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Preface 

The work embodied in this thesis entitled "Analysis of catalytic activity of chromium and 

copper complexes derived from tridentate ligands" was initiated August, 2010. 

The thesis consists of a preamble of the present work and two chapters. Synthesis, 

characterization and catalytic activity studies of new mononuclear Cr(III) complexes 

derived from tridentate ligands is described in chapter 1. In chapter 2, Catalytic activity 

studies on mononuclear complexes of copper will be described. 

All the ligands and complexes described in this thesis were characterized by spectral 

analysis. 

In keeping with general practice of reporting scientific observations, due acknowledgement 

has been made of the findings of other investigators. I must take the responsibility of any 

unintentional oversights and error which might have crept in. 
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Introduction and literature review 



Abstract 

In this chapter the preamble of the work and literature review will be described. The 

chemical systems reported in the present study are briefly introduced. The various chemical 

methods and equipments used are summarized. 

2 



6raduc h Entytee cnanges shape 
SI thty as %iambi& blurs 

	

guanine entering 	Enarnesubstrate 

	

Wive site ofenwe 	complex.  
Enrimetproductis 

complexr.  
Products leaking 

active site atelier= 

1. Introduction and literature review: 

Catalysis is the key to chemical transformations. Most industrial synthesis and nearly 

all biological reactions require catalysts. However, the systematic scientific development of 

catalysis only began about 200 years ago, and its importance has grown up to the present day. 

The term "catalysis" was introduced as early as 1836 by Berzelius in order to explain various 

decomposition and transformation reactions.1  He assumed that catalysts possess special 

powers that can influence the affinity of chemical substances.2  

Fig. 1.1. The induced fit hypothesis of enzyme action. 

A definition that is still valid today is due to Ostwald (1895): "A catalyst accelerates a 

chemical reaction without affecting the position of the equilibrium." Ostwald recognized 

catalysis as a ubiquitous phenomenon that was to be explained in terms of the laws of 

physical chemistry.3  Thus catalysis is a cyclic process: the reactants are bound to one form of 

the catalyst, and the products are released from another, regenerating the initial state.' 

3 
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Fig. 1.2. Conversion of reactant in to product by catalytic cycle. 

Research into the application of transition metal complexes in chemical processes has 

attracted much interest over the last century. Reasons are the novelty of the chemistry 

involved, its great potential and, as proven in numerous examples, the practical applications. 

All kinds of inorganic and organometallic compounds are used as catalysts or as reactants in 

the vast number of chemical reactions. Some of the important processes include 

hydrogenation of alkenes (Wilkinson catalyst), hyroformylation (cobalt and rhodium catalyst, 

oxo process), alkene oxidation (Wacker process), polymerization (Zeigler-Natta catalyst) and 

alkene isomerization (nickel catalyst).5  

The oxidation of alkenes to epoxides, aldehydes, ketones and glycols is a large and 

growing part of homogeneous catalysis with direct industrial applications.6'7  The oxidation of 

organic substrates by direct oxygen atom transfer from transition metal complexes is of 

fundamental importance and has been investigated extensively. Reasons for this interest are 

the necessity for functionalization of lower alkenes, interest in understanding reactions of 

biological importance, the need for partial selective oxidation and the preparation of 

compounds with a specific spatial structure. The transition metal complexes seem to fulfil 

some of these requirements and many different systems are available that can utilize a variety 

of oxygen sources for these oxidation reactions. 



Due to the selectivity and activity of homogeneous catalysts under mild reaction 

conditions is unbeaten by their heterogeneous counterparts. Unfortunately, the problem of 

separating the single-site-catalysts from the reaction media is still an important drawback 

which blocks large scale applications in industry. Only a few processes are applied nowadays 

in industry, such as the production of adiponitrile by Dupont, acetic acid by Monsanto and 

butanal by Celanese (former Ruhr Chemie).8  In each case an individual solution was 

developed to solve the problem of catalyst separation and recovery. A general toolbox for this 

has to be filled. In Table 1, the advantages and disadvantages of homogeneous versus 

heterogeneous catalysis are shown. In this way the major problem of homogeneous catalysis 

becomes obvious. 

Table 1.1 Homogeneous versus heterogeneous catalysis 

Characteristics 	Homogeneous 	Heterogeneous 
Activity 	 +++ 

Selectivity 	 +++ 
Catalyst Description 	++ 

—+ Catalyst Recycling 	 ++  
TON 	 +++ 

Quantity of Catalyst 	++ 	 +++ 

A number of potential methods for homogeneous catalyst separation and recovery 

have been or are presently being developed.9"0 Therefore, the search for concepts that enable 

the combination of the advantages of both homogeneous and heterogeneous catalysis 

continues as it potentially could lead to the development of highly active and selective 

recyclable catalytic systems. 

Among first row transition elements, we have chosen chromium and copper for present 

investigation because these two elements play crucial roles in several processes eg. catalytic 

oxidation reactions 1 1-13  and in biosystem.14-18  Since chromium and copper, both metals can 

swap easily between various oxidation states and their catalytic properties go hand in hand 
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dinicotinic acid complex26  although there will also be a contribution from the green, 

polymeric chromium-glycine-nicotinic acid. 
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Scheme 1.1 Structures of biologically-active chromium(III) complexes 

Another example of biologically active chromium compound i.e., chromium 

(phenylalanine)3  [Cr(D-phe)31 (where D-phe stands for phenylalanine) which synthesized by 

chelating chromium(III) with D-phenylalanine ligand in aqueous solution to improve the 

bioavailability of chromium, and reported that Cr(D-phe)3 improved insulin sensitivity.27  

C112  

Scheme 1.2 Structure of [Cr((D-phe)31 

8 



Interestingly, schiff base complexes of chromium(III) such as N,No-ethylene bis(salicylidene-

iminate)diaquochromium(III)chloride, [Cr(salen)(H20)2]Cl (where salen are Schiff bases 

containing two phenolato functions) used as a new model of GTF, was also shown to reduce 

the symptoms of diabetes like, hyperglycemia and cholesterol in diabetic rats.29'3°  The use of 

organic chromium complexes has been found to give superior results when compared to 

inorganic salts.28  Since the exact structure of this complex is not known the activity of this 

species does not lead to any conclusions about the possible mechanism of GTF. 

1.3. Role of chromium as an oxidation catalyst: 

Chromium-catalyzed oxidation reactions have been studied in several literatures. A 

plethora of catalytic processes involve chromium in the formal oxidation state (III) as a 

starting catalyst. Chromium(III) oxide has been used since the beginning of chromium-

catalyzed oxidations and has been associated almost exclusively with oxygen. Many 

experiments thereafter have been carried out with chromium acetylacetonate or chromium 

esters in conjunction with oxygen or hydroperoxide.31-33  Recently, chromium porphyrins and 

more generally, metalloporphyrins have been subjected to intensive investigation since they 

mimic the cytochrome P-450 monooxygenases. A large variety of oxygen sources have been 

tested with the chromium porphyrins.34'35  

The first use of chromium(III) oxide as a catalyst occurred more than a half century 

ago during screening of heavy metal oxides to attempt to accelerate oxidations of benzylic 

methylene and methyl groups .to the corresponding ketones and acids, at high temperatures, 

under a stream of oxygen.36  In studies with alkenes, it was claimed that Cr2O3  acted as the 

initiator of a radical chain reaction rather than as a catalyst.37  Recently, chromium(III) oxide 

has also been used as an additive to improve a catalytic system containing copper and cobalt 

which performed the dehydrogenation of ethyl alcohol to acetaldehyde at 275-300 °C.38  

9 



Cr(acac)3  

t-BuOOH 

Cr(acac)3 0 

t-BuOOH 

The first use of tris(acety 1 acetonato)chromium as an oxidation catalyst was probably 

encountered in the course of studies directed toward the epoxidation of olefins by tert-butyl 

hydroperoxide.39  The epoxidation was provided fair yields at room temperature and low 

catalyst concentrations when oxygen was excluded from the medium. 

Cr(acac)3  

t-BuOOH 

Scheme 1.3 Conversion of alkene to epoxides in presence of Cr(acac)3  along with t- 
BuOOH 

Cr(acac)3-catalyzed oxidations with oxygen have also been investigated. Alkanes 

provided the corresponding ketones and alcohols with a ketone/alcohol ratio >1.40 

Chromium esters have often been examined with the objective soluble in organic 

media. With this aim, a cheap fatty acid has been generally employed for the ester part, the 

catalyst most considered being chromium(III) stearate.41  The efficiency of chromium(III) 

acetate has been less investigated. Chromium esters have been used mainly in conjunction 

with oxygen. When they were employed with ozone to oxidize cyclohexane to 

cyclohexanone, they were less efficient than Cr(C0)6.33  

Chromium(III) halides have been primarily used to promote the decomposition of 

primary and secondary alkyl hydroperoxides to the corresponding acids42  and ketones.43  

Chromium(III) bromide seems to be one of the best additives for improving the autooxidation 

of alkenes under aqueous conditions in the presence of a phase-transfer catalyst.44  Recently, 

chromium(III) chloride has been employed as a cocatalyst.45  

10 



Chloro(tetraphenylporphyrinato)chromium(III) [(IPP)CrCl] has been the main 

chromium catalyst employed to mimic the biological activity of cytochrome P-450. 

Cytochrome P-450 is a hemeprotein, used by enzymes known as monooxygenases, and is 

able to catalyze selective monooxygenations by molecular oxygen under very mild conditions 

in living organisms.34'35  

[Cr(P)X] 

(TPP)CrX: R = Ph 
(TFPP)CrX: R = C6F5 

(TTP)CrX: R = p-melhylphenyl 
(2, 6-CI-P)CrX: R = 2, 6-dichlorophenyl 

Scheme 1.4 [Crill(P)X] complexes 

Modifications of the porphyrin ligand (P) have been undertaken to increase the 

stability, selectivity, and efficiency of the catalyst. The use of phthalocyanine instead of 

porphyrin as ligand coordinated to chromium has been briefly mentioned for benzylic 

autooxidations. 

Like the preceeding [CrIII(P)X] complexes, the [Cr1ll(salen)X] ones are principally 

employed to mimic the monooxygenase model systems and they have been mainly used to 

catalyze the oxidation of alkenes by PhIO. 46'47  The rate of oxidation was accelerated by the 

addition of a promoter which played the role of a donor ligand such as pyridine" or pyridine 

N-oxide47  in dichloromethane or acetonitrile respectively. 

11 



[Cr(salen)X] 

R 	R X= PF6  
R R 

(salen)CrX: R = H 
(m-salen)CrX: R = Me 

Scheme 1.5 [Cr(salen)X] complexes 

Another two chromium salts Cr03  and K2Cr207, having Cr(VI) oxidation state has also 

been used for oxidations under stoichiometric48'5°  and catalytic conditions.49  

1.4. Copper: A general chemistry 

Copper is moderately abundant and is the twenty-fifth most abundant element in the 

earth's crust, have been found in soil and biological materials.19  

+0.34 

+0.16 +0.52 	 Cu* 	 Cu 

The transition element copper (Cu) belongs to Group IB of the Periodic Table and has 

an atomic weight of 63.5. Copper can- exist mainly in +1 to +3 oxidation state. Although 

copper forms compounds in any of four different oxidation state, only the +2 state enjoys 

much stability. The +3 state is generally too strong an oxidizing agent, though Cu(III) has 

been found in biological systems. The free +1 ion will spontaneously disproportionate 

(+0.52V > +0.16V).5  

cu3+ +2.4 
cu2+ 

 

12 



1.5. Role of copper in biosystem: 

Copper is biologically important in various oxidase enzymes, as an oxygen carrier in 

invertebrates and in photosynthesis. Azurins, plastocyanins and laccases are involved in 

electron transfer reactions. Tyrosinases and ascorbate oxidases are used in oxygenation 

reactions.5  

In Nature, many enzymes are present which are capable of catalysing oxidation 

reactions.51  In a number of these reactions copper containing enzymes are involved. These 

enzymes are frequently studied by using model complexes which provide information on the 

nature and reactivity of the active site and about possible reaction mechanisms.51  Based on 

these copper'' containing enzymes and the related model complexes, various oxidation 

catalysts have been evaluated.52  

1.5.1. Galactose Oxidase (GO): 

Galactose Oxidase (GO) from filamentous heat-rot fungus Fusarium ssp. was first 

isolated in 1959,53  that selectively catalyzes the aerial oxidation of primary alcohols to the 

corresponding aldehydes with concomitant reduction of molecular oxygen to hydrogen 

peroxide.54  

RCH2OH + 02 Galactose oxidase RCHO + H202  

Galactose oxidase is a single polypeptide with a molecular mass of 68.5 kDa, and is 

unusual because, in contrast to most copper proteins that affect multi-electron redox reactions 

by using multinuclear active sites, galactose oxidase uses an isolated single copper center to 

carry out the required two-electron redox chemistry. 
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Scheme 1.6 Schematic diagram of galactose oxidase 

Fig. 1.7. Structure of galactose oxidase. (A and B) The active site showing the copper ligands 
(C) An overview of the galactose oxidase monomer showing the locations of the residues 

Cys383, Tyr436 and Val 494 (shown in mauve and highlighted by yellow labels), which form 
the basis of the present study. The active site residues are shown in atom colouring and are 

labelled by arrows. Non-covalent bond interactions are shown as dotted lines. 

The active site of galactose oxidase consists of a mononuclear copper ion in a square 

pyramidal coordination geometry and a tyrosine 272 radical.55-59  Hence, two redox sites are 
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present in the active form of this mononuclear metalloenyzme. In this enzyme, at pH 7, the 

copper ion is coordinated to two histidine residues (His496, His581), a tyrosinate residue 

(Tyr272), a water molecule in the equatorial plane and to another tyrosinate (Tyr495) in the 

apical position.6°  This catalytic cycle starts with the binding of the substrate by replacing a 

H2O molecule at the metal centre.61  

The mechanism of galactose oxidase is now well established (Fig. 1.7).57  As a first 

step of the catalytic process, an alcoholate is formed through the deprotonation of the 

substrate by the axial tyrosinate ligand. In the next reaction step, a hydrogen atom is 

abstracted from the substrate to the equatorial tyrosine 272 radical and subsequently or 

simultaneously the copper center is reduced to Cu(I) by the single electron transfer from the 

ketyl radical. The catalytic cycle is closed by recovering the initial copper oxidation state 

under concomitant reduction of molecular oxygen to hydrogen peroxide. 

Very recently, a few structural and functional models of galactose oxidase have 

appeared in literature62-64  which uses a phenol containing tripodal ligand. The models mimics 

the native enzyme structurally and also the functional aspect by oxidizing primary alcohols to 

the corresponding aldehydes with moderate turnover numbers. 

1.5.2. Glyoxal oxidase 

Glyoxal oxidase65  from the wood-rot fungus Phanerochaete chrysosporium is a 

secreted enzyme that functions as an extracellular factory for production of hydrogen 

peroxide, fueling peroxidases (lignin peroxidase) that are responsible for microbial lignin 

degradation.65-67  Glyoxal oxidase catalyzes the oxidization of aldehydes to carboxylic acids, 

coupled to reduction of dioxygen to hydrogen peroxide, 

Glyoxal oxidase RCHO + 02  + H2O 	 RCO2H + 11202  
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The enzyme has fairly broad specificity for the reducing substrate. However, there is 

biological evidence that P. chrysosporium specifically secretes simple dicarbonyls (glyoxal 

and methylglyoxal) to drive this reaction. Further metabolism of the glyoxylic acid product 

leads to formation of oxalic acid.68  

Previous studies of glyoxal oxidase69  have demonstrated that it is a copper 

metalloenzyme containing an unusual free radical-coupled copper active site similar to that 

found in galactose oxidase,70'71  forming a class of enzymes known as radical copper 

oxidases. Glyoxal oxidase is isolated as an inactive, reduced form lacking the free radical, 

and requires treatment with a strong oxidant (e.g. Ir(IV) or Mo(V)) for activation.69  

1.6. Role of copper as an oxidation catalyst: 

The search for low molecular weight Cu(II) complexes as functional models for 

galactose oxidase which would mimic this reactivity had a promising start in 199661  reported 

a stoichiometric oxidation by a phenoxyl radical complex. In the same year Wang and Stack72  

reported the first truly catalytic system, which in presence of a base and an oxidizing agent 

oxidizes benzyl alcohol to benzaldehyde with up to 10 turnovers. A different system was 

described by Pierre and co-workers in 1998.73 They showed that the electrochemically one 

electron oxidized phenoxyl radical complex electrocatalyzes, in the presence of KOH (where 

> 30 turnovers were observed). 

Some of the functional models of galactose oxidase involve salen-type ligands and 

exhibit interesting catalytic activity only with activated alcohols as substrates. These model 

complexes do true galactose oxidase chemistry but are not, strictly speaking, structural 

models. The best results have been obtained by Wieghardt et 74-76  with a set of complexes 
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in which the redox chemistry during the catalytic cycle is ligand based and the proposed 

mechanism is similar to the mechanism proposed for galactose oxidase itself. 

Copper(II) Schiff-base complexes, upon immobilization into microporous or 

mesoporous aluminosilicates, are capable of catalyzing olefin epoxidations and/or 

oxidations.77-79  However, the activity of Schiff-base copper(II) complexes towards catalytic 

oxidation in a homogeneous medium is not well documented in the literature. So far only a 

few copper(II) Schiff-base complexes are reported to be catalytically active towards olefin 

oxidation.80  

2. Aim and scope of the present work: 

The aim of this work is two fold: (i) to gain deeper insight into the electronic structure 

of the metal core and the ligand surrounding of these radical-containing complexes and (ii) to 

explore the oxidation chemistry of well-characterized metal complexes, which is expected to 

provide the basis for new catalytic oxidation systems for synthetic and industrial processes of 

olefins. 

To produce radical containing metal complexes, which will act as functional model 

complexes of some radical containing metalloenzymes, e.g. Galactose Oxidase, Glyoxal 

Oxidase etc. (which will change their redox property in the presence of metal ion and 

oxygen) ligands have been synthesized. 
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Chapter-1 

Studies on catalytic activity of 

chromium complexes derived from 

tridentate ligands 



Abstract 

Tridentate 	planar 	ligands 	PhimpH 	(2-((2-phenyl-2-(pyridin-2- 

yl)hydrazono)methyl)phenol), 	N-PhimpH 	(2((2-pheny1-2-(pyridin-2- 

yl)hydrazono)methyl)napthal en- 1 - 1) 	and Me—PhimpH (2-( 1 -(2-pheny1-2-(pyridine-2- 

yphydrazono)ethyl)phenol) where H stands for dissociable proton, were synthesized and 

characterized. Mononuclear chromium (III) complexes aCr(Phimp)21(C104) (1), [Cr(N-

Phimp)2](C104) (2), and [Cr(Me—Phimp)2](C104) (3)) of these ligands were synthesized and 

characterized by UV-visible, IR spectral and magnetic moment measurement studies. Redox 

property of the metal centre was examined and phenoxyl radical complexes were generated in 

solution and were characterized by UV-Vis spectrophotometer. We investigated catalytic 

studies of these complexes by GC and GC-MS studies. 
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1 Introduction: 

Catalysis is known to play a key role in modern chemical technologies. Now a days it is 

generally agreed that the key role in catalytic reactions is played by intermediate chemical 

interaction of reactive molecules with definite functional groups (active sites) of 

homogeneous, heterogeneous or biological (enzyme) catalysts.81  Oxidation of hydrocarbons 

under mild and environmental friendly conditions, is an important research field, since 

industrial processes, especially in pharmaceutical industry, for synthesizing synthons from 

readily available olefins.82  However, selective oxidation of alkanes under mild conditions, is 

a difficult task due to their chemical inertness. In this regard, use of coordination complexes 

of transition metals as catalysts is of abiding importance,83'84  as it offers an effective 

possibility for synthesis of pure compounds. Although transition metal Schiff base complexes 

of bear resemblance to enzymatic catalysts and are eye-catching since they provide 

advantages due to their relatively easy synthesis and versatile coordination structures. Among 

the various transition metal complexes reported.85-93  In this regard, first row transition metals 

namely vanadium, chromium, iron and copper complexes are preferred because of their 

versatile coordination chemistry in different oxidation states." Moreover, these transition 

metal-catalyzed oxidation reactions are chemical models for several metalloenzymes namely, 

monooxygenase, cytochrome P-450 enzymes etc.95'96  

Hence chromium is an important metal for catalytic studies because chromium exhibited 

variable oxidation states, spin states, coordination numbers and redox properties in different 

chromium complexes.5  However, chromium(III) is an essential nutrient that is involved in the 

glucose tolerance factor (GTF) in maintenance of normal carbohydrate and lipid 

metabolism.97'98  Schiff base complexes of chromium(III) such as N,No-ethylene 

bis(salicylidene-iminate)diaquochromium(III)chloride, [Cr(salen)(H20)2]Cl used as a new 

model of GTF.29'3°  Chromium(salen) complexes are well-known catalysts, both in 
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heterogeneous and homogeneous systems. Other applications of theses complexes are 

reported, such as, the alkene epoxidations47'99  and alcohol oxidations.' ° There is a wide range 

of chromium complexes83,84 that are known to be capable of catalyzing asymmetric oxidation 

of unfunctionalized olefins as well as other organic molecules in presence of terminal 

oxidants, however, reports on the use of chromium complexes are sparse in the literature.i°1-  

104 

Herein we report the synthesis and characterization of chromium complexes 

[Cr(Phimp)2](C104) (1), [Cr(N—Phimp)2](C104) (2), and [Cr(Me—Phimp)2](C104) (3) derived 

from tridentate ligands PhimpH, N—PhimpH, Me—PhimpH respectively having NNO donors 

(Scheme 1). The complexes were characterized by UV-visible, IR, magnetic moment and 

Conductivity measurement studies. Redox property was also investigated for the stabilization 

of Cr(III) oxidation states. Phenoxyl radical complexes are important intermediates in the 

catalytic oxidation of primary alcohol to aldehyde and aldehyde to carboxylic acid by 

galactose oxidase (G0)1°5-1°7and glyoxal oxidase1°8  enzymes respectively. Due to the 

presence of phenolato donor in the ligand frame we have explored the generation of phenoxyl 

radical complexes. The catalytic oxidation chemistry of the chromium complexes was 

examined. 

PhimpH, R= H 
Me-PhimpH, R= Me 

N-PhimpH 

Scheme 2.1 Tridentate ligands with abbreviations 
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2. Experimental: 

2.1. Materials and method: 

All the solvents used were reagent grade. Removal of all solvents was carried out under 

reduced pressure. Toluene, diethyl ether and dimethylformamide (DMF) were purified by 

distillation over 4A molecular sieves and stored over sieves. Analytical grade reagents phenyl 

hydrazine and hydrogen peroxide (S. D. Fine, Mumbai, India), salicylaldehyde, 0- 

hydroxyacetophenone (SRL, Mumbai, India), 2-hydroxy-l-napthaldehyde (Sigma Aldrich, 

Steinheim, Germany), CrC13.6H20 (Loba Chemie, Mumbai, India ), styrene (Avra, 

Hyderabad, India), trans-stilbene (Lancaster, Eastgate, England), sodium hydride, 2- 

chloropyridine, cis-cyclooctene (Acros organics, USA), sodium perchlorate (Himedi a 

Laboratories Pvt. Ltd, Mumbai, India) were used as obtained. Solvent used for spectroscopic 

studies were HPLC grade and purified by standard procedures before use.'°9  

2.2. Synthesis of ligands and metal complexes 

2.2.1. Synthesis of ligands: 

2.2.1.1. Synthesis of 242-phenyl-2-(pyridin-2-yOhydrazono)methylphenol, [PhimplIJ 

Salicyaldehyde (122.0 mg, 1.00 mmol) and 2-(1-phenylhydrazinyl)pyridine (185.0 

mg, 1.00 mmol) were dissolved in 10 mL of methanol. The reaction mixture was stirred at 

room temperature. Within 30 min a white solid began to separate out and stirring was 

continued for another 2 h. The mixture was stirred for about 2 h, white precipitate was 

filtered, washed thoroughly with methanol, diethylether and then dried in vacuum. PhimpH 

was recrystallized from dichloromethane. Yield: 145 mg, (50%). GC-MS (dichloromethane, 

m/z): 289 M+  (7.3%), 169 (100%), 196 (28%). 
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2.2.1.2. Synthesis of 242-pheny1-2-(pyridin-2-yOhydrazono)methyOnapthalen-l-ol, [IV-

PhimplIJ 

2-Hydroxy-l-napthaldehyde (172.0 mg, 1.00 mmol) was dissolved in 30 mL of 

methanol completely by heating and 2-(1-phenylhydrazinyl)pyridine (185.0 mg, 1.00 mmol) 

was added to this reaction mixture with continuous stirring. The reaction mixture was 

refluxed for 2 h and yellow solid separated out which was filtered washed with methanol and 

dried in vacuum. Yield: 180.9 mg, (54%). 

2.2.1.3. Synthesis of 2-(1-(2-phenyl-2-(pyridine-2-yOltydrazono)ethyl)phenol, [Me-

Ph irnpH1 

o-Hydroxyacetophenone (136.0 mg, 1.00 mmol) and 2-(1-phenylhydrazinyl)pyridine 

(185.0 mg, 1.0 mmol) were dissolved in 15 mL of methanol with one drop of concentrated 

HCl and this reaction mixture was stirred for 12 h at room temperature. After 12 h a yellow 

solid was separated out. This solid mass was filtered and washed with small amount of 

methanol and dried in vacuo. Yield: 203 mg, (67%). GC-MS (diehloromethane, m/z): 303 M4-  

(7.8%), 169 (100%), 210 (44%). 

2.2.2. Metal complexes synthesis: 

Caution! Perchlorate salts of metal complexes with organic ligands are potentially 

explosive. Only small quantities of these compounds should be prepared and handled with 

proper protection. 

2.2.2.1. Synthesis of [Cr (Phimp)2J(Cla4) (1) 

A batch (0.289 g, 1.0 mmol) of PhimpH was dissolved in 10 mL of ethanol. The 

solution of CrC13.6H20 (0.135 g, 0.5 mmol) in 10 mL of ethanol was added dropwise, the 
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color of solution was turned from green to dark brown. After 4 h of stirring, sodium 

perchlorate (0.070 g, 0.5 mmol) was added to the reaction mixture. Red-brown solid was 

precipitated out within 30 min. The stirring was continued for another 2 h. The reaction 

mixture was filtered and washed with excess of ethanol and dried in vacuo. 1 crystallized in 

dichloromethane: methanol mixture. Yield: (40%) (0.15 g, 0.2 mmol). Anal. Calculated for 

C36H28N606C1Cr (728.1): C 59.39, H 3.88, N 11.54; Found: C 59.34, H 3.93, N 11.49. 

2.2.2.2. Synthesis of [Cr (N—Phimp)2] (C104) (2) 

To a 30 mL of ethanolic solution of ligand (N—PhimpH) (0.339 g, 1.0 mmol), a batch 

of CrC13.6H20 (0.135 g, 0.5 mmol) with 10 mL of ethanol was added dropwise. The color of 

solution was changed to dark brown. The mixture was stirred for 4 h. Now a batch of sodium 

perchlorate (0.070 g, 0.5 mmol) was added to the reaction mixture. Dark brown solid was 

precipitated out within 30 min. The reaction mixture was stirred continuously for 2 h. After 

that the mixture was filtered to obtain dark brown solid. It was washed with excess of ethanol 

and was dried in vacuo. Yield: (36%) (0.07 g, 0.18 mmol). Anal. Calculated for 

C44H32N6O6C1Cr (828.1): C 63.81, H 3.89, N 10.15; Found: C 63.85, 143.86, N 10.20. 

2.2.2.3. Synthesis of [Cr (Me—Phimp)2J (C104) (3) 

This complex was prepared in a similar procedure as for 1 and 2. Yield: (37%) (0.14 

g, 0.18 mmol). Anal. Calculated for C38H32N6O6C1Cr (756.1): C 60.36, H 4.27, N 11.11; 

Found: C 60.38, H 4.30, N 11.18. 
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2.3. Generation of the phenoxyl radical complexes: 

The phenoxyl radical species of the chromium complexes were generated in situ by 

adding (NH4)2{Cerv(NO3)61 (CAN, 2.0 x 10-4M) into the acetonitrile solution of these 

phenolate complexes (1.0 x 10-4M) at 0°C. The decomposition rate of in situ generated 

phenoxyl radical metal complexes was monitored by a time dependent study at 	 ue. 

2.4. Catalytic activity studies: 

The catalytic activity measurements were carried out in a 50 mL 	 ask 

fitted with a water condenser. Styrene (0.208 g, 2.0 mmol) and the catalyst (complex 1, 2 or 

3) for the activity test (0.01 mmol) were mixed in 2.0 mL of acetonitrile and the reaction 

mixture was heated with continuous stirring on an oil bath maintained at 90°C. 30% aqueous 

H202  (0.453 g, 4.0 mmol) was added to the reaction mixture and the reaction was carried out 

for 6 h. The catalyst was separated by extraction with hexane and the hexane layer was 

analyzed after 1 h, 2 h and at the end, the products were analyzed quantitatively by a TRACE 

GC ULTRA gas chromatograph having RT-10523 column (30 m x 0.25 mm) and FID 

detector. The products were identified by GC—MS (Perkin-Elmer Clasus 500 column; 30 m x 

60 mm). An amount of cis-cyclooctene (0.220 g, 2.0 mmol) or trans-stilbene (0.364 g, 2.0 

mmol) and the catalyst (complex 1, 2 or 3) (0.01 mmol) was taken in 2.0 mL of acetonitrile 

and heated at 90°C. After addition of H202 (0.453 g, 4.0 mmol), the reaction was carried out 

for 6 h and the products were analyzed by the procedure as mentioned previously. 

3. Results and discussion: 

3.1. Synthesis and characterization of ligand: 

The tridentate ligands PhimpH was prepared by stirring 2-(1- 

phenylhydrazinyl)pyridine with salicylaldehyde whereas N-PhimpH has been prepared by 
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H2N-N 
H 

refluxing 2-(1-phenylhydrazinyl)pyridine with 2-hydroxy- 1 -napthaldehyde in methanol. Me-

PhimpH was prepared by stirring 2-(1-phenylhydrazinyl)pyridine with o-

hydroxyacetophenone in presence of few drops of concentrated HC1 in methanol. Synthetic 

preparations of these ligands are shown in Scheme 3.1. These ligands were soluble in several 

organic solvent like dichloromethane, methanol, acetonitrile, dimethylformamide and 

acetone.110  

OH N 	 OH N---''*-  

=0 	
+ H2N-N— Me0H 

/
C=N-N—IL---.% 

/C  
R 	 R 

Salicyaldehyde, R = H 	2-(1-phenyihydrazinyl)pyr, 
o-Hydroxyacetophenone, R = Me 

PhimpH, R = H 
Me-PhimpH, R = Me 

2-Hydroxy-l-napthaldehyde 2-(1-phenylhydrazinyl)pyridine 	 N-PhimpH 

Scheme 2.2 Synthetic pathways of the ligands 

A characterization of this ligand was performed by UV—visible, FT-IR, GC-MS 

spectrometry and NMR (1H and 13C) spectroscopic studies.11°  All the spectral data were 

tabulated in Table 2.1. The IR-spectrum of Schiff base ligand, PhimpH showed a band at 

1607 cm-1  which was designated as V_Hc=N for the Schiff base ligand. The corresponding band 

for N-PhimpH and Me-PhimpH was found to be at 1620 and 1598 cm-1  respectively. UV-

visible spectra of ligands PhimpH, N-PhimpH and Me-PhimpH showed bands near 339, 332 

and 350 nm respectively. However, N-PhimpH has two extra peaks near 371 and 385 nm. All 
I 

these bands were assigned as intramolecular 7C-7t*  or n-7r* transitions. Characterization of 

PhimpH, N-PhimpH and Me-PhimpH were also established unambiguously by NMR and 
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GC-MS spectrometry studies. The characteristic peak for -OH in all ligands came around (5 = 

12.0-13.0 ppm. 1H NMR spectrum of Me-PhimpH is shown in Fig. 2.1. MS spectra of ligands 

PhimpH and Me-PhimpH showed molecular ion (M) peak at 289 (73%) and 303 (73%) 

respectively and base peak at 169 (100%). The base peak at 169 was due to N-

phenylpyridylatnine cation (mass spectra of ligands PhimpH, Me-PhimpH and probable 

fragmentation patterns of Me-PhimpH are shown in Fig. 2.2-2.3 and Scheme 2.3). NMR data 

for all ligands are listed in Table 2.2. 

NMR spectrum of Me-PhimpH 
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Fig. 2.1. 1H NMR spectrum of selected proton of Me-PhimpH in CDC13. 
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Fig. 2.2. Mass-spectrum and fragmentation pattern for ligand PhimpH. 

Fig, 2.3. Mass-spectrum for ligand Me-PhimpH. 
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,Ph 
C-N-N, 

Py 

288 (84.71%) 

OH 

/C =N+  

H3C 

134 (6.68%) 

,Ph 

/ PY 
289 (17.79%) 

OH 

,Ph 
C=N-N 
H 	+ 

211 (7.27%) 

Scheme 2.3 Fragmentation pattern for ligand Me-PhimpH 

Table 2.1 Selected spectral data of ligands* 

Ligand IR data (cm-i)a  
VOH 	 V-C-OPh 

UV-visible data (2max/nm, 

PhimpH 3441 1607 1269 238 (33,133), 310 (27,956), 339 (40,163) 
N-PhimpH 3437 1620 1282 250 (37,990), 320 (15,980), 332 (21,560), 

371 (32,400), 385 (30,450) 
Me-PhimpH 3433 1598 1272 258 (20,012), 290 (15,131), 349 (12,359) 

using KBr pellets, bUV-visible data recorded in dichloromethane. 

*Spectra are shown in appendices A1- A6. 
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Table 2.2 I FINMR and 13  C NMR spectral data of ligands* 

Ligand 

PhimpH 

N-PhimpH 

Me-PhimpH 

H NMR, CDCI3  
ö (ppm from TMS), J/Hz 

6.84-6.87 (m, 2H), 6.96-6.99 (m, 2H), 7.01-7.03 
(d, J = 8.00 Hz, 1H), 7.20-7.24 (td, J = 6.75 Hz, 

2.00 Hz, 1H), 7.29-7.31 (d, J = 7.50 Hz, 2H), 
7.40 (s, 11-I), 7.52-7.56 (t, J = 7.00 Hz, 1H), 

7.57-7.61 (td, J = 6.75 Hz, 2.00 Hz, 1H), 8.27- 
8.28 (d, J= 5.0 Hz, 1H), 11.73 (s, 1H). 

6.88-6.89 (m, 1H), 6.96-6.98 (m, 1H), 7.26-7.28 
(m, 2H), 7.37-7.38 (m, 1H), 7.38-7.40 (dd, J = 
1.0 Hz, 8.5 Hz, 2H), 7.50-7.52 (m, 1H), 7.58- 

7.61 (m, 2H), 7.69-7.74 (m, 3H), 8.33-8.34 (d, 
= 2.0 Hz, 2H), 13.03 (s, 1H). 

2.23 (s, 3H), 6.86-6.90 (m, 314), 7.02-7.04 (dd, J 
= 7.0 Hz, 1.25 Hz, 1H), 7.21-7.24 (td, J = 6.25, 
1.00 Hz, 1H), 7.30-7.32 (m, 3H), 7.34-7.42 (t, J 
= 6.25 Hz, 2H), 7.46-7.48 (dd, J = 6.50 Hz, 1.50 
Hz, 1H), 7.54-7.57 (td, J = 6.75, 2.00 Hz, 1H), 

8.30-8.32 (d, 6.50 Hz, 1H), 13.58 (s, 1H).  

"C NMR 
6 (ppm from TMS)  

108.73, 116.51, 116.68, 
118.76, 119.06, 129.10, 
129.81, 129.97, 130.01, 
130.71, 137.54, 137.71, 
141.11, 148.22, 156.57, 

157.32. 
108.85, 109.26, 116.62, 
119.31, 119.79, 123.15, 
126.92, 128.25, 129.03, 
129.46, 130.02, 131.08, 
131.37, 131.83, 137.71, 
137.82, 137.87, 148.44, 

156.60, 157.19. 
16.92, 110.82, 117.14, 
117.95, 118.53, 119.51, 
125.32, 125.64, 128.44, 
129.40, 132.05, 137.67, 
145.33, 148.17, 158.62, 

160.27, 171.79. 

Solvent was used CDC13; 'singlet, ddoublet, 	mmultiplet; 

*NMR spectra of ]  H and BC are shown in appendices A10-A 15. 

3.2. Synthesis and characterization of metal complex: 

The tridentate ligands PhimpH, N-PhimpH and Me-PhimpH were synthesized by the 

reported procedure.'" Complexes were synthesized by the stirring of ligands with 

chromium(III) salt (CrC13.6H20) in ethanol for 6 h. Bis complexes were obtained even 

though reaction was started by 1:1 ratio of ligand and salts or 2:1. Details of the syntheses are 

summarized in Scheme 2.4. 
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Scheme 2.4 Synthetic pathways of Chromium complexes 

3.2.1. IR spectral studies: 

The characteristic band of azomethine (v_nc=N) group in IR spectra of the ligands were 

211 1. 1,11 observed near 1598-1620 cm- 	Coordination of the nitrogen to the metal centre reduced 

the electron density in the azomethine moiety and thus lowered the (v_fic=N) frequency. 

Decrease in stretching frequencies for (v_Hc=_N) in complexes 1, 2 and 3 clearly indicated the 

ligation of azomethine nitrogen (-HC=N-) to metal centre.113 114 The bands near 1090 cm-I  

together with a band at 623 cm-I  were found in all chromium(III) complexes 1-3 which 

showed the presence of perchlorate ion. The lack of splitting of these two bands suggested the 

presence of non-coordinated perchlorate ion to the metal centre (Fig. 2.4).115 A high intensity 

band near 1300 cm-I  in the Schiff s bases can be assigned as phenol C-0 (vc_oph) stretching 

freqency. Shift of vc_o to higher frequency supported deprotonation and the formation of 
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Y' I 

metal oxygen bond.116  It was further supported by disappearance of the broad vo_H band in IR. 

spectra of all metal complexes (Table 2.3). 
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Fig. 2.4. IR spectra of ligand N-PhimpH and complex 2. 

3.2.2. Conductivity studies: 

Experimental data for molar conductivity are tabulated in Table 2.3. The molar 

conductivity measurements in dimethylformamide at ca.10-3M determined at 298 K for 

complexes were found to be 48-59 fricm2mol-1. These values confirmed the uni-univalent 

(1:1) electrolyte behaviour in solution.118  

3.2.3. Magnetic moment studies: 

For complexes magnetic moments were measured at room temperature (300 K). The 

magnetic moment values for 1, 2 and 3 were 3.94, 3.98 and 3.94 BM respectively, which 

were paramagnetic in nature and predicting the stabilization of 3d3  system.119  (Table 2.3). 
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Table 2.3 Data for IR, condUctivity and magnetic moment of complexes 1-3 * 

Complex 	IR data (cm-I)a 	Conductivity data peer (ilB)` 
VC-Oph VCI04- (a1C1B2MOri)b  

1 1606 1306 1091, 621 52.0 3.94 
2 1610 1300 1100, 620 48.0 3.98 
3 1611 1299 1094, 621 59.0 3.94 

'Using KBr pellets, bSolvent: dimethylformamide, 'recorded at 300 K 

*Spectra are shown in appendices A,6- A18. 

3.2.4. Electronic spectral studies: 

The absorption spectra of complexes were recorded in acetonitrile at room 

temperature (Fig. 2.5). The transition band near 235-245 nm was designated as 7(-7C* 

transition in ligand as well as in complexes (Table 2.4). The band near 420 nm for complexes 

1, 2 and 3 was assigned as ligand-to-metal charge transfer '(LMCT) transition of phenolato 

oxygen to chromium(III).117  However, in addition 2 possesses one absorption band —450 nm 

which was also of charge transfer type. 

Table 2.4 Electronic spectra of complexes 1-3 and, radical species * 

Corn i lex a 	 ,max/nm d1V1-1  cm 

1 	 427(8,700), 338 (18,200), 302 (21,400), 244 (37,900). 
f1I+ 	601(420), 551(720), 422(8,800), 336(18,280), 300(22,600), 246(36,800) 

2 
[2].+  

3 
[3].4-  

484 (4,300), 445 (7,900), 426 (7,400), 350 (16,600), 257 (32,400), 244 
- 	- 805(600), 672(360), 444(12020), 424(11940), 349(24040). 

409 (7,300), 354 (10,300), 308 (15,800), 235 (42,300). 
740(100), 560(420), 399(6,100), 311(14,140), 268(23,960). 

(34,600). 

a  All complexes in parentheses are radical species, bSolvent: acetonitrile. 

*Spectra are shown in appendices A,9- A27. 
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Fig. 2.5. UV-visible spectra of ligand N-PhimpH and complex 2. 

3.2.5. Cyclic voltammetry studies: 

The redox potentials of complexes 1-3 are described in Table 2.5 and 

representative voltammograms are shown in appendices. 
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Fig. 2.6. Cyclic voltammogram of complex 2. 
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The neutral uncomplexed ligands did not show any cyclic voltammogram over the 

range from 0.0 to 1.1 V; hence all the curves were attributed to the redox activity of our 

complexes. For 1 and 2 showed quasi-reversible peaks and from the Table 3, it has been 

shown that one electron is involved in this redox process. The wave detected at 0.12-0.92 V 

vs Ag+/AgC1 has been considered as one-electron-redox process attributed to the reduction of 

[Cr1111,2]+  to [Cr11L2] (where L = Phimp, N-Phimp, Me-Phimp) indicating Cr(III)/Cr(II) 

redox couple. Whereas 3 showed irreversible peak at —1.3 V. Interestingly, cyclic 

voltammogram of 2 afforded a reversible peak — 1.2 V due to ligand centered oxidation (Fig. 

2.6). The B112 and AE values were found to be +1.20 V and 0.093 V respectively vs Ag+/AgC1 

and was described as phenoxyl radical redox couple.120'121 

Table 2.5 Cyclic voltammetric redox potentials for complexes 1-3 at 298 K. Conditions: 
solvent DCM; supporting electrolyte, TBAP (0.1 M); working electrode glassy carbon; 
reference electrode, Ag/AgCl; scan rate 0.1 V/s, concentration —10-3  M* 

Complex 	[Cr(III)/Cr(II)] 
Ev2a/V AEb/mV 

1 	0.123 	64 
2 	0.92, 1.20 112, 93 
3 

aE1/2= 0.5(Epa  + Epc) where Epa  Epc  are anodic and cathodic peak potential. 
bAE = (Epa  - Epc). 

*Voltammograms are shown in Appendices A28- A30. 

3.2.6. Generation of phenoxyl radical complexes 

Generation of phenoxyl radical complexes through the ligand centered oxidation of 

phenolato chromium(III) complexes 1-3 by addition of two equivalents of the CAN afforded 

the corresponding phenoxyl radical complexes at 0°C (Scheme 2.5). 
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Scheme 2.5 Schematic drawing for generation of phenoxyl radical complexes 

The formation of the phenoxyl radical complexes of 1-3 showed dark reddish brown 

color and have been confirmed by the characteristic peaks in UV-visible spectra for phenoxyl 

radical complexes (Table 2.4.)122,124 Upon addition of CAN, the LMCT band for the complex 

2 near 484 nm readily disappeared together with the concomitant appearance of the new 

bands at 672 and 805 nm which indicated the formation of phenoxyl radical complex (Fig. 

2.7). A similar absorption spectrum (422nm, 551 nm and 601 nm) of 1 and (405 nm, 560 nm 

and 740 nm) 3 were also obtained during the oxidation in the same procedure given as above. 

Redish brown color and characterstics peaks in 'UV-visible spectra showed the phenoxyl 

radical complexes of 1-3. 

Fig. 2.7. UV-visible spectra of generated phenoxyl radical complex of 2 (5011M) in 
acetonitrile by CAN (50-400 pM) at 0 °C, Inset: Decomposition of generated phenoxyl 

radical complex of 2 monitored by 805 nm at 0°C. 
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During our studies on the synthesis of phenoxyl radical complexes, we found that the 

radicals were unstable and gradually decomposed within very short time (2-5 min) because of 

the participation of oxygen or solvent for the regeneration of the precursor complex.I23  The 

decomposition rate of radical complexes of 1-3 was monitored by a time dependent study at X 

values of 601nm, 805 nm and 740 nm. It is reported in the literature that stability of the 

phenoxyl radical complexes increase with the increase in k value of the lowest energy 

transition,125  hence, the stability order of the phenoxyl radical complexes was 2 >3 > 1. The 

higher stability of phenoxyl radical complex of 2 may be due to engagement of ortho and 

para position of phenolato function in naphthol ring. We have generated and characterized 

the phenoxyl radical complexes, however the catalytic activity of these radical complexes 

(conversion of primary alcohol to aldehydes) are under progress. 

3.2.7 Thermal studies: 

In the present investigation, the heating rates were suitably controlled at 10°C min -I  

under nitrogen atmosphere and the weight loss was measured from ambient temperature up to 

800°C. These data was necessary to check the thermal stability of the complexes 1 -3 

before we proceed to investigate the catalytic activity of metal complexes.The results of the 

thermogravimetric analysis of the complexes are not very conclusive in terms of the loss of 

specific group(s) on increasing the temperature under nitrogen atmosphere. However, it is 

clear from the thermogravimetric profiles that these complexes are stable up to 260°C (Table 

2.6). Complex 1 loses weight in three steps. A weight loss of 31.5% was observed in the up to 

310°C in the first two overlapping steps followed by a weight loss of 68.3% in a sharp and 

narrow temperature range of 310-420°C. The total weight loss of complex 1 is 99.8%. 

Similarly, complex 2 and 3 lose the maximum weight of 63.6% and 45.7% in the third, a 

sharp narrow step (between 360°C and 440°C) and in the second step (between 257-267°C) 
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respectively. Finally, the remaining loss of 4.6% for 2 and 12.4% for 3 is in the range of 400-

770°C. The initial decomposition and inflection temperatures have been used as an indication 

on the thermal stability of complexes.126  

Table 2.6 Data for TGA/DTA of complexes 1-3* 

Complex Temperature Range (°C) Loss (wt%)a  Types of loss 
20-270 7.7 Exothermic 

1 270-310 31.5 Exothermic 
310-420 99.8 Exothermic 
20-275 4.9 Exothermic 

2 275-360 
360-440 

28.3 
91.9 

Exothermic 
Exothermic 

440-770 96.5 Exothermic 
20-257 6.3 Exothermic 

257-267 52.0 Exothermic 
3 267-404 85.6 Exothermic 

404-480 95.6 Exothermic 
480-772 98.0 Exothermic 

aRate:10°C/min, Gas:Nitrogen(200 ml/min, Reference:Alumina Powder. 

*DTA-TGA curves are shown in appendices A31- A33. 

3.3. Catalytic activity studies: 

3.3.1. Oxidation of styrene: 

Oxidation of styrene has been investigated by several workers using homogeneous as 

well as heterogeneous catalysts and major oxidation products generally obtained are 

styreneoxide, benzaldehyde, benzoic acid, phenyl acetaldehyde and 1- phenylethane-1,2- 

di01.127-132 We have found that Cr(I11) complexes 1, 2 and 3 satisfactorily catalyse the 

oxidation of styrene using H202 as oxidant and gives styreneoxide, benzaldehyde, 1 

phenylethane-1,2-diol and benzoic acid along with some unidentified products in 

homogeneous conditions (Scheme 2.6). 
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Scheme 2.6 Various oxidation products of styrene 

- 
In order to get the maximum oxidation of styrene, effect of time on the oxidation of 

styrene reaction has been studied in detail. Carrying out this reaction in 2.0 mL acetonitrile at 

90°C with 30% aqueous H202 under these reaction conditions (i.e. 1:2, substrate to oxidant 

ratio) gave 80-90% conversion after 6 h but the recovery of the catalyst from the reaction 

mixture became very difficult due to partial decomposition as well as blending of the 

complexes with solvent. Thus, under the above reaction conditions (i.e. styrene (0.208 g, 2.0 

mmol), catalyst (0.01 mmol) and 30% aqueous H202 (0.453 g, 4.0 mmol), acetonitrile (2.0 

mL), temperature (90°C) and time (6 h)), catalytic activity of all the three complexes 1, 2 and 

3 was analyzed (Fig. 2.8). 
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Fig. 2.8. Bar diagram showing conversion of styrene and selectivity of products in 6h. 

The percent conversion of styrene was found to be 96.5%, 92.7% and 86.0% for 1, 3 

and 2 respectively. Moreover, the formations of styreneoxide were 2.7, 2.2 and 3.6%, 

respectively (Table 2.7). 

Table 2.7 Effect of time on the oxidation of styrene and the product selectivity' 

Catalyst Time Percent of 
conversion 

Percent of product selectivity 
SOb  Bzg BzAcd  PhEDe 1PhAc 

TON 

1 1 34. 5 15.1 80.7 - 4.2 
2 38.1 3.1 91.9 5.0 
6 96. 5 2.7 47.3 28.6 4.4 17.0 192.5 

2 1 29.4 1.7 95.0 - 3.3 - - 
2 47.0 2.2 93.2 - 4.6 - 
6 86.0 3.6 57.8 25.4 3.6 9.6 170.0 

3 1 39.6 1.2 90.5 2.6 5.7 - 
2 50.4 ,1.4 88.5 2.5 1.0 6.6 
3 92.7 2.2 41.5 36.7 9.6 10.0 192.3 

'Reaction conditions: styrene (0.208g, 2.0 mmol), catalyst (0.01 mmol), oxidant (0.453g, 4.0 
mmol), temperature (90°C) and acetonitrile (2 mL).bStyrene oxide, eBenzaldehyde, dBenzoic 

acid, e l-Phenylethane-1,2-diol, fPhenylacetaldehyde. 

Thus, turns over number (TON: moles of substrate converted per mole of metal in the 

solid catalyst) of the three catalysts are -192.2 (for land 3) and 170.0 (for 2). However, in all 

cases, the selectivity of various products follows the order: benzaldehyde > benzoic acid > 
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Phenylacetaldehyde > 1-phenylethane- 	> styreneoxide. The highest formation of 

benzaldehyde is probably due to a nucleophilic attack of H202 to styreneoxide. 

Benzaldehyde formation may also be facilitated by direct oxidative cleavage of the styrene 

side chain double bond via radical mechanism. Other products, e.g. benzoic acid formation 

through benzaldehyde is rather slow in all reactions. Water present in H202 as well as formed 

during the reaction if any, is probably responsible for partial hydrolysis of styreneoxide to 1- 

phenylethane- 1 ,2-diol. 

3.3.2. Oxidation of cis-cyclooctene: 

Oxidation of cis-cyclooctene catalysed by complexes 1, 2 and 3 gave 

epoxycyclooctane (Scheme 2.7)133  along with some unidentified products. 

cis-Cyclooctene 
00 

Epoxycyclooctane 
(EC) 

H202  /Cat. 

Scheme 2.7 Oxidation product of cis- Cyclooctene 

Catalytic activity of all the three complexes 1, 2 and 3 was analyzed at reaction 

conditions (i.e. cis-cyclooctene (0.220 g, 2.0 mmol), catalyst (0.01 mmol) and 30% aqueous 

H202 (0.453 g, 4.0 mmol), acetonitrile (2.0 mL), temperature (90°C) and time (6 h)), (Fig. 

2.9). 
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Fig. 2.9. Bar diagram showing conversion of cis-Cyclooctene and selectivity of products in 
6h. 

As 90°C was found an ideal temperature to run the homogeneous catalytic reaction, 

achieve the maximum oxidation of cis-cyclooctene using complexes 1, 2 and 3 as a 

representative catalyst. The oxidation of cis-cyclooctene after 6 h of the reaction time is 

illustrated in Table 2.8. 

Table 2.8 Effect of time on the oxidation of cis-Cyclooctene and the product selectivity' 

Catalyst Time Percent of conversion Percent of product selectivity 
ECb 	Others 

TON 

1 1 5.7 100 
2 56.8 92.7 7.3 
6 68.7 90.4 9.6 137.0 

2 1 34.4 92.1 7.9 - 
2 74.5 86.9 13.1 
6 91.8 76.4 23.5 186.3 

3 1 40.8 88.6 11.4 - 
2 58.0 85.4 14.6 
3 95.0 82.4 17.6 188.1 

aReaction conditions: cis-Cyclooctene (0.22g, 2.0 mmol), catalyst (0.01 mmol), oxidant 
(0.453g, 4.0 mmol), temperature (90°C) and acetonitrile (2 mL). aEpoxycyclooctane. 

The percent conversion of cis-Cyclooctene was found to be 95.0%, 92.7% and 68.7% 

for 3, 2 and 1 respectively. Moreover, the formations of epoxycyclooctane are 82.4, 76.4 and 
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Benzaldehyde Benzoic acid 
(BzA) 	(BzAc) 

trans- Stilbeneoxide 
(TSO) 

trans- Stilbene 
0 

Benzil 
(BzI) 

90.4%, respectively. Thus, turns over number of the three catalysts are —188.1 (for land 3) 

and 137.0 (for 1). However, in all cases, the selectivity of epoxycyclooctane is appreciable. 

3.3.3. Oxidation of trans-stilbene: 

Complexes were also tested for the oxidation of trans-stilbene where trans-

stilbeneoxide, benzaldehyde, benzoic acid and 1,2- diphenylethanedione (benzil) were 

obtained as major oxidation products (Scheme 2.8).134  

Scheme 2.8 Various oxidation products of trans- Stilbenene 

All reactions were carried out by the above procedure which followed in the oxidation 

of styrene and cis-cyclooctene. Complexes 1, 2 and 3 were used as a representative catalyst. 

%Conversion %TSO %BzI 
	

%BzA %BzAc %Others TON 

Fig.2.10. Bar diagram showing conversion of trans-stilbene and selectivity of products in 6 h. 

Results presented in Table 4 shows that time of reaction plays an important role in 

that increasing the oxidation of trans-stilbene. However, the selectivity of epoxide increases 
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from -0.4 to 23%. A considerably lower formation of trans-stilbeneoxide is probably due to 

further reaction of trans-stilbeneoxide with H202 to give benzil which in turn converted into 

benzaldehyde due to hydrolysis. The percentage conversion of all three catalysts along with 

the selectivity of oxidation products are presented as bar diagrams in Fig. 2.10. 

Table 2.9 Effect of time on the oxidation of trans-Stilbene and the product selectivity' 

Catalyst Time Percent of Conversion Percent of product selectivity 
TSOb  BA' 	BzAd 	BzAce 	Others 

TON 

1 1 14.6 0.4 12.8 83.7 - 3.1 
2 15.3 13.0 11.8 56.2 10.7 8.3 
6 64.0 22.9 3.9 33.3 36.2 3.8 127.6 

2 1 19.5 2.6 8.9 78.7 - 9.8 
2 40.7 3.7 4.0 88.3 1.5 2.5 
6 62.9 19.0 3.4 48.7 26.8 2.1 124.0 

3 1 16.2 2.7 9.5 81.0 1.6 5.3 - 
2 34.8 8.5 7.6 75.1 3.3 5.6 - 
3 71.3 17.0 3.3 58.3 18.2 3.2 141.8 

'Reaction conditions: trans-Stilbene (0.364g, 2.0 mmol), catalyst (0.01 mmol), oxidant 
(0.453g, 4.0 mmol), temperature (90 °C) and acetonitrile (2 ml). btrans-Stilbene oxide, 

cBenzil, dBenzaldehyde, 'Benzoic acid. 

Thus, turns over number of the three catalysts are -427.0 (for 1 and 2) and 141.8 (for 

3) (Table 2.9). However, unidentified products are further oxidation products of benzil as 

indicated by GCMS, but these are only in trace amounts and in the frame of the present study, 

no efforts were undertaken to separate them. 
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4. Conclusion: 

A new family of mononuclear chromium complexes derived from tridentate ligands 

have been synthesized and characterized. Investigations of UV-visible, IR spectral studies 

and magnetic moment data confirmed the formation of this family of complexes 1-3. The 

ligands stabilized the Cr(III) complexes which were found to paramagnetic in nature. The 

TGA profile of the 1, 2 and 3 was indicating that these complexes were thermally stable up to 

260°C. The complexes 1, 2 and 3 described in this report showed a good oxidation catalytic 

activity comparable to that of a large number of Cr(III) complexes already reported in the 

literature. The results of the catalytic studies revealed that oxidation of various 

unfunctionalized alkenes is achievable in the presence of either 1, 2 or 3 using with 30% 

H202  as a precursor oxidant, though 2 is comparatively less efficient. We examined the 

ligand centered oxidation of complexes 1-3 in relevance with the active site modeling of 

Galactose Oxidase and phenoxyl radical complexes were generated in solution at 0°C. 

Oxidation via phenoxyl radical complexes and related works are under process. 
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Chapter-2 

Studies on catalytic activity of 

copper complexes derived from 

tridentate ligands 



Abstract 

Mononuclear copper (II) complexes aCu(Phimp)21 (4) and [Cu(N-Phimp)2]) of the 

ligands PhimpH and N-PhimpH were synthesized and characterized by UV-visible, IR, 

magnetic moment and Conductivity measurements studies. These data were compared with 

reported results. We investigated catalytic studies of these copper complexes by GC and GC-

MS and compared the data with the same derived from chromium complexes. 
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1. Introduction: 

Copper(II) complexes with tetradentate or tridentate Schiff-base ligands are of 

considerable interest due to their structural and magnetic properties, in addition to being 

potential models for a number of important biological systems.135  Several copper(II) Schiff-

base ligands complexes exhibit antimicrobial, anti-inflammatory and antipyretic activities,136  

together with an activity similar to super-oxide dismutase.137  Schiff-base metal complexes are 

important systems in asymmetric catalysis138  and can often mimic biological sites. Because of 

the versatility of the steric and electronic properties, which can be fine-tuned by choosing the 

appropriate amine precursors and ring substituents, metal complexes of Schiff-bases derived 

from aromatic carbonyl compounds have received a great deal of attention in connection with 

studies on asymmetric catalysis and metalloprotein modeling.139-144  Catalytic epoxidation of 

alkenes is an important industrial reaction for the production of a wide variety of fine 

chemicals145  as they are derived directly from alkenes, a primary petrochemical source. Thus 

olefin epoxidations/ oxidations catalyzed by a metal complex have now become an important 

research topic in both organic synthesis and bioinorganic modelling of oxidase. Schiff-base 

complexes of chromium(III) 147, ruthenium(III)146  and ruthenium(II)148  are used as potential 

catalysts for olefin oxidation. 

However, the activity of Schiff-base copper(II) complexes towards catalytic oxidation 

in a homogeneous medium is not well documented in the literature. So far only a few 

copper(II) Schiff-base complexes are reported to be catalytically active towards olefin 

oxidation.149  There are some reports of molecular oxygen catalyzed oxidation, and 30% 

hydrogen peroxide is usually considered an environmental friendly oxidant. Herein we report 

the catalytic studies of copper complexes derived from PhimpH and N-PhimpH. 
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2. 	Experimental: 

2.1. Materials and methods: 

All the solvents used were reagent grade. Purification of solvents was done as 

mentioned in the chapter 1. Cu(C104)2 (Acros organics, USA) were used as obtained. Other 

reagents, those were used same as in chapter 1 also. 

2.2. Synthesis: 

2.2.1. Synthesis of metal complexes: 

The ligands have been synthesized by the procedure reported in the previous chapter 

(chapter 1).11°  

2.2.1.1. Synthesis of [Cu(Phimp)2] (4) 

A batch (0.289 g, 1.0 mmol) of PhimpH was dissolved in 8 mL acetonitrile and the 

solution was stirred with (0.024 g, 1.0 mmol) sodium hydride for 30 min. A solution of 

Cu(C104)2.6H20 (0.111 g, 0.3 mmol) in 3 mL acetonitrile was added dropwise to the 

deprotonated ligand solution. After 15 min of stirring microcrystalline greenish-yellow 

compound was precipitated. The solid was separated by filtration after 3 h of stirring, washed 

with acetonitrile and diethyl ether and then dried in vacuo. Yield: 73%. Anal. Calculated for 

C36H28N602Cu (640.1): C 67.54, H 4.41, N 13.13; Found: C 67.51, H 4.39, N 13.10. 

2.2.1.2. Synthesis of [Cu(N-Phimp)2i.  (5) 

This complex was prepared in a similar procedure as for 4. Yield: 62%. Anal. 

Calculated for C441-132N602Cu (740.3): C 71.39, H 4.36, N 11.35; Found: C 71.35, H 4.32, N 

11.30. 
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2.3. Catalytic activity studies 

General procedure for catalytic oxidation of alkenes with hydrogen peroxide 

catalyzed by [Cu(Phimp)2] and [Cu(N-Phimp)2] was taken from the previous chapter 

(chapter 1). All reactions were carried out in a 100 ml double-necked flask equipped with a 

reflux condenser in oil bath. In a typical experiment, 0.01 mmol catalyst, 2.0 mL acetonitrile, 

2.0 mmol alkene and 4.0 mmol hydrogen peroxide (30%) were mixed and stirred at 90°C for 

6 h. The catalyst was separated by extraction with hexane and the hexane layer was analyzed 

after 1 h, 2 h and at the end, the products were analyzed quantitatively. The progress reaction 

of was monitored by GC. 

3. Results and discussion: 

3.1. Synthesis and characterization of metal complexes: 

Ligand PhimpH was prepared according to the reported procedure." 0 Reaction of the 

deprotonated ligand (Phimp) and Cu(C104)2.6H20 in acetonitrile (3:1, ligand to metal-salt 

ratio) afforded [Cu(Phimp)2] (4). On replacing ligand Phimp by deprotonated ligand N-

Phimp, the similar reaction with 1:3 of metal-salt to ligand ratio resulted [Cu(N-Phimp)2] 

(5). Complexes were isolated with a very good yield of 60-65% and their synthesis were 

summarized in Scheme 3.1.122  
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Scheme 3.1 Synthetic pathways of copper complexes 

3.1.1. IR spectral studies: 

In IR, the characteristic band of azomethine (v_Hc-N) 'and phenol C-0 (vc_oph) group in 

free ligand was observed near 1615 and 1275 cm-1  respectively. On the other hand, in the 

copper complexes the bands were shifted to 1600-1610 cm-I  and 1300 cm-I  respectively, 

indicating the coordination of the azomethine nitrogen (-HC=N-) to the metal centre and 

formation of metal oxygen bond. Coordination of the nitrogen with the metal centre was 

expected to reduce the electron density in the azomethine moiety and thus lowered the (v_ 

fic=N) frequency15°  and shift of vc.0 to higher frequency supported deprotonation (Fig.3.1). It 

was further supported by disappearance of the broad vo_H  band in IR spectra of all metal 

complexes. All values are tabulated in table 3.1. 

Complex 5 
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Fig. 3.1. IR spectra of ligand PhimpH and complex 4. 

3.1.2. Conductivity studies: 

Experimental data for molar conductivity are tabulated in Table 3.1. The molar 

conductivity measurements in dimethylformamide at ca. 10-3  M determined at 298 K for 

complexes 4 and 5 were in the range of 15-35 Sr1cm2mo1-1  confirming neutral electrolytic 

behaviour152  in solution. 

3.1.3. Magnetic moment studies: 

For complexes 4 and 5, room temperature (298 K) magnetic moments were 1.95 and 

1.99 p.B respectively, which were expected for the stabilization of 3d9  copper(11) ion and 

paramagnetic nature (Table 3.1). 

3.1.4. Electronic spectral studies: 

The absorption spectra of complexes were recorded in dichloromethane solution at 

room temperature. The band near 240-245 nm was designated as X-71*  transition in ligand as 
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well as in complexes. The absorption band 387-401 nm for both complexes in different 

solvents shows a strong charge transfer transition. These bands are probably due to 

phenolate/Cu(II) ligand-to-metal charge transfer (LMCT)151  The electronic spectral data are 

depicted in Table 3.1 and spectra were shown in Fig. 3.2. It is noteworthy that complex 4 has 

been studied as a possible galactose oxidase model in an earlier study and showed remarkable 

phenoxyl radical activity.122  

0.8 

0.6 

0.4 

0.2 

0.0 
300 	400 	500 	600 

	
700 
	

800 

Wavelength (nm.) 

Fig. 3.2. UV-visible spectra of ligand PhimpH and complex 4. 

Table 3.1 Data for IR, UV-visible, conductivity and magnetic moment of complex 4-5* 

Complex IR data (cnfi)a 	UV-visible data 
(A.,„„i/nm, g/IVr4cm-1)h  V-HC=N 	VC-Oph 	VCI04-  

Conductivity 
data 

(if icm2mol'i)e  

/eff 

Od  

4 

5 

1608 

1605 

1307 

1302 

401(21,500), 337(65,800), 
309(51,600), 278(42,900), 

242(74,400) 
542(800), 437(16,000), 

387(30,300), 332(32,900), 
244(66,000) 

14.0 

35.0 

1.95 

1.99 

'Using KBr pellets, bSolvent: dichloromethane, 'Solvent: DMF, dRecorded at 298 K. 

*Spectra are shown in appendices A34- A37. 
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3.1.5. Cyclic voltammetry studies: 

Both the complexes show quasi-reversible cyclic voltammogram having AE values in 

between 87-200 mV.122  The E112 values for Cull/CuI couple were found to be in the potential 

range -0.50 to -0.65 V vs. Ag/AgCl. Phenolato oxygen stabilizes higher oxidation states and 

the negative potentials are consistent with the data reported.'53  

3.1.6. Thermogravimetry studies: 

The TGA data of the catalysts along with the weight percentage loss at different steps 

and their probable assignments are presented in Table 3.2. The TGA profile of the catalyst 

was indicating that these complexes were thermally stable up to 100°C. The thermal 

decomposition of both the catalysts occurs in three to four steps. The weight loss of these 

catalysts occurs in two major stages in the temperature range (0°C - 100°C). In complex 4, 

first stage weight loss starts 250-150°C (47.1%) and second stage weight loss starts 430-

550°C (31.3%). The total weight loss of complex 4 is 98.1%. The decomposition of complex 

5, in the first stage occurs at 162-300°C with the weight loss of 39.3%, and after a small 

weight loss of 12.5% in the range of 300-470°C, the second stage starts immediately with the 

weight loss of 39.8% up to 600°C. Complete decomposition of complex 5 was —600°C. 

Table 3.2 Data for TGA/DTA of complexes 4 and 5* 

Complex Temperature Range (°C) Loss (wt %)a  Types of loss 

4 

5 

20-250 
250-280 
280-430 
430-550 
100-162 
162-300 
300-470 
470-600 

7.2 
47.1 
12.5 
31.3 
8.4 

39.3 
12.5 
39.8 

Exothermic 
Exothermic 
Exothermic 
Exothermic 
Exothermic 
Exothermic 
Exothermic 
Exothermic 

aRate:10°C/min, Gas:Nitrogen(200 ml/min, Reference:Alumina Powder. 

*DTA-TGA curve are shown in appendices A38 and A39. 
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3.2. Catalytic activity studies: 

Aromatic and aliphatic alkenes react with 30% aqueous H202 to produce the 

corresponding oxides and/or epoxides in good yield, with moderate selectivity, in acetonitrile 

when catalyzed by the Cu Schiff-base complexes. The results of the catalytic oxidation of 

different olefins substrates are given in Table 3.3-3.5. 

3.2.1. Oxidation of styrene: 

The oxidation of styrene with 30% aqueous H202 gave styrene oxide in moderate 

amount (from 44.0% to 0.6% for 4 and from 3.8% to 1% for 5) (Fig. 3.3.) under the 

homogeneous conditions in reaction time period along with this a good yield of benzaldehyde 

and benzoic acid was also detected (Table 3.3). A turnover number of 171.0-196.0 has been 

attained in the styrene oxidation reaction (Scheme 2.6, in chapter 1). 

Fig. 3.3. Bar diagram showing total conversion of styrene and selectivity of various products. 

Das et al. have obtained a moderate yield of olefin epoxides using a copper(II) Schiff-

base complex as a catalyst in the presence of 2-methylpropanal and molecular oxygen under 
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homogeneous conditions 154(a), while a maximum yield of ca. 15% of styrene epoxide has 

been achieved with iodosylbenzene using Schiff-base copper complexes.' 54 

Table 3.3 Effect of time on the oxidation of styrene and the product selectivity' 

Catalyst Time Percent of 
conversion SO" 

Percent of product selectivity 
BzAc  BzAcd  PhEDe  PhAdf  Others 

TON 

4 1 4. 4 43.4 56.6 - - 
2 36.2 3.7 75.1 2.6 2.9 14.6 1.1 
6 99. 5 0.6 13.0 52.4 16.0 16.7 1.4 196.0 

5 1 17.7 17.4 66.5 16.1 - - - 
2 36.6 3.8 78.0 18.2 - - - 
6 88.1 1.0 34.2 41.7 4.6 16.5 2.0 171.4 

'Reaction conditions: styrene (0.208g, 2.0 mmol), catalyst (0.01 mmol), oxidant (0.453g, 4.0 
mmol), temperature (90 °C) and acetonitrile (2 m1).1'Styrene oxide, eBenzaldehyde, dBenzoic 

acid, e l-Phenylethane-1,2-diol, fPhenylacetaldehyde. 

3.2.2. Oxidation of cis-cyclooctene: 

The main product observed during the oxidation of cis-cyclooctene with 30% aqueous 

H202 under the preset conditions was epoxycyclooctane and some minor products (Scheme 

2.7., in chapter 1). Complex 5 is an outstanding catalyst performing significantly better than 

the other 4 under study (Fig. 3.4.). 

150 

No 

50 

0 

%Conversion 
	

%EC 
	

%Others 
	

TON 

Fig. 3.4. Bar diagram showing total conversion of cis-cyclooctene and selectivity of various 
products. 
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The effect of time was investigated. It is observed that the increment of time from 1 h 

to 6 h increases the conversion from 10% to 49% for 4 and 15% to 87% for 5 (Table 3.4). 

Table 3.4 Effect of time on the oxidation of cis-Cyclooctene and the product selectivitya  

Catalyst Time Percent of 
Conversion 

Percent of product selectivity 
ECb 	Others 

TON 

4 1 10.6 72.6' 27.4 
2 12.1 70.3 29.7 
6 48.8 57.4 42.6 96.1 

5 1 14.8 100 - 
2 24.2 91.8 8.2 
6 86.7 71.9 28.1 171.1 

aReaction conditions: cis-Cyclooctene (0.22g, 2.0 mmol), catalyst (0.01 mmol), 
oxidant (0.453g, 4.0 mmol), temperature (90 °C) and acetonitrile (2 ml).bEpoxycyclooctane. 

3.2.3. Oxidation of trans-stilbene: 

The above optimized reaction conditions could be applied to the oxidation reaction of 

other olefins by Cu(II) catalysts and the results are shown in Fig. 3.5. Reactions were 

performed at 90°C in acetonitrile containing alkene, oxidant and catalyst. This catalyst 

efficiently converts olefins to their corresponding oxidation products (Scheme 2.8., in 

chapter 1). 

%Conversion %TSO 	%Bzi 	%BzA %BzAc %Others TON 

Fig. 3.5. Bar diagram showing conversion of trans-stilbenene and selectivity of products. 
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Table 3.5 Effect of time on the oxidation of trans-stilbene and the product selectivity' 

Catalyst Time Percent of 
conversion 

Percent of product selectivity 
TSOb 	Bzle 	BzAd 	BzAce 	Others 

TON 

4 

5 

1 
2 
6 
1 
2 
6 

20.7 
39.2 
57.3 
23.2 
32.9 
63.3 

0.5 
1.2 
2.6 
0.8 
2.7 
3.1 

6.3 
4.7 
3.2 
6.7 
4.4 
3.4 

84.2 
76.8 
32.4 
83.4 
78.8 
45.3 

2.0 
10.5' 
59.1 
3.8 
10.8 
45.2 

7.0 
6.8 
2.7 
5.3 
3.3 
3.0 

- 
- 

112.8 
- 
- 

124.9 

'Reaction conditions: trans-stilbene (0.364g, 2.0 mmol), catalyst (0.01 mmol), oxidant 
(0.453g, 4.0 mmol), temperature (90 °C) and acetonitrile (2 ml). btrans-stilbene oxide, 

dBenzaldehyde, 'Benzoic acid. 

trans-Stilbene gives benzaldehyde as major product with benzoic acid having good 

selectivity, benzil and trans-Stilbene epoxide with minimum selectivity (Table 3.5). 
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4. Conclusion: 

The synthesis and characterization of two reported copper complexes (4 and 5) have 

been described. The TGA profile of the 4 and 5 was indicating that these complexes were 

thermally stable up to 100°C. The complexes 4 and 5 were tested as oxidation catalysts in the 

epoxidation of alkenes in this report showed a good oxidation catalytic activity comparable to 

that of a large number of Cu(II) complexes already reported in the literature.. 

59 



References 

1. Green, S.; Industrial Catalysis; Macmillan Company: New York, 1928. 

2. Berzelius, J. J.; Reseanteckningar; Stockholm, 1903. 

3. Schwab, G. M.; Catalysis Science and Technology Anderson, J. R; Ed.; Springer: New 

York, 1981, 2. 

4. Davis, B. H.; Handbook of Heterogeneous Catalysis; Ed.; Wiley-VCH: Weinheim, 

1997, 1. 

5. Huheey, J. E.; Inorganic Chemistry: Principles of Structure and Reactivity Mehdi, 0. 

K.; Fifth Ed.; Pearson Education, 2009, 647. 

6. Parshall, G. W.; Homogenous catalysis: the applications and chemistry of catalysis by 

soluble transition metal complexes; Itbel, S. D.; Second Ed.; Wiley Interscience 

Publications, 1992, 137. 

7. Sheldon, R. A., Aspects of Homogeneous Catalysis; Uga, R.; Ed.; D. Reidel Publishing 

Company, 1981, 4, 3. 

8. Cornils, B.; Applied Homogeneous Catalysis with Organometallic Compounds; 

Herrmann, W. A.; Wiley-VCH: Weinheim, Germany, 1996. 

9. Kragl, U.; Dwars, T. Trends Biotechnol. 2001, 19, 442. 

10. Tzschucke, C. C.; Markert, C.; Bannwarth, W.; Roller, S.; Hebel A.; Haag R. Angew. 

Chem. Int. Ed. 2002, 41, 3964. 

11. Muzart, J. Chem. Rev. 1992, 92, 113. 

12. McGarrigle, E. M.; Gilheany, D. G. Chem. Rev. 2005, 105, 1564. 

13. Sulmon, P.; Saelmans, W. Chem. Mag. 1991, 81. 

14. Vincent J. B. J. Nut. 2000, 130, 715. 

60 



15. (a) Longenecker, J. B.; Snell, E. E. J. Am. Chem. Soc. 1957, 79, 142. (b) Snell, E. E.; 

Torchinsky, Y. M. Pyridoxal Catalysis, Enzymes and Model Systems; Interscience: New 

York, 1968. 

16. (a) Snell, E. E.; Fanelli, A. R. Chemical and Biological Aspects of Pyridoxal Catalysis; 

MacMillan: New York, 1963. (b) Doctor, V. M. J. Oro, J. Biochem. 1969, 112, 691. 

17. Apella, M. C.; Totaro, R.; Baran, E. I Biol. Trace Elem. Res. 1993, 37, 293. 

18. Casanova, J.; Alzuet, G.; Borras, J.; Carugo, 0. 1 Chem. Soc., Dalton Trans. 1996, 

2239. 

19. Lee, J. D.; Concise Inorganic Chemistry; Fifth edition, Oxford university press, 2008. 

20. Mertz, W. Physiol. Rev. 1969, 49, 169. 

21. Anderson, R. A. Nut. Res. Rev. 2003, 16, 267. 

22. Anderson, R. A.; Brantner J. H.; Polansky, M. M. J. Agric. Food Chem. 1978, 26, 1219. 

23. Toepfer, E. W.; Mertz, W.; Polansky, M. M.; Roginski, E. E.; Wolf, W. R. J. Agric. 

Food Chem. 1977, 25, 162. 

24. Mirsky, N.; Weiss, A.; Don, Z. J. Inorg. Biochem. 1980, 13, 11. 

25. Haylock, S. J.; Thornton, R. J.; Buckley, P. D.; Blackwell, L. F. Exp. Mycology, 4982, 

6, 335. 

26. Cooper, J. A.; Anderson, B. F.; Buckley, P. D.; Blackwell, L. F. Inorg. Chim. Acta, 

1984, 91, 1. 

27. Zhao, P.; Wang, J.; Mab, H.; Xiao, Y.; He, L.; Tong, C.; Wang, Z.; Zheng, Q.; Dolence, 

E. K.; Nair, S.; Li, J. R. I Biochem. Pharmacol. 2009, 77, 1002. 

28. Anderson R. A. J. Am. Coll. Nutr. 1998, 17, 548. 

29. Govindaraju, K.; Ramasami, T.; Ramaswamy, D. J. Inorg. Biochem. 1989, 35, 127. 

30. Govindaraju, K.; Ramasami, T.; Ramaswamy, D. J. Inorg. Biochem. 1989, 35, 137. 

31. Indictor, N.; Jochsberger, T.; Kurmt, D. J Org. Chem. 1969, 34, 2855. 

61 



32. Indictor, N.; Jochsberger, T.; Kurnit, D. J. Org. Chem. 1969, 34, 2861. 

33. Paderes, G. D.; Jorgensen, P. L. J. Org. Chem. 1989, 54, 2058. 

34. Q. F.; Zhang, Lai, J. L. C. C. W.; Wong, W. T.; Leung, W. H. Inorg. Chem. 2001, 40, 

2470. 

35. (a) Montanari, F.; Banfi, S.; Quici, S. Pure Appl. Chem. 1989, 61, 1631. (b) Mansuy, D. 

Pure AppL Chem. 1990, 62,741. 

36. Binapfl, J.; Krey, W. Chem. Abstr. 1931, 25, 1259. 

37. Meyer, C.; Clement, G.; Balacaenu, J. C. Chem. Abstr. 1965, 63, 12362c. 

38. Church, J. M.; Joshi, H. K. Ind. Eng. Chem. 1951, 43, 1804. 

39. Indictor, N.; Brill, W. F. J. Org. Chem. 1965, 30, 2074. 

40. Blau, K.; Kovacs, 0.; Lauterbach, G.; Makhoul, M.; Pritzkow, W.; Tien, T. D. J. Prakt. 

Chem. 1989, 331, 771. 

41. Dmitrieva, 0. P.; Anabekov. V. E.; Mitakevich. N. I. React. Kinet. Catal. Lett. 1982, 

19,139. 

42. Brunie, J. C.; Coatantini, M.; Crenne, N.; Jouffret, M. Chem. Abstr. 1971, 74, 53060d. 

43. Brunie, J. C.; Costantini, M.; Crenne, N.; Jouffret, M. Chem. Abstr. 1971, 75, 118033. 

44. Harustiak, M.; Hronec, M.; Ilaysky, J.; Ciffrova, M. Ropa Uhlie 1986, 28, 315; Chem. 

Abstr. 1987, 107, 6617f. 

45. Davis, S.; Draeo. R. S. J. Chem. Soc., Chem. Commun. 1990, 250. 

46. Siddall, T. S.; Miyaura, N.; Huffman, J. C.; Kochi, J. K. J. Chem. Soc., Chem. Commun. 

1983, 1185. 

47. Samsel, E. G.; Srinivasan, K.; Kochi, J. K. J. Am. Chem. Soc. 1985, 107, 7606. 

48. (a) Baldwin, J. E.; Swallow, J. C.; Chan, H. W. S. Chem. Commun. 1971, 1407. (b) 

Peters, J. W.; Pitts, J. N.; Rosenthal, I.; Fuhr, H. J. Am. Chem. Soc. 1972, 94, 4348. (c) 

Fleet, G. W. J.; Little, W. Tetrahedron Lett. 1977, 3749. (d) Drabowicz, J. Synthesis 

62 



1980, 125. (e) Firouzabadi, H.; Iranpr, N.; Kiaeezadeh, F.; Toofan, J. Tetrahedron 1986, 

42, 719. 

49. Fomin, V. M.; Glushakova, V. N.; Aleksandrov, Yu. A. Russ. Chem. Rev. 1988, 44, 

129. 

50. Mire, E.; Mimoun, H.; Saussine, L. Nouu. I Chim. 1984, 8, 271. 

51. Lippard, S. J.; Principles of Bioinorganic Chemistry; Berg, J.; M. University Science 

Books: Mill Valley, California, U.S.A., 1994. 

52. (a) Fish, R. H.; Fong, R. H.; Vincent, J. B.; Christou, G. J. Chem. Soc., Chem. Comm. 

1988, 1504. (b) Fish, R. H.; Fong, R. H.; Oberhausen, K. J.; Konings, M. S.; Vega, M. 

C.; Christou; Vincent, J. B.; Buchanan, R. M. New. J. Chem. 1992, 16, 727. (c) Hage, 

R.; Iburg, J. E.; Kerschner, J.; Koek, J. H.; Lempers, E. L. M.; Martens, R. Racherla, U. 

S.; Russell, S. W.; Swarthoff, T.; Van Vliet, M. R. P.; Warnaar, J. B.; Van Der Wolf, 

L.; Krijnen, B. Nature 1994, 369, 637 - 639. (d) Roelfes, G.; Lubben, M.; Hage, R.; 

Que, L., Jr.; Feringa, B. L. Chem. Eur. J. 2000, 6, 2152. 

53. Cooper. J. A. D.; Smith. W.; Bacila. M.; Medina. H. J. Biol. Chem. 1959, 234, 445. 

54. Whittaker, J. W. Chem. Rev. 2003, 103, 234. 

55. Ito, N.; Phillips, S. E. V.; Stevens. C.; Ogel, Z. B.; McPherson, M. J.; Keen, J. N.; 

Yadav, K. D. S.; Knowles, P. F. J. Mol. Biol. 1994, 238, 794. 

56. Ito, N.; Phillips, S. E. V.; Stevens, C.; 'Ogel, Z. B.; McPherson, M. J.; Keen, J. N.; 

Yadav, K. D. S.; Knowles, P.F. Nature 1991, 350, 87. 

57. Whittaker, W.; Metalloenzymes Involving Amino Acid Residue and Related Radicals; 

Ed.; Marcel Dekker: New York, 1994. 30. 

58. Janes, S. M.; Mu, D.; Wemmer, D.; Smith, A. J.; Kaur, S.; Maltby, D.; Burlingame, A. 

L.; Klinman, J. P. Science, 1990, 248, 981. 

59. Knowles, P. F.; Ito, N. Perspectives on Bio-inorganic Chemistry Jai, London, 1993, 2. 

63 



60. Barry, C. E.; Nayat, P. G.; Begley, T. P. J. Am, Chem, Soc. 1988, 110, 3333. 

61. Halfen, J. A.; Jazdzewski, B. A.; Mahapatra, S.; Berreau, L. M.; Wilkinson, E. C.; Que, 

L. Jr.; Tolman, W. B. J. Am. Chem. Soc. 1997, 119, 8217. 

62. Thomas, F.; Gellon, G.; Luneau, I. G.; Aman, E. S.; Pierre, J.L. Angew. Chem. Int. Ed. 

2002, 41, 3047. 

63. Paine, T. K.; Weyhermtiller, T.; Wieghardt, K.; Chaudhuri, P. Dalton Trans. 2004, 

2092. 

64. Fabien, M. P.; Thomas, F.; 'Hamman, E.; Saint, C. A.; Bucher, Pierre, J. L. Chem. Eur.J. 

2004, 10, 4114. 

65. Kersten, P. J.; Kirk, T. K. J. Bacteriol. 1987, 169, 2195. 

66. Kersten, P. J. Proc. Natl. Acad. Sci. U S. A. 1990, 87, 2936. 

67. Hammel, K. E.; Mozuch, M. D.; Jensen, K. A.; Kersten, P. J. Biochemistry 1994, 33, 

13349. 

68. Kuan, I. C.; Tien, M. Proc. Natl. Acad. Sci. U S. A. 1993, 90, 1242. 

69. Whittaker, M. M.; Kersten, P. J.; Nakamura, N.; Sanders, J. L.; Schweizer, E. S.; 

Whittaker, J. W. J. Biol. Chem.1996, 271, 681-687. 

70. Whittaker, J. W. Metal Ions in Biological Systems; (Ed.); Marcel Dekker: Basel 1994, 

pp. 315. 

71. Knowles, P. F.; Ito, N. Perspect. Bioinorg. Chem. 1993, 2, 207. 

72. Wang, Y.; Stack, T. D. P. J. Am. Chem. Soc. 1996, 118, 13097. 

73. Zurita, D. I.; Gautier, S. L.; Menage; Piere, J. L.; Saint, A. E. J. Biol. Inorg. Chem. 

1997, 2, 46. 

74. Chaudhuri, P.; Hess, M.; Florke, U.; Wieghardt, K. Angew. Chem., Int. Ed. 1998, 37, 

2217. 

64 



75. Chaudhuri, P.; Hess, M.; Muller, J.; Hildenbrandt, K.; Bill, E.; Weyhermtiller, T.; 

Wieghardt, K. J. Am. Chem. Soc. 1999, 121, 9599. 

76. Chaudhuri, P.; Hess, M.; Weyhermtiller, T.; Wieghardt, K. Angew. Chem. 1999, 111, 

1165; Angew. Chem. Int. Ed. 1999, 38, 1095. 

77. Karandikar, P.; Agashe, M.; Vijayamohanan, K.; Chandwadkar, A. J.; Appl. Catal. A 

2004, 257, 133. 

78. (a) Koner, S. Chem. Commun. 1998, 593. (b) Jana, S.; Dutta, B.; Bera, R.; Koner, S. 

Langmuir 2007, 23, 2492. (c) Salavati, M. N.; Mirsattari, S. N. J Mol. Catal. A: Chem. 

2007, 268, 50. (d) Jin, C.; Fan, W.; Jia, Y.; Fan, B.; Ma, J.; Li, R. J. Ma Catal. A: 

Chem. 2006, 249, 23. 

79. (a) Maurya, M. R.; Chandrakar, A. K.; Chand, S. J. Mol. Catal. A: Chem. 2007,263, 

227. (b) Sakthivel, A.; Sun, W.; Raudaschl, G. S.; Chiang, A. S. T.; Hanzlik, M.;'Kuhn, 

F. E. Catal. Commun. 2006, 7, 302. (c) Salavati, M. N.; Hassani, M. K.; Davar, F.; 

Catal. Commun. 2006, 7, 955. (d) Salavati, M. N.; Salemi, P.; Davar, F. J. Mol. Catal. 

A: Chem. 2005, 238, 215. 

80. (a) Das, G.; Shukla, R.; Mandal, S.; Singh, R.; Bharadwaj, P. K. Inorg. Chem. 1997, 36, 

323. (b) Bunce, S.; Cross, R. J.; Farrugia, L. J.; Kunchandy, S.; Meason, L. L.; Muir, K. 

W.; Donnell, M. 0.; Peacock, R. D.; Stirling, D.; Teat, S. J. Polyhedron 1998, 17, 4179. 

(c) Zolezzi, S.; Spodine, E.; Decinti, A. Polyhedron 2003, 22, 1653. 

81. Maurya, M. R.; Titinchi, S. J. J.; Chand, S.J. Mol. Catal. A: Chem. 2003, 193, 165. 

82. Crosby, J.; Chirality in Industry, Collins, A. N., John Wiley and Sons.: 1992, 1. 

83. (a) Xia, Q. H.; Ge, H. Q.; Ye, C. P.; Liu, Z. M.; Su, K. X. Chem. Rev. 2005, 105, 1603. 

(b). Fan, Q. H. Li, Y. M.; Chan, A. S. C. Chem. Rev. 2002, 102, 3385. 

84. (a) Katsuki, T. Curr. Org. Chem. 2001, 5, 663. (b). Beller, M.; Transition Metals for 

Organic Synthesis; Bolm C.; Second Ed; Wiley-VCH: Weingheim, 2004. (c). Jacobsen, 

65 



E. N.; Wu, H. M.; Pfaltz, A.; Comprehensive Asymmetric Catalysis; Yamomoto, H.; 

Ed.; Springer: Berlin, 1999, 2, 649. 

85. Tsuji, Y.; Ohta, T.; Ido, T.; Minbu, H.; Watanabe, Y. J. Organomet. Chem. 1984, 270, 

333. 

86. Barak, G.; Dakka, J.; Sasson, Y. J. Org. Chem. 1988, 53, 3553. 

87. Marko, I. E.; Gautier, A.; Regnaut, I. C.; Giles, P. R.; Tsukazaki, M.; Urch, C. J.; 

Brown, S. M. J. Org. Chem. 1998, 63, 7576. 

88. Fernandez, I.; Pedro, J. R.; Rosello, A. L.; Ruiz, R.; Castro, I.; Ottenwaelder, X.; 

Journaux, Y. Eur. J. Org. Chem. 2001, 7, 1235. 

89. Wang, R. M.; Hao, C. J.; He, Y. F.; Wang, Y. P.; Xia, C. G. Polym. Adv. Technol. 

2002, 13, 6. 

90. Zhao, J.; Han, J.; Zhang, Y. C. J. Mol. Catal. A: Chem. 2005, 231, 129. 

91. Abdi, S. H. R.; Kureshy, R. I.; Khan, N. H.; Jasra, R. V. Catal. Surv. Jpn. 2004, 8, 187. 

92. Halligudi, S. B.; Devassy, B. M.; Kala Raj, N. K.; Degaonkar, M. P.; Gopinathan, S. 

React. Kinet. Catal. Lett. 2000, 71, 289. 

93. Yang, D. H.; Gao, L.; Zhao, W. J. Catal. Lett. 2008, 126, 84. 

94. Cotton, F. A.; Advanced Inorganic Chemistry; Wilkinson, G.; Ed.; Sixth edition, Wiley-

Interscience: New York, 1999. 

95. Mansuy, D.; Battioni, P.; Battioni, J. P. Eur. J. B. Chem. 1989, 184, 267. 

96. Ostovic, D.; Bruice, T. C. Act. Chem. Res. 1992, 25, 314. 

97. Anderson, R. A. Regul. Toxicol. Pharmacol. 1997, 26, 525. 

98. Mertz, W. J. Nutr. 1993, 123, 626. 

99. Li, Z. K.; Liang, L.; Yang, L.; Chen, H.; Zhou, X. G. J. Mol. Catal. A: Chem. 2005, 

235, 108. 

66 



100. Adam, W.; Gelacha, F. G.; Saha, C. R. M.; Stegmann, V. R. J. Org. Chem. 2000, 65, 

1915. 

101. (a) Nessan, N. J.; Muller, H. B.; Gilheany, D. G. J. Mol. Catal. A: Chem. 2005, 227, 

163. (b). McGarrigle, E. M.; Murphy, D. M.; Gilheany, D. G. Tetrahedron Asymm. 

2004, /5, 1343. 

102. (a). Daly, A. M.; Gilheany, D. G. Tetrahedron Asymm. 2003, 14, 127. (b). Dalton, C. 

T.; Ryan, K. M.; Langan, I. J.; Coyne, E. J.; Gilheany, D. G. J. Mot Catal. A: Chem. 

2002, 187,179; (c). McGarrigle, E. M.; Renehan, M. F.; Renehan, M.; Kenneth, N. J.; 

Bousquet, C.; Gilheany, D. G. Org. Lett. 2001, 3, 3435. 

103. (a). Li, Z. K.; Liang, L.; Yang, L.; Chen, H.; Zhou, X. G. J. Mol. Catal. A: Chem. 2005, 

235, 108. (b). Ryan, K. M,; Bousquet, C.; Gilheany, D. G. Tetrahedron Lett. 1999, 40, 

3613. (c). Imanishi, H.; Katsuki, T. Tetrahedron Lett. 1997, 38, 251. 

104. (a). Che, C. M.; Huang, J. S. Coord. Chem. Rev. 2003, 242, 97. (b). Scheurer, A.; 

Mosset, P.; Spiegel, M.; Saalfrank, R. W. Tetrahedron 1999, 55, 1063. 

105. Klinman, J. P. Chem. Rev. 1996, 96, 2541. 

106. Stubbe, J.; Donk, W. A. V. Chem. Rev. 1998, 98, 705 - 762. 

107. Borman, C. D.; Saysell, C. G.; Sokolowski, A.; Twitchett, M. B.; Wright, C.; 'Sykes, A. 

G. Coord. Chen. Rev. 1999, 192, 771 - 779. 

108. Whittaker, M. W.; Kersten, P. J.; Nakamura, N.; Sanders, J. L.; Schweizer, E. S.; 

Whittaker, J. W. J. Biol. Chem. 1996, 271, 681. 

109. Reley, D. P. Chem. Rev. 1999, 99, 2573. 

110. Ghosh, K.; Tyagi, N.; Kumar, P.; Singh, U. P.; Goel, N. J. Inorg. Biochem. 2010, 104, 

9. 

111. Vogt, Wolowiec, S.; Prasas, R. L.; Gupta, A.; Skarzeviski, J. Polyhedron 1998, 17, 

1231. 

67 



112. Zamian, J. R.; Dockal, E. R. Trans. Met. Chem. 1996, 21, 370. 

113. Mohamed, G. G. Spectrochim. Acta A 2006, 64, 188-195. 

114. Donia, A. M.; Boraey, H. A. E. Trans. Met. Chem. 1993, 18, 315. 

115. Nakamoto, K.; Infrared and Raman Spectra of Inorganic and Coordination 

Compounds; Ed.; Fifth edition; John Wiley & Sons: New York, 1997. 

116. Vance, A. L.; Alcock, N. W.; Heppert, J. A.; Busch, D. H. Inorg. Chem. 1998, 37, 6912. 

117. Li, Z. K.; Liang, L.; Yang, L.; Chen, H.; Zhoua, X. G. J. Mol. Cata. A: Chem. 2005, 

235, 108. 

118. Jouad, E.; Riou, M.; Allain, M. A.; Khan, G.; Bouet, M. Polyhedron 2001, 20, 67. 

119. Chatterjee, D.; Basak, S.; Muzart, J.; J. Mol. Catal. A: Chem. 2007, 271, 270. 

120. Bill, E.; Muller, J.; Weyhermuller, T.; Wieghardt, K. Inorg. Chem. 1999, 38, 5795. 

121. Shimazaki, Y.; Yajima, T.; Shiraiwa, T.; Yamarchi, O.; Inorg. Chim. Acta 2009, 362, 

2467. 

122. Ghosh, K.; Kumar, P.; Tyagi, N.; Singh, U. P.; Aggarwal, V.; Baratto, M. C. Eur. J. 

Med. Chem. 2010, 45, 3770. 

123. Whittaker, J. W. Chem. Rev. 2003, 103, 2347. 

124. Taki, M.; Hattori, H.; Osako, T.; Nagatomo, S.; Shiro, M.; Kitagawa, T.; Itoh, S. Inorg. 

Chem. Acta 2004, 357, 3369. 

125. Perker, D.; Devies, E. S.; Wilson, C.; McMaster, J. Inorg. Chim. Acta 2007, 360, 203. 

126. Nath, M.; Arora, P. Synth. React. Inorg. Met-Org. Chem. 1993, 23, 1523. 

127. Srinivasan, K.; Michaud, P.; Kochi, J. K.1 Am. Chem. Soc. 1986, 108, 2309. 

128. Irie, R.; Ito, Y.; Katsuki, T.; Synth. Lett. 1991, 265. 

129. Kumar, S. B.; Mirajkar, S. P.; Pais, G. C. G.; Kumar, P.; Kumar, R. J. Catal. 1995, 156, 

163. 

68 



130. Reddy, E. J. S.; Khire, U. R.; Ratnasamy, P.; Mitra, R. B. J. Chem. Soc., Chem. 

Commun. 1992, 1234. 

131. Joseph, T.; Srinivas, D.; Gopinath, C. S.; Halligudi, S. B. Catal. Lett. 2002, 83, 209. 

132. Hulea, V.; Dumitriu, E. Appl. Catal. A.. Gen. 2004, 277, 99. 

133. Samnani, P. B.; Bhattacharya, P. K.; Ganeshpure, P. A.; Koshy, V. J.; Satish, S. J Mol. 

Catal. A: Chem. 1996, 110, 89. 

134. Maurya, M. R.; Kumar, A. J. Mol. Catal. A: Chem. 2006, 250, 190. 

135. (a) Longenecker, J. B.; Snell, E. E. J. Am. Chem. Soc. 1957, 79, 142. (b) Snell, E. E.; 

Pyridoxal Catalysis; Enzymes and Model Systems: Interscience, Torchinsky, Y. M.; 

New York, 1968. (c) 	Snell, E. E.; Fassella, P. M.; Braunstein, A.; Ross-Fanelli, A.; 

Chemical and Biological Aspects of Pyridoxal Catalysis; MacMillan, New York, 1963. 

Doctor, V. M.; Oro, J. I Biochem. 1969, 112, 691. 

136. (a) Plesch, G.; Friebel, C.; Svajlenova, O.; Kra"tsmar-Smogrovic, J.; Mlynarcik, D. 

Inorg. Chim. Acta 1988, 139, 151. 

137. (a) Apella, M. C.; Totaro, R.; Baran, E. J. Biol. Trace Elem. Res. 1993, 37, 293. (b) 

Casanova,J.; Alzuet, G.; Borr'as, J.; Carugo, 0. 1 Chem. Soc., Dalton Trans. 1996, 

2239. 

138. (a) Morris, G. A.; Zhou, H.; Stem, C. L.; Nguyen, S. T. Inorg. Chem. 2001, 40, 3222. 

(b) Jacobsen, E. N.; Comprehensive Asymmetric Catalysis,; Yamamoto, 1999, 2, 649. 

(c) Katsuki, T. Coord. Chem. Rev. 1995, 140, 189. 

139. (a) Chaudhuri, P.; Stockheim, C.; Wieghardt, K.; Deck, W.; Gregorzik, R.; 

Vahrenkamp, H.; Nuber, B.; Weiss, J. Inorg. Chem. 1992, 31, 1451. (b) Uhlenbrock, S.; 

Krebs, B. Angew. Chem. Int., Ed. Engl. 1992, 31, 1647. (c) Murthy, N. N.; Karlin, K. 

D. J. Chem. Soc., Chem. Commun. 1993, 1236. (d) Chen, X. -M.; Tong, Y. X.; Mak, 

T. C. W. Inorg. Chem. 1994, 33, 4586. (e) Bazzicalupi, C.; Bencini, A.; Bianchi, A.; 

69 



Fusi, V.; Paoletti, P.; Valtancoli,B. J. Chem. Soc., Chem. Commun. 1994, 881. (f) 

Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Fusi, V.; Mazzanti, L.; Paoletti, P.; 

Valtancoli, B. Inorg. Chem. 1995, 34, 3003. (g) Bazzicalupi, C.; Bencini, A.; Bianchi, 

A.; Fusi, V.; Paoletti, P.; Piccardi, G.; Valtancoli, B. Inorg. Chem. 1995, 34, 5622. (h) 

Yun, J. W.; Tanase, T.; Lippard, S. J. Inorg. Chem. 1996, 35, 7590; Yamami, M.; 

Tanaka, M.; Sakiyama, H.; Koga, T.; Kobayashi, K.; Miyasaka, H.; Ohba, M.; Okawa, 

H. J. Chem. Soc., Dalton. Trans. 1997, 4595. (j) Meyer, F.; Rutsch P. Chem. Commun. 

1998, 1037. (k) Solomon, E. I.; Sundaram, U. IVI.; Machonkin, T. E. Chem. Rev. 1996, 

96, 2563. 

140. Berkessel, A.; Frauenkon, M.; Schwenkreis, T.; Steinmetz, A. J. Mol. Catal. A: Chem. 

1997, 117, 339. 

141. Kovbasyuk,L. A.; Fritzky, I. 0.; Kokozay, V. N.; Iskenderov, T. S. Tetrahedron 1997, 

16, 1723. 

142. Ho, C. W.; Cheng, W. C.; Cheng, M. C.; Peng, S. M.; Cheng, K. F.; Che, C. M. J. 

Chem. Soc., Dalton Trans. 1996, 405. 

143. Tandon, S. S.; Thompson, L. K.; Bridson, J. N.; Mckee, V.; Downard, A. J. Inorg. 

Chem. 1992, 31, 4635. 

144. Topich, J.; Bachert, J. 0. Inorg. Chem. 1992, 31, 511. 

145. (a) Ulmann, S.; Encyclopedia of Industrial Chemistry; Ed.; sixth edition; Wiley VCH: 

New York/Weinheim, 1998. (b). Jorgenson, K. A. Chem. Rev. 1989, 89, 431. 

146. (a) Kureshy, K. I.; Khan, N. H.; Abdi, S. H. R.; Iyer, P.; Bhatt, A. K. J. Mol. Catal. A: 

Chem. 1997, 120, 101. 

147. (a) Bousquet, C.; Gilheany, D. G. Tetrahedron Lett. 1995, 36, 7739. (b) Imanishi, H.; 

Katsuki, T. Tetrahedron Lett. 1997, 38,251. 

70 



148. Kureshy, R. I.; Khan, N. H.; Abdi, S. H. R.; Patel, S. T.; Iyer, P. J Mol. Catal. A: 

Chem. 1999, 150, 175. 

149. (a) Das, G.; Shukla, R.; Mandal, S.; Singh, R.; Bharadwaj, P. K. Inorg. Chem. 1997, 36, 

323. (b) Bunce, S.; Cross, R. J.; Farrugia, L. J.; Kunchandy, S.; Meason, L. L.; Muir, 

K. W.; Donnell, M. 0.; Peacock, R. D.; D. Stirling, S. J. Teat, Polyhedron 1998, 17, 

4179. (c) Zolezzi, S.; Spodine, E.; Decinti, A. Polyhedron 2003, 22, 1653. (d) Lu,X. H.; 

Xia, Q. H.; Zhan, H. J.; Yuan, H. X.; Ye, C. P.; Su, K. X.; Xu, G. J. Mol. Catal. A. 

Chem. 2006, 62, 250. 

150. Ray, M. S.; Bhattacharya, R.; Chaudhury, S.; Right, L.; Boceli, G.; Mukhopadhayay, 

G.; Ghosh, A. Polyhedron 2003, 22, 617. 

151. Rajendiran, V.; Karthik, R.; Palaniandavar, M.; Periasamy, V. S.; Akbarsha, M. A.; 

Srinag, B. S.; Krishnamurthy, H. Inorg. Chem. 2007, 46, 8208. 

152. Geary, W. J. Coord. Chem. Rev. 1971, 7, 81. 

153. Jazdzewski, B. A.; Holland, P. L.; Pink, M.; Young, V. G.; Spencer,J. D. J. E.; Tolman, 

W. B. Inorg. Chem. 2001, 40, 6097. 

154. (a) Das, G.; Shukla, R.; Mandal, S.; Singh, R.; Bharadwaj, P. K. Inorg. Chem. 1997, 36, 

323. (b) Bunce, S.; Cross, R. J.; Farrugia, L. J.; Kunchandy, S.; Meason, L. L.; Muir, K. 

W.; Donnell,M. 0; Peacock, R. D.; Stirling, D.; Teat, S. J. Polyhedron 1998, 17, 4179. 

(c) Zolezzi, S.; Spodine, E.; Decinti, A. Polyhedron 2003, 22, 1653; 

71 



Appendices 



Appendix AI: IR spectra of ligand PhimpH 
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Appendix A2: IR spectra of ligand N-PhimpH 
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Appendix A3: IR spectra of ligand Me-PhimpH 
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Appendix A4: UV-visible spectra of ligand PhimpH 
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Appendix A6: UV-visible spectra of ligand Me-PhimpH 
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Appendix A5: UV-visible spectra of ligand N-PhimpH 
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Appendix A7: Gas chromatograph of ligand PhimpH 

Appendix A8: Mass spectra of ligand PhimpH 
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Appendix A9: Mass spectra of ligand Me-PhimpH 

Appendix A10: 1H NMR of PhimpH 
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Appendix A11: 13C NMR of PhimpH 

Appendix Al2: 1H NMR of N-PhimpH 
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Appendix A13: 13C NMR of N-PhimpH 

Appendix A14: 1 H NMR of Me-PhimpH 
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Appendix A15: 13C NMR of Me-PhimpH 

Appendix A16: IR spectra of complex [Cr(Phimp)2J(C104) (1) 
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Appendix A18: IR spectra of complex [Cr(Me-Phimp)2](C104) (3) 

Appendix A17: IR spectra of complex [Cr(N-Phimp)2](C104) (2) 
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Appendix A19: UV-visible spectra of complex [Cr(Phimp)2i(C104) (1) 
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Appendix A20: UV-visible spectra of complex [Cr(N-PhimP)2](C104) (2) 

Wavelength (nm.) 

82 



0.7 

Complex 3 
0.6 - 

0.2 - 

0.1 - 

, 	i 	i 0.0 1 

A
bs

or
ba

nc
e  

1 
1+ 00m111 CAN 

---*-- 1+ 100mM CAN 
- 1+ 150mM CAN 

1+ 200rnM CAN 
1+ 300mM CAN 

- 1+ 400mM CAN 
300 nm 

400 	600 	800 	1000 
Wavelength (nm.) 

83 

Appendix A21: UV-visible spectra of complex [Cr(Me-Phimp)2](C100 (3) 
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Appendix A22: UV-visible spectra of phenoxyl radical complex 111.2+ 
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Appendix A23: UV-visible spectra of the kinetics of phenoxyl radical complex [1]- 
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Appendix A25: UV-visible spectra of the kinetics of phenoxyl radical complex [2]*+  
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Appendix A26: UV-visible spectra of phenoxyl radical complex [3].+  
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Appendix A27: UV-visible spectra of the kinetics of phenoxyl radical complex [3]* +  
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Appendix A28: Cyclic Voltammogram of complex [Cr(Phimp)d(C104) (1) 
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Appendix A29: Cyclic Voltammogram of complex [Cr(N-Phimp)2](C104) (2) 

Appendix A30: Cyclic Voltammogram of complex [Cr(Me-Phimp)2](CI04) (3) 
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Appendix A31: TGA-DTA curve of complex [Cr(Phimp)2](C104) (1) 
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Appendix A32: TGA-DTA curve of complex [Cr(N-Phimp)2](C104) (2) 
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Appendix A33: TGA-DTA curve of complex [Cr(Me-Phimp)2](C104) (3) 
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Appendix A34: IR spectra of complex [Cu(Phimp)2] (4) 
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Appendix A35: IR spectra of complex [Cu(N-Phimp)2] (5) 
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Appendix A36:. UV-visible spectra of complex [Cu(Phimp)2] (4) 
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Appendix A39: TGA-DTA curve of complex [Cu(N-Phimp)2] (5) 
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Appendix A40: Gas Chromatogram pattern of oxidation products of styrene 
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Appendix A42: Gas Chromatogram pattern of oxidation products of trans-stilbene 
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