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2,2,6,6-four methyl piperidine nitroxide (TEMPO) was bonded on crosslinked poly(glycidyl meth-
acrylate) microspheres (CPGMA microspheres) by ring opening reactions between the epoxy group
on the CPGMA microspheres and the hydroxyl group of 4-OH-TEMPO. The obtained heterogeneous
TEMPO-immobilized polymeric (TEMPO/CPGMA) microspheres combined with a homogeneous
co-catalyst Fe(NO3)3 was used in the oxidation of cyclohexanol by molecular oxygen. The catalytic
property and catalytic mechanism were examined. This combination catalyst effectively catalyzed
the oxidation of cyclohexanol by molecular oxygen to cyclohexanone as the only product. Both Fe3+*
ion and NOs- ion in Fe(NOs)s together played the role of co-catalyst. For this combination catalyst,
under the conditions of 1:1 molar ratio of immobilized TEMPO to Fe(NOs)3, 55 °C, ordinary pressure
and with a suitable amount of this combination catalyst, the cyclohexanone yield was 44.1%, effec-
tively transforming cyclohexanol to cyclohexanone under mild conditions.

© 2015, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
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1. Introduction

The selective oxidation of primary and secondary alcohols
to their aldehydes and ketones is an important functional group
transformation in organic chemistry [1-3] which plays a very
important role in both laboratory research and fine chemical
production. Numerous oxidizing reagents in stoichiometric
amount, such as CrO3, KMnO4 and MnOz, have been employed
to accomplish this transformation, but they generate environ-
mentally hazardous or toxic byproducts [4-6]. From the eco-
nomic and environmental viewpoints, molecular Oz as a green
oxidant has received much attention in recent years because O2
is inexpensive and water is the only byproduct. Many catalytic
systems have been developed for catalytic aerobic alcohol oxi-
dation [7-11]. Among the various catalytic systems, the com-
binations of 2,2,6,6-tetramethyl piperidine-1-oxyl (TEMPO)
and some co-catalysts are attractive and promising [12-14]

because TEMPO is readily converted to a nitrogen carbonyl
cation by a single electron oxidation, and then the nitrogen
carbonyl cation as a strong oxidant enables primary and sec-
ondary alcohols to be quickly oxidized to the corresponding
aldehydes or ketones with a high conversion rate and excellent
selectivity. Although these homogeneous TEMPO systems ex-
hibit high catalytic activity for aerobic alcohol oxidation, limita-
tions still exist such as that the TEMPO chemical agent is ex-
pensive, and as a homogeneous catalyst it is difficult to recover
and recycle after the reaction. It is possible to overcome these
limitations by immobilizing the TEMPO catalyst on a solid sup-
port, and the heterogeneous TEMPO catalyst would have the
advantages of easy separation and efficient recycling [15-17].
TEMPO has been immobilized on various solid supports, in-
cluding silica gel, molecular sieves, and polymeric resins
[18-20]. Among these supports, the polymer resin is advanta-
geous because active groups can be easily introduced onto it by
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chemical modification, and these active groups can facilitate the
chemical bonding of TEMPO on the polymer resin. The litera-
ture rarely has studied about heterogeneous TEMPO catalysts
supported on polymer resins. In our previous study, cross-
linked poly(glycidyl methacrylate) microspheres (CPGMA mi-
crospheres) were prepared by suspension polymerization, and
TEMPO was bonded to the CPGMA microspheres by ring open-
ing reactions between the epoxy groups on the CPGMA micro-
spheres and the hydroxyl groups of 4-OH-TEMPO, resulting in
the heterogeneous catalyst microspheres TEMPO/CPGMA [21].
In the present work, the heterogeneous catalyst TEMPO/
CPGMA was combined with a co-catalyst Fe(NOs)s and was
used in the aerobic oxidation of cyclohexanol as a secondary
alcohol under mild conditions. The catalyst system constituted
by the heterogeneous TEMPO/CPGMA and homogeneous
Fe(NOs)s effectively catalyzed the aerobic oxidation of cyclo-
hexanol to cyclohexanone as the sole product with good activi-
ty. It was also found that both the Fe3* and NO3- species in
Fe(NOs)s showed work together. Although there have been
some reports on the aerobic oxidation of secondary alcohols by
a homogeneous TEMPO analog combined with Fe(NO3)3
[22,23], we report for the first time that the heterogeneous
TEMPO, i.e. TEMPO immobilized on polymer microspheres,
combined with Fe(NO3)3 can be used for the aerobic oxidation
of a secondary alcohol. The catalytic oxidation mechanism was
proposed. The result is valuable for the green and effective
oxidation transformation of secondary alcohols in organic syn-
thesis.

2. Experimental
2.1. Materials and instruments

Glycidyl methacrylate (GMA) was purchased from Nanhang
Chemical Ltd. (Suzhou, China) and purified by distillation under
vacuum before use. Ethylene dimethacrylate (EGDMA) was
supplied by Yantai Kaihua Chemical Co., Ltd. (Shandong, China)
and purified by distillation under vacuum before use.
4-Hydroxy-2,2,6,6-four methyl piperidine nitroxide
(4-OH-TEMPO) was supplied by Ruishuo Chemical Co., Ltd.
(Shanghai, China). Cyclohexanol was supplied by Beijing
Chemical Reagent Company (China). Other chemicals were
analytically pure reagents purchased from Chinese companies.

The instruments used in this study were: Perkin-Elmer
1700 infrared spectrometer (FTIR, Perkin-Elmer Company,
USA); 438vp scanning electron microscopy (SEM, LEO compa-
ny, UK); GC-920 gas chromatograph (GC, Shanhai Haixin Chro-
matograph Co., Ltd.)

2.2. Preparation and characterization of the heterogeneous
catalyst TEMPO/CPGMA

Using the procedure described in Ref. [21] (with some
changes), the heterogeneous catalyst TEMPO/CPGMA was
prepared. (1) The crosslinked polymeric microspheres CPGMA
were first prepared by suspension polymerization. The con-
tinuous phase was comprised by distilled water containing

polyvinyl alcohol and NaCl. The monomer GMA was mixed with
the crosslinker EGDMA as the oil phase, and this mixture was
used as the dispersed phase. By adjusting the agitation speed to
ensure good mixing of the two phases, a suspension polymeri-
zation system was formed. The initiator azoisobutyronitrile
(AIBN) was then added, and the crosslinking copolymerization
of GMA and EGDMA was carried out at 55 °C for 5 h under N2
atmosphere, obtaining translucent crosslinked polymeric mi-
crospheres GMA/EGDMA (denoted by CPGMA microspheres
because GMA was the main monomer). The average diameter
of CPGMA microspheres was 100 pm measured by an optical
microscope. (2) TEMPO was bonded onto CPGMA micro-
spheres by a polymer reaction. CPGMA microspheres were first
soaked and swelled in N,N-dimethylformamide (DMF), and
then 4-OH-TEMPO was added into the mixture. The ring open-
ing reaction between the epoxy groups on the CPGMA micro-
spheres and the hydroxyl groups of 4-OH-TEMPO was con-
ducted at 85 °C for 12 h under N2 atmosphere with Na2CO3 as a
catalyst. The TEMPO-immobilized microsphere TEMPO/
CPGMA catalyst was obtained. The TEMPO/CPGMA micro-
spheres were characterized by FTIR, SEM and a chemical anal-
ysis method [21]. The immobilized amount of TEMPO on the
TEMPO/CPGMA microspheres was 3.14 mmol/g.
2.3. Catalytic oxidation of cyclohexanol with molecular Oz
TEMPO/CPGMA microspheres in combination with
Fe(NOs)s was used in the catalytic oxidation of cyclohexanol
with molecular Oz as oxidant at normal pressure. A typical
procedure is as follows. In a reactor equipped with a mechani-
cal stirrer, reflux condenser, thermometer and O: inlet, 50 mL
of glacial acetic acid and 10 mL of cyclohexanol were added,
followed by adding the combination catalysts containing 1.10 g
of TEMPO/CPGMA microspheres and 0.242 g of Fe(N0O3)3-9H20
as the co-catalyst. Oxygen at normal pressure was introduced
into the mixture (15 mL/min). The oxidation reaction was per-
formed at 55 °C with continuously stirring for 36 h. Samples of
the reaction mixture were taken at fixed time intervals, and
then measured immediately by a gas chromatograph (GC) with
the internal standard method. The GC analysis results showed
that cyclohexanone was the only product, and so the cyclohex-
anone yield was the conversion of cyclohexanol. The cyclohex-
anone yield was calculated from the GC data. After the oxida-
tion reaction, the TEMPO/CPGMA microspheres were soaked,
washed with acetic acid and ethanol in turn to completely re-
move cyclohexanone physically attached on the microspheres,
and dried under vacuum. The recovered TEMPO/CPGMA mi-
crospheres were reused in the oxidation reaction of cyclohex-
anol under the same conditions to examine their recycling per-
formance.

2.4. Examining the main factors in the catalytic oxidation of
cyclohexanol

In order to understand the catalytic mechanism of cyclo-
hexanol oxidation by molecular oxygen, the catalytic property
of the combination catalyst, TEMPO/CPGMA microspheres and
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FeCl3+NaNOs was investigated. The effects of ratio of TEMPO/
CPGMA to Fe(NOs)s, combination catalyst amount and reaction
temperature were examined.

3. Results and discussion

3.1. Preparing the TEMPO/CPGMA microspheres and their
chemical structure

In this work, the nitroxide free radical was immobilized on
the surface of the polymer microspheres containing epoxy
groups by an elaborate molecular design. CPGMA microspheres
were first prepared by suspension copolymerization of GMA
and EGDMA used as a crosslinker. There were abundant active
groups, namely, the epoxy groups, on the CPGMA microspheres.
Through the ring opening reaction between the epoxy group on
the CPGMA microspheres and hydroxyl group of 4-OH-TEMPO
under alkaline condition, TEMPO was chemically immobilized
on the surface of the CPGMA microspheres, and TEMPO/
CPGMA microspheres were prepared. The process to prepare
TEMPO/CPGMA microspheres and their chemical structures is
schematically depicted in Scheme 1. In the characterization of
the TEMPO/CPGMA microspheres, the infrared spectrum con-
firmed their chemical structure, and their morphology was
observed by SEM. The detailed results are given in Ref. [21].

3.2. Catalytic activity and mechanism
The oxidation of cyclohexanol by molecular oxygen was cat-

alyzed by the TEMPO/CPGMA microspheres and Fe(NOs3)3
combination catalysts, and was carried out under normal
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Fig. 1. Curves of cyclohexanone yield with time using the combination
of TEMPO/CPGMA and Fe(NOs)3 as co-catalyst or the single compo-
nents as catalyst. Reaction conditions: 55 °C, 02 ordinary pressure,
acetic acid as solvent.

pressure of molecular oxygen. Fig.1 gives the curve of cyclo-
hexanone yield, i.e., conversion of cyclohexanol versus time. For
comparison, the oxidation reaction was also conducted in the
presence of TEMPO/CPGMA alone, Fe(NO3)s alone and with no
catalyst, and it was found that there was no reaction in the
three systems.

For the reaction system with TEMPO/CPGMA microspheres
and Fe(NOs)3 added, the oxidation of cyclohexanol was obvious,
and the cyclohexanone yield was 44% in 36 h. This showed the
immobilized TEMPO in combination with Fe(NO3)3 effectively
catalyzed the oxidation of cyclohexanol by molecular oxygen.
The results showed only their combination had a catalytic role
in the oxidation of cyclohexanol by molecular oxygen.

(1) Preparation of crosslinked polymer microspheres CPGMA by suspension polymerization
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Scheme 1. Chemical structure of CPGMA and TEMPO/CPGMA microspheres.
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Fig. 2. Curves of cyclohexanone yield with time using combination of
TEMPO/CPGMA, FeCls and NaNOs as catalyst as well as using other

component combination as catalyst. Reaction conditions: 55 °C, O:
ordinary pressure, acetic acid as solvent.

As reviewed above, various combinations of TEMPO or im-
mobilized TEMPO and a co-catalyst can catalyze the aerobic
oxidation of alcohols. In the present catalyst system, the immo-
bilized TEMPO was the main catalyst, and Fe(NO3)sz was a
co-catalyst. In order to confirm that Fe3+ and NO3- in Fe(NO3)3
should work together, a combination of TEMPO/CPGMA, FeCl3
and NaNOs (with a molar ratio of FeCls to NaNOs of 1:3) was
used in the reaction. At the same time, the combination of
TEMPO/CPGMA and FeCls or NaNO3 were also used, and the
results are given in Fig. 2.

When TEMPO/CPGMA, FeCls and NaNO3 was used as cata-
lyst, the cyclohexanone yield reached nearly 40% in 36 h, close
to that of TEMPO/CPGMA and Fe(NO3)s, suggesting that the
combination of FeCls and NaNOs can take place of Fe(NOs)s3 in
the catalytic system. However, no oxidation reaction was ob-
served when using the combination of TEMPO/CPGMA and
FeCls or NaNOs. The results demonstrated that only Fe3* or
NOs- did not play a co-catalyst role in the catalytic system, and
only their combination did. The above results confirmed that in
the combination of TEMPO/CPGMA microspheres and
Fe(NOs3)s, both of Fe3* ion and NOs- ion must act together. From
the above experiments and by referring to published TEMPO
catalytic systems [24,25], a catalytic oxidation mechanism is

proposed in Scheme 2.
o
@ "o

NO2  Fe(m)

Scheme 2. Catalytic oxidation mechanism of the combination of
TEMPO/CPGMA and Fe(NO3)s.

NOj” Fe(I)

The immobilized TEMPO is responsible for the main oxida-
tion reaction of cyclohexanol with the help of Fe(III) that initi-
ates a series of electron and proton transfer. During the redox
processes, the immobilized TEMPO is oxidized to
oxo-ammonium ion by Fe(IlI) [22]. The oxo-ammonium ion
that is a well-known highly efficient oxidant oxidizes cyclohex-
anol to cyclohexanone and release the immobilized TEMPOH,
while Fe(III) is reduced to Fe(II) finally. The role of NOs- is for
the oxidation of Fe(Il) to Fe(Ill), and at the same time, NO3- is
reduced to NO2z- that was again oxidized to NOs3- by dissolved
oxygen. There are three cycles in the redox processes as pre-
sented in Scheme 2. With repeating of the three cycles, cyclo-
hexanol is continuously transformed into cyclohexanone.

3.3.  Main factors in the catalytic oxidation of cyclohexanol

3.3.1.  Effect of molar ratio of immobilized TEMPO to Fe(NO3)3

In the reaction system, TEMPO/CPGMA microspheres in a
specific amount (1 g) were added, and the added amount of the
co-catalyst Fe(NO3)3-9H20 was varied. Fig. 3 gives the results of
the oxidation of cyclohexanol.

With increasing amount of Fe(NOs)s, the cyclohexanone
yield in the same period of time increased. When the molar
ratio of the immobilized TEMPO to Fe(NO3)3 is equal to 1:1, the
cyclohexanone yield reached 38% in 36 h, and adding more
Fe(NOs3)s did not improve the reaction significantly. Therefore,
1:1 molar ratio of TEMPO to Fe(NOs)s was considered to be
optimum.

3.3.2.  Effect of combination catalyst amount

The combination of TEMPO/CPGMA and Fe(NOs3)3 in the
molar ratio of 1:1 was added into the oxidation system. With
the fixing of the other reaction conditions, the combination
catalyst amount was varied and the results of the oxidation of
cyclohexanol are given in Fig. 4.

Fig. 4 displays that the cyclohexanone yield in the same pe-
riod of time increased with increasing the amount of combina-
tion catalyst. However, after the catalyst amount was increased
to 1.1 g the cyclohexanone yield was 44.1% in 36 h, further
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Fig. 3. Curves of cyclohexanone yield with time using different molar
ratios of immobilized TEMPO to Fe(NO3)s. Reaction conditions: 55 °C,
02 ordinary pressure, acetic acid as solvent.
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Fig. 4. Curves of cyclohexanone yield with time with different amounts
of combination catalyst of TEMPO/CPGMA and Fe(NOs)s. Reaction
conditions: 55 °C, 02 Ordinary pressure, acetic acid as solvent, ratio of
TEMPO to Fe(NO3)s 1:1.

increasing the combination catalyst amount no longer affected
the reaction significantly. Therefore, 1.1 g of this combination
catalyst was optimum.

3.3.3.  Effect of temperature

By fixing the other reaction conditions and changing the re-
action temperature, the oxidation of cyclohexanol by molecular
oxygen was performed as shown in Fig. 5.

It can be seen that cyclohexanone yield increased with tem-
perature. However, after the temperature had increased to 55
°C, the variation of the reaction rate with temperature became
insignificant. Therefore, the suitable reaction temperature
should be 55 °C.

3.4. Reuse property of the catalyst

The recycle and reuse experiments for the combination cat-
alyst, TEMPO/CPGMA and Fe(NOs3)3 with a molar ratio of 1:1,
were conducted to examine its stability (only the recycle and
reuse property of the TEMPO/CPGMA microspheres was tested
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Fig. 5. Curves of cyclohexanone yield with time at different tempera-
tures. Reaction conditions: O; ordinary pressure, acetic acid as solvent,
ratio of TEMPO to Fe(NOs)s 1:1, combination catalyst 1.1 g.
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Fig. 6. Effect of cycle number on catalyst activity. Reaction conditions:
55°C, 0z ordinary pressure, glacial acetic acid as solvent, 36 h.

because Fe(NO3)3-9H20 as a homogeneous catalyst was added
in each test). Fig. 6 shows the cyclohexanone yield in 36 h as a
function of the number of cycles for this combination catalyst
system.

It can be observed that during the consecutive reuse of 7
times, the combination catalyst was stable to some extent. In
the second use, the cyclohexanone yield decreased obviously
from 44.1% to 38.6%. In the third use, the cyclohexanone yield
decreased from 38.6% to 36.5%. Thereafter, the combination
catalyst was stable, and the cyclohexanone yield remained at
35%.

4. Conclusions

TEMPO was bonded onto polymeric CPGMA microspheres
by a polymer reaction to give TEMPO-immobilized micro-
spheres, TEMPO/CPGMA microspheres. These microspheres in
combination with Fe(NOs)s were used in the oxidation of cy-
clohexanol by molecular oxygen. The catalytic property of this
combination catalyst, TEMPO/CPGMA and Fe(NO3)s, was in-
vestigated, and the catalytic mechanism was inferred. This
combination catalyst has good catalytic activity in the oxidation
of cyclohexanol by molecular oxygen. Under the optimized
conditions, with a molar ratio of the immobilized TEMPO to
Fe(NO3)s of 1:1, 55 °C, standard pressure of oxygen and with an
appropriate amount of this combination catalyst, the cyclohex-
anone yield was 44.1%. This combination catalyst gave only
cyclohexanone, showing excellent catalytic selectivity. In the
catalytic oxidation, the immobilized TEMPO was the catalyst
responsible for the oxidation of cyclohexanol, while Fe(NO3)s3 as
co-catalyst helped the TEMPO/CPGMA microspheres complete
the redox cycle. Both Fe3* and NOs- in Fe(NOs)s together play
the co-catalyst role.
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