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bstract

Reaction between N,N′-bis(salicyledene)diethylenetriamine (H2saldien) covalently bonded to chloromethylated polystyrene cross linked with 5%
ivinylbenzene (abbreviated as PS-H2saldien, I) and aqueous potassium vanadate at ca. pH 6.5 results in the formation of polymer-anchored complex
S-[VO(saldien)] (1). Cupric acetate on reaction with I in methanol gives PS-[Cu(saldien)] (2). Formations of these complexes were confirmed
y IR and electronic spectroscopic techniques, elemental and thermo gravimetric analyses and scanning electron micrographs. Catalytic potential
f these complexes have been tested for the oxidation of phenol and hydroquinone using 30% H2O2 as an oxidant. Various reaction parameters
uch as substrate to oxidant ratio, concentration of catalysts and solvent of the reaction medium have been optimised to get maximum oxidation
f phenol to p-benzoquinone selectively. Under optimised conditions, i.e. phenol (1.88 g, 20 mmol), H2O2 (4.56 g, 40 mmol), PS-[Cu(saldien)]
30 mg), temperature (70 ◦C) and water (10 ml), the phenol conversion was found to be 22.2% and percentage yield of the main products p-
enzoquinone and catechol are 14.4% and 7.8%, respectively. PS-[VO(saldien)] exhibits only 3% conversion in water with 100% selectivity

owards benzoquinone. Both the catalysts become more selective towards catechol formation along with higher conversion in acetonitrile. The
electivity of p-benzoquinone was also found to be dependent on volume and nature of solvent, and temperature. Hydroquinone oxidation was also
ound to be pH dependent; carbonate buffer gives quantitative conversion within 30 min at 1:6 substrate to oxidant ratio.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Quinones, the important constituent of natural products like
o-enzyme and vitamins, are of immense biological importance.
hey play vital role as electron acceptors in the electron transport
ystem of photosynthesis I and II (Vitamin K1 in phylloqui-
one) and respiratory element of biosystem. In addition, they
xhibit miscellaneous industrial applications as fine chemicals
nd have been used as polymerizable inhibitor, antioxidant and

edicines and as dienophiles in the organic synthesis [1,2]. A

eneral method for the preparation of quinones is the oxida-
ion of phenol and its derivatives [3]. Number of oxidants, e.g.,
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ineral acids [4], Fermy’s salt [5], lead tetraacetate [6], cerium
mmonium nitrate [7], and other transition metal ions [8] have
een employed but most of these suffer from the drawback like,
omogenous reaction conditions and generation of toxic side
astes. Moreover, all these systems have shown poor para/ortho

electivity. These demanded the development of new catalytic
rotocols that fulfill the demands for the green chemistry and
lso provide better selectivity in terms of para to ortho ratio. Sev-
ral heterogeneous catalytic methods have been developed for
he oxidation of phenol that showed significant advantages over
heir homogeneous counterpart like, easy separation from reac-
ion mixture, thermal stability and recyclability. Several research

roups have carried out phenol oxidation using various types
f catalysts and reported a wide range of product selectivity
9–22]. Molecular sieve based catalysts, TS-1 and TS-2 have
een proved to be the promising catalysts for the hydroxylation

mailto:rkmanfcy@iitr.ernet.in
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Scheme 1.

f phenol [19–22]; TS-1 catalysts has been commercialised for
he oxidation of phenol by Enichem [21]. Attempts have also
een made to improve benzoquinone selectivity from phenol
xidation [23–27].

Oxidation of hydroquinone to benzoquinone is also a very
mportant physiological reaction and copper metal is found to
e the most efficient catalysts for this reaction. Effort has also
een made to study the hydroquinone kinetics in the presence
f 30% H2O2 as an oxidant [28].

Catalytic potential of [Cu(saldien)] and [VO(saldien)] (H2
aldien = N,N′-bis(salicyledene)diethylenetriamine) (Scheme 1)
as recently been investigated. For example, oxidation of phenol
atalysed by [VO(saldien)] [29] and [Cu(saldien)] [30] encap-
ulated in zeolite-Y has been reported to give catechol and
ydroquinone in acetonitrile, where selectivity of catechol was
s high as ca. 90% with copper catalyst. Catalytic potential
f [VO(saldien)] covalently bonded to functionalized SBA-15
or the oxyfunctionalization of limonene, using urea hydro-
enperoxide as an oxidant has been explored by Joseph and
alligudi [31]. We were interested in modifying the catalyst

upport and reaction conditions to alter the selectivity of cat-
lysts [VO(saldien)] and [Cu(saldien)] towards the formation
f p-benzoquinone on the oxidation of phenol. In the present
nvestigation, we have, therefore, immobilized these catalysts
hrough covalent bonding to chloromethylated polystyrene and
ptimised the reaction conditions to improve the selectivity
owards the p-benzoquinone formation upon the oxidation of
henol. Oxidation of hydroquinone using these catalysts has also
een carried out. Amongst heterogeneous catalytic systems, the
mmobilization of homogenous catalysts onto polymer is also a
opic of wide interest [32].

. Experimental

.1. Materials

Chloromethylated polystyrene (18.9% Cl i.e. 5.3 mmol
l/g of resin and 5% cross-linked with divinylbenzene) was
btained as gift from Thermax Limited, Pune, India. Ana-
ytical reagent grade cupric acetate monohydrate and phe-
ol were purchased from E. Merck, India. Hydroquinone
nd DMF were the products of Ranbaxy fine chemicals,

ndia. Vanadium pentaoxide was procured from S.D. fine-
hemicals, India and 30% H2O2 was procured from Thomas
aker, India. N,N′-Bis(salicyliden)diethylenetriamine [29,30]
nd [VO(acac)2] [33] were prepared according to the methods
eported in the literature.

b
a
s
c
6
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.2. Physical methods and analysis

Elemental analyses of the ligands and complexes were
btained by an Elementary model Vario-EL-III. IR spectra were
ecorded as KBr pellet on a Nicolet NEXUS Aligent 1100 series
T-IR spectrometer after grinding the sample with KBr. UV–vis
pectra of the anchored ligand and complexes were recorded in a
ujol on a Shimadzu 1601 UV–vis spectrophotometer by layer-
ng the mull of the sample to inside of one of the cuvettes while
eeping the other one layered with nujol as reference. Spec-
ra of neat complexes were recorded in methanol. Copper and
anadium analyses of the anchored complexes were obtained by
tomic absorption spectrometer (AAS-Hitachi Model Z-8000)
fter decomposing the complexes with conc. HNO3 and diluting
he filtrate with distilled water (for copper) or with very dilute
queous KOH solution (in case of vanadium) to specific volume.
canning electron micrographs (SEM) of the polymer-anchored

igand and complexes were recorded on a Leo instrument model
35 VP after coating the samples with thin film of gold to pre-
ent surface changing and to protect the surface material from
hermal damages by the electron beam. Thermogravimetric anal-
sis of the complexes was carried out under oxygen atmosphere
sing TG Stanton Redcroft STA 780.

.3. Synthesis

.3.1. Polymer-anchored N,N′-bis(salicylidene)-
iethylenetriamine (PS-H2saldien, I)

Chloromethylated polystyrene beads (8.0 g, 42.8 mmol equiv.
l) were allowed to swell in 40 ml of DMF for 2 h at room

emperature. A DMF solution (30 ml) of H2saldien (40.0 g,
28 mmol) was added to the above suspension followed by
riethylamine (12.0 g, 118 mmol) in ethylacetate (60 ml); the
l:ligand ratio was approximated to be 1:3. The obtained reac-

ion mixture was heated at ca. 80 ◦C in an oil bath while con-
inuous mechanical stirring for ca. 24 h. After cooling to room
emperature the reddish-yellow resin beads were filtered off,
ashed with hot DMF followed by hot ethanol and dried in an

ir oven at ca. 120 ◦C. Obs. for (PS-H2saldien): C, 67.50%; H,
.19%; N, 5.92%.

.3.2. PS-[VO(saldien)] (1)
Polymer-anchored ligand, PS-H2saldien (3.5 g, 4.93

mol equiv. of nitrogen) was allowed to swell in water for
h prior to the reaction. In a separate flask vanadium(V)
xide (3.27 g, 18 mmol) was dissolved in aqueous KOH (1.5 g,
7 mmol in 50 ml) and stirred for 2 h with occasional heating at
a. 50 ◦C. The potassium vanadate thus generated was filtered
nd the filtrate was added to the above suspension with stirring.
his stirring was continued to next 6 h while adjusting the pH of

he reaction mixture slowly to ca. 6.5. The reddish-brown resin

eads were filtered off, washed with water followed by ethanol
nd dried in air oven at ca. 100 ◦C where reddish-brown beads
lowly changed to green due to reduction of dioxovanadium(V)
omplex to oxovanadium(IV). Obs. for PS-[VO(saldien)]: C,
3.46%; H, 6.16%; N, 5.66%; V, 4.2%.
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are thermally stable up to 200 C and there after slowly decom-
pose exothermally in multiple steps. Quantitative measurement
of weight loss at various steps was not possible due to their
overlapping nature.
M.R. Maurya, S. Sikarwar / Journal of Mole

.3.3. PS-[Cu(saldien)] (2)
Polymer-anchored ligand PS-H2saldien (3.5 g, 4.93

mol equiv. of nitrogen) was allowed to swell in 20 ml of DMF
or 2 h. A DMF solution (50 ml) of cupric acetate monohydrate
2.6 g, 13 mmol) was added to the above suspension and the
eaction was heated at ca 80 ◦C in an oil bath with continuous
tirring for 8 h. After cooling to room temperature, the reaction
ixture was filtered off, washed with hot DMF followed

y hot ethanol and dried in air oven at 120 ◦C. Obs. for
PS-Cu(saldien)]: C, 65.11%; H, 6.33%; N, 5.73%; Cu, 6.43%.

.3.4. [VO(saldien)] (3)
Salicylaldehyde (2.44 g, 20 mmol) and diethylenetriamine

1.03 g, 10 mmol) were dissolved in 40 ml of dichloromethane
nd stirred at ambient temperature for 1 h. After addition of
nhydrous Na2SO4 (1.0 g) to the above solution, it was fur-
her stirred for next 2 h and filtered. To the filtrate [VO(acac)2]
2.65 g, 10 mmol) was added in one portion and the reaction
ixture was stirred for 4 h The separated green solid was filtered

ff, washed with diethyl ether and dried in vacuum desiccator.
ield 60%. Obs.: C, 57.2%; H, 4.98%; N, 11.03%. Calcd. for
18H19N3O3V: C, 57.61%; H, 4.83%; N, 11.20%.

.3.5. [Cu(saldien)] (4)
Ligand H2saldien was prepared in situ in dichloromethane

s stated above and to this was added CuCl2·2H2O (1.70 g,
0 mmol) dissolved in 20 ml of dichloromethane. After stirring
he reaction mixture at room temperature for 4 h, the volume of
he solvent was reduced to ca. 20 ml where a green solid slowly
recipitated out within 4 h. This was filtered off, washed with
iethyl ether and dried in vacuum desiccator. Yield 45%. Obs.:
, 58.02%; H, 4.61%; N, 11.11%. Calcd. for C18H19N3O2Cu:
, 58.13%; H, 4.88%; N, 11.30%.

.4. Catalytic activity

.4.1. Oxidation of phenol
In a typical reaction, phenol (1.88 g, 20 mmol) was dis-

olved in 10 ml of water in 50 ml of double necked round
ottom flask and to this 30% H2O2 (2.28 g, 20 mmol) and PS-
VO(saldien)] or PS-[Cu(saldien)] (30 mg) were added. The
eaction was carried out at 70 ◦C and the progress of the reac-
ion was monitored by withdrawing small aliquots of the reac-
ion mixture periodically and analyzing quantitatively by Ther-
oelectron gas-chromatograph having HP-1 capillary column

30 m × 0.25 mm × 0.25 �m) and FID detector. Standard solu-
ion of phenol, catechol and p-benzoquinone were used exter-
ally for calibration.

.4.2. Oxidation of hydroquinone
Oxidation of HQ was carried out in a 50 ml of flask by

harging hydroquinone (0.55 g, 5 mmol), 30% H2O2 (1.14 g,

0 mmol), PS-[VO(saldien)] or PS-[Cu(saldien)] (30 mg) in
0 ml of acetate buffer as the reaction medium. The reaction
as carried out at room temperature and progress was monitored

hrough UV–vis spectrophotometer. The percent conversion of
S
t
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ydroquinone to p-benzoquinone was calculated through cali-
ration plot method.

. Result and discussion

.1. Synthesis and characterisation of catalysts

Ligand, H2saldien obtained by the condensation of salicy-
aldyhyde and diethyleletriamine reacts with chloromethylated
olystyrene (18.9% Cl, 5.35 mmol Cl/g resin) crosslinked with
% divinylbenzene in DMF in the presence of triethylamine and
thylacetate to give polystyrene supported ligand, PS-H2saldien.
n the process of anchoring, the NH group of H2saldien
eacts with –CH2Cl as shown in Scheme 2. Previously we
ave reported anchoring of 2-(�-hydroxy)methylbenzimidazole
Hhmbmz) and 2-(�-hydroxyethyl)benzimidazole(Hhebmz) to
hloromethylated polystyrene through NH group of the benzim-
dazole moiety [34]. At least 80 ◦C was required temperature for
ffective anchoring. Miller and Sherrington have used refluxing
oluene for anchoring of organic ligand through NH group to the
hloromethylated polystyrene [35]. Joseph and Halligudi have
nchored [VO(saldien)] on to fuctionalized SBA-15 through
H of the imine group [31]. The remaining chlorine content of
.43 mmol/g resin in the anchored ligand suggests roughly 70%
onversion with respect to the available chloromethyl group.

The reaction of potassium vanadate, generated in situ by
issolving V2O5 in an aqueous solution of KOH, with the
nchored ligand, PS-H2saldien and adjusting pH of the reaction
ixture to ca. 6.5 results in the formation of unstable polymer-

nchored dioxovanadium(V) species that converts slowly to
xovanadium(IV) complex PS-[VO(saldien)] (1) during dry-
ng process. Slow transformation of oxovanadium(V) complex
f N-(2-phosphonomethyl)iminodiacetic acid (H4pida) to stable
xovanadium(IV) complex, Na4[{VO(pida)}2] has earlier been
oted in solution where NaVO3, an oxovanadium(V) starting
aterial, was used [36]. The polymer anchored complex, PS-

Cu(saldien)] (2) was synthesised by reacting anchored ligand
ith cupric acetate in DMF. The whole synthetic procedures are
resented in Scheme 3. In complexes 1 and 2, the ligand:metal
toichiometry ratio was found to be 1.63:1 and 1.25:1, respec-
ively, that clearly shows the metal% conversion of 61% and
1.63%, respectively. The relevant analytical data of ligand and
omplexes are presented in Table 1. Thermogravimetric analy-
es of both the complexes in oxygen atmosphere show that they

◦

cheme 2. Reaction scheme for the synthesis of PS-H2saldien; PS represents
he backbone of the chloromethylated polystyrene.
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ture has been suggested for [VO(saldien)] supported on SBA-15
cheme 3. Reaction scheme for the preparation of PS-[VO(saldien)] and PS-
Cu(saldien)] and their proposed structure.

.1.1. Spectral studies
The chloromethylated polystyrene shows strong peaks at

264 and 673 cm−1 [37] in the IR spectrum and absence of
hese peaks in PS-H2saldien suggests the covalent bonding of
hloromethylated polystyrene with H2saldien (cf. Scheme 2).
his is further supported by the absence of ν(NH) band
ppearing at 3060 cm−1 in H2saldien. The presence of multi-
le bands of medium intensity covering the 2800–2900 cm−1

egions suggests the existence of –CH2 group. A broad band
n the 2550–2700 cm−1 regions in H2saldien is assigned due to
ntramolecular hydrogen bonding between phenolic–OH and the
itrogen of azomethine/secondary amine. Absence of this band
n polymer-anchored complexes suggests the breaking of hydro-
en bonding followed by coordination of phenolic oxygen after
roton replacement. This is further supported by the absence
f ν(OH) band in ca. 3500 cm−1 region. A band corresponding
o ν(C N) at 1630 cm−1 in PS-H2saldien shifts to lower wave
umber thereby indicating the coordination of azomethine nitro-
en to the metal ions. The appearance of 2–4 bands in the low
requency region (400–500 cm−1) also suggests the coordina-
ion of nitrogen and oxygen to the metal ion. Neat complexes
VO(saldien)] and [Cu(saldien)] exhibit very similar spectral
ands. The non-involvement of nitrogen of the NH group in
oordination is indicated by the presence of ν(NH) at 3230 cm−1

n [VO(saldien)] and at 3140 cm−1 in [Cu(saldien)]. The exis-
ence of free NH group in [Zn(saldien)] has been established on
he basis of 1H NMR study [30]. In addition, PS-[VO(saldien)]

nd [VO(saldien)] exhibit a medium intensity band at 930 and
27 cm−1 due to ν(V O) and this indicates the presence of vana-
ium at the centre.

able 1
hysical data of ligands and complexes

ompound Ligand
loading

Metal
ion
loading

Ligand:
metal
ratio

Metal
conversion (%)

S-saldien 1.41 – – –
S-[Cu(saldien)] 1.27 1.01 1.25:1 71.63
S-[VO (saldien)] 1.35 0.82 1.63:1 61.0

o
f
t

T
E

C

H
P
P
[
P
[

ig. 1. Electronic spectra of PS-H2saldien (a), PS-[VO(saldien)] (b) and PS-
Cu(saldien)] (c) recorded in Nujol.

Fig. 1 presents electronic spectra of polymer-anchored lig-
nd and complexes, spectral data in Table 2. The spectrum of
2saldien exhibits four bands at 402, 316, 255 and 220 nm. The
olymer-supported ligand, PS-H2saldien also exhibit the same
umber of bands with slightly shift in their position as com-
ared to H2saldien. The bands at 255 and 220 nm are assignable
o �–�* and �–�* transitions, respectively, while the first two
ands seem split band of n–�* transition. A weak shoulder
and also appears at ca. 280 nm, which is assigned as intra
olecular hydrogen bonding. Absence of shoulder band in the

pectra of all complexes suggests the destruction of hydrogen
onding and coordination of phenolic hydrogen to metal cen-
re. Other bands are also observed in neat as well as supported
omplexes. The band at ca. 360 nm (in copper complexes) and
88 nm (in vanadium complexes) has been assigned due to lig-
nd to metal charge transfer (lmct) band. While no other bands
ould be located in polymer-anchored complexes due to the poor
oading of metal complexes, a new band at 625 nm (in neat
Cu(saldien)]) and 660 nm (in neat [VO(saldien)]) is assigned
ue to d–d transition. The spectral patterns of neat as well as
nchored copper(II) complexes compare well with the zeolite-
ncapsulated [Cu(saldien]-Y and [Cu(salpn)]-Y, where square
lanar structure have been suggested. A square pyramidal struc-
n the basis of spectral studies [31]. We expect similar structure
or anchored complex, PS-[(VO(saldien)] as similar spectral pat-
erns were also observed for this.

able 2
lectronic spectral data

ompounds Solvent λmax (nm)

2saldien MeOH 402, 316, 280, 255, 220
S-H2saldien Nujol 407, 330, 284, 258, 222
S-[Cu(saldien)] Nujol 360, 278, 223, 205
Cu(saldien)] MeOH 625, 362, 267, 240, 223
S-[VO(saldien)] Nujol 388, 287, 228, 219
VO(saldien)] MeOH 660, 388, 314, 254, 206
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been reported in the literature [38].

3.2.1.2. Effect of catalyst concentration. For the fixed operating
conditions of phenol (1.88 g, 20 mmol) and 30% H2O2 (4.56 g,

Table 3
Effect of H2O2 concentration on the conversion of phenol and selectivity of
productsa

Phenol:
H2O2 ratio

Conversion (%) TOF (h−1)b Product selectivity (mol%)

p-Benzoquinone Catechol

1:1 9.4 15.5 82 17.0
1:2 22.2 36.6 64.5 34.6
Scheme 4. Oxidation products of phenol.

.1.2. Scanning electron micrographs studies
Scanning electron micrographs (SEM) of pure chloromethy-

ated polystyrene, anchored ligand PS-H2saldien and polymer-
nchored complexes were recorded taking single bead of each
o understand the morphological changes occurring at various
evels of syntheses. A light roughening of the top layer of
ead having polymer-anchored ligand as compared to relatively
mooth and flat surface of neat polystyrene bead suggests the
hange of nature of bead on covalent bonding. Images of metal
omplex beads show further roughening of the top layer which
s possibly due to interaction of metal ions with ligand to arrange
n the fixed geometry of the complex. Accurate information on
he morphological changes in terms of exact orientation of lig-
nd coordinated to the metal ion has not been possible due to
oor loading of the metal complex.

.2. Catalytic activity

.2.1. Oxidation of phenol
Oxidation of phenol, generally, gives catechol and hydro-

uinone as major products. These are the expected products
ccording to the directing effect of the phenolic OH group.
owever, subsequent oxidation of hydroquinone may provide
enzoquinone; Scheme 4. In the present investigation, we have
tudied the oxidation of phenol catalysed by polymer-anchored
omplexes using H2O2 as oxidant in aqueous medium and only
wo products namely catechol and p-benzoquinone were iden-
ified. This reflects the fact that hydroquinone formed in the
eginning is further oxidized to benzoquinone.

We have optimised the reaction conditions to achieve better
electivity for the formation of p-benzoquinone along with the
aximum oxidation of phenol. Thus, catalysts PS-[Cu(saldien)]
as taken as a representative and the effect of amount of cata-

yst, effect of H2O2 concentration (moles of H2O2 per mole of
henol), effect of temperature and volume of solvent have been
tudied.

.2.1.1. Effect of H2O2 concentration. The oxidation of phenol
s dependent of the amount of oxidant H2O2 used during reac-

ion. As shown in Fig. 2, at a H2O2 to phenol molar ratio of 1:1 for
he fixed amount of phenol (1.88 g, 20 mmol), PS-[Cu(saldien)]
30 mg) and temperature (70 ◦C) in 10 ml of water, only 9.4%
onversion was achieved in ca. 4 h of contact time. Increasing

1
1

ig. 2. Effect of H2O2 concentration on phenol oxidation, reaction conditions:
henol (1.88 g, 20 mmol), PS-[Cu(saldien)] (30 mg), temperature 70 ◦C and
ater (10 ml).

he ratio to 1:2 increases the conversion to 22.2%. This con-
ersion goes down to ca. 18% on further increasing the ratio.
able 3 analyses the percent conversion of phenol and selectivity
f products formation after 4 h of reaction time. At lowest con-
entration (1:1) of oxidant the selectivity for the p-benzoquinone
as highest (82%) and started to take a decreasing trend (64.5%

at 1:2) <59.2% (at 1:3) <54.0% (1:4) with the increase of
xidant concentration. At the same time the selectivity of cat-
chol formation went up from 17.0% to 44.0% on increment
f H2O2 concentration. At highest conversion of phenol i.e. at
:2 (phenol:H2O2) ratio the turn over rates per hour (TOFh−1)
as calculated to be 36.6 and goes down while increasing or
ecreasing this ratio. The trends of plots presented in Fig. 2 also
ive some useful information. For example, after ca. 4 h of con-
act time, all plots show decreasing trend of phenol conversion.
n fact, the p-benzoquinone formed is slowly converted into GC
ilent polymeric material with time which affects on the net ratio
f phenol and oxidation products at particular time. Evidences
or the polymerization of p-benzoquinone at higher temperature
nd decreasing trend of phenol conversion in water have also
:3 18.4 30.2 59.2 40.0
:4 18.0 29.5 54.0 44.0

a For reaction conditions see Fig. 2.
b TOF (h−1) = no. of moles of substrate converted per mole of catalyst in 1 h.
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ig. 3. Effect of amount of catalyst on the phenol oxidation, reaction conditions:
henol (1.88 g, 20 mmol), H2O2 (4.56 g, 40 mmol), temperature 70 ◦C and water
10 ml).

0 mmol), four different amounts of catalyst viz. 20, 30, 50 and
0 mg were used in 10 ml of water and reaction was carried out at
0 ◦C. As shown in Fig. 3, maximum conversion of 22.2% was
btained with 30 mg of catalyst. Decreasing or increasing the
mount of catalyst did not improve the conversion; Table 4 lists
etails of conversion and products distribution. While decrease
n conversion at lower concentration of catalyst may be attributed
ue to the presence of fewer catalytic centres, the rapid decom-
osition of H2O2 at higher concentration of catalysts may be
esponsible for the poor conversion of phenol. A lower trend
f all plots again in Fig. 3 after ca. 4 h of reaction time is due
o polymerization of part of the p-benzoquinone formed during
eaction.

.2.1.3. Effect of temperature. As shown in Fig. 4, temperature
as great influence on the performance of the catalyst for phenol
onversion as well as selectivity of the products. For example,
unning the reaction at 60 ◦C for the fixed amount of phenol
1.88 g, 20 mmol) and 30% H2O2 (4.56 g, 40 mmol) in 10 ml
f water gave only about 10% conversion. This conversion was
ncreased to 22.2% when reaction was carried out at 70 ◦C and to
6.4% at 80 ◦C. However, in terms of the selectivity of different

roducts, selectivity of the formation of p-benzoquinone is much
igher at 70 ◦C (ca. 65%) and goes down to 36.86 at 80 ◦C;
able 5 provides details of conversion and products selectivity

able 4
ffect of catalyst amount on phenol oxidation after 4 h of reaction timea

atalysts
mount (mg)

Conversion (%) TOF (h−1) Product selectivity (mol%)

Benzoquinone Catechol

0 15.3 37.8 68 30.7
0 22.2 36.6 64.5 34.6
0 19.5 19.3 67.7 32.3
0 18.3 12.9 60.0 39.5

a For reaction conditions see Fig. 3.
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ig. 4. Effect of temperature on the oxidation of phenol, reaction conditions:
henol (1.88 g, 20 mmol), H2O2 (4.56 g, 40 mmol), PS-[Cu(saldien)] (30 mg)
nd water (10 ml).

t different temperature. A steep fall in net conversion was also
oted at 80 ◦C after 4 h of reaction time and this suggests the
aster conversion of p-benzoquinone to polymeric material at
his temperature.

.2.1.4. Effect of volume of solvent. Among several solvents
uch as water, acetonitrile, methanol and dichloromethane, water
as found to be the most suitable reaction medium in terms of

he p-benzoquinone selectivity. However, its volume has con-
iderable influence on the conversion of phenol. As shown in
ig. 5, the conversion of phenol improves from 4.2% to 33.1%

n 4 h of contact time on decreasing the amount of water from 20
o 2.5 ml under the reaction conditions fixed as above. However,
he selectivity for p-benzoquinone decreases considerably from
3% to 10% and that of catechol increases from 27% to 90%.
n balance, 10 ml of water was considered to be the sufficient

nough to obtain the good selectivity of p-benzoquinone while
aintaining the good conversion of phenol as well.
Thus, under the optimised conditions i.e. phenol (1.88 g,

0 mmol), H2O2 (4.56 g, 40 mmol), PS-[Cu(saldien)] (30 mg),
emperature (70 ◦C) and water (10 ml), the reaction acquired
teady state within ca. 4 h of reaction time with 22.2% conver-

ion. Within the conversion, the yield of catechole was 14.4%
nd that of p-benzoquinone was 7.8%. The percent formation
f p-bezoquinone and catechol under optimised conditions with

able 5
ffect of temperature on phenol conversiona

emperature (C) Conversion (%) TOF (h−1) Product selectivity (mol%)

p-Benzoquinone Catechol

0 10.0 20.2 68.46 31.54
0 22.2 36.6 64.50 34.6
0 26.4 43.5 36.86 63.13
oom temperature No reaction

a For reaction conditions see Fig. 4.
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Fig. 7. Bar diagram showing percentage selectivity of benzoquinone and cate-
chol formation and plot showing percentage conversion of phenol as a function
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ig. 5. Effect of volume of water on the rate of the oxidation of phenol, reaction
onditions: phenol (1.88 g, 20 mmol), H2O2 (4.56 g, 40 mmol), PS-[Cu(saldien)]
30 mg), temperature (70 ◦C).

espect to time is presented in Fig. 6. Yields of p-benzoquinone
s well as catechol increases and then takes decreasing trend after
a. 4 h of reaction time. We have also analysed the percentage
onversion of phenol and changes in the selectivity of products
ith time and the relevant profiles are presented in Fig. 7. It is

lear from the profiles that the benzoquinone to catechol ratio is
uch high in the beginning. However, this ratio decreases with

ime and after ca. 4 h of reaction time it is ca. 2:1. After 4 h where
onversion follows the decreasing trend, this ratio further goes
own and finally takes opposite trend and percent selectivity of
atechol dominates.

Catalyst PS-[VO(saldien)] under the above reaction condi-
ions, has shown only 3% conversion of phenol, similar observa-
ions were also noted with neat [VO(saldien)]. This observation
uggests that [VO(saldien)] is not able to react effectively with

2O2 in water to form intermediate peroxo species that can

ransfer oxygen to substrate for oxidation. On the other hand neat
atalyst [Cu(saldien)] has performed better than its polymeric
upported analogue and recorded 46.2% conversion. However,

ig. 6. Plots showing variation in the percentage yield of benzoquinone and
atechol formation at 70 ◦C as a function of time. Other reaction conditions:
henol (1.88 g, 20 mmol), H2O2 (4.56 g, 40 mmol), PS-[Cu(saldien)] (30 mg)
nd water (10 ml).
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f time. Reaction conditions: phenol (1.88 g, 20 mmol), H2O2 (4.56 g, 40 mmol),
S-[Cu(saldien)] (30 mg), temperature 70 ◦C and water (10 ml).

he obtained products were only catechol and hydroquinone
ith 29.8% and 16.4% yield, respectively. The catalytic perfor-
ances of all catalysts, the yield of products and their selectivity

re summarised in Table 6.
Effects of other solvents have also been tested and results are

ummarized in Table 7. Acetonitrile, as shown in Table 7, also
avours fairly good conversion of phenol but catalysts generally
ive catechol and hydroquinone with highest selectivity towards
atechol and lowest to p-benzoquinone. But, methanol has not
een found to be a good solvent as percentage conversion of
henol is very poor in it.

The catalytic performance of the polymer-anchored vana-
ium complex reported here compares well with the data
eported in the literature. For example, polymer-anchored
omplexes, PS-[VO(sal-ohyba).DMF (33.8%) (H2sal-ohyba =
chiff base derived from salicylaldehyde and o-hydroxybenzyl
mine) [39], PS-K[VO(O2)2(2-pybzm)] (2-pybzm = 2-(2-
yridylbemzimidazole))(33.5%) [34], zeolite-encapsulated
VO(salen)] (H2salen = N,N′-bis(salicylidene)ethane-1,2-diam-
ne) (32.6%) [29] and NH4[VO2(sal-inh)] (H2sal-inh = Schiff
ase derived from salicylaldehyde and isonicotinic acid
ydrazide) (26.5%) [40], and polymeric [–CH2{VO(salen)}–]n

38.6%) [41] are close to that reported for PS-[VO(saldien)]
n acetonitrile, though, they differ in their selectivity towards
he formation of catechol and hydroquinone. The performance
f PS-[VO(saldien)] is poor in water but the product is
enzoquinone selectively.

Polymer-anchored copper complex has also shown rel-
tively less conversion (34.2%) than zeolite-encapsulated
Cu(saldien)]-Y (46.0%) but better than [Cu(salpn)]-Y (31.0%)
n acetonitrile, the obtained selectivity for catechol and hydro-
uinone is, however, comparable. The selectivity as well as

onversion both differs in water. With only 22.2% conversion in
ater, it is more selective towards the formation of benzoquinone

64.5%) and less towards catechol (34.6%), and no formation of
ydroquinone was observed.
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Table 6
Percentage conversion of phenol catalysed by various catalysts and selectivity of the reaction products

Catalysts/amount Conversion (%) TOF (h−1) Selectivity (yield) of products (%)a

BQ CA HQ

PS-[Cu(saldien)], 30 mg 22.2 36.6 64.9 (14.4) 35.1 (7.8) –
[Cu(saldien)], 11.28 mg 46.2 76.2 – 64.6 (29.8) 35.4 (16.4)
Ps-[VO(saldien), 37 mg 3.1 5.1 100 (3.1) – –
[VO(saldien)], 11.5 mg 1.0 – 100 (1) – –

a BQ: p-benzoquinone; CA: catechol; HQ: hydroquinone. Reaction conditions: phenol (1.88 g, 20 mmol), 30% H2O2 (4.56 g, 40 mmol), water (10 ml), temperature
70 ◦C.

Table 7
Effect of different solvents on the oxidation of phenol

Catalysts Solvent Conversion (%) Product selectivity (mol%)

CA HQ BQ

PS-[Cu(saldien)], 30 mg CH3CN 34.2 66.0 21.8 12.2
CH3OH 5.2 – – 100
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librium within 1 h of the reaction time with 90.2% conversion.
Thus, the pH 10 seems to be the best suited one to obtained max-
imum oxidation followed by pH 6.85 while pH 4.64 has shown
the poorest result.
S-[VO(saldien)], 37 mg CH3CN 36.8
CH3OH 2.7

eaction conditions are same as in Table 6.

.2.2. Oxidation of hydroquinone
Oxidation of hydroquinone to benzoquinone is a well known

eaction occurring in nature, Scheme 5. In aqueous medium the
ate of auto oxidation of hydroquinone is pH dependent, occur-
ing comfortably in slightly alkaline solution (pH 7.3–7.0) to
ive dark brown solution. Slow oxidation of hydroquinone has
lso been noted in neutral solution. Kinetics of hydroquinone
xidation has been reported in acetate and phosphate saline
uffer [28]. We have studied the oxidation of hydroquinone
atalysed by polymer-anchored catalysts PS-[Cu(saldien)] and
S-[VO(saldien)] at different pHs using H2O2 as an oxidant
nd the formation of benzoquinone was monitored by electronic
bsorption spectrophotometer as a function of time. As hydro-
uinone absorbs at λmax = 289 nm while p-benzoquinone does
ot show any peak in this region, the decrease in absorption max-
mum due to the formation of p-benzoquinone was recorded after
ithdrawing small aliquot from the reaction mixture at different

ime intervals. Fig. 8 shows successive decrease in absorption
aximum as a function of time as a result of the oxidation of

ydroquinone for one of the catalytic runs.
Three different buffer solutions (10 ml) namely, acetate,
hosphate and carbonate buffers having pH 4.64, 6.85 and
0, respectively, were considered while fixing the amount of
ydroquinone (0.55 g, 5 mmol), 30% H2O2 (1.14 g, 10 mmol)
nd PS-[Cu(saldien)] (30 mg). The reaction was monitored by

Scheme 5. Oxidation product of hydroquinone.

F
o
3

58.1 40.0 1.9
– – 100

V–vis spectrophotometer at room temperature while record-
ng the decrease in the absorption maximum as mentioned above
nd % conversion was calculated through calibration plot.

Data presented in Table 8 for the reaction carried out at
ifferent pHs shows that conversion increases on increasing
he pH of the reaction medium. In case of acetate buffer (pH
.64), the maximum conversion was 61.3% in 3 h of contact
ime while phosphate buffer (pH 6.85) improved this conver-
ion from 63.1% to 93.0% in 3 h. The carbonate buffer (pH 10)
as shown remarkable result. Here, reaction reaches to the equi-
ig. 8. Decrease in the absorption maximum for PS-[Cu(saldien)] catalysed
xidation of hydroquinone in phosphate buffer. Spectra were recorded during
h of reaction time.
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Table 8
Effect of pH on hydroquinone oxidation

Time (h) Conversion (%)

Acetate buffer
(pH 4.64)

Phosphate buffer
(pH 6.85)

Carbonate
buffer (pH 10)

0.5 51 63.1 64.7
1.0 54.4 72.1 90.2
1.5 56.4 85.6 90.2
2.0 58.3 86.9 90.2
2.5 60.3 92.7 90.0
3.0 61.3 93.0 90.0
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eaction conditions: hydroquinone (0.55 g, 5 mmol), 30% H2O2 (1.14 g,
0 mmol), PS-[Cu(saldien)] (30 mg), buffer solution (10 ml).

We have also tested the effect of H2O2 concentration on the
ate of oxidation of hydroquinone in carbonate buffer. Results
how that increasing the amount of hydroquinone to H2O2 molar
atio to 1:3 improved the oxidation of hydroquinone to 98.1%
n 30 min. A total of 100% conversion could only be achieved
ith 1:6 (hydroquinone:H2O2) molar ratio in 30 min of reaction

ime. Thus, the suitable reaction conditions at room tempera-
ure for the maximum oxidation of hydroquinone in carbonate
uffer may be given as: hydroquinone (0.55 g, 5 mmol), 30%
2O2 (1.71 g, 15 mmol), PS-[Cu(saldien)] (30 mg) and carbon-

te buffer solution (10 ml). It is important to note that kinetics of
he oxidation of hydroquinone has been reported in the literature
onsidering hydroquinone to oxidant ratio of 1:10 [28].

Under the above conditions catalyst PS-[VO(saldien)] has
hown only 16.6% conversion. Neat complexes i.e. [Cu(saldien)]
nd [VO(saldien)] have also shown very poor result (Table 9).
owever, in all cases only benzoquinone formation was noted.
mongst all catalysts, the turn over rates of 321.6 is compara-

ively also high for catalyst PS-[Cu(saldien)].

.2.3. Possible reaction pathway of the catalysts, their
eterogeneity and recyclability

In order to establish possible reaction pathway, the
ethanolic solutions of the neat complexes [Cu(saldien)] and

VO(saldien)] were treated with H2O2 dissolved in methanol
nd the progress of the reaction was followed by electronic
bsorption spectroscopy. Thus, the addition of one-drop por-

ions of 30% H2O2 dissolved in methanol to 10 ml of ca. 10−4 M
olution of [Cu(saldien)] causes a gradual shift of 361–370 nm
long with decrease in band maximum while 270 nm band
hows only sharp decrease in band maximum, Fig. 9. The band

able 9
ercentage conversion of hydroquinone and selectivity of p-benzoquinone

ompound Catalyst
weight (mg)

Conversion
(%)

TOF
(h−1)

p-Benzoquinone
(mol%)

S-[Cu(saldien)] 30.0 98.1 321.6 100
Cu(saldien)] 11.3 19.6 64.2 100
s-[VO(saldien)] 37.0 16.6 54.4 100
VO(saldien)] 11.5 17.4 57.0 100

eaction conditions: hydroquinone (0.55 g, 5 mmol), carbonate buffer (10 ml),
0% H2O2 (1.7 g, 15 mmol).
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ig. 9. Titration of [Cu(saldien)] with H2O2. Spectra were recorded after the
uccessive addition of one drop portions of H2O2 dissolved in methanol to 10 ml
f ca. 10−4 M solution of [Cu(saldien)].

ppearing due to d–d transition at 625 nm also records only
light decrease in intensity. All these suggests the interaction
f peroxo group with Cu(II) centre. At least three types of
ntermediates having copper–oxygen interaction viz. side-on
uIII-(�-�2-peroxo)-CuIII, bis(�-oxo-CuIII) and CuIII–O–O–H

copper-hydroperoxide) have been reported in the literature dur-
ng catalytic action [42]. The facile formation, due to vacant
ite, of [(HOO)–Cu(saldien)] intermediate is expected in PS-
Cu(saldien)] as metal centers in the polymer-supported com-
lexes are well separated. This intermediate transfers the coor-
inated oxygen atoms to the substrates to obtain the products.
hus, the catalytic performance of supported catalyst could be
ttributed to the formation of facile and reversible intermediate
pecies. A shift of d–d transition from 625 nm towards lower
ave number without isosbestic point in neat complex hints

he merging of the d–d band with additional charge transfer
and due to Cu-hydroperoxide complex formation; a character-
stic charge transfer band due to Cu-hydroperoxide is known to
ppear around 600 nm [43]. Based on observed reaction prod-
cts, however, the mode of action of Cu-hydroperoxide in the
xidation seems to be solvent dependent and also differs in neat
nd supported complexes.

Similarly titration of ca. 0.5 × 10−3 M methanolic solution of
VO(saldien)] with H2O2 dissolved in methanol causes increase
n the intensity of 380 nm band. At the same time the UV band
t 314 nm marginally shifts to 319 nm along with decrease in
ntensity, Fig. 10. The weak broad band appearing at 660 nm
not shown here) due to d–d transition slowly disappears.
uch changes have been interpreted due to the generation of
xoperoxovanadium(V) species. Such oxoperoxovanadium(V)
pecies for complexes [VO(sal-phen)] (H2sal-phen = ligands
erived from salicylaldehyde and o-phenylenediamine) [44]
nd [VO(sal-dach)] (H sal-dach = Schiff bases derived from
2
alicylaldehyde and 1,2-diaminocyclohexane) [45] have been
enerated previously under similar condition. The peroxo com-
lex, thus formed, transfers one of its oxygen to the substrate.
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ig. 10. Titration of [VO(saldien)] with H2O2. Spectra were recorded after the
uccessive addition of one drop portions of H2O2 dissolved in methanol to 10 ml
f ca. 0.5 × 10−3 M solution of [VO(saldien)].

hanging of bead’s colour from green to red can also be visual-
zed during catalytic reaction and this is possibly due to the
ormation of dioxovanadium(V) species via peroxo complex
eneration. But the recovered beads on drying slowly gain their
riginal green colour i.e. stabilize only as oxovanadium(IV)
pecies.

Recycle ability experiments were performed by separating
he catalysts from the reaction mixture after 4 h of contact
ime. After washing with acetonitrile and drying at 100 ◦C, the
atalysts were subjected to another cycle under similar opti-
ised reactions. Nearly same percentage of phenol conversion

s observed in the first cycle suggests that copper and vanadium
entres are intact with the ligand and catalytic potentialities of
he catalysts are maintained. A blank reaction was also car-
ied out using catalyst PS-[Cu(saldien)] or PS-[VO(saldien)]
30 mg), 30% H2O2 (20 mmol), water (10 ml) at 70 ◦C for 3 h.
he absence of copper or vanadium in the filtrate suggests no

eaching during catalytic reaction.

. Conclusion

Polymer-anchored complexes PS-[Cu(saldien)] and PS-
VO(saldien)] have been prepared and used for the catalytic
xidation of phenol and hydroquinone. Various reaction con-
itions have been optimised to obtain maximum reaction prod-
ct(s). It has been demonstrated that solvent plays an important
ole in altering the selectivity of reaction products. In acetoni-
rile, these catalysts are more selective towards the catechol and
ydroquinone formation upon the oxidation of phenol. How-
ver, in water, they become more selective towards catechol and
-benzoquinone with the high selectivity of the later one. The
onversion of p-benzoquinone to polymeric materials has been

oted with the elapse of time. At higher temperature (ca. 80 ◦C),
his conversion speeds up while lower temperature (ca. 70 ◦C)
s good to keep p-benzoquinone in solution for longer time.
mongst acetate, phosphate and carbonate buffer solutions car-

[

[

[

Catalysis A: Chemical 263 (2007) 175–185

onate buffer (pH 10) gives ca. 90% conversion of hydroquinone
n 1 h while phosphate buffer (pH 6.85) takes 2.5 h to give such
igh conversion.
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