 
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Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min) Yield (%) (h-I) (min) Yield (%) (h-I) (min) Yield (%) (h-I) (min) Yield (%) (h-I) 
ft 

0 
98 345 150 388 160 96 98 356 s II 170 97 360 165 

7 V~HOS~OH 
# # 70c 96 822 50c 94 1128 60c 98 980 65c 96 886 

0 
II 

150 98 392 120 96 480 130 97 447 140 97 415 
OS~ OS~ 8 

60c 97 970 45c 1306 50c 55c . 1069 98 96 1152 98 
0 

()s~ 
II 

9 0S~ 350 96 164 300 94 188 330 94 170 340 94 165 
1# 

1# 120c 98 490 100c 95 570 1I0c 97 529 115c 96 500 
0 S 1/ 370 96 155 330 97 176 340 98 350 350 96 164 

10 0D0
S
D 140c 98 420 110c 98 534 120c 97 130 130c 97 447 

0 160 97 363 130 98 452 140 98 150 150 98 392 as'D a~~ 11 I..,.. ~ I~ ~ 65c 98 50c 55c 60c 970 
0 904 96 1152 97 60 97 

S M 
12f c90 Ob 11 hC 89 8.0 11 hC 94 8.5 11 hC 92 8.3 11 hC 90 8.1 - "j - "j 

aAll reactions were carried out with 5 mmol substrate, 10 mmo130% H20 2 and catalyst (0.005 mmol ofMo) in 5 mL methanol at RT, unless 
otherwise indicated: 
bTOF (Turnover frequency) = mmol of product per mmol of catalyst per hour. 
cReaction at 65°C in refluxing methanol. 
dYield of 3rd reaction cycle. 
eYield at 7.5 g scale. 
fSubstrate (5 mmol), catalyst (0.05 mmol of Mo), methanol (5 mL). 
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5.3.2.1 Oxidation of sulfides to sulfones 

Selective oxidation of sulfide to the corresponding sulfone could also be 

accomplished in presence of the homogeneous catalysts, 4.1-4.4 under identical reaction 

conditions optimized for the heterogeneous catalysts (3.1-3.3). In order to attain clean 
/. 

I 

conversion to sulfone, it was necessary to use acetonitrile as solvent instead of methanol 

and 4 equivalents of 50% H20 2 in lieu of 30% H202 (Table 5.7). The results presented in 

Table 5.8 shows that the protocol is also useful for various types of sulfides including 

DBT. Moreover, reaction time could be considerably reduced by conducting the reactions 

under reflux condition at 78°C. As seen from the data presented in Table 5.8 (entries 7-9 

and 11), the oxidation of sulfides to the corresponding sulfones has been achieved with 

complete chemoselectivity. The procedure also provides scope for using it for relatively 

larger scale synthesis (Table 5.8, entry 1 e). 

Table 5.7 Optimization of reaction conditions for PAMo catalyzed selective oxidation of 

methyl phenyl sulfide (MPS) to sulfone by 50% H202a 

Entry Molar ratio H20 2 Solvent Temperature Time Isolated la: Ib TOF 

Mo:MPS (equiv.) (min) Yield(%) (hoi) 

I 1:1000 1 MeCN RT 420 64 88: 12 91 

2 1:1000 2 MeCN RT 300 96 29: 71 192 

3 1:1000 3 MeCN RT 250 97 16: 84 232 

4 1:1000 4 MeCN RT 240 99 0: 100 247 

5 1:500 4 MeCN RT 120 95 0: 100 237 

6 1 :100 4 MeCN RT 90 96 0: 100 64 

7 1:1000 4 MeCN 78°C 100 98 0: 100 588 

aAll reactions'were carried out with 5 mmol of substrate in 5 mL of solvent. 
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Table 5.S Selective oxidation of sulfides to sulfones with 50% H202 catalyzed by P AMo, PMAMo, PAmMo and PSMo8 

Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb Time Isolated TOFb 

(min} Yield (%} (h-1
} (min} Yield (%} (h-1

} (min} Yield (%} (h-l} (min} Yield (%} (h-1
} 

OS, o~.o 240 99 247 200 97 291 220 99 270 230 97 253 
1 1# 0' 100c 98 588 80c 99 742 90c 98 653 95c 98 618 

1# 
240 51 d 127 200 56d 195 220 56d 152 230 54 140 
100c 54d 324 80c 52d 390 90c 53d 353 95c 57 ---360 

240 98e 245 200 98e 294 220 98e 267 230 98 255 
100c 97e 582 80c 97e 727 90c 9ge 660 95c 97 612 

2 /s" 
oVa 

/ '" 210 98 280 180 97 323 200 97 291 200 98 294 

3 ~s'V""v' o~o 230 96 250 190 96 303 210 98 280 220 99 270 
~ 'V""v' 

90c 98 653 80c 98 735 90c 96 640 90 98 653 

4 o~o 220 
~s~~-...../"'-... 

98 267 190 97 306 210 98 280 230 97 253 

90c 96 640 75c 98 784 80c 97 727 95 98 618 

5 'H;Si-i O~p 240 94 235 200 96 288 220 95. 259 230 93 242 
~S 

'11s~ 
100c 93 558 80c 95 712 90c 94 626 95 94 593 

6 OS~ 
o~o 250 97 232 210 96 274 230 97· 253 240 96 240 

1# O~ 
110c 96 523 90c 98 653 100c 96 576 110 98 534 
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Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Isolated TOFb Time Isolated TOFb Time [solated TOFb Time Isolated TOFb' 
(min) Yield (%) (h-1) (min) Yield (%) (h-1) (min) Yield (%) (h-1) (min) Yield (%) (h-1) 

O'~OH~~OH 380 95 150 360 98 163 370 96 155 370 97 157 
7 

# .# 160c 97 363 140c 97 415 150c 98 392 155c 98 379 

Os~ OV'~ 270 96 213 240 96 240 250 98 235 260 96 221 
8 1# 120c 97 485 100c 98 588 1l0c 97 529 115c 98 511 

Os~ OV'0'" 510 98 115 480 96 120 490 98 120 500 98 117 
9 

'# '# 210c 97 277 190c 97 306 200c 96 288 200e 97 291 

10 oSDd>?D 540 97 107 500 96 115 520 95 109 530 98 110 

250c 98 235 220c 97 264 230c 98 255 240c 96 240 

OS"D OV"'0 280 98 210 250 99 237 260 97 223 270 97 215 
11 

130c 96 443 110c 96 523 120c 98 490 130c 99 456 

OD 
o"ffo 

12f c5D 15 hC 85 5.6 15 hC 93 6.2 15 hC 88 5.9 15 hC 86 5.7 
- \, 

aAll reactions were carried out with 5 mmol substrate, 20 mmol50% H20 2 and catalyst (containing 0.005 mmol ofMo) in 5 mL acetonitrile at 
RT, unless otherwise indicated. 

bTOF (Turnover frequency) = mmol of product per mmol of catalyst per hour. 
cReaction at 78°C in refiuxing acetonitrile. 
dYield of 3rd reaction cycle. 
eYield at 7.5 g scale. 
[Substrate (5 mmol), catalyst ( 0.05 mmol of Mo), acetonitrile (5 mL). 
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5.3.2.2 Recyclability of the catalysts 

A homogeneous catalytic process often suffers from the drawback of difficulty in 

regeneration of the catalyst. In the present work, however, the water soluble catalysts 

could be regenerated in situ after separating the oxidized product and unreacted sulfide 

from the reaction mixture by extraction with ether, without much difficulty. After 

completion of each cycle of reaction, the spent reaction mixture containing the soluble 

catalyst was treated with H202, a fresh lot of substrate and the respective solvent. A 

decrease in TOF was however noted with every increasing number of reaction cycles 

(Fig. 5.3 and Tables 5.6 and 5.8, entry1d) in contrast to the heterogeneous analogues 

which showed consistent activity even after several reaction cycles (Tables 5.2 and 5.4, 

entry 1 d). The observed loss of activity of the catalysts may be attributed to the possibility 

of leaching of the active pMo species from the polymer matrices. 

100 
~ e 80 
'C 
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;>: 
'C 40 
Q) 
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= Reaction at RT 

II = ReactIOn under reflux 
condItion 
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(b) 

Fig. 5.3 Recyclability of P AMo (used as representative) for the selective oxidation of 

MPS to (a) sulfoxide or (b) sulfone. 
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5.3.2.3 Nature of the spent catalyst 

After completion of the reaction, the spent catalysts, 4.1-4.4 were isolated from 

the reaction mixture by treatment with acetone, dried and subsequently characterized by 

elemental, EDX and IR spectral analysis. The IR spectrum of each of the recovered 

catalysts resembled closely the spectrum of the corresponding original starting compound 

displaying the typical bands for metal-peroxo and metal bound carboxylate, amide or 

sulfonate groups. However, the elemental analysis data for the spent catalysts showed 

decrease in peroxide and molybdenum content indicating the gradual leaching of pMo 

species from the catalyst. The finding is also consistent with the observed loss of activity 

on reuse of the recovered catalyst. 

5.3.2.4 Peroxomolybdate complexes, 4.1-4.4 as stoichiometric oxidants of sulfides 

It has been our anticipation that since the compounds, 4.1-4.4 contains pMo 

species in its active diperoxo form, these compounds would be effective as stoichiometric 

oxidants of sulfides. We have accordingly evaluated the oxidant activity of the 

compounds using MPS as a model substrate. From the findings of our investigation 

presented in Table 5.9 it is evident that the reaction ofPAMo with MPS in the molar ratio 

of Mo:MPS at 1: 1 in methanol/water (1: 1) as solvent, proceeded smoothly at room 

temperature to afford a mixture of sulfoxide and sulfone in the ratio of 87:13 with 86% 

yield (Table 5.9, entry 2). Our attempts to attain selective sulfoxidation by lowering the 

molar ratio of Mo:MPS to 0.5:1 (Table 5.9, entry 1), or by changing the solvent system 

(Table 5.9, entries 2-4), were unsuccessful. 

Besides methanol/water solvent system, we have also run the reactions in different 

solvents such as ethanol/water, acetonitrile/water and also in the pure solvents like 

methanol, ethanol, acetonitrile, dichloromethane and chloroform. Interestingly, the 
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reaction did not take place when pure organic solvents were used (Table 5.9, entries 8-12). 

On the other hand, the oxidation of MPS proceeded smoothly on including water in the 

water miscible solvent system. The lack of reactivity in pure organic solvents may be 

ascribed to the insolubility of the oxidant in these solvents. In case of the reaction 

procedure where the compounds 4.1-4.4 serve as catalysts (Section 5.2), no additional 

water was apparently needed for the activity of the complexes as the aqueous component 

has been contributed by the dilute H202 used as oxidant. 

It is notable that selective oxidation of MPS to sulfone could be achieved in 

excellent yield by conducting the reaction in acetonitrile/water and increasing the 

Mo:oxidant ratio to 3: 1 (Table 5.9, entry 6). Under the optimized reaction condition, 

oxidation of a number of different sulfides to sulfones was carried out with the pMo 

complexes 4.1-4.4. The results summarized in Table 5.10 also demonstrate that the 

oxidations proceed with complete chemoselectivity towards sulfur groups in presence of 

other oxidation prone functional groups in the substituted sulfides. 
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Table 5.9 Optimization of reaction conditions for the selective oxidation of methyl phenyl 

sulfide (MPS) to sulfoxide (la) and sulfone (lb) by PAMo8 

Entry Mo:MPS Solvent Time (min) la:lb Isolated Yield (%) 

1 0.5:1 MeOHIlhO (1:1) 180 88:12 42 

2 1:1 MeOHfH20 (1:1) 120 87:13 86 

3 1:1 EtOHfH20 (1:1) 130 85:15 84 

4 1:1 CH3CNIH20 (1:1) 100 80:20 80 

5 2:1 CH3CNIH20 (1: 1) 150 10:90 98 

6 3:1 CH3CNIH20 (1 :1) 130 0:100 99 

7b 3:1 CH3CNIH20 (1: 1) 70 0:100 98 

8 1:1 MeOH 360 No reaction 

9 1: 1 CH3CN 360 No reaction 

10 1:1 EtOH 360 No reaction 

11 1:1 DCM 360 No reaction 

12 1:1 CHCb 360 No reaction 

8All reactions were carried out using MPS (1 mmol) as substrate at room temperature, unless 

otherwise indicated. 

bReaction at 78°C in refluxing acetonitrile. 
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Table 5.10 Selective oxidation of sulfides to sulfones by soluble polymer bound pMo 
complexes,4.1-4.4a 

Substrate Product PAMo PMAMo PAmMo PSMo 

Time Yield Time Yield Time Yield Time Yield 
(min) (%) (min) (%) (min) (%) (min) (%) 

as' O~? 130 99 100 97 110 98 120 96 a' 70b 50b 55b 60b 1# 1# 98 99 96 98 
130 98c 100 98c 110 97c 120 97c 

70b 96c 50b 98c 55b 98c 60b 96c 

"N;S'K; qp 140 96 100 98 110 99 120 98 ~S 

'H;1fs 70b 98 50b 97 55b 98 60b 99 

aS~ c("~ 360 96 300 97 320 96 330 98 
1# 1# 150b 97 l20b 96 BOb 98 140b 97 

(1'-'" dyO,-", 180 97 120 99 130 99 160 95 
# 1# 90b 98 60b 98 70b 96 80b 98 

s o"'sp 250 95 180 97 200 98 220 98 O~o " ~OH l20b 98 100b 98 110b 97 110b 97 # 1# 

aAll reactions were carried out with 1.00 mmol of substrate in 10 mL ofCH3CNIH20 (1:1) at 

room temperature by maintaining molar ratio of Mo:substrate at 3:1, unless otherwise 

indicated. 

bReaction at 78°C in refluxing acetonitrile. 

cYield of 6th reaction cycle. 
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5.3.2.5 The proposed mechanism 

The scheme of reactions proposed for the homogeneously catalyzed selective 

oxidation of sulfides is shown in Fig. 5.4 using PMAMo as representative. Since the 

homogeneous catalysts consist of reactive diperoxomolybdate (VI) species, transfer of 

electrophilic oxygen from species I is likely to occur as a first step to yield sulfoxide IV 

with concomitant formation of intermediate monoperoxomolybdate (VI) II [reaction (a)]. 

The intermediate species II further reacts with H20 2, and regenerate the original reactive 

species I [reaction (b)]. The sulfoxide IV thus formed may subsequently react with 

another molecule of diperoxomolybdate (VI) species, I to yield sulfone [reaction (c)]. The 

proposed reaction pathway is in accord with our previous observations mentioned under 

section 5.2.2.6. 

[Mo(OM0 2)(COO)r PMA 

II 

[Mo(O)(02MCOO)f PMA 
I 

[b] 

[a] 

[c] 

[b] 

[Mo(O)(02MCOO)f PMA 
I 

[ Mo(OM0 2)(COO)f PMA 
II 

Fig. 5.4 Schematic representation of reactions occurring with homogeneous catalysts 

shown with PMAMo (3.2) as representative. 

186 



CHAPTERS 

5.4 CONCLUSIONS 

Immobilization of peroxomolybdate in its monoperoxo form on ammo acid 

functionalized Merrifield resin as well as poly(acrylonitrile) led to the development of a 

set of heterogeneous catalysts, highly effective in mediating selective oxidation of 

sulfides by H20 2. It is worth noting that clean conversion to high purity sulfoxide as well 

as sulfone could be obtained from the corresponding sulfides and DBT in impressive 

yields and TOF in presence of the catalysts by establishing appropriate reaction 

conditions. Water soluble macrocomplexes containing diperoxomolybdate(VI) species 

4.1-4.4 on the other hand served as homogeneous catalysts for the same reactions under 

identical reaction conditions. The heterogeneous catalysts however exhibited superior 

activity over its homogeneous counterparts. Significantly, the pMo compounds anchored 

to WSP were also capable of serving as stoichiometric oxidants of sulfides, in absence of 

H20 2• In contrast, the insoluble pMo compounds were totally inactive in sulfide oxidation 

on their own, under analogous reaction conditions. 

The catalytic protocols developed are straightforward, safe and environmentally 

clean being free from halogenated solvent or any other additives such as a co-catalyst or 

acid. In addition, the oxidation is chemoselective for sulfide or sulfoxide leaving an 

alcoholic, benzylic C-H or olefinic linkage unaffected. Easy recovery and reusability for 

several catalytic cycles with unaltered activity and selectivity are other significant and 

attractive features of the heterogeneous catalysts. The developed methodologies thus 

conform to several guiding principles of "green" chemistry.lo9 
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CHAPTER 5 

Appendix: 4A Characterization of Sulfoxides and Sulfones 

(a) Methylphenylsulfoxide: Isolated as light yellow solid; mp 28-29°C; v (KBr)/cm-1 1046; 

IHNMR(400MHz; CDCh, 8): 2.73(s, 3H); 7.30-7.36(m, IH); 7.41-7.50(m, 2H); 7.62-7.69(m, 2H) 

\3C NMR (l00.5MHz; CDCh, 8): 43.93; 123.54; 128.63; 130.95; 145.42 
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(b) Methylphenylsulfone: Isolated as white solid; mp 85-86°C; v (KBr)/cm-1 1321, 1165; 

IH NMR (400MHz; CDCh, 8): 3.02(s, 3H); 7.52-7.59(m, IH); 7.61-7.71(m, 2H); 

7.89-7.95(m, 2H) 

l3C NMR (l00.5MHz; CDCh, 8): 44.83; 126.23; 128.54; 133.21; 137.44 
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Fig.4A.3 IH NMR spectra of methyl phenyl sulfone. 
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(c) Dimethylsulfoxide: Isolated as liquid; v (KBr)/cm-1 1053; 

IHNMR(400MHz; CDCh, ~): 2.63(s, 6H) 

I3C NMR (l00.5MHz; CDCh, ~): 40.53 

CHAPTERS 

(d) Dimethylsulfone: Isolated as white solid; mp 236-237°C; v (KBr)/cm-1 1314, 1136; 

IH NMR (400MHz; CDCh, ~): 3.27(s, 6H) 

I3C NMR (l00.5MHz; CDCh, ~): 44.63 

(e) Dibutylsulfoxide: Isolated as white solid; mp 32-33°C; v (KBr)/cm-1 1063; 

IH NMR (400MHz; CDCh, ~): 0.96(t, 6H, J=7.41Hz); 1.37-1.49(m, 4H); 1.68-

1.78(m, 4H); 2.61-2.69(m, 4H) 

DC NMR (l00.5MHz; CDCh, ~): 13.74; 22.13; 24.52; 51.91 

(f) Dibutylsulfone: Isolated as white solid; mp 42-43°C; v (KBr)/cm-1 1342, 1135; 

IH NMR (400MHz; CDCh, ~): 0.96 (t, 6H, J=7.41Hz); 1.39-1.51(m, 4H); 1.79-

1.88(m, 4H); 2.87-2.94(m, 4H) 

I3C NMR (l00.5MHz; CDCh, ~): 13.54; 21.72; 23.98; 52.53 

(g) Butylpropylsulfoxide: Isolated as liquid; v (KBr)/cm-1 1057; 

IH NMR (400MHz; CDCh, ~): 0.92-0.99(m, 6H); 1.28-1.39(m, 2H); 1.71-1.79(m, 

4H); 2.54-2.62 (m, 4H) 

I3C NMR (l00.5MHz; CDCh, ~): 13.76; 22.14; 24.51; 51.97 

(h) Butylpropylsulfone: Isolated as white solid; mp 81-82°C; v (KBr)/cm-1 1342, 1132; 

IH NMR (400MHz; CDCh, ~): 0.94-0.99(m, 6H); 1.29-1.39(m, 2H); 1.82-1.89(m, 

4H); 2.85-2.95(m, 4H) 

I3C NMR (100.5MHz; CDCh, ~): 13.51; 21.75; 23.99; 52.53 

(i) Dibenzothiophene sulfoxide: Isolated as white solid; mp 188-189°C; v (KBr)/cm-1 

1043; 

IH NMR (400MHz; CDCh, ~): 7.52-7.59(m, 2H); 7.71-7.75(m, 2H); 7.91-7.98(m, 

4H) 

I3C NMR (l00.5MHz; CDCh, ~): 123.45; 124.16; 126.37; 129.83; 132.67; 143.33 

G) Dibenzothiophene sulfone: Isolated as white solid; mp 231-232°C; v (KBr)/cm-1 

1363, 1165; 

IH NMR (400MHz; CDCh, ~): 7.51-7.55(m, 2H); '7.61-7.66(m, 2H); 7.77-7.85(m, 

4H) 

I3C NMR (l00.5MHz; CDCh, ~): 121.54; 121.97; 130.16; 131.53; 133.77; 137.62 

(k) Phenylvinylsulfoxide: Isolated as pale yellow liquid; v (KBr)/cm-1 1054; 
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IH NMR (400MHz; CDCh, (5): 5.94(d, IH, J=10.13Hz); 6.26(d, IH, J=15.89Hz); 6.55-

6.69(m, IH); 7.27-7.37(m, 1H); 7.44-7.53(m, 2H); 7.62-7.68(m, 2H) 

13C NMR (100.5MHz; CDCI3, (5): 120.55; 124.52; 129.38; 131.13; 142.95; 143.~1 

(I) Phenylvinylsulfone: Isolated as white solid; mp 63-64°C; v (KBr)/cm-1 1364, 1161; 

IH NMR (400MHz; CDCh, (5): 6.11(d, 1H, J=9.60Hz); 6.43(d, IH, J=16.42Hz); 6.64-

6.78(m, 1H); 7.44-7.51(m, 1H); 7.56-7.68(m, 2H); 7.87-7.93(m, 2H) 

13C NMR (100.5MHz; CDCh, (5): 127.85; 129.33; 133.77; 138.51; 139.70 

(m) 2-(Phenylsulfinyl)ethanol: Isolated as light brown solid; mp 42-43°C; v (KBr)/cm-1 

1040; 

IH NMR (400MHz; CDCh, (5): 2.43(s, IH); 3.12(t, 2H, J=5.31Hz); 3.87(t, 2H, 

J=5.26Hz); 7.26-7.39(m, 1H); 7.48-7.57(m, 2H); 7.61-7.68(m, 2H) 

13C NMR (100.5MHz; CDCh, (5): 56.15; 60.91; 125.47; 129.98; 131.23; 144.55 

(n) Dihexylsulfoxide: Isolated as pale yellow liquid; v (KBr)/cm-1 1042; 

IH NMR (400MHz; CDCb, (5): 0.95 (t, 6H, J= 7.65 Hz), 1.21-1.37 (m, 12H), 1.68 (m, 

4H), 2.71 (t, 4H, J=6.71Hz) 

13C NMR (100.5MHz; CDCh, (5): 13.54,21.91,32.85,27.64,28.53,52.64 

(0) Dihexylsulfone: Isolated as pale yellow liquid; v (KBr)/cm-1 1323, 1161; 

IH NMR (400MHz; CDCb, (5): 0.95 (t, 6H, J= 7.66 Hz), 1.21-1.38 (m, 12H), 1.91 (m, 

4H), 3.36 (t, 4H, J=6.71Hz) 

13C NMR (100.5MHz; CDCh, (5): 13.48,21.78,32.64,27.91,26.45,53.72 

(p) Allylphenylsulfone: Isolated as pale yellow liquid; v (KBr)/cm-1 1318, 1144; 

IH NMR (400MHz; CDCh, (5): 3.91(dt, 2H, J= 7.19, 1.22Hz); 5.02(dq, 1H, J= 1.48, 

17.21Hz); 5.18(dq,lH,. J= 1.22, 10.31Hz); 5.63(ddt, 1H, J= 7.19, 10.31, 

17.21Hz); 7.37-7.44(m, IH); 7.62-7.69(m, 2H); 7.91-7.95(m, 2H) 

13C NMR (100.5MHz; CDCh, (5): 60.67; 117.51; 124.63; 128.88; 129.02; 133.74; 

138.27 

(q) Ethylphenylsulfoxide: Isolated as pale yellow liquid; v (KBr)/cm-1 1054; 

IH NMR (400MHz; CDCb, (5): 1.23(t, 3H, J=6.61 Hz); 2.69-2.78(q, 1H, J=6.61 Hz); 

2.91(q, 1H, J=6.61Hz) 7.13-7.48(m, 3H); 7.49-7.84(m, 2H) 

13C NMR (l00.5MHz; CDCh, (5): 10.39,47.19, 125.42, 129.85, 131.47, 145.69 

(r) Ethylphenylsulfone: Isolated as white solid; mp> 261°C; v (KBr)/cm-1 1322, 1153; 

IH NMR (400MHz; CDCh, (5): 1.30(t, 3H, J=7.11Hz); 3.09(q, 2H, J=7.11Hz); 

7.59(m, 3H); 7.99(m, 2H) 
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I3C NMR (lOO.5MHz; CDCh, 3): 7.34, 50.28, 127.86, 128.92, 133.47, 138.31 

(s) Diphenyl sulfoxide: Isolated as white solid; mp 70°C; v (KBr)/cm-1 1043; 

IH NMR(400MHz; CDCh, 3): 7.63-7.68(m, 4H), 7.43-7.51(m, 6H) 

I3C NMR (l00.5MHz; CDCh, 3): 144.71, 129.87, 128.23, 123.71 

(t) Diphenyl sulfone: Isolated as pale yellow solid; mp 127°C; v (KBr)/cm-1 1322, 1155; 

IH NMR(400MHz; CDCi), 3): 7.91-7.99(m, 4H),7.44-7.53(m, 6H) 

I3C NMR (l00.5MHz; CDCh, 3): 141.77, 133.20, 129.32, 127.69 

(u) Benzylphenylsulfoxide: Isolated as white solid; mp 120°C; v (KBr)/cm-1 1033; 

IH NMR (400MHz; CDCi), 8): 3.98(s, 2H), 6.93-7.11(m, 5H), 7.17-7.36(m, 3H), 7.42-

7.55(m,2H) 

I3C NMR (l00.5MHz; CDCh, 8): 63.44, 124.21, 128.15, 128.24, 128.57, 128.87, 

130.26, 130.83, 142.59 

(v) Benzylphenylsulfone: Isolated as white solid; mp 143°C; v (KBr)/cm-1 1328, 1159; 

IH NMR (400MHz; CDCh, 8): 4.41(s, 2H), 7.06-7.14(m, 5H), 7.32-7.41(m, 3H), 7.65-

7.74(m,2H) 

I3C NMR (100.5MHz; CDCh, 8): 62.53, 128.31, 128.39, 128.47, 128.61, 130.53, 

133.44, 137.49 

(w) 2-(Phenylsulfonyl)ethanol: Isolated as white solid; mp 96-97°C; v (KBr)/cm-1 1334, 

1152; 

IH NMR (400MHz; CDCl), 8): 2.47(s, IH); 3.33(t, 2H, J=5.46Hz); 3.95(t, 2H, 

J=5.26Hz); 7.44-7.53(m, IH); 7.57-7.68(m, 2H); 7.89-7.97(m, 2H) 

I3C NMR (100.5MHz; CDCh, 3): 57.35; 61.56; 128.92; 129.58; 134.06; 140.71 

(x) Allylphenylsulfoxi~e: Isolated as pale yellow liquid; v (KBr)/cm-1 1043; 

IH NMR (400MHz; CDCh, 8): 3.43(dt, 2Hj J=7.11, 1.12Hz); 5.01(dq, IH, J=1.42, 

17.10Hz); 5.16(dq, IH, J=1.12, 1O.22Hz); 5.44(ddt, IH, J=7.11, 10.22, 17.10 

Hz); 7.26-7.31(m, IH); 7.36-7.39(m, 2H); 7.60-7.64(m, 2H) 

I3C NMR (l00.5MHz; CDCh, 8): 60.36; 117.93; 124.71; 125.09; 129.06; 131.24; 

142.13 

Splitting patterns are designated as s (singlet), d (dublet), t (triplet), dt (double triplet), ddt 

(double-double triplet), q (quartet), dq (double quartet), m (multiplet). 
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Polymer Bound Peroxomolybdate as Catalysts or Reagents for 

Environmentally Safe Organic Bromination 

6.1 INTRODUCTION 

Bromination of organic compounds has been an area of tremendous contemporary 

interest mainly due to the commercial importance of bromo-organics. 1
-
10 Numerous 

industrially valuable products such as pesticides, insecticides, herbicides, fire retardants, 

and other new materials carry bromo functionality.II,12 The halogenated organic 

compounds are in fact, being recognized as designer molecules for material science.13 

They are regarded as important precursors to a number of species useful in the synthesis 

of natural products and pharmaceutically important compounds. 14 In addition, the bromo

organics may undergo C-C coupling reactions via Stille and Suzuki transmetallation 

processes,15-21 Heck22-26 and Sonogashira27-3o or carbon-heteroatom bond formation. 31-34 

The conventional synthesis of bromoorganics require the use of elemental 

bromine which is toxic, corrosive and difficult to handle due to its high reactivity, leading 

to highly exothermic and nonselective reactions giving only 50% of bromine atom 

efficiency.34-36 Additional problems arise from using chlorinated solvents and the release 

of corrosive HBr as a by-product which are environmentally hazardous and toxic.3,13,34-41 

Alternative safer stoichiometric brominating agents such as, N-bromosuccinimide 

(NBS),42,43 N-bromoacetamide (NBA),44 or bromodimethylsulfonium bromide are 

although useful,45 however, high cost and organic waste generation associated with these 

reagents limit their synthetic utility. A few polymeric reagents were reported to be 
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effective as· halogenating agents under relatively milder conditions, nevertheless, their 

preparation require specific polymer backbone and direct contact with bromine.46,47 

Therefore, there remains a pressing need for alternative environmentally benign 

bromination protocols,48-54 which can mimic the biological bromoperoxidi:~tion for the 

synthesis of brominated organics?,50 

Vanadium Bromoperoxidases (V-BPO), the enzymes, present in several marine 

organisms, involved in the biosynthesis of a variety of naturally occurring brominated 

products, catalyze bromination by using H20 2 and bromide salts instead of Br2.41,55 The 

enzymes function explicitly in catalyzing rate determining bromide oxidation to generate 

an oxidized bromine species capable of transferring bromine atoms to acceptor molecules 

with electron rich 1t bonds.48 

Aqueous H202 is capable of oxidizing bromide on its own in highly acidic 

medium (PH < 3), but is ineffective in solution at pH > 5.0 and often require to be 

activated by homogeneous or heterogeneous catalysts. This feature has provided impetus 

to attempt to create synthetic V-BPO mimics leading to the development of plethora of 

useful catalyst based mainly on dO complexes such as'vanadium,5,39,56-64 molybdenum,65-7o 

tungsten2,3,65,71,72 or rhenium.73 Sakurai and Tsuchia/4 for the first time reported a 

vanadium based biomimetic functional model of bromoperoxidase using vanadyl sulfate, 

H20 2 and KBr in a phosphate buffer medium of pH 6.0. In the late 90s, Conte et a1.52,75-78 

reported an interesting catalytic method of bromination of aromatic compounds by KBr, 

H202 and Na2Mo04 envisaged in a manner similar to the bio-halogenation performed by 

haloperoxidase enzymes. Interestingly, it has been observed that molybdate exhibits 

superior bromoperoxidase activity than the vanadate. 11 ,79 In the subsequent years, a large 

number of vanadium, molybdenum and tungsten based functional models have been 
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synthesized.51 ,53,54,62 Nevertheless, scope for improvement still remains owing to some of 

the disadvantages associated with the available protocols. For instance, in contrast to 

natural V-BPO which is most efficient at pH 5.5-7 most of the model complexes 

reported, were found to be catalytically active only in presence of acid.48-54,74,76,80 These 

acids, although readily available and cheap, are difficult to separate from organic products 

and lead to production oflarge volumes of hazardous wastes.41 ,81-83 

Our group has a long standing interest in developing functional mimics of 

haloperoxidases with an ability to mediate organic oxidations under mild condition.84-91 A 

number of monomeric and dimeric peroxovanadium (p V) and peroxotungsten (p W) 

complexes,84-91 and a polymer-anchored peroxovanadium (p V) compound,92 has been 

generated which proved to be effective oxidants of bromide with good activity at ambient 

temperature and neutral pH, an essential requirement of a biomimetic model. 84,89-91 However, 

much remains yet to be explored on activity of pMo complexes supported or free, in 

oxidative bromination. 

Inspired by the above findings, in the present work we have directed our efforts to 

explore the synthetic scope ofpMo complexes immobilized on MR or PAN, 3.1- 3.3 as 

heterogeneous catalysts in oxidative bromination of organic substrates under ecologically 

suitable reaction conditions. 

An additional concern was to explore the activity of the water soluble compounds 

with diperoxomolybdenum moieties in bromide oxidation in aqueous medium with an 

aim to pursue biomimetic chemistry of bromoperoxidase. With the increase in different 

environmental safety regulations, the water based reactions are gaining importance in 

different catalytic reactions.93,94 Catalytic properties of water soluble synthetic polymers 

have long been a subject of considerable interest, which was inspired by the investigation 
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of enzyme action mechanism.95 Normally, organic solvents are conventional media for 

catalytic reactions. A number of studies based on biomimetic approaches for construction 

of synthetic macromolecular enzyme models used water, the natural medium of 

enzymes.93,96-98 

The results of our investigation incorporated in Chapter 6, have been distributed 

over two sections. The activity of the insoluble polymer supported complexes 

[M002(02)(valine)2]2--MR (3.1), [Mo02(02)(alanine)2]2--MR (3.2) and 

[M002(02)(CN)2]-P AN (3.3) as heterogeneous catalysts in the oxidative bromination of 

several activated aromatics to afford the corresponding bromoorganics constitute the 

subject matter of Section A. The main focus of Section B is the efficient stoichiometric 

oxidative bromination of the organic substrate by water soluble polymer bound pMo 

compounds, [Mo202(02)4(carboxylate)]-PA (4.1), [MoO(02)2(carboxylate)]-PMA (4.2), 

[MoO(02h(amide)]-PAm (4.3) and [MOO(02h(sulfonate)]-PS (4.4) at physiological 

pH, in absence of H202. 
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6.2 Section A: 

Insoluble pMo Complexes, 3.1-3.3 as Heterogeneous Catalysts in 

Oxidative Bromination by H20 2 
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6.2.1 EXPERIMENTAL SECTION 

6.2.1.1 Bromination of organic substrates with H202 catalyzed by P ANMo, MRAMo 

and MRVMo and product analysis 

Organic substrate (1.0 mmol) was added to a solution ofacetonitrile:water (1:1,5 mL) 

containing KBr (4.0 nunol) and 30% H20 2 (16.0 nunol) in a 50 mL two necked round

bottomed flask. A weighed amount of the solid compound viz. PANMo (0.129 g, 

0.1 mmol Mo) or MRAMo (0.263 g, 0.1 nunol Mo) or MRVMo (0.217 g, 0.1 nunol Mo) 

maintaining metal:substrate, substrate:Br- and Br -:H202 at 1: 1 0, 1:4 and 1 :4, respectively 

was then added to the reaction mixture at room temperature under continuous stirring. 

The progress of the reaction was monitored by TLC. After completion of the reaction the 

products as well as unreacted organic substrate were then extracted with .diethyl ether and 

dried over anhydrous Na2S04. Products were then separated by TLC and HPLC. IH NMR 

spectroscopy and melting point determinations were made to interpret the products [see 

Appendix 6A]. 

6.2.1.2 Regeneration and reuse of the catalysts 

Regeneration of the insoluble compounds, PANMo, MRAMo and MRVMo was 

achieved by separating the spent catalyst, after completion of the reaction, by 

centrifugation followed by washing with acetone and drying in vacuo over concentrated 

sulfuric acid. The catalyst was then placed into a fresh reaction mixture containing the 

substrate (1.0 mmol), KBr (4.0 nunol) and 30% H202 (16.0 nunol) in acetonitrile:water 

(1 : 1, 5 mL). The process was repeated up to 6th reaction cycle. 

In an alternative, yet equally effective, procedure adopted for regeneration of the 

catalysts, the spent reaction mixture remaining in the reaction vessel after separating the 
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organic reaction product, was charged with fresh substrate, KBr, H202 and acetonitrile 

and then the experiment was repeated. 

6.2.2 RESULTS AND DISCUSSION 

Catalytic performances of the immobilized complexes P ANMo (3.3), MRVMo 

(3.1) and MRAMo (3.2) in oxidative bromination of a series of aromatic compounds 

have been explored. Based on the results of trial runs, the reaction conditions were 

initially optimized. 

6.2.2.1 Optimization of reaction conditions 

For optimization of reaction condition, aniline has been used as the model 

substrate, potassium bromide as bromide source and PANMo as catalyst (Table 6.1). The 

reactions were conducted at room temperature (RT) under magnetic stirring. 

6.2.2.1.1 The influence of the amount of KBr and H202 

The reaction of the substrate with potassium bromide (2 equivalents), in presence 

of the terminal oxidant H202 (2 equivalents) and Mo:substrate molar ratio maintained at 

1: 10, was observed to proceed smoothly in CH3CN :H20 (l: 1) with 100% conversion of 

the substrate [Table 6.1, entry 1] to afford a mixture of ortho- and para-bromo aniline, 

with the p-substituted aniline as the predominant product. 

Enhancement of the rate of conversion was observed on increasing the 

substrate:bromide ratio to 1:4 leading to an increase of TOF to 16.28 hoi [Table 6.1, entry 2]. 

The TOF could further be improved by increasing the amount of H20 2 to 4 equivalents 

with respect to bromide [Table 6.1, entry 4]. However, it was observed that increase in 
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molar ratio of Br:H20 2 beyond 1:4 had no observable effect on rate of reaction. We have 

therefore carried out the subsequent reactions by maintaining the Br:oxidant ratio at 1 :4. 

It is also notable that rate of the reaction was found to be reduced substantially when 

E14NBr was used as source of bromide instead ofKBr [Table 6.1, entry 8]. 

6.2.2.1.2 Effect of catalyst amount 

The effect of catalyst amount has also been evaluated. A two fold increase in the 

amount of the catalyst although slightly speeded up the reaction, the corresponding TOF 

was observed to decrease [Table 6.1, entry 5]. On the other hand, decreasing the amount 

of catalyst reduced the rate, as well as TOF of reaction [Table 6.1, entry 6]. A 

catalyst:substrate ratio of 1: 1 0 was thus found to be most conducive for the synthesis. 

That the catalyst P ANMo plays a crucial role in facilitating the desired reactions 

was apparent from a control experiment conducted in absence of the catalyst. Very little 

conversion of aniline was recorded « 5%) under the optimized condition in absence of 

the catalyst [Table 6.1, entry 1 0]. 

It is notable that a nearly two fold increase in TOF of the reaction was observed 

when conducted in presence ofperchloric acid at a highly acidic pH [Table 6.1, entry 9]. 

In the present study, however, we have strategically maintained a mild reaction condition 

by avoiding addition of acid or other additives, as far as possible. 

6.2.2.1.3 Effect of temperature 

We have carried out the reactions at two different temperatures, VIZ. room 

temperature (RT) and 78°C in refluxing acetonitrile. A significant increase in TOF was 

noted when the reaction was carried out at 78°C [Table 6.1, entry 7]. 
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6.2.2.1.4 Bromination of organic substrates catalyzed by 3.1-3.3 

In order to explore the prospect of using the developed methodology for 

bromination of other substrates, a series of structurally diverse activated aromatics were 

subjected to the oxidative bromination by H202-Br - system under the optimized reaction 

conditions. The data presented in Table 6.2 show that each of the compounds, P ANMo, 

MRAMo as well as MRVMo, efficiently catalyzed the bromoperoxidation of the chosen 

substrates to the corresponding bromo-organics in impressive yield with good TOF. From 

the findings (Table 6.2) it is evident that the immobilized compounds exhibit comparable 

catalytic activity, although the catalyst MRAMo appears to show slightly superior 

activity in comparison to P ANMo and MRVMo. 

Table 6.1 Optimization of reaction conditions for PANMoa catalyzed oxidation of 

bromide by H20 2 

Entry Molar ratio Temperature Time Isolated TOF 
Mo:S S:Br Br:H202 (min) Yield (%) (h-l) 

1 1:10 1:2 1:1 RT 40 96 14.40 
2 1:10 1:4 1:1 RT 35 95 16.28 
3 1 :10 1 :4 1:2 RT 30 96 19.20 
4 1:10 1:4 1:4 RT 25 97 23.27 
5 1 :5 1:4 1:4 RT 20 95 14.24 
6 1:20 1:4 1:4 RT 60 96 18.60 
7 1 :10 1:4 1:4 78°C 20 98 29.40 
8 1:10 1 :4b 1:4 RT 55 95 10.36 
9 1 :10 1 :4c 1:4 RT 15 96 38.40 
10 1:4d 1:4 RT 30 <5 

a All the reactions were carried out using 0.129 g catalyst (1.0 mmol Mo), aniline as 

substrate, KBr as bromide source and CH3CNIH20 (1:1, 5 mL) as solvent unless 

otherwise stated. 

b EttNBr used as bromide source. 

c Using HCI04 (4 equivalents of substrate). 

d Control reaction: aniline (1.0 mmol), KBr (4.0 mmol), H20 2(16.0 mmol) and 

CH3CNIH20 (1:1, 5 mL). 
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Table 6.2 Bromination of organic substrates with H202 catalyzed by MRAMo, MRVMo and P ANMo8 

Entry Substrate Product MRAMo MRVMo PANMo 

Time Yield TOFb Time Yield TOFb Time Yield TOFb 

(min) (%) (h-I ) (min) (%) (h-I ) (min) (%) (h- I ) 

1 Aniline 0 15 82 38.4 20 84 29.1 25 83 23.27 

Br 
NH2 6& 14 13 14 

NH2 

2 p-aminophenol 0" 35 94 16.1 40 96 14.4 45 95 12.66 

OH 

3 m-aminophenol Q 30 81 19.6 35 81 15.9 40 75 14.39 
~ OH 

Br &0 17 12 20 

~ OH 

4 o-aminophenol ~" I~ 
35 96 16.4 40 95 14.2 45 97 12.93 

Br 
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Entry Substrate Product MRAMo MRVMo PANMo 

Time Yield TOFb Time Yield TOFb Time Yield TOFb 

(min) (%) (hoI) (min) (%) (hoI) (min) (%) (hoI) 

NH2 

5 p-nitroaniline Q" 55 83 10.1 60 85 9.8 60 84 9.70 . 

N~ 
NH2 

~¢" 10 13 13 

N02 

6 m -nitroaniline '0 45 82 12.5 50 82 11.6 50 83 11.80 
1# 

NO, 

Q 12 15 15 
# N~ 
Br 

7 o-nitroaniline 

Q'~ 
55 86 10.5 60 83 9.6 60 85 9.60 

1# 
Br 

11 13 11 

"6"~ '# 
OH 

8 Quinol Q" 100 95 5.7 110 97 5.3 120 97 4.85 

OH 

Continued ... 
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Entry Substrate Product MRAMo MRVMo PANMo 

Time Yield TOFb Time Yield TOFb Time Yield TOFb 

(min) (%) (h- l ) (min) (%) (h- l ) (min) (%) (h- l ) 

OH 

9 Pyrogallol ¢c 70 97 8.3 75 96 7.6 80 97 7.29 

# OH (70) (96) (8.2) (75) (93) (7.4) (80) (96) (7.21) 
Br 

OH 

10 Resorcinol "0 190 96 3.0 200 98 2.9 210 95 2.71 
(190) (97) (3.1) (200) (96) (2.8) (210) (94) (2.68) # OH 

11 Acetanilide 0 85 94 6.6 90 95 6.3 90 97 6.46 

Br 

OH 

12 Salicylaldehyde g"' 130 95 4.3 140 98 4.2 150 97 3.88 
(130) (96) (4.4) (140) (97) (4.1) (150) (95) ( 3.80) 

Br 

13 ~ 60 93 9.3 65 96 8.8 70 95 8.18 o-methoxytoluem 1 
Br # 

OH 

14 Catechol 0'0" 1# 
110 96 5.2 120 95 4.7 120 94 4.70 

Br 

aAll reactions were carried out with 1.0 mmol substrate, 4.0 mmol KBr, 16.0 mmol 30 % H20 2 and compound 
(containing 0.1 mmol Mo) in CH3CN/H20 (1:1, 5 mL) at RT. 

bTOF (Turnover frequency) = mmol of product per mmol of catalyst per hour. 
cYield of 6th reaction cycle (values within the parenthesis). 
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6.2.2.2 Evidence for electrophilic bromination 

The observation that the bromination occurred preferentially at either ortho or para 

position of the aromatic ring giving mono substituted product in each case (Table 6.2) 

suggested an electrophilic bromination mechanism. Further evidence in support of the 

involvement of an oxidized bromine species as the brominating agent instead of a Br' 

radical was apparent from the ring substituted product, bromo-methoxy toluene53 (Table 6.2, 

entry 13) obtained from the substrate 2-methoxytoluene. Bromination through radical 

reaction would have produced benzyl bromide instead ofbromo-methoxy toluene53 (Fig. 6.1). 

&
3 

Br' /. I: H2Br 

X.':::.cH3 / (0) 2-Methoxybenzylbromlde 

l)~ (b) 
2-Methoxytoluene + 

Br 

3-Bromo-2-methoxytoluene 
c{

CH
3 H3 

1# 
r 

5-Bromo-2-methoxytoluene 

Fig. 6.1 Bromination reaction of 2-methoxytoluene. (a) Possible product of bromination 

through radical reaction, (b) electrophilic bromination involving 'Br+' forms exclusively 

ring substituted products. Bromination reaction using pMo compounds produces 

exclusively bromomethoxytoluene. 

6.2.2.3 Test for heterogeneity of the reaction 

It was necessary to ascertain the heterogeneous nature of the insoluble catalysts, 

3.1-3.3 and to test the leaching of the metal complexes from the polymer-bound catalysts 

into the reaction medium during the oxidation reactions. We have therefore carried our 
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experiments using salicylaldehyde as the substrate with the catalysts under optimized 

reaction condition. The filtrate obtained by separating the solid catalyst after completion 

of the reaction was transferred to a reaction vessel and the reaction was allowed to 

continue for another 5 h, by adding fresh salicylaldehyde, KBr and H202. The reaction 

afforded product yield of < 5%, which is comparable to the conversion obtained in 

absence of any catalyst. The results are in accord with the occurrence of a purely 

heterogeneous catalytic process.99,100 

6.2.2.4 Regeneration and reuse of the catalysts 

Each of the heterogeneous catalysts, P ANMo, MRAMo and MRVMo could be 

recovered and recycled without further conditioning, after separating it from the spent 

reaction mixture after completion of each cycle of bromination, by charging it with H20 2, 

a fresh lot of substrate and bromide. It has been found that the catalyst remains effective 

upto a minimum of six reaction cycles without further treatment with any reagent [Table 6.2, 

entries 9c
, lQc and 12c

]. However, in case of highly basic substrates like aniline and 

nitroaniline, it was observed that catalytic activity of P ANMo gradually decreases. This 

observation may not be unusual, since nitrile group of PAN is known to be oxidation 

prone in presence of H202 to form amide in alkaline medium at pH > 7.5. 101 ,102 This 

change in the nature of polymer anchored ligand group of the catalyst is likely to lead to 

leaching of the pMo moieties from the polymer matrix resulting in the loss of its catalytic 

activity. The fact that no such decrease in activity towards bromination of basic substrates 

occur in case of MRAMo and MRVMo, lend credence to our hypothesis. 
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6.2.2.5 Nature of the spent catalyst 

After completion of the reaction, the spent catalysts, 3.1-3.3 were isolated and 

subjected to elemental, EDX and IR spectral analysis. The peroxide and molybdenum 

content in the spent catalysts remained unchanged in comparison to those of the fresh 

catalysts. IR spectra of the spent catalysts displayed no change in characteristic bands for 

metal-peroxo and complexed carboxylate or nitrile groups with those observed in the 

original catalysts. This provides the evidence that the molybdenum centres are intact and 

the coordination environments were not altered during the catalytic reaction. 

Additionally, the catalysts are found to be stable even after several cycles of reaction. 

6.2.2.6 The proposed mechanism mediated by complexes 3.1-3.3 

A scheme of reactions, shown in Fig. 6.2 using P ANMo as a representative, is 

proposed which is based on our results and work of some other laboratories.65,70,84,85,I03-105 

In case of the oxidative bromination, heterogeneously catalyzed by 

monoperoxomolybdate complexes, 3.1-3.3 with H202 as terminal oxidant, the first step is 

possibly the formation of (Fig. 6.2) bromination competent diperoxomolybdate species II 

from the reaction of species I with H20 2. Species I is inactive as stoichiometric oxidant of 

bromide on its own. The reactive diperoxo intermediate then oxidizes bromine leading to 

subsequent bromine transfer to form bromo-organics (reaction c). The reaction is 

accompanied by the regeneration of the starting monoperoxomolybdenum complex 

(reaction b). 

The proposed reaction pattern is in agreement with our previous findings84
,85 on 

pW complex as well as observations of others that for a peroxomolybdate or 

peroxotungsten complex to be active in oxidation an oxo-diperoxo configuration may be a 

principal requirement.70
,84,103,104 Involvement of monoperoxo Mo(VI) or W(VI) as 
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intermediate has been previously proposed by Reynolds et al. 70 as well as by Butler and 

co-workers65 in the Mo(VI) and W(VI) catalyzed bromide oxidations. The 

aforementioned considerations lend further support to the proposed scheme. It is 

reasonable to expect that bromide would attack an edge-bound peroxo group in 

preference to a hepta co-ordinated molybdenum or tungsten centre as observed in some 

other redox processes involving peroxo compounds ofW(VI) and Mo(VI).70,104,I05 

ABr 

t 
AH~ 

Br-

[M002(02)(CN)2+PAN 

I 

[MOO(02)2(CNh+PAN 

II 

Fig. 6.2 The proposed mechanism shown with PANMo as a representative. (a) In 

presence of excess H202 the polymer-bound monoperoxo species I combines with 

peroxide to form the reactive diperoxomolybdate intermediate II; (b) reaction of the 

diperoxo intermediate II with bromide to yield oxidized bromine with concomitant 

regeneration of the original catalyst; (c) transfer of bromine from the active species to 

acceptor AH. The monoperoxo species I formed combines with H20 2 to regenerate the 

active diperoxomolybdate intennediate II giving rise to a catalytic cycle. No attempt is 

made to show the exact stoichiometry of the reaction. 
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6.3 Section B: 

Water Soluble pMo Compounds, 4.1-4.4 as Stoichiometric Reagents for 

Oxidative Bromination 
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6.3.1 EXPERIMENTAL SECTION 

6.3.1.1 Measurement of bromination activity in water 

The method of de Boer et al. I06 of introducing four bromine atoms into the 

molecule of phenol red (8433 mM=19.7) to form a bromophenol blue (8592 mM = 67.4) was 

used to measure bromination activity. In case of water soluble polymeric compounds, viz. 
\ 

PAMo (4.1), PMAMo (4.2), PAmMo (4.3) or PSMo (4.4) the reaction mixture 

contained phosphate buffer (50 mM, pH 5.5), KBr (1 M) and phenol red (20 IlM). The 

redox activity was tested by adding a measured amount of aliquot from complex solution 

and by monitoring the possible change in the absorbance at 592 nm at 30°C. The volume 

of the reaction mixture was kept at 25 mL. Aliquots were transferred to the 

spectrophotometer immediately after mixing. 

6.3.1.2 Bromination activity of P AMo, PMAMo, PAmMo and PSMo in aqueous -

organic medium and product analysis 

In a representative procedure, substrate (0.5 mmol) was added to a solution of 

acetonitrile:water (1: 1, 5 mL) containing E4NBr (1 mmol) in a 50 mL two necked round-

bottomed flask. A weighed amount of solid polymeric compounds, 4.1-4.4 maintaining 

substrate:pMo at 1: 1 was then added to the reaction mixture at room temperature under 

continuous stirring. The progress of the reaction was monitored by TLC. After 

completion of the reaction the products as well as unreacted organic substrates were then 

extracted with diethyl ether and dried over anhydrous Na2S04. Products were then 

separated by TLC and HPLC. IH NMR spectroscopy and melting point determinations 

were made to interpret the products [See Appendix: 6A]. 
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6.3.1.3 Regeneration of the reagents 

The regeneration and reusability of the water soluble reagents viz., P AMo (4.1), 

PMAMo (4.2), P AmMo (4.3) and PSMo (4.4) were tested by using p-nitroaniline as 

model substrate. In the typical procedure, the reaction mixture contained the same recipe 

mentioned above with a 4-fold increase in the amounts of the components. In order to 

regenerate the compounds, 4.1-4.4 after completion of the reaction, the following method 

has been adopted. After extraction of the organic reaction product, the aqueous part of the 

reaction mixture was transferred to a 250 mL beaker. Keeping the solution in an ice bath, 

2 mL H202 was added to it maintaining the Mo:peroxide at 1:4 followed by addition of 

excess DMF with constant stirring until a white pasty mass separated out. After allowing 

it to stand for 10 min in the ice bath, the supernatant liquid was decanted off and the 

residue was treated repeatedly with DMF and distilled acetone until it became white 

microcrystalline solid. The product was separated by centrifugation, washed with cold 

acetone and dried in vacuo over concentrated sulfuric acid. 

6.3.2 RESULTS AND DISCUSSION 

6.3.2.1 Bromination in aqueous solution 

Having gained an access to the water soluble macrocomplexes with pMo species 

and water being the prospective environment friendly solvent for 'green' chemistry 

perspective,94 we have evaluat~d the activity of the complexes in oxidative bromination 

of a variety of activated aromatics in aqueous-organic medium. Work from several 

laboratories has shown earlier that peroxomolybdenum compounds with oxodiperoxo 

configuration could serve as effective oxidants III varIOUS orgamc 

transformations. 65,70,104,107-113 Since the compounds 4.1-4.4 contain 
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oxodiperoxomolybdate moieties, we were particularly interested to evaluate the oxidant 

activity of this class of complexes in bromination of organic substrate in absence of H202 

or any other exogeneous oxidant. In the present study the method of de Boer et al. I06 was 

used to assess the bromination activity of the compounds in water, in line with our earlier 

work on peroxovanadium and peroxotungsten mediated bromination reactions. 84,89,90,92,1 14 

Phenol red undergoes facile stoichiometric bromination to form its tetra brominated 

product bromophenol blue, which can be monitored conveniently using electronic 

spectroscopy (Fig. 6.3 and Fig. 6.4). The yellow colour of the standard reaction solution 

containing phenol red and bromide in phosphate buffer gradually changed to blue on 

addition of the freshly prepared aqueous solution of each of the compounds, 4.1-4.4 at 

concentrations indicated in Table 6.3. The spectrum recorded showed a decrease in 

absorbance of the peak at ~33 and a new peak at AS92 characteristic of the product 

bromophenol blue (Fig. 6.3). From the results summarized in Table 6.4, it is evident that 

each of the soluble pMo complexes, 4.1-4.4 possess bromination activity. Significantly, 

no additional H202 or any other oxidant is required for the bromination activity of the 

pMo complexes. 

It is noteworthy that, a reaction conducted under identical condition without the 

substrate phenol red, displayed a peak at 262 nm with a shoulder at 237 nm on addition of 

solution of each of the compounds 4.1-4.4 (Fig. 6.5). Addition of phenol red to this 

solution led to the formation of bromophenol blue, as indicated by the appearance of peak 

at 592 nm and concomitant decrease in A262 nm. The 262 nm peak may therefore be .... 

ascribed to an oxidized species of bromide, active as brominating agent, likely to be an 

mixture of BrOH, Br2 and Br3- equilibrium as proposed earlier.48,53,65,70,115 

Interestingly, for each of the pMo complexes, the bromination activity was found 

to be only half of that expected on the basis of the total number of peroxo groups present 
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in the complexes. This implies that ca. 50% of the co-ordinated peroxide has been 

effective in bromination (Table 6.3). Moreover, this feature could not be altered by 

decrease or increase in concentrations, of the compounds, substrate or KBr in the reaction 

solution. It is pertinent to mention that diperoxotungsten compounds were earlier found to 

behave similarly with respect to their activity in oxidative bromination as well as sulfide 

oxidation.84
,116 Most importantly, the immobilized compounds 3.1-3.3, with 

monoperoxmolybdenum species, although highly efficient as catalyst in oxidative 

bromination, were found to be totally inactive as stoichiometric bromination agents as 

such, as has been anticipated. 

Table 6.3 Bromination of phenol red with peroxomolybdate complexes P AMo, 

PMAMo, PAmMo and PSMo a 

Compound Concentration Rate of bromine transfer Total bromine transfer 
(mMMo) (Extrapolated to ImM compound) 

~As92/min J..lM Br/min mMBr/mMMo 

PAMo 0.05 0.114 6.76 0.98 

PMAMo 0.05 0.136 8.07 1.00 

PAmMo 0.05 0.126 7.47 0.99 

PSMo 0.05 0.120 7.12 0.98 

a Reaction conditions: phosphate buffer (0.05 M, pH=5.5), phenol red (20J..lM), KBr (1 M), 

and compound (0.05 mM ofMo). 
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Fig. 6.3 Bromination activity with P AMo. Spectral changes at 2 min interval following 

bromin~tion of phenol red to bromophenol blue on addition of compound solution to the 

reaction mixture containing phosphate buffer (0.05 M, pH 5.5), KBr (1 M) and phenol 

red (20 )1M) and PAMo (0.05 mM ofpMo). 
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Fig. 6.4 Bromination activity with P AMo, PMAMo, PAmMo and PSMo. The reaction 

mixture contained phosphate buffer (0.05 M, pH=S.S), phenol red (20 )1M), KBr (1 M), 

and compound (0.05 mM ofpMo). Absorbance were measured at 592 run. 
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Fig. 6.5 Spectral changes following bromination of phenol red to bromophenol blue on 

addition of PAMo (4.1). The reaction mixture contained phosphate buffer (0.05 M, pH 

5.5), KBr (1 M) and phenol red (20 ~M) PAMo (0.05 mM ofpMo). (a) KBr + compound 

in absence of phenol red (b) KBr + compound + phenol red. 

6.3.2.1.1 Effect of pH 

The effect of pH on bromination activity was assessed by conducting the 

reactions at pH 7.0, the physiological pH at which the bromoperoxidases function,1I7 in 

addition to pH 5.5 as well as in absence of buffer at pH ca. 5.8, the natural pH of the 

reaction medium. The data presented in Table 6.3 were obtained by conducting the 

reactions at pH 5.5 because the employed procedure requires the pH to be maintained 

near 5.0 in order to achieve conversion from phenol red (pKa 7.9) to bromophenol blue 

(pKa 4.0). However, it was found that the presence of phosphate buffer was not essential 

for such activity of the peroxomolybdenum compounds as was evident from the reactions 

conducted separately by removing phosphate buffer from the reaction medium which 
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showed no change in the bromination activity of the complexes. The maximum activity of 

the compounds was observed at pH 7.0 (Fig. 6.6), a remarkable feature, which is in 

contrast to p V mediated oxidative bromination where the rate was reported to increase 

steadily with increasing acidity of the reaction medium. I 18 A similar trend was observed 

earlier in case of bromination activity of p W complexes.84 
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Fig. 6.6 Effect of pH on bromination activity of P AMo. The reaction mixture contained 

KBr (1 M), phenol red (20 ~M) and compound PAMo (0.05 mM of pMo) in phosphate 

buffer (0.05 M) of pH 5.5 (a) and 7.0 (b). The absorbances were recorded at 592 nm. 

6.3.2.1.2 Catalytic cycle in presence of H20 2 

It is notable that each of the soluble pMo complexes, 4.1-4.4 act as stoichiometric 

oxidant of bromide and does not require additional HzOz for their activity as evident from 

Table 6.3. Initial addition of HzOz (0.5 mM) to the reaction solution had no significant 

effect on the initial rate of bromination (Table 6.3). On the other hand, addition of H202 

(0.5 mM) to the reaction solution after completion of the reaction leads to a revival of 

bromination activity (Fig 6.7) giving rise to catalytic cycle. It may therefore be inferred 
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that an inactive molybdenum intermediate formed after completion of the stoichiometric 

bromination process, would combine with peroxide in presence of exogenous H202 to 

regenerate the respective diperoxomolybdenum species, active in bromination. 

1.6 

1.4 

1.2 
CI) 

§ 1.0 
..0 
~0.8 
CIl 

..0 

-<0.6 

0.4 

0.2 

O.O+-~~~ __ ~~~~~ __ ~.-~~~ __ ~~~ 
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Time (min) 

Fig 6.7 Revival of bromination activity of PAMo on addition of H202. (a) The reaction 

mixture contained phosphate buffer (0.05 M, pH=5.5), phenol red (20 J.1M), KBr (1 M), 

and compound (0.05 mM of pMo). (b) After addition of H202 (0.5 mM) to the spent 

reaction solution of (a). Absorbance was measured at 592 nm. 

6.3.2.2 Peroxomolybdate induced substrate bromination in aqueous-organic media 

The above interesting observations on brornination activity of the compounds 4.1-4.4 

in aqueous medium prompted us to explore their efficacy in bromination of a variety of 

organic substrates under mild reaction condition. The results summarized in Table 6.5 

show that each of the compounds, 4.1-4.4 efficiently mediated oxidative bromination of 

several activated aromatics into their corresponding bromo-organics. The reaction 

conditions were optimized by using aniline as model substrate, E4NBr as source of 
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bromide and PAMo as representative (Table 6.4). The reaction carried out at room 

temperature under mechanical stirring, maintaining a metal:substrate molar ratio of 1: 1 

using CH3CN:H20 (l: 1) as solvent afforded the product in reasonably good yield, within 

7-8 h. The rate of the reaction could further be enhanced by increasing the reaction 

temperature upto 78°C (Table 6.4, entry 4). The bromination reactions induced by the 

compounds 4.1-4.4 follow the electrophilic bromination leading to the formation of ortho 

or para substituted product as was observed in case of heterogeneous pMo compounds, 

3.1-3.3. Furthermore, it is significant to note that in this case also only one of the peroxo 

group ofthe diperoxomolybdenum moiety was found to be active in bromination. 

We have also attempted the catalytic oxidative bromination reaction with each of 

the reagents, 4.1-4.4 in presence of exogenous H20 2 by maintaining identical reaction 

conditions as mentioned under Section 6.2.1.1. However, the water soluble complexes 

4.1-4.4, in contrast to the heterogeneous analogues 3.1-3.3, were catalytically 

incompetent in H202 induced oxidative bromination under the analogous reaction 

conditions. 

Table 6.4 Optimization of reaction condition of P AMoa mediate oxidative bromination of 
aniline 

Entry 

1 
2 
3 
4 

Molar ratio 
Mo:S S:Br 

0.5:1 
1:1 
1:1 
1:1 

1:2 
1:2 
1:4 
1:2 

Temperature Time (h) 

RT 15.0 
RT 7.0 
RT 6.7 
78°C 3.0 

Yield 
(%) 

46 
94 
96 
91 .. 

a All reactions were carried out using aniline (0.5 mmol) as substrate in CH3CNIH20 (1:1) 

as solvent using E4NBr as source of bromide. 
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Table 6.5 Bromination of organic substrates mediated by PAMo, PMAMo, P AmMo and PSMo a 

Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Yield Time Yield Time Yield Time Yield 
(b) (%) (b) (%) (b) (%) (b) (%) 

1 Aniline 0 7.0 75 6.0 81 6.5 73 7.0 76' 

Br 
NH2 6& 19 12 17 16 

N~ 

2 p-aminophenol ¢r" 8.0 93 6.5 90 7.0 91 7.5 89 

OH 

3 m-aminophenol ~ 7.0 76 6.0 77 6.5 79 7.0 80 
# H 

Br &0 16 13 10 13 

1 # OH 

4 o-aminophenol &" 1# 
8.0 90 6.5 89 7.0 87 7.5 86 

Br 

Continued ... 
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Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Yield Time Yield Time Yield Time Yield 
(b) (%) (b) (%) (b) (%) (b) (%) 

NH2 

5 p-nitroaniline 0'" 8.0 69 8.0 71 7.5 86 7.5 79 

N0:2 
NH2 

~¢" 13 11 5 7 

N02 

6 m-nitroaniline "0 I ~ NO, 

7.5 75 7.0 72 6.5 76 7.0 77 

Q 16 19 17 15 
~ N0:2 

Br 

NH, 

7 o-nitroaniline Q" 8.0 79 7.5 82 7.5 83 7.5 85 

Br 
N~ 

~6"' 13 11 9 8' 
I~ 

OH 

8 Quinol 0" 7.0 87 7.0 89 6.5 86 6.5 86 

OH 

Continued ... 
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Entry Substrate Product PAMo PMAMo PAmMo PSMo 

Time Yield Time Yield Time Yield Time Yield 
(h) (%) (h) (%) (h) (%) (h) (%) 

OH 

9 Pyrogallol ¢c 7.5 87 6.5 89 7.0 91 7.0 90 

# OH 

Br 

OH 

10 Resorcinol "0 8.0 89 7.0 91 7.5 87 7.5 93 

# .OH 

11 Acetanilide 0 7.5 93 7.0 90 7.0 89 7.5 88 

Br 
OH 

12 Salicylaldehyde 0''"' 1# 
7.5 85 7.0 86 7.0 88 7.0 84 

Br 

13 o-methoxytoluene &' 7.0 89 7.0 92 6.5 91 7.0 89 
Br # 

OH 

14 Catechol 0'0" 1# 
7.5 84 7.0 87 7.0 81 7.5 80 

Br 

aAll reactions were carried out with 0.5 mmol substrate, 1.0 mmol TEAB and compound (containing 0.5 mmol Mo) in CH3CN/H20 

(l :1, 5 mL) at RT. 
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6.3.2.3 Regeneration of the reagents 

Solvent induced precipitation followed by filtration are the most frequently used 

techniques for recovery of soluble supported catalysts from reaction mixtures. 119,120 Proper 

choice of the solvent which would serve as non-solvent to facilitate precipitation of the 

reagent, and temperature are crucial for satisfactory recovery of the soluble polymer. 

The regeneration of the reagents, 4.1-4.4 was achieved by treating the aqueous 

extract of the spent reaction mixture with H202 maintaining the Mo:peroxide ratio at 1:4 

and subsequent addition of DMF to this solution at ambient temperature. Each of the 

polymeric complexes are insoluble in DMF, whereas E~NBr used as a bromide source is 

soluble. Thus addition of excess DMF causes complete precipitation of the polymeric 

compound leaving behind E~NBr in the solution phase. Pertinent here is to mention that 

we have chosen E4NBr as bromide source due to this advantageous feature, although 

KBr was also equally effective as source of bromide. A fresh cycle of reaction conducted 

by using the recovered complex afforded the corresponding bromination product, 

demonstrating that the metal complex remains intact and active as oxidant after the first 

reaction cycle. However, with subsequent recycling, a slight decrease of product yield 

was observed which may be ascribed to leaching of molybdenum centers from the 

polymeric matrix. The addition of H202 was required in order to compensate for the 

peroxide consumed during the bromination reaction. 

6.3.2.4 Identification of the molybdenum intermediate 

In order to rationalize the reaction pathway involved in the stoichiometric 

bromination mediated by the supported diperoxomolybdenum compounds, 4.1-4.4 it was 

important to confirm the identity of the inactive molybdenum intermediate formed during 

the course of the reaction. The product obtained from the aqueous extract of the spent 
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reaction mixture, from experiments conducted separately using each of the complexes, 

4.1-4.4 was studied by IR, 95Mo NMR, EDX and elemental analysis. IR spectrum of each 

of the isolated compounds resembled the spectrum of the corresponding original 

compound indicating the presence of peroxo, oxo and coordinated polymeric ligands. 

However, the elemental analysis and EDX results proved that there was only one peroxo 

group per Mo centre in each case. Interestingly, 95Mo NMR spectra of each of the isolated 

compound displayed a single resonance at ca. -120 ppm (relative to [M004t) which was 

absent in the spectra of the fresh compound. The disappearance of peak at ca. -220 ppm 

from the spectra of the original complex and formation of new peak at ca. -120 ppm 

indicates that the initial diperoxomolybdate compound undergoes transformation into 

monoperoxomolybdate species during the bromination reaction. 121 An analogous 

monoperoxomolybdate species was isolated from a separate experiment conducted with 

the complex 4.1 (0.5 mmol Mo) and KBr (2.0 mM) under standard assay condition by 

removing phenol red from the reaction medium. 

6.3.2.5 The proposed mechanism mediated by the complexes 4.1-4.4 

The findings from our study reveal the clear difference between the immobilized 

monoperoxomolybdenum compounds and the diperoxomolybdenum compounds 

anchored to water soluble polymers with respect to their activity in oxidative bromination 

reaction. A reaction pathway has been envisaged in order to account for the 

stoichiometric bromination activity of the diperoxomolybdenum compounds as shown in 

Fig. 6.8. 

In Fig 6.8 shown with PMAMo as a representative, the supported active 

diperoxomolybdate species I first reacts with bromide to yield the oxidized bromine 

species, with the simultaneous formation of monoperoxomolybdate intermediate II 
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(reaction a). The oxidized bromine species transfers its bromine atom to the substrate AH 

to yield brominated product (reaction b). In presence of added H202, the inactive 

intermediate II accepts peroxide to regenerate the original active diperoxomolybdate 

species I giving rise to a catalytic cycle (reaction c). 

[M002(02)(COO)tPMA 
II 

'Br+' 

AH 

ABr 

Fig. 6.8 The proposed mechanism shown with PMAMo (4.2) as a representative. a) 

Reaction of the diperoxomolybdate species I with bromide to yield oxidized bromine with 

concomitant formation of monoperoxomolybdate intermediate II; b) transfer of bromine 

from the active species to acceptor AH; c) in presence of excess H20 2 the 

monoperoxomolybdate intermediate II combines with peroxide to form the original 

diperoxo species I. The monoperoxo species II formed combines with H20 2 to regenerate 

the active diperoxomolybdate intermediate I giving rise to a catalytic cycle. No ,attempt is 

made to show the exact stoichiometry of the reaction. 
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6.4 CONCLUSIONS 

In summary, the notable aspects emergmg out of the present investigation 

demonstrate that the newly synthesized monoperoxomolybdenum(VI) complexes 

anchored to insoluble polymeric matrices, 3.1-3.3 heterogeneously catalyzed the 

oxidative bromination of a variety of aromatic substrates in aqueous-organic medium in 

presence of H20 2 in high yields under environmentally acceptable reaction conditions. On 

the other hand, the diperoxomolybdenum(VI) complexes anchored to water soluble 

polymer matrices, 4.1-4.4 stoichiometrically oxidized bromides at near neutral pH. The 

attractive features associated with the developed procedures are: (i) use of harmless 

bromide salt instead of bromine as source of bromide; (ii) avoidance of acid, halogenated 

solvent or any other additive; (iii) easy regeneration and reusability of the catalyst, and 

(iv) the reactions occur at ambient temperature. It is therefore reasonable to expect that 

the synthesized supported pMo complexes may be useful additions to range of bioinspired 

catalysts or reagents for organic oxidations. Moreover, the compounds may be considered 

as potential functional models of the enzyme bromoperoxidase. 
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Appendix: 6A Characterization of Brominated products 

(a) 4-Bromoaniline ~ 

;; 

i 

a 

; 

; 

O! 

~ 

i 
! -

Isolated as light yellow solid. 
mp: 63°C 
IH NMR (400MHz; CDCb): 7.l6(d, 2H, J=7Hz), 6.S(d, 2H, 

J=7Hz), 3.5 (s, 2H, -NH2) 

Tc ... p.u Unl .... nJ,t)' 
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Fig. 6A. 1 IH NMR spectra of 4-bromoaniline. 

(b) 2-Bromoaniline : 

Isolated as light yellow solid. 
mp: 31°C 
IH NMR (400MHz; CDCb): 7.5-6.36 (m, 4H), 4.0 (s, 2H, -NH2) 

(c) 4-Amino-3-bromophenol : 

Isolated as yellow solid. 
mp: 151°C 
lH NMR (400MHz; CDCb): 8.3(s,lH), 7.4(d, IH, J=6Hz), 6.9 

(d, IH, J=6Hz), 6.2-5.9(s, 2H, -NH2) 
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(d) 5-Amino-2-bromophenol 

Isolated as light yellow solid. 
mp: l39°C 
IH NMR (400MHz; CDCh): 7.8-7.2S(m, 3H), S.3-S.0(s, 2H, -NH2) 

(e) 3-Amino-4 -bromophenol 

CHAPTER 6 

OH 

Br 
NH2 

Isolated as yellow solid. Bra 
mp: 168°C 
'H NMR (400MHz; CDCl,): 8.1-7.5(m,3H), 5.6-5.3(br, 2H, -NH,) I # OH 

(1) 2-Amino-5- bromophenol: 

Isolated as light yellow solid. 
mp: 137°C 
IH NMR (400MHz; CDCh): 8.3(s,lH), 7.8(d, IH, J=6Hz), 7.1 

(d, IH, J=6Hz), 6.S-6.2(s, 2H, -NH2) 

(g) 2-Bromo-4-nitroaniline 

Isolated as brown powder. 
mp: 104°C 
IH NMR (400MHz; CDCb): 8.2S(s,IH),7.9(d,IH, 

J=6Hz), 6.64 (d,lH, J=6Hz), 4.8-4.6 
(br, 2H, -NH2) 
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Fig. 6;\. 2 IH NMR spectra of2-bromo-4-nitroaniline. 
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(h) 2,6-Bibromo-4-nitroaniline 

Isolated as yellow powder. 
mp: 208°C 
IH NMR (400MHz; CDCh): 8.05(s, 2H), 4.9-4.6 (br, 2H, -NH2) 
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Fig. 6A. 3 IH NMR spectra of2,6-Dibromo-4-nitroaniline. 

(i) 2-Bromo-5-nitrobenzenamine 

CHAPTER 6 

Br Br 

j, 

... • .0 i 
! 

BrD~ Isolated as dark yellow fine crystalline needles. I 
mp: 140°C 
IH NMR (400MHz; CDCh): 7.7-7.25(m, 3H), 4.6-5.0(br, 2H, -NH2) ~ N02 

0) 4-Bromo-3-nitroaniline 

Isolated as orange crystalline powder. 
129°C 
IH NMR (400MHz; CDCh): 7.5-6.7(m, 3H), 4.5-4.8(br, 2H, -NH2) 
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(k) 4-Bromo-2-nitroaniline 

Isolated as solid orange powder. 
mp: 110°C 
IH NMR (400MHz; CDCh): 8.3(s, 1H), 7.4S(d, 1H, J=7Hz), 

6.7S(d,lH, J=7Hz), 6.3S-6.0S(br, 2H, -NH2) 

(I) 2-Bromo-6-nitroaniline 

Isolated as orange solid. 
mp: 72-74 °C 
IH NMR (400MHz; CDCh): 7.3-7.0S(m, 3H), 6.5(s,2H, -NH2) 

(m) 2-Bromobenzene-l,4-diol 

Isolated as brown fine crystalline powder. 
mp: 114°C 
IH NMR (400MHz; CDCh): 8.5(s, 1H), 8.2-7.S(m, 2H) 

(0) 4-Bromobeozene-l,2,3-triol 

Isolated as brown solid. 
mp: 280°C 
IH NMR (400MHz; CDCh): 6.7 (d, 1H, J=6Hz), 6.4(d, 

1H, J=6Hz), 5.3-5.0 (br, 3H, -OH) 

(0) 4-Bromobenzene-l,3-diol 

Isolated as pink crystalline powder. 
mp: 100°C 
IH NMR (400MHz; CDCh): 6.9(d, 1H, J=7Hz), 6.3(d, 

1H, J=7Hz), 6.1(s, 1H), 5.6-S.2(br, 2H, -OH) 

(p) N-( 4-bromopheoyl)acetamide 

Isolated as off-white powder. 
mp: 166 DC. 
IH NMR (400MHz; CDCh): 7.7-7.3(m, SH), 1.9(s, 3H) 
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(q) 5-Bromo-2-hydroxybenzaldehyde 

Isolated as slightly yellow powder. 
mp: 105°C 
IH NMR (400MHz; CDCh): 10.0(s, -CHO), 7.9(s, lH), 7.5(d, lH, 

J=6Hz), 6.9(d, lH, J=6Hz), 5.0(s, lH, -OH) 

(r) I-Methoxy-2-methyl-4-bromobenzene 

Isolated as light yellow solid. 
mp: 69 °C 
IH NMR (400MHz; CDCh): 7.9(s, IH), 7.4(d, IH, J=6Hz), 

6.85(d, lH, J=6Hz), 3.6(s, 3H, 
-OCH3), 1.2 (s, 3H, -CH3) 

(s) 4-Bromo-l,2-dihydroxybenzene 

Isolated as white crystals. 
mp: 87 °C 
IH NMR (400MHz; CDCh): 6.9(d, lH, J=7Hz), 6.7(s, IH), 

6.3(d, IH, J=7Hz), S.3-4.9(br, 2H, -OH) 
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Studies of Bio-relevant Properties of Water Soluble Peroxomolybdenum 

Macrocomplexes: Hydrolytic Stability and their Interaction with 

Biomolecules 

7.1 INTRODUCTION 

Phosphate ester bond functions as an extremely important linkage within the 

living cell. 1 It participates in storage and transfer of the genetic information, carries 

chemical energy and regulates the activity of enzymes and signaling molecules in the 

cell. 1
,2 Enzymes capable of acting on ester bonds and catalyzing the cleavage of 

phosphate esters constitute the subclass of phosphohydrolases, or phosphatases. 1 Alkaline 

phosphatase (ALP) is a ubiquitous enzyme that can be isolated from bone, kidney, 

intestine, plasma, liver, spleen, plants and microorganisms.3
,4 It is a membrane bound zinc 

metalloenzyme with broad substrate specificity and optimal activity at higher pH 

(>7.5).5,6 The enzyme has been used extensively in immunoassays as increase or decrease 

in the level of ALP in human body is useful in the diagnosis of bone and liver pathology, 

hypethyroidism and primary or metastatic bone cancer. 5,7,8 

Acid phosphatases (ACP) are widespread in nature, and can be found in many 

animal and plant species.9 The enzyme catalyzes the hydrolysis of phosphate ester bond at 

an optimum pH of 4.9-6.0.6 Acid phosphatases from human prostate, wheat germ, and 

other sources have been isolated as phosphohistidyl enzymes containing an active site 

histidine. 1o The mammalian enzyme acid phosphatase possesses dinuclear iron active 

sites6
,11 and highly conserved amino acid sequences. 12

-
15 Human acid phosphatases are 

normally found at low concentrations.9 However, pronounced changes in their synthesis 
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occur in particular diseases, where unusually high or low enzyme expression is seen as 

part of the pathophysiological process.9 Thus ACP has been reported to be diagnostically 

useful as serological and histological markers of diseases such as prostatic cancer and 

bone metastasis.9 

Phosphatases are, III general inhibited by oxyaruons such as vanadate,IO,16-18 

molybdate and tungstates. 19,20 Enzyme inhibition studies by metals and metal complexes 

is important as it has been recognized as one of the mechanisms of action for inorganic 

drugS?I,22 For instance, a correlation has been found to exist between the abilities of the 

oxyanions of V, Mo and W as well as their corresponding peroxo complexes to inhibit 

protein phosphatases and their in vivo insulin mimetic activiti.es. 16,17,23 It has been 

reported by Goto et al.,24 in 1992, and subsequently, by Shechter and co-workers25 that 

molybdate and peroxomolybdate (PMo) as well as tungstate and peroxotungstate (p W) 

exhibit insulin-like action, similar to vanadate and peroxovanadate (p V). It has also been 

foundtthat the peroxo derivatives offer many fold (80-180 fold) higher activity than their 

respective oxyanions.25 These remarkable findings led to a revival of interest on synthetic 

peroxo compounds of Mo and W. The exact mechanism involved in the metabolic actions 

of these metal ions is yet to be fully understood and hence are still under active 

investigation. The phosphatase inhibitory effect of vanadate and pV compounds however, 

has been extensively investigated which has been the topic of several reviews. 16,26-40 It is 

noteworthy that out of numerous synthetic p V compounds tested for possible therapeutic 

activities in recent years, to our knowledge only three compounds have been clinically 

tested on human.27,41,42 One possible factor responsible for limiting the therapeutic 

potential of p V compounds is their hydrolytic instability and toxicity .17,27,43-46 An intense 

search for biologically relevant pV compounds spurred by the pressing need for stable, 

better absorbed, more efficacious vanadium compounds with therapeutic potential still 
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continues. In this context it is somewhat intriguing that notwithstanding the superior bio

relevant characteristics exhibited by pMo compounds viz., stability, bioavailability and 

low toxicity,22,25 the pMo compounds have received very little attention as biologically 

active agents. For instance we have not come across any previous report on effect of 

discreet pMo compounds on acid or alkaline phosphatases. 

In view of the above background and as a direct sequel to our work on peroxo

metal incorporated water soluble polymers, in the present study one of our objectives has 

been to study the effect of these macrocomplexes on the function of phosphohydrolases 

vis-a.-vis neat pMo complexes. Two types of membrane associated enzymes viz., wheat 

thylakoid membrane ACP and rabbit intestine ALP were chosen for our investigation 

because in additio~ to being excellent models to investigate toxic metal inhibitory effect 

in membrane proteins, these enzymes, as has already been mentioned, play key roles in a 

variety of biological phenomena.6,11,47 

Besides phosphohydrolases we considered it imperative to assess the interaction 

of the macrocomplexes with catalase, the ubiquitous enzyme responsible for the 

breakdown of H20 2 to H20 and O2 in the intercellular peroxisomes. Hydrogen peroxide, a 

reactive oxygen species (ROS) produced as a by-product of aerobic respiration,48 has long 

been treated as a major contributor to DNA damage, protein oxidation and lipid 

peroxidation, which can ultimately result in cell death and/or tumourigenesis.49 On the 

other hand, during the last two decades hydrogen peroxide has assumed importance as a 

key signal transducing agent regulating a variety of cellular processes.49 Studies on the 

cellular effects of H202 are however constrained by the need for high concentrations and 

long duration of treatment because cells are abundantly equipped with catalase and 

glutathione peroxidase that rapidly deplete intracellular H20 2.5o These findings have lead 
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to ,a search for catalase resistant peroxide derivatives which can substitute for H202 at far 

lower concentration. 

It has been documented previously that diperoxovanadate CDPV) compound can 

be used as a tool in the study of the signaling actions of H202 owing to its relative 

resistance to catalase action.51 ,52 In this context, it is also notable that several heteroligand 

p V and p W complexes previously synthesized in our laboratory exhibited reasonable 

resistance to catalase action.45,46,53-57 However, no report seems to be available on the 

interaction of catalase with discrete pMo compounds in solution. We were therefore 

interested to undertake in vitro studies in order to understand the fate of the 

peroxomolybdenum cO,mpounds in presence of catalase vis-a.-vis H202, the natural 

substrate of the enzyme, 

Presented in this chapter are the results of our studies on the effect of catalase on 

the synthesized macro complexes [Mo202(02)4(carboxylate)]-PA (4.1), 

[MoO(Ozh( carboxylate) ]-PMA (4.2), [MOO(02h(amide)]-PAm (4.3) and 

[MoO(02)2(sulfonate)]-PS (4.4) as well as a set of previously reported free monomeric 

pMo complexes [MoO(02h(glycine)(H20)] (DMol) (7.1) and 

[MOO(OZ)2(asparagine)(H20)] (DMoz) (7.2). Also reported herein are our findings on 

kinetics of inhibition of rabbit intestine alkaline phosphatase (ALP) and wheat thylakoid 

membrane acid phosphatase (ACP) by the macro complexes and monomeric compounds. 

We endeavored to draw comparison between the two types of pMo compounds, macro as 

well as neat, with respect to their tested properties. We have also examined the stability of 

the macro complexes towards degradation in solutions of a wide range of pH values. 
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7.2 EXPERIMENTAL SECTION 

7.2.1 Hydrolytic stability of the macrocomplexes 4.1 - 4.4 and neat monomeric 

compounds DMo1(7.1) and DMo2(7.2) 

The hydrolytic stability of the compounds, 4.1-4.4 in aqueous::tnedium, at their 

natural pH, was examined by estimating the peroxide content in aliquots drawn at 

different time intervals from the respective solution of the compound, with initial 

concentration of peroxide maintained at 0.4 mM in each case. The test solution was 

prepared by adding P AMo (0.137 mg/mL), PMAMo (0.294 mg/mL), PAmMo 

(0.327 mg/mL), PSMo (0.196 mg/mL), DMol (0.054 mg/mL), or DMo2 (0.065 mg/mL). 

The stability of the compounds in solution at different pH values such as pH 1.2 and 2.1 

(50 mM KCIIHCI buffer), 3.1 (50 mM citrate buffer), and 4.4, 7.0 or 8.0 (50 mM 

phosphate buffer) was measured in a similar way. The stability of the compounds were 

further ascertained by recording their electronic spectra at ambient temperature over a 

period of 12 h at an interval of 30 min and examining the b~d at ca. 320 nm for any 

change in absorbance. 

In addition, the J3C and 95Mo NMR spectra of the pMo compounds were 

monitored over a period of 12 h for any change in the spectral pattern. 

7.2.2 Interaction of the peroxomolybdenum compounds with catalase 

The effect of catalase on complexes was studied by determining the peroxide 

content of the compounds in a solution containing catalase at specified time intervals. The . 
test solution contained phosphate buffer (50 mM, pH 7.0) and catalase (40 ,.ug/mL). The 

volume of the reaction solution was kept at 70 mL. The solution was incubated at 30°C. 

The polymeric compound was then added to the test solution and aliquots of 5 mL were 
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drawn and titrated for peroxide content after stopping the reaction by adding it to cold 

sulfuric acid (0.7 M, '100 mL) at an interval of 5 min from the starting of reaction. Since 

the free mononuclear compounds DMo1 or DMo2 degraded at a faster rate, in order to 

obtain a measurable rate the amount of catalase used was 10 ,uglmL. Degradation of the 

compounds with r~spect to their loss of peroxide was also followed by monitoring the 

band at ca. 320 run with time. For the polymer bound compounds concentrations were on 

the basis of actual peroxometalloading (mmol g-l). 

7.2.3 Enzyme Inhibit~on 

7.2.3.1 Assay of Alkaline phosphatase activity 
I 

Phosphatase ac1tivity was assayed spectrophotometrically by using p-nitrophenyl 

phosphate (P-NPP) as a substrate. The continuous production ofp-nitrophenol (P-NP) was 

determined at 30°C by measuring absorbance at 405 run in a reaction mixture containing 

ALP from rabbit intestine (3.3 j.Jg proteinimL), p-NPP (2 mM) in incubation buffer 

(25 mM glycine + 2 mM MgCb, pH 10.0). The initial reaction rates were obtained by 

starting the reaction by adding ALP to the reaction solution, which was pre-incubated for 

5 min. The initial reaction rate of p-NPP hydrolysis in the absence of the inhibitors, Vo 

was determined which was used as control. The effect of pMo and bare ligands were 

assessed by adding different concentrations of each species in the ALP assay. For the 

polymer bound compounds concentrations were on the basis of actual peroxometal 

loading (mmol g-l). The ICso values were graphically determined as the half-maximal 

. inhibit?ry concentration of the inhibitor species giving 50% inhibition. All the assays 

were performed in triplicate. The data in figures are presented as the means ± SE from 

three separate experimerits. 
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7.2.3.2 Assay of Acid phosphatase activity 

The activity of acid phosphatase was monitored by assay of the p-nitrophenol (p-

NP) released from p-nitrophenyl phosphate (P-NPP) at the pH optimwn, 4.6 at 30°C by 

measuring absorbance at 405 nm. In the standard assay, the reaction mixture contained 

acetate buffer (0.1 M, pH=4.6), acid phosphatase (18.38 pg proteinlmL) and compound 

solution (concentration varies between 0.1-80 pM) was first pre-incubated at 30°C for 

5 min. Subsequently, the substrate, p-NPP (2 mM) was added and the mixture was 

incubated for 30 min at 30°C and finally the reaction was stopped by adding NaOH 

solution (0.5 M). The molar extinction coefficient of p-nitrophenolate ion, at 405 nm, in 

alkaline mediwn is 18000 M-l cm- I
•
58 The activity in the absence of inhibitor was 

considered as control (100%). For the polymer bound compounds concentrations were on 

the basis of actual peroxometal loading (mmol g-l). All the assays ,were performed in 

triplicate. The data in figures are presented as the means ± SE from three separate 

experiments. 

7.2.3.3 Kinetic measurements 

The kinetic parameters Vrnax and Krn of an enzyme catalyzed reaction were 

determined using Lineweaver - Burk (LB) plot following rearrangement of the Michaelis 

Menten equation. The Lineweaver Burk plot (also called double-reciprocal diagram) is 

based on the reciprocal form of the Michaelis-Menten equation: 
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Thus plotting ~e reciprocal velocity. 1/V against the reciprocal substrate 

concentration 1/[5'] yields a straight line intersecting the ordinate at IIV, and the abscissa 

at 1/ Km. The parameter V max is the maximal velocity and Km is the Michaelis constant, its 

value being equivalent to the substrate concentration at which velocity is equal to half of 

Different types of inhibition give the different plot patterns. For instance with a 

Lineweaver - Burk plot, the lines will converge on the Y axis when there is competitive 

inhibition, so V max remai.p.s constant but Km will increase with increase in concentration of 

the inhibitor. But the lines will be parallel when the inhibition is uncompetitive causing 

decrease in value of Vmax and Km with increase in concentration of inhibitor. For 

noncompetitive inhibition, the lines will converge either on the X axis (simple 

. noncompetitive inhibition) or above 1 below the X axis (mixed inhibition). Thus in non-

competitive inhibition, Km will remain constant but Vmax will decrease with increase of 

inhibitor concentration. 

A competitive inhibitor is a molecule which directly competes with the enzyme's 

true substrate for binding to the active site. On the other hand, in noncompetitive 

inhibition, the inhibitor :binds to a site on the enzyme other than the active site, so the 

substrate and inhibitor are not in competition. In uncompetitive inhibition, an inhibitor 

binds to the enzyme - substrate complex but free enzyme is not a target of inhibition. 

However, in mixed inhibition, the inhibitor can bind to the enzyme at the same time as the 

enzyme - substrate complex. In the present case the expression for velocity of the 

reaction is given by 

V= 
K m ( 

1 + [J] J + [S] (
1 + [J] J 

K, KII 
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where V is the velocity, [S] is the p-NPP concentration and [1] IS the inhibitor 

concentration, Ki is the inhibitory constant for the competitive part and Kii is the 

inhibitory constant for the noncompetitive part. The enzyme inhibitor and enzyme 

substrate inhibitor constant were calculated from secondary plots of initial rate data by 

linear regression analysis. The slopes obtained from Lineweaver plots were replotted 

against inhibitor concentration to obtain Ki values from the x-intercepts of these replots. 

The intercepts obtained from Lineweaver plots were replotted against inhibitor 

concentration to obtain Ki\ values from the x-intercepts of these replots. 

7.3 RESULTS AND DISCUSSION 

7.3.1 Stability of the compounds towards decomposition in solution 

Hydrolytic stability being one of the most important conditions required to be 

fulfilled by metal complexes to be useful as therapeutic or bio-relevant agent,59 we have 

considered it imperative to ascertain the stability of the title compounds in solution. The 

stability of the compounds 4.1-4.4 with respect to the loss of peroxide in solution of pH 

ca. 6, the natural pH attained by the solution on dissolving the macrocomplexes were 

assessed by estimating their peroxide content and monitoring the absorbance at 310 -330 nm 

region in the electronic spectra, at specified time intervals, for any possible change. 

Similarly, the stability of the mononuclear complexes, DMol and DMo2, was investigated 

in sol~tion of their respective natural pH values viz. pH 1.5 (DMol) and pH 3 (DMo2). 

From the results it was evident that the peroxide content of the examined compounds and 

the position and intensity of the electronic spectral bands remained unchanged even after 

a period of 12 h. We have further tested and confirmed the stability of each of the pMo 

compounds in solutions over a wide range of pH values ranging from 1.2 to 3.1, 4.4 and 8.0. 
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Fig. 7.1 shows that the compound PAMo, used as a representative, is stable in solution of 

pH 5 as well as pH 7. 

Furthermore, it is noteworthy that the 95Mo and I3C NMR spectra of the pMo 

compounds when monitored over a period of 12 h displayed no change in the spectral pattern 

(Fig. 7.2 and Fig. 7.3). Most importantly, the spectra remained unaltered in solution of a 

wide range of pH values of 1.2, 3.1 to 8.0 over a period of 12 hours. Thus, all the 

evidences gathered from the above investigations clearly attest to the stability of the 

compounds in solution. 

~ 0.3 
E -c:: 
~ 
§ 0.2 
u 
(1) 

"0 

.~ 

&:! 0.1 

0~0----~----2~--~3----4~--~5~~1 ~10----~11----~12-

Time (h) 

Fig. 7.1 Hydrolytic stability of compound PAMo (4.1) at different pH values: (_) 

compound solution in distilled water, pH of the sohition = 5.0, (x) solution of the 

compound in phosphate buffer (50 mM, pH 7.0). 
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(a) 

(b) 
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Fig. 7.2 \3C NMR spectra of PAMo (4.1) in D20, recorded (a) immediately after 

preparation and (b) solution of (a) 12 h later, showing stability of the compound in 

solution. 

-100 -150 -200 
ppm 

-250 -300 

Fig. 7.3 95Mo NMR spectra of PAMo (4.1) in D20, recorded (a) immediately after 

preparation and (b) solution of (a) 12 h later, showing stability of the compound in 

solution. 
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7.3.2 Interaction of the peroxomolybdenum compounds with catalase 

Addition of catalase to a solution of H202, its natural substrate, in phosphate 

buffer of pH 7.0, leads to rapid degradation of H20 2 with release of half equivalent of 

oxygen (molecular basis) as expected from the disproportionation reaction. 52 The rate of 

degradation of H202 with the release of oxygen was reported to be 430 pM/min from a 

solution of 0.1 mM concentration and the reaction requires less than 2 min for 

completion. 52 In the present study, the effect of catalase on the polymer bound 

diperoxomolybdate compounds, 4.1-4.4 as well as free monomeric diperoxomolybdates 

are shown in Fig. 7.4. The data presented in Table 7.1 demonstrate that on incubation 

with catalase at pH 7, each of the macrocomplexes degraded with a loss of peroxide with 

the rates of degradation varying between 10-17 pM/min. The action of catalase on each of 

the water soluble polymeric pMo compounds was thus observed to be relatively slower 

process compared to its effect on H20 2. As seen from the data presented in Table 7.1, the 

synthesized polymer bound pMo complexes are at least 70-100 times weaker as substrates 

to catalase compared to H20 2. It is noteworthy that the free pMo complexes undergo 

rapid degradation, with loss of peroxide within approximately five minutes of incubation, 

under identical condition. 

The degradation of the compounds, 4.1-4.4 by catalase was further investigated by 

studying their UV spectra (Fig. 7.5 and Fig. 7.6) in solution. In separate experiments, each 

of the compounds (containing 0.4 mM of peroxide) was incubated with catalase (40 ,uglmL) at 

30°C and subsequently, UV spectra of the mixture were recorded after specific time 

interval. From the electronic spectral analysis it was evident that the intensity of small 

shoulder like peak in the range of 310-330 nm owing to diperoxomolybdate species 

gradually decreases leaving behind a non-specific absorption below 300 nm with 

increasing incubation tiII}e. The rate of degradation calculated on the basis of electronic 
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Table 7.1 Catalase-Dependent Oxygen Release from Peroxometallatesa 

Compound Concentration peroxide content loss of peroxide 

(mg/mL) (mM) (JlM/min) 

PAMo 0.137 0.4 17.81 

PMAMo 0.294 0.4 17.57 

PAmMo 0.327 0.4 10.34 

PSMo 0.196 0.4 14.29 

DMo}b 0.054 0.4 37.60 

DMo2b 0.065 0.4 28.33 

a The test solution contained phosphate buffer (50 mM, pH 7.0) and the catalase (40 Jlg/mL) 

which was incubated at 30°C for 5 min. 

b Amount of catalase::: 10 Jlg/mL. 

Fig. 7.4 The effect of catalase on PAMo (e), PMAMo (_), PAmMo (+) and PSMo (-). 

The test solution contained phosphate buffer (50 mM, pH 7.0) and the catalase (40 ,ug/mL) 

which was incubated at 30°C for 5 min. Compounds were then added to the reaction 

solution and aliquots were drawn at indica!ed time points and loss in peroxide content 

was determined. For polymeric compounds concentrations are on the basis of 

peroxometalloading. 
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Fig. 7.5 Effect of catalase on the compounds. The spectral changes at interval of 5 min on 

incubation of compound with catalase in solution (a) PAMo (A311) and (b) PMAMo 

(A322). The test solution contained phosphate buffer (50 mM, pH 7.0); compound (0.4 mM of 

peroxide) and catalase (40 Ilg/mL) at 30°C. 
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Fig. 7.6 The decrease of absorbance for the compounds (a) PAMo (A311 ), (b) PMAMo 

(A322), (c) PAmMo (A314) and (b) PSMo (A320) indicating the rate of degradation of the 

compounds under the effect of catalase. The reaction mixture contained phosphate buffer 

(50 mM, pH 7.0); compound (0.4 mM of peroxide) and catalase (40 llg/mL) at 30 °C. 

spectral studies was found to be in accord with the values obtained from chemical 

analysis. 

The total loss of peroxide from each of the compound solution was found to be 

ca. 0.4 mM which is equivalent to the concentration of co-ordinated peroxide. This 

indicates a ratio of 1:4 for peroxide:dinuclear pMo species (in PAMo) and 1:2 for 

mononuclear pMo (in PMAMo, P AmMo, PSMo) which are consistent with the 

estimated peroxide content of the compounds. 

The tested compounds could be arranged in the following order of increasing 

stability towards degradation under the effect of catalase, P AmMo > PSMo > P AMo ~ 
~ 

PMAMo > > DMo2 > DMot. From the above results it may be surmised that ,co-

ordination of peroxo ligand to Mo enhances its resistance towards degradation under the 
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action of catalase. Further, 2-3 fold greater ability of the peroxomolybdate in the 

macrocomplexes to withstand catalase action, compared to the free pMo compounds 

appears to be a consequence of additional stability imparted to the compounds by the 

polymeric support through immobilization. 

7.3.3 Inhibition of activities of phosphobydrolases by peroxomolybdenum 

compounds 

The in vitro phosphatase inhibitory effect of the polymer incorporated pMo 

compounds, PAMo (4.1), PMAMo (4.2), PAmMo (4.3), PSMo (4.4) and neat 

mononuclear compounds, DMol (7.1) and DMo2 (7.2) along with molybdate anion as 

well as free ligands was examined by using p-NPP as substrate and employing standard 

enzyme assay system. Rabbit intestine alkaline phosphatase (ALP) and wheat thylakoid 

membrane acid phosphatases (ACP) were used as model enzymes. The inhibitor potential 

of the species were quantified by determining the half-maximal inhibitory concentration 

(ICso) for each inhibitor which induces 50 % suppression of the original enzyme activity. 

Since an inhibitor species can interact with enzyme via various pathways, kinetic 

investigation is a major tool in enabling us to distinguish between the inhibition 

mechanism of enzyme catalyzed reactions. We have therefore determined the kinetic 

parameters, Km and Vmax in absence as well as in presence of peroxo metal compounds 

using Lineweaver-Burk double reciprocal plots. It was also necessary to assess the 

affinity of the enzyme for the inhibitor by evaluating the inhibitor constants. All of the 

tested compounds displayed affinity for the phosphohydrolases in a close order of 

magnitude as revealed by the values of inhibitor constants, K. and KII • 
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7.3.3.1 Inhibition of ALP by the peroxomolybdenum compounds 

The dose dependent effects of each of the pMo compounds 4.1-4.4 and DMol and 

DMo2 in comparison to the respective free ligands are presented in Fig. 7.7. From the 

data obtained we find that each of the tested species, irrespective of being free or 

polymer bound, behaved as active inhibitor of ALP. On comparing the ICso values of the 

polymeric compounds, in terms of their actual peroxometal loading, with those of free 

compounds, the inhibitors could be arranged in the following order of potency, DMol > 

PMAMo > DMo2 > P AmMo> PSMo > PAMo > Na2Mo04. The pMo compounds were 

observed to induce stronger inhibition compared to the corresponding vanadium 

containing analogues reported previously from our laboratory.6o The effect of each of the 

polymeric ligands, without peroxometal loading and the amino acid co-ligands viz. 

glycine and asparagine, upon ALP activity is practically negligible under the assay 

conditions used and H20 2 had no observable effect. 

Presented in Table 7.2 are the kinetic data for inhibition of ALP catalyzed 

hydrolysis of p-NPP by the macro complexes as well as free mononuclear DMol and 

DMo2. The Lineweaver-Burk (LB) plots obtained for the compounds 4.1-4.4, DMot, 

DMo2 and Na2Mo04 are presented in Fig. 7.8 and Fig. 7.9 where IIV is plotted against 

1/[S]. Kinetic measurements at several different substrate concentrations in presence of 

each of the inhibitors yielded straight lines with a point of intersection in the second 

quadrant. 

The results demonstrate that with an increase in concentration of each of the 

polymeric inhibitor complexes, a velocity Vmax decreases, whereas Km remained constant. 

In contrast, when any of the free pMo complexes was used as inhibitor, it was found that 

with increasing inhibitor concentration V max decreased whereas Km value increased (Fig. 7.8 

and Fig. 7.9). It has thus been established that the polymeric compounds are classical 
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non-competitive inhibitors of ALP. On the other hand, monomeric diperoxometallates, 

DMo1 and DMo2 served as mixed-type of inhibitors of the enzyme combining competitive 

and non-competitive modes of inhibition. 
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Fig. 7.7 Effect of compounds PAMo, PMAMo, PAmMo, PSMo, DMot, DMo2, 

Na2Mo04 and free polymers (P) on activity of ALP from rabbit intestine. The ALP 

catalyzed rates of hydrolysis of p-NPP at pH 10.0 were determined at 30 °c by 

measuring A405 in a reaction mixture containing ALP (3.3 pg/ml), p-NPP (2 mM) in 

incubation buffer (25 mM glycine + 2 mM MgCI2, pH 10.0) in the absence or presence of 

stated concentrations of the inhibitors. Effects of the additions are represented as the 

percent values (rounded to integers) of control (~p-NPP = 3.13 pM/min). The data are 

presented as the means ± SE from three separate experiments. For polymeric compounds 

concentrations are on the basis of peroxometalloading. 
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The inhibitor constant K; for competitive part of inhibition was determined from 

the secondary plot of slope of the primary plot (1/V versus 1/[8]) against the inhibitor 

concentration with intercept on the inhibitor axis being -K; (Fig. 7.8 and Fig. 7.9). The 

value of Kii, inhibitor constant for non-competitive inhibition, was obtained from a linear 

secondary plot of 1/Vmax against the inhibitor concentration of each inhibitor, the intercept 

on the inhibitor axis being equivalent to -K;; (Fig. 7.8 and Fig. 7.9). The values of K; and 

Kii are presented in Table 7.2. 

K; is a measure of the affinity the inhibitor has for the free enzyme whereas Kii is 

its affinity the inhibitor has for the enzyme-substrate complex and the ratio of Kii and K; 

values were used to assess the relative competitiveness of each inhibitor.61 A larger K;;lK; 

value indicates a mixed type of inhibition that is relatively more competitive in its action, 

whereas a lower K;;/ K; reflects the mixed type of inhibition that is more uncompetitive. 

On the other hand, when Kii = K;, the mode of inhibition becomes noncompetitive. For a 

completely competitive mode of inhibition, Kii-+ ,00 and therefore, K;;/ K; -+ 00.
61 

For each of the macromolecular complexes value of K; was found to 'be equal 

to Kii, which is typical of a non-competitive inhibitor. For free pMo complexes, Kii> K; 

as is the case with a mixed type of inhibitor with major mode of inhibition being of the 

competitive type. Data obtained from similar experiments conducted with molybdate, 

showed it to be competitive inhibitor of ALP, in agreement with the previous 

reports. 16
,17,19 The Ki value determined for molybdate was 1.25 mM. From the many fold 

larger K; value for molybdate relative to pMo compounds, it is evident that the pMo 

complexes are more potent inhibitors of ALP compared to molybdate. 
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Table 7.2 Half-maximal inhibitory concentration (ICso) and inhibitor constants (Ki and 

Kil) values for pMo compounds and other inhibitors against ALP 

S1. No. Compound 1CsoC,uM) KIC,uM) KiiC,uM) Kii/Ki Types of inhibition 

1 PAMo 48.64 31.72 30.31 0.95 Non-competitive 

2 PMAMo 16.92 17.10 16.80 0.98 Non-competitive 

3 PAmMo 18.27 19.20 18.90 0.98 Non-competitive 

4 PSMo 24.05 25.41 25.16 0.99 Non-competitive 

5 DMo l 16.90 6.00 21.50 3.58 Mixed inhibition 

6 DMo2 17.94 7.50 24.50 3.27 Mixed inhibition 

7 Na2Mo04 3208 1250 Competitive 

8 Free polymer 

Note: The ALP-catalyzed rates of hydrolysis ofp-NPP at pH 10.0 were determined at 30°C 

by measuring ~os in a reaction mixture containing ALP (3.3 llg/mL), p-NPP (2 mM) in 

incubation buffer (25 mM glycine + 2mM MgCh, pHI0.0) in the presence of stated 

concentrations of the inhibitors. For polymeric compounds concentrations are on the basis 

of peroxometalloading. 
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Fig. 7.8Lineweaver-Burk plots for inhibition of ALP activity in absence and presence of (A) 

PAMo, (B) PMAMo,(C) P AmMo and (D) PSMo. The inset represent secondary plot of 

initial kinetic data of Lineweaver plot. The reaction mixture contained glycine buffer 

(25 mM glycine + 2 mM MgCh, pH 10.0) and p-NPP (2-5 mM). The reaction was started 

by adding ALP (3.3 ,ug/ml) to the reaction solution which was pre-incubated for 5 minutes and 

the rate of hydrolysis in the presence of. 0 pM; • 5 pM; • 10 pM; x 15 pM; - 20 pM; • 25 pM 

inhibitors were obtained. The values are expressed as means ± SE from three separate 

experiments. Inset: (a) The Slopes were plotted against inhibitor concentrations and K,values 

were obtained from the X-intercepts of these replots. (b) The vertical intercepts were plotted 

against inhibitor concentration and 1(" values were obtained from the x-intercepts of these replots. 

For polymeric compounds concentrations are on the basis of peroxometalloading. 
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Fig. 7.9Lineweaver-Burk plots for inhibition of ALP activity in absence and presence of 

(A)DMo1, (B) DMo2 and(C) Na2Mo04. The inset represent secondary plot of initial kinetic 

data of Lineweaver plot., The reaction mixture contained glycine buffer (25 mM glycine + 2 mM 

MgCh, pH 10.0) and p-NPP (2-5 mM). The reaction was started by adding ALP (3.3 ,uglml) 

to the reaction solution which was pre-incubated for 5 minutes and the rate of hydrolysis in the 

presence of. O.uM; • 5.uM; A 10 ,liM; x 15 ,liM; - 20 ,liM; • 25 ,liM (for DMol and DMo2) 

or. 0 mM;. 1mM; A 2.6 mM; x 5 mM; - 7.5 mM; • 10 mM (for Na2Mo04) inhibitors 

were obtained. The values are expressed as means ± SE from three separate experiments. 

Inset: (a) The Slopes were plotted against inhibitor concentrations and K,values were 

obtained from the x-interc'epts of these replots. (b) The vertical intercepts were plotted against 

inhibitor concentration and KII values were obtained from the x-intercepts of these replots. For 

polymeric compounds concentrations are on the basis of peroxometalloading. 
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7.3.3.2 ACP inhibition by the peroxomolybdenum compounds 

The mode of inhibitory action of the polymeric pMo compounds on wheat 

thylakoid membrane acid phosphatase was similar to that found for the ALP as obvious 

from the LB plots presented in Fig. 7.11 and Fig. 7.12 and their respective kinetic data 

shown in Table 7.3. Considerable deviations were however noted when the values of the 

ICso (Fig. 7.10) and inhibitor constants for the two types of enzymes were compared 

(Tables 7.2 and 7.3). These values for ACP were observed to be more than 20 orders of 

magnitude lower than those for ALP which clearly indicated a greater affinity of the 

complexes for the enzyme binding site of ACP compared to ALP. 

From the Lineweaver-Burk plots Fig. 7.11 and Fig. 7.12 and on comparing the 

kinetic data it has been confirmed that polymeric pMo compounds are classical non

competitive inhibitors of ACP function whereas the free pMo compounds induce mixed

inhibition on the enzyme. The molybdate anion on the other hand shows un-competitive 

type of inhibition on ACP activity. It is notable that molybdate displayed un-competitive 

type inhibition of ACP activity under analogous conditions, in contrast to the competitive 

inhibition exerted on ALP. The kinetic data for the ACP inhibition by the pMo 

compounds indicated the following sequence which is similar to the one observed for 

ALP: DMo1> PMAMo > DMo2 > PAmMo> PSMo > PAMo > Na2Mo04. 

In this context, it is particularly interesting to note, a feature cOlllIl!on to both the 

enzymes, that the ICso value of the peroxo metal species anchored PMA is nearly half of 

that of the corresponding poly(sodium acrylate) anchored compounds in spite of these 

polymers having similar carboxylate functional groups as ligand sites. Pertinent here is to 

mention that the P A and PMA bound p V compounds also exhibited remarkable difference 

in their oxidant activity as well their antibacterial propert,ies.6o Such variations in the 

tested properties may be ascribed to the differences in mode of co-ordination of the metal 
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peroxo groups to the two polymers. In PMAMo and its p V containing analogue, 

PMA V60 the diperoxo moieties are bound to the PMA chain exclusively in a monomeric 

fashion whereas in P AMo and P A V 60 the peroxo metals occur as dinuclear tetraperoxo 

species through bridging carboxylate groups of the PA chain. Consequently, ionic charge 

distribution and the polarity of the two compounds vary and these factors are likely to 

influence their availability near the enzyme active site and their ability to interact with the 

enzyme to different extents. It may also be relevant to note that PMAMo exhibited 

superior activity as catalyst in organic oxidations (vide Chapter 5 and 6). 
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Fig. 7.10 Effect of Compounds PAMo, PMAMo, PAmMo, PSMo, DMoI, DMo2, 

Na2Mo04 and free polymers (P) on the activity of ACP. The ACP catalyzed rates of 

hydrolysis of p-NPP at pH 4.6 were determined at 30°C by measuring A405 in a 

reaction mixture containing ACP (18.38 .ug/mL), p-NPP (2 mM) in acetate buffer (0.1 M, 

pH=4.6) in the absence or presence of stated concentrations of the inhibitors. Effects of 

the additions are represented as the percent values (rounded to integers) of control (~p

NPP = 3.13 ,uMlmin). The data are presented as the means ± SE from three separate 

experiments. For polym~ric compounds concentrations are on the basis of peroxometal 

loading. 

270 



CHAPTER 7 

Table 7.3 Half-maximal inhibitory concentration (ICso) and inhibitor constants (K. and 

Kjj) values for pMo compounds and other inhibitors against ACP 

S1. No. Compound ICsoCuM) KjCuM) KjjCuM) K./Kj Types of inhibition 

1 PAMo 1.98 1.93 1.90 0.98 Non-competitive 

2 PMAMo 0.89 0.86 0.84 0.97 Non-competitive 

3 PAmMo 1.19 1.06 1.02 0.96 Non-competitive 

4 PSMo 1.74 1.71 1.70 0.99 Non-competitive 

5 DMo1 0.67 0.61 1.95 3.19 Mixed inhibition 

6 DMo2 0.94 0.91 2.23 2.45 Mixed inhibition 

7 Na2Mo04 377.00 250.00 Un-competitive 

8 Free polymer 

Note: The ACP catalyzed rates of hydrolysis of p-NPP at pH 4.6 were determined at 30°C 

by measuring Atos in a reaction mixture containing ACP (18.38 ,uglmL), p-NPP (2 mM) in 

acetate buffer (0.1 M, pH=4.6) in the presence of stated concentrations of the inhibitors 

(Fig. 7.11 and Fig. 7.12). For polymeric compounds concentrations are on the basis of 

peroxometalloading. 

The afore mentioned findings from our investigation on the two types of the 

enzymes clearly demonstrate that there is a marked influence of the co-ligand 

environment on the inhibitory potency of the intact metal complexes, as well as on the 

mode of their inhibition of the enzymes, although the effect of the individual ligand on 

the ALP, or ACP activity is practically negligible under the assay conditions used. 

The trend emerging out of our present investigation involving effect of the title 

compounds on both the enzymes, ACP and ALP, reveal that the compounds tested can be 

grouped into two categories on the basis of their effect on the ACP and ALP hydrolysis. 
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The first group comprising of polymer bound metal peroxo compounds are classical non-

competitive inhibitors of the phosphoproteins whereas, the free monomeric 

peroxomolybdates exhibits mixed inhibition indicating the presence of both competitive 

and non-competitive binding sites. A competitive inhibitor typically has close structural 

similarities to the normal substrate for the enzyme. A non-competitive inhibitor usually 

binds reversibly at a site other than the active site and causes a change in the overall 

three-dimensional shape of the enzyme that leads to a decrease in catalytic activity. Since 

the inhibitor binds at a different site to the substrate, the enzyme may bind to the 

inhibitor, the substrate or both the inhibitor and the substrate together. 

Oxyanions such as vanadate,lo,16-18 molybdate and tungstate l9,20 having penta or 

hexa co-ordinated structures, are known to be competitive inhibitors of phosphatases 
\ 

which has been ascribed to their being structural analogues of phosphate. 19,20,62,63 While 

no exception was noted to this observation among the existing reports on ALP inhibition, 

in case of ACP, type of inhibition induced by these anions was found to be different to 

that produced by phosphate in certain cases. 12,19,47 For instance, molybdate and tungstate 

were observed to be non-competitive inhibitor of bovine spleen purple acid 

phosphatase,64 although Gresser and co-workersl9 observed metal oxyanion inhibition of 

mammalian acid and alkaline phosphatases to be strictly competitive. On the other hand, 

Wang and co-workers reported the molybdate and vanadate to be uncompetitive and non-

competitive inhibitors, respectively of the activity of wheat thylakoid membrane ACP .47 In 

agreement with previous reports we have found that vanadate, molybdate and tungstate 

inhibit the activity of mammalian ALP in a competitive manner?I,6S,66 In the present study we 

observed molybdate to exert un-competitive inhibition on ACP. The information derived thus 

implied that different oxometallates, in spite of sharing common structural features, may 

differ in their mechanistic preferences in the inhibition of the various phosphatases. 
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Fig. 7.11 Lineweaver-Burk plots for inhibition of ACP activity in absence and presence of 

(A) P AMo, (B) PMAMo, (C) P AmMo and (D) PSMo. The inset represent secondary plot of 

initial kinetic data of Lineweaver plot. The reaction mixture contained acetate buffer (0.1 M, 

pH 4.6) and p-NPP (50-300 11M). The reaction was started by adding ACP (18.38 Ilglml) to 

the reaction solution which was pre-incubated for 5 minutes and the rate of hydrolysis in the 

presence of • 0 11M; • 0.25 11M; • 0.50 11M; )1(0.75 11M; - 1.00 11M inhibitors were 

obtained. The values are expressed as means ±SE from three separate experiments. Inset: (a) 

The Slopes were plotted against inhibitor concentrations and Ki values were obt.ained from 

the x-intercepts of these replots. (b) The vertical intercepts were plotted against inhibitor 

concentration and Kii values were obtained from the x-intercepts of these replots. For 

polymeric compounds concentrations are on the basis of peroxometalloading. 
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Fig. 7.12Lineweaver-Burk plots for inhibition of ACP activity in absence and presence of (A) 

DMo1, (B) DMo2 and (C) Na2Mo04. The inset represent secondary plot of initial kinetic data 
, 

of Lineweaver plot. The reaction mixture contained acetate buffer (0.1 M, pH 4.6) and p-NPP 

(50-300 J..lM). The reaction was started by adding ACP (18.38 J..lglml) to the reaction solution 

which was pre-incubated for 5 minutes and the rate of hydrolysis in the presence of. 0 J..lM; 

• 0.25 J..lM; A 0.50 J..lM;;K 0.75 J..lM; - 1.00 J..lM (for DMo l and DMo2)or • 0 mM; • 0.25 

mM; A 0.50 mM; ;K 0.75 mM; - 1.00 mM (for Na2~o04) inhibitors were obtained. The 

values are expressed as means ±SE from three separate experiments. Inset: (a) The Slopes 

were plotted against inhibitor concentrations and Ki values were obtained from the x

intercepts of these replots. (b) The vertical intercepts were plotted against inhibitor 

concentration and Kii values were obtained from the x-intercepts of these replots. For 

polymeric compounds concentrations are on the basis of peroxometalloading. 
I 
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A perusal of literature shows that there is a paucity of infonnation on the effect of 

synthetic heteroligand pMo compounds on different enzyme functions including 

phosphatases, although inhibitory effect of synthetic peroxovanadates have been 

extensively investigated. 16,17,30,31,39,40,67-69 Majority of the tested synthetic pV compounds 

on ALP inhibitory activity were competitive in nature, however, there are examples of 

mixed-inhibition of Green-crab ALP by diperoxovanadate compounds with considerably 

large K/ and Kll values in milimolar range.67,68 Earlier studies suggested that one or more 

of the various parameters such as oxidation state of the metal, co-ordination geometry, 

stability of the compounds under physiological conditions, and the nature of the 

phosphoproteins may be responsible in deciding the ACP or ALP inhibitory ability of 

different vanadium derivatives, including peroxovanadates. 17,21 

Owing to large size of the macromolecular complexes they are unlikely to be 

capable of approaching the enzyme active site and hence would possibly prefer to interact 

with the enzyme at a site away from the active site which may result in change in overall 

confonnation of the protein and inhibition of its function in a non-competitive manner.12 

Even the non-competitive inhibition induced by molybdate and tungstate on bovine 

spleen purple acid phosphatase was previously ascribed to the larger size of these ions. 12 

It has been further suggested that the high oxidative compounds such as molybdate and 

tungstate would oxidize Fe2
+ of the enzyme ACP and oxidize it to ferric and inactivate the 

enzyme non-competitively.12 The importance of redox properties of peroxo compounds 

has also been documented in inhibition of protein phosphatases. 16,17 It was reported 

earlier that peroxovanadate effectively inhibited the tyrosine phosphatase by oxidizing the 

critical cysteine residue in catalytic domain of the enzyme. 16,69,70 It is known that the 

presence of such groups in and around the active centre of the enzymes are essential for 

the activity and in stabilization of the quaternary structure of the enzyme.47 Taking into 
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account these observations and our own findings on the oxidant activity of the complexes 

under investigation, it may be logical to expect that the compounds exert their inhibitory 

effect by interacting with the essential groups susceptible to oxidation such as _SH.40
,71 

Results presented in the Chapters 5 and 6 of the present thesis have already demonstrate 

that each of the inhibitory pMo complexes is indeed active oxidant of organic bromides as 

well as sulfides. For the neat pMo compounds both the mechanisms i.e. transition state 

analogy as well as oxidation ability of these compounds are likely to be responsible for 

the mixed inhibition displayed by these compounds combining competitive and non

competitive pathways. However, being aware of the complex nature of the species 

involved and their reaction with the biomolecules, and in 'absence of direct evidence, we 

are constrained in commenting on the actual pathway of inhibition of the model enzymes 

by the tested compounds. Many experiments will clearly be necessary to unravel the exact 

mechanism. 
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7.4 CONCLUSIONS 

The results of the present investigation demonstrated that pMo compounds in 

diverse co-ligand environment, irrespective of being monomeric or polymer supported are 

potent inhibitors of the function of two types of the model enzymes, rabbit intestine 

alkaline phosphatase (ALP) and wheat thylakoid membrane acid phosphatases (ACP). 

The detailed study of their inhibition kinetics revealed that the macro complexes and the 

neat monomeric compounds exert their inhibitory effect on the enzymes via distinct 

pathways. Each of the polymer bound peroxomolybdates tested is a non-competitive 

I 

inhibitor of both the enzymes, in contrast to the mixed type of inhibition displayed by the 

neat complexes. Interestingly, all the tested pMo complexes were capable of inhibiting 

ACP activity even at sub-micromolar concentration thus showing several fold greater 

inhibitor affinity for ACP over ALP. Additional notable attribute of the polymer 

supported compounds is their enhanced resistance to degradation under the effect of the 

powerful enzyme catalase. This may be relevant in the cellular milieu where H202 has 

little chance to survive abundant catalase. There has been efforts to find stable peroxo 

derivatives for therapeutic application, which may be an effective alternative to H20 2, 

preferably at far lower concentrations and hence unlikely to cause cytotoxicity to the 

normal cells. It is remarkable that the compounds retain their structural integrity in 

solution not only at higher pH but also under acidic conditions. The compounds thus 

show prospect of being useful for in-vivo study even at strongly acidic condition which 

exist in human stomach. This feature may be significant in view of the reports that orally 

administered p V was ineffective as anti-diabetic drug in rats as it could not survive the 

strong acidity of the stomach. 59 
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