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a b s t r a c t

Three neat complexes [VVO2(acpy-bhz)] (1) [VVO2(acpy-inh)] (2) and [VVO2(acpy-nah] (3) and the
corresponding polymer-supported (PS) dioxidovanadium(V) complexes having monobasic tridentate
ONN donor ligands, abbreviated herein as PS-im[VVO2(acpy-bhz)] (4) PS-im[VVO2(acpy-inh)] (5) and
PS-im[VVO2(acpy-nah)] (6) are isolated through covalent bonding of imidazolomethylpolystyrene,
obtained by reacting chloromethylated polystyrene cross-linked with 5% divinylbenzene with imidazole,
with the corresponding neat complexes 1–3. All compounds are characterized in solid state and in
solution, namely by spectroscopic techniques (IR, UV–Vis, 51V NMR, thermal and scanning electron
micrograph studies). The monomeric form {[VO2(acpy-nah)]�DMSO (3�DMSO)} (3a) of complex 3 is also
isolated from its solution in DMSO and its molecular structure is confirmed by single crystal X-ray diffrac-
tion. Polymer-supported as well as neat complexes are used as catalyst precursors for the oxidative bro-
mination of styrene and trans-stilbene using 30% aqueous H2O2 as an oxidant, the compounds acting as
functional models of vanadium dependent haloperoxidases. 1-Phenylethane-1,2-diol, 2-bromo-1-pheny-
lethane-1-ol (bromohydrin) and 1,2-dibromo-1-phenylethane are the reaction products of styrene after
1 h of reaction, while those of trans-stilbene are: 2,3-diphenyloxirane (trans-stilbene oxide), 2-bromo-
1,2-diphenylethanol and 1,2-dibromo-1,2-diphenylethane. It is also shown that all these compounds
are catalyst precursors for the catalytic oxidation of benzoin by peroxide, the products being benzil,
methylbenzoate, benzoic acid and benzaldehyde-dimethylacetal. An outline of the mechanism is
proposed and plausible intermediates involved in the catalytic processes are proposed/established by
UV–Vis and 51V NMR studies.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Immobilization of homogeneous catalysts through covalent
bonding with chloromethylated polystyrene cross-linked with
divinylbenzene is receiving an increasing interest for developing
environmental friendly greener catalytic processes which are also
economically viable in industrial chemistry [1–5]. The develop-
ment of vanadium catalytic model systems for oxidations and oxy-
gen transfer reactions, including the oxidative halogenation of
organic substrates and oxidation of organic sulfides, potentiated
renewed interest in the coordination chemistry of vanadium com-
plexes with polydentate ligands [6–11].

Dioxidovanadium(V) complexes with benzimidazole, imidazole
and hydrazide derived monobasic tridentate ONN ligands have
been looked at as functional models of vanadium haloperoxidades
(VHPOs) [12–15]. Successful functional similarities have been
demonstrated as some of these complexes mimic oxidative
halogenations and sulfoxidations [14] along with the oxidation,
by peroxide, of organic substrates [16].

Grafting such vanadium complexes onto polymer supports may
provide extra stability to the complexes and may improve their
catalytic activity and recyclable ability [1,17]. Such grafting onto
polymers may also be important for the development of more
environmentally benign synthetic routes to fine chemicals. For
example, some of us found that polymer-supported vanadium
complexes oxidize organosulfur compounds efficiently in model
diesel fuels and are recyclable [15].

Two general methods have been adapted to graft vanadium
complexes on polymer supports: (i) covalent bonding of a ligand
to the polymer; donor atoms of this grafted ligand bind to the me-
tal center, and (ii) the ligand bound to the metal ion possesses a
functional group adequate to establish a covalent bond to the poly-
mer. The later method has been extensively used in exploring the
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functional mimics and catalytic activities of polymer supported
vanadium complexes [17], but only one report describes the for-
mer method for vanadium complexes [17,18]. In the present work
we describe one more example of method (i); thus, in continuation
of our efforts, herein we describe the synthesis of three polymer-
supported dioxidovanadium(V) complexes of hydrazide derived
monobasic tridentate ONN ligands via covalent bonding through
imidazolomethylpolystyrene (cross-linked with 5% divinylben-
zene) (Scheme 1). These complexes were applied to the oxidative
bromination of styrene and trans-stilbene.

In addition, these catalyst precursors are shown to be active in
the oxidation of benzoin, by peroxide. The oxidation of benzoin
produces benzil, an alpha diketone that is an important organic
intermediate; it has received an enormous attention because of
its practical applications in organic and pharmaceutical industry
such as for photosensitive and synthetic reagents. Benzil is
extensively used as substrate in benzylic rearrangements and also
acts as a starting material for the synthesis of many heterocyclic
compounds [19,20] exhibiting biological activity e.g. the anticon-
vulsant derivative dilantin [21].
2. Experimental

2.1. Materials and methods

Chloromethylated polystyrene [18.9% Cl (5.35 mmol Cl per
gram of resin)] cross-linked with 5% divinylbenzene was offered
by Thermax Limited, Pune, India. Analytical reagent grade V2O5,
imidazole, isonicotinic acid hydrazide, hydrazine hydrate (Loba
Chemie, Mumbai, India), 30% aqueous H2O2, 70% HClO4 (Ranbaxy,
India), KBr (Himedia, India), nicotinic acid hydrazide (Fluka Che-
mie, Switzerland), 2-acetylpyridine and acetylacetone (Hacac) (Al-
drich, USA) were used as obtained. Benzoylhyrazide was prepared
by the reaction of a twofold excess of hydrazine hydrate with ethyl
benzoate. Other chemicals and solvents were of analytical reagent
grades. Imidazolomethylpolystyrene (PS-im) [18,22,23], [VIV-

O(acac)2] [24], [VVO2(acpy-bhz)] (1), [VVO2(acpy-inh)] (2) [13]
and [{VVO(acpy-nah)}2(l-O)2] (3) [16] were prepared according
to the reported methods. Hereafter we will abbreviate dioxidova-
nadium(V) as (VVO2).

2.2. Instrumentation and characterization procedures

Thermogravimetric analyses of the complexes were carried out
using Perkin Elmer (Pyris Diamond) under oxygen atmosphere.
Elemental analyses of the complexes were obtained with an Ele-
mentar model Vario-EL-III. Vanadium content in polymer-bound
complexes was checked by Inductively Coupled Plasma spectrom-
etry (ICP; Labtam 8440 plasma lab), as well as by TGA (see below).
IR spectra were recorded as KBr pellets on a Nicolet NEXUS Aligent
1100 FT-IR spectrometer. Electronic spectra of the polymer-bound
complexes were recorded in Nujol on a Shimadzu 1601 UV–Vis
spectrophotometer by layering a mull of the sample on the inside
of one of the cuvettes while keeping the other one layered with
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Scheme 1. Schematic structure of the polymer-supported complexes used in this
work.
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Nujol as reference. Spectra of non-polymer bound ligands and
complexes were recorded in methanol. 1H NMR spectra (on Bruker
Avance III 500 MHz) and 51V NMR spectra (on Bruker Avance III
400 MHz spectrometer) with the common parameter settings were
recorded with samples dissolved in DMSO-d6, and the d (51V) val-
ues are referenced relative to neat VVOCl3 as external standard. The
energy dispersive X-ray analyses (EDX) of anchored complexes
were recorded on a FEI Quanta 200 FEG. The samples were coated
with a thin film of gold to prevent surface charging, to protect
the surface material from thermal damage by the electron beam
and to make the sample conductive. A Shimadzu 2010 plus
gas-chromatograph fitted with a Rtx-1 capillary column
(30 m � 0.25 mm � 0.25 lm) and a FID detector was used to ana-
lyze the reaction products and their quantifications were made
on the basis of the relative peak area of the respective product.
The identity of the products was confirmed using a GC–MS Per-
kin-Elmer, model Clarus 500 and comparing the fragments of each
product with the library available.
2.3. X-ray crystal structure determination

Single crystals of the monomeric form of 3 {now [VVO2(acpy-
nah)]�DMSO (3a�DMSO)} were grown in DMSO by cooling the solu-
tion at ca. 15 �C. Three-dimensional X-ray data for 3a�DMSO were
collected on a Bruker SMART Apex CCD diffractometer at
100(2) K, using a graphite monochromator and Mo Ka radiation
(k = 0.71073 Å) by the /–x scan method. Reflections were mea-
sured from a hemisphere of data collected of frames each covering
0.3 degrees in x. Of the 18198 reflections measured, all of which
were corrected for Lorentz and polarization effects, and for absorp-
tion by semi-empirical methods based on symmetry-equivalent
and repeated reflections, 2245 independent reflections exceeded
the significance level |F|/r(|F|) > 4.0. Complex scattering factors
were taken from the program package SHELXTL [25]. Crystal and
structure refinement data are given in Table 1. The structures were
solved by direct methods and refined by full-matrix least-squares
methods on F2. The non-hydrogen atoms were refined with aniso-
tropic thermal parameters in all cases. All hydrogen atoms were re-
fined to carbon atoms, which were placed in idealized positions
and refined by using a riding mode, except for C(1), C(2), C(4),
C(8) and C(10) which were left to refine freely. A final difference
Fourier map showed no residual density outside: 0.969 and
�0.410 for 3a�DMSO e Å�3.
2.4. Preparation of polymer-supported complexes

2.4.1. PS-im[VVO2(acpy-bhz)] (4)
The Polymer-anchored PS-im (2.0 g) was allowed to swell in

DMF (20 mL) for 2 h. A solution of [VVO2(acpy-bhz)] (1) (2.0 g,
6.47 mmol) in 25 mL DMF was added to the above suspension
and the reaction mixture was heated at ca. 80 �C for 20 h with very
gentle mechanical stirring. After cooling to room temperature, the
dark black polymer-anchored complex was separated by filtration,
washed with hot DMF followed by hot methanol and dried at
120 �C in an air oven. Yield 1.70 g (85%). Found: N, 9.26; V, 1.65%.
2.4.2. PS-im[VVO2(acpy-inh)] (5) and PS-im[VVO2(acpy-nah)] (6)
Complexes 5 and 6 were prepared analogously to 4, replacing 1

by [VVO2(acpy-inh)] (2) and [{VVO(acpy-nah)}2(l-O)2] (3),
respectively.

Data for PS-im[VVO2(acpy-inh)] (5): Yield 1.66 g (83%). Found: N,
8.13; V, 1.36%.

Data for PS-im[VVO2(acpy-nah)] (6): Yield 1.82 g (91%). Found: N,
10.91; V, 2.06%.
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Table 1
Crystal data and structure refinement for 3a�DMSO.

3a�DMSO

Formula C15H17N4O4SV
Formula weight 400.33
T (K) 100(2)
k (Å) 0.71073
Crystal system monoclinic
Space group P21/n
a (Å) 9.5772(8)
b (Å) 14.3085(13)
c (Å) 12.2414(10)
b (�) 90.607(5)
V (Å3) 1677.4(2)
Z 4
Dcalc (g cm�3) 1.585
Absorption coefficient (mm�1) 0.745
F(000) 824
Crystal size (mm�3) 0.22 � 0.20 � 0.19
h range for data colletion (hMin/hMax) (�) 2.19–24.71
Index ranges �11 6 h 6 11,

�16 6 k 6 15,
�14 6 l 6 13

Reflections collected 18198
Independent reflections 2859
Rint 0.0698
Completeness%/(h) 99.8/(24.71�)
Refinement method full-matrix least-squares on F2

Restraints/parameters 2859/0/256
Goodness-of-fit (GOF) on F2 1.047
R1

a 0.0407
wR2 (all data)b 0.1323
Largest differences peak and hole (e Å�3) 0.969 and �0.410

a R1 = R||Fo| � |Fc||/R|Fo|.
b wR2 = {R[w(||Fo|2 � |Fc|2|)2]|/R[w(Fo

4)]}1/2.
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2.5. Catalytic studies

The polymer-anchored complexes PS-im[VVO2(acpy-bhz)] (4),
PS-im[VVO2(acpy-inh)] (5), PS-im[VVO2(acpy-nah)] (6) were used
as catalyst precursors to carry out the oxidative bromination of sty-
rene and trans-stilbene, as well as of oxidation of benzoin. Each
catalyst was allowed to swell in suitable solvent (mentioned be-
low) prior to its use.
2.5.1. Oxidative bromination of styrene
Warning! HClO4 is potential oxidant, hence it must be handled

carefully: Complexes 4–6 were used as catalyst precursors to carry
out the oxidative bromination of styrene. In a typical reaction, sty-
rene (1.04 g, 10 mmol) was added to an aqueous solution (20 mL)
of KBr (3.57 g, 30 mmol) in a 100 mL reaction flask, and then
20 mL CH2Cl2 and 30% aqueous H2O2 (3.40 g, 30 mmol) were
added. After adding 70% HClO4 (1.43 g, 10 mmol) and catalyst pre-
cursors (0.0010 g), the reaction mixture was stirred at room tem-
perature. Three additional 10 mmol portions of 70% HClO4 were
further added after every 15 min with continuous stirring. The
experimental conditions (e.g. stirring speed, size of magnetic bar
and reaction flask) in all batches were kept as similar as possible.
After 1 h the orange colored organic layer was separated using a
separatory funnel, washed with water and dried. The crude mass
was re-dissolved in CH2Cl2 and insoluble material, if any, was re-
moved by filtration. The solvent was evaporated and the reaction
products were separated using a silica gel column. Elution of the
column with 1% CH2Cl2 in n-hexane first separated a mixture of
bromo derivatives, followed by 1-phenylethane-1,2-diol. The two
bromo derivatives were finally separated from each other using an-
other silica gel column and eluted with pure n-hexane. The prod-
ucts were identified by GC–MS and 1H NMR spectra.

1H NMR spectral data of reaction products are as follows:
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013)
1,2-Dibromo-1-phenylethane: 1H NMR (CDCl3): d = 7.29–7.39 (m,
5 H, aromatic), 5.11–5.13 (q, 1 H, CH), 3.97–4.06 (septet, 2 H,
CH2) ppm.
1-Phenylethane-1,2-diol: 1H NMR (CDCl3): d = 7.29–7.39 (m, 5 H,
aromatic), 4.9 (q, 1 H, CH), 3.5 (q, 1 H of CH2), 3.6 (q, 1 H of CH2),
2.7 (br, 1 H, OH) ppm.
2-Bromo-1-phenylethane-1-ol: 1H NMR (CDCl3): d = 7.29–7.39
(m, 5 H, aromatic), 5.1 (q, 1 H, CH), 3.9 (septate, 2 H, CH2) ppm.

These data match well with those reported earlier [26,27].

2.5.2. Oxidative bromination of trans-stilbene
Similar procedures as outlined for styrene were applied for the

oxidative bromination of trans-stilbene: trans-stilbene (0.90 g,
5 mmol), catalyst precursor (0.015 g), KBr (2.38 g, 20 mmol), 30%
aqueous H2O2 (2.27 g, 20 mmol) and 70% HClO4 (2.86 g, 20 mmol,
added in four equal portions at time intervals (t = 0, 30, 60 and
90 min. of reaction time) were taken in CHCl3/H2O (40 mL, v/v).
After 2 h of stirring at room temperature the orange colored organ-
ic layer was separated using a separatory funnel, washed with
water and dried. The crude mass was redissolved in CH2Cl2; insol-
uble trans-stilbene oxide was separated by filtration and then the
solvent was evaporated. Other reaction products were separated
using a silica gel column. Elution of the column with 1% CH2Cl2

in n-hexane first separated a mixture of mono derivative followed
by the dibromo derivative. The products were identified by GC–MS
and 1H NMR spectra.

1H NMR spectral data of reaction products are as follows:

2,3-Diphenyloxirane: 1H NMR (CDCl3): d = 7.35–7.55 (m, 10 H,
aromatic); 5.5 (d, 2H, CH).
2-Bromo-1,2-diphenylethanol: 1H NMR (CDCl3): d = 8.0 (s, 1 H,
OH); 7.37–7.52 (m, 10 H, aromatic); 5.5 (d, 2H, CH).
1,2-Dibromo-1,2-diphenylethane: 1H NMR (CDCl3): d = 7.1–7.4
(m, 10 H, aromatic); 6.15 (d, 2H, CH).

2.5.3. Oxidation of benzoin
Benzoin (1.06 g, 5 mmol), 30% aqueous H2O2 (1.71 g, 15 mmol),

and catalyst precursor (0.030 g) in 10 mL methanol were stirred at
reflux temperature. The progress of the reaction was monitored by
withdrawing samples at different time intervals and analyzing
them quantitatively by gas chromatography. The identities of the
products were confirmed by GC–MS. The effect of various parame-
ters such as temperature, amount of oxidant and catalyst were
checked to optimize the conditions for the best performance of
the catalyst.

The products mainly obtained are benzil, methylbenzoate, ben-
zoic acid and benzaldehyde-dimethylacetal.

3. Results and discussion

3.1. Synthesis, reactivity and solid state characteristics

Complexes [VO2(acpy-bhz] (1) and [VO2(acpy-inh)] (2) were re-
ported to be mononuclear while [{VVO(acpy-nah)}2(l-O)2] (3) to
be dinuclear [16].

We obtained the monomeric form of 3 {[VO2(acpy-nah)]�DMSO
(3a�DMSO)}, from dimethylsulfoxide, as yellow prisms suitable for
single crystal X-ray diffraction analysis. Fig. 1 shows an ORTEP repre-
sentation of 3a�DMSO and Table 2 presents selected bond lengths
and angles. The complex presents an intermediate structure be-
tween the idealized square-pyramidal and trigonal–bipyramidal
extremes. In fact, the geometry around the vanadium atom can
be described as a distorted square-pyramidal (s = 0.357) [28], the
monobasic tridentate acpy-nah� ligand binding VV through the
pyridine-N, imine-N and the amide-O and two oxido-O ligands.
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Fig. 1. ORTEP Plot of 3a�DMSO. All the non-hydrogen atoms are presented by their
50% probability ellipsoids; hydrogen atoms are omitted for clarity.

Table 2
Bond lengths (Å) and angles (�) for [VVO2(acpy-nah)]�DMSO (3a�DMSO).

3a�DMSO

Bond lengths (Å)
V(1)–O(1) 1.617(2) N(2)–N(3) 1.387(4)
V(1)–O(2) 1.619(2) N(3)–C(7) 1.293(4)
V(1)–O(3) 1.953(2) N(2)–C(6) 1.312(4)
V(1)–N(4) 2.097(3)
V(1)–N(3) 2.099(3)

Bond angles (�)
O(1)–V(1)–O(2) 110.42(13) O(1)–V(1)–N(4) 95.65(12)
O(1)–V(1)–O(3) 101.69(11) O(2)–V(1)–N(4) 97.00(11)
O(2)–V(1)–O(3) 102.75(11) O(3)–V(1)–N(4) 147.06(10)
O(1)–V(1)–N(3) 125.63(12) O(3)–V(1)–N(3) 73.97(10)
O(2)–V(1)–N(3) 123.55(11) N(4)–V(1)–N(3) 73.15(10)

Fig. 2. Part of the crystal packing of the 3a�DMSO. p–p Stacking interactions
between pyridine groups are observed in the structure. Symmetry operations are:
x,y,z; 1/2 � x, 1/2 + y, 1/2 � z; �x,�y,�z; 1/2 + x, 1/2 � y, 1/2 + z.
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The V@O distances are in the range reported for other cis-dioxido-
vanadium(V) centers (see Table 2). The distances of the deproto-
nated O-atom and the N-atom of the hydrazone group to the
metal ion are consistent with the values reported for other similar
complexes [13,15]. It was reported that this type of VO2-complexes
can be stabilized either in the form of monomeric or dinuclear spe-
cies [29]. Monomeric species can be converted to dinuclear ones
upon heating in an appropriate solvent for a relatively long time.
In this work the monomeric form of 3 is the relevant one.

The two external pyridine (py) rings are at an angle of 6.40(18)�
with respect to each other, which is a signal of the planarity of the
ligand. p–p Stacking interactions are established between the
external py groups [C(1), C(2), C(3), C(4), C(5) and N(1) to C(9),
C(10), C(11), C(12), C(13) and N(4)] of the acpy-nah ligand of an
inversion-related molecule in the crystal packing (mean separation
between the py rings ca 3.617 Å). The non coordinated py groups
are also involved in p–p stacking between them, with a mean sep-
aration ca 3.783 Å, see Fig. 2.

The reaction of imidazole with chloromethylated polystyrene,
cross-linked with 5% divinylbenzene in acetonitrole in the pres-
ence of KI and triethylamine, gave the imidazolomethylpolysty-
rene, PS-im [18,22,23]. The remaining chlorine content of 1.5%
(0.42 mmol Cl per gram of resin) in the PS-im suggests �92% load-
ing of the imidazole. The PS-im on reaction with complexes 1–3 in
DMF resulted in the formation of imidazolomethylpolystyrene-
grafted VVO2-complexes: PS-im[VVO2(acpy-bhz)] (4), PS-im[VVO2

(acpy-inh] (5) and PS-im[VVO2(acpy-nah)] (6). The free chloro-
methyl groups of PS do not coordinate with the vanadium precur-
sor. Scheme 2 presents the global synthetic procedure and Table 3
presents the vanadium loading in supported complexes.
3.2. Field emission-scanning electron microscope (FE-SEM) and energy
dispersive X-ray analysis (EDX) studies

Field emission-scanning electron micrographs (FE-SEM) for sin-
gle beads of pure chloromethylated polystyrene and polymer-
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013)
grafted complex were recorded to observe the morphological
changes, if any. Images of polymer-anchored complexes are repro-
duced in Fig. 3. Though the surface of the beads is partially dam-
aged due to interaction of beads during anchoring, the grafting of
vanadium complexes only resulted in the roughening of the top
layer of polymer-anchored beads. It is not possible to obtain
accurate information on the morphological changes in terms of
the exact orientation of the covalently bonded metal complexes
due to their poor loading. However, the estimated vanadium
content of ca. 0.38 mmol g�1 of resin in PS-im[VVO2(acpy-bhz)],
0.25 mmol g�1 in PS-im[VVO2(acpy-inh)] and 0.39 mmol g�1 of
PS-im[VVO2(acpy-nah)] obtained by EDX (see Fig. S1 of Supporting
information), which are close to the contents obtained through
ICP-MS and TGA, suggest that the catalyst sites are uniformly dis-
tributed over the polymer upon immobilization.
3.3. TGA studies

The polymer-bound complexes PS-im[VVO2(acpy-bhz)] (4), PS-
im[VVO2(acpy-inh] (5) and PS-im[VVO2(acpy-nah)] (6) are
thermally stable up to ca. 200 �C. Thereafter, their thermal decom-
position occurs in two exothermic but overlapping steps and is
completed at ca. 550 �C. Only very small loss in weight occurs be-
tween 550–900 �C, with the formation of V2O5. The vanadium con-
tent calculated from the final residues are indicated in Table 3,
being in agreement with those obtained by ICP-MS. As reported
earlier, neat complexes 1 and 2 depict continuous degradation to
V2O5 in the 250–700 �C temperature range [13].
3.4. IR spectral studies

The important IR bands for the neat and polymer-bound ligands
and their vanadium complexes are given in Table 4. The 1500–
1650 cm�1 range appears quite complex in the IR of all compounds
and assignments were made by comparison with previously re-
ported results obtained from the DFT calculations recently carried
out with similar types of ligands and binding sets around the vana-
dium center [27] (see Table 4). The m(C@N) (azomethine) for the
complexes are indicated in Table 4, the vibrations being also cou-
pled to the aromatic ring, as was the case of [VIVO(sal-ama)] com-
plexes (sal-ama = N-salicylideneamino acidato) [30].

The VVO2-complexes exhibit bands due to msym(O@V@O) and
masym(O@V@O) as assigned in Table 4; however, we note that re-
cent DFT calculations for complex K[VVO2{Hdfmp(nah)2}]
{Hdfmp(nah)2 = Schiff base obtained by the condensation of 2,6-
diformyl-4-methylphenol and nicotinoylhydrazide} showed that
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Scheme 2. Global synthetic procedure for the preparation of polymer bound vanadium complexes.

Table 3
Data of metal and loading in polymer-anchored complexes.

Complexes Metal ion loadinga

(mmol g�1 of resin)
(obtained by ICP)

Metal ion loadinga

(mmol g�1 of resin)
(obtained by TGA)

PS-im[VO2(acpy-bhz)] (4) 0.324 0.30
PS-im[VO2(acpy-inh)] (5) 0.265 0.24
PS-im[VO2(acpy-nah)] (6) 0.403 0.38

a Metal ion loading ¼ Observed metal%�10
Atomic mass of metal.

(a)

(b)

(c)

Fig. 3. FE-SEM profiles of (a) PS-im[VVO2(acpy-bhz)] (4), (b) PS-im[VVO2(acpy-inh)]
(5) and (c) PS-im[VVO2(acpy-nah)] (6).
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these two vibrations are isolated (each band corresponds to
stretching of one V@O bond) [27].

Polymer supported complexes exhibit two well separated bands
in the 915–940 cm�1 region characteristic of cis-[VVO2] species.
These bands are similar to those reported for the mononuclear neat
complexes 1 and 2. The dinuclear form of 3 displays only one band
at 958 cm�1 while its mononuclear analogue 3a exhibits two sharp
bands, as observed for other neat VVO2-complexes [17]. In
polymer-supported complexes, other characteristic bands due to
coordination of ligands are similar to those reported for the corre-
sponding non-polymer-supported complexes.

3.5. Electronic spectral studies

Electronic spectral data of neat complexes have been discussed
in the literature [31,32]. The polymer anchored complexes show
similar spectral patters, Fig. 4 and Table 5. The electronic spectral
studies of polymer anchored complexes have been described ear-
lier [1–5]. A band appearing at 394 nm in PS-im[VVO2(acpy-bhz)]
is assigned to a ligand-to-metal charge transfer (lmct) transition,
but may also contain bands localized in the C@N group. Thus, a
medium intensity band at ca. 400 nm is assigned to n–p (imine)
and to lmct bands. Other bands appearing in the UV region corre-
spond to intra-ligand bands.

3.6. 51V NMR studies

Further characterization of the VV-complexes was obtained
from 51V NMR spectra recorded in DMSO-d6. The dV (51V) values
measured may be used to establish their behavior upon modifica-
tions of the composition of the solutions. In the present study we
reinvestigated complexes 1–3a in solution, trying to establish spe-
ciation in conditions simulating those existing during the catalytic
experiments (see Scheme 3 and Table 6). All three complexes show
strong resonances at ca. dV = �500 to �505 ppm. Compound, [VV-

O2(acpy-nah)] (3a) was chosen as representative for the studies.
The 51V NMR spectrum of 3a (ca. 4 mM) dissolved in DMSO-d6
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013), http://dx.doi.org/10.1016/j.ica.2013.11.021
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Table 4
IR spectra of compounds (m in cm�1). The DFT calculated vibrational frequencies for K[VVO2{Hdfmp(nah)2}], scaled by a factor of 0.9, are given in parentheses [27].

Complexes m(C@Cring) m(C@Nazomethine) m(V@O)/[V-(l-O)-V]

[VVO2(acpy-bhz)] (1) 1598 1565 946, 909
[VVO2(acpy-inh)] (2) 1598 1565 946, 899
[{VVO(acpy-nah)}2(l-O)2] (3) 1600 1582 958, 778
[VO2(acpy-nah)]�DMSO (3a) 1595 1572 945, 898
PS-im[VVO2(acpy-bhz)] (4) 1600 1559 915, 926
PS-im[ VVO2(acpy-inh)] (5) 1597 1570 920, 939
PS-im[VVO2(acpy-nah)] (6) 1605 1572 919, 926
K[VVO2{Hdfmp(nah)2}] 1556 (1529, 1523) [27] 934, 900 [27]
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Fig. 4. Electronic spectra recorded for the polymer-anchored complexes dispersed
in Nujol.

Table 5
Electronic spectral data of polymer-anchored complexes.

Complexes Solvent kmax (nm)

PS-im[VVO2(acpy-bhz)] Nujol 394, 277, 240
PS-im[VVO2(acpy-inh)] Nujol 404, 295, 253
PS-im[VVO2(acpy-nah)] Nujol 415, 318, 260
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shows a strong resonance dV = �505 ppm. The assignment of this
and other resonances was done by considering both the experi-
ments and comparison with DFT calculations described in
previously reported studies [3,6,26,27]. Thus, the resonances at
dV = �505 ppm may be tentatively assigned to species such as CI
in Scheme 3; in fact, the observed chemical shifts are within the
values expected for VVO2-complexes containing O/N donor sets
[33,34]. Upon addition of methanol (50% v/v) to a 4 mM solution
of 3 in DMSO-d6 a new resonance at dV = �538 ppm shows up;
we tentatively assign this resonance to species CII: [VVO2(acpy-
nah)(S)], (S = solvent) [Fig. 5(b)]. Similar species were also re-
ported, e.g. [VVO2(sal-dmenH+)(MeOH)] at dV = �543 ppm [2,4].

Upon additions of 0.5 and 1.0 (total) equivalents of a HCl
solution a new peak at dV = �456 ppm is detected [Fig. 5(c)]. We
tentatively assign this resonance to species CIII, an oxidohydroxi-
do-VV complex. Another possible assignment is CIIIa, as both spe-
cies correspond to the same degree of protonation, and both types
of complexes have been previously considered plausible
[2,4,27,32] in the case of rather similar complexes. Upon further
addition of 2 equiv. of 30% H2O2 to this solution a resonance at
dV = �582 ppm is detected and could correspond to the oxido–
peroxido [VVO(O2)(acpy-nahH+)] species CIV or CIVa, Scheme 3)
[Fig. 5(d)]. Similar types of VVO(O2)-complexes were also consid-
ered plausible in previous studies [2,4,27,32]. However, the dV = -
�582 ppm resonance may also correspond to the tetravanadate
(V4) [35].

Upon addition of 30% H2O2 (3 equiv.) to a 4 mM solution of 3a in
DMSO-d6 a resonance at dV = �588 ppm shows up [Fig. 6(d)] which
we tentatively assign as [VVO(O2)(acpy-nah)] (CV, Scheme 3); in
fact this matches with the chemical shift of the authentic oxido–
peroxido complexes of 3 previously reported [16]. Further
additions of 3.0 equiv. KBr and 2.0 equiv. 30% H2O2 generates
resonances at d = �584 ppm and dV = �601 ppm. The resonance
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013)
at dV = �584 ppm is tentatively assigned to a species containing
coordinated OBr� (vanadium bound hypobromite ion) reported
as probably responsible for the formation of bromohydrin (see
structures CVI, CVIa or CVIb Scheme 3) [26,36].

The other two complexes, [VVO2(acpy-bhz)] (1) and [VVO2(-
acpy-inh)] (2) were also studied under similar conditions and these
experiments confirmed that VV species are quite stable to moder-
ate additions of acid and/or H2O2 solutions, and also show similar
patterns for intermediate species formation as complex 3a. The
experimental 51V chemical shifts and assignments are summarized
in Table 6.

Suspensions of PS-[VVO2(acpy-bhz)] (4), PS-[VVO2(acpy-inh)]
(5) and PS-[VVO2(acpy-nah)] (6) were kept under the conditions
used for the brominations of styrene and trans-stilbene, and then
the polymer-anchored complexes were separated by filtration.
51V NMR spectra were recorded for the solutions left after remov-
ing the catalyst. These solutions do not show any 51V NMR reso-
nances, suggesting that there is no leaching. We repeated this
experiment up to three times at room temperature detecting no
leaching by this procedure. However, under refluxing conditions
these catalytic precursors partially leached into solvent and the
solution show 51V NMR resonances corresponding to neat
complexes.

3.7. Catalytic activity studies

3.7.1. Oxidative bromination of styrene
Before use in catalytic reactions the polymer beads were

swelled in CH2Cl2 for 4 h. For the oxidative bromination of styrene
a two phase solvent system H2O–CH2Cl2 was used, taking the poly-
mer supported complexes as catalyst precursors in the presence of
KBr, aqueous H2O2 and HClO4. Three main products were obtained:
1,2-dibromo-1-phenylethane, 2-bromo-1-phenylethane-1-ol and
1-phenylethane-1,2-diol; Scheme 4.

The obtained major products are the same as those reported by
Conte et al. [36] and others [4,5,26]. Formation of some minor
products such as benzaldehyde, styrene epoxide, benzoic acid
and 4-bromostyrene was also observed; these are among the usual
oxidation products of styrene, but their overall formation corre-
sponds to �5% of the total conversion of styrene. Addition of HClO4

in four equal portions was required to obtain better yields in the
oxidative bromination.

Amongst these catalyst precursors preliminary experiments
showed the good catalytic activity of PS-im[VVO2(acpy-bhz)] (4).
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Table 6
Summary of the experimental 51V NMR data (ppm) and tentative assignments of the
vanadium complexes studied in this work (see text and Scheme 3).

Complexes CI CII CIII CIV CV CVI

1 �504 �532 �451 �583 �591 �584
2 �500 �538 �456 �578 �591 �586

3a �505 �538 �456 �582 �588 �584

Fig. 5. 51V NMR spectra of solutions of compound 3a (ca. 4 mM) in DMSO-d6. (a)
solution of 3a (b) solution of (a) after addition of methanol (50% v/v); (c) solution of
(b) after addition of 1.0 equiv. of HCl solution; (d) solution of (c) upon adding
2.0 equiv. of H2O2 (solution of 30% H2O2).
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Therefore it was taken as a representative catalyst precursor and
parameters such as the amounts of catalyst, oxidant, KBr and
HClO4 were studied to optimize the reaction conditions for: (i)
the maximum conversion of styrene irrespective of the selectivity
of products and (ii) the maximum oxidative bromination of sty-
rene. Taking the mixture of styrene (1.04 g, 10 mmol), KBr
(3.57 g, 30 mmol) and 70% HClO4 (5.72 g, 40 mmol) in 40 mL
dichloromethane-water (1:1 v/v), five different amounts of catalyst
viz. 0.010, 0.015, 0.020, 0.025 and 0.030 g were taken and the reac-
tion was carried out at room temperature. Three additional
10 mmol portions of 70% HClO4 were further added to the reaction
mixture after every 15 min. intervals. This was necessary to avoid
leaching of complex from the polymer support. As shown in Fig. 7,
0.010 g of catalyst gave 84% conversion with 6% of monobromo, 2%
dibromo and 82% diol derivatives. Increasing the amount to 0.015
improved this conversion to 99% with 2% of monobromo, 6% dibro-
mo and 84% diol derivatives. Further increasing of the catalyst did
not improve the final overall conversion of the substrate; however,
some impact on the selectivity of the different products was ob-
served (entries No. 1–5 of Table 7). Therefore, an amount of
0.015 g of catalyst was selected to optimize other conditions.

The effect of amount of oxidant (30% aqueous H2O2) on the oxi-
dative bromination of styrene is illustrated in Fig. 8. Under the
reaction conditions of styrene (1.04 g, 10 mmol), CH2Cl2–H2O (40
mL, 50% v/v), KBr (3.57 g, 30 mmol) and HClO4 (5.72 g, 40 mmol,
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013), http://dx.doi.org/10.1016/j.ica.2013.11.021
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Fig. 6. 51V NMR spectra of solutions of compound 3a (ca. 4 mM) in DMSO-d6 (a)
solution of 3a; (b) solution of (a) after addition of 3.0 equiv. KBr and 2.0 equiv. H2O2

(solution of 30% H2O2); (c) solution of (b) after ca. 15 min. (d) solution of (a) after
addition of 3.0 equiv. of H2O2 (solution of 30% H2O2).

Br Br
HO Br HO OH

++
H2O2, KBr

HClO4
a b c

Scheme 4. Main products of catalytic oxidative bromination of styrene: (a) 1,2-
dibromo-1-phenylethane, (b) 2-bromo-1-phenylethane-1-ol and (c) 1-phenyle-
thane-1,2-diol.
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added as mentioned above), a substrate to oxidant ratio of 1:1 gave
79% conversion with 48% selectivity of mono-bromo, 0% of dibro-
mo and 51% of diol derivatives. Increasing this ratio to 1:2 im-
proved the conversion to 99% but no improvement in the
conversion was noted on further increasing this ratio (entries No.
1, 6–9 of Table 7). Therefore, a substrate to H2O2 ratio of 1:2 was
considered suitable to optimize other conditions.

Similarly, five different amounts (viz. 20, 25, 30, 35 and
40 mmol) of KBr were used while other reaction parameters such
as catalyst (0.015 g), styrene (1.04 g, 10 mmol), 30% H2O2 (2.27 g,
20 mmol) and HClO4 (5.72 g, 40 mmol, added in four equal por-
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Fig. 7. Effect of the amount of catalyst PS-im[VO2(acpy-bhz)] on oxidative
bromination of styrene. Reaction conditions: Styrene (1.04 g, 10 mmol), CH2Cl2–
H2O (40 mL, 50% v/v), 30% aqueous H2O2 (3.39 g, 30 mmol), KBr (3.57 g, 30 mmol),
HClO4 (5.72 g, 40 mmol, added in four equal portions at t = 0, 15, 30 and 45 min. of
reaction time) at room temperature for 1 h.
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tions at t = 0, 15, 30 and 45 min. of reaction time) in 40 mL dichlo-
romethane-water (1:1 v/v) mixture and the reaction was
monitored at room temperature for 1 h. As shown in Fig. 9, increas-
ing the KBr amount from 20 to 25 mmol increased the conversion
from 74% to 89% while 30 mmol KBr gave 99% conversion. But
further increment of KBr does not make much difference in the
conversion or the selectivity of the products (Entries No. 8 and
10–13 of Table 7). A 35% selectivity of mono-bromo derivative
and 63% selectivity of diol derivative was obtained with 20 mmol
of KBr, while 30 mmol KBr gave three main products with the
following order of selectivity: diol 79% > monobromo (11%) > di-
bromo (5%).

The effect of various amounts of HClO4 added in the reaction
mixture as a function of the conversion of substrate is shown in
Fig. 10. The way of addition of acid (here HClO4) to the reaction
mixture is made may affect the stability of the catalyst, while its
amount has great influence on the conversion and selectivity of
products. It was found that addition of HClO4 successively in four
equal portions at t = 0, 15, 30 and 45 min. of reaction time de-
creased the decomposition of catalyst. From the plot it is clear that
40 mmol of HClO4 are needed to achieve 99% conversion in a
period of 1 h and from the analysis of the selectivity of products
we conclude that upon increasing the amount of HClO4 it is the for-
mation of the diol derivative that mainly increases. Equally good
conversion of styrene has also been observed using H2SO4 under
similar conditions, while the use of acetic acid was not successful.

Table 7 summarizes the various reaction conditions applied to
optimize the reaction conditions for the maximum oxidative bro-
mination as well as maximum conversion of styrene considering
PS-im[VVO2(acpy-bhz)] (4). Thus, the optimized reaction condi-
tions for the maximum conversion of 10 mmol (1.04 g) of styrene
are: catalyst precursor (0.015 g), 30% aqueous H2O2 (2.27 g,
20 mmol), KBr (3.57 g, 30 mmol), HClO4 (5.72 g, 40 mmol, added
in four equal portions at t = 0, 15, 30 and 45 min of reaction time)
and CH2Cl2–H2O (40 mL, 50% v/v) at room temperature for 1 h
(entry No. 8, Table 7). Entry No. 6 presents reaction conditions
{i.e. styrene (1.04 g, 10 mmol) catalyst precursor (0.015 g), 30%
aqueous H2O2 (1.135, 10 mmol), KBr (3.57 g, 30 mmol), HClO4

(5.72 g, 40 mmol} for the maximum formation of 2-bromo-1-phen-
ylethane-1-ol (48% selectivity) along with 51% selectivity of diol
and no formation of the dibromo derivative; however, under these
conditions the maximum conversion obtained was only 79%.
Reducing the amount of HClO4 from 40 to 30 mmol (entry No.
17) improved the conversion to 96% with the formation reasonably
good amount of both bromo derivatives (8% selectivity of mono
bromo and 27% of dibromo) and less amount of diol (64% selectiv-
ity). Thus, lower amounts of H2O2 and HClO4 both direct the reac-
tion to the formation of bromo derivatives in satisfactory amounts.

The other two catalyst precursors, PS-im[VO2(acpy-inh)] (5)
and PS-im[VO2(acpy-nah)] (6), along with neat complexes were
also tested under the above optimized reaction conditions for the
maximum conversion of styrene. The results are presented in Ta-
ble 8 (and Fig. S2 of the SI section). It is clear from the data that
all three supported complexes show comparable catalytic activity
(94–99%); PS-im[VO2(acpy-nah)] being less active. Amongst the
products formed after 1 h of reaction time the selectivity of 1-
phenylethane-1,2-diol is higher (76–80%) while that of 2-bromo-
1-phenylethane-1-ol (bromohydrin) is 11–13%. It was observed
that, extending the reaction time for another 1 h resulted in the
formation of more dibromo product. These catalyst precursors
were also tested for their recyclability and the results (Table 8)
show that upon use they are still active and have slightly lower
but equally good catalytic potential.

Details of time-on analysis i.e. the consumption of styrene and
the selectivity of the formation of major products for all three cat-
alysts are presented in Fig. 11 (and Figs. S3 and S4). Under the
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Table 7
Results of oxidative bromination of 1.04 g (10 mmol) of styrene after 1 h of reaction time using PS-im[VVO2(acpy-bhz)] (4) as catalyst precursor.

Entry No. Catalyst (g) KBr (g, mmol) H2O2 (g, mmol) HClO4 (g, mmol) Solvent (CH2Cl2/H2O) % Conv. % Selectivity

Mono-bromo Dibromo Diol Others

1 0.010 3.57, 30 3.405, 30 5.72, 40 20/20 84 6 2 82 10
2 0.015 3.57, 30 3.405, 30 5.72, 40 20/20 99 2 6 84 8
3 0.020 3.57, 30 3.405, 30 5.72, 40 20/20 99 5 4 86 5
4 0.025 3.57, 30 3.405, 30 5.72, 40 20/20 99 3 6 81 10
5 0.030 3.57, 30 3.405, 30 5.72, 40 20/20 99 3 8 80 9
6 0.015 3.57, 30 1.135, 10 5.72, 40 20/20 79 48 0 51 1
7 0.015 3.57, 30 1.69, 15 5.72, 40 20/20 91 35 2 57 6
8 0.015 3.57, 30 2.27, 20 5.72, 40 20/20 99 11 5 79 5
9 0.015 3.57, 30 2.83, 25 5.72, 40 20/20 99 12 3 80 5

10 0.015 2.38, 20 2.27, 20 5.72, 40 20/20 74 35 0 63 2
11 0.015 2.97, 25 2.27, 20 5.72, 40 20/20 89 29 2 64 5
12 0.015 4.165, 35 2.27, 20 5.72, 40 20/20 99 16 2 78 4
13 0.015 4.76, 40 2.27, 20 5.72, 40 20/20 98 12 5 79 4
14 0.015 3.57, 30 2.27, 20 2.86, 20 20/20 64 11 31 57 1
15 0.015 3.57, 30 2.27, 20 4.29, 30 20/20 84 13 22 62 3
16 0.015 3.57, 30 2.27, 20 5.00, 35 20/20 90 14 5 76 5
17 0.015 3.57, 30 1.135, 10 4.29, 30 20/20 96 8 27 64 1
18 0.015 3.57, 30 2.27, 20 2.86, 20 20/20 99 11 21 67 1
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Fig. 8. Effect of the amount of oxidant (i.e. 30% H2O2) on oxidative bromination of
styrene. Reaction conditions: Catalyst (0.015 g), styrene (1.04 g, 10 mmol), CH2Cl2/
H2O (40 mL, 50% v/v), KBr (3.57 g, 30 mmol), HClO4 (5.72 g, 40 mmol).
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Fig. 9. Effect of the amount of KBr on the oxidative bromination of styrene. Reaction
conditions: Catalyst (0.015 g), styrene (1.04 g, 10 mmol), CH2Cl2/H2O (40 mL, 50% v/
v), H2O2 (2.27 g, 20 mmol), HClO4 (5.72 g, 40 mmol).
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Fig. 10. Effect of the amount of HClO4 on the oxidative bromination of styrene.
Reaction conditions: Catalyst (0.015 g), styrene (1.04 g, 10 mmol), CH2Cl2/H2O (40
mL, 50% v/v), H2O2 (2.27 g, 20 mmol), KBr (3.57 g, 30 mmol).
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experimental conditions presented in entry No. 8 of Table 7, the
formation of 1-phenylethane-1,2-diol and 2-bromo-1-phenyle-
thane-1-ol (bromohydrin) starts with the consumption of styrene.
However, the selectivity of 1-phenylethane-1,2-diol reaches 79%
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013)
after 1 h, while that of 2-bromo-1-phenylethane-1-ol (bromohy-
drin) is only 12%. The formation of diol was always found to be
high [26]. Either no formation of dibromo derivative or its forma-
tion in very low yield has been noted with these catalysts precur-
sors under the above conditions. After 2 h of the reaction the
selectivity of mono bromo product rolls back to nearly zero in all
cases. It seems that formation of 1-phenylethane-1,2-diol occurs
at the expense of the mono bromo derivative. The neat complexes
are equally active and exhibit similar selectivity behavior (Table 8).
However, the recycle ability of the polymer-supported complexes
makes them better catalysts over non polymer-supported ones.
Blank reaction gave ca. 60% oxidative bromination of styrene under
above optimized reaction conditions.

Time on analysis of the results for the experimental conditions
i.e. for the maximum oxidative bromination of styrene presented
in entry No. 6 of Table 7 shows that the selectivity of 2-bromo-1-
phenylethane-1-ol and 1-phenylethane-1,2-diol both increases
with the consumption of styrene and reaches 48% and 51%, respec-
tively, after 1 h. During the next 1 h the formation of 1,2-dibromo-
1-phenylethane starts and its selectivity reaches 35%, while those
of 2-bromo-1-phenylethane-1-ol and 1-phenylethane-1,2-diol
reach 8% and 55%, respectively (Fig. 12).

The reaction mechanisms presented in Scheme 5 throw some
light on the sequential conversion of initially formed dibromo
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Table 8
Product selectivity and% conversion at optimum reaction conditions, chosen for maximum conversion of styrene.

SL.No. Catalyst % Conv. Selectivity (%)

Mono-bromo Dibromo Diol Others TOF (h�1)

1 PS-im[VVO2(acpy-bhz)] (4) 98 11 5 79 5 2016
2 PS-im[VVO2(acpy-inh)] (5) 99 12 3 78 7 2037
3 PS-im[VVO2(acpy-nah)] (6) 94 13 5 76 6 1934
4 PS-im[VVO2(acpy-bhz)] (4)a 96 12 3 78 7 1954
5 PS-im[VVO2(acpy-inh)] (5)a 97 13 4 78 5 1996
6 PS-im[VVO2(acpy-nah)] (6)a 94 14 5 75 6 1934
7 [VVO2(acpy-bhz)] (1) 97 26 73 1 1996
8 [VVO2(acpy-inh)] (2) 98 30 68 2 2016
9 [VVO2(acpy-nah)]�DMSO (3a) 85 36 63 1 1749

10 Blank reaction 60 15 1 80 4 –

a Data for used catalyst (first cycle).
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Fig. 11. Percentage consumption of styrene and selectivity of the formation of
products with time using PS-im[VVO2(acpy-bhz)] (4) as catalyst precursor under the
optimized conditions specified in the text. The selectivity profiles were very similar
for catalyst precursors 5 and 6 (Figs. S3 and S4).
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derivative into the mono-bromo one, which in turn converts into
diol. Thus catalytically in situ generated HOBr, by the reaction of
vanadium complex with KBr in the presence of H2O2 and HClO4, re-
acts with styrene to give the bromonium ion as intermediate. The
nucleophile Br� as well as H2O may both attack the a-carbon of the
intermediate to give 1,2-dibromo-1-phenylethane and 2-bromo-1-
phenylethane-1-ol, respectively. The nucleophile H2O may further
attack the a-carbon of 2-bromo-1-phenylethane-1-ol to give 1-
phenylethane-1,2-diol. These steps justify the formation of 1-
phenylethane-1,2-diol in highest yield under any experimental
conditions mentioned in Table 7.

3.7.2. Oxidative bromination of trans-stilbene
Oxidative bromination of trans-stilbene was carried out with

the biphasic chloroform–water solvent system. Chloroform was
found to be better solvent in terms of solubility of trans-stilbene.
Polymer beads were allowed to swell in chloroform for 4 h prior
to the reaction. Oxidative bromination of trans-stilbene gave
mainly three products: (i) 2,3-diphenyloxirane (TSO = trans-stil-
bene oxide), (ii) 2-bromo-1,2-diphenylethanol and (iii) 1,2-dibro-
mo-1,2-diphenylethane; Scheme 6.

Again PS-im[VVO2(acpy-bhz)] (4) was taken as catalyst precur-
sor and all parameters as stated above were studied in order to
maximize the oxidative bromination of trans-stilbene. Reaction re-
quires ca. 2 h to achieve the equilibrium. Table 9 summarizes var-
ious trials with experimental details for the oxidative bromination
of trans-stilbene and the obtained conversions under several differ-
ent reaction conditions applied.
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Thus, the optimized reaction conditions settled for the maxi-
mum conversion of 0.90 g (5 mmol) of trans-stilbene (entry No.
8; Table 9) are: catalyst precursor (0.015 g), KBr (2.38 g, 20 mmol),
H2O2 (2.27 g, 20 mmol), HClO4 (2.86 g, 20 mmol, added in four
equal portions at t = 0, 30, 60 and 90 min. of reaction time) in
CHCl3–H2O (40 mL, 1:1, v/v). Again addition of HClO4 in four equal
portions, instead of only one portion, was necessary to avoid leach-
ing of complex from the polymer support. Under these conditions,
a reasonably good amount of 2-bromo-1,2-diphenylethanol (8%
selectivity) and 1,2-dibromo-1,2-diphenylethanol (26% selectivity)
with a maximum of 93% conversion of trans-stilbene was achieved.
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Higher amounts of oxidant does not improve the conversion of
trans-stilbene, while higher amounts of HClO4 causes the partial
leaching of complex from the polymer support resulting in lower
conversion.

The high amount of trans-stilbene oxide formed under all
experimental conditions presented in Table 9 led us to extend
experimental trials without KBr (entry No. 10) or without catalyst
(entry No. 11) under the above optimized conditions. Only 2% con-
version of trans-stilbene was obtained in the experiments in the
absence of KBr, while 55% conversion was achieved in the absence
of catalyst. This suggests the importance of KBr in this reaction.
Further, the formation of highest amount of trans-stilbene oxide
(72% selectivity) in the later case led us to propose the following
mechanisms (Scheme 7) for the formation of different products.

Other two polymer anchored complexes PS-im[VVO2(acpy-inh)]
and PS-im[VVO2(acpy-nah)] along with non polymer-anchored
complexes were also used to carry out the transformation and
the results are summarized in Table 10. Under these conditions
the catalytic activity of the different polymer-supported catalysts
follows the order: PS-im[VVO2(acpy-inh)] (95%) > PS-im[VVO2(-
acpy-bhz)] (93%) > PS-im[VVO2(acpy-nah)] (88%). In the case of
the neat complexes the conversion is slightly lower [VVO2(acpy-
inh)] (94%) > [VVO2(acpy-bhz)] (90%) > [VVO2(acpy-nah)] (82%)
but follow the same trend and selectivity profiles. Amongst the
three products formed, the selectivity of the formation of trans-stil-
bene oxide is highest (71–76%), which is followed by 1,2-dibromo-
1,2-diphenylethane (22–25%) and the formation of 2-bromo-1,
2-diphenylethanol is minimum.
3.7.3. Mechanism of oxidative bromination
From the mechanistic point of view involving the oxybromina-

tion reactions, one of the efforts was the elucidation of the main
reaction pathway and identification of intermediates using spec-
troscopic techniques, namely 51V NMR.

The catalytic reactions of styrene described in this study follows
the approach of using a two phase system. The mode of action of V-
dependent bromoperoxidase enzymes (V-BrPOs) has received
much attention [32,36–39] and it is normally accepted that vana-
dium, in the presence of hydrogen peroxide [40–43], forms a per-
oxido vanadium derivative. Oxidation of the bromide ion is
followed by the formation of a bromine equivalent intermediate,
which may then either brominate an organic substrate or react
Table 9
Results of oxidative bromination of 0.90 g (5 mmol) of trans-stilbene after 2 h of reaction

Entry No. KBr (g, mmol) H2O2 (g, mmol) HClO4 (g, mmol) Catalyst (g)

1 3.57, 30 3.405, 30 5.72, 40 0.015
2 3.57, 30 3.405, 30 5.72, 40 0.020
3 3.57, 30 3.405, 30 5.72, 40 0.025
4 1.18, 10 3.405, 30 5.72, 40 0.015
5 2.38, 20 3.405, 30 5.72, 40 0.015
6 2.38, 20 1.13, 10 5.72, 40 0.015
7 2.38, 20 2.27, 20 5.72, 40 0.015
8 2.38, 20 2.27, 20 2.86, 20 0.015
9 2.38, 20 2.27, 20 4.29, 30 0.015

10 0.00, 0 2.27, 20 2.86, 20 0.015
11 2.38, 20 2.27, 20 2.86, 20 –
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with another molecule of Br� to form bromine. The primary oxi-
dant is H2O2 and the role of the VV ion is to serve as a strong Lewis
acid in the activation process. The high efficacy of the bromination
process is associated to the formation of the intermediate, and the
reaction has been considered to take place in two different ‘com-
partments’ of the enzymes: one first step in a hydrophilic region
of the protein, and the second in a hydrophobic region. This has
led to model the reaction by the development of two-phase sys-
tems [31]: (1) the vanadium precursor, H2O2 and KBr are dissolved
in water, where the formation of a VV-peroxido derivative, and the
oxidation of Br� occurs with the formation of an intermediate; (2)
this intermediate is transferred to the organic phase, often a chlo-
rinated solvent (e.g. CHCl3 or CH2Cl2), where the bromination of
substrate takes place. The process in the aqueous phase requires
acidic conditions, probably to promote the protonation of the per-
oxido moiety.

VVO2-complexes catalyze the oxidative bromination of styrene
in the presence of H2O2. In this reaction vanadium complexes react
with 1 or 2 equiv. of H2O2, forming oxidomonoperoxido complexes
which ultimately oxidize the bromide species (to Br2, Br3

� and/or
HOBr), the bromination of the substrate then proceeding with
the liberation of a proton [37], which may act as a reservoir of
the active oxidant. We clearly identified monoperoxido VV-com-
time using PS-im[VVO2(acpy-bhz)] (4) as catalyst precursor.

CHCl3/H2O2 (1:1) (mL) % Conv. % Selectivity

Mono-bromo Dibromo TSO Others

40 91 7 15 75 3
40 93 5 13 80 2
40 92 6 13 79 2
40 80 9 32 58 1
40 95 4 22 73 1
40 83 5 25 67 3
40 93 4 29 65 2
40 93 8 26 74 2
40 95 4 26 77 3
40 2 0 0 0 2
40 55 8 15 72 5

, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Table 10
Results of oxidative bromination of trans-stilbene catalysed by different catalyst precursors. Conversion and relative amounts of products obtained after 2 h of reaction.

SL. No. Catalyst % Conv. Selectivity (%)

Mono-bromo Di bromo Stilbene oxide Others TOF(h�1)

1 PS-im[VVO2(acpy-bhz)] (4) 93 1 23 74 2 359
2 PS-im[VVO2(acpy-inh)] (5) 95 1 22 74 3 366
3 PS-im[VVO2(acpy-nah)] (6) 88 1 24 72 3 339
4 PS-im[VVO2(acpy-bhz)] (4)a 91 1 20 74 5 347
5 PS-im[VVO2(acpy-inh)] (5)a 94 1 23 73 3 355
6 PS-im[VVO2(acpy-nah)] (6)a 86 1 25 72 2 328
7 [VVO2(acpy-bhz)] (1) 90 1 25 71 3 347
8 [VVO2(acpy-inh)] (2) 94 1 22 76 1 363
9 [VVO2(acpy-nah)]�DMSO (3a) 82 1 25 71 3 316

a Data for used catalyst (first cycle).
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plexes, e.g. CV dV = �588 ppm Fig. 13; more details of the suggested
speciation of the system are shown in Scheme 3. Upon addition Br�

brominated species may form (see CVI or CVIa or CVIb, Scheme 3)
which may be responsible for the formation of bromohydrin.
Accordingly, the hypobromite-like species should be directly
involved in the ‘‘Br+’’ transfer process or, at least, it is one of the
active species in the bromination process [38]. The occurrence,
during the catalytic cycle, of a similar species, where the equatorial
peroxido oxygen is protonated and the Br� is prone to coordinate
the other peroxidic oxygen, has been proposed [39], which ulti-
mately oxidize the bromide species (most likely to HOBr) and bro-
minates the substrate. Therefore the halogenations may proceed
involving the intermediates containing bound OBr�, namely the
intermediates included in Scheme 3, where we tentatively suggest
assignments for the resonances observed in the 51V NMR experi-
ments to VV-complexes containing OBr� as also suggested in previ-
ous studies [27]. Hypobromite intermediates have been detected
by ESI-MS on model systems [44].

It is plausible that in the present systems the VV-catalysts act
mainly to produce the bromide-containing species, e.g. a bromoni-
um ion intermediate; the reactions then proceed to form other
species, some not containing the Br atom. In the absence of a VV-
complex the reaction also proceeds with reasonable conversion,
but with distinct selectivity profiles. The presence of KBr is essen-
tial to get reasonable conversion, although in many cases the
brominated compounds are not the main products obtained.
Fig. 13. 51V NMR spectra of solutions (ca. 4 mM) in DMSO-d6 (a) of compound 1; (b)
solution of (a) after addition of 3.0 equiv. KBr and 2.0 equiv. H2O2 (solution of 30%
H2O2); (c) solution of (b) after ca. 15 min. (d) solution of (a) after addition of 3.0
equiv. of H2O2 (solution of 30% H2O2).
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Fig. 13 depicts 51V NMR experiments with catalytic precursors
upon additions of H2O2 and KBr. New resonances appear at
�584 ppm (and at �599 to �601 ppm). The resonance observed
here at dV = �584 ppm is tentatively assigned to a species contain-
ing coordinated OBr� which, as mentioned, could be responsible
for the formation of the bromohydrin (see structures CVI, CVIa or
CVIb Scheme 3). Therefore the halogenations may indeed proceed
involving the intermediates outlined in Scheme 3. However, the
resonance at dV � �584 ppm may also be ascribed to other formu-
lations not containing bound hypobromite ion, thus definite
assignments for these resonances cannot be made in the present
systems.
3.7.4. Oxidation of benzoin
The production of benzil from benzoin has attracted much

attention, as benzil is a particularly useful intermediate for the
synthesis of heterocyclic compounds and benzylic acid rearrange-
ments [4,45–47]. The catalytic oxidation of benzoin was achieved
successfully with these polymer-supported complexes using 30%
aqueous H2O2 as oxidant. The polymer beads were allowed to swell
in methanol for 2 h prior to the reaction. The main products ob-
tained were: benzil, methylbenzoate, benzoic acid and benzalde-
hyde-dimethylacetal; Scheme 8.

To optimize the reaction conditions for the maximum oxidation
of benzoin, the effect of various amounts of catalyst on the oxida-
tion of benzoin for the fixed conditions of: benzoin (1.06 g,
5 mmol) and 30% H2O2 (1.13 g, 10 mmol) in 15 mL of methanol
at reflux temperature was studied as a function of time for 6 h
and the results are illustrated in Fig. 14. Increasing the catalyst pre-
cursor amount from 0.010 to 0.015 g increases the conversion from
56% to 69%. This conversion further improved to 74% on increasing
the catalyst amount to 0.020 g, but no significant improvement in
the conversion was noted on further increasing its amount. There-
fore an amount of 0.020 g was considered the best for optimum
conversion of benzoin in 6 h of reaction time, and the experiments
described below were carried out using this amount of catalyst
precursor.

Variation in the volume of the solvent was also studied by tak-
ing 10, 15 and 20 mL of methanol; Fig. 15. It was observed that
15 mL of methanol for 1.06 g (5 mmol) of benzoin, 0.020 g of cata-
lyst and 1.13 g 30% H2O2 was sufficient enough to carry out the
reaction at reflux temperature for satisfactory transformation
(73%) of benzoin.

The effect of amount of oxidant was studied considering three
different benzoin to H2O2 molar ratios of 1:1, 1:2 and 1:3 under
the above optimized conditions i.e. amount of benzoin (1.06 g,
5 mmol) and PS-im[VVO2(acpy-bhz)] (0.020 g) in refluxing
methanol (15 mL). A maximum of 87.0% conversion was achieved
at a benzoin to H2O2 molar ratio of 1:3 in 6 h of reaction time while
1:1 and 1:2 ratios resulted in 60.0% and 75.0% conversion,
, http://dx.doi.org/10.1016/j.ica.2013.11.021
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Scheme 8. Oxidation products of benzoin: (a) benzil, (b) methyl benzoate, (c) benzoic acid and (d) benzaldehyde-dimethylacetal.
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Fig. 14. Effect of the amount of catalyst PS-im[VVO2(acpy-bhz)] (4) on oxidation of
benzoin. Reaction conditions: benzoin (1.06 g, 5 mmol) and 30% H2O2 (1.13 g,
10 mmol) in methanol (15 mL) at reflux temperature.
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Fig. 16. Effect of the amount of oxidant (i.e. 30% H2O2) on the oxidation of benzoin.
Reaction conditions: PS-im[VO (acpy-bhz)] (0.020 g) and benzoin (1.06 g, 5 mmol)
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respectively; Fig. 16. Thus, the substrate to oxidant ratio of 1:3 was
considered the best ratio to obtain maximum oxidation of benzoin
(87%) in 6 h of reaction time.

Thus, optimized operating reaction conditions for the maxi-
mum oxidation of benzoin were fixed as follows: benzoin (1.06 g,
5 mmol), PS-im[VO2(acpy-bhz)] (0.020 g), 30% H2O2 (1.7 g,
15 mmol) and methanol (15 ml) at reflux temperature. Under these
conditions other catalysts were also tested and the results are sum-
marized in Table 11. It is clear from the table that the catalytic
activity of polymer-supported catalysts PS-im[VO2(acpy-bhz)] (4)
and PS-im[VO2(acpy-inh)] (5) is comparable, but in similar condi-
tions PS-im[VO2(acpy-nah)] (6) shows lower catalytic activity.
The corresponding neat complexes showed lower conversions
and distinct selectivity: the formation of different products for
polymer-anchored catalysts follows the order: benzil (a) > benzoic
acid (c) > benzaldehyde-dimethylacetal (d) > methylbenzoate (b).
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Fig. 15. Effect of the amount of solvent methanol on oxidation of benzoin. Reaction
conditions: PS-im[VVO2(acpy-bhz)] (4) (0.020 g), benzoin (1.06 g, 5 mmol) and 30%
H2O2 (1.13 g, 10 mmol) at reflux temperature of methanol.
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With the corresponding neat complexes this order is benzil
(a) > benzaldehyde-dimethylacetal (d) > benzoic acid (c) > meth-
ylbenzoate (b). The relative amount of benzil is higher, and that
of benzoic acid is lower when using the systems in homogeneous
conditions. The distinct changes in the conversion and selectivity
of products for catalyst (3) from other two may be due to its partial
existence as a dinuclear species in methanol under the catalytic
conditions. The global conversion of benzoin is comparable with
that previously reported for the catalytic activity of PS-[VVO2

(sal-his)] (Hsal-his = Schiff base derived from the reaction of
salicylaldehyde and histamine) [4], but the selectivity toward ben-
zil is significantly improved in present study, as well as the TOF
values.

Fig. 17 shows percentage consumption of benzoin for PS-im[VV-

O2(acpy-bhz)] (4) along with the percentage product formation
with the course of time (6 h), under the optimized reaction condi-
tions as described above. It is clear from the plot that formation of
2

in refluxing methanol (15 mL).

Table 11
Conversion of benzoin and selectivity of the formation of various products after 6 h of
reaction.

Catalyst Conv. % Product selectivity (%)a

a b c d Others TOF (h�1)

Ps-[VVO2(acpy-bhz)] (4) 87 46 5 35 13 1 111
Ps-[VVO2(acpy-inh)] (5) 90 47 8 33 12 1 116
Ps-[VVO2(acpy-nah)] (6) 81 49 6 30 14 1 104
Ps-[VVO2(acpy-bhz)] (4)b 84 44 5 36 14 1 108
Ps-[VVO2(acpy-inh)] (5)b 86 46 8 34 10 2 111
Ps-[VVO2(acpy-nah)] (6)b 78 50 6 29 13 2 100
[VVO2(acpy-bhz)] (1) 67 54 5 10 31 – 86
[VVO2(acpy-inh) (2) 70 56 2 12 30 – 90
[VVO2(acpy-nah)]�DMSO (3a) 60 54 3 20 23 – 77
Blank reaction 48 41 8 34 15 2 –

a a: benzil, b: methylbenzoate, c: benzoic acid and d: benzaldehyde-
dimethylacetal.

b Data for used catalyst (first cycle).
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Fig. 17. Percentage conversion of benzoin and selectivity of the formation of
products with time using PS-im[VVO2(acpy-bhz)] (4) as catalyst precursor under the
optimized conditions specified in the text.
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all four products start from the beginning of the consumption of
the benzoin. The consumption of benzoin is relatively fast for the
first 4 h (83%) and within the next 2 h reaches 87% (at the end of
6 h). Similarly, the rate of formation of benzil is highest among
all the products up to 4 h (35%) and then improves slowly for the
remaining 2 h (up to 40%). Methyl benzoate, benzoic acid and
benzaldehyde-dimethylacetal form slowly for initial 1 h (3%, 2%
and 1%, respectively); after that the amount of methyl benzoate in-
creases more rapidly, with 30% formation at the end of 5 h. The
amounts of benzoic acid and benzaldehyde-dimethylacetal in-
crease very slowly throughout the 6 h of reaction, with an overall
11% and 5% formation, respectively, till the end of the process.

Similar trends were observed for PS-im[VVO2(acpy-inh)] (5) and
PS-im[VVO2(acpy-nah)] (6) (Figs. S5 and S6 of SI section). For PS-
im[VVO2(acpy-inh)], the percentage product formation of benzil,
methylbenzoate, benzoic acid and benzaldehyde-dimethylacetal
is 42%, 30%, 10%, 7%, respectively with 90% consumption of
benzoin. For PS-im[VVO2(acpy-nah)] (5) the percentage product
formation of benzil, methylbenzoate, benzoic acid and benzalde-
hyde-dimethylacetal is 40%, 24%, 11%, 5%, respectively, with 81%
consumption of benzoin at the end of 6 h.
4. Conclusions

Three potentially polymer-supported (PS) VVO2-complexes with
ONN donor ligands, abbreviated herein as PS-im[VVO2(acpy-bhz]
(4) PS-im[VVO2(acpy-inh)] (5) and PS-im[VVO2(acpy-nah] (6), were
designed, synthesized and characterized. The corresponding neat
complexes were also characterized by analytical and spectroscopic
techniques. A monomeric version of complex 3 was also character-
ized by single crystal X-ray diffraction analysis.

The prepared VVO2-complexes, polymer-supported as well as
neat complexes, were successively used as catalyst precursors for
the oxidative bromination of styrene and trans-stilbene using
30% aqueous H2O2 as an oxidant. Thus these VV-complexes may
be considered as functional models of VHPOs. Their catalytic po-
tential for benzoin oxidation was also demostrated. The polymer-
supported catalysts are thermally more stable, selective, easy
recoverable from the reaction mixture and recyclable without
much decrease of activity. Interestingly, reactions take place in
the absence of the vanadium complexes, with moderate conver-
sions of the substrates, but the selectivity profiles of the reaction
products differ; namely much lower amounts of brominated prod-
ucts are obtained. In the absence of KBr almost no conversion of
Please cite this article in press as: M.R. Maurya et al., Inorg. Chim. Acta (2013)
e.g. trans-stilbene was achieved under the experimental conditions
used.

The complexes can also be converted, by treatment with H2O2,
to the corresponding peroxido-complexes, similar to what is ex-
pected to be one of the intermediates in the catalytic cycle of the
activity of VHPO. 51V NMR experiments with DMSO solutions of
the neat complexes, by adding methanol, acid, KBr and/or H2O2 al-
lowed to detect several distinct VVO2-, VVO-, VVO(OH)- and VV-

O(O2)-species in solution. Some of these, namely the VVO(O2)–L
and species probably containing coordinated OBr�, are plausible
intermediates in the catalytic reactions to produce the bromine-
containing intermediates.
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