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Studies on Peroxo Complexes of Vanadium(V). In Search of Novel 

Peroxovanadates of Biochemical Relevance 

ABSTRACT 

The present thesis deals with the results of studies involving synthesis, 

assessment of structure and reactivity of some novel peroxovanadium(V) complexes. 

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

Chapter 1 presents a brief introduction pertaining to the work embodied in the 

thesis. The importance of and the interest in vanadium chemistry in general, and peroxo 

and heteroligand peroxovanadium(V) compounds in particular are highlighted. 

Attention has been drawn to the discoveries that dramatically enhanced the awareness 

of importance of vanadium and its compounds in biology. Also emphasized in this 

Chapter is the paucity of information concerning dinuclear peroxovanadates particularly 

with a peroxo-bridged moiety. This Chapter also projects the scope of work on the 

chosen aspects of vanadium chemistry. 

Chapter 2 describes the details of the methods of elemental analyses, and 

instruments/equipment used for characterization and structural assessment of the newly 

synthesized compounds. Methods used for studies on the redox activities of the 

complexes in bromination and interactions with various enzymes are also described 

herein. 



Chapter 3 of the thesis presents an account of the reaction of alkali-metal 

diperoxovanadate (ADPV), a biologically relevant peroxovanadium compound, with 

vanadyl sulphate in the presence of EDTA which led to the synthesis of novel dinuclear 

heteroligand peroxovanadates(V) A4[V2O3(O2)(EDTA)(S04)(H20)1.2H20, A=Na(3.1) 

and K(3.2). 

Diperoxovanadate has been known to gain oxidant activity by complexing with 

vanadyl (v'") to form a highly reactive intermediate which could oxidize NADH and 

bromide or release oxygen in absence of any substrate. Certain ligating agents viz. 

EDTA, histidine, imidazole etc, were found to inhibit such redox processes. With an 

aim to ascertain the nature of the inhibitory species, it was considered worthwhile to 

investigate the reaction of DPV and vo2+ in presence of EDTA by attempting to isolate 

such species into solid state. The success of obtaining the solid complexes 3.1 and 3.2 

depended on the following essential components : maintenance of the molar ratio of 

ADPV (A=Na or K) : ~ 0 ~ ' :  EDTA at 1:0.75:1, order of addition of reactant, pH of 8.5, 

maintenance of required reaction time as well as temperature at 14OC. Compounds were 

precipitated with ethanol. The compounds were characterized by elemental analysis, 

magnetic susceptibility and spectral studies. Important structural features of the 

complex species include the presence of EDTA bridge and co-ordinated sulphate. One 

of the vanadium(V) of the dinuclear species contains a bidentate peroxide, whereas the 

other vanadium center is bonded to a unidentate sulphate and water leading to hepta co- 

ordination around each vanadium(V). 

The electronic spectra of the complexes 3.1 and 3.2 displayed a broad LMCT 

band at 390-400 nm owing to peroxo (LMCT) transition. The complete loss of the 780 

nm band in the spectra of the complexes characteristic of VOS04 indicated oxidative 



loss of vtV during complex formation. Occurrence of vanadium in the complexes in its 

. +5 oxidation state was further evident from their being diamagnetic and ESR silent. 

Oxygen release reactions, molar conductance measurements and electronic 

spectral studies revealed that the compounds were stable in solution. No oxygen was 

released from the solution of the complexes in phosphate buffer (pH 7.0) even on 

treatment with catalase and incubating at 30°C for upto 30 min, confirming the 

resistance of the compounds to the enzyme. Compounds were unable to oxidize NADH 

and were inactive in bromination of phenol red into its 592 nm absorbing brominated 

product, bromophenol blue, at physiological pH. It is proposed that this dinuclear 

complex species corresponds to the complex formed in solution responsible for EDTA 

induced inhibition of DPV-vfV mediated redox processes. These complexes are 

probably the first known peroxovanadate compounds containing co-ordinated sulphate. 

Reported in Chapter 4 are the first synthesis, structural assessment of 

dinuclear complexes, Naa[V2O3(O2)(NTA)2(S04)(H20)].2H20 (4.1) and 

Na2[V20~(02)(gly-gly)2(S04)(H20)].2H20 (4.2), and studies on stability and reactivity 

of these complexes. 

The desired syntheses could be successfully achieved by adopting a synthetic 

strategy almost similar to the one used for the synthesis of 

&[V203(02)(EDTA)(SO~)(H20)].2H20. The reaction of Na-DPV with VOS04 in 

presence of nitrilotriacetic acid (NTA) or glycyl-glycine were carried out maintaining 

the molar ratio of DPV : VO": NTA as 1 :0.75: 1.5 and of DPV : VO": gly-gly as 1: 

0.5: 1.5. Suitable pH for the synthesis of compounds 4.1 and 4.2 were found to be c.7 

and c. 9, respectively. 



The compounds were observed to be diamagnetic and ESR silent in conformity 

with the occurrence of vanadium in its +5 oxidation state in each of them. The presence 

of terminally bound peroxo group, terminal as well as bridging 0x0 groups and 

unidentate sulfate in the dinuclear complexes 4.1 and 4.2 was evident from their IR 

spectral pattern. IR spactra also indicated the co-ordination of the NTA to V(V) centre 

as a tridentate ligand in complex 4.1 and the occurrence of gly-gly bonded in a 

tridentate fashion through its O(carboxylate), O(amide) and -NH2 group in complex 

4.2. 

Results of oxygen release reactions, molar conductance measurements and 

electronic spectral studies confirmed the stability of complexes in solution and their 

resistance to catalase action. These compounds were unable to oxidize NADH and 

bromide. The reaction between DPV and ~ 0 ~ '  may thus serve as a paradigm for the 

synthesis of stable dinuclear heteroligand peroxovanadates when carried out in presence 

of suitable organic ligands. 

Chapter 5 describes the synthesis and structural assessment of dinuclear peptide 

peroxo-vanadium(V) complexes, [V202(02)3(dipeptide)3].H20 [dipeptide = glycyl- 

gly~ine(5.1)~ glycyl-alanine(5.2), or glycyl-asparagine(5.3)l and [V202(02)3(gly-gly- 

g l ~ ) ~ ] . H ~ 0  (5.4) with the distinctive features of having a p-022- group and peptides as 

heteroligands. Also reported in this Chapter are the results of studies of nature and 

stability of the complexes in solution and their interaction with the enzyme catalase. 

The compounds have been synthesized from the reaction of V205 with 30% 

H202 and the respective peptide. The pH value of c.2 attained spontaneously during the 

reaction was not raised. The molar ratio of V : peptide : H202 was maintained as 



1:1.5:48.3. The reactions were carried out at an ice-bath temperature (14°C) and the 

precipitation of the complexes were brought about by the addition of ethanol. The 

compounds were characterized by elemental analysis and spectral studies including IR, 

LR and electronic spectroscopy. IR and Raman spectral data suggest the presence of 

two different types of peroxo groups in each of the complexes viz., terminal chelated 

and bridging type. Peptide ligands occur as zwitterion in each of the compounds. The 

compounds were diamagnetic in nature in conformity with the presence of 

vanadium(V). 

The compounds were observed to undergo rapid degradation in aqueous solution 

with partial loss of peroxide accompanied by release of oxygen. The "v-NMR spectra 

of such solutions showed diperoxovanadate and decavanadate as the products. 

Additional oxygen was released on treating these solutions with catalase as expected of 

residual diperoxovanadate. 

Chapter 6 deals with the results of investigations on the reactivity of the 

complexes, [V202(02)3(dipeptide)3].H20 [dipeptide = glycyl-glycine(5.l) glycyl- 

alanine(5.2), or glycyl-asparagine(5.3)l and [V202(02)3(gly-gly-gly)2].H20 (5.4) in 

oxidative bromination, NADH oxidation and its effect on the activity of the enzyme 

glucose oxidase. 

The peroxobridged complexes were highly effective in generating bromination 

competent intermediate at physiological pH. The bromination activity of the complexes 

5.1-5.4 was tested by adding weighed amount of the solid compound to the standard 

reaction mixture of bromide in phosphate buffer with phenol red as the trap for oxidized 

bromine. The color of the solution instantly turned blue and the spectrum showed a 



, 
jump in absorbance at A,,, = 592nm characteristic of the product bromophenol blue. 

After the instant activity, a slow increase in A592 indicated a secondary rate of 

bromination. Based on spectroscopic studies a mechanistic pathway involving a 

sequence of mono, di, p- and Br-peroxovanadate has been formulated. The compounds 

were also found to be active in bromination of several activated aromatic substrates in 

aqueous-organic media at ambient temperature. 

The compounds were, however, inactive in oxidation of NADH and also were 

unable to inactivate the enzyme glucose oxidase. This demonstration of peroxide- 

bridged divanadate as a powerful, selective oxidant of bromide, active at physiological 

pH, should make it a possible candidate of mimic in the action of vanadium in 

bromoperoxidase proteins. 

In Chapter 7 the synthesis and characterization of dinuclear and mononuclear 

peroxovanadates containing asparagine or glutamine as co-ligands are described. 

Results of a comparative study of the stability and redox properties of the two types of 

complexes are also reported herein. 

Dinuclear complexes [V202(02)3(a~n)3] H20 (7.1) and [V202(02)3(gln)3].H20 

(7.2) have been synthesized from the reaction of H202  with V2O5 and the respective 

amino acid ligand, asparagine or glutamine, at pH c.2. Similar reactions conducted at 

pH c.5 afforded the monomeric complexes Na[V0(02)2(asn)].H20 (7.3) and 

. Na[V0(02)2(gln)].H20 (7.8). 

From the elemental analysis data, the ratio of V : 0 z 2 '  and V : amino acid was 

ascertained to be 2:3 for complexes 7.1 and 7.2 suggesting a dimeric nature of the 

complexes. IR spectral pattern of the complexes 7.1 and 7.2 indicated the presence of 



terminally bonded and bridging peroxo groups in these complexes and occurrence of the 

k i n 0  acids in their zwitterionic form co-ordinated through carboxylate group. The 

monomeric complexes 7.3 and 7.4 contain terminal chelated peroxides and an amino 

acid ligand binding the V(V) centre as a bidentate ligand through O(carboxy1ate) 

atoms. 

These dinuclear and rnononuclear peroxovanadate(V) complexes were not only 

different in their composition and spectral pattern, but also showed significant 

differences in their nature, stability and redox activity in solution. The complexes 7.1 

and 7.2 rapidly degraded in solution with release of 0 2  and formation of 

diperoxovanadate and decavanadate as shown by "v-NMR spectra whereas, complexes 

7.3 and 7.4 remained stable in solution for over 24 hours. The extent and the rate of 

oxygen released from the two types of complexes under the effect of catalase action 

further evidenced the differences in their V : 0 z 2 -  content and mode of peroxide bonding 

in these species. 

Peroxo-bridged divanadates, 7.1 and 7.2 proved to be powerful oxidant of 

bromide at physiological pH, which could also mediate bromination of organic 

substrates in aqueous-organic media. Compounds 7.3 and 7.4 were found to be inactive 

in bromination under analogous condition. The results provide further evidence for the 

'VOOV' group to be the active bromide oxidant at physiological pH. 

In Chapter 8, the notable points emerging out of the present investigation are 

summarized and conclusions are drawn on the basis of the results of the work 

undertaken. 



The results of studies described in Chapters 3, 5, and 6 have been published, 

while the results incorporated in Chapter 7 has been accepted for publication. Work 

mentioned in Chapter 4 is now under communication. 
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Intrbduction 

1.1 VANADIUM - HISTORICAL PERSPECTIVE AND OCCURRENCE 

Vanadium, a group V transition element with outer electronic configuration 

3d34s2, is ubiquitous in nature'. The element was first discovered in 1801 by a 

mineralogist Andres Manuel del Rio in a brown lead mineral from ~ e x i c o * , ~ .  Owing to 

the varied colours of its compounds, he first named it as panchromium, but 

subsequently changed the name to erythronium (red) because of the red colour of its 

salts when treated with acids2. However, vanadium was rediscovered4 almost 30 years 

later in the year 1831 by the Swedish chemist Sefstrijm after del Rlo had, mistakenly, 

withdrew his discovery. The beautiful colours of vanadium minerals prompted its 

naming as vanadin by its discoverer after Vanadis, the Scandinavian goddess of beauty 

The average abundance of vanadium in nature5-' is approx. 0.02%. In ocean it is 

the second most abundant transition element ( 5 0 n ~ ) * .  The minerals patronite (a 

complex sulfide), carnotite [K(U02)V04.3/2H20], 3vanadinite [Pb5(V04)3CI] and 

roscoelite are important sources of ~ a n a d i u r n ~ , ~ .  It is generally the most abundant trace 

metal'in crude oils and in shales339 where it is present in the form of organic complexes. 

Vanadium compounds are also found in traces in b i o ~ ~ h e r e ~ . ' ~ .  It is normally 

present at very low concentrations in virtually all cells in plants and animals". In 

mammals it is an ultratrace element which is widely distributed in tissues'". Several 

ascidians accumulate high concentrations of the element in lower oxidation states in 

their blood cells9. However, the nature of vanadium species and its role in these bio- 

systems remain unclear13. Vanadium is found naturally associated with two types of 



enzymes, haloperoxidases found in marine organisms14 and certain nitrogenases of 

nitrogen-fixing bacteria (~zotobac ter ) '~ .  Some accessory foods such as black pepper, 

tea leaf, cocoa powder and some mushrooms contain relatively high amounts of 

vanadium. 

Besides its utility as k oxidation catalyst in industrial processes16s17, vanadium 

is now considered essential in trace quantities'8-20, has known therapeutic 

applications 6,7,1 1.2 1-37 , and is toxic in e ~ c e s s ~ ~ " .  

1.2 THE GROWING IMPORTANCE OF VANADIUM IN BIOLOGY 

Several major discoveries on biological effects of vanadium 9.1 1-15 42-46 over the 

last two decades, some of which are listed in Table 1.1, raised the status of this element 

from that of a low adventitious contaminant to one of high biological relevance. The 

inhibitory effect of vanadate towards phosphatase was established in 1977 when 

Cantley and co-workers4' reported that vanadate is a potent inhibitor of Na, K-ATPase. 

This was the beginning of understanding of the potential of vanadate in enhancing 

effectiveness of a variety of phosphate esters, including phosphoproteins, by inhibiting 

their hydrolysis. It was shown in 1980 that vanadate and vanadyl had the 

insulin-mimetic action of enhancing glucose oxidation in rat adipocytes48*49. These 

reports marked the resurgence of interest in finding anti-diabetic vanadium compounds 

with low toxicity 6,7,11,26-29.32-35,SO-53 , and identification of peroxovanadates as possible 

active compounds that activate directly the cascade of enzymes that normally follows 

activation of insulin-receptors4. Ramasarma and co-workers found in 1981 that 

oxidation of NADH by dioxygen was enhanced several fold in liver plasma membranes 



on addition of vanadate and this H202-generating oxygen-consumption reaction, was 

' 
inhibited by superoxide dismutase5'. This unexpected and unusual effect led to the 

discovery of peroxo-vanadate intermediates that act as selective oxidants, and spurred 

research on the redox profile of vanadium. A major breakthrough !was the 

demonstration in 1985 that oral administration of vanadate solutions lowered blood 

sugar in diabetic rat22. Finally, with the discoveries of proteins containing bound 

vanadium as a native constituent and essential for the activity of a b r~ rno~erox idase '~  in 

a marine alga, in the year 1983, and of nitrogenase in ~ z o t o b a c f e r ' ~  the biological role 

of vanadium has been firmly established. 

Table 1.1. Resurgence of interest in biological actions of 

ReactionIParameter Vanadium EffectILocale Reference 

Na,K-ATPase vanadate inhibition 4 7 

Insulin-mimic vanadate blood glucose- 4 9 

Insulin-mimic vanadyl blood glucose- 48 

Noradrenaline-mimic vanadate arterial contraction 6 1 

NADH-V reductase vanadate plasma membrane 62 

NADH-O2 oxidation polyvanadate plasma membrane 5 5 

Bromoperoxidase vanadate marine alga 14 

Nitrogenase mutant vanadate A. vinelandii 15 

The pharmacological value of metavanadate was recognized a century ago in 

France and it was acclaimed as "Panacee Universelle" for treatment of a number of 



diseases as diverse as anemia, tuberculosis, syphilis and diabetes46956. A metavanadate 

containing tonic (neogadine) is available in the market in India. Most food materials 

used for human consumption contain vanadium in concentrationsZ0 below 0.1 pglg. 

Dietary supplement of vanadate increases its tissue content which is stored in a non- 

toxic forms7. However, pharmacological potential of vanadium has been systematically 

explored only in the last decade or so22. There is a great need for an effective oral anti- 

diabetic agent, since none of the available insulin is orally effective. No other metal 

salts have rivaled vanadium compounds as effective insulin substitutess0. Yet, they have 

limited clinical usefulness so far due to several factors including toxicity of the metal38 
2' 

Concomitant with renewed biological interest there has been an increasing 

interest in elucidating the chemistry of vanadium complexes as its co-ordination 

chemistry plays a central role in the interaction with biomolecules8~~0 as well as in 

58-60 catalytic oxidations . 

1.3 SELECTED ASPECTS OF VANADIUM CO-ORDINATION CHEMISTRY 

The co-ordination chemistry of vanadium has achieved a special status in the 

last decade63 owing mainly to the model character of many vanadium complexes for the 

- biological function iif vanadium 35,59,60,64-70 , the use of 0x0 V complexes in oxidation and 

0x0 transfer catalysis 60,71-73 , and potential medicinal applications738*"~32~3s374. In order to 

understand how vanadium might function in relatively complex biomolecules it is 

incumbent on us to understand its basic co-ordination chemistry with simpler ligands. 

While vanadium can exist in at least six oxidation states, only the three highest, i.e. 1-3, 

+4, and +5, are important in biological systems63. Vanadium(1V) and vanadium(\/) 



oxidation states are more common and are stable under ordinary  condition^^^. 

Vanadium studies remained in low profile due to its exceptionally complicated 

chemistry in s o l ~ t i o n ' ~ . ~ ~ .  The potential for redox interplay, whether V(V)N(IV) or 

V(IV)N(III), increases the versatility of this element in the biological milieu76. 

The majorii) of V(1V) compounds contain the VO" unit (vanadyl ion). These 

complexes typically have square pyramidal or bipyramidal geometries with an axial 0x0 

ligand7'. The reduced form of V(1V) (VOS04) is blue in colour and has peak of 

absorbance at about 750 nm in the visible spectrum and shifts its peak to about 600-650 

nm at neutral pH. The V(1V) is a radical and can be easily detected by the characteristic 

8-banded ESR spectrum originating from hyperfine interaction of 5 1 ~  nucleus (I = 712). 

V(V) is EPR silent due to its do state. Vibrational spectroscopy plays an important role 

in the study of 0x0-vanadium compounds. The most characteristic feature of the 

vibrational spectra of 0x0-vanadium complexes is the occurrence of very strong and 

sharp bands at 980 * 50 cm". Such bands are assigned to the V=O stretching 

frequencies7g.79 and as expected it lies near the upper frequency limit for those 

complexes which are known, from X-Ray work, to have the shortest V - 0  bondsg0. 

Vanadyl interacts readily with carbonate'0s30, phosphates '0,8'382, pyridine, 

imidazole and other arnine bases 10.8 1,82 and form different complexes. Hydrocarboxylic 

acid, phosphocarboxylate, nucleosides, nucleotides, catecols 10,8 1-84 etc. which contain 

more than one functionality form strong complexes with vanadyl cation''. These 

reactions are of physiological interest. Interaction of vanadyl with cysteine, ~ ~ s t e n e ~ ~ ,  

picolinic acid29, N, N-ethylenediamine diacetic acidg5 etc. forms complexes which 



possess promising insulin-mimetic properties. Bis(maltolato)oxovanadium(IV) 

(BMOV) is a compound recently developed for oral treatment of diabetes.mellitus' 

The co-ordination chemistry of V(V) compounds is dominated by 0x0 

complexes containing ~ 0 ~ '  and VO*' oxycations. The "v-NMR spectrum of a solution 

of vanadate at neutral pH will normally reveal at least four different peaks86. These 
,+' 

correspond to OVO', ~ 0 4 ~ - ,  H V O ~ ~ - ( V ~ )  and HrV04-(VI) which result from a series of 

complex, rapid hydrolysis and polymerization reactions which are concentration and pH 

dependent. 

Vanadium(V) comfortably binds different functionalities including 0, N, S and 

form number of complexes with many organic and inorganic ligands having different 

co-ordination geometries'0. Vanadium is stereochemically flexible with coordination 

geometries ranging from tetrahedral and octahedral to trigonal pyramidal and 

pentagonal bipyramidal being thermodynamically plausible87. Thus vanadate is a very 

labile system which rapidly interacts with a variety of naturally occurring organic 

compounds such a: carboxylates, catechols, phenolics, neucleoside derivatives, amines, 

amino acids, peptides and proteins86'88. Commonly used organic buffers and EDTA 

form complexes with vanadium compounds86. 

One of the most interesting aspects of vanadium chemistry, which has also 

engaged the attention of several groups of contemporary researchers, is its peroxo 

chemistry 35,54,59,80.89-94 . Peroxo-transition metal complexes in general have received 

continued attention over several years because of their important roles i l l  biological 

processes95'97 and in catalytic oxidations 59, 97-1 06 



1.4 GENERAL FEATURES OF METAL-DIOXYGEN COMPLEXES 

Molecular oxygen functions both as a ligand and as a reagent in transition metal 

chemistry. Recent interest in the chemistry of molecular oxygen has involved 

95,96.107-109 biochemists interested in biological oxygen transport and oxygen function - as 

well as industrial chemists interested in developing homogeneous analogues to 

heterogeneous metal-catalysed oxidation  reaction^^*-^^^^*-^^^. The isolation and 

characterization of stable dioxygen complexes and the variety of reactions that they 

then~selves undergo are beginning to yield general information about bonding, structure, 

and reactivity of co-ordinated molecular oxygen 59,l 10-1 14 

Although the term molecular oxygen refers only to the free uncoordinated O2 

molecule with the ground state configuration 3 ~ g ,  the term dioxygen has been used as a 

generic designation for Oz moiety in any of its several forms and can bc referred to Oz 

in either a free or combined state'I5. For use of this term it is essential that a covalent 

bond exist between the oxygen atoms. Thus a metal dioxygen complex refers to a metal 

containing O2 group co-ordinated to the metal center, and no distinction is made 

between neutral dioxygen in any of its reduced forms. 

MO theory predicts bond orders of 2.5, 2, 1.5, and 1 for the dioxygenyl cation 

021, molecular oxygen 0 2 ,  superoxide 02- ,  and peroxide 0 z 2 -  are summarized in Table 



Table 1.2. Physical data for dioxygen speciesg7 

Dioxygen Bond order 0-0 (A0) Number of n*,zp v (0 -0 )  cm-' 

species electrons 

According to the rationalization made by ~ a s k a " ~ ,  transition metal peroxides 

involve co-valently bound dioxygen resembling 022- in peroxo configuration. A 

common characteristic of these complexes is the 0 - 0  distance, which occurs between 

1.4 and 1.52 AO (1.49 for 02~3, and the corresponding infrared frequency v (0 -0 )  which 

lies between 800 and 950 crn-l. Simple peroxo compounds of transition metals are the 
P 

ones which contain peroxides, hydroperoxides and water molecules. Whereas 

heteroligand peroxo compounds, a term introduced by C. ~jordjevic '~,  refer to metal 

complexes containing one to three co-ordinated peroxo groups and one or more 

ancillary ligands. Heteroligands may range from monodentate Cons to bulky 

porphyrins 6,59,80,9 1,96,97,1 12 (F ,  I ,  NH3, sod2-, c~o?-, C C O ~ ~ - ,  NTA, EDTA, bipy, 

o-phen, oxine, porphyrins, pyridine-2,6-dicarboxylic acid etc.). 

1 

A comparison between the peroxo and unreduced dioxygen heteroligand 

complexes reflects that the chemistry of the two is very different owing to the presence 



of two extra electrons in the antibonding Opn* orbitals of the peroxide ion96. The 

eIectron rich 0 z 2 -  ion therefore preferably forms complexes with metal ion of low dn 

including do, and also f O electronic configurations, while the neutral dioxygen molecule 

favours higher dn metal acceptors. However, there are at least two things that theses 

oxygen species have in common, viz., both are of importance to biochemistry 95.96.109 

The metal peroxo bonds in peroxo metallates are described by o-interactions 

between the metal d,, orbital and an in-plane peroso n' orbital as suggested from ab 

initio calculations and semiin~perical ~ o r n ~ u t a t i o n s " ~  (Fig. I 1) .  In case of diperoxo 

con~plexes the metal d?.; orbital interacts with n* orbital of the second peroxo ligand 

to form the metal peroxo bond. 

Fig. 1 .1  Interaction of metal d,, orbital with peroxo n* orbital. Formation of metal- 

peroxo bond in peroxo rnetal~ates"~. 

The way in which peroxo group is expected to co-ordinate to metals can range 

from symmetrical bidentate to a side-on monodentate position, including all possible 



angles in between them. The structural classification of dioxygen complexes, 

rationalized by vaskal l 5  can be represented as shown in Fig 1.2. 

Structural type Structural designation Vaska classification 
- - 

7 ' dioxygen Type a (superoxo) 

T - ~  dioxygen Type 1Ia (peroxo) 

q l  : q 1  dioxygen Type Ib (superoxo) 

M 4  
7 '  : dioxygen Type IIb (peroxo) 

q2 : q2 dioxygen 

Fig. 1.2 Structural classification of metal-dioxygen complexesl15. 

The bridging peroxo could vary from cis-planar and trans-planar to trans- 

116,117 nonplanar configuration. An unusual symmetrical double bridging was also found . 



Deviations from the ideal symmetry are also observed very ~ f t e n ~ ~ , " ~ . ' ~ ~ .  In the cases of 

heteroligand fields they are due to the inherent symmetry of different donor atoms. 

Additional pn* electron delocalisation to the metal ion is anticipated, which could 

0 0 therefore favour d If or low dn metal ion configuration. The stereochemical polyhedra 

in heteroligand peroxo complexes are often fairly predictable. In oxoperoxo 

heteroligand surrounding, the pentagonal bipyrarnidal arrangement is most common for 

transition metal complexes, usually with two co-ordinated peroxo groups in cis position. 

It has been known for over a century that characteristic colour reaction may take 

place when hydrogen peroxide is added to solutions of transition metal  derivative^"^ 

and many peroxo transition-metal compounds have been isolated in the solid 

state59,96. 1 10.1 12 . Peroxo-metal complexes besides having an intrinsic interest of their 

own59,93, 1 12 constitute an important class of reactive intermediates in catalytic 

oxidations 99,100,120-125 and are involved as potential oxygen donors in the oxygen transfer 

reactions to organic substrates including hydrocarbons 93,100,101,120-126 . Also, the research 

leading to gain an insight into roles of peroxo-transition metal complexes in storage and 

transport of oxygen and oxidase functions in biological systems is of growing 

interest 127,128 

The stability of peroxo complexes is generally enhanced by specific 

heteroligand combinations. Many simple metal peroxides often explode spontaneously, 

some are sensitive to shock or decompose above O°C, several do not exist at all as 

stoichiometric compounds"0 but many heteroligand peroxo complexes, on the other 

hand, survive recrystallisation from boiling aqueous solutions, heating in vacuo, and 

remain unchanged for prolonged periods in closed containers 96,129-131 . The metals, Sc, 

Ti, V, Cr, Y, Zr, Nb, Mo, La, Hf, Ta, w~~ and u ' ~ ~  form stable heteroligand peroxo 



complexes. The biochemical significance of peroxo metal complexes has been 

emphasized in ~ i t e r a t u r e ~ ~ . ~ ~ .  The reactivity of peroxides'00~'0'~'149'33"35 and the lability 

of metal-oxygen bonds in special heteroligand environments in solutions are of 

particular interest to biochemistry although not easy to measure directly. 

1.5 PEROXO COMPOUNDS OF VANADIUM - CHEMISTRY AND 

IMPORTANCE 

Peroxo-vanadium chemistry has increasingly become the center of research 

attention. Knowledge regarding the active involvement of peroxovanadium compounds 

in haloperoxidases 68,136,137 , their enzyme inhibitory136, a n t i n e ~ ~ l a s t i c * ' , ~ ~ ,  and insulino- 

mimetic properties 6,7,1 1,25-29,32-35,SO-53 as well as their potent catalytic properties in the 

oxidation of organic and inorganic substrates 59,100-102,120-125,137-139 have intensified 

interest in these complexes. 

Vanadium-hydrogen peroxide system appears to be complicated owing to the 

formation of a number of different complexes in solution with a small change in pH of 

the reaction m e d i ~ m ~ ~ . " ~ .  The composition of peroxovanadium species formed in 

aqueous solution is sensitive to various factors viz., vanadium and hydrogen peroxide 

concentration, pH, ionic strength, and reaction temperature. 

Monoperoxovanadate(MPV) species, v0 (02)+  appears at acid pH < 3.0 and low 

H202 : V(V) ratio and this imparts a red colour to the solution 93.1 10,140,141 

Diperoxovanadate(DPV) species, [V0(02)2(H20)2]- is formed in the broad pH range of 

4.0-8.0 which is responsible for the yellow colour of the solution 93.1 10,140,141 . At higher 

peroxide and vanadium ratio and pH > 8.0 triperoxo'42 and tetraperoxo species 



dominate1I0. Most species have pH dependent 5 ' ~ - ~ ~ ~  chemical shifts arising from 

protonation and deprotonation reactions and were characterized by "v-NMR 

spectroscopy 140,141,143-145 (Table 1.3). Study of "v-NMR spectra of these compounds 

proved to be invaluable tool in identification of vanadium(V) reaction intermediates and 

compounds formed. 

Fig.l.3 Monomeric peroxo vanadium species. 1 monoperoxo; 2 diperoxo; 3 triperoxovanadate. 

The notable points emerging out of the earlier studies 93.1 10,140-142 include the following : 

(i) The number of peroxo groups per vanadium atom increases with alkalinity 

(ii) Increasing acidity increases polymerization and decreases the peroxy groups per 

vanadium atom. 

(iii) Increasing concentration of H202 decreases the degree of polymerization. 

In presence of molecules or ions with suitable donor atoms in the reaction 

mixture, the oxoperoxo ligand sphere tends to incorporate those molecules as ancillary 

ligands and thereby stabilizes the peroxovanadate moiety6359~80~96. Thus, depending on 

the pH and reaction conditions monoperoxo, diperoxo or triperoxo complexes may be 



Table 1.3. Species, formulae, " V-NMR peaks @pm) of some vanadium 

No. of Species Chemical shift (6) in "v-NMR peaks (ppm) 
peroxo 
groups Howarth & Harrison & Jaswal & 

Hunt (1 979) Howarth (1 985) Tracey (1 99 1) 

Nil OVO' 

v04~- -545 

~ ~ 0 4 ~ -  (V 1) -534 

H2V04- (V I )  -574 

(v2) -562 

V4 cyclic 

V4 linear or VS 

One v0(02)+ -543 

VO(OH)2(02)' -62 1 

V02(0H)(02)' -623 

[ ~ 0 2 ( 0 2 ) ] 2 0 ~ -  (dimer) 

Two ~02(02)2~- -760 

V(OH)2(02)2' -696 

~ 0 ( 0 ~ ) ( 0 2 ) 2 ~ -  -767 

[ ~ 0 ( 0 2 ) 2 ] 2 0 ~ ~ '  (dimer) -757 

[V(OH)2(02)2I20 (dimer) -650 

Three ~02(02)3~' -845 

VOH(OZ)~~-  -733 



formed which are represented by the formulae : Mn[V0(02)2(L)], M,[vo(o~)~(LL')] or 

M,,[vo(o~)(H~o)(LL~L~')] where M = NH4, Na or K; n = 1-3; and L, LL' and LL'L' are 

mono, bi- and tridentate ancillary ligands6. A large number of peroxvanadium and 

oxodiperoxovanadium(V) complexes in diverse ligand environment have been 

structurally characterized and reported in recent years 6,59,80,91,146,147 . In general, 

peroxovanadate complexes are mononuclear with the vanadium atom in a pentagonal 

bipyrarnid with one or two peroxo groups bonded in a side-on fashion in the equatorial 

plane 6,59,80,91,146,147 

Dinuclear peroxovanadate compounds with various bridge configurations, 

although very lim'ited, are known in which either an 0x0 group or donor atom of the 

heteroligand usually binds the two vanadium centers9' (Table 1.4). Examples of 

structurally characterized dinuclear peroxovanadates are listedg' in Table 1.5. 

Djordjevic et al. have synthesized a series of 0x0-bridged dimeric peroxovanadiurn 

complexes such as (NH4)4[O{V0(02)2)2] and M(I)4[O{V0(02)2L)2], (L = cystine, 

adenine, adenosine) and observed that these dimers differ from the monomeric peroxo 

compounds tested in terms of solubility, stability towards decomposition and also 

toxicity and related properties of importance for medicinal application80. Dinuclear 

peroxovanadate intermediates possessing a p-peroxo bridge have been implicated in 

certain biochemical processes 68,148-151 . However, only a few reports regarding 

chemistry of such species of vanadium in solid state are available 116,152-154 . The 

synthesis of peroxo-bridged vanadats and studies on their various properties, therefore, 

appear to be worthwhile area of investigation. 



Table 1.4. Bridge configurations found in dinuclear vanadiurn(Y) peroxo cornplexesg' 

Type Structure Type of Bridging 

p-X, p-Y, nonplanar bridge 

p-X, C1 -Y, planar bridge 

X and Y are donor and Z are other atoms of ligand. 



Table 1.5. Sfrucfurally characterized dinuclear peroxovanadafe?l 

Dinuclear Bridge CN Ligand(s) Ref. 

[V202(02)2)Lr] r = 4, 5 C,-  7 citrato 59 

c , -  6 glycolato 91 

c,- 6 DL-mandelato 9 1 

A, D 7 dpot 156 

[V202(02)3)Lp] P = 3 , 4  A, F 7 3F 5 9 

[v202(02)4)LI E, - 6 H20 (3) 59 

A, E 6-7 0 59 

D, E 7 Po4 157 

A, B, C, D, E and F denote the type of bridging described in Table 1.4. 

Modem spectroscopic tools are highly informative in the study of vanadium 

peroxo complexes. Peroxovanadates species formed in aqueous solution have 

5 1 been studied by several techniques including V-NMR spectroscopy 135,140,141,143-145 , 

17 114,144 0-NMR spectroscopy , Rarnan spectroscopy'45 and by electrospray ionization 

mass spectrometry ( E S I - M S ) ' ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ .  Moreover, structures of vanadium peroxo 

138,159 derivatives are also being theoretically investigated . 



Infrared 'spectra are essential for the characterization of peroxovanadate 

compounds. Coordination of peroxide in a side-on bidentate fashion creates a local Cz, 

symmetry which has three IR active symmetric 0 - 0  stretching, symmetric 

metallperoxo stretching, and antisymrnetric metal-peroxo stretching which occur at 

approximately 880, 600 and 500 cm-' respectively59. The vs(O-0) is the most sensitive 

and intense one. All the three IR active modes are also Rarnan active and thus the 

results of Rarnan spectral studies not only complement the IR results but also augment 

them. Symmetric 0 - 0  stretching observed at approximately 850 cm" in IR is weak in 

case of bridging peroxide because of its very weak dipole, but it shows strong 

absorption in Raman spectroscopy. In the UV-Vis spectra of monoperoxo and diperoxo 

complexes a distinct difference is found. The ligand to metal charge transfer bands 

appears -at around A,, - 320 nrn in diperoxo complexes whereas monoperoxo 

complexes absorb at a much lower energy with the A,, - 420 nm80. 

In addition to the increasing evidence of the biochemical importance of 

vanadium, the efficiency of peroxovanadium complexes in oxidizing certain 

organic 93,100-102,161 and inorganic substrates 59,162,163 are notable. Peroxovanadium species 

usually react with organic substrates by generating O2 and some reduced form of 

vanadium. Various synthetic approaches have been developed for the oxidations of 

alkenes and allylic alcohols to corresponding epoxides59~'007101~1388'64, primary and 

167,168 secondary alcohols to the aldehydes and ketones59.1383165,166, aldehydes to esters , 

sulfides to sulfoxides and sulfones 59,1029104,138 as well as, hydroxylations of alkanes and 

arenes 59,100,138,164,169 
(Fig. 1.4). The catalytic applications of peroxovanadates take 

advantage of the increased oxidation rate of peroxovanadium complex, which after 



formation reactsI7O. Owing to the biological significance of the peroxo-vanadate 

mediated oxidations, most of the recent studies have been conducted in 

water 138,161,171,172 . However, peroxovanadate compounds are also efficient oxidizing 

agents in less polar organic solvents 101,164,173 . Recent developments have been utilizing 

174,125 biphasic, phase transfer systems as well . 

"HOX, Br2, Br3 " t 

Fig. 1.4 Reactivity of vanadium peroxides with inorganic and organic substrates138 



The stoichiometric or catalytic oxidations accomplished by peroxovanadates are 

usually carried out under mild conditions with good selectivity and chemical yields59. 

Mimoun el al. synthesized a series of vanadium complexes of tridentate Schiff base 

ligand which exhibited clean stereoselective epoxidationlO1. Some peroxovanadium 

complexes like V0(00tBu)(dipic)(H20), VO(OOtCMe2Ph))(dipic)(H20) etc. oxidize 

alkenes to a mixtures of products, primary allylic alcohols, ketones and aldehydes with 

a small amount of epoxides without ~elec t iv i ty '~~.  One of the most striking features of 

the V(V) peroxo complexes is their ability to oxidize arenes, alkanes and 

alcohols 59,100,138,164- 166,169 . Complex V0(02)(0R) catalyze the oxidation of 2-propanol to 

59,165 acetone stoichiometrically with respect to H202 consumption . The heteroligand 

peroxo complexes ~0(02)(0-N)LL'  (0-N = pyrazine-2-carboxylate and L,L' = H20, 

or a basic ligand, e.g., pyridine N-oxide) could efficiently transform olefins to epoxides 

as well as hydroxylated aromatic hydrocarbons to phenol and alkanes to alcohols and 
. 

ketones164. 

The nature of the coordinating ligand and the solvent system are very important 

factors on which the oxidative reactivity of peroxovanadate complexes depends176. An 

increase of electron density on the metal brought in by the co-ligands would reduce the 

electrophilicity of peroxo complexes and also their ability to act as one electron 

acceptor and as oxidant135. The activity of peroxovanadium complexes as catalysts have 

been fine-tuned with ligands and various correlations have been made involving the 

electronics and other properties of the ligand 113,135.170-172,176 . The mechanism of 

oxidation reactions mediated by peroxovanadates as electrophilic or radical oxidants 

have been studied extensively 59,101,164,172 



Besides the oxidations of organic substrates, peroxovanadium complexes are 

also able to oxidize various inorganic substrates including of su lhr  dioxideI6*, 

59,137 t h i ~ c ~ a n a t e ' ~ ~  and halides . The oxidation of halides with peroxovanadates is of 

particular interest as such a process is actually a chemical model of the activity of 

vanadium-dependent h a l ~ ~ e r o x i d a s e s ~ ~ ~ ~ ~ .  

.Haloperoxidases are enzymes that catalyse the two-electron oxidation of halide 

(X-) by peroxide to the corresponding halogenating species X2, X3- or hypohalous acid, 

which halogenates organic substrates RH 14,42,59,63,68,177 

The primary oxidized intermediate is still not known although for bromide it is 

equivalent of hypobromous acid, bromine, tribromide or an enzyme-bound bromonium 

ion-type species 14,42,59,63,68,177 . They are referred to as chloroperoxidases, 

bromoperoxidases or iodoperoxidases depending on the most electronegative halogen 

they can oxidize. 

Bromoperoxidases, are involved in the biosynthesis of many brominated marine 

natural products ranging from simple hydrocarbons to halogenated terpenes, indoles, 

phenols, which often have important biological and pharmacological activity"' In 

absence of an organic halogen acceptor, the oxidized bromine reacts with a second 

equivalent of hydrogen peroxide resulting in the formation of bromide and singlet 

59,178 oxygen . The dispropotionation reaction of hydrogen peroxide is a bromide- 

catalyzed process. In addition to halide oxidation, the vanadium haloperoxidases and 



some of their model compounds are capable of oxidizing organic sulfides to 

sulfoxides 59,102,104,138 

Crystal structures of some haloperoxidase proteins Curvularis inequalis179, 

Ascophyllum n o d o ~ u m ' ~ ~ ,  Corallina officinalis'" are now available. In the native site a 

five co-ordinated trigonal-bipyrarnidal vanadium(V) moiety is bound to three non- 

protein 0x0 groups in the equatorial plane and one histidine and hydroxy group at the 

axial positions, the architecture being similar to evolutionary-related acid phosphtase182. 

The oxygens are hydrogen bonded to several amino acid residues of the protein chain. 

Addition of peroxide converts the arrangement from trigonal-bipyramidal to te'tragonal 

pyramidal with the peroxo ligand in the tetragonal plane and 0x0-oxygen in the apical 

position. Quite interestingly, bromoperoxidase show phosphatase activity after remove1 

of vanadate" and the peroxidase activity can be restored on reconstitution of the 

apoenzyme with vanadate. 

The vanadium-dependent bromoperoxidase is now the subject attracting much 

attention of chemist as well as biologist. Studies on synthetic models of V-BrPO have 

been extremely useful in helping to unravel details of the structure and mechanism of 

activity of the enzyme6'. Selected structural models6' of the enzyme are shown in Fig 

1.5. Versatility with respect to coordination number, geometry and coordination 

functions is evident in the compounds. The common feature in these compounds is that 

their coordination sphere is dominated by oxygen functions, one or two of which are 

0x0 groups. Compounds 3 and 4 are functional mimics which catalyze bromination of 

organic substrate under mildly acidic  condition^^^. 



Fig. 1.5 Structural models for the vanadium site in peroxidases64. A dashed line (in 1, 

2 and 4) represents a weak bond. The supporting ligands are Schiff bases (1-3) or 

ethanolarnine (4) 

In order to get a better understanding of the mechanism of action of the enzyme 

and to determine the role of vanadium many functional mimics for V-BrPO were 

developed 59,64-70,137 . The biomimetic functional models reported in the literature, some 

of which are discussed in Chapter 6 of this thesis, are mostly based on monoperoxo 

vanadium65 or on triperoxo divanadium spe~ies46~68~69~14"149. Aqueous solution of cis- 

dioxovanadium(V) (vo;) in acidic medium6', a V205 and H202 as well as , 

KBr in excess H202 in presence vanadyl sulfate in phosphate bufferu8 (pH 6) were all 



found to be effective in bromination of organic substrates and were studied in detail as 

functional mimic of the enzyme. 

In recent years several peroxo-vanadium compounds and vanadium complexes, 

of multidentate ligands containing 0 and N donor sites were examined for catalysis of 

bromide oxidation with an aim to address the role of the protein environment around the 

active site 63-65,183 . Most of these model complexes were however, found to be 

catalytically active in acid medium whereas natural V-BrPO is most efficientsg at pH 

5.5-7. Thus it is evident that despite the progress made in gaining an insight into the 

various aspects of activity of V-BrPO, the exact mechanistic details of the enzyme 

function is yet to be fully understood and hence is still a subject of study. 

Concomitant with the biochemical interest on the activity of V-BrPO there have 

been efforts to develop catalytic protocols with synthetic V-BrPO mimics 105,184,185 

Conventional bromination methods involve elemental bromine, which is a pollutant and 

a health hazard. There is a need for benign catalytic systems which can mimic the 

biological bromoperoxidase in the synthesis of brorninated organics'84. The search for 

functional biomimics of the haloperoxidases, particularly to elucidate the mechanism of 

halogenation of organic substrates led to the discovery of several transition metal 

complexes as effective catalysts of the oxidati~n of halide by hydrogen 

peroxide 59,64,65,67-70 which indeed is an important development in this area. It would be 

useful to develop peroxovanadium compounds with definite potential for application 

as safer alternative synthetic catalyst for organic bromination reactions. 

Other very important aspects of vanadium peroxide systems of contemporary 

interest are their a n t i n e ~ ~ l a s t i c ~ ' ~ ' ~  and insulin mimetic 6,7,1 1,25-29,32-35.50-.53 effects. 

Djordjevic et al. tested a range of heteroligand peroxovanadate compounds for their 



antiturnour activity and observed that such activity was dependent on the nature of the 

hetero-ligand and the cations present23. According to very recent reports, 

diperoxovanadate complexes were found to be effective as drug for treatment of 

infectious deseases, in immune disorders or infections caused by viruses such as HIV 

virus, and in enhancing antimicrobial efficacy of drugsIa6. 

Vanadate and peroxide have been known to act synergistically to mimic insulin 

activity. Peroxovanadates are far more potent in facilitating the metabolic effects of 

insulin than vanadatela'. Several stable peroxo complexes of vanadium having the 

general formula A , , [ V ~ ( ~ ~ ) , L - L ' ] . ~ H ~ ~  where A' is NH; or K', n is 0-3, x is 1 or 2 

and L-L' is usually a bidentate ligand were found to be effective insulin mimics by 

shaver et al.6. Mechanism by which peroxovanadates mimic insulin is not fully 

understood. A good correlation exists between the PTPase inhibitory abilities of 

peroxovanadate complexes, their abilities to promote activation of insulin receptor'88, 

and their in vivo insulin mimetic activities. It has been proposed that peroxovanadium 

complexes bind to the active site of PTPase because they are quite similar to phosphate 

ester and inhibit PTPase by irreversibly oxidizing the cystein residue in the active site of 

the enzyme6. The insulin mimetic complexes, K2[V0(02)2pi~].2H20 and 

K2[V0(02)2(OHpic)].3Hfi were indeed capable of oxidizing cystein to cystinei9. A 

large number of heteroligand peroxovanadate complexes have been tested for possible 

insulin like activities which revealed a range of stabilities towards decomposition in 

aqueous solution, depending on the nature of the heteroligandIa9. 



Fig. 1.6 Vanadium compounds of therapeutic importance. These compounds have 

already been proved to be active in animal- tests8. 

However, most of these compounds are hydrolytically unstable and end with 

52,190 radical formation when subjected to redox processes which limits their utility as 

therapeutic agents. Thus there is an urgent need for stable, better absorbed, more 

efficacious vanadium compounds with therapeutic potential and this has spurred an 

intense search for biologically relevant peroxo-vanadium complexes. 



1.6 REASEARCH OBJECTIVES 

It may be inferred from the above non-exhaustive discussion, that the chemistry 

of peroxovanadates(V) in general embraces a fascinating, rewarding and worthwhile 

area of investigation. Also it is evident that the synthesis of well defined 

peroxovanadate(V) complexes and assessment of their structure, stability and redox 

properties are above all prerequisites following which other aspects can be developed. 

Accordingly, in line with the scope highlighted above, the research described in 

this thesis has mainly been focused on synthesis and characterization of novel 

peroxovanadium compounds, and investigating their stability and redox activity in a 

variety of oxidation reactions including biomimetic bromination reaction. 

Major objectives of the present research programme are as follows : 

(i) To develop synthetic routes to newer stable peroxo complexes of vanadium 

stabilized by suitable co-ligands of biological relevance and to characterize 

them. It is of particular interest to obtain dinuclear compounds possessing 

bridging peroxo groups in addition to side-on bound peroxide. 

(ii) To study the stability of the compounds to decomposition in the solid state as 

well as in solution. 

(iii) To explore the catalytic activity of the compounds synthesized in bromide 

oxidation and bromination of organic substrates with an aim to pursue 

biomimetic chemistry of bromoperoxidase. 

(iv) To undertake investigations involving studies on the interaction of the peroxo 

vanadium compounds as substrates for enzyme catalase, their possible inhibitory 

effect on certain enzymes and their redox activity with NADH. 



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

studies on the afore mentioned aspects of peroxovanadiurn chemistry. Each of these 

Chapters has been so designed as to make it a self-contained one with brief 

introduction, sections on experimental, and results and discussion followed by relevant 

bibliography. In Chapter 8 some general conclusions drawn from the results of the work 

undertaken have been presented. Most of the new results have been published and the 

rest are under communication. 
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Materials and Methods 

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

are given below : 

Vanadium pentoxide and vanadyl sulfate (SRL); hydrogen peroxide 30% (v/v), 

potassium bromide, potassium iodide, potassium hydrogen phosphates (E. Merck, 

India); ethylenediaminetetraacetic acid, nitrilotriacetic acid (SD fine chemicals); 

glucose oxidase (from A. niger), glycyl-peptides, phenol red, catalase, NADH (Sigma 

Alderich Chemicals Company Pvt. Ltd.); amino acids, sodium thiosulphate, potassium 

persulphate (CDH); HEPES Buffer (HiMedia); aniline, nitroanilines, aminophenols, 

quinol, 2-methoxytoluene, acetone, diethyl ether, ethyl acetate, petroleum ether 

40"-60°C (SD fine chemicals). 

Solutions were made fresh before the experiments in water, doubly distilled in a 

quartz apparatus after initially passing through milli RO water purification system. 

2.2 ELEMENTAL ANALYSES 

2.2.1 vanadium' 

Vanadium was estimated volumetrically by titration with a standard potassium 

permanganate solution'. A near boiling solution of an accurately weighed amount of the 

vanadium(V) compound, after removing peroxide, was treated with a stream of sulphur 



dioxide for c. 10 min, and then with a stream of carbon dioxide to expel any excess of 

sulphur dioxide. The vanadium(1V) solution thus obtained was cooled at c. 80°C, and 

finally titrated with a standard potassium permanganate solution. 

2.2.2 

An accurately weighed amount of a peroxovanadate compound was dissolved in 

7N sulphuric acid containing c.4g of boric acid. Boric acid was used to form perboric 

acid to prevent any loss of active oxygen. The resulting solution was then titrated with a 

standard potassium permanganate solution. 

1 ml of 1N KMn04= 0.0 170 1 g of H202 

This method is suitable for determination of peroxide content in 

peroxovanadium(V) compounds. 

To a freshly prepared 2N sulphuric acid solution, containing an appropriate 

amount of potassium iodide (-lg in 100 ml) was added an accurately weighed amount 

of peroxovanadate(V) compound with stirring. The mixture was allowed to stand for 

c. 15 min in C 0 2  atmosphere in the dark. The amount of iodine liberated was then 

titrated with a standard sodium thiosulphate solution, adding 2 ml of freshly prepared 

starch solution, when the color of the iodine was nearly discharged. 

1 ml of 1N Na2S203 = 0.01701 g of H202 



This method gives the total amount of peroxide plus vanadium present in the 

compound. On deduction of the contribution of vanadium(V) from the total amount of 

iodine liberated, the net peroxide content of the compound is evaluated. 

2.2.2.3 By standard Ce(Iv  solution4 

An accurately weighed amount of a peroxovanadate(V) compound was 

dissolved in a 2N sulphuric acid solution in the presence of an excess of boric acid. 

Peroxide was then determined by titrating with a standard Ce(1V) solution. 

Vanadium(V) does not interfere in this method. 

A known amount of the sulphate compound of vanadium was dissolved in about 

25 ml water and c.0.4 ml of conc. HCl was added to it. The solution was diluted to -250 

ml and boiled for c.30 min. To the boiling solution 10-12 ml of warm 5% barium 

chloride solution was added dropwise with constant stirring. The precipitate formed was 

allowed to settle for a few minutes. The supernatant liquid was tested for complete 

precipitation by adding few drops of barium chloride solution. A slight excess of 

precipitating agent was added to ensure complete precipitation. The mixture was kept 

covered over a steam-bath for lhr in order to allow time for complete precipitation of 

BaS04. The precipitate was then allowed to settle at room temperature and the clear 

supernatant liquid was again tested for complete precipitation. The digested precipitate 

was then filtered through a constant-weighed sintered glass crucible (Grade 4) and 



ignited at 500°C in an electric muffle furnace followed by cooling in a desiccator. The 

heating process was continued until constant weight was obtained. 

2.2.4 Carbon, Hydrogen and Nitrogen 

The compounds were analyzed for carbon, hydrogen and nitrogen by micro- 

analytical methods at the Regional Sophisticated Instruments Center (RSIC), North- 

Eastern Hill University, Shillong, India and at the Department of Organic Chemistry, 

Indian Institute of Science, Bangalore, India. 

2.2.5 Sodium and Potassium 

Sodium and potassium contents were determined by Atomic Absorption 

Spectroscopy. 

2.3 PHYSICAL AND SPECTROSCOPIC MEASUREMENTS 

2.3.1 pH measurement 

pH of the reaction solutions, whenever required were measured by using a 

Systronics p pH, system 361, and also by E. Merck Univrsalindikator pH 0-14 paper. 



2.3.2 Molar conductance 

Molar conductance measurements were made at ambient temperature using 

Systronics Conductivity Meter 306. 

2.3.3 Magnetic susceptibility 

Magnetic susceptibilities of the complexes were measured by the Gouy Method, 

using Hg [CO(NCS)~] as the calibrant. 

2.3.4 Electronic spectra 

Spectra in the visible and ultraviolet regions were recorded in a Shimadzu 

double-beam UV 160 A or a Hitachi model 2001 recording spectrophotometer in 1-cm 

quartz cuvettes. All the absorbance values are denoted as, e.g., ASg2, A340 at the 

wavelengths indicated. 

2.3.5 Infrared (IR) spectra 

The infrared (IR) spectra were recorded with samples as KBr pellets in a Nicolet 

model impact 410 FTIR spectrophotometer and also in a Perkin Elmer Model 983 

spectrophotometer. 



2.3.6 Laser-Raman (LR) spectra 

The laser-Raman (LR) spectra were recorded on a SPEX Ramalog model 1403 

Raman spectrometer. The 4880 A" laser line from a Spectra-Physics model 165 argon 

laser was used as the excitation source. The light scattered at 90' was detected with the 

help of a cooled RCA 31034 photomultiplier tube followed by a photon-count 

processing system. The spectra were recorded at ambient temperatures by making 

pressed pellets of the compounds. 

2.3.7 Electron spin resonance (ESR) spectra 

The electron spin resonance (ESR) spectra of aqueous solutions of the 

compounds were recorded at room temperature in a capillary tube in a Varian Model E 

109 spectrometer under the following conditions : microwave power, 5 mW; microwave 

frequency, 9.05 GHz; modulation frequency, 100 KHz; modulation amplitude 4 XI G ; 

scan range 4 x 1 KG; field set 3200 G and receiver gain 2.5 x 10'. 

2.3.8 "v-NMR spectra 

The "v-NMR spectra were recorded in a Brucker AMX 400 FT spectrometer at 

vanadium frequency 105.190 MHz with the samples in a 10 mm spinning tube with a 

sealed coaxial tube containing D20 to provide the lock signal. The chemical shift data 

are shown as negative values of ppm with reference to VOC13 at 293 K. 



2.3.9 'H-NMR spectra 

The 'H-NMR spectra were recorded in deuterated chloroform either in Varian 

EM-390 90 MHz NMR spectrophotometer or Varian T-60 instrument. TMS was used 

as an internal standard. Values are given in ppm ; s, d, m and br are used to depict the 

singlet, doublet, multiplet and broad absorption signals respectively in 'H-NMR 

spectrum. 

2.3.10 HPLC analysis 

HPLC analyses were performed using a Waters Tm 2487 dual h detector and 

assayed at fixed wavelengths using CIS column (Nova-Pak CI8, 3.9 x 150 mm, Waters). 

2.3.11 Measurement of catalase dependent oxygen release6 

A Gilson 516 H oxygraph fitted with a Clark oxygen electrode was used for 

measuring changes in dissolved oxygen in the medium (0.224 mM at 3 0 ' ~ )  and the 

changes were recorded as units in pM of dissolved oxygen. The rate and the total 

amount of oxygen released from 0.2 mM solution of the compound in phosphate buffer 

(50 mM, pH 7.0) on adding catalase (0.08 mg proteinlml) were measured. The recorder 

pen was set in the middle of the chart paper for measuring the release of oxygen into the 

medium. The machine was standardized by the increases in dissolved oxygen obtained 

on adding catalase to buffered solutions containing known amounts of H202. Oxygen 

' I 



transfer from H202 was complete within 10 sec. under theses conditions, but a 

maximum of on)y about 200 pM of O2 can be measured before it comes out in the form 

of bubbles. This indeed limits the concentration of a substrate to 0.2 rnM in this method. 

2.3.12 Measurement of oxidation of NADH' 

Weighed samples of the compounds (1-3mM) were added to phosphate buffer 

(50 mM, pH 7.0). At high concentrations of peroxovanadates used, their absorbance at 

340-380 nm in the electronic spectra had to be balanced by adding equivalent amounts 

in the blank and experimental cuvettes. Only the experimental samples contained 

NADH (0.2 mM). Immediately after mixing, the sample was transferred to the cuvette 

and A340 was noted, and its decrease, indicating NADH oxidation, was followed with 

time. 

i - 
2.3.13 Measurement of bromination activity in solution 

The method of de Boer et of introducing four bromine atoms into the 

molecule of phenol red ( E ~ ~ ~  =19.7 mm) to form the product, bromophenol blue 

(~"~=67 .4  mm) was used to measure bromination activity. Phenol red acts as an 

efficient trap of active bromine species until it is exhausted, without influencing the rate 

of reaction. The reaction mixture contained phosphate buffer (50 mM, pH 5 . 9 ,  KBr 

(2M) and phenol red (20 pM) kept at 3 0 ' ~ .  The reaction was started by adding solid 

compounds and was monitored by the increase in absorbance at 592 nm of the product 

formed. The volume of the reaction mixture was kept at 25 ml in these experiments to 



enable accurate weighing of small amounts of solid samples of peroxovanadate added. 

After mixing aliquots were immediately transferred to the spectrophotometer to record 

the increase in A592 
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An intermediate derived from diperoxovanadate was shown to stimulate 

22-26 oxidation of N A D H ~ ~ .  It has been reported earlier by others that di~eroxovanadate 

(DPV) gains oxidant activity by complexing with vanadyl (v'"), to form a highly 

reactive peroxo-bridged intermediate, [OVOOVO(O~)]', which could act as oxidant 

species of NADH'~ and bromide2', as well as inactivate glucose oxidase2', or release 

oxygen as gas25 in absence of any substrate. 

One significant finding of such studies was the inhibitory effect of certain 

organic ligating agents viz., EDTA, histidine, imidazole etc. on the above redox 

22-26 processes . Such inhibition was found to be maximum in presence of EDTA. EDTA 

induced inhibition2' was also reported to occur in oxygen release reaction involving 

H202 and VOS04. The basis for such potent inhibition appeared to be the inactivation 

of the reactive peroxo intermediates by the ligands through complexation with V(V) 

and V(1V) centers. However, there has been a paucity of evidence on the exact identity 

22-26 of the actual species responsible for such inhibitory effect . These findings were of 

interest to us as we were working at establishing viable synthetic routes to stable 

dinuclear peroxovanadates of biochemical relevance. 

We therefore considered it worthwhile to investigate the reaction of DPV and 

v02' in presence of EDTA with an aim to ascertain the nature of the above inhibitory 

complex by attempting to isolate such species into solid state. We were particularly 

interested to explore the possibility of using the above reaction as a synthetic strategy to 

gain an access to novel dimeric heteroligand peroxo-vanadium compounds stable at 

physiological conditions. Since the proposed dimeric intermediate was a mixed valence 

vanadium species it also appeared possible to isolate a mixed-valence compound of 

vanadium by stabilizing it through complexation. 



Moreover, it has been realised that any information related to interaction of 

vanadate or vanadyl with ligands like EDTA may be relevant in addressing the role of 

vanadium in vanadate mediated inhibition or activation of This ligand and 

related compounds are often additives in biological studies with vanadate2*. 

In Chapter 3 of the thesis, an account of the reaction of alkali diperoxovanadate 

(ADPV) with VOS04 in presence of EDTA which led to the synthesis of novel dimeric 

peroxovanadates of the type A4[V2O3(O2)(EDTA)(S04)(H20)1.2H20, A = Na or K (3.1 

and 3.2) is presented. The compounds have been subjected to dissolution and reactivity 

studies in order to determine their nature, stability and redox properties in solution. This 

complex species is believed to correspond to the inhibitor complex involved in the 

above redox processes. 

3.2 EXPERIMENTAL SECTION 

The chemicals used were all reagent grade products (CDH, E Merck(India), 

SRL, SD Fine). Catalase and NADH were obtained from Sigma-Aldrich Chemicals 

Company Pvt. Ltd. The water used for solution preparations were deionised and 

distilled. 

3.2.1 Preparation of alkali metal diperoxovanadate, A[V0(02)2(H20)] (A = Na 

or K) 

Alkali metal diperoxovanadate (ADPV) was prepared by adding equal volume 

of H202 solution (40 mM) to a vanadate solution (20 mM) maintaining the pH at 7.0 by 



adding dilute alkali hydroxide solution. On addition of pre-cooled ethanol to this 

solution, yellow microcrystalline product precipitated out which was separated by 

centrifugation, washed with ethanol and finally dried over conc. H2SO4. Analysis of the 

content of vanadium and peroxide agreed with the formula A[V0(02)2(H20)] (A = Na 

or K) . 

3.2.2 Reaction of A[V0(02)2(H20)] (A = Na or K) with VOS04 in presence of 

EDTA. Synthesis of A4[V2O3(o2) (EDTA) (SO4) (H20)].2H20 (3.1 and 3.2) 

In a typical reaction disodium or dipotassium salt of EDTA (2.5 rnM) was 

dissolved in c.5 ml of water by warming. To this VOS04.5H20 (0.42g, 1.66 mM) was 

added with constant stirring. The reaction mixture was stirred for c.5 min in an ice-bath. 

Alkali hydroxide pellets were added to this solution to raise the pH to 7. 

Solid A[V0(02)2(H20)] complex (2.5 mM) was then added in one portion to the 

reaction mixture with constant stirring. The pH of the solution was ultimately raised to 

8.5 by the further addition of AOH. The initial blue colour of the solution changed to 

green on addition of yellow ADPV and ultimately a deep red coloured clear solution 

was obtained within c.4 min. On addition of pre-cooled acetone in portions (c.5ml) to 

the reaction solution under vigorous stirring, a red colored pasty mass separated. The 

supernatant liquid was decanted off, and the oily residue was treated repeatedly with 

acetone under scratching until it became microcrystalline solid. The product was 

separated by centrifugation, washed with ethanol and dried in vacuo over conc. sulfuric 

acid. 



3.2.3 Elemental analysis 

Quantitative estimations of vanadium, peroxide, sulphate, carbon, hydrogen, 

nitrogen, sodium and potassium were accomplished by methods described in Chapter 2. 

The analytical data of the compounds are summarized in Table 3.1. 

3.2.4 Physical and spectroscopic measurements 

Magnetic susceptibilities, molar conductances, UV-Vis, IR and ESR spectral 

measurements were done as per methods described in Chapter 2. Structurally significant 

IR bands and their assignments are reported in Table 3.2. The 'H-NMR spectra were 

recorded in deuterium oxide using a Varian EM-390 90 MHz spectrophotometer. 

Sodium salt of 3-(trimethylsily1)-1-propane sulphonic acid was used as the internal 

standard. 

3.2.5 Stability of complexes in solution - measurement of oxygen release from the 

peroxo-vanadium complexes 

A Gilson 516 H oxygraph fitted with a Clark oxygen electrode was used for 

measuring changes in the concentration of dissolved oxygen (0.224 mM at 30°C) in the 

medium by the method given in Chapter 2. 

The effect of catalase on complexes was also studied by estimating the peroxide 

content of the compound 3.1 at different time intervals in a solution containing catalase. 

The reaction solution contained phosphate buffer (50 m . ,  pH 7.0), catalase (20 mg) 

and the compound 3.1 (50 mg). The volume of the reaction solution was kept at 25 ml. 





The solution was incubated at 30°C. Aliquots of 5 ml were pipetted out and titrated for 

peroxide content at time 5, 10,20, 30 and 40 minutes of starting the reaction. 

3.2.6 Measurement of activity in bromination and NADH oxidation 

The method of de Boer et a ~ . ~ ' ,  of introducing four bromine atoms into the 

molecule of phenol red ( E ~ ~ ~ ~ M  = 19.7) to form the product, bromophenol blue 

(cSg2mM = 67.4), as described in Chapter 2, was used to measure bromination activity. 

Activity of compounds in NADH oxidation was examined by using procedure 

mentioned in Chapter 2. 
I 

3.3 RESULTS AND INTERPRETATION 

3.3.1 Isolation of the reaction products and characterization 

The interesting findings regarding inhibitory effect of EDTA and other organic 

22-26 ligands observed in the case of DPV-V(1V) mediated redox processes , made us to 

realize the distinct possibility of stabilising and isolating the proposed dimeric 

peroxovanadate intermediate involved in these reactions, through complexation. 

Accordingly, reactions of alkali diperoxovanadate, EDTA and VOS04 were canied out 

at changing molar concentration ratios and varying pH, ranging from 7 to 9. The 

success of obtaining the solid dinuclear peroxovanadates containing ~ 0 4 ~ -  and EDTA as 

heteroligands, as sodium or potassium salts depended on the following essential 

components : maintenance of molar ratio of DPV : ~ 0 ~ ' :  EDTA at 1 :0.75: 1 ,  order of 

addition of the reactants, pH of 8.5, maintenance of required reaction time as well as 



temperature at i 4 ' ~ .  A solid product isolated at pH 7-8 was found to be EDTA peroxo- 

vanadate, which rendered inconsistent analysis. 

The complexes are microcrystalline products and are hygroscopic in nature. In 

the solid state they remained stable for several weeks when stored in sealed containers 

at temperature < 30°C. 

The elemental analysis data provided crucial information regarding composition 

of the compounds. A ratio of 2: 1 was ascertained for V: peroxide, V: EDTA, as well as 

for V:  SO^^-. This suggested a dimeric nature of the complex species. The elemental 

analysis results and the molar conductance values obtained from measurement at 

ambient temperatures (510-522 l2 -'cm2mol-I) were in complete agreement with the 

formulation of the complexes as A4[V203(02)(EDTA)(S04)(H20)].2H20, (A = Na or 

K). 

The electronic spectra of the complexes 3.1 (Fig. 3.1) and 3.2 displayed a broad 

band at 390-400 nm ( E ~ ~  = 600) which has been assigned to the peroxo (LMCT) 

transition. According to previous studies25, the absorbance at 780 nm of blue coloured 

aqueous solution of VOS04 decreases progressively on adding batches of DPV to the 

solution. The complete absence of the 780 nm band in the spectra of the newly 

synthesised complexes (Fig. 3.1) indicated the oxidative loss of V" during complex 

formation. Occurrence of vanadium in the complexes 3.1 and 3.2 in its +5 oxidation 

state was further evident from their being diamagnetic at room temperature and ESR 

silent. The 8-band spectrum (hyperfine splitting a = 115G) characteristic of v'" of an 

aqueous solution of VOS04 was not observed in case of the complexes (Fig. 3.2) 

suggesting oxidation of V" to vV during the course of the reaction. 



Fig. 3.1 UV-Vis spectra of aqueous solutions of reacting vanadium compounds and 

product. (a) Vanadyl sulphate (30 mM); (b) Na-DPV (1 mM); (c) compound 3.1 (0.5 

mM). The characteristic absorbance of VOS04.5H20 at 780 nrn is completely absent in 

the spectrum of the complex 3.1. 



Fig. 3.2 ESR spectra of aqueous solutions of vanadyl sulphate and the dinuclear 

peroxovanadate. a - aqueous solution of VOS045H20, b - aqueous solution of 

peroxovanadate compound 3.1. 

The IR spectra of the complexes 3.1 (Fig. 3.3) and 3.2 displayed a rich but 

sufficiently well resolved spectral pattern significant features of which are summarized 

in Table 3.2. The v(0-0)  and the complementary v(V-02) modes were observed in the 

positions stipulated for side-on bound For the binuclear V-0-V unit the 

antisymmetric and symmetric stretchings were expected in the 700 and 500 cm-' 

region32. Accordingly, a medium intensity band observed at c.712 cm-' was assigned to 

v,,(V20) mode. The strong absorption at c.950 cm-' was consistent with the presence of 

terminally bonded V=O group in the complexes. This band was observed to be rather 



broad in the spectra probably owing to the presence of bridging 0x0 groups as well as 

co-ordinated sulphate in the complexes. The IR spectra (Fig. 3.3) of the complexes 

displayed a strong broad band with a maximum at c. 1625 cm", typical of co-ordinated 

carboxylato groups of EDTA)). The broadening of the band was possibly caused by the 

additional OH deformation modes of the water molecules present in the complexes. No 

other band was observed in the vicinity of 1700 cm-' which indicated the absence of 

free carboxylate groups, thereby suggesting the co-ordination of EDTA as a hexadentate 

ligand in the complexes. The corresponding v,(COO-) band of EDTA was observed at 

c.1399 cm-I which was shifted from the free ligand value (1412 cm-I) as expected for 

unidentate carboxylate groups33. The presence of water in the complexes was evident 

from the broad absorption at 3500-3400 cm-', due to v(0-H). Owing to the presence of 

lattice water, IR spectral information on v(0H) and 6(H-0-H) modes are not very 

significant in so far as the distinction between co-ordinated and lattice water are 

concerned. Fortunately, a consistent appearance of a medium intensity signal at 

c.755 cm-I attributable to the rocking mode of water suggested the presence of co- 

ordinated water in each of the compounds. 

The occurrence of co-ordinated sulphate in the complexes was evident from 

their IR spectra. When sulphate ion is co-ordinated to a metal, its IR spectrum changes 

drastically34. Free sulphate ion has Td symmetry. It has four fkndamental vibrations of 

which ~3 and v4 are IR active. While the ~ 0 4 ~ '  ligand is bound in a mono-dentate 

fashion, its symmetry is lowered to Cjv due to which v3 and ~4 are split into two bands 

each and both vl and v2 appear with medium intensity. In case of bidentate co- 



ordination of sulphate on the other hand, v3 and v4 are split into three bands each, while 

V I  and v2 still appear with medium inten~ity?~. In the spectra of the compounds 3.1 and 

3.2, the splitting of the V, and vr modes of SO:- into two bands each (Table 3.2) and 

I .  

. presence medium intensity ~2 mode at c.465 cm-' were distinctly resolved. These 

observations cause us to infer that the sulphate ligand binds the vanadium centre in a 

unidentate (C3") fashion34. The VI  mode of a unidentately bonded 5 0 ~ ~ -  expected in the 

vicinity of 970 cm-' could not be assigned decisively due to its possible mixing with the 

V=O stretching of terminal 0x0 groups. 

1 Wavenumber (cm- ) 

Fig. 3.3 IR spechum of the complex 3.1 



Table 3.2. Structurally signzficant IR bands of A~[V203(02)(EDTA)(SO~(H20)/.2H20 

(A = Nu or K) 

No. Compound IR bands cm-' Assignment 



The 'H-NMR spectra of the complexes 3.1 and 3.2 exhibited a singlet at 6 2.71 

and an AB quartret at 8 3.30 of intensity ratio 1: 2. On the basis of previous studies on 

EDTA complexes the AB quartret was assigned to the eight acetate protons and the 

singlet to the four ethylenic protons of the EDTA ligand3'. The close analogy between 

the NMR spectra of the complexes 3.1 and 3.2 (Fig. 3.4) and that of a previously 

reported Mo-EDTA complex35 containing bridging EDTA suggested the occurrence of 

the ligand in these complexes as a bridging one, as anticipated by us. 

Fig. 3.4 'H-NMR spectrum of the complex 3.1 



The above results are consistent with a structure of the complex of the type 

shown in Fig.3.5. Hexadentate EDTA ligand occupying three co-ordination positions 

around each of the oxo-bridged hepta co-ordinated vanadium(V) centres probably 

enhances the stability of the dinuclear complexes. 

Fig. 3.5 Proposed structure of dinuclear heteroligand peroxovanadate(V) compounds, 

&[V2O3(O2)(EDTA)(SO4)(H2O)].2H20 (A = Na or K) 

3.3.2 Nature and stability of the complexes in solution 

The stability of the complexes in solution has been studied by' testing the 

possible oxygen release from a freshly prepared solution of the dinuclear 

peroxovandate 3.1 or 3.2 with the help of an oxygraph by adopting method described in 



Chapter 2. However, no oxygen was found to be released on dissolution of the 

complex in water. Moreover, the single broad band observed in the 390-400 nm region 

in the electronic spectra of the complexes showed no change in its position or 

absorbance over a 2 hr period. From these observations in combination with molar 

conductance values the stability of the complexes in water was implicit. 

3.3.3 Studies on redox properties of the compounds 3.1 and 3.2 

Having achieved the synthesis of these compounds we were interested in 

studying their activity in terms of their ability to oxidize bromide23 and N A D H ~ ~ ,  and 

their action with catalase2', the enzyme that catalyze the breakdown of Hz02 formed 

during oxidative processes in the intercellular peroxisomes. On incubation with catalase 

DPV was found to be degraded releasing half the molecular equivalent of oxygen36 

at the rate of 36.0 pM/min from a solution of 0.2 mM. EDTA selectively inhibited this 

reaction of diperoxovandate with ~ a t a l a s e ~ ~ .  For complex 3.1 and 3.2, a maximum of 

0.5 02 per mole of the compound is expected to be released due to the presence of one 

peroxide group per molecule. Surprisingly, no oxygen release took place from the 

solution of the complexes 3.1 and 3.2 in phosphate buffer (pH 7.0) on treatment with 

catalase and incubating at 30' C upto 30 min, confirming the resistance of the 

compounds to the enzyme. After 30 min, oxygen was found to be released from the 

solution at an extremely slow rate. 

The complexes were unable to bring about NADH oxidation as expected. Under 

the conditions given above, NADH was rapidly oxidized22 by a mixture of DPV and 



VOS04. We now find that addition of the solid compound 3.1 to solution of NADH 

(0.2 mM) failed to oxidise it even at high concentration. There was no instant oxidation 

and A340 decreased at a negligible rate. 

Unlike our experience with peroxo bridged dimeric compounds [V202(02)3L2] 

(L = amino acid or peptide) which led to the instant bromination of phenol red into its 

592-absorbing brominated product bromophenol blue26 at physiological pH, as 

described in Chapter 5 of this thesis, with the complexes 3.1 and 3.2 no such activity 

was observed. 

The above observations suggest that the factors such as absence of a p-peroxo 

group in the complexes as well as their high stability due to chelation by EDTA are 

probably responsible for their lack of participation in the above redox processes thus 

resembling the inhibitor complex formed in solution. 

3.4 DISCUSSION 

Based on their detailed investigations on vanadyl-diperoxovanadate 

 reaction^^^-^^ and taking into account the redox chemistry of vanadyl, vanadate and 

peroxo-vanadates described earlier by Brooks and sicilio2' and Jaswal and   race^", it 

was proposed by Ramasarma et al. that a short lived [ O ~ O 0 ~ 0 ( 0 2 ) ] '  species is the 

intermediate shared by the processes : oxidation of N A D H ~ ~ ,  formation of oxidized 

bromine species21, inactivation of glucose ~ x i d a s e ~ ~  and release of oxygen2' (Fig. 3.6). 



k- NADH 

( 'OV radical) 

112 [VOVI -4 
(non cycling) 

Fig. 3.6. Schematic representation of the profile of the possible reactions in 

diperoxovanadate-mediated interdependent oxidation of NADH and vanadyl and the 

accompanying oxygen exchangesI3. 

The present investigation has established that it is possible to isolate the 

species formed in a solution of diperoxovanadate and VO" in presence of EDTA 

which is considered to be responsible for inhibiting the NADH and bromide oxidation 

and oxygen release reaction by a combination of DPV and ~ 0 ~ ' .  To us it appears that 



EDTA, which is known to undergo facile condensation reaction with D P V ~ . ~  and also 

forms stable complex with VO", binds simultaneously to V(V) and V(IV) centres of 

the p-peroxo-vanadate intermediate proposed to be fonned in a solution of DPV and 

vanadyl (Fig. 3.7, complex I). This species then undergoes internal redox involving the 

reductive cleavage of the bridging peroxo group at the expense of oxidation of V(IV) to 

V O ( O ~ ) ~ ( H ~ O ) -  + E D T A  + VOSO,  

Fig. 3.7 Schematic representation of the formation of the dinuclear heteroligand 

peroxovanadate(V) complex, [v~o~(o~)(EDTA)(so~)(H~o)]~- from the reaction of 

diperoxovanadate with VOS04 in presence of EDTA. Hexa co-ordination of EDTA is not 

shown for simplicity. No attempt is made to show exact stoichiometry of reactions. 



V(V) leading to formation of the stable dinuclear EDTA and 0x0 bridged complex 

(Fig. 3.7, complex 11), which is resistant to further degradative loss of peroxide and can 

be isolated in the solid state as its ~ a +  or K+ salts. 

A significant finding in the present study is the high stability of the synthesized 

complexes at physiological pH and their resistance to catalase action. This may be 

relevant in the cellular milieu where H202 has little chance to survive abundant catalase 

and glutathione peroxidase. By forming peroxo complexes of the above type vanadate 

may provide a way of preserving cellular H202 in presence of abundant catalase and 

make it available for its functions. 
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Dinuclear Heteroligand Peroxovanadates(V): Synthesis, Characterization 

and Stability Towards Decomposition 

4.1 INTRODUCTION 

As a sequel to our investigation involving redox interaction of DPV with 

vanadyl in presence of EDTA, which afforded the isolation of novel dimeric peroxo 

compounds 3.1 and 3.2, we considered it imperative to explore the synthetic utility of 

such reactions in the context of synthesis of newer members of this unique type of 

compounds, using other organic molecules as potential ligand in lieu of EDTA. In 

addition, it was felt that such studies will help in gaining further insight into the effect 

of organic molecules on DPV-V(1V) catalyzed redox processes''4. 

A planning of synthetic strategies and working out of appropriate experimental 

conditions are important pre-requisites for the synthesis and characterization of new 

stable peroxo vanadium derivatives which exert a real attraction because of their 

possible pharmacologica15~9 and catalytic applications'O~'s. The ligands chosen for the 

present study required to possess the ability to form stable complexes with both peroxo- 

vanadiurn(V) as well as vanadyl so that it could bind to the DPV-V(1V) derived 

dimeric intermediate formed in solution. We decided to employ ligands which utilize 

functional groups as donor sites that are biologically relevant. 

Many ligands of physiological interest contain more than one oxygen 

hnctionality and form strong complexes with vanadyl and vanadate16. Given the 

affinity of simple peptides for vanadyl as well as its ability to co-ordinate 

with peroxovanadiurn r n ~ i e t y ' ~ - ' ~  prompted us to select gly-gly as one of the suitable 



ligand systems for this investigation. Vanadium binds specifically and non-specifically 

16, 17 to various proteins including carboxypeptidase, nucleases and phosphatses . 

Information regarding interaction of oxovanadium(1V) and vanadate with peptides in 

general, are important in the context of understanding the biological role of vanadium. 

The tripodal amine, nitrilotriacetic acid (NTA) was chosen for this study 

because it is a ligand related to EDTA, and also it is known to form stable compound 

with peroxovanadate23. The NTA containing peroxovanadiurn compound 

K2[V0(02)NTA].2H20 has been characterized structurally and it has shown remarkable 

insulin mimetic properties24. It is also reported that peroxovanadates with strongly 

chelating ligands like NTA and EDTA displayed better effect in terms of toxicity 

compared to other polycarboxylato heteroligand peroxovanadates when tested as drug 

against Murine ~ e u k e m i a ~ .  

Chapter 4 of the thesis presents the successful synthesis of two new stable 

peroxovanadate compounds, N~[V203(02)(NTA)2(S04)(H20)].2H20 (4.1) and 

Na2[V203(02)(g1y-gly)2(S04)(H20)].2H20 (4.2), from the reaction of 

Na[V0(02)2(H20)] and VOS04 in presence of the respective co-ligands, and their 

characterization. Results of investigations on their stability towards decomposition in 

solution and interaction with catalase, NADH and bromide are also reported in this 

Chapter. 

4.2 EXPERIMENTAL SECTION 

The chemicals used were all reagent grade products (CDH, E Merck(India), 

SRL, SD Fine). Catalase, NADH and glycyl-glycine were obtained from Sigma-Aldrich 



Chemicals Company Pvt. Ltd. and NTA was obtained from CDH. The water used for 

solution preparations were deionised and distilled. Na-DPV was prepared by method 

described in Chapter 3. 

4.2.1 Reaction of Na[V0(02)2(H20)] with VOS04 in presence of nitrilotriacetic 

acid (NTA). Formation of dimeric peroxovanadate complex 

Na6[v2o3(o2)mTA)2(so4)(H2o)]-2H20 (4.1) 

A solution of NTA (0.28 g, 1.5 mM) was prepared by dissolving it in c.5 ml of 

water and raising the pH to c. 5 by dropwise addition of NaOH solution (conc. c.8 M). 

The solution was kept in an ice-bath. To this solution solid Na[V0(02)2(H20)] complex 

(0.172 g, 1 mM) was added in one portion with stirring. VOS04.5H20 (0.189 g, 0.75 

mM) was added to this mixture with constant stirring maintaining the molar ratio of 

DPV : ~ 0 ~ ' :  NTA as 1:0.75:1.5. The pH of the reaction solution, recorded at this stage 

was c.3 which was raised to c.7 by addition of concentrated NaOH solution which 

afforded a dark red coloured clear solution. To this solution when pre-cooled acetone 

(c.5ml) was added in portions a red colored pasty mass separated out under vigorous 

string. The supernatant liquid was decanted off, and the oily residue was treated 

repeatedly with acetone under scratching until it became microcrystalline solid. The 

product was separated by centrifugation, washed with ethanol and dried in vacuo over 

conc. H2SO4. 



4.2.2 Reaction of Na[V0(02)2(H20)] with VOS04 in presence of glycyl-glycine. 

Formation of dimeric peroxovanadate complex Na2[V203(02)(g1y- 

~ ~ Y ) ~ ( S O ~ ) ( H ~ O ) ] . ~ H Z O  (4.2) 

The ligand glycyl-glycine (0.2g, 1.5 mM) was dissolved in c.5 ml of water. To 

this solution VOS04.5H20 was added with constant stirring maintaining the molar ratio 

of glygly: vo2+ as 1.5: 0.5. The reaction mixture was then stirred for c.5 min in an ice- 

bath. During this period the solid VOS04.5H20 dissolved yielding a blue colored 

solution. At this stage solid Na[V0(02)2(H20)] complex (0.172g, 1 mM) was added to 

the reaction mixture in one portion with constant stirring. The pH of the solution was 

ultimately raised to c.9 by adding concentrated sodium hydroxide solution (conc. c.8M). 

On addition of yellow NaDPV, the initial blue color of the solution changed to green 

and then to deep red coloured clear solution within c.5 min. To the resultant red 

coloured solution when pre-cooled acetone in portions (c.5ml) was added with vigorous 

string; a red coloured pasty mass separated out. The supernatant liquid was decanted 

off, and the oily residue was treated repeatedly with acetone under scratching until it 

became microcrystalline solid. The product was separated by centrifugation, washed 

with ethanol and dried in vacuo over conc. H2SO4. 

4.2.3 Elemental analysis 

Quantitative estimations of vanadium, peroxide, sulphate, carbon, hydrogen, 

nitrogen, and sodium were accomplished by methods described in Chapter 2. The 

analytical data of the compounds are summarized in Table 4.1. 





4.2.4 Physical and spectroscopic measurements 

Physical and Spectroscopic measurements were performed by using instruments 

and procedures described in Chapter 2. Structurally significant IR and UV bands and 

their assignments are reported in Table 4.2. 

4.2.5 Studies on stability in solution and redox activity of compounds 

Measurement of oxygen release from the compound (f catalase) and their 

possible activities in oxidation of bromine and NADH were carried out by procedures 

outlined in Chapters 2 and 3. 

4.3 RESULTS AND INTERPRETATION 

4.3.1 Isolation of the reaction product and characterization 

The methodology for the syntheses of the title compounds, which was not very 

different from the one adopted for the synthesis of compounds 3.1 and 3.2, was based 

on the reaction of alkali diperoxovanadate and VOS04 in presence of the respective 

ligands, in water, at pH c.7 (for 4.1) and c.9 (for 4.2). As in the case of the synthesis of 

compounds 3.1 and 3.2, sequence of addition of the reactants as well as maintenance of 

the molar ratio of DPV: ~ 0 ~ ' :  NTA as 1 :0.75: 1.5 and that of DPV: ~ 0 ~ ' :  gly-gly at 

1: 0.5: 1.5 was found to be equally important for achieving the desired syntheses. Our 

attempts to isolate such complex species in presence amino acids like histidine, alanine 

and proline were unsuccessful. 



The pH of the solution was critical for the outcome of the reaction run. Slight 

variation of the pH or other reaction conditions led to the formation of vanadate 

products devoid of peroxide with inconsistent analysis. The employed alkali hydroxide 

also provided the necessary cations to counterbalance the charge of the anionic 

complexes generated and subsequently isolated. 

The results of elemental analyses on the isolated micro-crystalline 

reaction products and their molar conductance value of 735C2-1cm2rnol-' 

(for 4.1) and 263 C2"cm2mol" (for 4.2) (Table 4.2) are consistent with their 

formulations as Na6[V2O3(02)(NTA)2(S04)(H20)1.2H20 and Na2[V203(02)(gly- 

gly)z(S04)(H20)].2H20. 

The progress of the afore-mentioned redox reactions could be conveniently 

monitored in solution by studying the characteristic colour changes taking place during 

the course of the reactions with the help of UV-Vis spectroscopy. The absorbance at 

780 nrn of the blue coloured solution containing VOS04 and the ligand rapidly 

decreased on addition of the yellow solution of NaDPV and was lost completely within 

c.5 min of starting the reaction with a concomitant appearance of a weak intensity band 

in the 390-420 nm region (Fig. 4.1). The oxidative loss of V(1V) during the complex 

formation was thus apparent from these observations. The electronic spectra of the 

compounds 4.1 and 4.2 in aqueous solution displayed a broad band at 422 nrn 

(E,M = 766) and 395 nm = 432), respectively which was assigned to peroxo to 

vanadium (LMCT) transition (Table 4.2). The band was observed in the range 

characteristic of a monoperoxovanadate(V) species23. The compounds were observed 

to be diamagnetic and ESR silent suggesting the complete oxidation of vanadyl to V(V) 

during the reactions. 



Table 4.2. Molar conductance value and electronic spectral data of the 

peroxovanadate complexes 4.1 and 4.2 

No. Compound Peak Molar conductance 

Wavelength, nm 

Fig. 4.1. UV-Vis spectra of aqueous solutions of vanadium compounds. (a) Vanadyl 

sulphate (30 mM); (b) Na-DPV (1 mM); (c) compound 4.1 (0.9 mM). The characteristic 

absorbance of VOS04 at 780 nm is completely absent in the spectrum of the reaction 

product, complex 4.1. 



Each of the title compounds exhibited characteristic spectral pattern in the 

infrared region (Fig. 4.2 and Fig. 4.3). The spectra evidenced for the presence of co- 

ordinated 0x0, peroxo and co-ordinated sulphate groups in each of the complexes. The 

bands for these groups displayed a close analogy with those of compounds 

A4[V2O3(O2)(EDTA)(SO4)(H20)].2X20 (A = Na, K), in their position and pattern. The 

significant general features are presented in Tables 4.3 and 4.4. The strong absorption at 

c.950 cm-I and a medium intensity one at c.710 cm-I have been attributed to v(V=O) 

and v,(V20) modes of terminal V=O and bridging V-0-V units, respectively25. The 

spectral pattern originating from peroxo group was characteristic of side-on bound 

peroxide 23,25,26 (Table 4.3 and 4.4). The well-resolved splitting of the v3 and v4 modes 

of ~ 0 ~ ~ -  into two bands each (Table 4.3 and 4.4) at c. 1 180- 1 1 10 and c.640-6 10 cm'l , 

respectively and appearance of medium intensity V I  and V* mode at c.930 and c.430 

cm'l conclusively proved that the sulphate ligand binds the vanadium centre in a 

unidentate (C3") fashion2'. The broad absorption displayed at c.3500-3400 cm-' in the 

spectrum of each of the complexes was assigned to v(OH) vibration of water molecule. 

A band at c.755 cm-', assigned to the rocking mode of water suggested the occurrence 

of co-ordinated water. 

In addition to the features originating from VO)', V20, co-ordinated peroxide 

and sulphate groups, the complex 4.1 showed strong absorptions at 1644 and 1405 cm-' 

due to the co-ordinated nitrilotriacitic acid (NTA) ligand. The spectral pattern 

compared very well with that reported for the co-ordinated NTA system where all the 

three carboxylate groups are bonded to the metal . 



Wavenumber (cm-' ) 

Fig. 4.2. IR spectrum of N~[V203(Oz)(NTA)2(S04)(H20)] .2H20. 

Table 4.3. Structurally significant IR bands of Na6[V2O3(O2) (NTA)2(SO4) (H20)]. 2H20 
- - 

No. Compound IR bands cm-' Assignment 



Wavenumb er (cm-' ) 

Fig. 4.3. IR spectrum of Na2[V203(02)(gly-gly)2(S04)(H20)] . 2 W .  

Table 4.4. Structurally signiJicant IR bands of Na2[Vz03(02)(gly-gly)2(S04)(H20)]. 2Hz0 

No. Compound IR bands cm-' Assignment 



In case of the dipeptide containing complex 4.2, a strong but broad absorption 

was observed at c.1624 cm-I and a medium intensity band at 1360 cm". A simple 

peptide can act as a mono, bi- or tridentate ligand with different combinations of its 

binding sites 21.30-35, . The infixed spectra of gly-gly and its compounds have been 

extensively studied in solution3640 as well as in solid state4'. In fiee gly-gly ligand 

v(C=O) (amide), v,(COO) and v,(COO) modes of vibrations are observed at 1673, 

1598 and 1405 cm", respectively. On the basis of the available IR data4042 on co- 

ordinated gly-gly, the absence of bands in the 1670 cm-' and 1570 crn-' region 

characteristic of fiee amide carbonyl and 6(NH2) groups and observance of the 1624 

cm-' band may be safely interpreted as an indication of the ligand, in its anionic form, 

being co-ordinated through O(amide) and -NH2 groups. Participation of N(amide) in 

co-ordination appears to be unlikely since it is known to cause much larger decrease 

in peptide carbonyl stretching fiequency34*40 than observed in the present case. 

Involvement of carboxylate group in co-ordination was evident fiom the shifting of the 

v,(COO) to a lower frequency of 1360 cm" compared to its fiee ligand value, although 

the comesponding antisyrnmetric stretching could not be assigned decisively due to its 

combining with the band at 1624 cm-' region. 

The structures envisaged for these complexes on the basis of the above data are 

presented in Fig. 4.4(a) and 4.4(b). The ligands, NTA in complex 4.1 and gly-gly in 

compound 4.2, occurring in their anionic tridentate forms apparently complete hepta co- 

ordination around each vanadium(V) center lending stability to the dinuclear complex 

species. 



(b) 
Fig. 4.4 Proposed structures of dinuclear heteroligand peroxovanadate(V) compounds. (a) 

N%~2o3(o2)(NTA>2(so4)(H2o)].2H20, @) Na2P203(02)(gl~-gly)2(S04) (H20)].2H20. 

4.3.2 Investigation on stability and reactivity of the complexes 4.1 and 4.2 in 

solution 

One of the primary interests of this study was to isolate peroxovanadate 

complexes which would be stable under physiological conditions. Stability, lability and 

redox activity are key properties, which are critical for biochemical effect of vanadium 

compounds43'. In order to determine their stability in solution, the title compounds were 



tested for possible oxygen release with the help of an oxygraph. Furthermore, their 

peroxide contents and molar conductances as well as absorbances at 390-420 nm region 

in the electronic spectra were examined at different time intervals for any possible 

change. Like in the case of dinuclear complex species, 3.1 and 3.2, the above 

investigations revealed that oxygen was not released on dissolution of the complexes in 

water and their peroxide content, electronic spectral band and molar conductance values 

remained unaltered over a period of 2 hrs. These results attest to the stability of the 

complex species in solution. 

No oxygen was found to be released fiom the compounds and their peroxide 

content remained unchanged on treatment with catalase. The resistance of the 

compounds to the enzyme was thus evident. The complexes were inactive in oxidation 

of NADH and bromide thereby lending M h e r  credence to the proposal that this type of 

species would probably be involved in the inhibition of DPV-V(1V) mediated redox 

processes'4 in presence of certain organic molecules with the ability to form chelates. 

4.4 DISCUSSION 

Synthesis of two new members of a unique type of heteroligand 

peroxovanadate compounds, NQ[V~O~(O~)(NTA)~(SO~)(H~O)].~H~O and 

Na2[V203(02)(gly-gly)2(S04)(H20)].2H20 have been achieved by developing an 

unusual, yet viable synthetic methodology. Peroxovanadate complexes are generally 

synthesized from the condensation reaction of vanadate and hydrogen peroxide and the 

number of peroxo groups per vanadium center usually increases with the increase in pH 

of the reaction solution 26,44,45 . No Information appears to be available regarding the 



synthesis of monoperoxovanadate complexes from solution of alkaline pH. It is 

plausible that presence of tridentate NTA and gly-gly ligands in compounds 4.1 and 4.2, 

respectively and a hexadentate EDTA occupying three co-ordination position around 

each vanadium in compounds 3.1 and 3.2, are responsible for the presence of 
I 

monoperoxo vanadate moiety in these compounds. This is also in agreement with 

earlier reports where it was observed that formation of monoperoxo-vanadate species 

are usually favored in presence of a tridentate ~ o - l i ~ a n d ~ ' , ~ ' .  Thus denticity of the co- 

ligand also seems to play an important role in the isolation of the newly synthesized 

dinuclear compounds. 

Significantly, the IR spectral pattern originating from co-ordinated sulphate in 

the complexes was observed to be very similar to that of vanadyl sulphate, 

VO(S04).5H20. This observation made us to infer that the sulphate-vanadium co- 

ordination in VOS04 remained unaltered during its reaction with DPV in presence of 

co-ligands (EDTA, gly-gly or NTA) neither being affected by the oxidation of V" to 

vV nor by complexation with the respective co-ligand, leading to the formation of the 

newly synthesized complexes. Involvement of a dimeric intermediate in the above 

redox processes is evident from the results and the dimeric product obtained. The 

observations are supportive of the reaction pathway proposed for the formation of 

complex 3.1 and 3.2 (Fig. 3.7). 

Thus it may be concluded that the reaction of DPV with VOS04 may serve as a 

paradigm for the synthesis of stable dinuclear peroxovanadates if carried out in presence 

of suitable ligands of appropriate denticity. It is also evident inter alia that DPV species 

in combination with VOS04 offers potential as novel synthon. 
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Synthesis and Characterization of Peroxo-bridged Divanadates with Peptides 

as Heteroligands. Studies on Their Nature and Stability in Solution* 

5.1 INTRODUCTION 

The importance of and the interest in peroxovanadium compounds which 

rendered them the focus of one of the active areas of contemporary research have been 

emphasized in the l i t e ra t~ re '~~-md highlighted in the introductory Chapter, as well as in 

Chapters 3 and 4. Our interest in the design, synthesis and study of peroxovanadate 

compounds has been spurred by the increasing importance of heteroligand 

peroxovanadates mainly attributable to their potential as models for understanding 

vanadium dependent biogenic systems1"". 

A large number of peroxovanadium and oxodiperoxovanadium(V) complexes in 

diverse ligand environment have been structurally characterized in recent years 1,2.8- 1 1 

Majority of synthetic heteroligand peroxo-complexes of V(V) represent anionic mono, 

di or tetra peroxo complexes containing peroxo group bonded to V in a side-on 

fashion'-'". In general, peroxovanadate complexes are mononuclear with the vanadium 

atom in a pentagonal bipyrarnid with one or two peroxo groups bonded in a side-on 

fashion in the equatorial plane'32s9. 

Dinuclear peroxovanadate compounds with various bridge configurations are 

known in which either an 0x0 group or a donor atom of the heteroligand usually binds 

the two vanadium Peroxo vanadium species containing bridging peroxo 

* Results described in this Chapter have been published in : 
( i )  J. C h e m  Res (M), 200 1,0536. 
(ii) Mol. CelL Biochem, 2002,236,95. 



group have been known to exist in solution and implicated as intermediate in some 

biochemical processes3 as mentioned in Chapters 3 and 4. The existence of a dimeric 

species of the type, (VO)2(02)3 in an acidic solution and its being the possible critical 

oxidant of bromide has been reported6 although, its exact identity is yet to be 

ascertained in solutionI2. A perusal of available literature on peroxovanadium chemistry 

however, indicates that reports related to synthesis and reactivity of dinuclear peroxo 

vanadium complexes containing bridging peroxogroup are very and is an 

area needing exploration. 

Moreover, despite the large number of heteroligand complexes that has been 

synthesized in recent years I ,2,8-I I and the intense biological work and solution studies 

carried out on interaction of vanadates with biogenic species viz., amino acids, peptides 

and information pertaining to well characterized synthetic peroxo- 

22-24 vanadium complexes with co-ordinated peptides are very few . Peptides are probably 

the primary ligands to interact with vanadyl and vanadate in biological systems. A 

better understanding of the complexation behaviour of vanadium with such ligands is 

therefore of vital interest. Thus the paucity of information on peroxo-bridged 

divanadates as well as peptide peroxovanadates and the current intensive search for bio- 

relevant vanadium prompted us to direct our efforts in establishing 

viable synthetic routes to newer dimeric peroxovanadates stabilized by biogenic ligands 

viz., di- and tripeptides. 

The present Chapter reports the synthesis and physicochemical characterization 

of a series of novel peroxovanadate complexes with distinctive features of having 

a p-peroxo group and dipeptides or a tripeptide as heteroligand of the type, 

[V202(02)3(dipeptide)3].Hfl [dipeptide = gly-gly (5.1), gly-ala (5.2), or gly-asn (5.3)] 



and [V202(02)3(gly-gly-gly)2].H20 (5.4). Also reported in this Chapter are the results 

of studies on the nature and stability of the complexes in solution and their interaction 

with the enzyme catalase. 

5.2 EXPERIMENTAL SECTION 

The chemicals used were all reagent grade products (SD fine chemicals, E. 

Merck (India), SRL, CDH). Catalase and glycyl-peptides were obtained from Sigma- 

Aldrich Chemicals Company Pvt. Ltd. The water used for solution preparation was 

deionised and distilled. 

5.2.1 Synthesis of peroxo-bridged vanadium(V) complexes with peptides as 

heteroligands 

The common procedure for the synthesis of peroxovanadate complexes of 

peptides consisted of adding H202 (30% solution, 15 ml, 132.3 mM) gradually with 

continuous stirring to a mixture of solids of V20s (0.25g, 1.37 rnM) and the peptides 

with a molar ratio of V: ligand of 2: 3. The mixtures were cooled in an ice-bath and kept 

stirred for about 15 min by which time the solids dissolved yielding red-coloured 

solutions. These solutions were all acidic and their pH was recorded to be 2.0 or below. 

No attempt was made to adjust pH in these experiments. On adding pre-cooled ethanol 

(about 15 ml) to these mixtures under continuous stining, an orange-coloured pasty 

mass separated at this stage. After standing for about 15 min in the ice bath, the 

supernatant liquid was decanted, and the residue was treated repeatedly with 



acetone : ethanol (3 : 1, vlv) mixture under scratching until it became micro-crystalline 

solid. The product was separated by centrifugation, washed with cold ethanol and dried 

in vacuo over concentrated HzS04 The yields were in the range of 32-50% on weight 

basis. 

5 2.2 Elemental analysis 

The compounds were analyzed for vanadium, peroxide, carbon, hydrogen and 

nitrogen by the methods mentioned in Chapter 2. The analytical data are summarized 

in Table 5.1. 

5.2.3 Spectroscopic measurements 

Spectroscopic measurements were performed by using instruments and methods 

described in Chapter 2. Structurally significant IR and UV bands and their assignments 

are reported in Table 5.2. 

5.2.4 Stability of complexes in solution - measurement of catalase dependent 

oxygen release from the peroxo-vanadium complexes 

A Gilson 516 H oxygraph fitted with a Clark oxygen electrode was used for 

measuring changes in the concentration of dissolved oxygen (0.224 rnM at 3 0 ' ~ )  in the 

medium by the method given in Chapter 2. Results of oxygen release reactions are 

presented in Table 5.3. 



Table 5.1. Analytical data of synthesizedperoxovanadate complexes 5.1-5.4 

No. Compound (% calculated) Approximate 

%,found yield(%) 

C N H V OZ2- 



Stability in solution was also ascertained by estimating the peroxide content in 

aliquots drawn from a standard solution of the compound at different time intervals. The 

stability of the compounds in solid state were determined by the estimation of their 

peroxide content periodically. 

5.3 RESULTS AND INTERPRETATION 

5.3.1 Synthesis and characterization 

The essential components of the methodology on which success of synthesis of 

the title compounds 5.1-5.4 depended, include the use of an acidic medium, presence of 

water limited to that contributed by 30% H202, maintenance of reaction temperature 

at 5 4 ' ~ .  The appropriate pH for the successful synthesis of these molecular compounds 

was ascertained to be c.2. Strategically, the reactions were carried out in absence of 

alkali mainly in order to avoid the presence of counter cations in solution. The glycyl- 

peptides with hydrophobic amino acids, valine and leucine failed to give a solid product 

under similar conditions. Our attempts to obtain suitable crystals of these compounds 

for structural studies have not been successfU1 so far. 

The orange coloured microcrystalline compounds 5.1-5.4 are all hygroscopic in 

nature at ambient conditions and decompose in a few days. However, the compounds 

were found to be stable for several weeks stored dry at <20°C. Magnetic susceptibility 

measurements revealed diamagnetic nature of the compounds in conformity with the 

presence of vanadium in its +5 oxidation state in each of them. 



Valuable information regarding the composition of the compounds was obtained 

from the elemental analyses data (Table 5.1). The v:0z2- ratio in each of the complexes 

was unequivocally ascertained to be 2:3. This suggested a dimeric nature of the 

compounds presumably, involving a bridging peroxide group. The C, H, N analysis 

results of complexes 5.1-5.3 revealed the V: dipeptide ratio to be 1: 1.5 or 2:3 whereas, 

this was found to be 1: 1 for the tripeptide containing complex 5.4. These results were 

compatible with the general molecular formula, [V202(02)3(dipeptide)3].H20 for 

compounds 5.1-5.3 and [V202(02)3(gly-gly-gly)2].H20 for compound 5.4. 

The IR spectra of the complexes 5.1-5.4 gave clear indication of the presence of 

co-ordinated peroxide, co-ordinated peptide and terminally bonded V=O groups and 

lattice water in each of them (Fig. 5.1, 5.3, 5.5 and 5.7 and Table 5.2). The strong 

absorption at c. 960-930 cm-' in the spectra of each of the complexes was consistent 

with the presence of terminally bonded V=O group 27,28. 

A peroxo group bonded in a side-on fashion to V(V) center, exhibits strong 

~ ( 0 - 0 )  band at c. 870 cm-' and v2 and ~ 3 ,  which involve metal-oxygen stretches2*, 

appearing in the region 500-600 cm-'. In the spectra of the complexes 5.1-5.4 in 

addition to the strong v(0-0) absorption appearing at c.835 cm-I, an additional weak 

intensity but well resolved band has been observed at a lower frequency range of 810- 

805 cm-' which has been assigned to the v(0-0) band of the bridging peroxo group. 

This may be interpreted as an indication of the presence of two structurally different 

peroxo groups, the terminal chelated and bridging type. Similar observations were 

made earlier for compounds wherein the side-on bound and the bridging type of peroxo 

15,16,29 groups were encountered simultaneously . Synthesis and structural 

characterization of a complex, [F(02) {vo(o~)F}~]~', was reported earlier by Schwendt 



et a1.13*14 having a bridging peroxo moiety bonded in a p-r12: r12 fashion. IR spectra of 

these complexes displayed v(0-0) stretch at a relatively higher frequency of c.900 and 

c.870 cm-' indicating that the mode of peroxide co-ordination is probably different in 

these complexes from that in dinuclear peroxovanadates reported herein and in some 

previous ~ t u d i e s ' ~ " ~ .  The bands observed at c.540 and c.620 cm-' were assigned to v2 

and v3 modes of V-O2 vibrations. 

LR (Laser Raman) spectra of the complexes (Fig. 5.2, 5.4, 5.6 and Table 5.2) 

complimented their IR spectra confirming the presence of two types of peroxo groups, 

terminal and bridging peroxides. The bridging and terminally bonded peroxo groups can 

generally be distinguished on comparing their IR and LR spectra. The v(O-0) vibration 

of bridging peroxo group possesses weak dipole and, therefore, shows weak band in the 

IR spectra but appears strongly in the LR~'  spectra. Appearance of two bands for 

~ ( 0 - 0 )  at c.830 and c.805 cm-' in the LR spectra made clear indication of the presence 

of two structurally different peroxo groups, terminal and bridging peroxides. The bands 

at c.630 and c.550 cm-' in LR spectra were assigned to v2 and v3 modes of V-02 

vibrations. In the spectra of the complexes the band at c.805 cm-', assigned to ~ ( 0 - 0 ) ~  

was of weak intensity in the IR but appeared strongly in the LR. This significant 

observation confirmed the presence of bridging peroxo group in these compounds. 

IR spectroscopy is immensely useful and informative for the characterization of 

heteroligand peroxovanadate complexes since it provides information not only about 

co-ordination of peroxo but also ligand groups when compared with the spectra of the 

free ligands. The characteristic shifts of heteroligand bands that occur upon co- 



ordination compared to the spectra of the free ligand reveal the bonding sites in the co- 

ordinated ligands. 

In the spectra of the compounds (5.1-5.3) the pattern originating from 

coordinating peptide showed N-H stretching bands at 3300-3100 cm" region as 

expected from the -N+H~ group. The spectra exhibited two distinct bands for the 

compounds in the range of 1680-1660 cm-' and 1630-1 590 cm-' which have been 

assigned to v(C=O) (amide) and v,(COO) of the co-ordinated peptide ligands3"33. The 

position of v(C=O) band in the complexes almost remained unaltered compared to its 

position in free ligand which indicated that the amide group was not taking part in co- 

ordination. The broadening of the band was probably owing to their participation in 

hydrogen bonding. Co-ordination through N-atom of the amide group was unlikely as 

evident from the spectra because such co-ordination is known to cause considerable 

decrease in the peptide carbonyl stretching fiequency which was not observed in case of 

these compounds34335. The v,(COO) vibration of the free ligands were observed in the 

range of 1410-1400 cm-' in the IR spectra3'. A medium intensity band with some 

broadening observed in the range of 1350-1300 cm" region was assigned to v,(COO) 

of the unidentate carboxylate group3' (v,-v, = 300 cm-'). The broadening of the band 

was probably caused by its mixing with the C-N stretching of amide group expected to 

occur in this region33. Appearance of another distinct band at 1395-1405 cm-I in the 

spectra of the complexes indicated the presence of carboxylate group, presumably 

coordinated in a bridging bidentate fashion3' (vaTvs = 200 cm'l). N-H deformation 

modes (1520-1600 cm") in their position and pattern in the spectra of the complexes 



Table 5.2. Structurally significant Infrared, Raman and ultraviolet spectral data of peroxovanadate complexes 5.1-5.4 

No. Compound Infrared (IR) and Rarnan (LR) bands, cm-' UV peak 

~~(v-0 , )  v,(v-o,) ~(0-0) vor=O) m A( 1 mM) 

5.1 [V202(02)3(glY-gl~)31 .H20 (IR) 56 1 613 835m 958s 
803w 

(LR) 550 595 835s 955 

805w 

5.2 [V202(02)3(glY-ala),l -H20 (IR) 572 620 835m 949s 
803w 

(LR) 560 630 840 960 

810w 

5-3 [V202(02)3(glY-asn)3].H20 (IR) 578 642 815m 930s 
798w 

(LR) 5 80 63 0 820 942 

805w 
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Fig. 5.1. IR spectrum of [V202(02)3( gly-gl~)~] .H20. 

700 800 

Wavenumber (cm-I) 

Fig. 5.2. Laser Raman spectrum of [V202(02)3( gly-gly)3].H20. 



Wavenumber (cm-l) 

Fig. 5.3 1R spectrum of [V202(02)3( gly-ala)3].H20. 

700 800 

Wavenumber (crn-l) 

Fig. 5.4 Laser Raman spectrum of [V202(O2)3( gly-ala)3].H20. 



Wavenumber (cm-I ) 

Fig. 5.5 IR spectrum of [V202(O2)3( gly-a~n)~I.H20. 

Fig. 5.6. Laser Raman spectrum of [V202(O2)3( gly-asn)3].H20. 



Fig. 5.7 IR spectrum of [V202(02)3( gly-gly-gly)2].H20. 

significantly remained unaltered compared to the free ligand. Observance of a broad 

band in the vicinity of 3500 cm-' reflects the presence of lattice water. 

The strong absorptions appearing in the IR spectrum of complex 5.4, at 1678 cm-' 

and 1610 cm-' were assigned to v(C=O) (amide I) and v,(COO) modes of co- 

ordinated triglycine, r e ~ ~ e c t i v e l ~ ~ ' " ~ .  Unlike the spectra of copounds 5.1-5.3, in which 

two bands of comparable intensity attributable to symmetric stretching modes of 

carboxylate group were clearly resolved in the 1400-1360 cm-' range, for complex 5.4 

one distinct band was observed in the spectrum at 1380 cm-' which was assigned to 

v,(COO) mode of unidentate carboxylate The broadening of the v(C=O) signal 



with a shift from its free ligand value of c.1684 cm-' was probably owing to the 

presence of both coordinated and free amide groups in the complex, as well as likely 

participation of free amide groups in hydrogen bonding. Other characteristic of the 

\ spectrum was the indication of the presence of lattice water. The spectrum showed 

N-H stretching bands of coordinated peptide residue in the region of c.3255 to 

3083 cm-I. The N-H deformation modes of amide and -N+H~ occurred in the region of 

1600- 1 520 ern-'. 

Based on these observations it may be inferred that the dipeptide ligands, 

occurring as zwitterions in the complexes, co-ordinate to vanadium(V) through 

carboxylate group. Hydrogen bonding between the side chains might stabilize the 

molecule in the solid state. The structure of these compounds must incorporate the 

features V: peroxide: dipeptide = 2:3:3, a p-peroxo group, terminal peroxides, V=O 

groups, and carboxylate co-ordination of the ligands with vanadium atoms. The 

proposed structures applicable to the three complexes are shown schematically in 

Fig. 5.8. 

Structure envisaged for complex 5.4 is presented in Fig. 5.9. The triglycine 

ligands occurring as zwitterion co-ordinate to the V(V) through O(carboxy1ate). Co- 

ordination of one of the carbonyl (amide) groups of the peptide chain probably 

completes the hexa co-ordination of vanadium in the complex leading to the formation 

of a seven membered ring around each vanadium. The second amide group in the 

peptide side chain is not shown in the structure for simplicity. It is possible that 

hydrogen bonding between the peptide side chains stabilize the molecule. 



Fig. 5.8. A representation of proposed structures of peroxovanadate-dipeptide 

complexes. (a) [V202(02)3(gly-gly),I.H20; (b) ~[V202(02)3(gly-ala)31.H20; (c) 



Fig. 5.9. Proposed structure of peroxovanadate-tripeptide complex~~~O~(O~)~(gly-gly- 

gly)z].H20. The second amide group of the peptide side chain is not shown. 

5.3.2 Release of oxygen from the peroxovanadium compounds - action with the 

enzyme catalabe 

On adding solids of these compounds to water (c.2 mgtml), bubbles of gas came 

out of solutions for a few min. Oxygen was confirmed to be the gas released at 

exceedingly high rates of about 50 pM/min for short periods by which time the bubbles 

formed interfered with the measurement in the oxygraph. Instability of the complexes 

in water and degradative loss of peroxide groups were thus implicit. 

The electronic spectra of the compounds 5.1-5.4 in aqueous solution recorded 

after bubbles ceased (after 30 min) exhibited a weak intensity broad LMCT band 

originating from peroxide to vanadium n*-do transition15 at 3 10-330 nm (Table 5.2, 

Fig. 5.10). Variations in absorbance values indicated partial loss of peroxide on making 

solutions of these compounds. The intensity of this band was found to decrease with 



time consistent with the loss of peroxide from these complexes and their unstable 

nature. 

In order to hrther explore the nature of the species remaining in solution after 

oxygen evolution ceased to appear we were interested to study their activity with the 

enzyme catalse. On addition of catalase to the solutions of 5.1, 5.3 and 5.4 after oxygen 

evolution ceased, hrther slow release of oxygen was recorded (Table 5.3). This 

indicated that the products in such solutions were indeed peroxovanadates and is 

expected to be diperoxovanadate species at pH 7.0. Under this condition the reaction of 

catalase with H202 will be completed in less than 2 min. This slow release of oxygen 

from peroxo groups by catalase is typical of DPV, and is dependent on concentration of 

DPV and ~ a t a l a s e ~ ~ .  A maximum of 1.5 O2 per mole of the compound will be released if 

all the three peroxides were retained. Experimental lower values of 0.7-0.2 O2 per mole 

of the compound were realized since part of the peroxide was initially lost during the 

process of solution preparation. The subsequent secondary rates of oxygen release, 

calculated from the data, paralleled the residual peroxide concentrations. Addition of 

EDTA (1rnM) to such solution decreased the rate of oxygen release to about 15% 

indicating resistance of their EDTA complex to catalase action. 

5.3.3 "v-NMR spectral analysis of aqueous solution of the complexes 5.1 - 5.4 

Further information regarding the nature of the complexes in solution was 

derived from "v-NMR studies (Fig.5. I1 and 5.12). The assignment of the peaks in the 

present study was on the basis of available data 17,18,37,38 . The solutions of compounds 

being acidic, it may be expected that free vanadate will be formed on depletion of its 

peroxide and will oligomerize to decameric form (Vlo). The spectra of the complexes 



Table 5.3. Catalase dependent oxygen release from peroxovanadate complexes 

No. Compound Conc. Oxygen release A02/compound 
mM (mol ratio) 

pM/min Total, pM 
(A021 

5.1 [V202(02)3(gly-gly)3] .H20 0.2 12.3 134 0.67 

DPV 

I I I I I 

280 320 360 400 440 
Wavelength (nm) 

Fig. 5.1 0 UV spectrum of [V202(0&( g l y - g l ~ ) ~ ]  .H20. 



displayed three peaks at -427, -509 and -527 ppm with intensity ratio of 1:2:2 which 

have been assigned to Vlo. The major signal at -694 ppm indicated the presence of 

diperoxovanadate as the predominant species. The small variations from the reported 

chemical shift values may be due to the presence of the co-ordinated ligands in some of 

the products and to variation of pH. The less intense peaks observed at -545 and -650 

ppm were assigned to V1 and residual MPV possibly retaining the peptide ligand. The 

two weak resonances appearing near -714 ppm were probably due to the presence of 

diperoxovanadate species containing peptide ligand co-ordinated through carboxylate 

Thus from the NMR spectral studies it was further apparent that peroxo- 

bridged dimeric complexes undergo rapid degradation in water and hence provide no 

direct information regarding nature of the original solid compound. 

5.4 DISCUSSION 

The importance of pH for the successful synthesis of peroxo-metal compounds 

2,3740 has been emphasized in the literature . Since our primary concern was to isolate 

complex with a (V0)2(02)3 moiety which has been reported to exist in acidic solution6, 

the pH value of c.2 attained spontaneously during the reaction was not raised. 

Preferred mode of co-ordination of an amino acid or a peptide is also dependent 

on pH of the reaction medium and the type of the metal 17-19,35,4144 . Depending on the 

reaction conditions a peptide ligand provides several alternative co-ordination sites to 

the metal, viz., terminal amino and carboxylate groups as well as the amide groups 

of the side chain and hence can act as mono, bi, or tridentate ligand with different 

combinations of donor atoms and can occur in complexes in either neutral zwitterionic 



Fig. 5.11. "v-NMR spectra of aqueous solutions of peroxovanadate-dipeptide 

complexes 5.1 and 5.3. Solutions of the compounds were obtained by adding the solids 

to water and waiting until1 the bubbles ceased. Identification of the peaks : a, b and c, 

the three peaks (2:2:1) of decavanadate (Vlo); d, free vanadate (VI); e, liganded 

monoperoxo-vanadate(MPV); f, diperoxovanadate (DPV); g and h liganded (DPV). 



Chemical M, ppm 

Fig. 5.12. 5 ' ~ - ~ ~ ~  spectra of aqueous solution of peroxovanadate-tripeptide complex. 

Solution of the compound was obtained as described under Fig. 5.11. Identification of 

the peaks : a, b and c, the three peaks (2:2:1) of decavanadate (Vlo); d, 

diperoxovanadate (DPV); e and f liganded (DPV). 

or the anionic form 22,35,41-43,45 . In addition, they are known to form bridge 

between metal atoms leading to the formation of dinuclear or polynuclear s t ruc t~res~~.  

Thus bonding of more than one amino acid or a simple peptide to the same metal center 

in different co-ordination modes as observed in the case of complexes 5.1-5.4 may 

appear unusual, however, is not ~n~recedented"~'?~~. Tridentate co-ordination of 



gly-gly involving carboxylate, deprotonated N-amide and -NH2 groups in a structurally 

characterized monoperoxo-vanadate compound, was reported previously22. This 

compound was isolated from a solution of pH 6.8. In the present case, the low pH of 

the reaction medium probably favored the co-ordination of the di- and tripeptide ligands 

to V(V) in their zwitterionic form through carboxylate group thereby stabilizing the 

peroxo-bridged divanadate moiety and leading to the synthesis of the desired molecular 

complexes. In case of compound 5.4, it is plausible that the two coordinated triglycine 

ligands in the coordination sphere, because of their relatively longer chain length, prefer 

to act as bidentate ligand thereby completing hexa-coordination around each vanadium 

instead of allowing bridge formation by a third triglycine molecule". The glycyl- 

peptides with hydrophobic amino acids, valine and leucine failed to give a solid product 

under similar conditions which suggest that interaction of polar side chain may have a 

role in stabilizing the product. 

The stabilization provided by the peptide co-ligands to the p-peroxovanadate 

moiety formed in solution, affording their isolation into solid state, would presumably 

be lost in aqueous solution resulting in the break up of the VOOV group with 

subsequent release of oxygen. The peroxo groups which are retained in the degradation 

products and are responsible for the further release of oxygen under the effect of 

catalase action, are the ones bonded in a side-on fashion as in DPV. Presence of DPV in 

solution of the compound has been confirmed from their "v-NMR and electronic 

spectra. 

In summary, we have demonstrated that it is possible to isolate the dioxo- 

triperoxo vanadate species formed in solution into solid state, through complexation 



with small peptides, under appropriate experimental conditions. The occurrence of the 

peptide ligands as zwitterions and their possible involvement in hydrogen bonding 

between the side chains permit the isolation of the title compounds into solid state as 

neutral molecular complexes. The compounds possess unique features which may be of 

interest for a deeper understanding of the peroxovanadium(V) chemistry. Redox 

properties of the newly synthesized compounds 5.1-5.4 are represented in Chapter 6 of 

the thesis. 



REFERENCES 

1. A. Butler, M. J. Clague and G. E. Meister, Chem. Rev., 1994, 94, 625. 

2. A. Shaver, J. B. Ng, D. A. Hall and B. I. Posner, Mol. Cell. Biochem, 1995,153, 

5. 

3. T. Ramasarma, Proc. Indian natn Sci Acad., 2003, B69(4), 649. 

4. D. Rehder, G. Santoni, G. M. Licini, C. Schulzke and B. Meier, Coord. Chem. 

Rev., 2003, 237, 53 

D. Rehder, M. Bashirpoor, S. Jantzen, H. Schmidt, M. Farahbakhsh and H. 

Nekola, in Vanadium ~ o m ~ o u n d ~ .  chemistry, Biochemistry and Therapeutic 

Applications., Eds. A. S. Tracey and D. C. Crans, Oxford University Press, New 

York, 1998, p. 60. 

M. J. Clague and A. Butler, J. Am. Chem. Soc., 1995,117, 3475. 

M. Bhattacha rjee, Polyhedron, 1992,28 17. 

P. Schwendt and M. Sivhk, in Vanadium Compounds. Chemistry, Biochemistry 

and Therapeutic Applications., Eds. A. S. Tracey and D. C. Crans, Oxford 

University Press, New York, 1998, p, 1 17. 

C. Djordjevic, N. Vuletic, M. L. Renslo, B. C. Puryear and R. Alimard, Mol. 

Cell. Biochem., 1995, 153,25. 

M. Casnj, and D. Rehder, Chem. Com., 2001,10,921. 

M. Kaliva, T. Giannadaki, A. Salifoglou, C. P. Raptopoulou, A. Terzis and V. 

Tangoulis, Inorg. Chem., 200 1,40(15), 37 1 1. 

A. Butler, Coord. Chem. Rev., 1999,187, 17. 

P. Schwendt and D. Joniakova, Thermochim Acta, 1983,68,297. 



14. P. Schwendt and D. Gyepesova, Acta Cryst., 1990, C46, 1753. 

15. M. Bhattacharjee, M. K. Chaudhuri, N. S. Islam and P. C. Paul, Inorg. Chitn. 

Acta, 1990, 169,97. 

M. K. Chaudhuri and P. C. Paul, Ind. J. Chem., 1992,31A, 466. 

A. S. Tracey and J. S. Jaswal, J. Am. Chem. Soc., 1992,114,3835. 

A. S. Tracey and J. S. Jaswal, Inorg. Chem., 1993,32,4235. 

L. Anderson, S. J. Angus-Dunne, 0. W. Howarth and L. Patterson, J. Inorg. 

Biochem., 2000,80, 5 1. 

M. Casn9, M. Sivhk and Dieter Rehder, Coord. Chem. Rev., 2003,355,223. 

A. E. Gerbase, M. Martinelli, L. G. Fagundes, V. Stefani and S. J. Da Silva, J. 

Coord. Chem., 1999,47(8), 45 1. 

F. W. B. Einstein, R. J. Batchelor, S. J. Angus-Dunne and A. S. Tracey, Inorg. 

Chem., 1996,35, 1680. 

J. A. Guevara-Garcia, N. Barba-Behrens, R. Contreras and G. Mendoza-Diaz, in 

Vanadium Compounds. Chemistry, Biochemistry and Therapeutic Applications., 

Eds. A. S. Tracey and D. C. Crans, Oxford University Press, New York, 1998, p. 

126. 

K. B. Nolan, A. A. Soudi and R. W. Hay, Amino acids, Peptides and Proteins., 

Royal Society of Chemistry, U. K., 1996, Vol. 27, p. 282. 

K.H Thompson, J. H. McNeill and C. Orvig, Chem. Rev., 1999,99,2561. 

Y. Shechter, G. Eldberg, A. Shisheva, D. Gefel, N. Sekar, S. Qian, R. Bruck, E. 

Gershonov, D. C. Crans, Y. Goldwasser, M. Fridkin and J. Li, in Vanadium 

Compounds. Chemistry, Biochemistry and Therapeutic Applications., Eds. A. S. 

Tracey and D. C. Crans, Oxford University Press, New York, 1998, p. 308. 



A. B. P. Lever and H. B. Gray, Acc. Chem. Res., 1978,11,348. 

N. J. Campbell, A. C. Dengel and W. P. Griffith, Polyhedron, 1989,8, 1379. 

G. V. Jere and G. D. Gupta, J. Inorg. Nucl. Chern., 1970,32, 537. 

K. Nakamoto, Infrared and Raman Spectra of Inorganic and Co-ordination 

Compounds. 5th Edn, J. Wiley and Sons, New York, 1997, p. 156. 

K. Nakamoto, Ref. 30, p. 60. 

T. Miyazawa and E. R. Blout, J. Am. Chem. Soc., 1961,83,7 12. 

R. A. Meyers Ed., Encyclopedia of Analytical Chemistry, J. Wiley and Sons, 

New York, 2000, Vol. 2., p. 546. 

K. Nakamoto, Ref. 30, p. 7 1. 

H. Seigel and R. B. Martin, Chem. Rev., 1982,82,385. 

H. N. Ravishankar, Aparna V. S. Rao and T. Ramasarma, Arch. Biochem. 

Biophys., 1995,321,477. 

A. T. Harrison and 0. W. Howarth, J. Chem. Soc. Dalton Trans., 1985, 1 173. 

0. W. Howarth and J. R. Hunt, J. Chern. Soc. Dalton Trans., 1979,1388. 

J. S. Jaswal and A. S. Tracey, Inorg. Chern., 199 1,30, 37 18. 

M. K. Chaudhuri, S. K. Ghosh and N. S. Islam, Inorg. Chem., 1985,24,2706. 

J. Costa Pessoa, S. M. Luz and R. D. Gillard, J. Chem. Soc. Dalton Trans., 1997, 

569. 

D. C. Crans, H. Holst, A. D. Keramidas and D. Rehder, Inorg. Chem., 1995,34, 

2524. 

D. Rehder, C. Weidmann, A. Dutch and W. Priebsch, Inorg. Chem., 1988, 27, 

584. 



44. R. J. Flook, H. C. Freeman, L. M. Christopher and M. L. Scudder, J. Chem. Soc. 

Chem. Comm., 1973,753. 

45. D. C. Crans, P. M. Ehde, P. K. Shin and L. Patterson, J. Am. Chem. Soc., 1991, 

113,3728. 

46. S. T. Chow and C. A. McAuliffe, in Progress in Inorganic Chemistry., Ed. S. 

Lippared, J. Wiley Interscience, 1975, 19, 15. 





Peroxo-bridged Vanadium0 Complexes as Selective Bromide 

Oxidant in Bromoperoxidation* 

6.1 INTRODUCTION 

Bromoperoxidase, involved in the biosynthesis of a variety of brominated 

natural products, is the first enzyme shown by ESR' and N M R ~  studies to contain 

protein bound vanadium that is essential for its activity. By itself H202 is capable of 

oxidation of bromide in acid medium3 but is ineffective in physiological conditions at 

pH >5.0. The enzyme functions explicitly in catalyzing rate-determining bromide 

oxidation to generate an oxidized bromine species capable of transferring bromine 

atoms to acceptor molecules with electron-rich 71-bonds4. The oxidized bromine 

intermediate is likely to be equivalent of hypobromous acid (HOBr), bromine (Brz), 

tribromide (Br,'), or an enzyme-trapped bromonium ion' although, its exact speciation 

is still a matter of speculation. 

The choice of vanadium in these enzymes'32 and its known ability to form 

c ~ m ~ l e x e s ~ - ~  with H202 led to implication of peroxovanadate as the active bromide 

oxidant. The H202-dependent oxidation of bromide is a two-electron transfer both in the 

enzyme reaction9 at pH 6.5 and in the chemical reaction with cis-dioxovanadium in 

highly acidic medium3. Vanadium atoms appear to aid the overall catalytic process by 

presenting a modified peroxide species as the oxidant at physiological pH. The 

biomimetic models of bromoperoxidation reaction therefore proposed vanadium . 
* Results described in this Chapter have been published in : 
(i) J. Clzetn. Res (M), 2001, 0536. 
(ii) Mol. ~ e l i .  Biochern. 2002, 236, 95 .  



derivatives such as peroxovanadates'0-'2 and their 0x0 or peroxo-bridged d i m e r ~ ' ~ - l ~  as 

the oxidants. The credit for first biomimetic functional model of bromoperoxidase goes 

to Sakurai and ~suchia". They found bromination of an acceptor occurred in phosphate 

buffered medium (pH 6.0) containing excess H202 and KBr in presence vanadyl sulfate, 

but not vanadate. Another fully functional mimic of the enzyme, cis-dioxovanadium(V) 

(~0:) in acidic aqueous solution, was reported by Butler and co-workers which was 

shown to catalyze bromination of 1,3,5-trimethoxybenzene (TMB) as well as bromide- 

assisted disproportionation3 of H202. About the same time Bhattacharjee reported that a 

mixture of V20s and H202 was effective in bromination of organic substrates12. 

The mono- and diperoxovanadate species (MPV and DPV) are readily formed 

on adding excess H202 to vanadate s o l ~ t i o n ~ * ~  with DPV predominating at pH > 5.0. 

Initially both these species were proposed to be bromide oxidants based on the "v- 

NMR evidence of their occurrence and changes during the progress of the bromination 

reaction9,". However, synthetic DPV and compounds containing these peroxovanadate 

moieties could not substitute for V205 and H202 mixture in brominationI3. Clague and 
- 

Butler later observed that the rate of bromide oxidation was second order in vanadium 

concentration, and was maximal when MPV and DPV were equal in concentration3. A 

dimeric peroxovanadate species (V0)2(02)3 presumed to be formed by a combination 

of ~ 0 ( 0 2 ) +  and V0(02)2' was then proposed to be the critical oxidant of bromide3 

however, this species was found only in highly acidic and with high 

concentrations of vanadate and H202. Also, how this species gains oxidant activity is 

not clear although possible involvement of a bridging peroxide has been proposed15. 

Studies on synthetic peroxovanadate complexes as functional and structural 

models of bromoperoxidase 3,12,15,17-19 have been immensely usefbl in helping to 



elucidate the details of mechanism of action of the enzyme and have provided diverse 

approaches to this area 3,12,15,17-21 . In recent years several vanadium complexes of 

multidentate ligands containing 0 and N donor sites were tested for catalysis of 

bromide oxidation in presence of hydrogen peroxide 18-20,22 . Contrary to natyral V-BrPO 

which is most efficient at pH 5.5-7 several model complexes were found to be 

catalytically active in acid med i~m'~-~O.  

It was observed by Ramasarma and co-workers that diperoxovanadate, which is 

inactive in bromide oxidation on its own, acquires oxidant activity in presence of 

vanadyl or vanadateI4 at pH >5. Either uncomplexed vanadate or vanadyl was required 

for bromination by DPV, and this has been substantiated by demonstration of 

remarkable enhancement in rates of bromination on their addition to the system 

containing DPV aloneI4. These findings led to the proposal that p-peroxo-divanadate 

intermediate, [ovoov(o~)]~' formed by complexation of these two species is the 
I 

proximate oxidant of bromide14 at physiological pH. Support for such an intermediate 

as the bromide oxidant came from the studies on a synthetic compound with a VOOV 

bridge, [V202(02)3(Gly)2(H20)2] , which was found to be highly active in oxidizing 

bromide at physiological pH, and liberating bromine gas in the absence of - an 

acceptor23. Besides bromide oxidation, as mentioned in Chapter 3, other reactions also 

occur when an oxidisable substrate is present during interaction of vanadyl and DPV. 

These are oxidation of N A D H ~ ~ ,  inactivation of glucose oxidase2', and hydroxylation of 

benzoate26. Oxygen is released in absence of a ~ubstrate*~. 

Thus it is evident that exact mechanism involved in the function of 

bromoperoxidase and the actual role of vanadium in these processes are yet to be 

understood completely despite the progress made in recent years. Further insight into 



actions of protein-bound vanadium needs more information on structure, bonding and 

reactivity of peroxovanadate compounds with bio-relevant ligand environment. Since 

the newly synthesized peroxo-bridged compounds 5.1-5.4 were closely related to the 

proposed peroxobridged intermediate mentioned above, we focused on investigating 

their activity in peroxidative bromination reaction. The objective of our study was to 

find an oxidant of bromide with good activity at physiological pH, an essential 

requirement of biomimetic model. 

The compounds 5.1-5.4 instantaneously oxidized bromide to a bromination 

competent intermediate at pH>5. Chapter 6 of the thesis presents an account of the 

reactivity the complexes [V202(02)3(dipeptide)3].H20 [dipeptide = glycyl-glycine (5.1), 

glycyl-alanine (5.2), or glycyl-asparagine (5.3)] and [V202(02)3(gly-gly-gly)2].H20 

(5.4) in oxidative bromination. Selective activity of the peroxo-bridged divanadate for 

bromide oxidation is indicated by their inability to support oxidation of NADH and 

inactivation of glucose oxidase. 

6.2 EXPERIMENTAL SECTION 

6.2.1 Measurement of bromination activity in solution 

The method of de Boer et described in Chapter 2, was used to measure 

bromination activity of the synthesized peroxovanadium compounds 5.1-5.4 in solution. 

Phenol red acts as an efficient trap of active bromine species without influencing the 

rate of reaction until it is exhausted. The reaction mixture contained phosphate buffer 

(50 mM, pH 5 .9 ,  KBr (2 M) and phenol red (20 pM). The redox activity was tested by 

adding weighed amount of the solid compounds to the reaction mixture, and by 



monitoring possible change in absorbance at 592 nm at 30° C. The volume of the 

reaction mixture was kept at 25 ml to enable accurate weighing of small amounts of 

solid samples of peroxovanadates added. Aliquots were transferred to the 

spectrophotometer immediately after mixing to record the jump in The added 

bridging-peroxo complexes acted directly as bromide oxidant producing instant change 

in A592 and therefore represented as 'instant activ~ty'. The steady rate of increase that 

followed due to residual peroxovanadate is referred to as 'secondary rate'. The data on 

bromination activity of the compounds are given in Table 6.1. 

6.2.2 Measureriient of  glucose oxidase activity 

- 

The reaction mixture contained phosphate buffer (50 niM, pH 7.0)' glucose (10 

mM), and glucose oxidase (4.6 pg proteinlml) and the reaction was started by adding 

glucose solution2'. The consumption of oxygen was followed in an oxygraph, and the 

activity was expressed as the rate (pM/min). Pretreatment of glucose ox~dase (2.3 nig 

protein in 10 ml) was carried out in phosphate buffer (50 mM, pH 5.5) by adding 

weighed samples of (1.5-9.0 mgIl0ml) solid compounds and ~ncubating for 10 min at 

30°C. A suitable aliquot to give 4.6 pg proteinlml in the reaction mixture in the 

oxygraph was then tested for the enzyme activity by the rate of oxygen consumption. 

The reagents carried into the glucose oxidase assay medium at this dilution had no 

effect on the assay. 



6.3 RESULTS 

6.3.1 Bromination reaction with solid peroxo vanadium(V) compounds 

The bromination of phenol red to bromophenol blue was employed to 

investigate the bromination activity of the complexes 5.1-5.4 in solution. Addition of an 

weighed amount of solid compound to the standard reaction of bromide in phosphate 

buffer with phenol red as trap for oxidized bromine resulted in instantaneous colour 

change of the solution from yellow to blue. The spectrum recorded showed a peak at 

characteristic of the product bromophenol blue and a decrease in absorbance of the 

peak at A433 due to loss of phenol red (Fig.6.1). After the initial very fast bromination 

activity referred as "instant" activity, a slow increase in A592 indicated a secondary rate 

of bromination (Fig.6.2 and Fig. 6.3). The data in Table 6.1 show the instant and 

secondary bromination activities of dinuclear complexes 5.1-5.4. 

A similar reaction when carried out in absence of phenol red displayed a peak at 

262 nm with a shoulder at 237 nm on addition of bridging peroxo compounds (Fig. 6.4). 

Addition of phenol red to this solution resulted in the decrease in A262 nm and a peak at 

592 nm appeared indicating the formation of bromophenol blue (Fig. 6.4). The 262 nm 

peak, therefore, represents a bromination competent oxidized species of bromide, 

probably an equilibrium mixture of BrOH, Br2 and Br3- as proposed earlier'. 

The results of the afore mentioned experiments suggest the occurrence of two 

distinct types of bromination reactions. The fast bromination reaction which give a large 

increase in indicate the presence of an active group in the peroxo-bridged 

complexes that readily oxidizes bromide. It is evident that the degradation products of 

the compounds formed in solution are responsible for the slow secondary bromination 



reaction. The instant activity of 37-43% recorded, although small, substantiated the 

oxidant capacity of the original compounds in spite of their being highly unstable in 

solution. 

Under these conditions DPV (1mM) was completely inactive on its ownJ4, 

however, in presence of vanadate showed the secondary rate but not the instant activity 

(Table 6.1). 

KBr + Br o$\c&y 
S@. PeroxorranadiumCV) 

1.00 complex 

500 

Wavelength (nm) 

Fig 6.1 Spectral changes at 5 min interval following bromination of phenol red to 

bromophenol blue on addition of solid complex 5.3. The reaction mixture contained 

phosphate buffer (50 rnM, pH 5 3 ,  KBr (2M) and phenol red (20 pM). 



Fig 6.2 Bromination activity with dinuclear peroxovanadate-dipeptide complexes. (a) 

The spectra were recorded immediately after adding the solid compounds to the reaction 

mixture showing the "instant activity"; (b) increase of A592 indicating the secondary rate 

of bromination by the residual peroxovanadates. The numbers of 5.1-5.3 and DPV (+V) 

on the lines identify the additions. 



Fig 6.3 Bromination activity with dinuclear peroxovanadate-tripeptide complex (a) 

spectrum taken immediately after adding the solid compound 5.4 (0.14 mglml) to the 

reaction mixture showing the "instant activity"; (b) the increase of ASg2 indicating the 

secondary rate; (c) the peak at 592 nrn at 18 min of the reaction. 



Fig 6.4 Spectral changes following bromination of phenol red to bromophenol blue on 

addition of solid complex 5.1. The reaction mixture contained phosphate buffer (50 

mM, pH 5 . 9 ,  KBr (2M) and phenol red (20 pM). (a) KBr + compound in absence ot 

phenol red; (b) KBr + compound + phenol red. 





6.3.2 Reaction with solutions of peroxovanadate compounds 

Reactions conducted by addition of an aliquot of title compounds from a freshly 

prepared solution, instead of the solid compound, to the standard reaction mixture gave 

a good rate of increase in AS9i. The rate progressively decreased when equal aliquots 

were tested from this stock solution at 2-4 min interval followed by total loss of activity 

in about 2 h of making of the solution. These experiments hrther confirmed that 

vanadate products derived from the peroxo-bridged complexes, responsible for the 

secondary slow bromination reaction, also undergo further inactivation. 

These rapid inactivation processes constrained our studies on the kinetics of the 

reaction. Data collected by using a freshly prepared solution for each experiment 

indicated that increases in rates are nonlinear with increase in concentration of title 

complexes and KBr. The rate showed a linear relationship when plotted against the 

square of concentration of bromide indicating a second order dependence with respect 

6.3.3 Effect of buffer 

Omission of phosphate buffer from the reaction medium had no significant 

effect on the instant bromination activity of the complexes although, a small decrease of 

about 10% was observed in the secondary rate of bromination. This indicated that the 

presence of phosphate was not essential for such activity of dinuclear peroxovanadate 

complexes. This is in contrast to the requirement of phosphate with vanadate-H202 

system as bromide oxidantI4. Vanadate is known to react with most of the compounds 



used in buffers including phosphate28. With respect to vanadates Hepes is fairly inert 

and is the recommended However, in the present study fast bromination 

activity was found to be suppressed when Hepes (pH 6.5) was used as buffer indicating 

possible interaction between Hepes and the bimetallic peroxovanadate cornpo;nds. In 

investigations dealing with peroxovanadates, a near neutral phosphate buffer was found 

23,29,30 to be reasonably inert and its use proved to be satisfactory in several studies . 

Instant bromination activity was realized with the compounds 5.1-5.4 in phosphate 

buffer at pH 7.0. The data in Table 6.1 were obtained at pH 5.5 in order to record the 

secondary activity. 

6.3.4 Inhibition of bromination reaction 

Inhibitor studies are valuable in giving clues on the involvement of reactive 

species. The effect of H202 and EDTA on bromination reaction under standard assay 

conditions was tested. The initial fast bromination reaction was inhibited only to the 

extent of 5-10% with H202 (10 Mm) and c.20% with EDTA (10 rnM). After the initial 

jump in AS92 the peak intensity remained unchanged with time in contrast to its slow 

increase in the absence of inhibitors, indicating complete inhibition of the secondary 

reaction (Fig. 6.5). It is thus inferred that the peroxo-bridged dimeric vanadate is 

probably the most proximate intermediate in bromide oxidation as it is only partly 

inhibited by H202 and EDTA which terminate the secondary bromination reaction 

carried out by degradation products of the dinuclear complex. 



5.0 10.0 
Reaction time, min 

Fig. 6.5. Bromination activity with dinuclear peroxovanadate complex 5.1. The reaction 

mixture contained phosphate buffer (50mM, pH 5.5), KBr (2MJ and phenol red (20 

pM). 1- The increase of A592 indicating the secondary rate of bromination; Addition of 

H202 (1 mM) (""""") or EDTA (1 mM) (------) instantly stopped the secondary rate of 

bromination. 

6.3.5 NADH is not oxidized by peroxovanadate compound 5.1 or 5.4 

Under the conditions given above, a mixture of DPV and VOS04 rapidly 

oxidizes N A D H ~ ~ .  Compound 5.1 and 5.4 were chosen as representative for testing this 

effect. 

We now find negligible decrease in A340 of NADH on addition of solid 

compound 5.1 or 5.4 to give final concentrations of 0.37 and 0.86 mM to solutions of 



NADH. There was no instant high oxidation as observed when a solution of VOS04 

(0.lrnM) was added to a mixture containing NADH and DPV (0.1 mM) (Fig. 6.6). 

i DPV v 

ma 1 & 
b 

8 -z 
21 

u 
2min 

Fig 6.6. Lack of oxidation of NADH by compound 5.1. Solid compound 5.1 was added 

as indicated (a) 0.37 mM; (b) 0.86 mM to a reaction mixture containing phosphate 

buffer (50 mM, pH 7.0) and NADH (0.2 rnM) and the absorbance at 340 nrn was 

recorded. A slow rate was found in contrast to rapid decrease obtained with a mixture of 

DPV (0.1 mM) and vanadyl sulphate (v'", 0.1 mM). 

6.3.6 Glucose oxidase in not inactivated by peroxovanadate complex 5.1 or 5.4 

Addition of DPV (0.4 rnM) followed by VOW4 (0.4 mM) to a solution of 

glucose oxidase (0.16 mg protedml) inactivated the enzyme extensively2'. Individually 

these reagents had no effect. The synthetic compound 5.1 or 5.4 was added as solid to a 



solution of the enzyme to give final concentrations of 0.5-1.5 mM and the mixture was 

preincubated for 10 min. An appropriate aliquot of this mixture containing treated 

glucose oxidase (0.16 mg protein1 ml) to the reaction medium in the oxygraph showed 

nearly the same rate of oxygen consumption as the control (Fig. 6.7) indi~ating the 

enzyme was unaffected by the treatment. 

Fig. 6.7. Lack of inactivation of glucose oxidase by compound 5.1. Solid compound 

5.1 was added as indicated (a) nil; (b) 0.5 mM; (c)1.5 mM or DPV (0.4 mM) followed 

by vanadyl sulphate (v'", 0.4 mM) ) were added to a reaction mixture containing 

phosphate buffer (50 mM, pH 7.0) and glucose oxidase (1.6 mg protein) and incubated 

for 10 rnin at 30°C. An aliquot containing 8 rng protein was then transferred to the 

oxygraph reaction vessel (1.75 ml) containing phosphate buffer (50 rnM, pH 7.0) and 

glucose oxidase (10 mM) and oxygen consumption was followed. Extensive 

inactivation occurred only with D P V + V ~  



6.4 DISCUSSION 

The redox chemistry of vanadyl, vanadate and peroxovanadates described earlier 

by Brooks and sicilio5, Jaswal and   race^^ and Ramasarma et a~ . " '~  are pertinent in 

explaining the reactions involved in the present study. A scheme of reactions shown in 

Fig. 6.8 is proposed which is based on our results and work of some other 

laboratories 5,8,10,13,14,26 

The p-peroxo group of 'VOOV' moiety appears to be amenable for 

reductive cleavage by bromide that produces a bromination competent intermediate, 

-BrOV0(02), that can transfer the bromine atom to the substrate AH (reaction a and b 

in Fig 6.8). On its dissolution the compound dissociates into MPV and DPV species 

(Fig 6.8 reaction c) as identified by "v-NMR with subsequent loss of instant 

bromination activity. These observations and the marginal effects of H202 and EDTA, 

which considerably inhibit vanadate dependent bromination activity, lend support to 

earlier proposal that 'VOOV" is the active group and is the likely primary oxidant of 

bromide at near neutral pH. The secondary bromination activity results from the 

formation of DPV and vanadate formed as dissociation products of the dinuclear 

complex in solution (Fig 6.8, reaction d). Dismutation of MPV generates vanadate 

which is then reduced to vanadyl by bromide (reaction d and e) as demonstrated 

experimentally in earlier worki4. Vanadyl then complexes with DPV to form a p- 

peroxovanadate dimer5 (reaction f). This complex can then oxidize bromide and 

produce a bromination competent intermediate that can be recycled till phenol red is 

completely consumed (reaction g). The striking feature of the essentiality of vanadyl 

V(1V) for converting DPV into an effective bromide oxidant14 was thus accommodated 



112 [VOV] 
vanadate 

1 /202 

Fig. 6.8. Schematic representation of reactions occurring with peroxo-bridged divanadate compounds: (a)formation of active bromine compound 
BrPV and MPV when solid is added to a bromide solution; (b) transfer of bromine to acceptor AH (phenol red); (c) dissociation of the dinuclear 
complex on dissolution in water into NlPV and DPV (in absence of bromide) with concomitant loss of bromination activity; (d) reduction of 
MPV to vanadate;(e) reduction of vanadate to vanadyl by acid and bromide; (f) formation of p-peroxo compound from DPV + vanadyl; (g) break- 
down of p-peroxo group and oxidation of bromide yielding BrPV; (h) breakdown of p-peroxo group in absence of bromide; (i) dismutation of 'OV 
radical releasing 0, Peptide ligands in the compounds are not shown. Valancy state of reduced vanadium is shown as "lV and all others are v V  NO 
attempt is made to show the exact stoichiometry of the reaction. 



as v ~ ~ - o - o - v ~  in the reaction pathway in Fig 6.8. Bromide is needed in two steps, in 

recycling vanadyl by reduction of vanadate and in interacting with peroxo-bridged 

intermediate, which explains the slow reaction being second order with respect to KBr 

concentration. Inhibition of secondary reaction in presence of excess Hz02 is 

evidently owing to the conversion of vanadate into DPV which is inactive in 

bromination. EDTA inhibits reaction g by complexing with V(V) and V(1V) centers of 

the p-peroxovanadate intermediate as was demonstrated experimentally in earlier 

studies. 

Reaction c shows the breakdown of compounds 5.1-5.4 when solids were added 

to water in absence of bromide. The reaction sequence c-f-h-i, shown in Fig 6.8, 

indicates the way dioxygen is released when solid compound was added to water. The 

process involves interaction of DPV with vanadyl (reaction f), formed from vanadate 

(reaction e) in acid medium and decomposition of the p-peroxo complex (reaction h and 

i). Formation and decay of (reaction h and i) of oxygen radical species of 

peroxovanadate are implicated in this process as described in earlier reports 5,24,3 1 

The present experiments confirm the reactivity of the synthetic peroxo-bridged 

compounds in producing bromination competent intermediate. The compounds were 

unable to oxidize NADH or inactivate glucose oxidase, the two activities shown by a 

mixture of diperoxovanadate and vanadyl. This demonstration of peroxo-bridged 

divanadate as a powerful, selective oxidant of bromide, active at physiological pH, 

should make it a possible candidate of mimic in the action of vanadium in 

bromoperoxidase proteins. Since aqueous solution of the compounds did not show the 

instant bromination activity, in spite of the fact that ~ 5 0 %  of the peroxo groups were 



retained in the products, it is evident that activities of the original compounds were 

limited to a transient period and lasted until breaking up of the peroxo bridged species. 

We are however, restrained to suggest any involvement of the afore mentioned 

reactions in the action of the enzymes, in absence of direct evidence. But from reports 

available, there appears to be a definite potential of the peroxovanadate intermediates 

(Fig. 6.8) in oxidative modifications in biological systems. 
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synthesis of Newer Dinuclear and Mononuclear Peroxo-vanadium(V) 

Complexes Containing Amino Acids as Co-ligands. A Comparative Study 

of Some of Their Properties * 

7.1 INTRODUCTION 

It is evident from results of investigations presented in Chapter 5 and 6 of this 

thesis, that the newly synthesized peroxo-bridged divanadate compounds of the type 

[V20;(02)3(dipeptide)3] .Hz0 and [V202(02)3(tripeptide)2] .H20 distinguish themselves 

in terms of their spectral as well as solution properties from the majority of 

peroxovanadium complexes possessing peroxo groups bonded exclusively in a side-on 

fashion. Each of these complexes exhibited unique redox properties and could act as 

bromide oxidant with good activity at physiological pH, an essential requirement of 

biomimetic model. 

Taking the above observations into account and in continuation of our work on 

dimeric peroxovanadates it was considered imperative to investigate the possible 

similarities or differences in spectral, redox or solution properties which may exist 

between the p-peroxovanadate and monomeric peroxovanadate complexes in analogous 

co-ligand environment. There appears to be no literature comparing these systems. It 

was felt that the informations derived from such studies could provide valuable insight 

into the special features that may be associated with a 'VOOV' group which make 

complexes with such moiety more reactive than monomeric compounds with side-on 

* Results described in this Chapter has been accepted for publication in 
Polyhedron, 2004 



bound peroxides. 

Accordingly, we set out to synthesize additional members of dinuclear p- 

peroxovanadate complexes stabilized by co-ordinatively versatile amino acids with polar 

side chains viz., asparagine and glutamine as heteroligands. In order to ensure that the 

corresponding monomeric compounds were available for comparison we have also 

directed our efforts to synthesize mononuclear peroxovanadates with a co-ligand 

environment made up of glutamine or asparagine. 

The fact that the p-peroxovanadate compounds with 'VOOV' moiety were highly 

active in peroxidative bromination' in aqueous medium at physiological pH, opened up 

possibilities of such complexes being useful as mild biomimetic brominating agents2.) 

when used in conjunction with inorganic bromides for organic bromination. The 

observations prompted us to explore the catalytic potential of these complexes in organic 

bromination reaction2-'. 

In this Chapter, the synthesis and physicochemical characterization of 

complexes of the type [V202(02)3L3] H20 and Na[V0(02)2L].H20, (L= asparagine and 

glutamine) are presented. The two types of complexes synthesized provided a means of 

undertaking a comparative study of their various properties. Results pertaining to the 

activity of the complexes in mediating bromination of some aromatic substrates are also 

embodied herein. 

7.2 EXPERIMENTAL SECTION 

The chemicals used were all reagent grade products (S.D fine, E. Merck, 

(India), CDH and SRL). Catalase was obtained from Sigma-Aldrich Chemicals 



Company Pvt. Ltd. The water used for solution preparation was deionised and distilled. 

7.2.1 Synthesis of dimeric peroxovanadate complexes, [V202(02)3(asn)3].Hz0 

(7.1) and [VzOz(Oi)3(gln)3].HzO (7-2) 

In a typical reaction solid V20s (0.25g, 1.37 mM) was mixed with amino acid in 

a 250 ml beaker maintaining molar ratio of V: amino acid as 1:2 to which 15 ml of 30% 

H202 (132.3 mM) was added gradually with constant stirring. The reaction mixture was 

then stirred for c. 15 minutes in an ice-bath keeping the temperature below 4°C. During 

this period the solid dissolved yielding a clear reddish yellow solution. The pH of the 

solution was recorded to be 2.0. No attempt was made to adjust the pH of the reaction 

solution. On adding pre-cooled ethanol (c. 50 ml) to the above solution under 

continuous stirring, an orange yellow colored pasty mass separated out. After allowing 

to stand for about 10 minutes in the ice-bath, the supernatant liquid was decanted, and 

the residue was treated repeatedly with acetone:ethanol (3:l vlv) mixture under 

scratching until it became micro-crystalline solid. The product was separated by 

centrifugation, washed with cold ethanol and dried in vacuo over concentrated sulfuric 

acid. 

7.2.2 Synthesis of monomeric peroxovanadate complexes, Na[V0(02)2(asn)].H20 

(7.3) and Na[VO(02)2(gln)].H20 (7.4) 

The procedure adopted for synthesis is common to both the complexes. This 

consisted of gradual addition of 12 ml H202  (30% solution, 105.84 mM) to a mixture of 

V20s (0.25g, 1.37 rnM) and amino acid at a molar ratio of V: amino acid at 1:l with 



continuous stirring. Keeping the temperature below 4°C in an ice-bath, the mixture was 

stirred for c. 15 minutes until all solids dissolved. At this stage the pH of solution was 

recorded to be c.2. Concentrated sodium hydroxide solution (conc. c.8M) was added 

dropwise with constant stirring to raise the pH of the reaction medium to c.5. On adding 

pre-cooled ethanol (about 50 ml) to this mixture under vigorous stirring a yellow 

colored pasty mass separated out. After standing for about 15 minutes in the ice-bath, 

the supernatant liquid was decanted, and the residue was treated repeatedly with 

acetone:ethanol (3:l vlv) mixture under scratching until it became microcrystalline 

solid. The product was separated by centrifugation, washed with cold ethanol and dried 

in vacuo over concentrated sulfuric acid. 

7.2.3 Elemental analysis 

The compounds were analyzed for vanadium, peroxide, sodium, carbon, 

hydrogen and nitrogen by the methods mentioned in Chapter 2. The analytical data are 

presented in Table 7.1. 

7.2.4 Spectroscopic measurements 

Spectroscopic measurements were performed by using instruments and methods 

described in Chapter 2. Structurally significant IR and UV bands and their assignments 

are reported in Tables 7.2, 7.3 and 7.5. 'H-NMR spectra of the organic reaction 

products were recorded in deuterated chloroform. Chemical shift values of the products 

are presented in Table 7.7. 





7.2.5 Stability of complexes in solution - measurement of oxygen release from the 

peroxo-vanadium complexes 

A Gilson 516 H oxygraph fitted with a Clark oxygen electrode was used for 

measuring changes in the concentration of dissolved oxygen (0.224 mM at 3 0 ' ~ )  in the 

medium by the method given in Chapters 2 and 6. Results of oxygen release reactions 

are presented in Table 7.4. 

7.2.6 Measurement of bromination activity in aqueous solution 

Bromination activity of the synthesized peroxo-vanadium compounds in 

aqueous solution was studied by the method mentioned Chapter 2. The data on 

bromination activity of the compounds are given in Table 7.6. 

7.2.7 Bromination of organic substrates and products analysis 

In a representative procedure, organic substrate (0.5 rnM) was added to a 

solution of acetonotrile : water (1: 1) (3 ml) containing KBr (1.5 mM). Weighed amoint 

of solid peroxovanadate complex 7.1 or 7.2 (0.25 mM) was then added to the reaction 

mixture at room temperature under continuous stirring. The stirring was continued for 

c.1 hr. Reaction products as well as unreacted organic substrates were then extracted 

with diethyl ether and dried over anhydrous Na~S04. Products were then separated by 

TLC and HPLC. Spectroscopic studies and melting point determinations were made to 

interpret the products. 



7.3 RESULTS AND INTERPRETATION 

7.3.1 Synthesis and characterization 

Orange coloured dinuclear peroxovanadate complexes 7.1 and 7.2 were obtained 

by adopting a synthetic protocol similar to the one established for the synthesis of 

peptide containing complexes 5.1-5.4, outlined in Chapter 5. The synthetic - 

methodology, which afforded the dimeric complexes with V202(02)3 moiety stabilized 

by amino acids occurring as zwitterions, was based on the reaction of V205 with H202 

and the respective amino acid in aqueous solution of pH c.2. A comparatively higher 

pH of c.5 of the reaction medium is likely to be responsible for the formation of yellow 

alkali oxodiperoxovanadate complexes 7.3 and 7.4, as it is known that in a solution of 

vanadate and excess H202 at pH>5 formation of diperoxoxvanadate (DPV) species is 

favoured9-' I. 

In solid state complexes 7.1 and 7.2 were found to be stable for a few weeks 

whereas compounds 7.3 and 7.4 remained stable for months stored dry at ~20°C.  But 

they tended to be hygroscopic at ambient conditions and decompose in a few days. The 

compounds 7.1-7.4 were diamagnetic. in nature as evident from the magnetic 

susceptibility measurements, in conformity with the presence of vanadium(V) in each of 

them. 

From the elemental analysis data, the ratio of v : o ~ ~ -  and V : amino acid was 

ascertained to be 2:3 for complexes 7.1 and 7.2 in clear agreement with their 

formulation as [V202(02)3L3].H20. The elemental analysis results for the complexes 7.3 

and 7.4 indicated the presence of two peroxide groups and one amino acid per 

vanadium centre which could be fitted with the formula Na[V0(02)2L].H20. 



Each of the amino acid containing triperoxodivanadates(V) and mononuclear 

diperoxovanadate complexes displayed characteristic spectral pattern in the Infrared 

region (Fig. 7.1 and Fig.7.2) involving absorptions due to v(V=O), co-ordinated 

peroxide, amino acid ligands and lattice water. Presence of terminally bonded V=O 

gro~p'0*'2 was ascertained from the characteristic strong absorption consistently 

appearing at c.960'cm-' in the spectra of each of the complexes. 

The peroxo bands observed in the spectra of the complexes 7.3 and 7.4 (Table 

7.2 and 7.3), were in the range characteristic of triangularly bonded peroxide'2. In the 

.spectra of the complexes 7.1 and 7.2, appearance of two v (0 -0 )  bands at c.870 cm'l and 

at c.810 cm-' causes us to believe that the complexes, like the ones reported in Chapter 

5, have structurally two different types, viz., side-on bound and the bridging bidentate, 

of peroxo g r ~ u ~ s ' ~ - ' ~ .  Significantly, no band appeared in the c.810 cm'' region in the 

spectra of the monomeric complexes 7.3 and 7.4 (Fig. 7.1 and Fig. 7.2). These results 

thus support the original formulations of the compounds 7.1-7.4. 

Existence of co-ordinated amino acids in the complexes 7.1-7.4 was evident 

from their IR spectra which showed characteristic differences between the spectral 

pattern originating from amino acids of the complexes and the spectra of the free amino 

The N-H stretching bands were observed in the 3300-3000 cm-I region as 

expected from the -N'H~ group and the amino group of the amino acid side chains. The 

rocking modes of N + H ~  occurred at c. 1 150 and c. 1060 cm-I. A band appearing at 1670- 

1660 cm-' has been assigned to v(C=O) mode of the amide group of the amino acid side 

chain. Participation of the band in hydrogen bonding appeared possible from its slight 

shift with respect to free ligand value accompanied by broadeing. Absorption 



attributable to v,(COO) of the co-ordinated carboxylate group appeared in the 1650- 

1640 cm-' region in the spectra of the complexes'6. Symmetric stretching vibration of 

carboxylate group of uncoordinated asparagine and glutamine occur at 1430 and at 141 1 

cm-', respectively. The spectra of complexes 7.1 and 7.2 displayed a medium intensity 

band at c.1360 cm" which may be assigned to v,(COO). The shifting of this band to 

lower frequency with the difference of v,,-V, ~ 2 5 0  cm'' is characteristic of monodentate 

co-ordination of carboxylate group via O(carboxy1ate) atomI6. The spectra of the 

complexes 7.1 and 7.2 exhibited another distinct band at 1412 cm-' (complex 7.1) and at 

1405 cm-' (complex 7.2) attributable to a bridging carboxylate group (vaS-V, =200 cm-I). 

Symmetric stretching frequency of co-ordinated carboxylate group of the amino acid 

ligands in complexes 7.3 and 7.4, on the other hand, was found to be shifted to a higher 

value of 1435 and 1420 cm-I, respectively compared to their free ligand value. The 

spectra of these complexes displayed the vaS(COO) in the 1640-1635 cm-' region. 

The shift of v,(COO) band to a higher frequency and the decrease in A value 

[ A ~ v ~ ~ ( C O O )  - ~ , ( C 0 0 ) ]  is typical of a carboxylate group bonded in a bidentate 

fashion16. The presence of asparagine and glutamine as zwitterion in these complexes 

with protonated -N'H, was ascertained from the spectrum as mentioned in the foregoing 

discussions. Presence of lattice water in each of the complexes, 7.1-7.4 was indicated by 

- the strong v(0H) absorptions displayed at 3500-3400 cm". However, the bending mode 

of water could not be assigned with certainty as it occurred in the carbonyl frequency 

region. The IR spectral data thus suggest that in each of the complexes 7.1-7.4, amino 

acid occurring as zwitterion binds the V(V) centers through O(carboxy1ate) atoms. 



Wavenumber (Ern-') 

Fig. 7.1 IR spectra of (a) [V202(02)3(asn)3].H20 and (b) Na[VO(02)z(asn)].H20. 



Table 7.2 Structurally signljicant IR bands of [V202(02)3(asn)3].H20 and 

Na[VO(O2)2(asn)l H20 

IR bands (cm-I) Assignment 

[V202(02)3(asn)3] H20 (7.1) Na[VO(02)2(asn)] .Hz0 (7.3) 



Wavenumber (an-') 

Fig. 7.2 IR spectra of (a) [V202(02)3(gln)3].HD and (b) Na[V0(02)2(gln)l.H20. 



Table 7.3 Structurally significant IR bands of [V202(02)3(gln)3].H20 and 

Na[VO(02)2(gln)].H20 

IR bands (cm-') ................................................................. Assignment 



Based on these observations a structure of the type shown in Fig. 7.3(a) has been 

proposed for complexes 7.1 and 7.2, which is shown with asparagine complex as a 

representative. For complexes 7.3 and 7.4 the structure of the type shown in Fig. 7.3(b) 

has been envisaged. 

Fig. 7.3 Proposed structures of peroxovanadate-amino acid complexes. (a) structure 

of dimeric peroxovanadate compounds shown with [V202(02)3(asn)3].H20 as 

representative, (b) structure of monomeric peroxovanadate compounds shown with 

Na[V0(02)2(asn)].H20 as representative. 



7.3.2 Nature and stability of the complexes in solution 

Investigations involving measurement of oxygen released from the complexes, 

determination of peroxide content as function of time, their "v-NMR as well as 

electronic spectroscopic measurements revealed that the monomeric diperoxovanadate 

complexes, 7.3 and 7.4 possess much higher stability in solution as compared to the 

dinuclear complexes, 7.1 and 7.2. Complexes 7.1 and 7.2, like their peptide containing 

analogues, were rather unstable in water and degradative loss of the peroxide groups 

was evident from the oxygen evolution taking place when the compounds were added to 

water. Immediately on adding the complexes (c.2 mglml) the rate of oxygen release was 

observed to be exceedingly high of about 10pM Imin for a brief period of c. 15 min. 

Close resemblance between compounds 7.1 and 7.2 and peptide containing 

peroxovanadates 5.1-5.4, in terms of their peroxide content and nature in solution were 

further apparent from their activity with catalase. Slow release of oxygen on addition of 

catalse, indicated that the products in such solutions were peroxovanadates (Table 7.4). 

The subsequent secondary rates of oxygen release, calculated from the data, paralleled 

the residual peroxide concentrations. Due to the initial loss of peroxide during the 

process of solution preparation lower values of 0.7 and 0.4 O2 per mole of the 

compound were recorded. 

The extent and rates of oxygen released under the effect of catalase action from 

the complexes 7.3 and 7.4 (Table 7.4) were found to be comparable to that of aquo . 

oxodiperoxvanadate complex'* (DPV) indicating their similarity with respect to number 

of peroxide and probably the pattern of their co-ordination to the V(V) centre. On 



incubation with catalase DPV was found to be degraded releasing half the molecular 

equivalent of oxygen18 at a rate of 36 pM1min from a solution of 0.2 rnM. 

The stability of the complexes 7.1-7.4 were also studied by estimating the 

peroxide content of the standard solution of the compounds at different time intervals 

which revealed the variation in stability of the complexes. Whereas compounds 7.1 and 

7.2 lost its peroxide rapidly, compounds 7.3 and 7.4, in contrast, remained stable for a 

period of 24 hr or more. 

The electronic spectra of the compounds 7.1-7.4 in aqueous solution exhibited a 

weak intensity broad LMCT band at 310-320 nm (Table 7.5) originating from co- 

ordinated peroxide. In case of the complexes 7.1 and 7.2 the intensity of this band was 

found to decrease with time consistent with the loss of peroxide from these complexes 

and their unstable nature. 

Table 7.4 Catalase dependent oxygen release from peroxovanadium compounds 

No. Compound Conc. rnM Oxygen release A 0 2  Icompd. 

pM/min Total, pM (mol. ratio) 

DPV 0.2 36.0 192 0.96 
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Fig. 7.4 UV spectra of (a) [V202(02)3(asn)3] .Hz0 and (b) Na[VO(O2)2(asn)] .H20. 



Table 7.5 Ultraviolet spectral data of the peroxovanadate complexes 7.1- 7.4 

-- - - 

No. Compound UV peak 

nm A( 1 mM) 

7.3.3 "v-NMR spectral analysis of aqueous solution of compounds 7.1-7.4 

Using "v-NMR spectroscopy and assigning the peaks observed based on the 

data a~ai lable '~-~ ' ,  major species present in the solutions of compounds 7.1-7.4 were 

identified. From the NMR spectral studies it was further evident that peroxo-bridged 

dimeric complexes 7.1 and 7.2 undergo rapid degradation in water. A close similarity 

was observed between the NMR spectral pattern of dinuclear compounds 7.1 and 7.2 

and of peptide containing compounds 5.1-5.4 causing us to infer that the two sets of 

compounds behave similarly in solution. The three peaks at -427, -509 and -527 ppm 

with intensity ratio of 1 :2:2, correspond to VIO. The major peak at -694 ppm, and the 



less intense peaks at -545 ppm and -650 ppm were identified with diperoxovanadate and 

monoperoxovanadate species, respectively. Free vanadate (V1), formed on depletion of 

its peroxide, is known to oligomerize to decameric form (Vlo) in solution. Slight 

variations, in some cases, of the observed chemical shifts from those reported in the 

literature are probably caused by variations of pH and presence of co-ordinated ligands 

in some of the products. The two weak resonances appearing near -714 ppm may be 

assigned to diperoxovanadate species containing amino acid ligand22,23. 

In contrast to the observance of several peaks in the spectra of compounds 7.1 

and 7.2, the spectra of complexes 7.3 and 7.4 displayed a predominant peak at -695 ppm 

characteristic of a diperoxovanadate species. Indication of presence of traces of 

vanadates appeared in the spectra of the mononuclear complexes recorded after 30 min 

of preparation of solutions. 

7.3.4 Redox activity of the complexes 7.1-7.4 in bromination reaction 

The bromination activity of the compounds 7.1-7.4 was tested by adding 

weighed amount of the solid to the reaction medium of bromide in phosphate buffer 

with phenol red as subspate, following the method outlined in Chapters 2 and 6. 

Peroxo-bridged dimeric compounds 7.1 and 7.2, like the other p-peroxovanadate 

complexes described in Chapter 5, were found to be highly active in mediating 

bromination of the substrate phenol red. Referred as 'instant' activity, this can be 

visualized by the solution turning blue immediately aAer adding the solid compounds 

7.1 or 7.2 and quantitated by the jump in As92 (Fig 7.5). After the initial burst of 

bromination, these reaction mixtures contained DPV and some free vanadate. As 



expected the two compounds together gave a secondary rate of bromination seen as 

progressive increase in indicating increase in the amount of the product (Fig 7.6). 

The data on bromination activities of the compounds 7.1 and 7.2, which compare very 

well with those derived from similar studies on compounds 5.1-5.4 (vide Chapter 5), are 

presented in Table 7.6. 

Significantly, the monomeric diperoxovanadate compounds 7.3 and 7.4 were 

totally inactive in bromination under identical conditions. Under these conditions DPV 

(1rnM) was inactive on its own, however, in presence of vanadate showed the 

secondary rate but not the instant activity. 

The information derived from the above studies support the proposal that an 

active group present in the peroxo-bridged complexes 7.1 and 7.2 is responsible for the 

ready oxidation of bromide and subsequent bromination of the substrate. In spite of 

their being highly unstable in solution, the instant activity of 37-43% recorded confirms 

the oxidising ability of the original compounds. 

7.3.5 Substrate bromination in aqueous-organic media - evidence for 

electrophilic bromination 

In order to examine the catalytic potential of the complexes in organic 

bromination, complex 7.1 or 7.2 was added to a solution of acetonotrile : water (1:l) 

containing substrate and inorganic bromide (KBr) and stirred for c.1 hr at room 

temperature. The reactions were carried out in absence of buffer. Several activated 

aromatics were transformed into their corresponding bromo-organics in presence of 

peroxo-bridged divanadate complexes 7.1 or 7.2 (Table 7.7). Preferential bromination at 



Wavelength, nm 

Fig. 7.5 Bromination activity with dinuclear peroxovanadate complex 7.2. a. The 

spectrum recorded immediately after adding the solid compound to the reaction mixture 

showing the "instant activity"; b-g. Spectral changes at 5 minutes interval. The reaction 

mixture contained phosphate buffer (50 rnM, pH 5 . 9 ,  KBr (2M) and phenol red (20 

PM). 



Fig.7.6 The increase of A592 indicating the secondary rate of bromination: a. with 

complex 7.1; b. with complex 7.2. The reaction mixture contained phosphate buffer (50 

mM, pH 5 9 ,  KBr (2M) and phenol red (20 pM). 

Table 7.6 Bromination ofphenol red with peroxovanadate complexes 7.1 and 7.2 

No. Compound Conc. Instant activity Secondary rate 
mglml mM a592 bromine transfer (extrapolated to 

1 mM compound) 

total, pM1mM pM Brlmin 
pM compd. 



either ortho or para position of the aromatic ring leading to mono substitution indicate 

an electrophilic bromination mechanism. 

Further mechanistic information about the reaction came from the study with the 

substrate 2-methoxytoluene, specially chosen for the purpose. That the brominating 

species was ' ~ r "  and not a Bra radical in these reactions was evident from the exclusive 

formation of ring substituted products, 3- or 5-bromo-2-methoxy toluene. Bromination 

through radical reaction would have produced benzyl bromide". The identity of all 

products was confirmed by melting point determination, comparison of their 'H-NMR 

spectra (Table 7.7) with authentic samples and also by HPLC analysis. Attempted 

bromination using complexes 7.3 or 7.4 under similar reaction conditions did not yield 

brominated products as anticipated. 

7.4. DISCUSSION 

The reaction of vanadium with H202 is highly sensitive to pH and it is known 

that the number of peroxo groups per vanadium center increases with increasing pH of 

the reaction In the present study, it has been possible to isolate two types 

of peroxovanadates viz., molecular dimeric complexes [V202(02)3L3] H 2 0  and anionic 

monomeric complexes Na[V0(02)2L].H20, (L= asparagine or glutamine), by varying 

the pH of the reaction medium. 

One of the notable common features between divanadate compounds 7.1, 7.2 

and 5.1-5.4 is the presence of three heteroligands per two vanadium atoms in the co- 

ordination sphere of the complexes. In each of these compounds two of the ligands 



Table 7.7 Bromination of organic substrates mediated by compound 7.1 or 7.2 

Substrate Product Chemical Shift 6 ppm % Yield 

BH3 7.9(s, 1 HI, 7.4(d, J=6Hz, 1 H),6.85 (d, 40 
2-Methoxytoluene J=6Hz, 1 H), 3.6(s, 3H, -OCH3), 1.2(s, 

3H, -CH3 

o -~mino~heno l  fiw2 8.3 (s, IH), 7.8(d, lH,  J=6Hz), 7.l(d, 42 

N IH, J=6Hz),6.2-6.5 (br, 2H, -NH2) 

B r 

m-Aminophenol 7.8-7.25 (m, 3H), 5.3-5.0 (br, 2H, -NH2) 39 

"n32 

NH2 8.1-7.5 (m, 3H), 5.6-5.3 (br, 2H, -NH2) 1 1  

B r 

p-Aminophenol 8.3 (s, 1 H), 7.4(d, 1 H, J=6Hz), 6.9(d, 
43 

Br 1H, J=6Hz), 6.2-5.9 (br, 2H, -NH2) 

NH2 

Quinol 8.5 (s, lH), 8.2-7.5.(m, 3H) 30 

continued 



Substrate Product Chemical Shift 6 ppm % Yield 

Aniline 
7.16 (d, 2H, J=7Hz), 6.5 (d, 2H, J=7Hz), 35 
3.5 (s, 2H, -NH2) 

7.5-6.36 (m, 4H), 4.0 (s, 2H, -NH2) 23 

o-Nitroaniline Po2 8.3 (s, 1 H), 7.45 (d, I H, J=7Hz), 6.75 (d, 5 0 

1 H, J=7Hz), 6.35-6.05 (br, 2H, -NH2) 

7.3-7.05 (m, 3H), 6.5 (s, 2H, -NH2) 20 

/ ..Qo2 

rn-Nitroaniline 
7.7-7.25 (m, 3H), 4.6-5.0 (br, 2H, -NH2) 40 

p-Nitroaniline 8.25 (s, IH), 7.9(d, lH, J=6Hz), 6.64 (d, 7 1 
1H, J=6Hz), 4.8-4.6 (br, 2H, -NH2) 



2 -Methoxy tolu en e \?) 

Fig. 7.7 Bromination reaction of 2-methoxytoluene. (a) Possible product of 

bromination through radical reaction, (b) electrophilic bromination involving ' ~ r "  

forms exclusively ring substituted products. Bromination reaction using dimeric 

compound 7.1 or 7.2 produces exclusively bromomethoxytoluene. 



occur in their monodentate form while the third one forms a bridge between the metal 

centers through carboxylate group. Reports are available in the literature on complexes, 

some of which were structurally characterized, where more than one amino acid or 

peptide ligand bind the same metal center by exercising different co-ordination 

modes27328. As rationalized in Chapter 5, such co-ordination are possible because of the 

presence of several donor sites in these ligands which make them co-ordinatively 

versatile and susceptible to act as mono-, bi-, or tridentate, or bridging ligands 

27-30 depending on reaction condition and nature of the metal . The low pH of the reaction 

medium appears to be responsible for the co-ordination of the amino acids asparagine 

and glutamine to the V(V) centre in their zwitterionic form thereby stabilizing the 

V202(02)3 moiety and enabling their isolation into solid state. 

It is notable that, peroxo-vanadium compounds having a bridging peroxo 

moiety, bonded in a p-rll: rl' fashion, could so far be synthesized only in presence of 

amino acids and pep tide^'^.'^. It is reasonable to expect enhanced stability of the 

vanadium dimer through hydrogen bond interaction with amide groups of the side chain 
/ 

in these ligands. Ready loss of hydrogen bonds on dissolution of the compounds in 

water indeed is the likely cause of their instability in solution which results in break up 

of the p-peroxo vanadate moiety with subsequent release of oxygen. 

The side-on bound peroxo groups present in the degradation products, DPV and 

MPV as seen in the "v-NMR and electronic spectra, are responsible for the catalase- 

dependent oxygen release from the compounds. Since the diperoxovanadium complexes 

7.3 and 7.4 contain side-on bound peroxo groups they appear to be relatively much 

more stable in solution and degrade steadily under the action of catalase releasing the 



amount of oxygen corresponding to two peroxo groups per molecule in consistence with 

their formulae. 

Experiments of bromide oxidation ability of two types of complexes reveal that 

only the complexes 7.1 and 7.2 containing p-peroxo group are capable of bromide 

oxidation at physiological pH. Obviously the activity of the original compound in water 

is limited to a short period before its degradation. The results of the studies on the 

bromination activity of the compounds 7.1 and 7.2 fit well with the proposed scheme of 

reactions shown in Fig.6. 8. Ability of the peroxo-bridged compounds to mediate 

organic bromination is evident from the studies. 

To sum up this investigation concerning the synthesis and some aspects of the 

chemistry of dinuclear and mononuclear peroxo-vanadate complexes, we would like to 

emphasize that the dimeric complexes with a p-peroxovanadate moiety are distinctly 

different in nature, stability and reactivity from the monomeric anionic complexes 

possessing exclusively chelated bidentate peroxo-groups. The heteroligand plays an 

important role in imparting stability to the VOOV group permitting its isolation into 

solid state. Present experiments confirm the reactivity of the synthetic p- 

peroxovanadate dimer in producing bromination competent intermediate. The proposed 

reaction pathway lends further support for the involvement of a VOOV group in 

oxidative bromination at physiological pH. 
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Surnmarv and Conclusaions 



Summary and Conclusions 

Peroxo-vanadium complexes and their chemistry are pertinent to the reactions 

catalysed by bromo- and haloperoxidases, in which vanadium cofactor is likely to be 

associated with a peroxo group during catalysis1. In addition, as mentioned in Chapter 1, 

vanadium and its peroxo compounds have distinct effect on several biological 

processes2. To get a better understanding of the mechanism of vanadium haloperoxidase 

many vanadium(V) compounds have been prepared and studied as structural and 

functional enzyme  mimic^'.^-^. Moreover, in order to address the role of V-H202 system 

in inhibition or activation of enzyme finctions6" intense biological work 1.2.6- 10 and 

solution have been carried out on interaction of peroxovanadates with 

biogenic species such as amino acids, peptides and Since very few reports 

are available on synthetic peroxo-vanadium compounds with co-ordinated peptides19120 
--. _ 

I' 

3,2 1-23 and information pertaining to dinuclear peroxovanadates are limited , as part of the 

present research programme, we have directed our efforts to synthesize a series of novel 

0x0 and peroxo-bridged peroxovanadates stabilized by biogenic or bio-relevant co- 

ligands. Some of the key properties of the compounds such as their stability towards 

decomposition and activity in various redox processes including biomimetic bromination 

reaction have been examined. 

In this Chapter, results of our studies on peroxo-vanadium chemistry are 

summarized and some general conclusions are drawn from the observations made. 

Following are the notable points emerging out of the present investigation : 



8.1 Synthesis and studies on novel 0x0-bridged dinuclear peroxo vanadium0 

compounds 

(i) It is possible to isolate the species formed in a solution of diperoxovanadate and 

vo2+ in presence of EDTA which probably corresponds to the intermediate 

responsible for the EDTA-induced inhibition of DPV-V(1V) mediated redox 

processes. The reaction led to the synthesis of heretofore unreported dinuclear 

monoperoxovanadates(V), A4[V2O3(O2)(EDTA)(SO4)(H2O)].2H20, A=Na or K 

(3.1 and 3.2). 

(ii) Potential of the above-mentioned reaction to serve as a paradigm for the 

synthesis of other stable dinuclear monoperoxovanadates, if conducted in 

presence of suitable ligand was evident when similar reactions carried out 

by employing NTA or gly-gly as ligand in lieu of EDTA afforded the 

complexes, Na6[v2o3(o2)(NTA>2(so;l)(H20)1.2H20 (4.1) and 

Na2[V203(02)(gly-gly)2(S04)(H20)].2H~0 (4.2). Although ~ 0 4 ~ -  is not directly 

co-ordinated to the peroxovanadate center, these complexes are possibly the 

only known peroxovanadate compounds containing co-ordinated sulphate. 

(iii) Compounds 3.1, 3.2, 4.1 and 4.2 are stable in solution at physiological pH, are 

inactive in NADH or bromide oxidation, and show remarkable resistance to 

catalase action. 



These compounds represent a set of water-soluble dinuclear peroxo derivatives 

which contain molecules familiar to bioenvironment as heteroligands. Their properties 

such as high stability in solution at neutral pH and resistance to catalase are expected to 

be of physiological importance. The heteroligands forming chelate rings might impart 

this extra stability to the molecules. This may be relevant in the cellular milieu where 

H202 has little chance to survive abundant catalase and glutathione peroxidase. By 

forming peroxo complexes of the above type vanadate may provide a way of preserving 

cellular Hz02 in presence of abundant catalase and make it available for its functions. 

Although the observed stability of the peroxovanadium complexes may not imply their 

stability in vivo after administration and uptake by cells, however, it fulfils one of the 

criteria for metal complexes to be useful as biomimetic and therapeutic agent and 

provide future scope for testing such properties. 

8.2 Synthesis and studies on peroxo-bridged dinuclear peroxovanadates 

(i) Synthesis of dinuclear peroxovanadate compounds [V202(02)3L3].H20 (L = 

amino acids or dipeptides) and [V202(02)3(tripeptide)~].H20 with p - ~ ' : ~ '  

peroxo group can be achieved by stabilizing the species formed in a solution of 

vanadium pentoxide and H202 at highly acidic pH, in presence of suitable amino 

acids or peptides under appropriate reaction conditions. The ligands seem to 

stabilize the peroxo-bridge by inter-ligand interaction, possibly hydrogen 

bonding. 

Isolation of monomeric products Na[V0(02)2L].H20, L= asparagine 

(7.3) and glutamine (7.4), from similar reactions conducted at relatively higher 



pH underscore the importance of pH in achieving desired synthesis of hetero- 

ligand peroxovanadium compounds. 

(ii) Peroxo-bridged compounds undergo rapid degradation on dissolving in water 

with partial loss of peroxide accompanied by release of oxygen. The "v-NMR 

spectra of such solutions showed diperoxovanadate and decavanadate as major 

degradation products. Additional oxygen release takes place on treating these 

solutions with catalase as expected of residual diperoxovanadates. 

(iii) Dinuclear compounds (5.1, 5.2, 5.3, 5.4, 7.1, 7.2) when directly added to 

aqueous reaction solution instantaneously oxidized bromide to a bromination 

competent intermediate at physiological pH. Instant bromination activities of the 

original compounds were limited to a transient period and lasted until breaking 

up of the peroxo bridged species. 

After the initial fast bromination activity, the degradation products 

formed in solution viz., DPV and vanadate together gave the slow secondary 

bromination. 

(iv) ' Peroxo-bridged divanadate compounds are also capable of mediating 

bromination of aromatic substrates in aqueous - organic media. 

(v) Dimeric compounds with I"-'ll:ql peroxo moiety are distinctly different in 

nature, stability and reactivity from the monomeric anionic complexes with 

similar co-ligands, but possessing exclusively chelated bidentate peroxo-groups. 



The monomeric diperoxovanadate compounds are relatively more stable in 

solution, degrade steadily under the effect of catalase, and are inefficient in 

bromination at physiological pH. 

The informations derived from the above studies support the proposal that an 

active group present in the peroxo-bridged complexes is responsible for the ready 

oxidation of bromide and subsequent bromination of substrate. The proposed reaction 

pathway confers the status of a selective bromide oxidant, at physiological pH, on 

VOOV group. These findings make the dinuclear complexes possible candidates of 

mimic in the action of vanadium in bromoperoxidase. However, it is not completely 

clear as to why a peroxo-bridged divanadate moiety is much more reactive in oxidative 

bromination than a peroxo group bonded to V(V) in a side-on fashion. Theoretical 

computations are expected to provide valuable insights into this aspect and such studies 

are being initiated. 

We are constrained in concluding that any of the reactions of the proposed 

reaction scheme (Fig. 6.8) are involved in the action of the enzynles in view of lack of 

direct evidence. However, since crystal structures of haloperoxidase proteins 

Ascophyllum nodosum" and Corallina of icinali~'~ showed dimeric subunits with a 

vanadium per subunit, the possibility of the active site in the protein having a vanadium 

dimer can not be ruled out. Informations generated from the present investigation may 

find relevance in the context of designing safer biomimetic redox catalysts for organic 

bromination which constitute an active area of current r e ~ e a r c h ~ ~ - ~ ~ .  
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Anblc 

stmln 

Fxprnmmlal 

Mclung polnls urre dctcnn~ncd on a Boet~us hot plnlc d nd uumonrclcd Thc IR rpccln 

were recorded on n Carl Zclss UR 20 tnrwmcnl lhc h M K  Spcclm ucrc m o d c d  wllh a V ~ n n  

G c m ~ n ~  300 DD Inarumcnt openunb a1 300 M l l z  lor 'll m d  at75 MHz lo, "C 

lorr!un 

I)thcdrol nnblc 

R~ocrn#,a o/p)ryburnpcrchbuo,cr utrh rodturn cyan,& '9yt11hrru o/trorners 2 4 1 10 1 I 

Ihe p\nlnum wlt (001 ntol) \ r n  shkcn  for I 0  IS mm ulth 2% nqurous sodrum c)an,de 

(0 01, mol) \olut,on tn (he pnrmLc ol r lh>l  cthcr The uppcr Ir\er \r%s xpnn l rd  ushshcd v l lh  

*tIur*t~d sod urn chlondc solut,on dnrd o \ ~ r  nnh>drous do~lun, s ~ l p h a l ~  nnd OIL sol\enl \\as 

nqmrnlrd ~mdrr ndurrd prcs,un 

I hc ,trrrussomrn 2 J urrc x p r ~ a d  b) ~olumn crornalobmphy on rdrca gcl cluun8 nl th a 

n,#\ten o l  p l r o l ~ u n t  riher I~ZIII rlht  l rtlwr $0 rztlo, fron, 20 I to I I ( < I t )  the l,rrl contpound to h 

rlutcJ unr 2 (2 / 4  r!) cwnwr 

7hc g loh l  ) ~ c l d  (2+4) for c n ~ h  bach IS 92% or hcbhcr 

T)wrhrnr o/l Enromrrs 

Cumpounds 1 1 or 7 uerc con\crted Into the 4 E Isomers by treatment u i th  an uccrs o f  35% 

h)drochlor!c actd nt room lcmpcrnlurc Ancr 5 m!n the rcacuon rnl\Nrc u ~ s  dllulcd wllh water 

and c \ w c ~ e d  wtlh elhvl clhcr or was ~ w l c d  and fillercd on In Ihc c p u  of compound 3 

HcpIod~~,~ontrnk J 

m p - 42 44-C (Ill ' m p - SO'C) 

Non I 4 VDW 

tors~on 
mn I 4  VDW 
dnlnlrWtpnlr 

O(5) C13) C(4) C(9) 
C(4) Cl3) 0(5>C(7) 

Paper 00/627 Recclved 2 0  November  2000 accepLed 2 A p r 1 l 2 0 0 1  

dnpolc\dlpolc 

Ihc tr!plyc~nc pcro\o compl r~  (VlO(O)j(Gl)  Gly GI)) I H > O  has 

bccn s)nlh~s~scd from the re*cl#on of V20, uclh 1i,02 and lr<glyctnc nt pH 2 Thc 

compound hxs been ChJractcnsrd b) clrmcrlldl nnrl),,, and ~por l rs l  rtud#er In thc 

d~merrc molecular complcrr Ihc l a o  annndtum ccnlrcr are brtdhcd by a prraxcdc broup 

nt~ trihl)r,rn occurrun&, w il /N,IILT,OII b t~db  the vrnrdttna b) O (crrburr) IJIL) pod 0 

(nm~dc) atoms The complex ortdtsrr bromldc lo  gtvc o brom,nalton compctcni 

ll l lcrll lcdldl~ ~n phosphnlc buffer ol ph)s~oloh~cal p l l  Addllnon of rts solid lo brnmtdc 

,olut>on ~nhuntl, convcncd phenol rcd lo  nu 592nm sbrorb,ny bromo dcnrnunc Thc 

hrbh brom#n.Al~n ucl#rlty ua, lob1 un d~,wl\#ng lhc compound tn umrr tvath p n m l  lobs 

olperox~dc D~pcroxovanadnlc nnd dcco,anndnlc ucrc found lo h ~ h c  pro due^ by "V 

NMR rpcclnrm Further relcasc o l  oxygen was o b x ~ c d  on trcattng lhts s lut ton wtlh 

cawlax Tile rcrulu tnd~catc 1ha1 pemxe.bnd&cd dtvmadalc 1s Ihc ncuvc tntcrmcd!ate !n 

lhc vanadturn catalywd bmmoproxtdntton rcncuon 
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Vanadturn IS a trace mctal that lnflucnccs a vancty of b~ologtcnl func~~anr '' fhc 

rcccnt findmgs on thc rolc o f  *anad8um In blo proccsscs tncludc cu prcwncc as an 

crwnllal conslltucnl of somc pmams e g bromopcmx~dasc ' lu ~nh~btlron of hydmlvsls 

of  phasphoprouc~' and capsblltty of  t u  pcroxo complcxcs lo mtmte acuons of lnsul~n' 

~d OXKJISC NADH" and br0mldc ' 
Bmmopcmx~daw fnvolvcd tn thc b~os)nthes~s o fa  vilncly o f  nstunlly occunlng 

bmminaled pmdvcls 3s thc fin1 clvymc show lo  conuln pmlcln bound v a d ~ u m  W.1 IS 

csscnl!al lor t o  acttvlry " Funcllonnl mlmlcs of vanadturn bromopcroxtdaw habe bccn 

dcwrlhd for b m m l ~ l ~ o n  ofxlcctcd organlc compounds '" Oxtdarton o f  bmmldc by 

HZOZ lo  hyp~bromow acrid capable o f  uansfcn8ng a bromtnc atom to an acccplor 

molcculc occun In nc!d!c mcdtwn a1 p l  l < l  0 Extremely slow a pH>5 0 thts rcocuon Is 

cntalyscd by vanadturn compounds such as VOSO.' and VIO, "' The most pmbdble 

oxfdanu o f  bromtdc monopcroxovsnadalc (MPV) and d#pcroxovanada~c (DPV) arc 

rcadlly formed on oddlng cxccu HIO, to vnnadate ralutton " I' w81h DPV prcdomlnallng 

a1 pIl>S 0 Howcvcr synthcuc DPV and also MPV could not rubstttutc lor the V20, and 

Hz01 mlxturc In Ihc bromlnatlon proccss" 11 was lhcn propascd that a 

d~oxolnpcroxodrvar~da~c complcx prcsumcd lo form by a comb1na18on ofh4PV and UPV 

Is thc acllve oxldnnt " bul has vanad~um d~mcr was found only In hlghly actdlc mcdlum 

(pH<3 0) and w ~ l h  h ~ g h  conccntmt!ons of vanadatc and HIOI Thc undcrly~ng need for 

Ihc prcscnce of vanndyl' or excess vanadn~c'~ for cflccuvc brom!nal!on ~n ~ h c  cerly 

cxpcnmcnu rcmarned uncvpla,nd 

A notable fcaturc of lhc DPV dcpcndenl bromtnouon al pH>S was lhc 

requlrcment of vanadyl (v") or vanadale (v") " Thls lmpllcd lh r l  ~ h c  Inacuve OPV 

gums oxidant acliv,ly by complcxlng wtth rvnsdyl A p pcroxo brldgcd drvsndalc 

!ntcrmcd~ate LOVOOV(O,))' was pmponcd as a pmxlmatr: oxdnnt ofbram~de" ss uc l l  

ns of  NADH " Support for such an ~nlcrmcdtatc as thc bromtdc ovtdant camc from 

slud~cs on a r)nthct!c compound wtth a VOOV brndgc ID [VIO~(O~),(GI~H),(H~O)~I 

bshlch could producr i, bros~m~t ro t~  ron>plct,l rnlcnard,ulc an phorphutc bu&r and 

ph)suolob!cal p l l  I '  Wnlh an nlm lo pro\tdc funher cvldence In confirmallon of thns 

lalcnt!al of hromtd~ o~addt!on nnd also tn \!cu or Ihc puct ly af  ~nforn,ill~on an pcroxo 

brldbcd divunrd~te rpccks ue uerc  ~ntrrcred 8" ,)n~hcrtrxnl ncwcr mcmhers 01 such 

complc~cs scnbtltsrd by blo&r;n\c hcrcrolrgands vlr dl and urpcp1,dcr Pep18dcs arc 

probably thc pnmar) llbands lo lnlcncl u l lh  \nnadnlc snd \anndyl m b!oIob1cul systcms 

A beucr underaandtng o l  the complcxat~on bchav~ow of vanad~um wtth such llgandr s 

thcrclorc o f  \11aI Inlcrcst and h u  bccn sludlcd In rcccnt ycan"" Houcvcr rcports 

rclatcd lo  synlhcsss and chaructcnsauon o f  pcplrdc pcmxovandatc complcxcs arc 

Irmued '"' We rcpon here s)nlhesls ofa no\cl d>nuclcar u~pcplldc pcroxovnnndae wnlh 

a brtdgtng pcmxadc gmup nnd nu 8ct8v!ry tn bmmopcrox~dnuon oforgm~c rubstr~lc 

The chemicals uscd narc all rcagcnt grade pmducu The trlglyclne and catalaw 

uem obuuncd fmm Stgma Aldnch Chmlcdl Company 

S~n~hesrr o//V,O, IOd,(Gly Gly-Gly)J H f l  

V20t (0  258 1 37 mmol) uw mlxsd wzh Gly Gly Gly (0 768 4 Olmmol) !n a 

250 ml beaker mstntntnnng the mola nlno o f V  pcpttdc nl I I 5 To this 30% Hz01 (IS 

ml 132 3 mmolj w s  dbc8  pdunYry wiln connam Dtrnng Thc rcaniun mimnc .aai 

surrcd for c IS mtnutcs I" nn Ice bath kccplng h c  empcrnlurc h l o w  1O.C 1111 all sol~d 

was d~swlvcd A rcd colourcd solullon of pH 2 rcsultcd a lhts sugc No nttcmpl was 

made lo  adjus~ the pH On addlng prc-coolcd ethanol (c 5Oml) to the above rolutlon undcr 

conllnuous sl!n!ng an ornngc caloured pasty maw wparaccd Aficr slandtng L r  c I5 

mnnulu en Ihc #ce balh the supcmalcnl lzquld u w  dccanlcd and chc rcstdvc was lrcalcd 

rcpentcdly u l th  acctonc ethanol mtxturc undcr scralchlng unul tt became a mtcro 

cnmallme raltd lhc product was w w t c d  by ccnmlugaoon washed with ethanol and 

dncd tn vacuo oscr conc sullurrc sctd 

Anal Calc lor [V~Od0>)1(Gly Gly GIY)~] Hz0 V 16 29 0 2 '  15 34 C ?3 0 

H 3 5 1  N I342  lound V 1 6 6  01' 1525 C 2 3 J H 4 0  N139Y1cld approxunntcly 

57% 

Thc campound tn chc ralld slate war  found to k sublc for xvcral wccks norcd 

dry h l o w  20.C bul lcnded lo k hygmwoplc a1 nmb~cnl condrl~om and dccompos In 

few days 

Ypcrroscop8c Aleanrren8~,tts onrl Innl)s,r 

IR spccm were rccordcd on a N~calcl  Model Impnct 410 FTlR specuomcter wah 

thc samples as KBr pcllcu tlccuonnc absorptton spectra wert recorded on a H,tachl 

Model 2001 sptropholomclcr Al l  the a b r b w c c  valucr arc dcnolcd ru c g A,n AIW 

a1 lhc wavelcngthr ~ndlcatcd Thc "V NMR spectra wcrc rceordcd I" a Bruckcr AMX 

400FT spcmmeer at vanadturn frequency of I05 190 MHz wnth Uu m p l c  ~n a IOmm 

r p l ~ l n g  lube wth  a waled co arlal l u k  conlaln#ng D l 0  whxh pmvldcd chc lock ngnal 

lhe chcm~cal sh~fi data arc shown as nesauvc valucs olppm m l h  rcfcrcncc lo  VOCI, a1 

293 K 

Vanadturn uas dctcrmlned volumctr!cally by lttralton wllh potasslum 

permangmlc The lolal pcrox~dc convnl us r  dclcrm#ncd by addlng a wc#ghcd 8mounl 

uf Ihc compound lo a cold raluuon of sulfurtc acid ( I M  100ml) cantatnmng 1 5 1  of borlc 

acld and 18trnuon wtlh standard polarsturn pcrmanganalc Or wtlh standard Cc(lV) 

ralutson" Thc compound was nnnlyscd lor C H and N sf R S I C Nonh Ens~ern Hill 

Unlven~ry Shxllong and at B e  Dcp~nmenl olOrganlc Ch~mrstry llSC nvngalorc Ifidla 

i/~mt,rrmrnr o/bron#,nanon nrm rr) 

Thc method o f  dc Bocr ct all' of ~nlroduclng lour bromane o~omr tnlo lhc 

molcculc olphcnol rcd la form bromophcnol blue was u x d  as a mcasurc ofbr~m~not lon 

acllvlry Phenol rcd acts as M cflic!cnl trap olacl~ve brom~nc spncs wthout annuenctng 

Ihe raw or thc rcaclton unul 11 Is exhnvslcd The rcacllon mtxlurc contalncd phorphcle 

bulfcr (5OmM pH 5 5) KBr (?M) and phcnol rcd (2OpM) The mc l lon  was s m e d  by 

addtng a welshed mount (3 5mg) ofthc r a l ~ d  compound and upt monttorcd at 1O.C by 

chc hcncreax In h r b a n c c  at 5 9 2 ~ n  o f  bmmophcnol bluc (I - 67 4) Thc volumc o f  che 

m c l ~ o n  mtxturc war kc@ a1 25ml and altqwts were m f c m d  lo Ihc spcvopho~odctcr 

~mrncdmaly ahcr maxlng lo  word lhe jump In A m  (ulsmt change) md h e  steady me 

of tncrcaw L a  lolloucd ua also calculaad 

l ~ m t  bmm~nat!on acuvtty 65pM bmm~nc m l c r  per mM compound 

k o n d a r y  rnlc o l b m m l ~ t l o n  81lM Br ~mnrlcrlmm Wth I mM compound 

Mrarn,rcrnoa ,$cnrolusr de,xrul~nr oxficn nlrosc 

A G~lson 516 H oxygraph lined unlh a Clark oxygcn clcctrodc wnr uwd lor 

mcsrunng changes #n Ihc conccntnt#on old~rwrlved oxygcn :n h medwm (0 224mM a1 

30°C) Thc r ~ l c  and tolal mount  of oxygen rclcascd from 0 2mM soluuan o f  thc 

compound an phorphalc bullcr (50mM pH 7 0) on addtng caulaw (0 OBmg pmlclnl ml) 

wcrc mcasurcd Thc changu ~n oxlgcn conccnlrnlton arc shown u unlu o l p h l  

Results ond ducusswn 

Ihc unponaocc a l  pH for lhc successful synthes#s o f  pcroxo mcul compounds 

has been rmphisnwd In lhc l~lcralurr 'I2' One of thc uwnl lnl  pnmmclcn for nchrcv~ng 

succcsr ofthc synthertr or the pcroxo-bndgd complcx [VIOI(OI),(GIY CIy Gly)ll H 2 0  

was Ihc u w  o l  actd~c medlvm Thc p l i  value of 2 alta~ned sponlancously during thc 

ccact#on uas not rn~red ?he u w  o fa lka l~  and hcncc lhs presence ofcounter cataonr ,n 

ralutoof~ war !ha, nvu~dod I hc p r r f ~ r r ~ d  mode #,I co ordtnulwn of n ppudr  I, also 

dcpendcnt on Ihe pl' o f  lhc re*Lt!on medtum and lhc nature of the mctal " """ A 

rsnlplc pcpl ld~ can acl as a mono b, or tndcntarc lspand wtlh dtlfcrcnl cvmbmar#ons o l  

blndlng s~tcs v ~ a  tcrmtnsl ammo csrboxylalc and nm~dc groups nnd can occur tn 

con~plcxcs I" ellher ncuual m~ltcnon~e"" or antonnc forms "'6J'r' In  thc prcwnl w 

the low pH oflhe reactmn mcd~um probably favoured lhc coardtnauon o f  lhc lnglyctne 

lo  V(V) an 11s zw~ttcrtonlc form Ihcrcby rtnbtllstng the VIOZ(OI)J moncty and lutdzng 10 

h e  synthcss ofthe d c s ~ r d  molcculnr complcx 

The dau on elcmcnuJ M~IYSIS gave cmclnl tnformnl~an an the campostton ofchc 

cornpovnd A ratso o f2  3 war aburned for V pcmxlde whlch suggcrrcd a dtmenc n n l m  

of thc complcx. presumably ~nvolvzng a bndgnng peroxodc group The vsnad~um 

lnglycmc mlto war a v M l n c d  w bc I I 
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In cummary uc ha\c dcmoostra~ed that t i  ts posstble lo  arolnrc thr dtoxo 

Irtpcroro %awdalc spccln in h e  w l ~ d  starc lhrough complcxruon u i th  srnlno acldsM' 

dnd pcptldc I h c  wcurrcnce of rhc cngl)cme as u z\rrllcr!on In rhc complex and IS mode 

olco urdlrwtton as n ba(l$gmd) rnwlvtng O(carbot;ylarc) snd O(amtdc) IS dillcrcnl fmm 

that In wltd g lycy l~ lye~m monopcroxo~anadats complcx '' a.5 uc l l  a.5 pcptldc peroxo 

\an;ldsr s)acms stud~cd m wlut~on al ma ncutral pH '"' uhcm h e  prcfcmd mode of 

pprlde co-ard~wuon \\-a fowd ro be mdcnwtc 

Ihr s!dtes on r k  rcdox XII\II) ofrhe synlhcroc (1 pcroxovawdua compound 

confirm lu ablllty In producrng a brommauon compcrcnr ~nlermcdlaa a phys~olog~cal 

I l c  resulls are In suppon of pultc!parlon o f  such VOOV rypc ox~dznu In vmndlum 

cowlysts I t  appears porsablc lhnl the acrtvc rile In thc protctru havc a vanad~um d~mcr 

srnrc rryswl structures of  IUO of  the cz)mc protc~nr"' shourd dlmerlc subunsu with n 

\anndnum arom per subuntt We arc howc\cr rcnmtncd lo suggca any lnvolvcmcnr o f  

the rcncmmr drscvncd a h ?  m ik x i m n  of t k  cnq mcr matnlj becuusc pcmro groups 

arc not ycr located In thew rtuymc strvclwes But front repons avatlablc [hero appcars 

to bc a dclinttc polenual of ~ h c  peroxo\anadatc ~mcrmcdtarcs ( f i t #  3) In oxtdactvc 

modnRcnt<onr tn btologtcrl s)slcms 
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Fs$ 1 P m p o r d  slrvclurc of ptroxo\madalc compound 
(V202(Ol),(Cly Cly C l y h l  1120 Tltc sccond amdc 

p u p  In Ihc pcplndr rtdc cham Is no1 shown 

HOVO(0 , )  
(MI'VJ 

(dl \ u V )  
O V O '  

f 
o v l v o O V o ( ~ , )  ----L---, OVO(0,)  
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Reaction of diperoxovanadate with vanadyl sulphate in presence 
of EDTA as an access to dinuclear peroxovanadates(V) 
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The leact~on of dlkall-niet'~l d~peroxov,in,id,~te w ~ t h  v'111'1dyl sulph'lte In tlie presenu of EDTA 'ifforded the d~nucle~ir 
heterollg'lnd perouova~i'~dates(V), A,[Vz0,(02)(EDTA)(S0,)(H20)1 2Hz0,  A = Na ( I )  or K (2) The co~npounds were chclr'icter- 
~ s e d  by elemental analys~s, magnet~c suscept~bll~ty and spectral s tud~es The two vnnadium(V) centres In the co~i~plex ion 'ue 
br~dged by dn 0x0 gloup and a hexadentdte EDTA llgdnd One of the vclncid~um(V) centles of the dlnucle'i~ specles contLilns 'I 
b~dent'ite perox~de, whereas the other vd~idd~urn centre IS bonded to a un~dentate sulphdte (ind water leading to heptd-CO-ordrnd- 
tion around each vanad~um(V) Oxygen release ~eactions dnd moldr conductance measurements ~evedled that the compounds were 
stable In solution The compounds were resistant to catalase 'lnd were ~ln'ible to o x ~ d ~ s e  NADH or bromlde I t  IS proposed t1 i~1 t  
this d~nuclear complex specles corresponds to the complex formed In solut~on respons~ble for EDTA Induced ~ n l i r b ~ t ~ o n  of  
o x ~ d ~ ~ t ~ o n  of NADH dnd biom~de by 'I lnixtu~e of d~peroxovan~~d~i te  and v'inadyl O 2002 Published by Elsever Sclence Ltd 

K ~ ~ l ~ o r t l \  D~pelo\ovdn,~d'~ie V'111'1dyl EDTA ~nh~bltlon EDTA br~dged lieierol~&~nd peroxov,ln,~d,~ies C,~tdl'~se Icslst'lnce 0 x 0  br~dgcd 
peroxov,lndddtes conidlnlng sulphdie 

1. Introduction 

D ~ p e r o x o v d n ~ l d a t e  is recelvlng 1111poi tance a s  a b ~ o -  
log~c,illy ,lc[~vc vCinCidlun1 ~ o ~ i i p o ~ ~ n d  I t  m ~ m r c k s  l n s u l ~ n  
action [ I ]  and was found t o  have antineoplastic ac t iv~ty  
[2,3] An interniedldte d e ~  lved f~ o m  d ~ p e l  oxovandddte 
was shown t o  stlmuldte o x i d d t ~ o n  of  N A D H  [4] It  has  
been ~ e p o r t e d  e a ~ l ~ e r  by others [4-71 that  d ~ p e r o x o -  
vnnaddie (DPV) gains oxldC1nt dc t lv~ty  by complexing 
w ~ t h  vdnddyl ( V V )  to form a highly reactive peroxo- 
b r ~ d g e d  ~ n t e r n ~ e d ~ a t e ,  [ O V O O V 0 ( 0 2 ) ] + ,  \vhlch could 
act  a s  o x ~ d a n t  specles o f  N A D H  [4] a n d  bromide [ S ] ,  as 
well a s  lnactlvate glucose o x ~ d a s e  [6] o r  release oxygen 
a s  gds in the absence o f  a n y  substrate  [7] O u r  studies 
on  synthetic compounds  with d 'VOOV' b r ~ d g e  o f  the 
type, [Vz02(02),L,] (L = a m m o  actd o r  pepttde) lent - furthe1 support  fo r  such a n  ~n te rmedia te  a s  the power- 
ful bromide oxtdant  a t  physiolog~ccil p H  [8,9] 

O n e  in te res t~ng  findtng o f  such s t u d ~ e s  was the In- 
hlbltory elfect ot ce l t~ i in  olgnnrc I ~ g n t ~ n g  ngents vlz 
E D T A ,  I i ~ s t l d ~ n e ,  ~ n i ~ d d z o l e  etc  on  the above ledox 
p i o ~ c s c . ~  [4-91 SUL\I ~ n h ~ b ~ t ~ o n  wrib lound 10 bc mckxl- 
muni rn tlie plesence o f  E D T A  E D T A  Induced 11iIi1b1- 
tlon w,ls nlso ~ c p o ~ t e d  t o  o c c u ~  111 the ouygen ~e ledse  
le~ict ion ~nvolv ing  H z O z  'ind VOSO, [ lo]  T h e  b n s ~ s  fol 
such potent  ~ n h i b ~ t ~ o n  d p p e a ~ e d  t o  be the lnclctlvdtloli 
of  the redctlve peloxo ~nte lmedla tes  by the l ~ g d n d s  
through c o m p l e x a t ~ o n  \vitli V(V) d i ~ d  V(IV) centies 
However, thele hds been n p a u c ~ t y  o f  e v ~ d e n c e  on  the 
exact tdentity o f  the  actual spectes respons~ble  for  such 
a n  lnhibltory effect [4-81 

W e  therefore, considered it w o r t h w h ~ l e  t o  tnvesttgdte 
the reactlon o f  D P V  nnd VO" 111 presence of  E D T A  
w ~ t h  a n  n l n ~  t o  dsceitdln the nature o f  the above  
~ n h ~ b ~ t o r y  complex by attempting t o   sola ate such specles 
In the  soltd s tate  Moieover ,  tt has  been reallsed t h ~ ~ t  
dny informdtlon reldted t o  the ~ n t e r a c t ~ o n  of  vanadate  
o r  vanddyl w ~ t h  I ~ g a n d s  like E D T A  mcly be relevdnt In 

* Correspond~ng author Tel + 91 -371 2 67173 (0)/24272 (R)  fax addressing the  role of  vnnddium in vanaddte medlated 

+ 91 -371 2-67006 
t n h ~ b ~ t i o n  o r  a c t ~ v a t ~ o n  o f  enzymes [ I  1,121 In vlew o f  

E-IJI~II/ ct( / ( l t~\ \  ns~@iezu ernei ~n (N S Isldm) the  c o n t ~ n u e d  sedrch fol stable peioxovanndnte corn- 
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pounds su~tnblc lor t he~~~peu t l c  use [13-151, '111 c ~ d d ~ -  
t~ondl goal of the plesent study w'ls dlso to explo~e tlie 
poss~bll~ty of gnlnlng an nccess to newer heterol~gdnd 
peroxovnnddatc compounds stdble '11 phys~olog~cal 
cond~t~ons  

We lepol t lie~e, nn dccount of the ledctlon of nlkdlr 
d~pe~o\ov,~nndnte (ADPV) w~th  VOSO, In plesence of 
EDTA whlch led to the synthes~s of novel dlmerlc 
peroxovandddtes of tlie type A,[V20,(0,)(EDTA)- 
(S04)(H20)] 2H,O thought to correspond to the In- 
h ~ b ~ t o r  complev In the above redox processes The 
compounds have been subjected to d~ssolut~on and 
lenctlvlty studlcs 111 oldel to de te~ni~ne  the~r  nnti~re dnd 
s tdb~l~ty 111 solut~on 

The clieni~c~~lc used wele nll rengent grnde prodilcts 
Cdtnldse dnd NADH wele obtd~ned f ~ o m  S~grn'I- 
Ald~lch Clie~ii~c,~l Conipdny The wntel used f o ~  solu- 
t101i plepdldt~ons wds de~on~sed nnd dlstllled 

Alkdl~ 11ietnl d~peroxovnnndate (ADPV) was pre- 
pnred by ndd~ng nn equnl volun~e of H102 solut~on (40 
11iM) to d vdlldddte solutlon (20 mM) mdllltdlnlng the 
pH n t  7 0 by ndd~ng d~lute  alkal~ hydrox~de solut~on 
On ndd~t~oli  of  pre-cooled EtOH to t h ~ s  solut~on, a 
yellow n i~c~oc~ys td l l~ne  product prec~p~tated out whlch 
W ~ S  sepn~nted by cen t r~ fug~~ t~on ,  wnshed w~th  EtOH 
nnd finally d~lcd  ovel conc H,SO, Annlysls of the 
content of vC~nad~u~ i i  c ~ ~ i d  perov~de 'lg~eed w~ th  the 
for~iiuld A[V0(02),(H,0)] (A = Na 01 K) 

2 2 Rctic /lo11 o/ A[VO(O,),(H,O)] (A = NN 0 1  K) 11~1111 
VOSO, in pl c\ciice o/ EDTA Sviitheri\ o/ 

A4[V203(02) (1 DTA) ( S o 3  (H,O)] 2H20 

In  d typlcnl lenctlon the dlsod~um or d~potdss~uni salt 
of EDTA (2 5 1i11no1) wns dlssolved In npp~ox~ni~ltely 5 
nil of wdtel by W'II mlng To t h ~ s  VOSO, 5H,O (0 42 g, 
1 66 nimol) \\l,~s '~clded w~th  const'lnt st11 I lng Thc 
redcllon m~xtule \vns st111ec1 f o ~  npplo\lmL~tcly 5 ni ln  In 
n n  ~ce-bclth Alk'111 hyd~ovlde pellets were (ldded to t h ~ s  
solut~on to rcllse the pH to 7 Sol~d A[VO(O,),(H,O)] 
complex (2 5 mliiol) wns then added In one portlon to 
the ledctlon mlvtule w~th  const~lnt stlrllng The pH of 
the solut~on WAS ult~mately ra~sed to 8 5 by the further 
a d d ~ t ~ o n  of AOH The ~ n ~ t ~ a l  blue colour of the solu- 
tlon chdnged to green on dddltlon of yellow ADPV and 
ultllndtely n deep led coloured clear solut~on was ob- 
td~ned w~t l i~n  c~pprox~niLttely 4 ni~n On dddltlon of 
pre-cooled C,I-I,O 111 p o ~ t ~ o n s  (c~pp~ox~~i in te ly  5 nil)  to 

the 1cc1ctlon solution under \ f ~ g o ~ o ~ ~ s  st11 I ~ng ,  'I led 
co lo i~~ed  ~ ~ 1 s t ~  nins4 sepnlnted Tlie supernatdnt l ~ q u ~ d  
WAS decnnted off, nnd the o~ ly  res~due was t~edted 
repentedly w~th  C,H,O under sc~~i tc l i~ng  i ~ n t ~ l  ~t became 
n ~ I I C I O C I  ystdlllne sol~d The product was sepnrdted by 
centl~fugdt~on, wdshed w~th  EtOH and dr~ed In vncuo 
ovel conc H,SO, 

Anul Calc for Na,[V20,(0,),(EDTA)(S04)(H,0)1 
2H10 C, 16 85, H, 2 52, N, 3 93, Na, 12 92,022-, 4 49, 
SO:-, 1348, V, 1432 Found C, 1678, H, 258, N, 
3 87, Na, 13 1 1 ,  0;-,  444, SO:-, 1341, V, 1427% 
Y~eld approx~mately 55% 

AIINI Crllc for K4[V20, (O2),(EDTA)(S0,)(H,0)] 
2H20  C, 1546, H, 231, K, 20 10, N ,  360 ,022- ,4  12, 
SO:-, 1237, V, 13 14 Found C, 1541 H 235, K, 
20 13, N ,  3 62, 0 2 - ,  3 98, SO:-, 12 30, V, 13 16% 
Y ~eld dpprox~n~ntely 30'%1 

Tlie complexes In the sol~d state were found to be 
stnble for several weeks stored d ~ y  at d teniperature 
< 20 "C but tcndcd to bc Iiyg~o~coplc nnd decompose 
In 'I few days '11 ,I tenipernturc 2 30 "C The coni- 
pounds wele solublc 111 \vcltel 

The conlpounds wele L~ncllysed for C, H, N,  Nd and 
K d t  the Reg~onnl Sophlstlcnted Instrunients Centre, 
North-Enstern H~ll  U n ~ v e ~ s ~ t y ,  Sli~llong, 11id1n Vdna- 
d iun~ dnd perox~de were est~mated by methods men- 
t~oned In earlle~ papers [16,17] 

Spectra In the UV-VIS reglon were recorded on d 

Hltdc111 model 2001 r eco~d~ng  spectrophotomete~ In 1 
cm qudrtz cuvettes The dbsorbdnce values dre denoted 
ns, e g A,,,, A,,,,, nt the wdvelengths lnd~cated The 
~nfrdred ( IR)  spectld wcle recorded w~ th  snmples ds 
KBI pcllets 111 ,I N~colct modcl 410 FTlR spcct~ophoto- 
metel dnd '~lso 111 'I Perk~n-Elmer Model 983 spec- 
trophotometer The ' H  NMR spectra were recorded In 
deutel 1~111 oxide using 'I V,II 1n11 EM-390 90 MHz spec- 
trophotometel Socllum snlt of 3-(11 11nethylsllyl)- I -PI o- 
p,\ne sulphon~c nc~d wdb used ns the ~nterndl stdndn~d . 
Mngnel~c s i ~ s ~ c p t ~ b ~ l ~ l ~ c r  wcle I ~ I C ~ I S L I I C ~  by the G O L I ~  
Me~liod. using Hg[Co(NCS),] CIS the cnl~b~nnt  

2 5 M e u ~ u ~  enlent of carcrlci~e-ciepen~len~ oxygen reieu~e 

A G~lson 516 H oxygrdph fitted w~th  d Clark oxygen 
electrode was used for measuring changes In dlssolved 
oxygen (0 224 mM nt 30 "C) In the med~um dnd the 
changes were recorded In unlts of pM of dlssolved 
oxygen The lnte 'lnd total amount of oxygen reledsed 
fro111 'I 0 2 mM solut~on of the compound In phosphclte 



buffer (50 mM, pH 7 0) on addlng catalase (0 08 mg 
proteln ml- I) were niedsu~ed The recorder pen was set 
In the m~ddle of the chart paper for measuring the 
release of oxygen Into the med~um The machlne wds 
standardtsed by the Increases In d~ssolved oxygen ob- 
tamed on addlng catalase to buffered solutions contaln- 
Ing known amounts of H,02 

The effect of cdtC1lclse on coniplexes w'ts 'ilso studled 
by estlmatlng the perox~de content of the compound 1 
at drfferent tlme tntervals In a solut~on conta~nlng cata- 
lase The reactlon solut~on contalned phosphate buffer 
(50 mM, pH 7 O), cdtalase (20 mg) and the compound 
1 (50 nig) The volunie of the lenctlon solut~on was kept 
at 25 ml The solut~on wns ~ncub~tted at 30 OC 

, Al~quots of 5 ml were p~petted out nnd tttrnted for 
perox~de content at time 5. 10 20, 30 and 40 ~ I I I  fioni 
startlng the reactlon 

The method of de Boer et al [I81 of lnt~oduclng four 
broni~ne atoms ~ n t o  tlie molecule of C,H,OH red 
(t4" = 19 7 nim) to f o ~ m  tlie product, bro~noplie~~ol  
blue (I 592 = 67 4 mm) wns used to nie~isure bi omlnntlon 
ac t~v~ty  Phenol red acts as an effic~ent trdp of dctlve 
broni~ne specles w~thout lnfluenc~ng the rate of redctlon 
untll ~t 1s exhausted The reactlon mlxture contalned 
phosphate buffer (50 niM, pH 5 5), KBr (2 M) dnd 
C,H,OH red (20 pM) The redox actlvlty was tested by 
adding the sol~d compounds and by monltortng the 
poss~ble change In absorbance at 592 nm dt 30 "C The 
volume of the reactlon ni~xture was kept dt  25 nil In 
expellments where we~ghed amounts of sol~d peroxo- 
vanadnte samples were added Al~quots were tlnns- 
ferred to the spectrophotometer trnmed~ntely after 
mlxlng 

2 7 Meo\urenle~if of o\~rkrtion of NADH 

The dbsotbance 'it 340-380 nm by htgh concetitta- 
tlons of peloxovdnddates had to be bdlnnced by dddlng 
eqillvdlent amounts In the bldnk dnd experllnentdl cu- 
vettes We~ghed snlnples of conipound (20 mg/lO 1111) 
were ndded to phosphdte buffel (50 niM, pH 7 0) Only 
the exper~mental sntnple contdlned NADH (0 2 mM) 
Imniedldtely after mlxlng, the sample wds transferled to 
a cuvette and A,,,, was noted No effect was observed 
on A,,, 

3. Results and discussion 

Bdsed on the~r  detalled lnvestlgatlons on VIV-DPV 
reactions [4-81 and taklng Into account the redox 
chem~stry of vanadyl, vanadate and peroxovanadates 
descr~bed earher by Brooks and SICI~IO [lo] and Jaswdl 

and T~acey [19], ~t wns proposed by Rdniasarnin dnd 
co-workers that n s h o ~ t  llved [OVOOV(02)] specles 1s 
the ~ntermed~ate shared by the processes oxlddtlon of 
NADH [4], format~on of ox~dised bromlne specles [5], 
lnactlvatlon of glucose oxtdase [6] and  ele ease of oxygen 
[7] Ev~dence was shown earher for the pn~t~c lpdt~on  of 
the peroxo-br~dged dlvanndate compound In ox~dlslng 
b ~ o m ~ d e  Ion '11 phys~olog~c~~l  pH [5,8,9] O ~ S C I  v~ng the 
lnh~b~tory effect of EDTA and other organlc I~gnnds on 
edch of the above-nient~oned redox processes [4-71, we 
real~sed the dlstlnct poss~bll~ty of stablllslng and  sola at- 
Ing tlie proposed peroxo-br~dged Internledlate through 
coniplexnt~on Us~ng t h ~ s  ns a synthetic stlategy, the 
iedctlons of d l k C ~ l l  d~pe~oxov~ tn~~dn te ,  EDTA nnd 
VOSO, were c C \ ~ ~ t e d  out nt vnlytng pH, tntig~~ig ftoln 7 
to 9 The success of obtct~~i~ng the sol~d d~nucle't~ Iiet- 
erol~g~tnd pel oxovC~nddntes contdlnlng SO: - 'tnd 
EDTA ns l i e te~ol~g~~nds ,  CIS sod~um or P O ~ ~ S S I L I I I ~  snlts 
depended on the follow~ng essentlnl components 
maintenance of the mola~ ratto of DPV V 0 2 +  EDTA 
d t  I 0 75 1 ,  older of ddd1t101i of the redctdnts, pH of 
8 5, mnlntenance ol ~ e q u ~ ~ e d  le~lctlon tlme '1s well ns 
tempel'ttule n t  1 4  OC A sol~d p~oduct  ~sol'tted d t  pH 
7-8 WCIS foi~lid to be EDTA pe~oxovnn,td~tte, whlcli 
rendered Inconsistent nnnlysts 

The elemental andlys~s data prov~ded CI ilc~al 11ifor- 
matlon regard~ng composltlon of the conipounds A 
ratlo of 2 1 wns ascel td~ned for V perox~de, V EDTA, 
as well as for V SO:- Thls suggested n d ~ m e ~ ~ c  ndture 
of the complex species The elementdl nndlysts ~esults 
and the molar conductnnce vdlues obtn~ned f~oni  nied- 
surement nt nnlb~ent teniperatules (510-522 R -  cm2 
mol-I) wele In complete ngreement w~ th  the formuln- 
t ~ o n  of the con~plexes ns A4[V,0,(02)(EDTA)(S0,)- 
(H20)] 2H20 (A = Nn 01 K) 

The elect~on~c spectld of the co~iipleves 1 nnd 2 
d~splnyed a broad bCind C I ~  390-400 nm ( L  z 600 m n ~ )  
wh~cli hCis been c~b\~gncd to the p c ~ o \ o  (LMCT) ticlnsl- 
tion A C C O I ~ I I I ~  to plevloils s t i~d~es  [ 7 ] ,  the C ~ b s o ~ b c ~ n ~ e  
nt 780 uni of blue colouted aqueous solut~on of 
VOSO, decledses p~og~ess~vely on ,1dd11ig bc~tcIies of 
DPV to tlie solut~on Tlic complctc 'tbsencc or the 780 
nm b<~nd In the spcct1~1 of tlie ncwly synthes~sed com- 
plexes lndlcnted tlic ox~dnt~ve loss ot VIV du~lng  com- 
plex fotnint~on Occu~ tence of ~ n n ~ i d t i ~ t ~ i  In the 
coniplexes 1 and 2 In ~ t s  + 5 ox1dat1011 state was furthe~ 
ev~dent fi on1 the11 being d~dni~lgnetlc nt I oo~ii tenipe~ d -  

ture nnd ESR s~lent The 8-band spectru~ii (hyperfine 
sp l~ t t~ng  a = 115 G) charncter~st~c of VIV of nn aqueous 
solut~on of VOSO, was not observed In case of the 
complexes suggesting ox~ddt~on of VIV to VV durlng the 
course of the lenctlon 

The IR spectra of the complexes 1 dnd 2 dlspldyed a 
rlch but suffic~ently well resolved spectrnl pattern s~g-  
nlficnnt features of wlitch are sunimattsed 111 Table I 
The bands observed for peroxo groups wele In the 



range character~st~c of a tr~angularly bonded perox~de 
[15- 17,201 For the blnuclear V-0-V unit the antlsym- 
metrlc and symmetric stretch~ngs were expected In the 
700 and 500 cm - ' region [20] Accordingly, a medium 
Intensity band observed at approxlmately 7 12 cm - ' 
was ass~gned to a v,,(V,O) mode The strong absorp- 
tlon dt approxlmately 950 cm- '  was cons~stent w ~ t h  the 
presence of a terminally bonded V=O group In the 
complexes Thls band was observed to be rather broad 
In the spectra probably owlng to the presence of brtdg- 
tng 0x0 groups ds well as co-ord~ndted sulphate In the 
coniplexes The IR spectid of the conlplexes displayed d 

strong brodd band wlth a mdxlmum at npproximately 
1625 cm - I, typlcal of co-ord~nated carboxylato groups 

T'lblc I 
Siructurdlly slgn~ficdnl IR bdnds of  A,[V,0,(OI)(EDTA)(S04)- 
(H,O)] ZH,O ( A  = N,I 01 K )  

Conipound IR b'lnds Azs~gnmen[ 
(cn1 - I) 

Fig I Proposed structure of dlnuclear heterol~gand peroxovana- 
date(V) compounds, A,[V,Ol(O,)(EDTA)(SO,)(HIO)] 2H,O (A = 
Nd, K)  

of EDTA [Zla] The broadening of the band was possi- 
bly caused by the addit~ondl OH deformat~on modes of 
the water molecules present In the complexes No other 
band was observed In the vlclnlty of 1700 cm - ' whlch 
lnd~cated the absence of free carboxylate groups, 
thereby suggesting the co-ord~nat~on of EDTA as a 
hexadentate 11gand in the complexes The correspond- 
Ing v,(COO-) band of EDTA was observed at approx- 
~mately 1399 cm- I whlch was shlfted from the free 
llgand value (1412 cm- I )  as expected for un~dentate 
carboxylate groups [21d] The presence of water In the 
complexes wds evident from tlie brodd dbsorptlon at 
3500-3400 cm- ', due to v(0-H) A band at approxi- 
mately 755 cm-I,  assigned to the rocklng mode of 
water, suggested the occurrence of co-ord~nated water 
The existence of co-ord~ndted sulphate In the complexes 
wns evident from their IR spectrd The well-resolved 
sp l~ t t~ng  of tlie v ,  '~nd 11, modes of SO:- Into two 
bands edch (Table 1 )  and nppearance of a medlum 
Intensity v2 mode ; ~ t  < ~ p p ~  oximcltely 4G5 cm - ' conclu- 
slvely proved thdt the Sulphdte l~gnnd blnds the vann- 
d~uni  centre in nn unldentnte (C,,,) fash~on [21b] The v ,  
~iiode of an unldentdtely bonded SO?- expected In the 
vicinity of 970 cm- ' could not be ass~gned decisively 
due to its poss~ble mlxlng w ~ t h  the Va stretch~ng of 
term~nal 0x0 groups S~gn~ficantly, the IR spectral pat- 
tern orlglnating from co-ord~nated sulphdte In the com- 
plexes was observed to be very s~mllar to that of 
vanadyl sulphate, VO(SO,) 5H,O This observation led 
us to Infer thdt the sulphdte-vanddium co-ordrnatlon 
in VOSO, remalned unaltered durlng ~ t s  reactlon w~ th  
DPV In the presence of EDTA, belng affected ne~ther 
by the oxldatlon of VIV to VV nor by the complexat~on 
with EDTA lead~ng to the formation of the newly 
syntheslsed complexes 

The 'H NMR spectrd of the complexes 1 and 2 
exh~b~ted a slnglet at b 2 71 dnd an AB quartet at 6 
3 03 of intensity rntlo 2 1 On the basis of previous 
studtes on EDTA complexes, the AB quartet was as- 
s~gned to tlie elght dcetate p ~ o t o ~ i s  dnd the singlet to the 
four ethylenic protons of the EDTA llgdnd [22] The 
close analogy between the NMR spectra of the com- 
plexes 1 and 2 drid thnt of a prev~ously reported Mo- 
EDTA complex [22] contnln~ng bridging EDTA 
suggested the occurrence of the l~gand In these com- 
plexes as a bridging one, as antlc~pated by us 

Based on the dbove observat~ons a structure of the 
type shown In Fig 1 hds been env~saged for the com- 
plex specles An hexadentate EDTA l~gand occupying 

three co-ord~nat~on positions around each of the oxo- 
bridged hepta co-ordlndted vanad~um(V) centres proba- 
bly enhances the stabil~ty of the dlnuclear complexes 

To  us it appears that EDTA, whlch IS known tc 
undergo d faale condensat~on reactlon w~ th  DPi  
[I 1,121 and also forms d stable complex with V02+  
binds simultaneously to VV dnd VJV centres of th 



V0(02)2(H20) + EDTA + VOSO, 

. Fig 2 Schemat~c representdtlon of the form,~t~on of the d~rlucle'tr 
heterol~gand peroxovanadate(V) complex, [V,O,(O,)(EDTA)(SO,)- 
(H,O)l4- from the reactlon of dlperoxovdnadate w ~ t h  VOSO., In 

, presence of EDTA Hexa co ordinat~on of EDTA IS not shown for 
s ~ m p l ~ c ~ t y  No dttempt IS made to show e x x t  sto~ch~ometry of 
recictlons 

p-pel oxovdnadate 111te1 medldte proposed to be formed 
In d solution of DPV and vanddyl (Fig 2, complex I) 
Thls specles then undergoes Interndl redox involving 
the reductwe cleavage of the brtdglng peroxo group at 
the expense of ox~dat~on  of V" to VV leading to 
format~on of the stable dlnucledr EDTA dnd 0x0 
br~dged complex (Fig 2, complex 11) 

The stabll~ty of the complexes In solut~on has been 
studled by testlng the poss~ble oxygen release from a 
freshly prepared solutlon of the dtnuclear peroxovan- 
date 1 wtth the help of an oxygraph However, no 
oxygen wds found to be reledsed on dlssolut~on of the 
complex In water Moreover, the slngle broad band 
observed In the 390-400 nm reglon In the electronic 
spectrd of the conlplexes showed no change In its 
posltlon or absorbance over a 2 h per~od From these 
observat~ons In comblnat~on w ~ t h  molar conductance 
values the stabll~ty of the complexes In water was 
lmpllcit 

Havlng achieved the synthes~s of these compounds 
we were Interested In study~ng the~r  actlvlty In terms of 
thelr abll~ty In brom~de and NADH ox~da t~on  and 
actlon w~th  the enzyme, cdtalnse On ~ncubnt~on w~th  
cataldse DPV wds found to be deg~dded releas~ng hdlf 
the moleculdr equivalent of oxygen [23] at the l'lte of 

L 360 pM m ~ n - '  from n solut~on of 0 2 niM EDTA 
selectively lnhlbited thts reactton of d~peroxovdnddte 
w~th cdtalase [23] For complexes 1 and 2, a maxlmum 
of 0 5 0, per mole of the compound 1s expected to be 
released due to the presence of one perox~de group per 
molecule However, no oxygen release took place from 
the solut~on of the complexes 1 and 2 In phosphate 
buffer (pH 7 0) on treatment with catalase and incubat- 
Ing at 30 "C for up to 30 mln, confirming the resistance 
of the con~pounds to the enzyme After 30 mtn, oxygen 
was found to be reledsed from the solut~on dt  an 
extremely slow rate The except~onal s tab~l~ ty  of the 

compounds to res~st the catalase actlon IS ev~dently 
owlng to the extra stabll~ty Imparted to the complex 
specles by chelat~on, whlch probably Interferes w ~ t h  the 
redox changes In the molecule necessary for catalase 
actlon 

The complexes were undble to brlng about NADH 
ox~da t~on  as expected Under the cond~t~ons  glven 
above, NADH was rap~dly ox~d~sed  by a mlxture of 
DPV and VOSO, [4] We now find thdt a d d ~ t ~ o n  of the ! 
solid compound 1 to solut~ons of NADH (0 2 mM) 
faded to o x ~ d ~ s e  ~t even at h~gh  concentration There 
was no Instant ox~da t~on  and A,,, decreased at a negll- 
g~ble rate (results not shown) 

Unl~ke our earher experience w~ th  peroxo br~dged 
dlmerlc compounds, [V,O,(O,),L,] (L = ammo acid or 
pept~de) whlch led to the Instant brom~nat~on of phenol 
red ~ n t o  ~ t s  592-'~bsorbtng brom~nated product, bro- 
mophenol blue, ~ t t  pliys~olog~c~~l pH [S,9], w~th the 
conlplexes 1 and 2 no such cictrvrty WLIS obse~ved 

The dbove observnt~ons suggest thdt the f'icto~s such 
ds dbsence of d p-peroxo g ~ o u p  In the complexes ds well 
as the~r  h~gh stdblltty due to chelat~on by EDTA are 
probably respons~ble for them lack of partlc~patton In 
the above redox processes thus resernbllng the tnh~b~tor  
complex f o ~  med 111 solut~on 

In summary, w ~ t h  the examples of the newly synthe- 
s~sed compounds, the present ~nvest~gation has estab- 
l~shed that ~t is poss~ble to Isolate the specles formed 
In a solut~on of d~peroxovanadate and V 0 2 +  in pres- 
ence of EDTA wli~ch 17 cons~dered to be rcspons~blc 
for lnh~brtlng the NADH and brom~de oxlddtlon 
and oxygen release reactlon by a combinatron of 
DPV and V02+  Formdt~on of the complex proceeds 
through steps whe~e EDTA co-ord~nates s~multdneously 
to the VV and VIV centres of the proposed 
[(O,)OVVOOV"'O]+ lntermed~ate The peroxo br~dged 
specles then undergoes Internal redox to produce the 
0x0 and EDTA br~dged d~nuclear peroxovanadate(V) 
complex (Fig 2, specles IT), whlch IS resistant to further 
degrdddtlve loss of perox~de dnd can be ~solated In the 
sol~d stdte as ~ t s  N a +  or K +  sdlts I t  IS of ~ntelest to 
note that although SO:- 1s not d~rectly co-ord~n'lted to 
the peroxovdnaddte centre, these conlplexes dre p~oba -  
bly the only known peroxov'inndnte compounds con- 
td111111g CO-o~d~ndted sulphc\te The redctlon n~dy serve 
as a pdradlgm for the synthes~s of stable dlnuclear 
heterol~gand peroxovanadates ~f carr~ed out In the pres- 
ence of su~table organlc l~gands In l~eu of EDTA 

A s~gn~ficdnt findlng In the present study IS the h~gh 
stabiltty of the synthes~sed complexes at phys~olog~cal 
pH and the~r  resistance to catalase actlon Thls may be 
relevant In the cellular mll~eu where H,O, has llttle 
chance to survlve abundant catalase and glutath~one 
peroxtdase By form~ng peroxo complexes of the above 
type vanaddte may prov~de a way of preserving cellular 
H20, In presence of dbunddnt cdtaldse and mdke ~t 
dvdlldble for its functions 
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Abstract 

D~peroxovanadate IS effective only In presence of free vanadate In vanad~um-dependent bromoperox~dat~on at phys~ologlcal 
pH Peroxlde in the form of br~dged dlvanadate complex (VOOV-type), but not the b~dentate form as in d~peroxovanadate, IS 

proposed to be the oxldant of bromlde In order to obtaln dlrect ev~dence, peroxo-dlvanadate complexes w ~ t h  glycyl-glyclne, 
glycyl-alan~ne and glycyl-asparaglne as heterollgands were synthesized By elemental analysls and spectral studles they were 
charactenzed to be trlperoxo-d~vanadates, [V20z(0,),(pept~de),] H,O, wlth the two vanadlum atoms bridged by a peroxlde and 
a heterollgand The dlpeptlde seems to stablllze the pero\o-b~ldge by ~ntcl-llgnnd In tc~~ i~ t lon ,  possibly iiydlogcn bondlng Thls 
IS lndlcated by rap~d degradation of these compounds on d~ssolvlng In water wlth partlal loss of peroxlde accompan~ed by 
release of bubbles of oxygen The "V-NMR spectra of such solutlons showed dlperoxovanadate and decavanadate (ol~gomerlzed 
from vanadate) as the products Add~t~onal  oxygen was released on treatlng these solutlons wlth catalase as expected of re- 
s~dual d~peroxovanadate The so l~d  compounds when added to the reaction mixtures showed translent, rapld bromoperox~dat~on 
reaction, but not o x ~ d a t ~ o n  of NADH or lnact~vat~on of glucose ox~dase,  the other two a c t l v ~ t ~ e s  shown by a mlxture of 
d~peroxovanadate and vanadyl T h ~ s  demonstration of perox~de-bndged d~vanadate as a powerful, selective oxidant of bro- 
m ~ d e ,  actlve at physiolog~cal pH, should make ~t a poss~ble cand~date of m ~ m i c  In the actlon of vanad~um In bromoperox~dase 
protelns (Mol Cell Biochem 236 95-105, 2002) J 

Key wolds bro~iioperox~dat~on, brolnlde ox~dant, peroxo-brldged dlvanadate, dlperoxovanadate 

Introduction 

Vanadium IS a natlve constituent of bromoperox~dase pro- 
telns and has an essent~al role In t h e ~ r  catalyt~c actlvlty [ l ,  
21 Cholce of vanadlum by thls enzyme seems appropriate 
as ~ t s  compounds, VOSO, [3] and V,O, [4,5], enhanced the 
extremely slow rate of the chemlcal reaction of H,O,-depend- 
ent oxldat~on and transfer of bromlne atom to acceptor mol- 
ecules Monoperoxovanadate (MPV) and d~peroxovanadate 
(DPV) are readlly formed on addlng H202 to vanadate [6- 
81, w ~ t h  DPV predom~natlng at pH > 5 0 [8] and in phosphate 
buffer [9] A peroxovanadate, therefore, IS l~kely  to be the 

bromide ox~dant Flndlng such an ox~dant of brom~de with 
good actlvlty at phys~ological pH, an essent~al requirement 
of a blom~mlc model, IS the objective of t h ~ s  study 

Concentrat~on of DPV, formed from CIS-d~oxovanad~um 
(OVO') and H20,, was found to decrease w ~ t h  concomltant 
Increase In vanadate durlng bromlde oxldatlon [lo] Based 
on t h ~ s  observation DPV w'ls lnltlally ploposcd to bc the 
ox~dant However, synthetic DPV and MPV could not sub- 
stltutc for V20, + H20, [I 11 The proposal was then modl- 
fied to include a trlperoxo complex of dlvanadatc, presumed 
to fonn by a comblnat~on of MPV and DPV [12], but such a 
compound was not tested H ~ g h  rates of bromlnatlon were 
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Indeed obtained In these experiments but only at low pH 
(< 5 0) lndicat~ve of react~ons and ~ntermed~ates that suited 
a c ~ d  cond~t~ons  

At pH 5 0 and above, brolnlnat~on act~vlty IS very low w ~ t h  
DPV, notwithstand~ng ~ t s  possession of both b~dentate and 
linear peroxo groups And the actlvlty obtained w ~ t h  a mixture 
of H,02 and vanadate IS lost when the ratlo of H 2 0 2  vanadate 
exceeded 2 1, when all vanadate IS converted to DPV [I31 
E~ther uncomplexed vanadate (VV, V0,)-) or vanadyl (V'", 
OV2+) is requlred for brom~nation by DPV, and t h ~ s  is sub- 
stantiated by demonstration of remarkable enhancement rates 
of brom~nat~on on thelr add~tion to the system containing 
DPV alone [13] Ignor~ng t h ~ s  strong evldence available as 
early as 1996 proposals contlnue to impl~cate the b~dentate 
peroxide as the brom~de ox~dant Besides brom~de ox~dation, 
other reactions also occur when an o x ~ d ~ z a b l e  substrate IS 

present durlng lnteractlon of vanadyl (a reductant) and DPV 
(an ox~dant) These are o x ~ d a t ~ o n  of NADH [14], inact~va- 
tlon of glucose oxrdase [15], and hydroxylatron of  benzoate 
[16] Gaseous oxygen IS released In the absence of a substrate 

In t h e ~ r  classlc paper, Brooks and S I C I ~ I O  [6] showed 
that vanadyl and H20,  form an unstable a d d ~ t ~ o n  com- 
plex, OVOOH', whlch breaks down to OVO' and 'OH radl- 
cal Interact~ons of these reactlve prod~lcts lead to release of 
d~oxygen fro111 res~dual perox~des Extending t h ~ s  proposal 
w ~ t h  DPV replac~ng H,02, we proposed that the correspond- 
ing p-peroxo-br~dgedId~vanadate ~ntermed~ate,  [OVOOV- 
(O,)I3+, is l~kely to be an actlve lntenned~ate Importance of 
p-peroxo-bridge, present In the protonated form of H202  
(HOOH) In a c ~ d  pH and reta~ned In the v a n a d ~ u ~ n  d ~ m e r  
(VOOV) at h~gher pH, IS recognized in this proposal of bro- 
mide ox~datlon We therefore surmlse the ac t~ve  oxldant in 
naturally occurring vanad~um protelns must also be such 
'bndged perox~de', to act at phys~olog~cal pH 

Ev~dence support~ng this proposal IS available w ~ t h  two syn- 
them VOOV-type complexes Such complexes of tnperoxo- 
dlvanadate coordinated to glyc~ne [V202(02),(Gly),@O)2] [ l  1 , 
171 and to t r~glyc~ne [V202(02),(Gly Gly Gly), H,O] showed 
high bromide-oxidiz~ng actlvity [I81 But they have short 
half-11fe In water, and t h e ~ r  actlvity was lost rap~dly co~ncid- 
ing w ~ t h  partlng of the constituents, MPV and DPV [19] To 
provlde lns~ght Into act~ons of proteln-bound vanadlum needs 
more information on synthes~s, characterization, structure, 
bondlng and reactlvlty of peroxovanadate complexes w ~ t h  
ammo a c ~ d s  and pept~des (see ref [20] for an overv~ew) Us- 
Ing a set of dlnuclear peroxovanadate complexes w ~ t h  glycyl- 
pept~des as heterol~gands, specially synthesized for this 
purpose, further ev~dence is obtalned In t h ~ s  study on peroxo- 
br~dged d~vanadate actlng as a brom~de ox~dant Ineffective- 
ness of a representative of these compounds for oxidat~on of 
NADH and for lnactlvatlon of glucose ox~dase, lnd~cated se- 
lectlv~ty of VOOV-type lntermedlate for ox~datlon of bro- 
m ~ d e  

Materials and methods 

Chen7lcals and solu~rons 

The sources of chemicals are glven below ammonlum meta- 
vanadate and vanadyl sulfate (SD F ~ n e  Chem~cals, Mumba~, 
Ind~a), hydrogen perox~de (30% v/v), potasslum brom~de and 
potasslum phosphates (BDH, Mumba~, Ind~a),  phenol red, 
EDTA, glucose oxidase (from A nlger), catalase, and glycyl- 
pept~des (Sigma Cheln~cal Co , St LOUIS, MO, USA) Solu- 
t~ons  were made fresh before the expenments In water, doubly 
dlst~lled in a quartz apparatus after lnlt~ally passlng through 
mll l~  RO water pur~ficat~on system 

Elemental analysls and determlnatlon of vanadlum and 
peroxlde 

The compounds were analyzed for C, H and N at the Reg~onal 
Soph~sticated Instruments Centre, North Eastern H ~ l l  Un~ver- 
s~ty,  Sh~llong, Ind~a  and at the Department of Organlc Chem- 
istry, Ind~an Institute of Sc~ence, Bangalore, Ind~a Vanad~um 
was determined volumetr~cally by titrat~on w ~ t h  potasslum 
permanganate [21], and the total perox~de content was de- 
term~ned by addlng d weighed amount of the compound to a 
cold solut~on of 1 5% bor~c a c ~ d  (wlv) In 0 72 M sulfuric a c ~ d  
(100 ml) and tltratlon w ~ t h  standard cerlum (IV) solut~on [22] 
The values are glven as % by we~ght ofthe compounds from 
whlcli the ratlos of V peroxide are der~ved 

Spech oscoprc measurements 

Spectra in the vls~ble and ultrav~olet region were recorded In 
a Shimadzu double-beam UV 160A or a H~tachi model 200 1 
record~ng spectrophotometer In 1-cm quartz cuvettes All the 
absorbance values are denoted as, e g A592, A340, at the 
wavelengths ~nd~ca ted  The Infrared (IR) spectra were re- 
corded w ~ t h  samples as KBr pellets In a N~colet model Im- 
pact 410 FTIR spectrometer The laser-Raman (LR) spectra 
were recorded on a SPEX Ramalog model 1403 spectrometer 
The 4880 A laser line from a Spectra-Phys~cs model 165 
argon laser was used as the exc~tation source The light scat- 
tered at 90' was detected w ~ t h  the help of a cooled RCA 
3 1034 photomul t~pl~er  tube followed by a photon-count 
processing system The spectra were recorded at amb~ent  
temperatures by making pressed pellets of the compounds 
The 5 1 V-NMR spectra were recorded In a Brucker AMX 400 
FT spectrometer at vanadlum frequency 105 190 MHz w ~ t h  
the sample in a 10 mm splnnlng tube w ~ t h  a sealed coaxial 
tube contalnlng D 2 0  to prov~de the lock s~gnal The cheml- 
cal s h ~ f t  data are shown as negatlve values of ppm wrth ref- 
erence to VOCI, at 293 K 



Measurement of bromlnatlon actlvrty Measurement of g luco~e oxldase acttv~ty 

The method of de Boer et a1 [23] of lntroduclng four bro- 
mine atoms lnto the molecule of phenol red to form the prod- 
uct, bromophenol blue, was used to measure bromlnatlon 
activlty Phenol red acts as an efficient trap of actlve bromlne 
species untll ~t 1s exhausted, wlthout Influencing the rate of 
reactlon The reactlon mlxture contalned phosphate buffer 
(50 mM, pH 5 5), KBr (2 M) and phenol red (20 pM) kept at 
30°C The reactlon was started by addlng the s o l ~ d  com- 
pounds and was monitored by the Increase In absorbance at 
592 nm of the product formed (AA,,, = 0 0674IpM) In these 
experlments, the volume of the reactlon mlxture was kept at 
25 ml to enable accurate weigh~ng of small amounts of solid 
samples of peroxovanadate added After mlxlng allquots were 
lmmedlately t~ansferred to the spectrophotometer to record 
the jump In A592 Thls instant change, obtained because the 
added compound acted d~rectly as brom~de oxidant, therefore 
represents 'instant actlvlty' The steady rate of Increase that 
followed due to res~dual peroxovanadate 1s referred as 'sec- 
ondary rate' 

Measurenzent of catalase-dependent oxygen release 

A Gllson 516 H oxygraph fitted wlth a Clark oxygen electrode 
was used for measurlng changes In dlssolved oxygen In the 
rned~uln (0 224 mM at 30°C) and thc changes are shown as 
unlts of pM of d~ssolved oxygen The rate and'total amount 
ofoxygen released from a 0 2 mM solut~on of the compound 
In phosphate buffer (50 mM, pH 7 0) on addlng catalase 
(0 08 mg prote~nlml) were measured The recorder pen was 
set In the m~ddle of the chart paper for measurlng the release 
of oxygen lnto the medlum The machlne was standard~zed 
by the lncreascs In d~ssolved oxygen obta~ncd In buffered so- 
lutlons contaln~ng known amounts of H,02 on addlng cata- 
lase Oxygen release from H202  was complete w~thln 10 sec 
under these cond~t~ons, but a maxlmurn of only about 200 pM 
of 0, can be measured before it comes out in the form of 
bubbles Thls Indeed llmlts the concentratlon of a substrate 
to 0 2 mM in thls method 

Measurement of ox~da t~on  of NADH 

At the h ~ g h  concentrat~ons of peroxovanadates used, the~r  
absorbance at 340 nm had to be balanced by addlng equlva- 
lent amounts In the blank and experlmental cuvettes We~ghed 
samples of compound 1 (7-2 1 mg In 10 ml to glve 1-3 mM) 
were added to phosphate buffer (50 mM, pH 7 0) Only the 
exper~mental sample conta~ned NADH (0 2 mM) Imrnedl- 
ately after mixing, the sample was transferred to a cuvette and 
A340 was noted, and ~ t s  decrease, ~nd~cat lng NADH oxlda- 
tlon, was followed w ~ t h  tlme 

The react~on m~xture contained phosphate buffer (50 mM, pH 
7 O), glucose ( I0  mM), and glucose ox~dase (4 6 pg protelnl 
ml) and the reactlon was started by addlng glucose solutlon 
The consumption of oxygen was followed In an oxygraph, 
and the actlvlty was expressed as the rate (pM/m~n) Pretreat- 
ment of glucose oxldase (2 3 mg protein in 10 ml) was car- 
rled out In phosphate buffer (50 mM, pH 5 5) by addlng 
we~ghed samples of (I 5-9 0 1ng1lO inl) of so l~d  compound 
I and ~ncubatlng for 10 1n1n at 30°C A suitablc a l lq~~ot  to ~ I V C  

4 6 pg protelnlml In the reactlon mlxture In the oxygraph was 
then tested for the enzyme actlvlty by the rate ofoxygen con- 
sumptlon The reagents carr~ed Into the glucose ox~dase as- 
say m e d ~ u ~ n  at t h ~ s  dllutlon had no effect on the assay 

Preparation of dlperoxovanadate 

D~peroxovanadate (DPV) was prepared by slowly adding 
equal volume of H202  solut~on (40 mM) to a vanadate solu- 
tion (20 mM) The pH of the mlxture was maintamed at 7 0 
by per~odlc addltlon of dllute KOH to avold formation of 
decavanadate favored In acid med~um [I91 From this solu- 
tlon DPV was precipitated by addlng 3 vol of cold acetone 
and d r~ed  Analysls of the content of vanad~um and peroxlde 
agreed wlth the formula K[OV(O,),(H,O)] and a solut~on of 
the compound In phosphate buffer ( p ~ 7  0) showed a s~ngle  
major peak In ''V NMR spectrum w ~ t h  a chemlcal sh~f t  at- 
706 ppln 

Synthesis of peroxovanadate complexes wlth peptldes as 
keterol~gands 

The I~gands of glyc~ne [I71 and ~ t s  tnpcpt~de, glycyl-glycyl- 
glyclne [I 81 seemed to stablllze the peroxo-br~dge and y~elded 
dlvanadate products Uslng t h ~ s  strategy, complexes wlth 
glycyl-pept~des, glycyl-glyc~ne (I) ,  glycyl-alan~ne (2) and 
glycyl-asparagme (3) were prepared In m~crocrystall~ne form 
havlng shades of orange color The common procedure for 
the synthesis of peroxovanadate complexes of pept~des con- 
sisted of addlng H,O, (30% solut~on, 15 ml, 132 3 mmol) 
gradually w ~ t h  continuous stlrrlng to a mlxture of solids of 
V,O, (0 25 g, 1 37 mmol) and the peptldes wlth a molar ra- 
t ~ o  of V ligand of 2 3 The mixtures were cooled in an Ice- 
bath and kept stlrred for about 15 mln by whlch time the sol~ds 
dlssolved y~eldlng red-colored solut~ons These solut~ons 
were all acldlc and the~r  pH was recorded to be 2 0 or below 
No attempt was made to adjust pH In these experlments On 
add~ng  prc-cooled ethanol (about 50 ml) to these ~nlxtures 
under continuous stlmng, an orange-colored pasty mass sepa- 
rated at thls stage After standlng for about 15 mln In the Ice- 



bath, the supernatant liquid was decanted, and the residue was 
treated repeatedly with acetone ethanol (3 1, vlv) mixture 
under scratching until it became micro-crystalline solid The 
product was separated by centrifugation, washed with cold 
ethanol, and dried in vacuo over concentrated sulfuric acid 
The ylelds were in the range of 32-50% on welght basis 
These complexes in solid state were found to be stable for 
several weeks stored dry at < 20°C but tended to be hygro- 
scopic at ambient conditions and decompose in few days 
(especially compound 2, unavailable for some analyses) 

Results 

Synthesis and characterlzatlon of peroxo-br~dged 
drvanadate con7ple~e.s 

The success of synthesis of peroxo-bridged dlvanadate 
complexes depended on use of pept~des as llgands In acldlc 
medium The procedure ~ncluded the following essential 
components avoid the counter Ions, retain the acid pH of the 
mixture as obtained by not using alkali, and lirmt water to that 
contributed by 30% H,O, solution added-The glycyl-peptides 
with hydrophobic amino acids, valine and leucine, failed to 
give a solid product under simllar conditions This suggests 
that interaction of the polar side-chains may have a role in 
stabilizing the products 

The data on elelnental analys~s gave cruc~al lnformatlon 
on the cornposltion of these con~pounds A ratlo of 2 3 was 
obtalned for both V peroxide and V ligand (Table 1) Appar- 
ently neutral with no charge, the compounds can be fitted with 
a common structure of V,O,(O,),(peptide), H 2 0  The calcu- 
lated molecular weights are given in Table 1 Bridging the 
two vanad~uln atoms wlth a peroxlde group and a llgand 
appeared a good way of stab~lizlng these compounds 

The IR spectra of the con~pounds 1-3 gave clear lndica- 
tlon of the presence of coordinated peroxide, coordinated 
peptide and terminally bonded V = 0 groups In each of them 
(Table 2) A bidentate peroxo group bonded termlnally to 

Table I Elemental analysis of the synthes~zed peroxovanadate complexes 

the V(V) center, as in DPV, exhibits a strong v (0 -0 )  band 
at 870 cm-I region [24] Appearance of the two v(0-0) bands 
in all the complexes, one at c 835 cm-I and another at a lower 
frequency range of 805-8 10 cm-' with some broadening, in- 
dicated the presence of two structurally different peroxo- 
groups, the terminal chelated and the bridging types Similar 
observations were made earlier in the IR spectra of peroxo- 
vanadate complexes possessing a p-peroxo group in addition 
to terminal peroxide [17, 181 The bands at c 540 and c 
620 cm-' have been assigned to v, and v, modes of V-0, vl- 
brations The spectra enabled clear ldentificatlon of v(V = 0 )  
at 930-958 cm-I region arislng from termlnally bonded V = 
0 group [24] 

The LR spectra of the complexes complimented their IR 
spectra They exhlb~ted slgnals at c 830 and c 805 [v(O-0) 
terni~nal and b r ~ d g ~ n g  perox~de], c 630 and c 550 [V-02 v, 
and v,) coordinated perox~de], and c 930 cm-' [v(V = O)] 
The brldglng and terminally bonded b~dentate peroxo groups 
can gcnerally be dlst~ngulshed on comparing the~r IR and LR 
spectra slnce the v (0 -0 )  vlbratlon for a bridglng perox~de, 
w ~ t h  only a weak dlpole, shows a very weak band in IR but 
appears strongly in LR [25] The band at c 805 cm-I ass~gned 
to v (0 -0 )  was of weak intensity in IR appears strongly in 
LR This significant observation confirms the presence of 
bndged-peroxo group in compounds 1-3 (Table 3) 

Two distinct bands were observed for the three compounds 
in the range of 1660-1 680 cm-I and 1590-1630 cm-' repre- 
scntlng thc v(C = 0 )  (am~de) and vU(COO) of coord~nated 
peptldc l~gands [25-271 There was no appreciable change In 
the posltlon of v(C = 0 )  band in the complexes compared to 
free llgands indlcatlng that the amide group was not involved 
in co-ordination In the spectra of the free llgands the syrnmet- 
ric vibration of the carboxyl group occur in the 1400-1410 
c m '  reglon In casc ofthe complexes a medlum lntens~ty broad 
band observed in the range of 1280-1350 cm-' was assigned 
to v,(COO) of bldentate carboxylate group (vo, - vr = 300 
cm-I) [25] Its mlxlng wlth the C-N stretching ofalnlde group 
expected to occur In th~s  reglon [27] probably caused the broad- 
enlng of the band The spectra of the complexes also displayed 

No compound Mol wt % Found ~n analys~s Molesl2V atoms 
(% calculated from the formula) 

C N H V perox~de perox~de l~gand 



Table 2 Data on infrared, Raman and ultraviolet spectra o f  the peroxovanadatc coinplexes 

No compound Infrared (IR) and Raman (LR) bands, cm-' UV  peak 

vl(v-0,) vns(~-O2) ~ ( 0 - 0 )  v(V=O) n in A ( I  mM) 

1 V,O,(O,),(~~Y-~~Y), H 2 0  (IR) 561 m 613 m 835 s 958 s 326 0 35 
803 w 

(LR) 550 595 835 955 
805 

(LR) 560 630 840 960 
810 

3 V2O2(O,),(gl~-asn), H,O (IR) 578 m 642 m 815 m 930 s 322 0 40 
(LR) 580 630 820 942 

805 

DPV (IR) 522 m 602 s 872 s 935 s 325 0 60 
(LR) 528 590 870 950 

another distinct band at 1366-1405 cm-I range attributable to 
a brldglng carboxylate group (vaS - vs = 200 cm-I) [25] The 
N-H stretch~ng bands were observed in the 3300-3 I00 cnr '  
region as expected from 'NH, group Other character~st~cs 
ind~cated that the N-H defom~atlon modes (1 520-1600 cm-I) 
remalned unaltered in t h e ~ r  posltlon and pattern compared 
to free l~gand and that H 2 0  molecules were present as part 
of the lattice without coord~nat~on to vanadlum (V) centers 

Based on these o b s e ~ a t l o n s  it may be inferred that the 
d~peptlde I~gands, occurring as zw~tterions In the complexes, 
coordinate to the vanadium (V) through carboxylate group. 
Hydrogen bonding between the s ~ d e  chains m ~ g h t  stablllze 
the molecule In the so l~d  state The structure of these com- 
pounds must incorporate the features of V perox~de llgand = 
2 3 3, a p-peroxo-br~dge, two bidentate peroxides, two V = 
0 groups, and carboxylate coordlnat~on of the l~gands w ~ t h  
V atoms   he proposed structure that Includes un~dentate car- 
boxylate coordination of two ligands w ~ t h  the two V atoms, 
br~dged by the t h ~ r d  peptide through carboxylate-oxygen 
atoms, and applicable for the three complexes, IS shown 
schematically In Flg 1 

Release ofoxygenfrorn the peroxovunad~um compounds 

On addlng sollds of thesc colnpounds to water (about 2 mg/ 
ml), bubbles of gas camc out of solutions for a few lnin 
Oxygen was confirmed to be the gas released at exceedingly 
high rates ofabout 50 pM/mln for short per~ods by wh~ch tlme 
the bubbles formed interfered w ~ t h  the measurement In the 
oxygraph Instabil~ty of the complexes In water and deg- 
radatlve loss of the perox~de groups were ~mpl ic~ t  Thls IS con- 
s~stent w ~ t h  the proposal of hydrogen bonds between the 
arn~de groups of the pept~de l~gands provldlng stability to the 
complexes 

The electron~c spectra ofthe solut~ons of these compounds 
recorded after bubbles ceased (about 30 m ~ n )  d~splayed a 
s~ngle broad LMCT due to nm*-d a trans~tion onginating from 
coordinated perox~de [17], at 310-330 nm (Table 2) The 
major product, DPV 1s known to have a peak at 325 nm [28] 

Slow release of oxygen on additlon of catalase, ~nd~ca ted  
that the products In such solut~ons was peroxovanadate, and 
IS expected to be DPV at pH 7 0 used (Fig 2) Under these 
condit~ons reaction w ~ t h  H,02 will be completed in less than 

Table 3 Catalase dependent oxygen release from the pcrroxovanadate coinplexes 

No compound Conc 
m M  

Oxygen release A02/compound 
(mol ratio) 

Total. pM 

(do,) 

DPV 



Fig I A representation of proposed structures of pcroxovanadatc-pept~de 

complexes (1) [ V , O , ( O , ) , ( ~ ~ Y - ~ ~ Y ) , I . H ~ ,  (2) [V,O,(O,),(gly-ala),l H,O; 
(3) [V,O,(O,),(gly-asn),] H,O The ratio o f 2  3.3 for V peroxide pept~dc IS 

accommodated, w ~ t h  one each of perox~de and pept~de groups b r ~ d g ~ n g  the 
two V-atoms, and a bidentate peroxlde and carbonyl-oxygen coord~nated 
pept~de on each of the V-atoms 

2 min. This slow release of oxygen from the peroxo groups 
by catalase is typical of DPV, and is dependent on concen- 
trations of catalase and DPV [28]. The subsequent secondary 
rates of oxygen release, calculated from these data, paralleled 
the residual peroxide concentrations. Experimentally values 
of 0.2-0.7 0, per mole of the compound were realized since 
part of the peroxide was initially lost in releasing oxygen 
bubbles when making their solutions in water (Table 3). 
Addition of EDTA (1 mM) decreased the rates to about 15% 
indicating resistance of their EDT4-complexes to catalase 
action. 

1 

DPV ------ --- 

3 

I I I I I I I 1 
t 2 4 6 8 10 

catalase mln 

F I ~  2 Catalase-depcndent oxygen rclcase Solut~ons of the peroxo- 
vanadate-pept~de complexes were obta~ned by add~ng  the so l~ds  to water 
and waltlng unt~l  the bubbles ccased Al~quots of these werc then added to 
thc reactlon vessel In thc oxygraph, contn~n~ngthe buffcr and catdlasc (0 08 
mg prote~n/ml) Thc rate and extent of  oxygen release were measured (a) 
gly gly complex, (b) gly.asn complex, DPV (broken I~ne)  

NMR spectral analysis of aqueous solution of compound 1 
and 3 

Using 5 1V-NMR spectroscopy and assigning the peaks 
found based on the data available [7,29-311, the presence 
of diperoxovanadates in solutions of compounds 1 and 3 was 
confirmed (Fig. 3). The three peaks, a-c (-426, -509, and 
-527 ppm with a ratlo of 1 :2:2), correspond to V,,. Traces of 
residual V, (peak d, -545 ppm) and MPV, possibly retaining 
the peptide ligand, (peak e-650 ppm 1301) are also seen. The 
major peak f (-695 ppm), is Identified with DPV. Small vari- 
ations from the reported chemical shifts in some cases are 
llkely due to the ligands being still coordinated to some of 
the products and to variation in pH. Free vanadate (V,), 
formed on depletion of its peroxide, is known to ol~gomerize 
to decameric form (V,,) ~n acidic solut~on. The larger pro- 
portion of V,, rn solutrons of co~npound 3 ~ndicates greater 
degradation, confirmed by ~ t s  low actrvity in other systems 
described below. 

Brominution reuctlon w i ~ h  solid peroxovanudium 
compounds 

The bromination activity of the compounds 1-3 was tested 
by adding weighed amount of the solid to the reaction me- 
dium to study the reaction for the brief period before the 
molecule broke up. Referred as 'instant' activity, this can be 
visualized by the solut~on turning blue immediately after 
adding the solid and quantitated by the jump in A,,, (Fig. 4a). 
After the initial burst of bromination, these reaction mixtures 
contained DPV and some free vanadate. As expected, the two 
compounds together gave a secondary rate of bromination 



chemical shift, ppm 

F I ~  3. 51V-NMR spectra of aqueous solutrons of pcroxovanadate-peplrde 
complexes. Solutions of the compounds were obtalned as described under 
Flg. 2. ldentrficatlon of the peaks. a, b and c, the three peaks (2 2.1) of  
decavanadate (V,,); d, free vanadate (V,) ;  e, llganded monoperoxo- 
vanadate(MPV), f, diperoxovanaate (DPV) 

seen as progressive increase in A,,, indicating increase in the 
amount of the product (Fig. 4b). Dependable weighinents 
(35-75 ~ n g )  of the solids and a large volume of the reaction 
mixture (25 ml) were used to obtain accurate, comparable 
data. The data in Table 4 show that all the compounds have 
the instant and the secondary activities. Considering the ex- 
treme instability of these compounds in water, even the small 
activity only '5-1 3% substantiated the oxidant capacity of the 
original compounds. Under these conditions, DPV (1 mM) 
was completely inactive alone and in the presence of vanad- 
ate (0.1 mM) showed the expected secondary rate but not the 
instant activity (Table 4). Instant bromination activity was 
realized with these compounds in phosphate buffer at pH 7.0. 
The data in Table 4 were obtained at pH 5.5 in order to record 
the secondary activ~ty. 

NADH is not oxidized and glucose oxidase is not 
inactivated by compound 1 

uI;der th,: ~o:?~!itio--; gi . ,~..  qt: :-. , .n :- .. ; - 5'" 1 - .*ti! 

VOSO, raptdly oxid~zes NADH 1141 and lnactivatzs glucose 

Fig 4 Brominatron actlvlty wrth peroxovanadate-peptrde complexes. (a) 
The spectra were taken immediately after adding the solld compounds to 
the reactlon mlxture showlng the 'Instant actlvrty', (b) increases In A,,, 
rndrcatlng the secondary rate of brominatlon by the resrdual peroxo- 
vanadatcs. The nurnbcrs of  1-3 and DPV (+V,) on  the lrnes rdentify the 
addrtrons 

ox~dase [I 51. Conlpound 1 was chosen as a representative for 
testlng these effects. 

We now find negltgible decrease of A,,, of NADH on ad- 
dition of the solid compound 1 to give concentrations of 0.37 
and 0.86 mM to solutions of NADH. There was no instant 
high oxidation as observed when a solut~on of VOSO, (0.1 
!i~td!j -.v,~s added L C ~  il1111xt~11.e containing NADM and DPV (0.1 
mM) (Fig. 5). 



Table 4 Brominat~on reactions with peroxovanadate complexes 

No compound Conc Instant activity Secondary rate 
mg/ml mM AA592 bromine transfer (extrapolated to I mM compd ) 

total, pM pM/mM compd pM Br lmin 

DPV 

DPV (+ vanadatc, 0 l mM) 

1 00 nil n ~ l  n ~ l  

1 00 n ~ l  n ~ l  n ~ l  

nil 

4 2 

A d d ~ t ~ o n  of DPV (0 4 mM) followed by VOSO, (0 4 mM) 
to a solut~on of glucose ox~dase (0 16 mg protelnlml) lnactl- 
vated the enzyme extenslvely [ I  51 Indlv~dually these rea- 
gents had no effect The synthetic compound 1 was added as 
solld to a solut~on of the enzyme to glve final concentrations 
of 0 5-1 5 mM and the mlxture was prelncubated for 10 mln 
An appropriate aliquot of t h ~ s  mlxture contalnlng treated glu- 
cose oxidase (0 16 mg prote~nlml) to the react~on med~um In 
the oxygraph showed nearly the same rate of oxygen con- 
sumptlon as the control (Fig 6 )  l nd~ca t~ng  that the enzyme 
was unaffected by the treatment 

Discussion 

Gwen to undergo favorable condensation reactions wlth H202 
In aqueous solut~ons, vanadate y~elds peroxovanadates w ~ t h  
lncreaslng ratlo of pe rox~deN on lncreaslng pH and reagent 
concentrat~on [22, 29-32] Interactrons of peroxovanadate 
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w ~ t h  ammo a c ~ d s  and pept~des In solutlon have been studled 
extenslvely [29-321 A monoperoxovanadate contalnlng gly- 
gly has been characterized structurally by X-ray crystall- 
ography [32] 0x0-br~dged peroxovanadates were obtalned 
on stabllizat~on wlth c~trate [33] and lactate [34] An unusual 
dlnuclear complex w ~ t h  both V-atoms sharlng the two per- 
oxlde-oxygen atoms was obtalned in presence of fluoride, a 
purely lnorganlc heterol~gand [35] Information on br~dged 
perox~de IS however l ~ m ~ t e d  owlng to d~fficult~es In stabil~z- 
Ing ~t 

Presence of a peroxo-group Instead of an 0x0-group as the 
bridge In the synthet~c compounds IS Indeed fortuitous In the 
present study Such complexes could be Isolated In presence 
of  ammo a c ~ d s  and peptldes as heterol~gands from hlghly 

- 
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2 min 

F I ~  6 Lack of inactivat~on of glucose oxidase by compound I So l~d  com- 
pou~id I as ~ n d l c ~ t c d  (a) 1111. (b) 0 5 I ~ M ,  (c) 1 5 mM) or DPV (0 4 mM) 
followed by vanadyl sulfate (VIV, 0 4 mM) were added to a reaction mlx- 

Fig 5 Lack of oxidation NADH by compound 1 Solid compound 1 was ture containing phosphate buffer (50 mM, pH 7 0) and glucose oxidase (1 6 
added as indicated (a) 0 37 mM, (b) 0 86 mM to a reactlon mlxture con- nig protcin) and incubated for 10 min at 30°C An al~quot contalnlng 8 mg 
tainlng phosphate buffer (50 mM, pH 7 0) and NADH (0 2 mM) and the protecn was then transferred lo the oxygraph reactlon vessel (I 75 ml) con- 
absorbance at 340 nm was recorded A slow rate was found in contrast to taming phosphate buffer (50 mM, pH 7 0) and glucose (1 0 mM) and oxy 
rapid decrease obtained with a mixture of DPV (0 I mM) and vanadyl sul- gen consumption was followed Extensive inactivation occurred only with 
fate (V IV, 0 1 mM (broken line) DPV+ VIV (broken I~ne)  



a c ~ d ~ c  solut~ons [17, 181 The low pH used allows l~tt le de- 
protonat~on of a m ~ d e  group and thereby l~mlts coordlnat~on 
of vanadium In these complexes w ~ t h  carboxylate groups of 
pept~de- zwitterlons [36] Br~dglng thlrd carboxylate prob- 
ably prov~des add~t~onal  stabll~ty In the s o l ~ d  state It IS rea- 
sonable to expect enhanced stability of the V-d~mer through 
hydrogen bond lnteractlon w ~ t h  a m ~ d e  groups left free Ready 
loss of hydrogen bonds In water Indeed IS the l~kely  cause of 
the instability of these compounds A s~milar use of amino 
a c ~ d s  res~dues In the bromoperoxidase protein IS therefore 
ant~c~pated 

That only VOOV-type ~ntermed~ate IS capable of brom~de 
oxidat~on at physzologzcal pH IS obv~ous  from our stud~es. 
Any proposal of b~omimic of bromoperoxldase can not ~ g -  
nore thls Actlve research groups In thls field such as Butler 
[12], Pecoraro [37] and Conte [38] had been promoting for 
some time bidentate form of perox~de of vanad~um as the 
actlve specles In hal~de ox~da t~on  Presently accepted mecha- 
nlsm ~mpl~cates  reductwe openlng of the b~dentate-V(0,) by 
bromide to fonn hypobromous specles This may be so at a c ~ d  
pH used In the~r  experlments In our experlments at pH 7 0, 
all the vanadate would be converted to DPV and ~ t s  peroxo- 
groups certainly could not o x ~ d ~ z e  brom~de Authenticated In 
two papers [13, 191 In an accessible journal, this awalts no- 
tlclng Notw~thstand~ng awareness that DPV alone IS ineffec- 
tlve, several authors contlnue to put up 'hydroperoxo complex' 
of vanadlum as the actlve specles for brom~de oxidation 

A compound, ~dent~f ied  as an 0x0-br~dged trlperoxo dl- 
vanadate by its chem~cal  shift of -670  ppm in SIV-NMR 
spectrum [29], was found In tlny amounts at h ~ g h  vanadate 
concentration In hlghly ac~d lc  med~um, and was accla~med 
to be the 'cr~tlcal ox~dant of brom~de' [12] But t h ~ s  offered 
no speciil feature of perox~de d~fferent from DPV to galn the 
ox~dant actlv~ty We could reproduce thls experiment but 
found t h ~ s  NMR-peak remalned unaffected In presence of 
brom~de Thls 0x0-br~dged complex IS, therefore, unl~kely to 
be formed or lnvolved In bromide ox~dation under physl- 
ologlcal cond~tions Compounds showlng a chemical s h ~ f t  
at -760 ppm, suggested to be d~vanadates, were prev~ously 
found In the reactlon mlxture conslstlng of vanadate, H,O, 
and glycyl-glyc~ne (pH 6 8) [30] or phenylalanyl-glutam~ne 
[39] Some mlnor peaks In the range of -760 to -770 ppm 
were In deed found In our experlments In presence of EDTA, 
and these may represent ong~nal ,  undegraded dlvanadates 

The scheme of react~ons shown In Fig 7 1s formulated from 
the work of many laborator~es React~ons of the sequence a- 
e lnd~cate the way oxygen IS released from vanadate and 
H,O, Reaction f recycles vanadyl from vanadate by reduc- 
tion under ac id~c condit~ons and IS easlly demonstrated ex- 
per~mentally [I 31 The source of the electron IS unclear for 
thls decept~vely s ~ m p l e  reactlon Easy polymer~zat~on of 
vanadate to V,, also occurs simultaneously [40] durlng whlch 
pack~ng rearrangement of V-0 bonds may prov~de electrons 

Essent~al~ty  of vanadyl-VIv for maklng effectwe ox~dants 
from DPV was accommodated as VIV-OO-VV lntermed~ate In 
the reactlon pathway Thls represents a m ~ x e d  valence state 

4 AH A e r  
HOV (0, 12+ , 

(MW) 
l o t  

Fig 7 Schemat~c  representation of the peroxovanadate cycle and Integra- 
tlon of react~ons occurrung wlth pcroxo-br~dged dlvanadate co~npounds (a) 
format~on of monoperoxovanadate (MPV) from vanadate and H202,  (b) 
formation of d~peroxovanadate (DPV) from MPV, (c) format~on of a p- 
peroxo compound from DPV+vanadyl, (d) breakdown o f  the p-peroxo- 
group, (e) d~smuta t~on  of OV radlcal releas~ng O,, (0 reduction ofvanadate 
to vanadyl enhanced In acrd pH, (g) o x ~ d a t ~ o n  o f  bro~nrde yreldlng bromo- 
peroxovanadate (BrPV), (h) transfer of b rom~ne  atom to acceptor AH (phe 
no1 red), (I) bromlde-ass~sted rcductlon of vanadate to vanadyl, 0) fonnat~on 
of the BrPV when s o l ~ d  d~vanadate I S  added to a b rom~de  solut~on, (k) sepa 
ratlon of DPV and MPV on a d d ~ n g  s o l ~ d  d~vanadate compound to water, 
(I) dlsmutat~on of MPV (+MPV) to DPV and vanadate The rcact~on se- 
quence b-c-g-h-I const~tutes peroxovanadate cycle for cont~nuous bromo- 
pe rox~da t~on  on supply~ng H 2 0 2  Instant actlvlty IS obta~ned by reactlons 
J-h Secondary actlvlty IS obtalned untll MPV exhausts by reactlons I-I-c- 
g-h [VOV] represents a m~x tu re  of VO" and VO,+or a complex thereof as  
t h ~ s  IS non-recycl~ng L~gands In compounds 1-3 are not shown Thc charges 
shown are l~ke ly  to be balanced by phosphate counter-~ons Valency state 
of reduced vanad~um IS shown as  V1", and all others are VV 



having quadrivalent species proposed to possess 'novel ca- 
pacltles of unpalred electrons' 1411 Oxygen release 1s Ilm- 
lted to half-equivalent of free vanadate, as the product of 
reactlon e, represented as [VOV], does not recycle In pres- 
ence of bromlde, oxygen release 1s blocked, and oxldatlon 
and transfer of bromlne atom to acceptor occur (reactlons g 
and h) with vanadyl being supplled by a bromlde-assisted re- 
ductton of vanadate (reactlon I) Reactions g and 1 relate to 
recycling ofViv  In experiments wlth added vanadate in place 
of vanadyl, we observe c+l+g+l~ reactlons occur together The 
extra electron in reaction g is therefore lrkely to be used in 
reactlon I, a one-electron step The operation of the catalytic 
cycle (b+c+~+g+h), ~nvolvlng a sequence of mono-, dl-, p- 
and Br-peroxovanadates, was demonstrated for the first tlme 
by observrng continuous bromlnatlon with glucose oxldase 
reactron supply~ng H,O, to regenerate DPV from MPV (re- 
action b) [13] 

The novelty in this proposal is conferring the status of a 
selectwe oxidant on VOOV-group This is vindicated by the 
supporting data on synthetlc p-peroxovanadates In the present 
experiments React~ons with synthetlc peroxo-brrdged di- 
vanadates, shown by broken arrows In Fig 7, are integrated 
into the cycle For a short period before breakdown, these 
compounds can oxldize bromide by the 'Instant' reaction J 

followed by its transfer to the acceptor AH (reactlon h) Se- 
lectlve activlty of the peroxo-bridged divanadate for bromlde 
oxrdatlon 1s lndlcated by the lnabrllty ofsynthetlc dlvanadates 
to support oxldatlon of NADH and lnactrvatlon of glucose 
oxidation These two systems may therefore be dependent on 
the next lntermedlate In the pathway, the 'OV radlcal Reac- 
tlon k shows the breakdown of compounds 1-3 when the sol- 
ids were added to water in the absence of bromlde D~srnutatlon 
of MPV (reactron I) generates DPV and vanadate, which 1s 
then reduced to vanadyl (reaction I) Thls cycle continues to 
support bromrnatron reaction, in the absence of a source of 
H,O,, until MPV IS exhausted 

Crystal structures of haloperox~dase protelns from Cur- 
vulans inequalis (421, Ascophyllum nodosum [43] and Cor- 
allina oflcinalis [44] are now avarlable Characteristically 
they have superimposable dimeric subunits with one vana- 
d ~ u m  atom per subunit Vanadlum is bound at the actlve site 
in these protelns by a network of hlghly conserved resldues 
of arginine (two), glyclne, serine, lysine and histldine, and 
also covalently wtth another histidine, the architecture be- 
lng silnllar to evolutionarily-related acld phosphatases [45] 
There is no clue whether or not the brldged dlvanadate ex- 
lsts in these enzyme proteins, and is saved in the absence of 
bromide It is rnstructtve to note that the two vanadlum at- 
oms in the subunits are too far apart (at least 40 A) to make 
a V-d~mer possible [42] In thls context ~t IS appropriate to 
recall the findlngs of Rehder et a1 [39] that on treatment with 
excess vanadate, bromoperoxrdase punfied from Ascophyllum 
nidosunz picks up vanadium at a non-speclfic slte in addltion 

to the actlve slte More ~mportantly blndrng at the second slte 
was enhanced several fold In presence of bromide Thls be- 
comes even more relevant In conjunction wlth the "0-NMR 
study of Conte et a1 [38] of the enzyme treated with "0- 
enrlched hydrogen peroxlde Abroad slgnal at 593 ppm, In- 
dicatlve of peroxo ltgand In symmetric slde-on coordlnatlon 
mode, was asslgned to the actlve slte monoperoxo- fonn Also 
a narrow slgnal found at 4 12 ppm as a dlstlnct~ve feature of 
thrs enzyme, was asslgned to free, unspecific monoprotonated 
dlperoxo-form [HV0,(0,),2-] The authors had dlsmlssed thls 
second vanadlum as 'an artefact due to partlal release of vana- 
date from the active centre by hydrogen peroxlde' But t h ~ s  
Interests us, as ~t can serve as the second vanadlum essen- 
tial In our proposal These findings sustaln hope that the 
unspecifically bound diperoxo-V IS brought together wlth 
rnonoperoxo-V at the actlve slte to make the actlve divanadate 
specres 
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