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’ INTRODUCTION

Vanadium and its peroxo compounds are gaining a special
status in medicinal inorganic chemistry owing mainly to their
enzyme inhibitory,1 antineoplastic activity2 and their role as
insulin-mimetic agents.2c,3 Peroxovanadate (pV) compounds are
known to affect cellular signaling by affecting the functioning of a
number of enzymes such as mitogen-activated protein kinase
(MAPkinase), tyrosine phosphatases, and phospholipase D and
are reported to cause smooth muscle contraction at a far lower
concentration than H2O2.

3e,f,4 We have recently shown that
sub-optimal doses of sodium antimony gluconate (SAG) and pV
compounds are effective in combating infection of mice with
antimony resistant Leishmania donovani.5 Apart from peroxova-
nadates (pV), peroxo compounds of molybdenum (pMo) and
tungsten (pW) are now recognized as potential insulin mimics
with an ability to inhibit the activity of phosphoproteins.6 Further,
antitumor activity of Mo compounds has been confirmed.2d,7

Such findings led to a revival of interest in these systems.6,7,8a

Although the exact mechanisms involved in most of the
metabolic actions of these metals are yet to be fully established,

the ability of vanadates to inhibit phosphohydrolase enzymes is
recognized as key to understanding the bioactivity of
vanadium.1b,c There has also been a growing awareness on
the importance of enzyme inhibition as a mode of action for
inorganic drugs in recent years.9 One of the ubiquitous groups
of phosphohydrolases, nonspecific alkaline phosphatases
(ALP), is involved in a variety of biological phenomena and
used extensively in immunoassays.10�12 Oxyanions such as
vanadate,1b molybdate, and tungstate13 are, in general, known to
be competitive inhibitors of phosphatase enzymes. Reports are
also available on the ALP inhibitory activity of pV compounds.1d,14

However, a majority of the synthetic pV compounds tested for
their various biochemical effects suffer from the disadvantage of
being not stable enough or toxic,1d,3b,15 limiting their pharmaco-
logical potential. This provided impetus to synthesize new, stable,
and structurally defined peroxovanadium complexes.2c,8 Surpris-
ingly, however, despite the knowledge that aqueous pMo formed
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ABSTRACT: We generated a series of new polymer-bound
peroxo complexes of vanadium(V) andmolybdenum(VI) of the
type [VO(O2)2(sulfonate)]�PSS [PSS = poly(sodium 4-styr-
ene sulfonate)] (PV3), [V2O2(O2)4(carboxylate)VO(O2)2-
(sulfonate)]�PSSM [PSSM = poly(sodium styrene sulfonate-co-
maleate)] (PV4), [Mo2O2(O2)4(carboxylate)]�PA [PA = poly-
(sodium acrylate)] (PMo1), [MoO(O2)2(carboxylate)]�PMA
[PMA = poly(sodium methacrylate)] (PMo2), and [MoO(O2)2-
(amide)]�PAm [PAm = poly(acrylamide)] (PMo3) by reacting
V2O5 (for PV3 and PV4) or H2MoO4 (for PMo1, PMo2, and
PMo3) withH2O2 and the respectivewater-solublemacromolecular
ligand at pH 5�6. The compounds were characterized by elemental
analysis (CHN and energy-dispersive X-ray spectroscopy), spectral studies (UV�vis, IR, 13C NMR, 51V NMR, and 95 Mo NMR), thermal
(TGA) as well as scanning electronmicrographs (SEM), and EDX analysis. It has been demonstrated that compounds retain their structural
integrity in solutions of awide rangeof pHvalues and are approximately 100 timesweaker as substrate to the enzyme catalase relative toH2O2,
its natural substrate. The effect of the title compounds, along with previously reported compounds [V2O2(O2)4(carboxylate)]�PA (PV1)
and [VO(O2)2(carboxylate)]�PMA (PV2) on rabbit intestine alkaline phosphatase (ALP) has been investigated and compared with the
effect induced by the free diperoxometallates viz. Na[VO(O2)2(H2O)] (DPV), [MoO(O2)2(glycine)(H2O)] (DMo1), and
[MoO(O2)2(asparagine)(H2O)] (DMo2). It has been observed that although all the compounds tested are potent inhibitors of the
enzyme, the polymer-bound and neat complexes act via distinct mechanisms. Each of the macromolecular compounds is a classical
noncompetitive inhibitor of ALP. In contrast, the action of neat pV and heteroligand pMo compounds on the enzyme function is consistent
with a mixed type of inhibition.
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in a solution of Mo�H2O2 are stable in solution,
6 the potential of

discrete pMo complexes as biologically active agents remains
relatively unexplored.

Recently, we prepared a set of well-defined macrocomplexes by
incorporating peroxo vanadium (pV) species into water-soluble
polymer matrices viz. poly(sodium acrylate) (PV1) and poly-
(sodium methacrylate) (PV2).

16 The important features of these
polymeric compounds, which appear to be the first known
examples of peroxo metal derivatives anchored to water-soluble
polymers,8a include their high stability in solution, their consider-
able resistance to degradation by the enzyme catalase,16 and their
bactericidal activity againstE. coli and S. aureus.Moreover, complex
PV1 containing dimeric pVmoieties efficiently catalyzed oxidation
of bromide to a bromination-competent intermediate at near
neutral pH, an essential requirement of a biomimetic model,
whereas free diperoxovanadate compound (DPV) as well as
PV2 with monomeric DPV units were inactive in bromination.16

This finding is significant particularly because, contrary to natural
bromoperoxidases which are most efficient at pH 5.5�7, most of
the model complexes known so far were found to be catalytically
active only in acid medium.17 During the past decade, our efforts
have been directed toward two goals: to develop functionalmimics
of haloperoxidases with an ability to mediate organic oxidations
under mild conditions and to generate peroxometallates with
biologically important characteristics.5,15b,15c,16,18 We observed
that even a minor modification of the coordination environment
around the pV moieties in the polymeric complexes could alter
their bioactivity as well as their catalytic activity tremendously. In
order to gain a better understanding of the structure�activity
corelation of such systems, in the present study we focused on
generating new peroxo metal complexes in diverse macroligand
environment.Our specific concernwas to explorewhether binding
of low molecular weight peroxo metal species to macromolecular
ligands would alter their affinity as enzyme inhibitors or enhance
their resistance to catalase action.

The modification of organic polymers by attaching transition
metal complexes constitutes an active area of current research.19

The utility of water-soluble polymers as supports in organic
chemistry and biology is increasingly being recognized in recent
years.20 Polymers often lack many inconvenient properties of
monomeric species, such as lability, volatility, toxicity, and
odor.19a Binding of active drug molecules including low molec-
ular weight metal complexes to soluble macromolecular carriers
is of importance since such systems can be expected to overcome
the limitations such as toxic side effects by improving the
body distribution of drugs and prolonging their activity.19k,21

Notwithstanding the enormous progress in the field ofmetal-contain-
ing polymers, there appears to be adearth of informationpertaining to
the synthesis and testing of biochemical or catalytic properties of
peroxometal compounds anchored to water-soluble polymers.

Here, we present the preparation and characterization of a set of
new peroxo complexes of the metals, vanadium andmolybdenum,
anchored to a number of different soluble polymer matrices.
Keeping in view the contemporary interest in development of
pharmaceutical formulations consisting of acrylic acid and styrene
sulfonic acid-based polymers22,23 and their derivatives and owing
to their convenient method of preparation or commercial avail-
ability, chemical stability, and presence of appropriate functional
groups for easy attachment of metal complexes, we selected, for
the purpose of this investigation, polymers viz. poly(sodium
acrylate) (PA), poly(sodium methacrylate) (PMA), poly-
(acrylamide) (PAm), and poly(sodium 4-styrene sulfonate)

(PSS) and a copolymer poly(sodium styrene sulfonate-co-mal-
eate) (PSSM) as supports. Findings of our investigation on the
stability of the compounds, their inhibitory effect on alkaline
phosphatase, and interaction with catalase vis-a-vis free mono-
nuclear peroxo compounds of V(V) and two of the known
heteroligand peroxo complexes of Mo(VI) are also reported
herein.

’EXPERIMENTAL SECTION

Materials. The chemicals used were all reagent-grade products. The
sources of chemicals are given below: V2O5 (SRL, India), molybdic acid
(E. Merck, Mumbai, India), poly(sodium acrylate) (Mw = 2100) (Fluka),
poly(sodium methacrylate) (Mw = 4000), poly(sodium 4-styrene
sulfonate) (Mw = 2 00 000), poly(sodium styrene sulfonate-co-maleate)
(Mw = 20 000), alkaline phosphatase from rabbit intestine (ALP),
catalase and p-nitrophenyl phosphate (p-NPP) (Sigma-Aldrich Chemi-
cal Co., Milwaukee, USA), acrylamide (CDH, New Delhi, India), and
sodium thiosulphate, potassium hydrogen phosphate, potassium dihydro-
gen phosphate, glycine, oxine, and MgCl2 (SD Fine Chemicals, Mumbai,
India). Na[VO(O2)2(H2O)] (DPV), [V2O2(O2)4(carboxylate)]�PA
(PV1), and [VO(O2)2(carboxylate)]�PMA (PV2) were prepared by the
method described in our earlier papers.15c,16 [MoO(O2)2(glycine)(H2O)]
(DMo1) and [MoO(O2)2(asparagine)(H2O)] (DMo2) were synthesized
according to a previously reported procedure.24 Polyacrylamide (PAm) was
prepared by solution polymerization technique using iron(II) ammonium
sulfate and hydrogen peroxide as redox initiator.25

Synthesisof [VO(O2)2(sulfonate)]�PSS (PV3) and [V2O2(O2)4-
(carboxylate)VO(O2)2(sulfonate)]�PSSM (PV4). The procedure de-
veloped consisted of gradual addition of 12 mL of H2O2 (30% solution,
105.84mmol) to amixture ofV2O5 (0.25 g, 1.3mmol) and 2mLof 30%PSS
(for PV3) or 1.0 g of PSSM (for PV4) dissolved in a minimum volume of
water with continuous stirring. Keeping the temperature below�5 �C in an
ice�acetone bath, the mixture was stirred for ca. 30 min until all solids
dissolved. The reaction solution spontaneously attained a pH of ca. 3 at this
stage. Concentrated sodium hydroxide (ca. 8 M) was added dropwise with
constant stirring to raise the pH of the reaction medium finally to ca. 6. On
adding precooled acetone (ca. 50mL) to this mixture under vigorous stirring
a yellow-colored pasty mass separated out. After allowing it to stand for
20 min in the ice bath, the supernatant liquid was decanted and the residue
was treated repeatedly with acetone under scratching until it became a
microcrystalline solid. The product was separated by centrifugation, washed
with cold acetone, and dried in vacuo over concentrated sulfuric acid. The
compounds were further dried by heating up to 70 �C under nitrogen
atmosphere.
Synthesis of [Mo2O2(O2)4(carboxylate)]�PA (PMo1), [MoO-

(O2)2(carboxylate)]�PMA (PMo2), and [MoO(O2)2(amide)]�
PAm (PMo3). In a typical reaction, molybdic acid (0.64 g, 4.0 mmol for
compoundsPMo1 andPMo2; 3.4 g, 21.12mmol forPMo3) was dissolved in
30%H2O2 (12mL, 105.84mmol forPMo1 andPMo2; 22mL, 194.11mmol
for PMo3) by maintaining the temperature at 30�40 �C. To the clear
solution obtained, 1.5 g of the respective polymer was added in portions with
continuous stirring. Themixture was stirred for ca. 60min in an ice bath until
all solids dissolved. At this stage the pH of the reactionmediumwas recorded
to be ca. 2. The pH of the solution was raised to ca. 5 by dropwise addition of
concentrated NaOH solution (ca. 8 M) with constant stirring. A red-colored
pasty mass separated out on adding precooled acetone (ca. 50 mL) to this
mixture under vigorous stirring. After being allowed to stand for about 30min,
the supernatant liquid was decanted and the residue was treated repeatedly
with acetone under scratching. Themicrocrystalline productwas separated by
centrifugation, washed with cold acetone, and dried in vacuo over concen-
trated sulfuric acid. The compoundswere subsequently dried by heating up to
70 �C under nitrogen atmosphere.
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Elemental Analysis. The compounds were analyzed for C, H, and
N by using an elemental analyzer Perkin-Elmer 2400 series II. Vanadium
was determined volumetrically by the method described in earlier
papers,26 and molybdenum content was estimated gravimetrically as
molybdenum oxinate,27 MoO2(C9H6ON)2. Peroxide content for the
compounds was determined by adding a weighed amount of the
compound to a cold solution of 1.5% boric acid (W/V) in 0.7 M sulfuric
acid (100 mL) and titration with standard cerium(IV) solution.26

Physical and Spectroscopic Measurements. The IR spectra
were recorded with samples as KBr pellets in a Nicolet model 410 FT-IR
spectrophotometer. The spectra were recorded at ambient temperature
by making pressed pellets of the compounds. Spectroscopic determina-
tions of the initial rate of ALP catalyzed hydrolysis of p-NPPwere carried
out in a Cary model Bio 100 spectrophotometer, equipped with a
Peltier-controlled constant temperature cell. The absorbance values
were denoted as, e.g., A405 at the wavelength indicated. SEM character-
ization was carried out by using a JEOL JSM-6390LV Scanning Electron
Micrograph attached with an energy-dispersive X-ray detector. Scanning
was done in the 10�20 μM range, and images were taken at a
magnification of 15�20 kV. Data were obtained using INCA software.
Standardization of the data analysis is an integral part of the SEM-EDX
instrument employed. The 13C NMR spectra were recorded on a JEOL
JNM-ECS400 spectrometer at a carbon frequency of 100.5 MHz,
131 072 X-resolution points, number of scans 8000, 1.04 s acquisition
time, and 2.0 s relaxation delay with the 1H NMR decoupling method in
D2O.

51V NMR spectra were recorded on a Bruker AVANCE II 400 FT
spectrometer at a vanadium frequency of 105.25 MHz with the samples
in a 10 mm spinning tube with a sealed coaxial tube containing D2O,
which provided the lock signal. Chemical shift data are recorded as
negative values of ppm (δ) in the low-frequency direction with reference
to VOCl3 at 296 K. The

95 Mo NMR spectra were recorded in a Bruker
AV 400 MHz FT-NMR spectrometer at a molybdenum frequency of
26.07 MHz with samples in a 10 mm spinning tube with a sealed coaxial
tube containing D2O, which provided the lock signal. The chemical shift
data are recorded as negative values of ppm (δ) in the low-frequency
direction with reference to 1 M Na2MoO4 3 2H2O solution at 298 K.
Magnetic susceptibilities of the complexes were measured by the Gouy
method, using Hg[Co(NCS)] as the calibrant. Thermogravimetric
analysis was done on a Perkin-Elmer STA 6000 system at a heating rate
of 10 �C/min under an atmosphere of nitrogen using an aluminum pan.
Prior to TGA analysis, the samples were dried by heating under a
nitrogen atmosphere at 70 �C.
Stability of the Complexes Toward Decomposition in

Solution. The stability of the compounds in distilled water, at their
natural pH, was studied by determining the peroxide content in aliquots
drawn from the respective solution of the compound containing PV3

(0.099 mg/mL), PV4 (0.116 mg/mL), PMo1 (0.137 mg/mL), PMo2
(0.294 mg/mL), PMo3 (0.327 mg/mL), DMo1 (0.054 mg/mL), or
DMo2 (0.065 mg/mL) at different intervals of time by the method
already described above. The initial peroxide concentration in each of
the test solutions wasmaintained at 0.4mM. As ameasure of the stability
of the compounds in solution, changes in the absorbance of their
electronic spectral band at ca. 320 nm at ambient temperature were
recorded at a 30 min gap for a period of 12 h. The stability of the
compounds in solution at pH 1.2 and 2.1 (50 mMKCl/HCl buffer), 3.1
(50 mM citrate buffer), and 4.4, 7.0, or 8.0 (50 mM phosphate buffer)
was measured similarly.

Moreover, the 51V and 95 Mo NMR spectra of the pV and pMo
compounds were monitored over a period of 12 h for any change in the
spectral pattern.
Effect of Catalase on the Complexes. The effect of catalase on

complexes was studied by determining the peroxide content of the
compounds in a solution containing catalase at specified time intervals.
The test solution contained phosphate buffer (50 mM, pH 7.0) and

catalase (40 μg/mL). The volume of the reaction solution was kept at
70 mL. The solution was incubated at 30 �C. The polymeric compound
was then added to the test solution, and aliquots of 5 mL were pipetted
out and titrated for peroxide content after stopping the reaction by
adding it to cold sulfuric acid (0.7M, 100mL) at an interval of 5min from
the starting of reaction. In order to obtain a measurable rate in the case of
the free mononuclear compounds DMo1 or DMo2, the amount of
catalase used was 10μg/mL.Degradation of the compounds with respect
to their loss of peroxide was also followed by monitoring the band at ca.
320 nm with time. For the polymer-bound compounds concentrations
were on the basis of actual peroxometal loading (mmol g�1).
Measurement of Alkaline Phosphatase Activity. Phospha-

tase activity was assayed spectrophotometrically by using p-NPP as a
substrate. The continuous production of p-nitrophenol (p-NP) was
determined at 30 �C bymeasuring the absorbance at 405 nm in a reaction
mixture containing ALP from rabbit intestine (3.3 μg protein/ml), p-NPP
(2 mM) in incubation buffer (25 mM glycine + 2 mMMgCl2, pH 10.0).
The initial reaction rates were obtained by starting the reaction by adding
ALP to the reaction solution, whichwas preincubated for 5min.The initial
reaction rate of p-NPP hydrolysis in the absence of the inhibitors, V0, was
determined which was used as control. The effects of pV, pMo, and bare
ligands were assessed by adding different concentrations of each species in
the ALP assay. For the polymer-bound compounds concentrations were
on the basis of actual peroxometal loading (mmol g�1). The IC50 values
were graphically determined as the half-maximal inhibitory concentration
of the inhibitor species giving 50% inhibition. All assays were performed in
triplicate. The data in the figures are presented as the means ( SE from
three separate experiments.
Determination of Kinetic Parameters. The enzyme kinetic

studies were carried out by using Cary 100 Bio Enzyme Kinetics
software. The kinetic parameters Vmax and Km were determined using
a Lineweaver �Burk plot following rearrangement of the Michaelis�
Menten equation

1
V

¼ Km

Vmax½S� þ
1

Vmax

� �

The parameter Vmax is the maximal velocity, and Km is the Michaelis
constant, its value being equivalent to the substrate concentration at
which velocity is equal to one-half of Vmax/2. Vmax and Km can be
obtained from the intercept and slope, respectively. In the present case,
the expression for velocity of the reaction is given by

V ¼ Vmax � ½S�
Km

1 þ ½I�
Ki

� �
þ ½S� 1 þ ½I�

Kii

� �
8>>><
>>>:

9>>>=
>>>;

where V is the velocity, [S] is the p-NPP concentration, [I] is the
inhibitor concentration, Ki is the inhibitory constant for the competitive
part, and Kii is the inhibitory constant for the noncompetitive part. The
enzyme inhibitor and enzyme substrate inhibitor constants were calcu-
lated from secondary plots of initial rate data by linear regression
analysis. The slopes obtained from Lineweaver plots were replotted
against inhibitor concentration to obtain Ki values from the x intercepts
of these replots. The intercepts obtained from Lineweaver plots were
replotted against inhibitor concentration to obtain Kii values from the x
intercepts of these replots.

’RESULTS AND DISCUSSION

Synthesis and Characterization. The degree of dissociation
as well as mode and extent of chelation of the water-soluble
polyelectrolytes used as support in the present study are known
to be strongly dependent on pH.28 The advantages of using a
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soluble polymeric ligand for the synthesis of polymer-bound
metal complexes include the possibility of adopting synthetic
procedures used for preparing their low molecular weight
analogues and facility of product characterization due to the
homogeneity afforded by the soluble support.20b In a solution
of vanadate or molybdate and excess H2O2 at pH g 5,
formation of diperoxo species of these metals is favored.29 In
the present study, the strategically maintained pH of ca. 6 was
found to be optimum for the formation of the diperoxovanadate
moieties and their coordination to the sulfonate and maleate
pendant groups of the polymers PSS and PSSM, respectively,
leading to the desired synthesis of the compounds. Employing a
somewhat similar synthetic methodology based on the reaction
of molybdic acid, H2MoO4, with 30% H2O2 and the respective
polymer at pH ca. 5, compounds PMo1, PMo2, and PMo3 were
obtained. The other essential components of the synthetic
methodology included maintenance of required time and
temperature at e4 �C (�5 �C for PV3) and limiting water to
that contributed by 30% H2O2 and alkali hydroxide solution.
The alkali used to raise the pH of the reaction solution also
served as a source of additional countercation for the complex
anions. The compounds were isolated by solvent precipitation,
which is an effective and general way of isolating soluble
polymers.20 Our attempts to incorporate pMo moiety to PSS
or PSSM chains or to improve the metal loading in the
synthesized compounds have not been successful so far.
Whereas a reasonably good metal:ligand ratio was obtained
for compounds PV3 (2:3) and PV4 (1:2), the same was found to
be rather low for the pMo compounds (1:4 for PMo1, 1:7 for
PMo2, and 1:12 for PMo3). In the solid state, the compounds
were found to be stable for several weeks stored dry in closed
containers at <30 �C. The polymer-anchored compounds are
soluble in water.
The elemental analysis data for each of the polymeric com-

pounds PV3, PV4, PMo1, PMo2, and PMo3 indicated the
presence of two peroxide groups per metal center. The com-
pounds were diamagnetic in nature, as was evident from the
magnetic susceptibility measurement in conformity with the
presence of V and Mo in their +5 and +6 oxidation states,
respectively. The metal loading on the compounds based on
elemental analysis and confirmed by EDX analysis are presented
in Table 1.
SEMandEnergy-Dispersive X-ray (EDX)Analysis. Scanning

electron microscopy was employed to study the morphological
changes occurring on the surfaces of the polymers after loading
of the peroxometallates to the polymer matrices. The micro-
graphs of the polymer-anchored complexes showed significant

roughening of their surfaces, in contrast to the smooth surfaces
of the pure polymers (Figure 1), and revealed that the metal
ions are distributed across the surface of the polymers. Data
obtained on the composition of the compounds from energy-
dispersive X-ray spectroscopy, which provides in situ chemical
analysis of the bulk, were in good agreement with the elemental
analysis values (Table 1). EDX analysis was carried out focusing
multiple regions over the surface of the polymer. The data
presented in Table 1 is the averaging out of the data from these
regions.
IR and Electronic Spectral Studies. The significant general

features of IR spectra of the polymer-anchored peroxo com-
plexes of V(V) and Mo(VI) are summarized in Table 2. The
spectra for complexes PV4, PMo1, PMo2, and PMo3 are
presented in Figure S1, Supporting Information. The strong
absorption at ca. 960 cm�1 has been assigned to the ν(MdO)
mode of the terminal MdO (M= V orMo) group.30 The bands
observed due to the metal peroxo moiety of the macrocom-
plexes were in the range characteristic of side-on-bound peroxo
ligand.29b

By comparison of IR spectra of the anchored complexes to
the spectra of pure polymers and available literature data on
metal compounds with a coordination environment com-
prised of ligands relevant to the present study, fairly reliable
empirical assignments could be derived for the characteristic
IR bands observed for the title compounds. It has been
demonstrated earlier that the Δν = νasym � νsym relationship
with the carboxylato coordination, derived from thorough
investigation on carboxylato complexes having known crystal
structures,31 also holds for polycarboxylates32 as well as
polyacrylates.33

Typical for the spectra of pristine polymers PA and PMA as
well as metal-anchored compounds PMo1 and PMo2 are the
bands between 1710 and 1540 cm�1 attributable to νasym(COO)
and in the range of 1415 and 1406 cm�1 due to the νsym(COO)
mode. In free PA, νasym(COO) and νsym(COO) modes are
observed at 1565 and 1409 cm�1, respectively (Δν = 156 cm�1).
In the spectrum of PMo1, a distinct shift of the νasym(COO)
band to a higher frequency of 1574 cm�1 with some broadening
was noted, although Δν (168 cm�1) remained close to that
observed for free PA. The observation is characteristic of a
bridged bidentate mode of coordination of the carboxylate
group.31,33 The broadening of the band at 1574 cm�1 is likely
to be due to the presence of uncoordinated carboxylates in the
compound. The spectrum of pure PMA displays νasym(COO)
and νsym(COO) absorptions at 1540 and 1415 cm�1, respec-
tively. In the case ofPMo2, νasym(COO)was observed as a strong

Table 1. Analytical Data for the Polymer-Bound Peroxometallates

% found from elemental analysis (% obtained from EDX spectra) metal-ion loadinga

compound C H N Na M O2
2� (mmol g�1 of polymer)

PV3 29.31 (29.69) 2.87 (17.22) 10.32 (10.62) 12.21 2.02

PV4 24.61 (24.97) 3.89 (17.01) 8.78 (8.85) 10.73 1.72

PMo1 30.52 (30.76) 2.34 (19.19) 13.92 (13.88) 9.31 1.45

PMo2 39.74 (40.07) 4.53 (19.89) 6.50 (6.39) 4.30 0.68

PMo3 46.72 (46.89) 6.96 17.79 (17.13) 5.82 (5.79) 3.71 0.61
aMetal-ion loading = (observed metal% � 10)/(atomic weight of metal).
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broad band at 1659 cm�1. The corresponding νsym(COO)mode
attributable to coordinated carboxylate group appeared at
1407 cm�1 with a shoulder at 1414 cm�1, probably owing to
the presence of free carboxylate. The resulting Δν = 252 cm�1

being much greater relative to the free PMA (Δν = 135 cm�1)
gave clear indication of the presence of unidentately coordinated
carboxylate groups in the compound. The presence of free
COOH groups in each of the compounds PMo1 and PMo2
was evident from an additional IR band appearing in the vicinity
of 1710 cm�1.
In poly(acrylamide), the pendant amide groups have two

potential alternative metal binding sites viz. amide nitrogen or
the carbonyl oxygen.34 Coordination through the lone pair of
nitrogen is known to cause an increase in the ν(CdO) (amide I)
band frequency, in contrast to bonding via the carbonyl oxygen
which shifts the carbonyl absorption to a lower value.34a�c The
pure PAm has a strong carbonyl stretching absorption at
1643 cm�1, whereas the spectrum of the complex exhibited, in
addition to the band at 1643 cm�1, a new characteristic band in
the carbonyl region at 1658 cm�1. This later band is attributable
to a shift of the amide I absorption to a higher frequency,
resulting from coordination of the Mo(VI) ion with the
N (amide) atom. ν(C�N) was identified at 1425 cm�1 as a
medium-intensity band with a shoulder at 1445 cm�1. N�H

stretching could not be assigned with certainty as it occurred at a
O�H frequency region.
In the spectra of the pure polymers PSS and PSSM, the bands

representing S�O stretching of the pendant sulfonate group
occur at ca. 1210 and ca. 1130 cm�1, respectively.34a The band at
ca. 1040 cm�1 is due to the symmetric stretching vibration of
sulfonate anion.34f The spectra of the complexes PV3 and PV4

show a distinct splitting pattern displaying bands at 1219 and
1189 cm�1 in addition to antisymmetric vibration of S�O at
1127 cm�1 that we attribute to complexed sulfonate group.34a,f,35

Furthermore, the observance of a stretchingmode of the sulfonate
anion at 1210 cm�1 indicates the presence of free sulfonate anion.
The spectra of the compounds exhibited characteristic absorp-
tions at ca. 1640 and 1494 cm�1 due to its phenyl group and
bending CH2, respectively. For compound PV4, the spectrum
displayed additional bands at 1584 and 1408 cm�1 characteristic
of the antisymmetric and symmetric stretching modes of carbox-
ylate moieties belonging to the maleate group. Since the Δν =
νasym� νsym of the carboxylate group obtained from the spectrum
of the compound (176 cm�1) is close to that observed for the free
polymer (167 cm�1),31a,33 we infer that the carboxylate group in
the PSSM chain, as in PV1 and PMo1, coordinates to V(V) in a
bidentate bridging fashion. The occurrence of a free �COOH
group in the compound was indicated by the absorption at

Figure 1. Continued



8051 dx.doi.org/10.1021/ic200368g |Inorg. Chem. 2011, 50, 8046–8062

Inorganic Chemistry ARTICLE

Figure 1. (A) Scanning electron micrographs of (a) PSS, (b) PV3, (c) PSSM, and (d) PV4. EDX spectra of (e) PV3 and (f) PV4. (B) Scanning electron
micrographs of (a) PA, (b) PMo1, (c) PMA, (d) PMo2, (e) PAm, and (f) PMo3. EDX spectra of (g) PMo1, (h) PMo2, and (i) PMo3.
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1710 cm�1. The IR spectrum of PV4 thus provided evidence for
the involvement of both sulfonate and carboxylate groups of the
copolymer in formation of vanadium�polymer linkages.
Weak bands observed in the far-IR region between 500 and

400 cm�1 in the spectra of each of the pV and pMo compounds
have been assigned to metal oxygen vibrations. The occurrence
of lattice water in the title complexes was apparent from the
appearance of strong and broad ν(OH) absorptions displayed at
3500�3400 cm�1.
The electronic spectrum of each of the pV as well as pMo

compounds recorded in aqueous solution displayed a weak-
intensity broad band at 310�330 nm which was assigned to a
peroxo to metal (LMCT) transition. The band was observed in

the range characteristic of a diperoxo species of vanadium(V) or
molybdenum(VI).15a,24

TGA-DTG Analysis. The thermogravimetric analysis data
revealed that the polymer-anchored peroxo compounds undergo
multistage decomposition after initial dehydration (Table 3). It is
notable that the complexes, unlike some monomeric peroxomo-
lybdenum compounds,36 do not explode on heating. The TG-
DTG plots for compounds PV4 and PMo3 are presented in
Figure S2, Supporting Information. The first stage of decom-
position occurring in the temperature range of ca. 70�110 �C for
each of the pV and pMo compounds correspond to liberation of
molecules of water of crystallization from the complexes. The
second decomposition stage is in the temperature range of
108�250 �C attributable to complete loss of coordinated peroxo
groups from the complexes. The absence of peroxide in the
decomposition product, isolated at this stage, was confirmed
from IR spectral analysis. The loss of peroxide is seen to be
followed by a two-stage decomposition in the range 412�600 �C
for PV3 possibly due to loss of the sulfonate group and rupturing
of polymers, whereas three-stage decomposition occurs in the
broad temperature range of 290�650 �C for PV4 which may be
ascribed to decarboxylation and loss of sulfonate functionals
accompanied by break up of the polymer matrix. Further
evidence regarding decarboxylation and desulfonation of the
polymers was obtained from the IR spectra recorded after
heating the compounds separately up to the final decomposition
temperature, which showed complete disappearance of the
strong peaks originating from νasym(COO), and bands due to
S�O stretching of the spectra of the original compounds.
In the case of the pMo compounds, the decomposition stage

associated with decarboxylation and breakdown of the polymer
was observed in the temperature ranges of 312�591 �C(PMo1) and
313�553 �C (PMo2), respectively. The compound PMo3 on
heating to a temperature of 750 �C, after loss of peroxo groups,
undergoes final decomposition consisting of two weight-loss pro-
cesses in the temperature range of ca. 211�447 �C due
to breakdown of the polymer ligand (Figure S2, Supporting

Table 3. Thermogravimetric Data for pV and pMo
Compounds

compound

temperature

range (�C)
observed weight

loss (%)

final residue

(%)

PV3 69�110 2.61 44.37

110�242 11.80

412�600 41.22

PV4 68�107 2.06 49.62

107�206 10.64

290�650 37.68

PMo1 68�90 3.36 46.01

90�227 9.34

312�591 41.29

PMo2 63�101 2.12 50.34

107�188 4.10

313�553 43.44

PMo3 69�105 1.07 26.83

145�184 3.45

211�333 18.38

333�447 50.27

Table 2. Infrared Spectral Data for the pV and pMo Compoundsa

a vs, very strong; br, broad; s, strong; sh, shoulder; m, medium.
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Information). By analogy with the thermal decomposition
characteristics reported for some polyacrylamides,37 we attribute
the first stage of decomposition (211�333 �C) to release of
water, ammonia, and a small amount of carbon dioxide from the
pendant amide groups where the polymer chains remain intact.37

In the second stage of decomposition (333�447 �C)main chain
breakdown occurs accompanied by a majority of weight loss
(50.27%).
The sticky residue from the pMo compounds, after complete

loss of the components viz. lattice water, coordinated peroxide
and polymeric functionals, was found to be a hydrated oxomo-
lybdenum species. This was evident from the IR spectra which
displayed the characteristic ν(ModO) and ν(OH) absorptions
and was devoid of bands attributable to peroxo and the polymeric
ligands of the original compound. The residue obtained from the
pV compounds was similarly characterized to be oxo species of
vanadium. Thermogravimetric analysis data of the compounds
thus provided further evidence in support of their composition
and formula assigned.
On the basis of the above data, a structure of the type shown in

Figure 2A(a), has been envisaged for the polymer-anchored pV

complex, PV3. The proposed structure for complex PV4 that
includes V atoms coordinated to the polymer chain via the
bridged carboxylate of maleate group, unidentate sulfonate
group, side-on-bound peroxo, and terminal VdO is shown in
Figure 2A(b). The results are also consistent with the proposed
structures of the pMo-containingmacrocomplexes PMo1,PMo2,
and PMo3 presented in Figure 2A(c�e).
The absence of an additional bridging ligand in the dinuclear

peroxometal species of compoundsPV1,PV4, andPMo1may appear
unusual in the context of existing reports on dimeric pV and pMo
compounds.8c,15b,15c,29b,38 A carboxylate bridge in such compounds
is usually accompanied by an additional bridge formed by ligands
such as aquo, μ-oxo, or μ-peroxo.8c,15b,15c,38i�38l The reports avail-
able so far are however limited to the structures of free or unsupported
dinuclear peroxometal complexes. It is reasonable to expect that in the
polymer-anchored complexes the interchain interaction between the
dinuclear peroxometal centers and the neighboring pendant carbox-
ylate groups of the polymer chains would provide additional support
to the carboxylate-bridged diperoxo metal moieties.

13C NMR Studies. Crucial information regarding the bonding
pattern of the macromolecular ligands to the metal centers in the

Figure 2. Peroxo compound of vanadium(V) and molybdenum(VI) under investigation in the current study. (A) Proposed structures of polymer-
anchored compounds: (a) PV3, (b) PV4, (c) PV1 (n = 3) and PMo1 (n = 1), (d) PV2 (n = 2) and PMo2 (n = 1), and (e) PMo3. Wavy line represents
polymer chain. (B) Structures of (a) DPV, (b) DMo1,

24 and (c) DMo2.
24
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compounds and their stability in solution was provided by 13C
NMR data. The study of coordination-induced 13C NMR
chemical shifts has been recognized as an important tool in
understanding the mode of coordination of the heteroligands in
peroxo metal compounds.36,38i,39 13C NMR data pertaining to
the polymer-bound compounds as well as the pure polymers are
presented in Table 4. The major peaks were interpreted on the
basis of available literature data.36,38i,39,40 The 13C NMR spectra

of pristine polymers PA and PMA display, in addition to the
characteristic signals corresponding to chain carbon atoms, reso-
nances due to the carboxylate carbon atoms centered at 184 and
187 ppm, respectively40 (Figure 3 andTable 4). Two closely spaced
peaks observed in this region are likely to be due to the presence of
free carboxylate as well as �COOH groups of the polymers in
solution. A striking common feature observed in the spectra of each
of the polymeric compounds after metal anchoring via the carboxy-
late group (PV1,PV2,PMo1, andPMo2) is the appearance of a new
peak at a considerably lower field of ca. 215 ppm attributable to the
carbon atom of the complexed carboxylate group. The substantial
downfield shift, Δδ (δcomplex � δfree carboxylate) ≈ 31 ppm in the
case of PA-bound compounds and ca. 27 ppm in the metal-
anchored PMAcompounds relative to the free carboxylate peak of
the pristine polymer suggests strong metal ligand interaction. It is
notable that for compounds PV1 and PMo1, with the bridging
carboxylate coordination to the V(V) or Mo(VI), the observed
downfield shift of the peak due to complexed carboxylate is
consistently higher (Δδ ≈ 31 ppm) than the ones (PV2 and
PMo2) with monodentate carboxylate coordination (Δδ ≈
27 ppm). The resonance occurring as a singlet in each case
evidenced for a single carbon environment for complexed carbox-
ylates, obviously resulting from a singlemode ofmetal carboxylate
coordination, in agreement with the proposed structures.
The 13C NMR spectrum of PAm in solution has been

thoroughly investigated by others under varying pH conditions.41

The spectrum of the pMo-incorporated poly(acrylamide) com-
pound, PMo3, provided evidence for the presence of com-
plexed as well as free amide groups by displaying a new peak at
200.13 ppm, in addition to the characteristic amide resonance at
179.48 ppm corresponding to the free amide groups as observed
in the pure polymer (Table 4).
In the spectra of compounds PV3 as well as PV4, peaks due to

poly(sodium styrene sulfonate) matrix remained practically

Table 4. 13C NMR Chemical Shift for Polymer-Anchored pV and pMo Compounds and Base Polymers

chemical shift (ppm)

carboxylate/amide carbon ring carbon

compound free complexed CH CH2 CH3 C1 C2 C3 C4 C5 C6

PA 184.50 45.52 36.10

PV1 184.33 215.45 45.42 36.14

PMo1 184.51 215.51 45.81 36.04

PMA 187.41 46.01 17.36 56.54

PV2 187.63 215.37 45.96 17.22 56.40

PMo2 187.53 215.47 46.78 17.32 56.42

PAm 179.49 41.66 34.88

PMo3 179.48 200.13 41.66 34.91

PSS 40.52 44.14 140.35 128.84 125.57 148.55 125.35 128.17

PV3 40.63 44.57 140.28 128.37 125.51 148.69 125.51 128.06

PSSM 179.95 57.79a 30.02 140.51 128.61 125.67 145.68 125.56 128.61

180.46 44.99b

36.87c

PV4 179.78 211.22 57.03a 31.10 140.67 128.82 125.68 145.13 125.18 128.34

180.21 44.91b

36.93c

aCH group of the maleate moiety attached to the CH group of the styrene sulfonate moiety. bCH group of the styrene sulfonate moiety. cCH group of
the maleate moiety attached to the CH2 group of the styrene sulfonate moiety.

Figure 3. 13C NMR spectra of PA, PV1, and PMo1 in D2O.
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unaffected by complexation as compared to the pure polymer.
This is not unexpected keeping in view that V(V) atoms are
bound to the polymer through the sulfonate groups and hence
are well separated from the chain as well as ring carbon atoms of
the polymer support. The spectrum of the compound PV4

however, like the other complexes containing carboxylate func-
tional groups, displayed a new peak at 211.22 ppm in addition to
the carboxylate resonance corresponding to the free maleate
group (180.21 ppm), suggesting the presence of coordinated
maleate groups in the compounds. The observed downfield shift
of the complexed carboxylate carbon with respect to the free
carboxylate was comparable to the poly(sodium acrylate)-bound
compounds (Δδ ≈ 31 ppm), which may be considered as an
indication of the similarity in the bonding pattern of the
carboxylate groups in the two types of compounds. The findings
from the 13C NMR spectral analysis of the compounds under
investigation are consistent with the occurrence of retention of
their solid-state structure in solution.

51V NMR and 95Mo NMR Studies. Further information
regarding the nature and stability of the peroxovanadium as well
as peroxomolybdenum-anchored macrocomplexes in solution
was derived from 51V NMR and 95Mo NMR studies. On dis-
solution in water, the 51V NMR spectra of the compounds
PV1, PV3, and PV4 displayed major peaks between δ = �753
and �758 ppm. These chemical shifts are within the range
commonly observed for diperoxovanadium complexes in various
donor ligand environments.8,17d,42 The spectra of PV1 and PV4

are presented in Figure 4. In the spectrum of compound PV1 a
single major signal was found at �757 ppm, which may be
assigned to the polymer-bound dinuclear peroxovanadium spe-
cies (Figure 4A).42e In this context, it is significant to note that a
51V NMR signal observed in the spectrum of a solution of
vanadate and peroxide at pH 5.5�7.5 was assigned to a dinuclear
tetraperoxovanadate species by Howarth and Hunt.42e An addi-
tional weak intensity peak observed at �621 ppm indicated the
presence of traces of monoperoxovanadate species,42a possibly
formed due to elimination of a peroxo group from some of the
diperoxo moieties. Compound PV4 showed two closely spaced
peaks at �753 and �758 ppm (Figure 4B). These likely refer to
complexation of the metal centers through two types of pendent
ligand sites viz. sulfonate and maleate carboxylate groups, avail-
able on the copolymer matrix, PSSM. In the case of compound
PV3 the major peak was observed at �754 ppm, which may be
attributed to the pV moiety bonded to the sulfonate group. The
spectrum of the compoundPV2 displayed an intense resonance at
�722 ppm, which is in the region characteristic of diperoxova-
nadate species containing a heteroligand with a carboxylate group
bonded to V(V) in a monodentate fashion.2c,17d,42f Spectra of
compounds PV2 and PV3 also showed the presence of traces of
monoperoxovanadate by displaying weak intensity peak at�621
(PV2) and �624 ppm (PV3).
The 95Mo NMR technique has been used as a sensitive and

useful tool for study of the structure of molybdenum peroxo

Figure 4. (A) 51V NMR spectra of a 0.2 mM solution of PV1, its
catalase degradation products. The spectra were recorded as follows:
(a) aqueous solution of PV1 in water immediately after preparation,
(b) solution of (a) 12 h later, (c)PV1 (0.2 mM) incubated with catalase
(40 μg/mL) at 30 �C in phosphate buffer (50 mM, pH = 7) after
30 min, (d) solution of (c) 2 h later. (B) 51V NMR spectra of 0.2 mM
solution of PV4. The spectra were recorded as follows: (a) aqueous
solution of PV4 in water immediately after preparation and (b)
solution of (a) 12 h later.

Figure 5. 95Mo NMR spectra of aqueous solution of PMo1 (2 M).
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complexes in aqueous solution.43 The 95Mo NMR spectrum of
PMo1 (Figure 5) displayed a single resonance at �225 ppm
(relative to [MoO4]

2�), indicating the presence of peroxomolyb-
denum species.39a,43 For complexes PMo2 and PMo3 similarly
only one peak was observed in each of the spectra at δ �217
and�220 ppm, respectively. The appearance of a lone characteristic
peak in the 95 Mo NMR spectra of the compounds under investiga-
tion confirmed the presence of a single coordination environment
for the peroxomolybdenum species present in solution.
Density Functional Studies. It is interesting to note that the

carboxylate functional group present in the two closely related
polymer matrices, poly(acrylate) and poly(methacrylate), binds
the pV or pMo moieties in two different coordination modes
leading to formation of two structural forms viz. a dimeric
tetraperoxometallate (PV1 and PMo1) and monomeric diperoxo-
metallate (PV2 and PMo2). Such variation in mode of coordina-
tion of carboxylate groups present in poly(acrylate) based
polymers is not unprecedented.33 Earlier we proposed that the
difference in coordination pattern in the compounds is likely to
be a consequence of the presence of �CH3 groups attached to
the polymer backbone in PMA which being relatively bulkier
probably prevent formation of a dinuclear pV species through a
carboxylate bridge.16

In order to gain better insight into the aforementioned aspect
we carried out a theoretical investigation on the structural and
electronic properties of the polymer-supported pV compounds
employing the density functional theory (DFT) method. A
model complex has been generated corresponding to a section
of the pV-anchored complex PV1, containing three repeating
units of the polymer with one dinuclear pV moiety bound
through a bridging carboxylate group (Figure 6). DFT calcula-
tions were performed on this model complex using the BLYP
functional and DNP basis set as implemented in the program
DMol3.44 The complex was first optimized at the BLYP/DNP
level, and then vibrational frequencies were calculated at an
optimized structure to conform to the stability of the complex. In
the vibrational frequency calculations, no imaginary frequency
was found for the model complex, suggesting that the complex

represents a stable structure. The selected geometrical para-
meters obtained for the complex are in good agreement with
available experimental data.17f Calculations were performed
similarly on a complex generated by replacing the R-hydrogen
of the repeating unit by a methyl group so as to model the
compound attached to a PMA chain. A negative vibrational
frequency (imaginary frequency) was obtained in this case. The
appearance of an imaginary frequency in the vibrational fre-
quency calculations indicates that this structure is an unstable
one on the potential energy surface. We further calculated the
chemical softness values for both model complexes from their
HOMO and LUMO energies. The chemical softness values of
hydrogen and methyl-substituted complexes are 24.755 and
26.464 au�1, respectively. The higher softness value obtained
for the later model complex indicated the lower stability of the
complex compared to the R-hydrogen containing one.
Similar experiments were performed on model complexes

containing monomeric pV moieties. It is notable that the
presence of monomeric pV units, bonded through a monoden-
tate carboxylate, in the model complex corresponding to PV2

afforded a stable structure. In the case of PA-supported complex,
model complexes with monomeric pV units provided a structure
of comparable stability with the one containing a dimeric pV unit.
The results are consistent with the proposed structures for
complexes PV1 and PV2 [Figure 2A(c,d)].
Stability of the Compounds Toward Decomposition in

Solution. The stability of each of the title compounds PV3, PV4

and PMo1, PMo2, PMo3 with respect to the loss of peroxide in
solution at pH ca. 6.0, the natural pH attained by the solution on
dissolving the compounds, has been examined by determining
their peroxide content and monitoring the absorbance at
310�330 nm region in the electronic spectra at specified time
intervals for any possible change. Similarly, the stability of the
mononuclear complexes, DMo1 and DMo2, was investigated in
solution of their respective natural pH values, viz. pH 1.5
(DMo1) and 3 (DMo2). The studies revealed that the peroxide
content of the compounds tested and the position and intensity

Figure 7. Stability of compound PV3 at different pH values: (�)
compound solution in distilled water, pH of the solution = 6.0, (2)
solution of complexes in phosphate buffer (50 mM, pH 7.0). Effect of
catalase on PV1 (—), PV3 (+), PV4 (*), PMo1 (b), PMo2 (9), and
PMo3 ((). The test solution contained phosphate buffer (50 mM, pH
7.0) and the catalase (40 μg/mL) which was incubated at 30 �C for
5 min. Compounds were then added to the reaction solution, aliquots
were drawn at indicated time points, and loss in peroxide content was
determined. For polymeric compounds concentrations are on the basis
of peroxometal loading.

Figure 6. Optimized structure ofPV1model complex obtained by using
BLYP functional and DNP basis set. Selected geometric parameters are
also shown in the figure.
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of their electronic spectral bands remained unaltered even after
a period of over 12 h. Figure 7 shows that the compound PV3,
used as a representative, is stable in a solution of pH 5 as well as
pH 7. The stability of compounds PV1 and PV2 in solution was
confirmed and reported previously.16 We further examined
and ascertained the stability of each of the pV and pMo
compounds in solutions of pH values ranging from 1.2 to
3.1, 4.4, and 8.0.
It is noteworthy that the 51V and 95 Mo NMR spectra of the pV

and pMo compounds when monitored over a period of 12 h
displayed no change in the spectral pattern (Figure 4). Most
importantly, the spectra remained unaltered in solution of a wide
range of pH values of 1.2, 3.1, to 8.0 over a period of 12 h. The above
results clearly attest to the stability of the compounds in solution.
Thus, all the evidence gathered so far, including the information

derived from 13C, 51V, and 95 Mo NMR spectral studies, strongly
suggest that the compounds under investigation retain their
structural integrity in solution. This property of the compounds
may also be significant in view of the observationmade by Shisheva
et al. that orally administered pV was ineffective in inducing
normoglycemia in STZ-rats probably because it could not survive
the strong acidity of the stomach.45 Although the observed stability
of the compounds in the present studymay not imply their stability
in vivo, yet it certainlymeets one of the criteria for metal complexes
to be useful as therapeutic agents.
Effect of Catalase on theCompounds.Catalase is a powerful

reactive oxygen (ROS) mopping enzyme responsible for break-
down of H2O2 toH2O andO2. Since the primary objective of our
work has been to explore some of the biochemically relevant
properties of the complexes, we considered it important to
examine the fate of the compounds in the presence of catalase
vis-a-vis H2O2, its natural substrate. H2O2 is a significant cellular
oxidant needed particularly for action of peroxidases that yield
highly active intermediates.4 In the last two decades, the im-
portance of H2O2 is increasingly realized as a key signal trans-
ducing agent regulating a variety of cellular processes.3e,f,4,46 Fast
decomposition of extracellular H2O2 is a constraint for studying
the signaling activities of H2O2 because cells are equipped with
catalase and glutathione peroxidase that rapidly deplete
H2O2.

3e,f,4 Most experiments on cellular effects of H2O2 re-
ported in the literature used concentrations >100 μM in the
medium, never known to occur in cells. In order to investigate
how the small concentrations of H2O2 generated in cells will

function in the presence of abundant catalase, it is desirable to
have peroxide derivatives easily formed and stable to degradation
yet efficient in their action that can substitute for H2O2.
It is known that the peroxo group in DPV compared to H2O2

is less accessible to degradation by catalase and is active as a
substrate in horseradish peroxidase reaction in the presence of
catalase at 1/100 concentration.47 Implicit in these findings is
that complexing with vanadium increases the stability of per-
oxide at the same time they appear to become more efficient in
the form of DPV. The feature of common actions of H2O2,
vanadate, and DPV exemplified as insulin mimics deserve
mention.48 All these three species can enhance protein tyrosine
kinase48 and decrease protein tyrosine phosphatase activities,
among other parameters.1b,c,48 This is possible if they use the
same pathway in their actions and signaling. Multiple potential
targets are identified for ROS in insulin action,46 obviously
oxidative in nature. Previous studies demonstrated that diper-
oxovanadate compound can be used as a tool in the study of the
signaling actions of H2O2.

4,49 In this context, it is noteworthy
that some of the heteroligand mononuclear and dinuclear pV
and pW complexes synthesized and reported previously by us
showed reasonable resistance to catalase action.18a,c�e However,
no reports seem to be available on the interaction of catalase
with discrete pMo compounds in solution.
In the present study, the action of catalase on the newly

synthesized compounds was observed to be a slow process in
contrast to H2O2. Under the effect of catalase the rate of
degradation of H2O2 with the release of oxygen was reported
to be 430 μM/min from a solution of 0.1 mM concentration.49

As shown by the data presented in Table 5, the synthesized
polymer-anchored peroxo complexes are at least 70�100 times
weaker as substrates to catalase compared to H2O2.
The tested compounds could be arranged in the following

order of increasing stability toward degradation under the effect
of catalase: PV1≈ PV2 > PV3 > PV4 > PMo3 > DPV > PMo1≈
PMo2 . DMo2 > DMo1. From the observed trend, it may be
inferred that anchoring of pV or pMo species to a polymer chain
enhances, albeit to different extents, the ability of the coordinated
peroxo groups of these compounds to resist the action of catalase.
The rates of degradation of the polymer-bound diperoxovana-
dates PV3 and PV4 (Table 5) were found to be comparable to
that of the previously reported diperoxo compounds of vanadium
anchored to soluble polymer, PV1 and PV2.

16 These rates are
noted to be approximately one-half of that observed for free
diperoxovanadate (DPV) (12.0 μM/min from a solution of
0.2 mM) under similar reaction conditions.49 Significantly,
however, unlike freeDPV or some of the heteroligand complexes
of vanadium tested previously,18a,e monomeric pMo complexes
DMo1 and DMo2 were observed to undergo rapid degradation,
with loss of peroxide within approximately 5 min of incubation.
The findings suggest that in the case of the anchored compounds
peroxo groups bonded to V(V) are 2�3 orders of magnitude
more stable to catalase action than the molybdenum-bound
peroxides. The marked influence of the macroligands on the
ability of the peroxo metal moiety to withstand catalase action
appears to be a consequence of additional stability imparted to the
compounds by the polymeric support through immobilization.
We further investigated the nature of the species formed

during and after interaction of the pV compounds with catalase
using 51V NMR spectra. Degradation of freeDPV by catalase has
been studied and reported previously.49 Presented in Figure 4A
are the spectral changes taking place on incubation of PV1 with

Table 5. Catalase-Dependent Oxygen Release from
Peroxometallates

compound

concentration

(mg/mL)

peroxide content

(mM)

loss of peroxide

(μM/min)

PV1
a 0.110 0.4 5.80

PV2
a 0.140 0.4 5.60

PV3 0.099 0.4 6.51

PV4 0.116 0.4 7.07

PMo1 0.137 0.4 17.81

PMo2 0.294 0.4 17.57

PMo3 0.327 0.4 10.34

DPV 0.034 0.4 12.00

DMo1
b 0.054 0.4 37.60

DMo2
b 0.065 0.4 28.33

aReference 16. bAmount of catalase = 10 μg/mL.



8058 dx.doi.org/10.1021/ic200368g |Inorg. Chem. 2011, 50, 8046–8062

Inorganic Chemistry ARTICLE

catalase. The spectrum recorded after 30 min of treatment with
catalase showed the decrease in intensity of the major peak at
�757 ppmwith concomitant increase in the intensity of the peak
at �621 ppm ascribed to MPV. Additional peaks appeared at
�427, �509, and �527 ppm indicating formation of decavana-
date (V10) and V1 (�545 ppm). Monomeric vanadate is known
to oligomerize at the concentration and pH used. The small
variations from the reported chemical shifts in some cases are
likely to be due to variation in pH. The spectrum recorded after
120 min of reaction showed the presence of vanadates as major
products with a trace of MPV still remaining in solution. The
degradation of the polymer-anchored diperoxovanadate com-
plexes under the effect of catalase leads ultimately to formation of
vanadate oligomers via formation of monoperoxovanadate
(MPV) intermediate was thus confirmed.
Effect of the Compounds on Alkaline Phosphatase Activ-

ity. The effect of different concentrations of polymer-incorpo-
rated as well as free mononuclear pV and pMo compounds upon
activity of rabbit intestine alkaline phosphatase was investigated
using p-NPP as substrate and employing an established enzyme
assay system. The dose-dependent effects of each of the pV
compounds in comparison to the free ligands are presented in
Figure 8. To quantify the inhibitory potential of the molecules,
we determined the half-maximal inhibitory concentration (IC50)
for each inhibitor, which gave rise to a 50% suppression of the
original enzyme activity (Table 6). From the data obtained we
find that each of the tested species, irrespective of being free or
polymer bound, behaved as an active inhibitor of ALP. On
comparing the IC50 values of the polymeric compounds, in
terms of their actual peroxometal loading, with those of free
compounds the inhibitors could be arranged in the following
order of potency:DPV > PV2 > PV3 > PV4 > PV1. In the case of
pMo compounds the following trend has been observed:DMo1 >
PMo2 > DMo2 > PMo3 > PMo1. The pMo compounds were
observed to induce stronger inhibition compared to the corres-
ponding vanadium-containing analogue. The effect of each of

the polymeric ligands, without peroxometal loading and the
amino acid coligands viz. glycine and asparagine, upon ALP
activity is practically negligible under the assay conditions used
and H2O2 as such had no observable effect.
An inhibitor species can interact with an enzyme in various

ways, and enzyme kinetics investigation is a major tool in
enabling us to distinguish between the inhibition mechanisms
of enzyme-catalyzed reactions. We determined kinetic para-
meters Km and Vmax in the absence as well as in the presence
of peroxo metal compounds using Lineweaver�Burk double-
reciprocal plots. Presented in Table 6 are the kinetic data for
inhibition of ALP-catalyzed hydrolysis of p-NPP by the macro-
complexes as well as free DPV and mononuclear DMo1 and
DMo2. Kinetic measurements at several different substrate
concentrations in the presence of each of the inhibitors yielded
straight lines with a point of intersection in the second quadrant.
Lineweaver�Burk plots obtained for compounds PV3, PMo2,
DPV, and DMo1 are presented in Figure 9. With an increase in
concentration of each of the polymeric inhibitor complexes, a
decrease in velocity Vmax was noted whereas Km remained
constant. In contrast, when DPV or any of the free pMo
complexes was used as an inhibitor, it was found that with
increasing inhibitor concentration Vmax decreased whereas the
Km value increased (Figure 9). It has thus been established that
the polymeric compounds are classical noncompetitive inhibitors
of ALP. On the other hand, monomeric diperoxometallates
DPV, DMo1, and DMo2 served as a mixed type of inhibitor of
the enzyme combining competitive and noncompetitive modes
of inhibition.
The affinity of the enzyme for the inhibitor can bemeasured by

inhibitor constants. The inhibitor constant Ki for the competitive
part of inhibition was determined from the secondary plot of the
slope of the primary plot (1/V versus 1/[S]) against the inhibitor
concentration with the intercept on the inhibitor axis being �Ki

(Figure 9). The value of Kii, inhibitor constant for noncompe-
titive inhibition, was obtained from a linear secondary plot of
1/Vmax against the inhibitor concentration of each inhibitor, the

Table 6. Half-Maximal Inhibitory Concentration (IC50) and
Inhibitor Constants (Ki and Kii) Values for pV and pMo
Compounds and Other Inhibitors Against ALPa

inhibitor IC50 (μM) Ki (μM) Kii (μM) Kii/Ki type of inhibition

PV1 72.45 71.42 70.38 0.99 noncompetitive

PV2 41.34 49.29 48.50 0.98 noncompetitive

PV3 45.25 54.50 53.80 0.98 noncompetitive

PV4 52.54 59.98 59.71 0.99 noncompetitive

PMo1 48.64 31.72 30.31 0.95 noncompetitive

PMo2 16.92 17.10 16.80 0.98 noncompetitive

PMo3 18.27 19.20 18.90 0.98 noncompetitive

DPV 25.18 9.13 21.22 2.30 mixed inhibition

DMo1 16.90 6.00 21.50 3.58 mixed inhibition

DMo2 17.94 7.50 24.50 3.27 mixed inhibition

free polymer - - - - - - - - - - - -
aNote: The ALP-catalyzed rates of hydrolysis of p-NPP at pH 10.0 were
determined at 30 �C by measuring A405 in a reaction mixture containing
ALP (3.3 μg/mL), p-NPP (2 mM) in incubation buffer (25 mM glycine
+ 2mMMgCl2, pH 10.0) in the presence of stated concentrations of the
inhibitors. The Vmax and Km in the absence of inhibitor were found to be
7.9 μM/min and 2.85 mM, respectively. For polymeric compounds
concentrations are on the basis of peroxometal loading.

Figure 8. Effect of compounds PV1, PV2, PV3, PV4, DPV, PMo1,
PMo2,PMo3,DMo1, andDMo2 and free polymers (P) on the activity of
ALP from rabbit intestine. ALP-catalyzed rates of hydrolysis of p-NPP at
pH 10.0 were determined at 30 �C by measuring A405 in a reaction
mixture containing ALP (3.3 μg/mL); p-NPP (2 mM) in incubation
buffer (25 mM glycine + 2 mM MgCl2, pH 10.0) in the absence or
presence of stated concentrations of inhibitors. Effects of the additions
are represented as the percent values (rounded to integers) of control
(Δp-NPP = 3.13 μM/min). Data are presented as means ( SE from
three separate experiments. For polymeric compounds concentrations
are on the basis of peroxometal loading.
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intercept on the inhibitor axis being equivalent to �Kii

(Figure 9). The values of Ki and Kii are presented in Table 6.
For each of the macromolecular complexes the value of Ki was
found to be equal to Kii, which is typical of a noncompetitive
inhibitor. For free diperoxovanadate as well as pMo complexes,
Kii > Ki, as is the case with a mixed type of inhibitor with a major
mode of inhibition being of the competitive type.
Data obtained from similar experiments conducted with

vanadate or molybdate showed these species to be competitive
inhibitors of ALP, in agreement with previous reports.1b,d,13a The
Ki values determined for vanadate and molybdate were 15 μM
and 1.25 mM, respectively. It is apparent that vanadate is nearly

100 times stronger as an inhibitor of ALP compared to molyb-
date. A similar trend is observed on comparing inhibitor effi-
ciencies of aqueous pV and pMo species. It is therefore intriguing
to note that the affinity of the enzyme for the intact peroxomo-
lybdenum compounds tested, irrespective of being neat or
polymer bound, is almost double in magnitude in comparison
to the peroxovanadate tested. These findings clearly demonstrate
that there is a marked influence of the coligand environment
on the inhibitory potency of the intact metal complexes as well as
on themode of their inhibition of the enzyme, although the effect
of the individual ligand on the ALP activity is practically
negligible under the assay conditions used.

Figure 9. Lineweaver�Burk plots for inhibition of ALP activity in the absence and presence of (A) PV3, (B) PMo2, (C)DPV, and (D)DMo1. (Inset)
Secondary plot of initial kinetic data of the Lineweaver plot. The reactionmixture contained glycine buffer (25mMglycine + 2mMMgCl2, pH 10.0) and
p-NPP (2�5 mM). The reaction was started by adding ALP (3.3 μg/mL) to the reaction solution which was preincubated for 5 min, and the rate of
hydrolysis in the presence of (() 0, (9) 5, (2) 10, (�) 15, (—) 20, and (b) 25 μM inhibitors was obtained. The values are expressed as means( SE
from three separate experiments. (Inset) (a) Slopes were plotted against inhibitor concentrations, and Ki values were obtained from the x intercepts of
these replots. (b) Vertical intercepts were plotted against inhibitor concentration, andKii values were obtained from the x intercepts of these replots. For
polymeric compounds concentrations are on the basis of peroxometal loading.
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It is particularly notable that the IC50 value of the peroxo metal
species anchored PMA is nearly one-half of that of the corre-
sponding poly(sodium acrylate)-anchored compounds in spite
of these polymers having similar carboxylate functional groups as
ligand sites. Pertinent here is tomention that the two compounds
PV1 and PV2 earlier showed remarkable differences in their
oxidant activity in oxidative bromination as well as their anti-
bacterial properties.16 Such variations in their tested chemical
and biochemical properties may be ascribed to the difference in
mode of coordination of the metal peroxo groups to the two
polymers. In PV2 and PMo2 the diperoxo moieties are bound to
the PMA chain exclusively in a monomeric fashion, whereas in
PV1 and PMo1 the peroxo metals occur as dinuclear tetraperoxo
species through bridging carboxylate groups of the PA chain.
Consequently, the ionic charge distribution and polarity of the
two compounds varies, and these factors are likely to influence
their availability near the enzyme active site and their ability to
interact with the enzyme to different extents.
It is known that a competitive inhibitor typically has close

structural similarities to the normal substrate for the enzyme. The
competitive inhibition of ALP by oxyanions of V, Mo, and W has
been attributed to formation of pentacoordinated or hexacoor-
dinated structures of these species, which are often described as
phosphate analogues.13,50 It has been observed earlier that the
inhibitor potency of vanadium complexes depends on several
factors such as the oxidation state of the metal, coordination
geometry, stability of the compounds under physiological con-
ditions, and nature of the phosphoproteins.1d,9 Information
available from the limited reports on the ALP inhibitory activity
of synthetic pV compounds shows that a majority of the
compounds tested were competitive inhibitors of the enzyme
although there are examples of diperoxovanadate compounds
showing mixed inhibition of Green-crab ALP, with Ki and Kii

values in the millimolar range.14 It is pertinent here to mention
that our recent investigation on a series of pW18c,d and pV18e,51

compounds with amino acids and di- and tripeptides as ancillary
ligands revealed that such compounds exert a mixed type of
inhibition on the activity of ALP.
In the present study, structural analogy with the transition state

or phosphatemimicry are unlikely to be the factors responsible for
the noncompetitive mode of ALP inhibition exhibited by the
polymer-anchored metal complexes mainly because of their
macromolecular nature. A noncompetitive inhibitor usually binds
reversibly at a site other than the active site and causes a change in
the overall three-dimensional shape of the enzyme that leads to a
decrease in catalytic activity. Due to the complexity of the reaction
and species involved we are constrained in drawing any conclu-
sion regarding the exact mechanism of inhibition of ALP by the
compounds tested. Nevertheless, considering the reports docu-
menting the importance of redox properties of peroxovanadium
compounds in inhibition of protein phosphatases1 in conjunction
with our findings on the oxidant activity of some of these
compounds such as bromide15b,c,16 and glutathione(GSH)
oxidant,18c�e it is reasonable to expect that the redox interaction
of the intact macrocomplexes with the enzyme should be one of
the likely causes of the observed inhibitory effect of the com-
pounds on the phosphoproteins. It may be recalled that perox-
ovanadate effectively inhibited the tyrosine phophatase by
oxidizing the critical cysteine residue in the catalytic domain of
the enzyme.1b,2c Correlation has also been reported to exist
between the GSH oxidizing ability and insulin mimetic activity
of peroxo compounds of tungsten and molybdenum.6 It is

plausible that both factors, i.e., transition state analogy as well as
oxidant activity of the pV or pMo species, would contribute to the
mixed type of inhibition, combining competitive and noncompe-
titive pathways, exhibited by the hexacoordinated neat DPV
complex as well as the monomeric heteroligand pV and pMo
compounds.

’CONCLUSIONS

The present investigation has established that it is possible to
gain access to water-soluble, stable, and structurally defined
peroxometal-containingmacromolecules by anchoring themetal
peroxo species to appropriate polymer matrices. Undoubtedly,
the most notable finding of the present study is that the polymer-
anchored and free monomeric peroxo compounds tested induce
their inhibitory effects on ALP through distinctly different path-
ways. Each of the macromolecular compounds tested is a
noncompetitive inhibitor of ALP, in contrast to the free peroxo
metal compounds which exert a mixed type of inhibition on the
enzyme function. Remarkable features of the compounds, likely
to be of clinical importance, include their hydrolytic stability in a
wide range of pH values including acidic pH and their relative
resistance to degradation by catalase. There is a search for
peroxide derivatives easily formed and stable to degradation that
can substitute for H2O2 at far lower doses without causing
cytotoxicity to the normal cells, a great advantage in therapeutic
application. It is hoped that the information obtained from the
present study will help in identifying the right macroligand
environment for peroxo metal derivatives to carry forward for
in vivo studies.
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