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ABSTRACT: A polymer-anchored nickel(II)–phenanthro-
line complex [polyNi(II)–phen] was synthesized and used
effectively as a reusable catalyst in various oxidation reac-
tions in the presence of tert-butylhydroperoxide as an oxi-
dant in acetonitrile medium. The catalyst was characterized
with elemental analysis, atomic absorption spectrometry
(AAS), thermogravimetric analysis, scanning electron micros-
copy, and spectrometric methods such as diffuse reflectance
spectroscopy, ultraviolet–visible spectroscopy, and Fourier
transform infrared spectroscopy. The study of the effects of
the time, temperature, oxidant, catalyst concentration, molar

ratio of substrate to oxidant, and solvent in the oxidation of
styrene individually gave the optimized reaction conditions.
Under optimized conditions, the catalyst exhibited good
conversions for the oxidation reactions of various olefins,
alkanes, aromatic alcohols, and thioethers. The catalyst was
easily recovered by simple filtration and reused for more
than five times with consistent catalytic activity. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 123: 3789–3798, 2012
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INTRODUCTION

The oxidation of organic substrates has been exten-
sively studied, and olefin oxidation is especially inter-
esting because of the industrial importance of this type
of reaction.1,2 Among the products of the olefin oxida-
tion reaction, epoxides are extremely important because
they are widely used in the production of epoxy resins,
paints, perfumes, surfactants pharmaceuticals, and
polymer and are also intermediates in many organic
syntheses.3,4 Benzaldehyde, the oxidation product of
toluene, and its derivatives, are also an important inter-
mediate for chemical syntheses and are applied in
scores of areas, such as perfumes, pharmaceuticals,
dyestuffs, and agrochemicals.5 The oxidation of alco-
hols to carbonyl compounds is a fundamental transfor-
mation in organic chemistry, both at the laboratory and
industry levels.6 Furthermore, the oxidative conversion
of the hydroxyl group has also attracted much interest
in the biorefinery field recently.7 Particularly, the oxida-
tion of primary alcohols to aldehydes is significant
because they find wide application as intermediates in
fine chemicals, chiefly in the perfume industry.8,9 The

oxidation of sulfides (thioethers) to sulfoxides, that is,
sulfoxidase activity, has been considered as one of the
important catalytic reactions also.
The design of new metal catalysts for the selective

oxidation of organic molecules is an area of consider-
able interest in homogeneous molecular catalysis.
Recent trends in the immobilization of transition-metal
complexes on insoluble supports (mainly, organic
polymers) appear to be a good way for heterogenizing
homogeneous catalysts. Such types of heterogenized–
homogeneous catalytic systems not only offer the
combined advantages of homogeneous (mild condi-
tions) and heterogeneous (easy separation) catalysts
but also impose extreme shape selectivity in catalytic
process.10,11 The heterogenization of a catalyst on an
inert support prolongs the life of the catalyst and
makes it separate easily from the reaction mixture.
The catalysts on crosslinked supports with pores of
molecular dimension have shown significant increases
in their selectivity and activity because of the high
concentration of active sites within the small pores.12

The efficiency of catalysts on inert supports has been
found to be high13 in comparison to the unsupported
state of the catalysts14 because, in the unsupported
state, the aggregation of the catalysts reduces their ef-
ficiency. Insoluble crosslinked polymers are used
widely as they are inert, nontoxic, thermally stable,
and easily recycled.15 Although various inorganic sup-
ports, such as mesoporous silica, zeolites, porous alu-
mina, Y-zeolite, epoxy resins, clays, ion-exchange res-
ins, and modified MCM-41 (is an ordered
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mesoporous material, displaying a honeycomb-like
structure of uniform mesopores),16–21 have been used
for anchoring homogeneous complexes, organic poly-
mer supports have been better employed as they are
able to provide preferential stereochemistry for cata-
lysts and reactants13 in the presence of solvents in
comparison to rigid inorganic supports. Immobiliza-
tion of the complexes in polymer supports often present
advantages for industrial applications, and the catalytic
potentials of immobilized metal complexes in organic
transformations have been reviewed in detail by several
groups.22,23 Functionalized porous crosslinked polymer
beads have displayed significant influence on various
reactions24–26 and have been used as reagents,27,28 che-
lating agents for the separation of metal ions, and also
as potential sorbents.29,30 The metal complexes sup-
ported on polymers have shown excellent catalytic ac-
tivity for hydrogenation31 and enantiomeric epoxidation
of alkenes32 in comparison to homogenized catalysts.33

Predominantly polymer-supported transition-metal
complexes were found to be efficient heterogeneous cat-
alysts for the oxidation of various olefins and alco-
hols34–36 under mild reaction conditions. Recently, the
use of chloromethylated polystyrene (1) crosslinked
with divinylbenzene as a solid support to immobilize
metal complexes with catalytic potential for various oxi-
dation reactions37–40 has been well recognized.

A major objective lies in the design and synthesis
of polymeric supports with appropriate functional
groups for attachment to the active metal centers. Sty-
rene–divinylbenzene copolymer, the most commonly
employed support, has been chemically modified
into a ligand having a variety of coordination sites,
such as b-diketones ( ), dipyridylamine ( ),
diphosphine ( ), glycine ( ), and ethylenedia-
mine ( ).41–43 1,10-Phenanthroline ( ) is the
parent of an important class of chelating agents. In
our work, 5-amino-1,10-phenanthroline was preferred,
as a ligand, mainly because of two factors. One, it is
rigid and provides two aromatic nitrogens whose
unshared electron pairs are beautifully placed to act
cooperatively in binding cations, and the amine group
in the 5 position can provide the attachment of the
polymer support in opposition to the metal, such that
the metal is less crowded to bind with the oxidant and
facile the reaction. This heteroaromatic moiety can also
provide a further binding site for metal cations.44

Transition-metal complexes have also attracted a
lot of attention as possible oxidation catalysts for the
selective oxidation of olefins in mild conditions. Sev-
eral transition-metal-based homogeneous systems,
such as palladium, ruthenium, manganese, copper,
vanadium, and iron,45–48 have been reported for the
oxidation of alcohols, alkanes, and olefins. So in this
article, we report on the synthesis and characteriza-
tion of Ni(II) supported on a functionalized polysty-
rene–phen ligand, and we examined it as a possible

catalyst in the oxidation of styrene and other olefins,
alkanes, aromatic alcohols, and thioethers in the
presence of tert-butylhydroperoxide (TBHP) as a ter-
minal oxidant at ambient temperature in acetonitrile
(ACN) solvent with admirable results. The effects of
different experimental parameters, such as time,
temperature, oxidant, molar ratio of oxidant to sub-
strate, and solvent on the catalytic oxidation reaction
of styrene were investigated to optimize the reaction
conditions. We also determined that the polymer-
anchored catalyst could be reused more than five
times without much loss in its activity.

EXPERIMENTAL

Materials and instruments

Analytical-grade reagents and freshly distilled solvents
were used through out the experiment. Liquid sub-
strates were predistilled and dried by an appropriate
molecular sieve. Distillation, purification of the sol-
vents, and substrates were done by standard proce-
dures.49 5-Amino-1,10-phenanthroline and chlorome-
thylated poly(styrene–divinyl benzene) (2% crosslinks
with 200–400-mesh size) were supplied by Sigma-
Aldrich Chemical Co., (St. Louis, MA). Other reagents
were obtained fromMerck Co., (Darmstadt, Germany).
A PerkinElmer (Waltham, Massachusetts) 2400 C

elemental analyzer was used to collect microanalyti-
cal data (C, H, and N). Fourier transform infrared
(FTIR) spectra of the samples were recorded on a
PerkinElmer FTIR 783 spectrophotometer with KBr
pellets. A Mettler-Toledo TGA/SDTA 851 instru-
ment was used for the thermogravimetric analysis
(TGA). Morphologies of the functionalized polysty-
rene and complex were analyzed with a scanning
electron microscope (Zeiss EVO40, United Kingdom)
equipped with an energy-dispersive X-ray spectros-
copy facility. Nickel content in the catalyst was
determined with a Varian (Palo Alto, CA) AA240
atomic absorption spectrophotometer.

Synthesis of catalyst

The outline for the preparation of the polymer-anch-
ored Ni(II) complex is given in Scheme 1.

Preparation of the polymer-bound ligand (2)

The polymer-anchored ligand was prepared as fol-
lows: 1 (1.2 g) was added to a solution of 5-amino-
1,10-phenanthroline (0.983 g, 0.005 mol) in dioxane
(100 mL). The mixture was heated to reflux with
stirring. After refluxing for 1 h, triethylamine (0.5095
g, 0.005 mol) was added, and after 25 h, 0.2 g of trie-
thylamine was added. With further refluxing for an
additional 32 h, the suspension became a yellow–
brown color. The mixture was cooled to room
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temperature and then filtered. The resin was washed
with ethanol until the filtrate became colorless and
was then dried in vacuo.

Synthesis of the polymer-anchored nickel(II)–phe-
nanthroline complex [polyNi(II)–phen or 3)

The polymer-supported ligand (2 g) was placed in
ethanol (10 mL) in a round-bottom flask. To this, an
ethanolic solution (10 mL) of NiCl2 (1% w/v) was
added over a period of 45 min and refluxed for 8 h.
Then, the brown colored solid complex was filtered,
washed with ethanol, and dried in vacuo.

Procedure for catalytic oxidation

Amixture of 50 mg of catalyst, 10 mL of solvent (ACN),
and 5 mmol of substrate was stirred in a 50-mL, two-
necked round-bottom flask equipped with a condenser
and placed in an oil bath at 60�C under vigorous stir-
ring. Then, 10 mmol of TBHP (70% aqueous solution)
was added. The resulting mixture was then refluxed for
8 h. After filtration, the filtrate was concentrated and
then analyzed by a Varian 3400 gas chromatograph
equipped with a 30-m CP-SIL8CB capillary column and
a flame ionization detector. The products were deter-
mined with cyclohexanone as an internal standard. All
reaction products were identified with an Agilent (Santa
Clara, CA) gas chromatograph–mass spectrometer.

RESULTS AND DISCUSSION

Characterization of the polyNi(II)–phen

Because of the insolubility of the polymer-supported
Ni(II) complex in all common organic solvents, its
structural investigation was limited to its physicochem-

ical properties, chemical analysis, scanning electron mi-
croscopy (SEM), TGA, IR, and ultraviolet–visible (UV–
vis) spectral data. Elemental analysis of the ligand and
complex (Table I) supported the formulation of the
complex. AAS analysis results suggest 1.1% Ni in the
immobilized Ni(II)–phenanthroline (phen) complex.

SEM and energy-dispersive X-ray analysis (EDAX)

Scanning electron micrographs of the polymer-sup-
ported phen ligand and prepared Ni (II) catalyst
were recorded to determine the morphological
changes occurring on the surface of the polymer ma-
trix. In Figure 1, the SEM images of the polymer-
anchored ligand [Fig. 1(A)] and the immobilized
Ni(II) complex on modified polystyrene [Fig. 1(B)]
are shown. The SEM pictures show the morphologi-
cal difference between the ligand and the catalyst.
The existence of the nickel metals could be further
proven by EDAX (Fig. 2).

FTIR spectroscopic studies

The modes of attachment of metals onto the support
were confirmed by comparison of the FTIR spectral
bands of the polymers before and after loading with
Ni(II) metal, both in the mid (4000–400 cm�1) and far
(600–50 cm�1) IR regions (Table I). The IR spectrum of
pure 1 showed an absorption band at 1261 cm�1 due to
the presence of CACl groups, which was absent in 2
and the catalyst (3). IR spectra showed that a stretching
vibration for NAH appeared at 3371 cm�1 for 2 and its
complex. The stretching vibrations of C¼¼N and C¼¼C
double bonds appeared as follows: at 1613 and 1596
cm�1 for polyphenanthroline (polyphen) and at 1622
and 1601 cm�1 for polyNi(II)–phen. These were

Scheme 1 Synthesis of the polymer-supported Ni(II)–phen complex.

TABLE I
Chemical Composition and IR Stretching Frequencies of the Polymer-Anchored Ligand and Complex

Compound Color Cl (%) C (%) N (%) H (%) Ni (%)

IR (cm�1, KBr)a

C¼¼C C¼¼N CACl NAH NiAN NiACl

1 Colorless 23.2 70.8 5.9 1261 (s)
2 Yellow–brown 85.1 9.4 5.4 1596 1613 1261 (w) 3371
3 Brown 16.7 59.3 6.6 3.8 1.1 1601 1622 1261 (w) 3371 240 247

a IR spectra measured as KBr pellets. s, strong; w, weak.
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different because the phenyl backbones were influ-
enced by the metal ion. In the far IR data, two bands
due to m(NiAN) at 240 cm�1 (phen nitrogen)17 and
m(NiACl) at 247 cm�1 were observed; this confirmed
the formation of the metal complex.

TGA studies

The thermal stability of the polymer-supported
ligand and Ni(II) complex (Fig. 3) were investigated
at a heating rate of 10�C/min in air over a

Figure 1 Field emission SEM images of the (A) polyphen ligand and (B) polyNi(II)–phen complex.

Figure 2 EDAX data of the (A) polyphen ligand and (B) polyNi(II)–phen complex [Fig. 2(B)].
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temperature range of 30–600�C. It was seen that the
thermal stability of the metal complex was slightly
greater than that of its precursor polyphen ligand.
The complex was stable up to 350�C, and above this
temperature, it decomposed. Thermogravimetric
study suggested that the polymer-supported Ni(II)
complex degraded at considerably higher
temperatures.

Electronic spectral studies

The electronic spectrum (Fig. 4) of the polymer-sup-
ported Ni(II)–phen was recorded in diffuse reflec-
tance mode as a BaSO4 disc because of the solubility
limitations. The main absorptions were at about 330
and 350–420 nm. The absorption around 330 nm
may have been due to p!p* transitions of the phe-
nyl moieties. The absorption around 350–410 nm
was due to p!p* and n!p* transition of the phen
moiety. In the complex, the bands around 387–423

nm assigned to d–d transition were due to the pres-
ence of Ni(II) ion,50 but these peaks were not
observed well because of overlapping, so there was
a broad shoulder around 350–420 nm.

Catalytic activity

Here, we studied the performance of the polymer-
anchored nickel catalyst on the oxidation of styrene
with TBHP in ACN solvent. The main products of
the olefin oxidations were epoxide and aldehyde
(Scheme 2). The oxidation of styrene produced sty-
rene oxide as the main product and also benzalde-
hyde in small yield. Blank experiments revealed that
no reaction occurred in the absence of either the cat-
alyst or the oxidant. Taking the oxidation reaction of
styrene to styrene oxide and benzaldehyde as the
model reaction, we successfully determined the
effects of time, temperature, catalyst amount, oxi-
dant, substrate–oxidant molar ratio, and solvent
with the nickel catalyst. The oxidation in the pres-
ence of this catalyst under the same reaction condi-
tions was also done with other substrates, such as
ethyl benzene, toluene, benzyl alcohol, and diphenyl
sulfide, with good conversion percentages and excel-
lent product selectivity.

Effect of the solvent

The oxidation of styrene was examined with differ-
ent solvents. The selected solvent should possess
certain criteria, such as it should be stable and it
should dissolve the substrate and oxidant. Table II
shows the influence of the solvent on the conversion
of styrene and the selectivity of styrene oxide with
the polymer-supported Ni(II)–phen complex as a
catalyst. The selectivity of styrene oxide was in the
following order: ACN > H2O > MeOH > (Me)2CO
> MePh. The results indicate that the epoxidation
reaction did not proceed in toluene solvent.

Figure 3 Thermal studies of polyNi(II)–phen.

Figure 4 Diffuse reflectance spectroscopy–UV–vis absorp-
tion spectra of the polyNi(II)–phen complex.

Scheme 2 Various oxidation reactions with polyNi(II)–
phen.
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Additionally, poor conversion and selectivity were
found when the reaction was carried out in acetone
media. The reaction, however, showed low activity
and epoxidation selectivity in methanol; the main
product was benzaldehyde. For this reaction, the
nickel catalyst exhibited the highest catalytic activity
and selectivity for styrene oxide in ACN media
because it was a polar solvent, had a high dielectric
constant, and dissolved a wide range of chemical
compounds.

Effect of the reaction temperature

To determine the best temperature, the oxidation of
styrene was thoroughly investigated at different
temperatures with Ni(II)–phen as the catalyst. The
oxidation reaction was carried out at various reac-
tion temperatures from 40 to 80�C with a 1 : 2 mmol
ratio of styrene to TBHP with ACN as the solvent
for a duration of 8 h, and the results are shown in
Figure 5. The optimum temperature was found to be
60�C. Lower temperatures did not favor the forma-
tion of products because the catalyst was less active.
At higher temperatures, the yield and selectivity of
the product decreased.

Effect of the oxidant

In this study, the effects of different oxidants, such
as TBHP, H2O2, PhIO (Iodosylbenzene), and molecu-
lar oxygen, over this catalyst were examined in the
oxidation reaction of styrene. The results of this
study are given in Table III. Almost no conversion
was observed when molecular oxygen was used as
an oxidant. TBHP was the best oxidant among the
three oxidants that were used in the catalytic oxida-
tion reaction in this study. Oxidants such as H2O2

and PhIO were clearly less efficient than TBHP, as
was evident from the percentage conversion of sty-
rene. The significant difference in the styrene oxide
yield when TBHP was used in comparison to hydro-
gen peroxide could be explained by nickel hydroper-

oxo species, which could form at the surface of the
active site of the metal catalyst (Scheme 3). The sta-
bility of tertiary carbocation explained why the reac-
tion was better with TBHP than with H2O2.

51

Effect of the substrate-to-oxidant
(styrene-to-TBHP) ratio

The liquid-phase oxidation of styrene was carried
out with three different millimolar ratios of styrene
to TBHP. In all cases, styrene oxide was obtained as
a major product with benzaldehyde as a byproduct.
It was observed that the highest conversion of sty-
rene (92%) and selectivity (89%) for styrene oxide
were obtained at a styrene-to-TBHP millimolar ratio
of 1 : 2 over the heterogeneous Ni (II) catalyst at
60�C for 8 h, as shown in Figure 6. When the

TABLE II
Styrene Epoxidation with Different Solventsa

Entry Solvent
Time
(h)

Conversion
(%)b

Selectivity(%)b

Styrene
oxide Benzaldehyde

1 Toluene 8 0 0 0
2 Me2O 8 8 25 75
3 MeOH 8 20 18 82
4 H2O 8 50 65 35
5 ACN 8 92 89 11

a Reaction conditions: catalyst (9 wt % to styrene), sty-
rene (5 mmol), solvent (10 mL), TBHP (10 mmol), 60�C.

b Determined by GC.

Figure 5 Effect of the temperature on the oxidation of
styrene with polyNi(II)–phen complex as a catalyst. Reac-
tion conditions: styrene (5 mmol), ACN (10 mL), TBHP (10
mmol), and catalyst (9 wt % to styrene).

TABLE III
Oxidation of Styrene with Different Oxidantsa

Entry Oxidant
Time
(h)

Conversion
(%)b

Selectivity (%)b

Styrene
oxide Benzaldehyde

1 None 8 0 0 0
2 PhIO 8 15 75 25
3 O2 8 8 70 30
4 TBHP

(1 : 2)c
8 92 89 11

TBHP
(1 : 1)

8 70 92 8

TBHP
(1 : 0.5)

8 68 95 5

5 H2O2 8 60 35 64

a Reaction conditions: catalyst (9 wt % to styrene), sty-
rene (5 mmol), ACN (10 mL), oxidant (10 mmol), and tem-
perature ¼ 60�C.

b Determined by GC.
c The substrate-to-oxidant ratio appears in parentheses

in this column.
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millimolar ratio of styrene to TBHP was increased
from 1 : 1 to 1 : 2, the conversion and the selectivity
of styrene oxide increased, and the selectivity of the
byproducts decreased. The catalytic activity was
found to decrease when the styrene-to-oxidant milli-
molar ratio was 1 : 3; probably a high oxygen con-
centration produced by more oxidant inhibited the
process of the reaction. Thus, the optimal millimolar
ratio of styrene to TBHP was 1 : 2.

Effect of the catalyst amount

The amount of catalyst was varied from 4.8 to 19%
(wt % catalyst to styrene) with the same millimolar
ratio of styrene to TBHP at 1 : 2 and a reaction tem-
perature of 60�C. The reaction was carried out for 8
h, and the products were analyzed. The results are
presented in Figure 7. With the increase in catalyst
amount from 4.8 to 9% (wt % catalyst to styrene),
the conversion of styrene increased to the maximum,
92%. This was due to the availability of more active

sites, which favored the accessibility of a large num-
ber of molecules of substrates and oxidant to the cat-
alyst. Styrene conversion was nearly the same with a
further increase of the catalyst amount to 19% (wt %
of catalyst to styrene).

Effect of the reaction time

The conversion of styrene was monitored and plot-
ted as a function of reaction time (Fig. 8) at 60�C
(styrene-to-TBHP millimolar ratio ¼ 1 : 2). Under
these reaction conditions, the conversion and selec-
tivity simultaneously increased with time. The con-
version increased with time and reached a maxi-
mum value of 92% at 8 h. When the reaction time
increased, the conversion remained almost constant.
The conversion and selectivity of epoxide were 92
and 89%, respectively, at 8 h.
Thus, the required parameters for the epoxidation

of styrene, to get selectively styrene oxide, were as
follows: styrene (5 mmol), TBHP (10 mmol), ACN
solvent, catalyst (9 wt % to styrene), reaction time (8
h), and temperature (60�C). The major product,

Scheme 3

Figure 6 Effect of the substrate-to-oxidant molar ratio on
the oxidation of styrene as a function of time with poly-
Ni(II)–phen complex as a catalyst. Reaction conditions:
ACN (10 mL), catalyst (9 wt % to styrene), temperature ¼
60�C, and time ¼ 8 h.

Figure 7 Effect of the amount of catalyst on the oxidation
of styrene with polyNi(II)–phen complex as a catalyst.
Reaction condition: styrene (5 mmol), ACN (10 mL), TBHP
(10 mmol), temperature ¼ 60�C, and time ¼ 8 h.
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styrene oxide, was formed with 89% selectivity
under these reaction conditions.

Catalytic oxidation with other organic substrates

To further explore the catalytic activity and selectiv-
ity of the catalyst, the oxidation of other olefins was
investigated under optimized reaction conditions,
which proved to be the best for styrene (Table IV).
Cyclic olefins, such as cyclohexene and cyclooctene,
were oxidized with high yields. The results show
that the conversion was 54% with 94% epoxide se-
lectivity in case of cyclooctene, whereas the oxida-

tion of cyclohexene gave 78% conversion and 68%
epoxide selectivity with the allylic oxidation prod-
ucts cyclohexene-1-one and cyclohexene-1-ol to a
small extent. a-Pinene and limonene showed moder-
ate conversion with a high selectivity for epoxides.
The oxidation of benzyl alcohol and substituted

benzyl alcohols produced benzaldehyde as the main
product with benzoic acid in small yields, whereas
1-phenyl ethanol gave a keto product with 100% se-
lectivity. Thioethers gave sulfoxide (S¼¼O) products
on oxidation (Table IV).
The oxidation of ethyl benzene carried out under

these reaction conditions resulted in acetophenone
and benzaldehyde as the major products with selec-
tivities of 65 and 35%, respectively. On oxidation,
toluene gave benzaldehyde with 100% selectivity
(Table IV).
The polymer-anchored Ni(II)–phen complex cata-

lyst was highly active for the oxidation of styrene,
clohexene, ethyl benzene, and so on. Many heteroge-
neous transition-metal catalysts have been reported
in the literature52–55 for the oxidation reaction, and
the details are shown in (Table V). A comparison of
this catalytic system with the previously reported
system revealed that this catalyst gave better yields
than the other catalyst within a reasonable reaction
time and reaction temperature.

Heterogeneity test

To determine whether the catalyst was actually func-
tioning in a heterogeneous manner, a hot-filtration
test was performed in the oxidation reaction. During
the catalytic oxidation of styrene, the solid catalyst

Figure 8 Recycling activity of the use of polyNi(II)–phen
complex as a catalyst on the styrene oxidation reaction.
Reaction conditions: styrene (5 mmol), ACN (10 mL),
TBHP (10 mmol), catalyst (9 wt % to styrene), and temper-
ature ¼ 60�C for 8 h.

TABLE IV
Oxidation of Different Substrates with the Ni(II) Complexa

Substrate
Selectivity (%)b

Entry Olephin Convertion (%)b Epoxide Aldehyde/ketone Alcohol

1 Styrene 92 89 11 —
2 Cyclohexene 78 68 24 8
3 Cyclooctene 54 94 6
5 a-Pinene 38 63 12 15
6 Limonene 32 65 12 13

Alkanes Aldehyde Ketone
7 Ethyl benzene 65 35 65
8 Toluene 35 100 —

Alcohols Aldehyde Ketone Carboxylic acid
9 Benzyl alcohol 78 88 — 12
10 4-Methylbenzyl alcohol 75 86 — 14
11 4-Nitrobenzyl alcohol 72 80 — 20
12 1-Phenyl ethanol 77 — 100 —

Thioethers Sulfoxide
13 Phenyl sulfide 55 100
14 Methylphenyl sulfide 48 100

a Reaction conditions: catalyst (9 wt % to styrene), substrate (5 mmol), ACN (10 mL), oxidant (10 mmol), time ¼ 8 h,
and temperature ¼ 60�C.

b Determined by GC.
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was separated from the reaction mixture by filtration
after 4 h of reaction, and the obtained filtrate was
continually stirred under the same reaction condi-
tions for a further 3 h. The gas chromatography
(GC) analysis showed no increment in the conver-
sion. AAS analysis of the filtrate confirmed that no
nickel was present in the reaction mixture. The
metal content of the recycled catalysts also remained
unaltered; this indicated no leaching of the metal
from the polymer support. It was noteworthy that
the ACN remained completely colorless with the
addition of catalysts. These results confirm that no
leaching of the metal from the catalyst took place
during the catalytic reaction.

Catalyst recyclability

The stability of the polyNi(II)–phen complex was
studied in repeated styrene oxidation reactions. The
catalyst was separated form the reaction mixture af-
ter each experiment by filtration, washed with meth-
anol, and dried carefully before it was in the subse-
quent run. After the use of catalyst for five
consecutive times, the styrene conversion was 85%.
The nature of the recovered catalyst was followed

by IR and UV–vis spectra. The results indicate that
the catalyst, after being reused several times,
showed no change in its IR and UVAvis spectra.
These observations show that polyNi(II)–phen com-
plex remained intact after the first oxidation cycle.
The results are presented in Figure 8.

CONCLUSIONS

The experimental results suggest that a Ni(II)–phen
complex could be immobilized over a functionalized
polystyrene surface. The heterogeneous catalyst
showed a high catalytic activity in the styrene oxida-
tion, with a conversion of 92%, and a high selectivity of
styrene epoxide (89%). The immobilized nickel catalyst
also showed excellent catalytic activity in the liquid-
phase oxidation of other olefins (cyclohexene, cyclooc-
tene, a-pinene, and limonene), alkanes (ethyl benzene
and toluene), aromatic alcohols (benzyl alcohol and
substituted benzyl alcohols), and thioethers (diphenyl
sulfide and phenyl methyl sulfide) in the presence of
TBHP as an oxidant. The excellent yield and selectivity
of the catalyst toward the oxidation of olefins, alkanes,
alcohols, and thioethers paves the way for designing
ecofriendly catalysts. Its easy product recovery and

TABLE V
Comparison of the Polymer-Anchored Ni(II)–Phen Complex Catalyst with Other Transition-Metal Catalysts in

Oxidation Reactions, as Reported in the Literature

Substrate Catalyst Conversion (%) Selectivity of the product (%) Reference

PolyNi(II)–phen 92 89 11 This work
Cu2L-(l1,1-N3)(l1,3-N3)(l1,1,1-N3)/silica 88 84 52

Vitamin B12/MCM-41 60 8 92 benzoic acid 53
Ru B 53.8 23.8 57.5 18.7 acetophenone 54
Ru A 52.8 37.5 49.3 13.2 54

PolyNi(II)–phen 78 68 24 8 This work
Cu2L-(l1,1-N3)(l1,3-N3)(l1,1,1-N3)/silica 76 84 52

Vitamin B12/MCM-41 70 — 25 — 53
Ru B 65.2 2.55 36.9 25.4 54
Ru A 53.9 trace 22.8 26.4 54

PolyNi(II)–phen 65 65 35 This work
6/Mn-MCM-41 57 82.2 17.8 55

Cu2L, copper complex where L is ligand, 4-methyl-2,6 bis(phenylmethyliminomethyl)phenol; Ru A, 8% poly
(S-DVB)L-val Ru(III) complex; Ru B, 6% poly(S-DVB)L-val Ru(III) complex; Mn, manganese.
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recycling efficiency, along with its high selectivity,
make this catalyst useful for the synthesis of different
fine chemicals under ecofriendly conditions and could
open up new avenues for green chemistry.
The authors thank the Indian Association for the Cultivation
of Science, Kolkata, for providing the instrumental support.
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