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Abstract A polymer-supported diacetatobis(2-quinolyl-

benzimidazole)copper(II) complex [PS–(QBIM)2Cu(II)]

was synthesized by functionalization of chloromethylated

polystyrene cross-linked with 6.5 % divinyl benzene with

2-(20-quinolyl)benzimidazole and subsequent treatment

with Cu(OAc)2 in methanol. The complex was character-

ized by physical, analytical and spectroscopic techniques.

Electronic and ESR spectra, together with magnetic sus-

ceptibility measurements, indicated that the complex was

paramagnetic with distorted octahedral geometry around

the copper. The complex was found to be active toward

oxidation of various alcohols including phenol, benzyl

alcohol and cyclohexanol using 70 % aqueous tert-butyl

hydroperoxide under mild conditions. Under the optimized

reaction conditions, cyclohexanol gave 100 % conversion

to cyclohexanone, benzyl alcohol gave 98 % yield of

benzaldehyde and phenol gave 89 % yield of catechol and

4 % of hydroquinone. The complex was recycled five times

without much loss in catalytic activity.

Introduction

Selective oxidation of alcohols to aldehydes is considered

to be a significant transformation in organic chemistry with

recognized industrial importance. Such oxidations cata-

lyzed by transition metal complexes are of importance in

biological and industrial processes. A diverse variety of

copper metalloenzymes are known, including azurins [1],

laccases [2] and plastocyanins [3], which are involved in

electron transfer reactions. Ascorbate oxidases [4] are used

as oxidizing enzymes, while hemocyanins [5, 6] are

copper-containing oxygen transport proteins found in

arthropods and mollusks. In industry, the transition metal-

catalyzed reactions are used to produce value-added oxy-

genated compounds [7].

Recovery and reusability of a catalyst can be simplified by

supporting it on an insoluble support. Chloromethylated

polystyrene cross-linked with divinylbenzene is one of the

most widely employed macromolecular supports for

immobilization of homogeneous catalysts. These polymer-

supported complexes have received considerable attention

due to their potential advantages over homogeneous ana-

logues [8]. This presents a rapidly expanding research area

providing advantages such as easy handling, product sepa-

ration and catalyst recovery. Such catalysts can be effective

for the oxidation of a wide range of organic compounds

including olefins and allylic alcohols [9–11], alkyl aromatic

compounds [12], sulfides [13, 14] and alcohols [15, 16].

Copper complexes have been reported to be active under

both homogeneous and heterogeneous conditions [17–19].

Aiming to avoid all the disadvantages of the traditional

chromium reagents which cause serious environment pol-

lution [20], many new methods for the catalytic oxidation

of alcohols have been reported. In addition to the metal-

based oxidizing agents, oxidants such as H2O2, O2 and

tertiary butyl hydroperoxide (TBHP) are the most preferred

oxidants for laboratory and industrial reactions.

Selective oxidation of benzaldehyde is important for the

production of chlorine-free benzaldehyde required in the

perfume and pharmaceutical industries [21]. The applica-

bility of polymer-supported Cu(II) complexes as catalysts in

the degradation of phenol is innovative [22]. Though oxi-

dation of phenol using unsupported metal complexes has

been reported [23], its oxidation using polymer-supported
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transition metal complexes was found to be high in the

presence of TBHP [24].

In continuation of our work on polymer-supported metal

complexes, we now report the synthesis and character-

ization of a polymer-supported Cu(II) complex of 2-(20-
quinolyl)benzimidazole and its catalytic potential for the

oxidation of industrially important substrates using TBHP

as oxidant. The effects of various experimental parameters

have been investigated in order to optimize the reaction

conditions.

Experimental

Materials and methods

Chloromethylated polystyrene divinyl benzene copolymer

with 6.5 % cross-linking (PS–DVB), obtained as a gift

from Thermax Ltd, Pune, India, was used as a support for

anchoring the metal complex. LR-grade solvents were

purified according to the literature methods before use [25].

Analytical-grade copper acetate and TBHP were purchased

from Merck and used as such. 2-Methyl-1-phenyl-2-propyl

hydroperoxide (MPPH) was prepared according to a litera-

ture method [26]. Elemental analyses were obtained with an

ELEMENTAR Vario Micro Cube CHNS analyzer. Surface

area measurements by the Brunauer–Emmett–Teller (BET)

method were carried out using a Micromeritics surface area

analyzer model ASAP 2020. Thermogravimetric analyses

were carried out using a TA Instrument, SDT analyzer model

Q 600 under nitrogen atmosphere with a heating rate of

10 �C/min. Copper content was determined using a Perkin-

Elmer model Atomic absorption spectrometer, after the

digestion of the polymer-supported catalyst with concen-

trated H2SO4 and subsequent decomposition with H2O2. IR

spectra in the range 400–4,000 cm-1 were recorded as KBr

disks on a Shimadzu 8,400s FTIR spectrometer. Diffuse

reflectance spectra were recorded as BaSO4 disks on a Shi-

madzu UV–Vis-NIR model UV-3101P spectrophotometer

having an integrating sphere attachment for the solid sam-

ples. Magnetic moments of the supported and unsupported

complexes were determined at room temperature using

Guoy’s method. ESR spectra were recorded using a Bruker

EMX X-band ESR spectrometer at liquid nitrogen tempera-

ture. All the reaction products were analyzed using a Shi-

madzu 14B gas chromatograph fitted with flame ionization

detector connected to a BP-5 capillary column.

Preparation of [Cu(OAc)2(QBIMH)2]

2-(20-quinolyl)benzimidazole was prepared according to the

literature method [27]. A solution of Cu(OAc)2 (0.10 g,

0.5 mmol) in methanol (10 mL) was added to a stirred solu-

tion of 2-(20-quinolyl)benzimidazole (0.25 g, 1.0 mmol) in

MeOH (10 mL). The mixture was refluxed for about 7 h on a

water bath during which the brown precipitate separated out.

The precipitate was filtered off, washed with ethanol and then

dried under vacuum (Yield = 0.16 g, 51 %).

Functionalization of polymer support with

2-(20-quinolyl)benzimidazole

Chloromethylated polystyrene beads cross-linked with

6.5 % divinyl benzene (5.12 mmol Cl/g) were washed with

a mixture of THF:water in the ratio 4:1 using a Soxhlet

extractor, then dried. The beads (1.0 g) were allowed to

swell in DMF (10 mL) for 2 h. A solution of QBIMH

(1.65 g, 6.73 mmol) in DMF (20 mL) was added to the

above suspension, followed by triethylamine (3.0 g, 4 mL,

30 mmol) in ethyl acetate (35 mL), and the mixture was

heated at 60 �C for 45 h. After cooling to room tempera-

ture, the functionalized beads were filtered off, washed

with ethanol, Soxhlet extracted with ethanol to remove any

unreacted QBIMH, dried in an oven at 100 �C for 24 h and

finally vacuum dried.

Preparation of the polymer-bound complex

QBIM functionalized polymer (1.0 g, 4.4 % N) was soaked

in toluene and acetonitrile mixture (50 mL, 1:1) for 1 h. A

solution of copper(II) acetate (0.10 g, 0.5 mmol) in metha-

nol (5 mL) was added, and the mixture was heated for 48 h at

Fig. 1 Preparation of the

PS–(QBIM)2Cu(II) complex
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60 �C, where upon the beads turned green in color. They

were then filtered off, washed with alcohol, and Soxhlet

extracted with alcohol to remove excess of copper(II)

acetate, dried in an oven for 24 h and finally vacuum

dried (Fig. 1).

Catalytic oxidation reactions

In a typical reaction, a mixture of substrate (5.0 mmol) and

70 % TBHP in water (5.0 mmol) plus acetonitrile (10 mL)

was heated at 60 �C with stirring for 10 min. The catalyst

(0.02 mmol) was then added to initiate the reaction. The

progress of the reaction was monitored using a Shimadzu

14B gas chromatograph with FID detector and a BP-5

capillary column. After the completion of the reaction, the

catalyst was filtered off and the products were analyzed.

Results and discussion

Characterization of the polymer-bound complex

PS–DVB was functionalized with 2-(20-quinolyl)benzimid-

azole. Elemental analysis showed that the functionalized

beads had 4.4 % of nitrogen content, indicating that the

QBIM was bonded to the polymer support. Copper(II) ace-

tate was anchored to the functionalized beads and metal

estimation by AAS indicated 2.3 % of Cu in the immobilized

Cu(II) catalyst (Fig. 1). Surface area, pore volume and pore

diameter were determined by BET, and the values obtained,

along with apparent bulk density, and elemental analysis are

given in Table 1. Decrease in the surface area, pore volume

and pore diameter after functionalization and anchoring of

the metal may be due to blocking of the pores on the surface

of the polymer beads. Slight increase in the bulk density of

the support is observed after functionalization and anchoring

of the metal complex. The unsupported complex was

prepared by reacting Cu(II) acetate and QBIMH in 1:2 mole

ratio in methanol and analyzed for the formula Cu(OAc)2

(QBIMH)2.

Swelling studies were carried out in order to study the

interaction of the polymer support with various solvents,

which in turn influences the rate of the catalytic reaction.

Percentage swellings of the polymer beads and the PS–

(QBIM)2Cu(II) complex in different solvents are given in

Table 2. The maximum swelling occurred in acetonitrile

for the supported complex; hence, acetonitrile was chosen

as the solvent for the oxidation reactions.

The IR spectra of the polymer support (A), functional-

ized beads (B), functionalized beads with copper(II)

acetate (C), recycled beads (D) and the free complex

Cu(OAc)2(QBIMH)2 (E) were recorded in the region

4,000–400 cm-1 (Fig. 2). The IR spectrum of the chlo-

romethylated polystyrene beads exhibited peaks at 1,265

and 829 cm-1 due to tCH2�Cl and tC–Cl. On functionali-

zation, these peaks decreased in intensity, consistent with

the bonding of QBIM onto the polymer support. The free

QBIMH exhibited a peak around 3,400 cm-1 due to tN–H

which was absent in the functionalized polymer, indicating

that the ligand has been attached through the nitrogen onto

the polymer beads.

The functionalized beads exhibited a peak at 1,624 cm-1

due to tC=N which was shifted to 1,614 cm-1 for the

anchored beads, indicating that the nitrogens of the pyridine

and benzimidazole moieties of the ligand are coordinated to

copper. The anchored beads displayed peaks at 1,545 and

1,438 cm-1 due to tC=O and tC–O, respectively, character-

istic of monodentate coordination of acetate to the copper

[28]. The IR spectra of the recycled and anchored complexes

were similar. The unsupported complex (E) exhibited a

peak due to tN–H at 3,248 cm-1 which was absent for the

polymer-supported metal complex, confirming that the

2-(20-quinolyl)benzimidazole is bonded through nitrogen to

the polymer support.

Table 1 Physical properties and analytical data of polymer beads, functionalized beads, PS–(QBIM)2Cu(II) complex, recycled catalyst and

Cu(OAc)2(QBIMH)2

Parameters Color Analytical data Apparent

bulk density

(g/cm3)

Surface

area

(m2/g)

Pore

volume

(cc/g)C % H % N % Cu %

PS–DVB White 73.9 6.2 – – 0.3 20.8 0.2

Functionalized beads with QBIM Off white 72.4 8.6 4.4 – 0.4 19.2 0.2

Functionalized QBIM beads

anchored with Cu(OAc)2

Light green 70.9 8.5 4.2 2.3 0.4 15.8 0.1

Recycled catalyst Light green 3.7 8.2 3.7 2.3 0.4 15.6 0.1

Cu(OAc)2(QBIMH)2
a Brown 64.9

(64.3)

4.0

(4.2)

12.2

(12.5)

9.5

(9.4)

–

–

–

–

–

–

a Calculated values are in parentheses
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The diffuse reflectance spectra (Fig. 3) of the unsup-

ported (A) and polymer-supported (B) copper complexes

were similar. Free QBIMH exhibited absorption bands at

272, 295 and 328 nm, assigned to n ? p* and p ? p*

transitions. The electronic spectra of the supported and

unsupported complexes exhibited bands around 415,

620 and 880 nm assigned to 2B1g ? 2Eg, 2B1g ? 2B2g and
2B1g ? 2A1g transitions [29], consistent with a d9 config-

uration of Cu(II) with distorted octahedral geometry.

The magnetic moments of the polymer-supported and

unsupported complexes at room temperature were found to

be 2.06 and 2.14 BM, respectively. The ESR spectra of the

Cu(OAc)2(QBIMH)2 and PS–(QBIM)2Cu(II) complexes at

liquid nitrogen temperature exhibited two peaks and the

calculated g? and g k values for both the complexes were

around 2.10 and 2.35, respectively. The magnetic moments

and ESR spectral studies are therefore also consistent with

the presence of copper(II).

The thermal stabilities of the polymer support and the

anchored complex were studied under a nitrogen atmo-

sphere with heating rate of 10 �C/min up to 600 �C.

Thermogravimetric analysis indicated that the polymer

support was stable up to 330 �C. The stability of the sup-

ported complex was decreased, being stable up to 270 �C.

Effect of solvents

In order to study the effect of solvent on the reaction,

several solvents (10 mL) were employed for the oxidation

of different substrates (5.0 mmol) [cyclohexanol, benzyl

alcohol and phenol] with TBHP (5.0 mmol) at 60 �C. The

maximum conversion of substrates was obtained in aceto-

nitrile (Table 3), which may be due to the polarity of sol-

vent and also the solubilities of the reactants. To check

whether the reaction was progressing or stopped due to

decomposition, the reaction was carried out for substrates

with 1:1 substrate/TBHP ratio at 60 �C for 12 h in benzene.

Under these conditions, the conversion was 72, 49 and

54 % for phenol, cyclohexanol and benzyl alcohol,

Fig. 2 Infrared spectra of (A) PS–DVB, (B) functionalized polymer,

(C) polymer-supported Cu(II) complex, (D) recycled polymer-

supported complex and (E) Cu(OAc)2(QBIMH)2

A

B 

Fig. 3 Diffuse reflectance spectra of polymer-supported and

unsupported complex. A = Cu(OAc)2(QBIMH)2 complex, B =

PS–(QBIM)2Cu(II) complex

Table 2 Swelling studies of polymer support and polymer-supported

(QBIM)2Cu(II)catalyst

Solvents Swelling mole (%)

PS–DVB PS–(QBIM)2Cu(II)

catalyst

Methanol 1.0 0.9

Ethanol 0.9 0.8

Acetonitrile 1.4 1.2

THF 1.2 0.7

Benzene 0.5 0.4

Ethyl acetate 0.7 0.5
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respectively, showing that the reaction was still ongoing

but slower in non-polar solvents compared to polar sol-

vents. Hence, we selected acetonitrile as solvent for our

oxidation reactions.

Catalytic oxidation of alcohols

The catalytic activity of the polymer-supported complex

was investigated for the oxidation of phenol, benzyl alco-

hol and cyclohexanol at 60 �C using both H2O2 and TBHP

as oxidants (Scheme 1). When H2O2 was used as oxidant,

the catalyst decomposed and the product formation was

low. Hence, TBHP was chosen as the oxidant for further

catalytic studies. Since Cu(OAc)2(QBIMH)2 was insoluble

in most common organic solvents including acetonitrile, its

catalytic activity was not screened. The catalytic reactions

were carried out by varying the catalyst and substrate

concentration, reaction temperature and substrate to TBHP

ratio.

The oxidation of phenol with 0.02 mmol of the catalyst

using TBHP as oxidant at 60 �C in acetonitrile gave cate-

chol and hydroquinone as the major and minor products,

respectively. Several reaction parameters were varied in

order to identify the most suitable conditions for maximum

catalytic activity and product selectivity. The results are

given in Table 4.

For catalyst concentrations between 0.01 and

0.05 mmol, the conversion of phenol to catechol (89 %)

was optimum when 0.02 mmol of catalyst was used, while

conversion was reduced at higher catalyst concentrations

(entries 3–5). Hence, 0.02 mmol catalyst was chosen for

further catalytic studies. At lower substrate concentration

(2.5 mmol) with 1:1 substrate/TBHP ratio, the formation of

catechol was 87 % (entry 9) and hydroquinone was not

formed. On increasing the phenol concentration to

10 mmol, the formation of catechol slightly decreased

(entry 11). For 7.5 mmol of the substrate concentration, the

conversion of phenol was higher than for 10.0 mmol of the

substrate. To study the influence of the temperature on the

conversion, reactions were carried out at 30, 45, 60 and

70 �C (entries 6, 7, 2 and 8). The % conversion of phenol

was low at lower temperatures but higher at 70 �C, with the

formation of catechol and hydroquinone in 89 and 6 %

yields, respectively (entry 8). At 1:2 ratio of substrate/

TBHP, the conversion of phenol was 99 %, with maximum

formation of catechol (89 %, entry 18). Hence, the opti-

mized reaction conditions for the oxidation of phenol were

0.02 mmol of catalyst with 7.5 mmol of phenol, using 1:2

phenol to TBHP ratio at 70 �C in 10 mL of acetonitrile

(entry 18). The plot of conversion of phenol under the

optimized reaction conditions is shown in Fig. 4. The

turnover frequency of the catalyst under these conditions

was 94/h with formation of 89 % catechol and 4 %

hydroquinone. At 225 min, the conversion of phenol was

around 50 %. After 5 h of the reaction, the conversion of

phenol remained almost constant. The formation of

hydroquinone was negligible at the beginning of the reac-

tion; its formation increased to 4 % after 3 h and then

decreased.

Reaction mechanism

Oxidation reactions catalyzed by transition metal com-

plexes using TBHP as an oxidant can proceed by either

homolytic or heterolytic decomposition of the alkyl

hydroperoxide [30]. The present oxidation was carried out

using 50 equivalents of 2,6-di-t-butyl-4-methyl phenol

(BHT) with 0.02 mmol of the PS–(QBIM)2Cu(II) catalystScheme 1 Oxidation of various alcohols

Table 3 Effect of solvents on

the oxidation of alcohols
Substrates % conversion in different solvents

Acetonitrile Methanol Ethanol THF Ethyl acetate Benzene

Phenol 98 70 57 80 85 29

Cyclohexanol 100 78 59 86 70 35

Benzyl alcohol 98 78 69 56 49 34
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plus 7.5 mmol of phenol in 10 mL of acetonitrile in the

presence of TBHP (Substrate/TBHP = 1:2) at 70 �C. BHT

is a scavenger for free peroxy radicals. The results showed

that there was no change in the conversion of phenol and

formation of the reaction products compared to the opti-

mized reaction conditions.

The oxidation of phenol under the optimized reaction

conditions was also carried out using methyl-1-phenyl-2-

propyl hydroperoxide (MPPH) as a mechanistic probe, to

check for the homolytic versus heterolytic scission of the

peroxide O–O bond. According to Sorokin et al. [31], if the

reaction proceeds via heterolytic cleavage of the O–O

bond, then the reaction with MPPH and the catalyst should

give 2-methyl-1-phenyl-2-propanol. On the other hand,

homolytic cleavage of the hydroperoxide leads to a radical

mechanism yielding acetone, benzyl alcohol and benzal-

dehyde as some of the b-scission products.

The reaction was carried out using MPPH (1.66 g) and

catalyst (0.01 mmol) in acetonitrile (10 mL) for 5 h and the

reaction products analyzed by GC revealed the presence of

2-methyl-1-phenyl-2-propanol. Under the same reaction

conditions, when phenol was used as the substrate, the

product analysis showed the presence of catechol, hydro-

quinone, unreacted phenol and 2-methyl-1-phenyl-2-pro-

panol. Thus, in this case, no products arising from the

homolytic cleavage of MPPH were detected [32], and we

conclude that the oxidation of phenol occurs by the hetero-

lytic cleavage of the O–O bond of hydroperoxide; a plausible

mechanism for this catalytic system is shown in Fig. 5.

Fig. 4 Plot of % conversion of phenol versus time. Reaction

conditions: 0.02 mmol of PS–(QBIM)2Cu(II) catalyst, 7.5 mmol of

phenol with 1:2 substrate/TBHP ratio at 70 �C in 10 mL acetonitrile

Table 4 Effect of catalyst and substrate concentration, substrate/TBHP ratio, temperature, reaction time on the oxidation of phenol

Entry Catalyst

conc.

(mmol)

Temp

(�C)

Phenol conc.

(mmol)

Substrate/

TBHP ratio

Reaction

time (h)

% Unreacted

phenol

% Catechol % Hydroquinone

1 0.01 60 5.0 1:1 6 25 49 13

2 0.02 60 5.0 1:1 6 5 85 8

3 0.03 60 5.0 1:1 6 5 81 8

4 0.04 60 5.0 1:1 6 5 80 8

5 0.05 60 5.0 1:1 6 4 77 7

6 0.02 30 5.0 1:1 6 47 40 10

7 0.02 45 5.0 1:1 6 27 52 15

8 0.02 70 5.0 1:1 6 4 89 6

9 0.02 70 2.5 1:1 6 3 87 –

10 0.02 70 7.5 1:1 6 3 87 4

11 0.02 70 10.0 1:1 6 20 74 3

12 0.02 70 10.0 1:1 10 8 75 6

13 0.02 70 10.0 1:1 24 h 6 75 8

14 0.02 70 7.5 1:1 5 8 59 11

15 0.02 70 7.5 1:1 4 13 49 13

16 0.02 70 7.5 1:1 8 4 87 5

17 0.02 70 7.5 1:0.5 6 26 57 9

18 0.02 70 7.5 1:2 6 1 89 4

19 0.02 70 5.0 1:0.5 6 12 80 5

20 0.02 70 5.0 1:2 6 3 90 3
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Oxidation of benzyl alcohol and cyclohexanol

Oxidations of benzyl alcohol and cyclohexanol were carried

out in acetonitrile with 1:2 substrate/TBHP ratio to give

benzaldehyde and cyclohexanone, respectively. Thus, benzyl

alcohol was selectively oxidized to benzaldehyde with only a

trace amount of benzoic acid. The optimized conditions for the

oxidation of benzyl alcohol to benzaldehyde were found to be

0.02 mmol of catalyst and 15.0 mmol of substrate with 1:1

substrate/TBHP ratio at 50 �C (entry 12). When the reaction

was carried out for 3 h, there was 98 % conversion of benzyl

alcohol, with 98 % of benzaldehyde formation (Table 5).

When the optimized reaction was continued for 24 h (entry

19), slight formation of benzoic acid was observed (5 %)

along with 95 % benzaldehyde. The turnover frequency for

the oxidation of benzyl alcohol was 250/h.

Oxidation of cyclohexanol gave 100 % cyclohexanone as the

product in 50 min (Table 6). The optimized reaction conditions

were 0.02 mmol of catalyst and 25.0 mmol of cyclohexanol

with 1:1 substrate/TBHP ratio at 45 �C (entry 13). The turnover

frequency was 2,500/h with 100 % conversion of cyclohexanol.

Comparison of the catalytic activity of PS–(QBIM)2Cu(II) with

other reported systems (Table 7) reveals that the present system

exhibits superior catalytic activity [8, 21, 33, 34].

Fig. 5 Plausible mechanism for the oxidation of phenol by

PS–(QBIM)2Cu(II) complex

Table 5 Effect of catalyst, substrate concentration, temperature, time, substrate/TBHP ratio on the oxidation of benzyl alcohol in 10 mL

acetonitrile

Entry Catalyst concentration

(mmol)

Temperature

(�C)

Reaction

time (h)

Benzyl alcohol

concentration (mmol)

Substrate/

TBHP ratio

% Unreacted

benzyl alcohol

% benzaldehyde

1 0.01 60 3 5.0 1:1 21 76

2 0.02 60 3 5.0 1:1 6 94

3 0.03 60 3 5.0 1:1 11 88

4 0.02 30 3 5.0 1:1 34 66

5 0.02 45 3 5.0 1:1 13 87

6 0.02 50 3 5.0 1:1 5 94

7 0.02 60 3 5.0 1:1 6 92

8 0.02 70 3 5.0 1:1 9 89

9 0.02 50 3 2.5 1:1 5 95

10 0.02 50 3 7.5 1:1 5 95

11 0.02 50 3 10.0 1:1 5 93

12 0.02 50 3 15.0 1:1 2 98

13 0.02 50 3 20.0 1:1 11 87

14 0.02 50 8 20.0 1:1 9 88

15 0.02 50 90 min 15.0 1:1 64 35

16 0.02 50 2 15.0 1:1 19 80

17 0.02 50 3 15.0 1:2 5 94

18 0.02 50 3 15.0 1:0.5 15 84

19 0.02 50 24 h 15.0 1:1 1 95

Transition Met Chem (2013) 38:53–62 59
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Table 6 Effect of catalyst, substrate concentration, temperature, time, substrate/TBHP ratio on the oxidation of cyclohexanol in 10 mL

acetonitrile

Entry Catalyst concentration

(mmol)

Temperature

(�C)

Reaction time

(min)

Cyclohexanol

concentration (mmol)

Substrate/

TBHP ratio

% Unreacted

cyclohexanol

% Cyclohexanone

1 0.01 60 50 5.0 1:1 44 55

2 0.02 60 50 5.0 1:1 0 100

3 0.03 60 50 5.0 1:1 0 100

4 0.02 30 50 5.0 1:1 28 70

5 0.02 45 50 5.0 1:1 0 100

6 0.02 45 25 5.0 1:1 67 31

7 0.02 45 40 5.0 1:1 31 68

8 0.02 45 24 h 5.0 1:1 0 100

9 0.02 45 50 2.5 1:1 0 100

10 0.02 45 50 10.0 1:1 0 100

11 0.02 45 50 15.0 1:1 0 100

12 0.02 45 50 20.0 1:1 0 100

13 0.02 45 50 25.0 1:1 0 100

14 0.02 45 50 30.0 1:1 14 86

15 0.02 45 300 30.0 1:1 13 87

16 0.02 45 420 30.0 1:1 12 88

17 0.02 45 50 25.0 1:0.5 43 56

18 0.02 45 50 25.0 1:2 0 100

19 0.02 45 50 5.0 1:0.5 33 67

20 0.02 45 50 5.0 1:2 0 100

Table 7 Comparison of the catalytic activity of PS–(QBIM)2Cu(II) complex with other reported systems

Catalyst Oxidant Temperature

(�C)

Time

(h)

% Conversion

of phenol

Ref

Phenol

PS–(QBIM)2Cu(II) complex TBHP 70 5 99 This work

(P–HPHZ–Cu)a H2O2 70 24 45 [33]

(P–HPPn–Cu)b H2O2 70 24 53 [34]

Catalyst Oxidant Temperature

(�C)

Time

(h)

% Conversion

of cyclohexanol

Ref

Cyclohexanol

PS–(QBIM)2Cu(II) complex TBHP 45 50 min 100 This work

8 % poly(S-DVB)L-val

Cu(II) complex

TBHP 45 24 h 25 [21]

Catalyst Oxidant Temperature

(�C)

Time

(h)

% Conversion

of benzyl alcohol

Ref

Benzyl alcohol

PS–(QBIM)2Cu(II) complex TBHP 50 3 98 This work

[PS–Cu–TSC] catalystc H2O2 60 6 100 [8]

a P–HPHZ–M = polymer-supported [N,N0-bis(o-hydroxy acetophenone)hydrazine]copper complex
b (P–HPPn–M) = polymer-supported [N,N0-bis(o-hydroxy acetophenone) propylene diamine] copper complex
c [PS–Cu–TSC] = polymer-supported thiosemicarbazone copper(II) complex
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Heterogeneity and recycling tests

A heterogeneity test was performed by taking 0.02 mmol

of the catalyst plus 5.0 mmol of cyclohexanol with a 1:1

substrate/TBHP ratio at 60 �C in acetonitrile. Reaction for

30 min gave 27 % conversion. The catalyst was then fil-

tered from the reaction mixture and the filtrate left stirring

for another 1 h at 60 �C. The GC analysis indicated that the

conversion of cyclohexanol remained unchanged. The fil-

trate was tested for metal content by AAS. There was no

metal content in the filtrate, which indicated that there was

no leaching of the metal from the polymer support during

the catalytic reaction and the polymer-supported complex

was truly heterogeneous.

The recycling ability was tested by using 0.02 mmol

catalyst plus 5.0 mmol of the substrates at 60 �C with 1:1

substrate/TBHP in acetonitrile medium. After the reaction,

the catalyst was filtered off, washed with alcohol and dried

before use and recycled five times. The recycling ability of

the catalyst is shown in Table 8. The catalytic activity of

the supported complex toward oxidation of alcohols

remained almost constant on recycling. Analytical and

spectral studies of the recycled catalyst indicated that the

metal did not leach out from the support and the structure

of the polymer-supported complex remained unchanged

even after recycling five times.

Conclusion

Chloromethylated polystyrene cross-linked with 6.5 %

divinyl benzene was successfully functionalized with

2-(20-quinolyl)benzimidazole, and copper(II) acetate was

anchored on it. The catalyst was active toward oxidation of

alcohols using TBHP as an oxidant. The PS–(QBIM)2Cu(II)

catalyst is recyclable, efficient, stable and can be reused

without appreciable decrease in the activity. Hence, this

polymer-supported complex is a prospective heterogeneous

catalyst for the oxidation of various organic compounds.

The authors are presently engaged in carrying out the oxi-

dation of other industrially important organic compounds.
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