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GENERAL

Transition metal complexes are being increasingly used as homogeneous catalysts for 

bulk production of various organic chemicals and oxygenated compounds [1], For example, 

epoxides, alcohols, ketones, carboxylic acids and polymerized hydrocarbons like 

polyethylenes, polypropylenes etc. are being commercially prepared using various 

homogeneously catalyzed routes. Understanding of the chemical nature of transition metal 

complexes has played a critical role in the development of such systems [2]. Further, such 

studies have helped in understanding the role of transition metals in enzymatic catalysts in life 

sustaining biological reactions involving electron transfer, oxidation and oxygenation 

processes [3],

Oxygenases

Oxygenases are natural enzymes that insert O atom in substrates. They are of two 

types : monooxygenases and dioxygenases. Monooxygenases insert one O atom of dioxygen 

into substrate and the other O atom is reduced to water; e.g., in oxidation reaction involving 

cytochrome P-450 (cyt P-450), tyrosinase and dopamine 8-hydroxylase. Dioxygenases insert 

both the O atoms of dioxygen to substrate, e.g. tryptophan-2,3-dioxygenases and 

protocatecholate-3,4-dioxygenases

Cyt P-450 is an important class of monooxygenase enzymes. Recent advancements in 

their study concern three dimensional structure of some cyt P-450's [4] and the cloning of 

various P-450 genes [5] This family of enzymes show a great diversity of reactions, viz, 

isomerizations, dehydrations and reductions, aldoxime dehydration and nitric oxide synthesis 

[6], making use of the same ferriprotoporphyrin prosthetic group.
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In the monooxygenase activity of cyt P-450, high-valent metal-oxo is formed as active 

intermediate (Figure 1). As only one oxygen atom is used for oxidation, one molecule of 

NADPH is required to reduce the other O atom of dioxygen to water.

Model Studies

High selectivities and stereospecificities under mild conditions, as achieved by these 

enzymatic systems, led the researchers to pursue model catalytic systems capable of mimicking 

oxidations mediated by the enzymes The major goal in this area is to transform the biomimetic 

catalytic systems into practical ones, without sacrificing the selectivity. Metalloporphyrins 

were, obviously, the first choice, since they are analogous to the prosthetic group of heme 

containing enzymes. Thus, Groves et al [7] published the first article on the use of 

iodosylbenzene (PhIO) - a single O atom donor - in olefin epoxidation and alkene 

hydroxylation catalyzed by Fe(TPP)Cl (Figure 2 for TPP). PhIO was chosen to avoid use of 

stoichiometric amount of reductant required, when dioxygen is the oxidant. Later, Cr(TPP)Cl 

and Mn(TPP)Cl were also shown to function in similar manner. An "Oxygen Rebound" 

mechanism was suggested by Groves (The AO cycle or the Shunt Pathway in Figure 1) for 

such catalytic reactions.

These first generation of metalloporphyrins, comprising of different metal derivatives 

of H2TPP, were more reactive towards meso cleavage via the formation of meso- 

hydroxyporphyrin derivatives [8], Also, these were plagued with inactive p-oxo formation and 

deactivation by N-alkylation [9,10], These problems were overcome by second generation of 

tetraarylporphyrins having substitution at meso positions of aryl or halogen substituted aryl 

groups, viz., meso-tetramesitylprophyrin, HjTMP etc. (Figure 2). These substituents provided
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steric effects, i.e., a cage effect or an open well effect to avoid formation of catalytically 

inactive p-oxo complex and/or to enhance the electrophilicity of the metal-oxo entity by 

lowering electron density on the phenyl rings. The third generation is an extension of the 

previous idea of having bromine, chlorine or fluorine atom at the {3-position of pyrroles, such 

as meso-tetrakis(2,6-di-chlorophenyl)-0-octabromoporphyrin, fi$rgTDCPP etc. (Figure 2) 

These give very robust metal complexes with very good catalyst stabilization and efficiency.

Nonporphyrinic metal complexes have also been demonstrated to exhibit selectivities 

and product distributions matching with those in natural systems. Thus, a host of schiff-base 

[11-15], amide [16-19], polypyridyl [20, 21], aminocarboxylate [22,23] and macrocyclic 

ligand complexes [24-26] have been used as oxidation catalysts with a veriety of oxidants, 

under very mild to rigorous reaction conditions. Choice of all possible different metal ions and 

ligands, convenient variations in structure, relatively easy synthesis and characterization are 

the advantages in such model systems, apart from the ease with which they can be studied 

mechanistically.

The Reaction Pathway

A high-valent metal-oxo is proposed as reactive intermediate in the oxidation studies 

Formation of diverse oxidation products, with the use of metal-oxo as active site in model 

systems, lead to suggestion of different pathways, leading to products. Thus, metallooxetane 

(1) [27], carbon radical (II) [28-31], carbocation (III) [32], carbocation radical (IV) [33-35] 

or charge-transfer complex (V) [36,37] have been shown to be involved in the epoxidation 

reactions, depending on the catalyst-oxidant-substrate systems (Figure 3).
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The high-valent metal-oxo Mv=0 intermediate has been characterized in-situ or by 

isolation for many systems [38-40], Single crystal structure for an isolated (salen)Crv(0)' 

complex has also been reported [41] and its catalytic efficiency for epoxidation studied [42], 

Similarly, metal-oxo has been shown to be the active species in epoxidation reactions for 

various Fe(IlI), Cr(III), Mn(II), Mn(lll) and Ru(IlI) complexes [16,43,44] using 

electrochemical and spectroscopic techniques Iodosylbenzene was used as oxidant in these 

studies.

The metal-oxo intermediates are capable of affecting various types of oxidative 

transformations (Figure 4).

Termination

Transfer of O atom from metal-oxo to the substrate brings the catalyst back to original 

state and the cycle continues Alternatively, the metal-oxo may react with another metal 

complex molecule to form p-oxo species (Figure 4) which are poorly active or inactive as 

catalysts [9,45], This leads to termination of the catalytic process. Another reason for the 

termination of the catalytic cycle is oxidative degradation of the ligand part of the complex 

catalyst [46,47],

Factors Responsible

That a particular reactive intermediate (I to V, Figure 3) is formed in the catalytic 

cycle will depend on various parameters, viz., type of metal centre, type of ligand(s), 

substituents on the ligand(s), nature of substrate, nature of oxidant, solvent and additive, if 

any These effects often work in conjunction with each other and implication of a single factor

8



is difficult to suggest in many cases. However, substantial information can be obtained by 

varying a particular factor while keeping the rest of them constant. The following sections try 

to review the important and conclusive studies pertaining to the above said factors.

Metal Centre : Efficiency of a metal complex to form high-valent metal-oxo complex and to 

act as an epoxidation catalyst depends on the ability of the metal centre to acquire various 

oxidation states. The redox potential of the metal centre determines the ease of a complex to 

go from one oxidation state to another In a catalytic oxidation reaction, this means how easily 

the formation of the active catalytic species, the metal-oxo, takes place. Hence, redox 

potential of a metal ion in the complex should be moderate, so that the oxo species formed is 

neither unstable nor rigid. This will enable the metal-oxo to remain stable till it comes in

contact with a substrate and transfer the oxygen easily to it, affecting its oxidation. When the
\

intermediate metal-oxo formed is very stable, its utility as catalyst is limited to electron rich 

olefins only. In the case where metal-oxo is less stable, an oxide free radical Mn+i-0° is 

generated, leading to formation of additional oxidation products.

The catalytic ability of oxo compounds of titanium(IV), molebdenum(VI) and 

tungsten(VI) in epoxidation reactions is attributed to their strong Lewis acid character in their 

highest oxidation states, with d° configuration [48,2], which facilitates the heterolysis of O 

atom sources such as alkylperoxides and H202. Chromium(VI), being a strong lewis acid, is 

expected to be a good catalyst for epoxidation reactions. However, its poor efficiency may be 

due to the fact that it is a strong oxidant and hence promotes the decomposition of O atom 

from sources like TBHP [49],
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Lewis-acid oxidation catalysis using iron, copper, zinc and aluminium metal salts and 

complexes has also been reported [50-54], Such reactions generally yield a mixture of 

products which include, apart from epoxide, various allylic oxidation products.

However, in case of complexes of transition metal ions in low oxidation states as 

catalysts, the oxidation reaction proceeds through the formation of intermediate oxo cation. 

Among the chromium, manganese and iron oxo-species, tendency to give radical chain 

products increases as one goes from Fev=0 to Mnv=0 for same ligand system. cA-Stilbene 

has been used as mechanistic probe in manganese porphyrin catalyzed epoxidations with 

different O atom sources (viz., NaOCl, 02 and electron, KHS05) to evidence radical character 

of high-valent Mn-oxo species in these catalytic oxidations [32], The degree of free radical 

character in Mn-prophyrin catalyzed oxidations compared to that for iron reactions has been 

attributed to the relative stability of Mnlv-OH(Porphyrin)X compared to that of 

Felv-OH(Porphyrin)X [55, 56] Thus, it has been noted that under same reaction conditions, 

manganese and chromium prophyrins give better yields for hydroxylation of alkanes compared 

to epoxidation of alkenes. With chromium prophyrins, a large amount of allylic oxidation is 

observed with cyclic olefins. PhIO/Cr(TPP)Cl is, in fact, a good catalyst system for oxidation 

of alcohol to aldehyde or ketone [57],

Among the platinum group metals, ruthenium complexes have got more attention 

recently [58] due to availability of a wide range of oxidation states of the metal ion. Oxidation 

states VI, VII and VIII are readily available in ruthenium oxo complexes [59]. An important 

aspect of Ru epoxidation activity is the interesting catalyst system of Ru(II)/02 [60] which
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yields two RuIV=0 intermediates, without use of any reductant, via binuclear RuUI-p.-peroxo 

species (Figure 5).

Such a mechanism was suggested earlier for Fe(II)porphyrin system by A L Batch for 

oxidation of PPh3 at low temperature [61,62]. A similar observation was made by Taquikhan 

et al in the case of Ru(III)-EDTA complex as catalyst [22] The catalyst combines with O, to 

form two equivalents of active species [Ru(V)(0)(EDTA)], which causes epoxidation of two 

alkene molecules. Such a formation has also been suggested for a [mixed ligand Ru(III)]/02 

system [63].

Ligand : Besides the metal centre, ligand is the most important factor in deciding the 

efficiency of a metal complex to act as catalyst. Ligand not only affects redox potential of the 

metal centre, but also decides the overall stability of the catalyst. This, then decides the 

number of catalytic cycles the complex will undergo before succumbing to the rigorous 

reaction conditions. Further, the ligand type decides the ultimate stereochemistry of the 

product(s)

The remarkable effectiveness of natural metallo-porphyrins as oxygenase enzymes is 

attributed to their planar porphyrin ring with extensive conjugation system and the prosthetic 

protein environment which creates a cavity around the active site, controlling regio- and 

stereoselectivity of products and stability of the active systems. General features that a model 

ligand, used for epoxidation catalyst complex, should bear, can be outlined as below :
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it should stabilize the metal centre at rest (the native state) such that appropriate 

alteration in environment can activate the centre for reaction.

should stabilize the active intermediates with varying oxidation states of metal centre 

on time scale sufficient for the reaction to occur.

should facilitate variation of substituents over it for fine tuning.

should withstand the rigorous reaction conditions.

Ligand nature affects catalytic activity of metal complexes by affecting redox potential 

of the metal centre and hence that of the active intermediate formed. Fine tuning of catalytic 

activity of metal complexes,by systematically changing ligand and varying substituents over 

ligands,has been well documented in literature.

Taylor et al [64-70] studied thoroughly the effect of various substituents on the salen 

type of ligands on the O, binding properties of their Mn(II) and Mn(III) complexes (Figure 6) 

The correlation of electron donating/withdrawing properties of substituents with 02 binding 

capacities of the metal complexes was confirmed by electrochemical studies. It was shown for 

various tri-, tetra-, penta- and hexa- dentate substituted salen type of schiff-base ligand 

complexes that electron withdrawing substituents like -N02 or -X on sal moiety shift the 

redox potential of metal to more positive value compared to the unsubstituted one, whereas 

electron donating groups shift it to more negative value. In other words, electron withdrawing 

groups make the Mn(III)/Mn(H) reduction more favorable while electron donating groups
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X = 5~N02,3-N02,5Cl, 5Br,H, 3-MeO, 5MeO?5Me 
Y= H,CH3,C6H5 

z= nh,nch3,nc6h5,(ch2)2,o
Figure 6.

require more negative potential before reduction of Mn(III) is possible. Further, it was clearly 

shown that a substituent on phenyl ring of salen at position 5 is more effective than the same 

substituent at 3rd position (Figure 6). Nitro substituents on aromatic part of ligand in the 

Mn(Il) complex were shown to inhibit ligand oxidation in the reaction with 02. This was 

attributed to the electron withdrawing nature of the -N02 group. Comparison of 

electrochemistry of pentadentate Mn(III) complexes of schiff-bases derived from 

salicylaldehyde and DPT, [Mn(saldpt)] or methyl DPT, [Mn(salmdpt)] showed that due to 

electron donating Me group, Mn(III) to Mn(II) reduction was less favourable in Mn(salmdpt) 

and was cathodic to that in Mn(saldpt) complex. Also, replacement of MR group of DPT by a 

less basic donor such as an ether 0 atom leads to shifting of the Mn(IIl) to Mn(II) reduction in 

anodic direction compared to the Mn(saldpt) complex. Replacement of phenyl moiety in the 

schiff-base complexes by pyridine (yielding complexes derived from 

pyridine-2-carboxaldehyde and aliphatic diamine ligands) makes the complexes oxygen 

insensitive and electrochemically inactive. This was due to strong ir-acceptor properties of 

pyridine N compared to the strong a-donor capability of phenyl O donor atom
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A comparison of catalytic activity of Mn(III)(TPP), Mn(III)(saloph) and 

Mn(III)(saldpt) complexes for styrene epoxidation using NaOCl oxidant under phase-transfer 

conditions showed that Mn(III)TPP complex was superior catalyst with respect to better 

epoxidation yields Also it was found to be more resistant towards oxidative degradation [71]

Traylor et al [72] studied various substituted Fe(III), Mn(III) and Cr(III) porphyrin 

complexes for epoxidation of olefins They noted that in case of halogen substituted pyrroles 

in Fe(IlI)TPP, extent of N-alkylation decreases while the resistance of the porphyrin towards 

oxidative destruction increases Putting electron withdrawing substituents on porphyrins 

resulted in enhanced epoxide yields and allylic products decrease The life of the catalyst also 

increased.

T. Hirao et al [ i 9] report an interesting catalyst system for epoxidation of olefins with 

dioxygen without the use of coreductant FeCl2 in DMF in presence of a podand ligand 

(Figure 7) effect epoxidation of olefins with dioxygen as oxidant The order of catalytic 

efficiency was in the order BIPA > 2BPEPA > BPHEPA Details regarding mechanism for the 

system, however, are not available A diiron-p-oxo active species has been postulated.

Kochi and co-workers [42] exhaustively studied mechanistic aspects of epoxidation of 

alkenes catalyzed by Crv(salen)0' analogues, generated from corresponding Cr(salen)+ 

complexes (Figure 8) and PhIO Studies of substituent effects showed that tetra-methylated 

ethano bridge oxo-chromium(V)(salen) complexes were the most effective epoxidizing agents, 

whereas, unsubstituted salen complexes and complexes of substituted salen with chlorine or 

phenyl ring or Me/Ph on inline carbon 7, were less effective. Chloride substitution on phenyl
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ring increased yield of epoxide, compared to the unsubstituted one. Also, chloride on 5,5' 

position promotes C=C cleavage more than the unsubstituted metal-oxo.

For analogous Mn(III)salen complexes (Figure 8), the redox properties of the 

complexes were shown to depend on substituents on the ligands [44]. For instance, presence 

of electron withdrawing groups such as 5,5'-dinitro or 5,5'-dichloro substituents, which 

enhanced the catalytic activity of the Mn(III)(salen) catalysts, were correlated with the 

electron-deficient character of the resulting cationic metal-oxo complex, as evaluated by the 

standard reduction potentials. Thus, for epoxidation of 1-octene, electron releasing

substituents like 5,5'-dimethoxy and 7,7'-diphenyl gave poor epoxide yields whereas with

5.5- dichloro and 5,5'-dinitro substituents, much improved epoxide yields were observed.

A similar observation was made for epoxidation of cyclohexene using Mn(III)(salen) 

type of complexes with PhIO as oxidant [73], where the 5,5'-dimethoxy Mn(III)(salen) gave 

lesser epoxide yields, compared to the unsubstitued ones, whereas the 

5,5'-dinitro-Mn(III)(salen) complex was the best among the three.

Variously substituted iron(III) porphyrins (such as iron(III)tetrakis-

2.6- dichlorophenyl)- (octabromo-porphyrin)) were used for hydroxylation of norbornane using 

PF5IO [74] Percentage hemin loss, indicating stability of the catalyst (against oxidative 

degradation) for various Fe(lII) porphyrin complexes, showed dependence on the nature of 

substitution. It is clearly demonstrated that there is increased catalytic stability with increase in 

electronegativity of substituents on porphyrin.
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An analogous study has been conducted by D. Mansuy [75] who compared ability of 

various iron porphyrins with or without halogen substituents on the pyrrole ring to catalyze 

the hydroxylation of poorly reactive alkanes like heptane or pentane by PhlO. The presence of 

halogen substituents on the porphyrin ring not only dramatically increased the yield of 

hydroxylation of alkanes but also led to active species exhibiting different chemo- and regio- 

selectivities. Oxidation of a mixture of cyclooctene and heptane (molar ratio 1:100) with 

PhlO, using these catalysts, shows that the ratio of cyclooctene epoxide to heptanols + 

heptanones was a function of porphyrin structure. It decreased from 10 for most electron rich 

Fe(TMP)Cl catalyst (see Figure 2 for porphyrin structure) to 1.5 for most electron deficient 

Fe(TPFPP)Cl as catalyst. Increase in halogen substitution on porphyrin results in its increased 

tendency to abstract H, even though its addition to double bond remains predominant, i e., an 

iron-oxo species with more Fe-O0 character is formed with highly halogenated porphyrins 

Thus, electron rich complexes may form PFe+IV=0 (or PFev=0+) whereas electron deficient 

may form PFeIV+-0° intermediate [74] (P = Porphyrin).

in fact, Tsuchiya [76] has prepared stable (0)Fe'v(porphyrin),° at 8 °C and 

characterized it in solution by UV-vis, ESR and NMR spectroscopic methods. It was prepared 

by the action of meta chloroperbenzoic acid on Fe(III) complex of a new 

porphyrin-5,10,15,20-tetrakis(2',6'-dichiorophenyl)-2,3,7,8,12,13,17,18 - octaphenylporphyrin 

in C£L,C12 (see Figure 2 for porphyrin structure).

C M Che studied Mn(III) and Cr(III) complexes of amide ligands bpb and bpc (Figure 

9) using PhlO as oxidant [17], The chloro substituted bpc complexes were found to be more 

efficient as epoxidation catalysts and Mn(III) complexes were better catalysts compared to 

corresponding Cr(lll) complexes
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Similar bis-amide complexes of Co(II) have been used for epoxidation of alkenes 

using PhIO or TBHP oxidant [77], With PhlO, Con-(2,3-bis(3,5-dichIoro-2-oxy-benzamido)- 

2,3-dimethylbutane) (Figure 10) gave 90% norbornene oxide in CH2C12. Replacing four 

methyls on ethano bridge by 1,2-trans-cyclohexylidene gave 75% epoxide yield. Substituting 

the ethano bridge with o-phenylene or 3,4-dichloro-o-phenylene gave 44% and 48% 

norbornene oxide, respectively. Co(salen) gave still lower yield of norbornene oxide (16%).

Various iron(III) schiff-base complexes used as catalysts with PhIO gave efficiencies in 

the order Fe (saloph) > Fe(salen) > Fe(acen) [78], With Mn(III) schiff-base complexes [79] 

for cyclo-hexene epoxidation, bis(anthranilic acid/acetyl acetonate) complex gave better yield 

of epoxide compared to Mn(salen), but corresponding amounts of -ol and -one were high. In 

contrast, Mn(acac)2 gave relatively poor yield, but epoxide was formed selectively.

Substituted salpn type of schiff-base complexes of Mn(III) (Figure 11) were used to 

epoxidize norbornene with PhIO as oxidant [43], With R=Z=Y=X=H, epoxide yield was 

lowest among all the complexes Replacement of X with OH and Z with Br, respectively, 

yielded more epoxide. Use of naphthaldehyde in place of salicylaldehyde in the complex also 

gave more epoxide yields However, it was observed that the complexes of schiff-bases 

derived from 2-hydroxyacetophenone show greater catalytic activity compared to those 

derived from salicylaldehyde. This was in contrast to the expectation, indicating that factors 

other than ligand basicity were in play in determinig the catalytic activity of the complexes 

The enhanced catalytic activity may be due to steric effect of the methyl groups inhibiting 

formation of terminating p-oxo complex
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Figure.11

S. Valentine [26] used different N-4 macrocyclic and amide complexes of iron(II) for 

epoxidation of alkenes using 30% aq H202 as oxidant. Iron(II)cyclam was found to be the 

best catalyst, whereas, Fe(II) complex of amide bpb (see Figure 9 for ligand structure) was 

found to be inactive, also N-Me substituted iron(II)cyclam complexes were inactive as 

epoxidation catalysts.

Lindsay Smith [80] studied chemical oxidation of some charged 

iron(III)tetrarylporphyrins in water and in methanol. The studies reveal that the aryl group on 

the porphyrin has a marked influence on the life-time of the oxo-iron(IV) species and on the 

stability of the porphyrin towards oxidative bleaching. Thus, most stable intermediates were 

formed by the dichlorosulphonatophenyl- and the two N-methylpyridyl-porphyrin complexes 

of iron.

Balavoine and co-workers [81] studied effect of various substituents on 

o-phenanthroline (o-phen) ligand used in conjunction with Fe(III) or Ru(III) salts for 

epoxidation of olefins using NaI04 as oxidant. They showed that electron rich ligands slow 

down rate of the reaction but improve selectivity in case of ruthenium complexes. Thus, with 

o-phen bearing electron donating groups, such as 3,4,7,8-tetramethylphen, the oxidative
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cleavage of olefmic double bond was almost completely avoided and a very high selectivity for 

epoxidation was observed. With iron, however, lower rates and higher selectivities were 

observed compared to the corresponding ruthenium complexes. Electrophilicity and reactivity 

of an iron-oxo intermediate were enhanced by using diamine ligand bearing electron 

withdrawing substituents.

Oxidant : A large variety of oxidants have been used for oxidation studies viz., dioxygen 

[82,83], dioxygen-NaBH4, dioxygen-Pt/H2 [84-86] alkylhydroperxides [87,88], 

peroxycarboxylic acids [89], hydrogenperoxide [90,91], iodosylarenes [16,43,44,72,92,93], 

hypochlorites [94-96], ozone [97], monopersulphates [98,99], amine oxides [100,101], 

oxaziridines [102,103], perchlorates and periodates [104] etc.

Iodosylbenzene has achieved certain importance in the model studies due to its easy 

synthesis and handling and formation of Phi as the final oxidation product, which is easy to 

detect and determine. Its disadvantages are the high cost, relative instability and very poor 

solubility in most of the solvents

Axial ligand : Williams [105,106] has pointed out that the essential difference between the 

prosthetic group of an oxygen carrier (hemoglobin) and that of an oxygen activator (cyt 

P-450) is the presence in the latter of a second electron donor site. In'cyt P-450, this is a 

cysteinyl mercaptide (RS) group, whereas the axial ligand in hemoglobin is a histidinyl 

imidazole group. The exact role of the mercaptide group is not clearly defined although the 

facile one electron change (RS°‘ RS°+e‘), is undoubtedly important in mediating electron

transfer. Based on model studies, Hirobe [107] suggested, that reactivity of an
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Fe(III)porphyrin complex, witli side-arm thiolate ligand coordinating at 5"' site, grcally 

enhances the reaction rates for hydroxylation, compared to corresponding Im complex or 

Fe(III)Cl complex.

In model studies, improvement of the rate, chemo and stereoselectivities has been 

observed in the catalytic epoxidation studies [71,90,91,108-110], by the use of an axial ligand. 

Kochi [42] showed weakening of the Crv=0 bond due to the trans PyO coordination, as 

studied by the single crystal X-ray study of the isolated complex

Solvent : Solvent polarity is important not only to dissolve the complex, substrate and 

oxidant, but also in stabilizing or destabilizing reactive intermediates. Nature of the reactive 

intermediate may depend on the type of the solvent used for the reaction, resulting into 

different reaction products. Thus, studies by Groves [111] and Watanabe [30,112] with 

Fe(III)TMP and m-CPBA in two different solvents, CI~I2C12 and toluene, show formation of 

two different species in absence of olefin. (Figure 12)

0 —C—Ar

1
Fe^-f Ar—C000H ‘

A

Figure. 12

0
Heterolysis jl ET+'

B

Homolysis m/ \ 
Toluene N c

The iron-peracid intermediate A is the intermediate generated on reaction of 

iron-porphyrin and m-CPBA in both the solvents. Heterolysis of A to ferryl iron porphyrin B 

is more favourable in CH,CI2 whereas in toluene homolysis of A, leading to the formation of C
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is more dominant. Competitive epoxidation of norbornene and a-methylstyrene (1:1) using 

substituted iron(HI)prophyrins show shape-selectivity of the olefins. The intermediate B 

favours formation of norbornene oxide over a-methylstyrene oxide due to steric hindrance of 

a-methylstyrene with porphyrin. Thus, in CHjCl^ competitive epoxidation yields 100 30 ratio 

of the epoxides of norbornene and a-methylstyrene whereas in toluene, A, the epoxidizing 

species, gives comparable yields of both the epoxides [112]

Chemical oxidation of metal complex catalysts has been studied using UV-vis, NMR 

and RR methods to see the effect of oxidant on their stability and to study intermediates 

formed. The complexes used were charged iron(IIl)-tetraarylporphyrins and the oxidations 

were carried out in water and in methanol [80], The aryl substituents used were • 

4-N-methylpyridine, 4-Sulphonatophenyl, 2,6-di-chloro-3-sulphonatophenyl, 4-carboxyphenyI 

etc. In aqueous solution, the complexes were converted by TBHP or monopersulphate into 

their corresponding oxo-iron(IV)prophyrin, whereas, in methanol only the 

iron(III)-tetra(N-Methylpyridyl)porphyrin formed detectable ferryl-porphyrin at ambient 

temperature. Factors found to be responsible for such discrimination were H-bonding, steric 

effects and electron withdrawing substituents. Solvent oxidation is important in methanol.

Substrate Size, shape and electronic nature of the substrate being oxygenated is very 

important. Cyclohexene, with abstractable allylic H atom, on reaction with electron rich 

metal-oxo centre gives allylic hydroxylation - a side reaction in the epoxidation of 

cyclohexene Electron deficient alkenes, like acyclic ones, do not react with the metal-oxo 

species readily. Substituents on the substrate affect approach of the active centre in the
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substrate to the metal-oxo, due to steric constraints, and may thus affect overall yield and 

stereochemistry of the product

An important achievement over the last decade was the highly stereoselective 

epoxidation of allylic alcohols by the Sharpiess reaction discussed below. The stereospecificity 

is observed due to the coordination of OH of substrate to metal centre, thereby, orienting the 

C=C for further attack [113],

Asymmetric Epoxidation

As noted earlier, regio - and shape-selectivity of products in the epoxidation reactions 

is, in many cases, governed by the coordinated ligand in the complex. Such observations led to 

the use of the ligands with chiral centres, leading to enantiomeric products from prochiral 

substrates. Specific enantiomer synthesis is very important for the drug industry. An important 

breakthrough came in 1980 when Sharpless reported allylic epoxidation using Titanium 

alkoxides and chiral alkyl tartarate with TBHP [113-115], The Sharpless epoxidation catalyst 

can be prepared from simple, relatively inexpensive sources and results in the enantiomeric 

excesses (ee's) more than 90%. The Sharpless chemistry is used commercially to produce (+) 

disparlure, a sex pheromone of the gypsy moth [116] and for the manufacture of both 

enantiomers of glycidol by ARCO [117] Optically pure glycidol is used for the manufacture of 

propranolol - a drug for heart disease and hypertension.

Later, Jacobsen [118-121] reported use of very simple salen-based metal complexes 

bearing chiral centres as epoxidation catalysts for unfunctionalized olefins, yielding 

enantiomerically pure epoxides
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More recent developments in the area are use of chiral Cu-glycosides [122] and chiral 

Ru(II) schiff-base complexes [123] as epoxidation catalysts for olefins. A new concept has 

been introduced recently [124], namely, Ligand Accelerated Catalysis, wherein addition of a 

ligand increases the reaction rate of an already existing catalytic transformation. If the 

accelerating ligand has chiral centre(s), it leads to stereo-selectivity, e.g. in titanium catalyzed 

asymmetric epoxidation of allyic alcohols the chiral ligand diethyltartrate acts as the 

accelerating ligand (Figure 13).

Another such example is catalytic asymmetric di-hydroxylation of olefins using 0s04 

as catalyst (Figure 14). The accelerating ligands used are alkaloids such as bis-cinchona 

derivatives. The product stereochemistry is decided by chirality of the bis-cinchona 

substituents bearing asymmetric centres [125,126],

Binuclear Metal Complexes as Catalysts

It is well known that many metalioproteins contain more than one metal ion as active 

site and their biological activity can be attributed to presence of two or more metal centres 

[127]. Thus, the manganese containing enzymes, namely manganese catalase [128-131], 

ribonucleotide reductase [132] and the Oxygen Evolving Complex (OEC) [133-135] are 

known to contain active sites composed of two or more metals. Methane monooxygenase 

catalyzes the insertion of one atom of dioxygen into methane, thereby producing methanol 

The substrate oxidation occurs at the hydroxylase component of the enzyme which contain a 

diiron centre [136], Also, non heme oxygen carrying hemerythrin proteins contain a diiron 

centre, which can coordinate dioxygen reversibly [137],
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D-DET

Figure 13

Top (J3) attack

Figure 14
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Studies with binuclear model complexes have helped to understand the role of 

multinuclear metal centres in such systems [138,139], Binuclear non-heme iron complexes 

[140] have been shown to catalyze the oxidation of hydrocarbons by H202. Binuclear Mn(II), 

Fe(III) [11,12] and Ru(IlI) [93] complexes of schiff-bases derived from 

pyridyl-2-carboxaldehyde and aromatic diamine have been used in epoxidation catalysts. Also, 

Mn(II), Cr(III), Fe(III) and Ru(III) binuclear complex of schiff-base derived from 

pyridine-2-earboxaldehyde and 1,3-diaminopropanol were shown to epoxidize olefins 

efficiently [92,141], Pyridine-2-carboxylic acid and aromatic diamines give bis-amides which 

yield binuclear complexes with Ru(lII). These were used as epoxidation catalysts for olefins 

[16].

Present Work

Thus, it is seen that in a metal complex catalyst, ligand is an important and versatile 

factor to achieve the goals of better product yields, catalyst stabilities and catalytic efficiencies. 

This study tries to fill in some of the gaps present in the existing knowledge in the field with 

respect to studies with new types of ligands and their metal complexes. Hence there is focus 

on the effect of varying ligand nature on the catalytic activity of an epoxidation or 

isomerization catalyst. The chapters 2-5 deal with epoxidation studies. Metal complexes used 

for epoxidation studies are manganese(M), iron(III), and chromium(III), with a variety of 

ligands. The last chapter 6, explores mechanism of alkene isomerization for an important 

industrial reaction where different cobalt(II)schiff-base complexes have been used as catalysts 

in homogeneous reaction.
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