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Highly effective catalysts of natural polymer supported Salophen
Mn(III) complexes for aerobic oxidation of cyclohexene
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Abstract

Three chitosan (abbreviated as CS) supported Salophen Mn(III) complexes were prepared in a simple way and characterized by FT-IR and XPS.
Their abilities to catalyze allylic oxidation of cyclohexene with oxygen in the absence of solvents or reducing agents were studied. It has been
revealed that the amino groups of CS coordinated with the Mn atoms of Salophen Mn(III) complexes to form CS–Salophen Mn(III) complexes,
which have much better catalytic activities for allylic oxidation of cyclohexene than the corresponding unsupported Salophen Mn(III) complexes.
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nder reaction conditions of 343 K and ambient pressure of oxygen, after 12 h reaction, the cyclohexene oxidation catalyzed by CS–Salophen
n(III) complex resulted in 11.03 × 104 turnover numbers (based on the manganese atom), which was about 44 times as large as that by unsupported

alophen Mn(III) complex. The influences of reaction temperature and reaction time on the oxidation of cyclohexene were also investigated.
2006 Published by Elsevier B.V.
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. Introduction

The allylic oxidation of olefin into �,�-unsaturated ketones
s an important transformation in natural product synthesis
1]. In particular, the oxidation products of cyclohexene and
heir derivatives, viz. 2-cyclohexen-1-one, 1-methylcyclohex-
-en-3-one, etc., are important in organic synthesis owing to
he presence of a highly reactive carbonyl group, which is
tilized in cycloaddition reactions [2–4]. Great efforts have
een devoted to the oxidation of cyclohexene in the past
ears [5–13]. Direct conversion of cyclohexene into adipic
cid with H2O2 catalyzed by Na2WO4·2H2O combined with
TC has been reported by Sato et al. [14] However, most
rocesses reported suffer from relatively harsh conditions or
oor conversions and selectivities. Awareness of environmen-
al issues has proven a potent driving force in the develop-

ent of environmentally friendly processes and technologies
n the chemical industry [15,16]. In this aspect, more efficient
atalytic system for oxidation of cyclohexene with molecular

oxygen without any solvents or reducing agents is particularly
desirable.

Manganese Schiff base complexes are known to be active
homogeneous catalysts in the epoxidation of olefins with various
stoichiometric oxidants [17] such as peroxides, NaOCl or PhIO.
The chiral manganese Schiff base catalysts developed by Jacob-
sen and co-workers are active and enantioselective epoxidation
catalysts known to date [18]. Due to the inherent advantages
of heterogeneous catalysts over homogeneous catalysts, much
effort [19–22] has been made to immobilize these homogeneous
catalysts onto solid supports, such as polymers [23], clays [24]
and zeolites [22,25]. However, catalysts based on biopolymers
have not received much attention.

Chitosan, the most abundant natural amino polysaccharide,
is produced by the deacetylation of chitin, which is one of the
key constituents of the shells of crustaceans and is a by-product
of the fishing industry. It is readily formed into films or fibres
for many applications [26]. The flexibility of the material, insol-
uble in the vast majority of solvents, but capable of being cast
into films and fibres from dilute acid, along with its inherent
chirality makes chitosan an excellent candidate for a support of
∗ Corresponding author. Tel.: +86 931 496 8053; fax: +86 931 827 7088.
E-mail address: cgxia@ns.lzb.ac.cn (C. Xia).

catalyst. In this respect, several catalytic systems using chitosan
as supports have been developed [27–35]. Functionalization of
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the chitosan to provide co-ordination sites has also been carried
out and has provided catalysts for oxidation reactions and Suzuki
and Heck reactions [36–38]. We previously reported that Schiff
base copper complexes derived from chitosan and substituted
salicylaldehydes were efficient catalysts for the cyclopropana-
tion of styrene [39,40]. In this paper, we prepared chitosan
supported Schiff base Mn(III) complexes and investigated their
catalytic abilities in the oxidation of cyclohexene with oxygen
without any solvents or reducing agents. High turnover numbers
and selectivities were obtained.

2. Experimental

2.1. Materials and equipments

2,4-di-tert-Butylphenol was purchased from Fluka. Chi-
tosan finely purified to a de-acetyl degree of 90.0% and with
viscosity molecular weight (Mv) of 9.6 × 105 was provided
by researcher Ai-Qin Wang (Lanzhou Institute of Chemi-
cal Physics, Chinese Academy of Sciences). Salicylaldehyde,
cyclohexene and o-phenylenediamine were repurified before
use. Other reagents were of analytical grade and were used as
received. 3,5-di-tert-butyl-2-hydroxybenzaldehyde and 5-nitro-
2-hydroxybenzaldehyde were synthesized according to the pro-
cedure described in the literatures [41,42]. Salophen Mn(III)
complexes 2a–c were prepared as described in the literature
[
8
f
M
o
t
d
l

2
M

s

Table 1
The IR date of CS and CS–Salophen Mn(III) complexes

Selective IR bands (cm−1) Substances

CS CS–2a CS–2b CS–2c

vN–H 3473 3422 3427 3422
δN–H 1601 – – –

orously till the solution became clear. The pH of the solu-
tion was adjusted to 7 by addition of an aqueous solution of
Na2CO3 (1%), and then, a second solution containing 0.15 mmol
Salophen Mn(III) complex (2a–c) in 50 mL ethanol was added
dropwise to the first solution. After stirred continuously for
20 h in these conditions, the mixture was separated by filtra-
tion. The solid was copiously washed with ethanol and acetone,
dried at 90 ◦C under vacuum for 12 h to give chitosan supported
Salophen Mn(III) (CS–2a–c) catalysts, which were then used
for the oxidation of cyclohexene with molecular oxygen in the
absence of solvents or reducing agents.

The metal contents of CS–2a–c determined by atomic absorp-
tion spectroscopy are 0.31, 0.59, and 0.56%, respectively.

2.3. Characterization of the catalysts

The catalysts obtained were characterized by FT-IR and XPS.
The FT-IR spectrum of CS has a strong and broad absorption at
3473 cm−1 which masks the N–H stretching band. However, in
CS–2a–c, this absorption shifted to 3422, 3427, and 3422 cm−1

respectively (Table 1). The absorption at 1601 cm−1 on CS can
be attributed to bending vibration of NH2, but in CS–2a–c this
absorption disappeared.

The data of XPS are shown in Table 2. It can be seen that after
supporting, the binding energies of N 1s1/2 (in NH2) increased
a
e

a
o
c

esis o
43] (Scheme 1). FT-IR spectra were measured on a Nexus
70 FT-IR spectrophotometer. XPS measurements were per-
ormed with a VG Scientific ESCALAB 210 instrument with

g K� radiation (1253.6 eV). Atomic absorption results were
btained on a Hitachi 180-80 polarized Zeeman atomic absorp-
ion spectrophotometer. The reaction products of oxidation were
etermined by an HP 6890/5973 GC/MS instrument and ana-
yzed by an Agilent 6820 gas chromatograph.

.2. Preparation of chitosan supported Salophen
n(III)complexes

Chitosan (2.0 g, equivalent to 10.80 mmol NH2) was dis-
olved in 150 mL dilute acetic acid at 50 ◦C and stirred vig-

Scheme 1. Procedure for synth
nd the binding energies of Mn 2p1/2 and Mn 2p2/3 decreased as
xpected (Table 2).

From the data of FT-IR and XPS, it can be concluded that the
mino groups of chitosan coordinated with the manganese atoms
f Salophen Mn(III) complexes to form CS–Salophen Mn(III)
omplexes.

f salophen Mn(III) complexes.
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Scheme 2. Oxidation of cyclohexene.

Table 2
The data of X-ray photoelectron spectroscopy (XPS)

XPS peak Binding energy (eV)

CS 2a 2b 2c CS–2a CS–2b CS–2c

N 1s1/2 (NH2) 398.1 – – – 399.8 399.8 399.9
Mn 2p1/2 – 654.4 654.4 654.2 652.8 652.2 651.7
Mn 2p3/2 – 642.7 642.0 642.6 640.7 640.1 640.9

2.4. Oxidation of cyclohexene

Typical oxidation of cyclohexene was performed according
to the procedure described in the literature [21]: a glass flask
was charged with catalyst (2.0 mg) and cyclohexene (2.0 mL).
The dry oxygen was filled from the gauge glass and the atmo-
sphere was discharged out of the glass reactor with the gas outlet
tube. The gas outlet tube was closed. The reactor was put into
a bath, which had been heated to the desired temperature, and
stirring was started. The consumption of oxygen was measured
by the gauge glass. After the reaction, the samples were iden-
tified by GC-MS and quantified by GC. The products of the
reaction were cyclohexene oxide (I), 2-cyclohexene-1-ol (II),
2-cyclohexene-1-one (III) and 2-cyclohexene-1-hydroperoxide
(IV) (Scheme 2):

3. Results and discussion

3.1. Catalysis of Salophen Mn(III) and CS–Salophen
Mn(III) complexes for oxidation of cyclohexene

The results of cyclohexene oxidation catalyzed by Salophen
Mn(III) and CS–Salophen Mn(III) complexes are listed in
Table 3. As can be seen, CS–Salophen Mn(III) complexes had
great catalytic activities for oxidation of cyclohexene and high
t

hexene was higher for CS–2c than for CS–2a and CS–2b but the
highest value of turnover numbers were obtained in the pres-
ence of CS–2a. The distribution of oxidation products was also
different for the different catalysts. In the same conditions, the
selectivity of 2-cyclohexene-1-one in the presence of CS–2a was
the highest.

Compared with corresponding unsupported Salophen
Mn(III) complexes, CS–Salophen Mn(III) complexes had much
greater catalytic activities for aerobic oxidation of cyclohexene
and much higher turnover numbers have been obtained (Table 3).
A possible explanation for increase in catalytic activities due
to supporting is that the active sites isolating effect of macro-
molecular supports made Salophen Mn(III) complexes disperse
molecularly on chitosan while the neat complexes are not dis-
persed molecularly in the reaction mixture.

In order to investigate the catalytic activity of the
CS–Salophen Mn(III) complexes, a series of experiments were
carried out by choosing CS–2a as catalyst to investigate the
influence of reaction temperature and reaction time.

3.2. The effect of reaction temperature

The catalytic activity of CS–2a depended on tempera-
ture. As shown in Fig. 1, the rise in reaction temperature
increased the conversion of cyclohexene and great enhance-
m
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urnover numbers have been obtained. The conversion of cyclo-

able 3
omparison of catalytic activities of CS–Salophen Mn(III) complexes with uns

atalysts Metal content (%) Conversiona (%)

S–2a 0.31 75.5
S–2b 0.59 67.0
S–2c 0.56 79.1
ac 14.89 83.6
bd 11.97 73.7
cc 9.26 82.3

onditions: catalyst 2.4 mg, cyclohexene 2.0 mL (19.7 mmol), 70 ◦C, 12 h.
a Conversion and selectivity were determined by GC.
b Moles of substrate converted per mole of metal in the catalyst.
c Reaction in 5 mL CH2Cl2.
d Reaction in 5 mL CH3CN.
ent of the conversion occurred when reaction temperature
ncreased from 60 to 70 ◦C. As for the distribution of the prod-
cts, with increasing reaction temperature, the selectivities of 2-
yclohexene-1-one increased but the selectivity of cyclohexene
xide, 2-cyclohexene-1-ol and 2-cyclohexene-1-hydroperoxide
ecreased, and the crucial changes occurred when reaction tem-
erature increased from 60 to 70 ◦C.

Fig. 2 shows the effect of temperature on oxygen consump-
ion with reaction time prolonged. It is clear that high reac-
ion temperature raised the oxygen consumption. The average

ted Salophen Mn(III) complexes

Nb (×104) Selectivitiesa (%)

I II III IV

03 6.7 18.0 56.5 18.8
14 10.7 18.6 36.9 33.8
37 12.1 15.8 38.8 33.3
25 5.2 23.5 61.3 10.0
28 7.8 27.3 57.6 7.3
40 6.1 25.4 59.3 9.2
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Fig. 1. The effect of reaction temperature on cyclohexene conversion and
selectivities of the products. Conditions: catalyst 2.4 mg, cyclohexene 2.0 mL
(19.7 mmol), 12 h.

oxygen consumption rate at 343 K is 1.4, 2.9 and 4.3 times as
high as that at 333, 323, and 313 K, respectively. When the reac-
tion temperature increased or the reaction time was prolonged,
the cyclohexene conversion increased quickly but the selectivity
of 2-cyclohexene-1-hydroperoxide decreased. It is indicative of
a free radical reaction pathway [21].

3.3. The effect of reaction time

Fig. 3 shows how cyclohexene conversion and the selectivi-
ties of the products changed with reaction time. As the reaction
time was prolonged, the cyclohexene conversion and the selec-
tivity of 2-cyclohexene-1-one increased, while the selectivities
of cyclohexene oxide and 2-cyclohexene-1-ol decreased. For 2-
cyclohexene-1-hydroperoxide, the selectivity increased at first
and then decreased. Fig. 3 shows that the increase of cyclohexene
conversion dropped after 8 h reaction.

F
a
(

Fig. 3. The effect of reaction time on cyclohexene conversion and selectivities
of the products. Conditions: catalyst 2.4 mg, cyclohexene 2.0 mL (19.7 mmol)
70 ◦C, 12 h.

3.4. Reuse of the catalysts

To investigate the reusability of CS–2a, the catalysts were
separated by filtration after the first run, dried at 90 ◦C under
vacuum and then used for the second run under the same con-
ditions. The data obtained are listed in Table 4. As shown in
Table 4, the selectivities of the products had no great changes
after four times runs. The conversion of cyclohexene dropped
sharply after the first run and then kept constant, which could be
mainly attributed to the loss of loose Salophen Mn(III) complex
on CS during the first run.

3.5. Discussion

According to the literature [9,44], the oxidation of cyclo-
hexene with molecular oxygen initially forms 2-cyclohexene-1-
hydroperoxide as shown in Scheme 3 (step 1). 2-Cyclohexene-
1-hydroperoxide is not stable and can form cyclohexene oxide
and 2-cyclohexene-1-ol by epoxidation of cyclohexene (step 2),
decompose to 2-cyclohexene-1-ol and 2-cyclohexene-1-one in
the presence of catalyst (step 3), or decompose to 2-cyclohexene-
1-one and water (step 4). The conversion of cyclohexene is
controlled by the rate of step 1 in Scheme 3 and the selectiv-
ity for cyclohexene oxide and 1,2-cyclohexandiol is controlled
by the rate ratio of step 2 to steps 3 and 4.

T
R

R

F
1
2
3

A
ig. 2. The relationship between oxygen consumption and reaction time
t different temperature. Conditions: catalyst 2.4 mg, cyclohexene 2.0 mL
19.7 mmol), 9 h.
able 4
euse of the catalystsa

ecycle no. Conversion (%) TON (×104) Selectivities (%)

I II III IV

resh 75.5 11.03 6.7 18.0 56.5 18.8
70.4 10.28 7.8 19.9 54.7 17.6
71.6 10.46 6.9 20.1 53.9 19.1
69.8 10.20 7.2 17.3 55.2 20.3

verage 71.8 10.49 7.2 18.8 55.1 19.0

a Conditions: catalyst 2.4 mg, cyclohexene 2.0 mL (19.7 mmol), 70 ◦C, 12 h.
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Scheme 3.

As shown in Figs. 1–3, with increasing reaction temperature
or prolonged reaction time, the conversion of cyclohexene and
the selectivity of 2-cyclohexene-1-one increased, which indi-
cates that high temperature or long reaction time is of advantage
to steps 1 and 4 in Scheme 3. Moreover, the selectivity of 2-
cyclohexene-1-one in this study is much higher than that of
2-cyclohexene-1-ol, which indicates that the rate of step 4 was
much faster than the rate of step 2. Once 2-cyclohexene-1-
hydroperoxide formed, it converts to 2-cyclohexene-1-one and
water very quickly. No 1,2-cyclohexandiol was detected, which
indicates that cyclohexene oxide can hardly be hydrolyzed under
these experiment conditions.

4. Conclusions

Chitosan supported Salophen Mn(III) complexes prove to
be active and reusable catalysts for cyclohexene oxidation with
oxygen in the absence of reducing agents or solvents; high
cyclohexene conversion, turnover numbers and selectivity can
be obtained. Chitosan is cheap and plentiful, and possesses
particular microstructure, lower acidity (compared to supports
such as silica) and excellent function; the catalysts are easy to
prepare and can be easily separated after the reaction, which
endow chitosan supported Salophen Mn(III) complexes with
a bright future in industrial applications. This work, along
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