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Crosslinked polymer (glycidyl methacrylate) microspheres (CPGMA) were prepared with glycidyl
methacrylate as monomer and ethylene dimethacrylate as crosslinker by suspension polymeriza-
tion. The ring opening reaction between the epoxy groups on the CPGMA microspheres and
4-hydroxy-2,2,6,6-tetramethyl-piperidinyl-1-oxy (4-OH-TEMPO) was carried out to immobilize
TEMPO on the polymer microspheres. TEMPO-immobilized microspheres (TEMPO/CPGMA) were
obtained and were characterized by several methods. The effects of the main factors in the immobi-
lization were examined so that the reaction conditions were optimized. On this basis, a co-catalyst
system was constituted with TEMPO/CPGMA and CuCl and was used in the oxidation reaction of
benzyl alcohol by molecular oxygen. The catalytic activity of the co-catalyst system and the effects of
the main factors were examined. The experimental results showed that the ring opening reaction of
the epoxy group allowed the immobilization of TEMPO to be smoothly realized on the CPGMA pol-
ymer microspheres, on which there were many epoxy groups. The ring opening reaction of the
epoxy group is a nucleophilic substitution reaction with the Sn2 reaction mechanism, and
N,N'-dimethyl formamide with a strong polarity is an appropriate solvent and a suitable tempera-
ture is 85 °C. The co-catalyst system consisting of the heterogeneous catalyst TEMPO/CPGMA and
CuCl efficiently catalyzed the oxidation reaction of benzyl alcohol by molecular oxygen. Under mild
conditions, benzyl alcohol was transformed to benzaldehyde with 100% selectivity and a yield of
90%. The suitable molar ratio of the main catalyst TEMPO/CPGMA to the co-catalyst CuCl is 1:1.2
and the suitable amount of TEMPO/CPGMA is 0.90 g. The TEMPO/CPGMA catalyst has excellent
recyclability.
© 2013, Dalian Institute of Chemical Physics, Chinese Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

high cost of oxidants [1-4]. Green environmental protection
and high atom economy are required in today's chemical pro-

The oxidation of alcohols to carbonyl compounds is one of
the most important chemical transformations in organic syn-
thesis. Traditionally, the oxidation is accomplished by stoichi-
ometric and strong oxidants ( CrOs, KMnOs, MnOz, etc.), which
have a number of disadvantages, such as harsh reaction condi-
tions, large amounts of waste that pollute the environment, and

cesses, but the traditional transformations cannot meet these
requirements. Therefore, it is necessary to develop a highly
efficient and environment friendly oxidation process of alco-
hols to carbonyl compounds, in which a catalyst with high per-
formance is very important. Besides heteropolyacids and met-
alloporphyrins [5,6], nitroxide free radicals are highly efficient
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catalysts for the oxidation of alcohol. Among the nitroxide free
radicals, 2,2,6,6-tetramethyl-piperidinyl-1-oxy (TEMPO) has
attracted much attention as a homogeneous catalyst. First,
TEMPO is readily converted into a nitrogen carbonyl cation by
a single electron oxidation, after which the nitrogen carbonyl
cation, as a strong oxidant, enables primary and secondary
alcohols to be quickly oxidized into the corresponding aldehyde
or ketone with high conversion rate and high selectivity [7-10].
Also, by using TEMPO as the catalyst, the oxidation of alcohols
can be carried out under mild conditions and with environment
friendly oxidants, such as hydrogen peroxide and molecular
oxygen [11-17]. Therefore, the use of TEMPO as the catalyst
can achieve green synthesis. Moreover, the TEMPO catalyst has
high stability because of the strong steric hindrance around the
nitrogen groups [15].

Although TEMPO as a homogeneous catalyst exhibits good
catalytic activity and selectivity, it is difficult to separate and
recover TEMPO after the reaction, which severely restricts the
development of the catalyst system. Immobilized TEMPO cata-
lysts (heterogeneous TEMPO catalyst) on solid supports can
overcome this shortcoming, and it also has some new catalytic
characteristics, such as higher activity and is active without a
co-catalyst [10,18]. The immobilization of TEMPO is one of the
most important subjects in the study of catalytic oxidation.
TEMPO has been immobilized on various solid supports, in-
cluding silica gel, molecular sieves, and polymeric resins
[19-21]. Among these supports, the polymer resin has received
much attention as it is easy to introduce active groups on it by
means of chemical modification, which facilitate the chemical
bonding of TEMPO on these resins. For instance, researchers
have prepared immobilized TEMPO catalyst by the bonding
reaction between 4-hydroxy-2,2,6,6-tetramethyl-piperidi-
nyl-1-oxy (4-OH-TEMPO) and the groups on the polymeric
carriers, including carboxyl groups (or anhydride groups) and
halide alkyl groups [22-24].

In our present investigation, crosslinked polymer (glycidyl
methacrylate) (CPGMA) microspheres were first prepared by
suspension polymerization. Then TEMPO was immobilized on
the CPGMA microspheres by the ring opening reaction between
4-OH-TEMPO and epoxy groups on the CPGMA microspheres,
and a novel TEMPO/CPGMA heterogeneous catalyst was thus
obtained. TEMPO/CPGMA was used as the heterogenous cata-
lyst for the oxidation of benzyl alcohol with molecular oxygen
as an oxygen source. TEMPO/CPGMA exhibited high catalytic
activity and excellent selectivity, and effectively transformed
benzyl alcohol into benzaldehyde at room temperature. The
mechanism of the heterogeneous catalytic oxidation reaction
was explored.

2. Experimental
2.1. Preparation of crosslinked microspheres CPGMA

The crosslinked microspheres were prepared by suspension
copolymerization of glycidyl methacrylate (GMA, AR grade,

purchased from Nanhang Chemical Ltd, Suzhou, China, and
purified by distillation under vacuum) and ethylene dimethac-

rylate (EGDMA, Industrial grade, obtained from Kaihua Chemi-
cal Limited Company, Yantai, China, and purified by distillation
under vacuum) with azoisobutyronitrile (AR grade, purchased
from Shanghai Chemical Reagent Plant, Shanghai, China, and
recrystallized by standard procedures) as initiator. The con-
tinuous phase consisted of 50 mL distilled water containing
0.50 g polyvinyl alcohol (reagent grade, purchased from Sanwei
Chemical Plant, degree of polymerization = 1799, Shanxi, Chi-
na) and 3.50 g NaCl, which were used as dispersant and sus-
pension stabilizer. The continuous phase was placed in a
four-necked flask equipped with a mechanical stirrer, N2 inlet,
and a condenser. GMA (10.0 mL) was mixed with 1.0 mL
EGDMA as the oil phase, which was used as the dispersed
phase. The dispersed phase was added dropwise into the con-
tinuous phase slowly. The agitating speed was adjusted and the
reaction mixture was stirred for 30 min at 45 °C to ensure good
mixing of the two phases. The reactor was placed in a thermo-
stat water bath, and when the mixture temperature was 55 °C,
the initiator (0.10 g) was added, and under a nitrogen atmos-
phere, the copolymerization was carried out at 55 °C for 5 h.
After the reaction, the microspheres were filtered off and
washed with distilled water and ethanol in turn. Finally, the
product was dried under vacuum at 50 °C, and white translu-
cent crosslinked GMA/EGDMA microspheres were obtained.
Because GMA was the main monomer, they were named
CPGMA.

2.2.  Preparation of immobilized microspheres TEMPO/CPGMA

CPGMA microspheres were placed in a four-necked flask
equipped with a mechanical stirrer, Nz inlet, and a condenser,
followed by adding N,N'-dimethyl formamide (DMF, AR grade,
purchased from Tientsin Dibo Chemical Reagent Plant, Tianjin,
China) as solvent. The microspheres were soaked and swelled
for 12 h. 4-OH-TEMPO (2.14 g, chemically pure, supplied from
Ruishuo Chemical Limited Company, Shanghai, China) were
dissolved in 30 mL of DMF, and the mixture was added into the
four-necked flask. After that, a saturated Na:CO3 solution (5
mL) as catalyst was added into the reaction system. The
quaternization reaction was carried out for 12 h at 85 °C under
N2 atmosphere. After ending the reaction, the final product
microspheres were collected by filtering. Then they were
washed with water and ethanol in turn several times. Finally
they were dried under vacuum at 50 °C to a constant weight,
and the immobilized TEMPO complex catalyst (designated as
TEMPO/CPGMA) was gained. Furthermore, by varying the feed
ratio, the reaction temperature, and the solvent, the effects of
these factors on the immobilized reaction were examined.

2.3. Characterization of catalysts

The chemical structure of the crosslinked microbeads
CPGMA and immobilized TEMPO/CPGMA microspheres were
characterized by FT-IR (Perkin-Elmer 1700 infrared spectrom-
eter, Perkin-Elmer Company, USA). Their morphology and size
(particle diameter) were characterized by scanning electron
microscopy (SEM, 438VP scanning electron microscopy, LEO
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company, UK) and an optical microscope (XSZ-4 optical micro-
scope with micrometer, Taiyuan Optics Instrument Factory,
China). The amount of epoxy groups on the CPGMA was calcu-
lated from the monomer feed ratio (6.17 mmol/g). The amount
of epoxy groups on the TEMPO/CPGMA surface was deter-
mined by the pyridine-hydrochloride method [25], and the
immobilized amount (mmol/g) of TEMPO was calculated. The
immobilized TEMPO/CPGMA catalysts used in this study have
an immobilized amount of 3.14 mmol/g.

2.4. Catalytic oxidation of benzyl alcohol with molecular oxygen

Benzyl alcohol (5 mL, AR grade, Guoyao Chemicals Co. Ltd,,
Beijing, China) and 50 mL of DMF as solvent were placed into a
reactor equipped with a mechanical stirrer, a reflux condenser,
a thermometer, and an O: inlet, followed by adding 0.90 g of
TEMPO/CPGMA microspheres and 0.242 g of CuCl. Oxygen at
normal pressure was passed into the mixture at a fixed flow
rate (15 mL/min). The oxidation reaction was performed at 25
°C with stirring for 20 h. Samples of the reaction mixture were
taken at fixed time intervals, and the analysis was carried out
immediately by gas chromatography (GC) with the ar-
ea-normalization standard method (N2, HP-5 capillary column,
FID detector). The GC analysis indicated that benzaldehyde was
the only product, showing that this catalytic oxidation system
has excellent selectivity. The benzaldehyde yield and conver-
sion of benzyl alcohol were calculated from the GC data. After
finishing the reaction, the TEMPO/CPGMA microspheres were
collected by filtration, and washed alternately with DMF and
ethanol. In order to remove adsorbed molecules on the catalyst,
the microspheres were soaked in ammonia for 12 h and then
washed with distilled water. After drying under vacuum to a
constant weight, TEMPO/CPGMA was obtained for recycling.

In order to examine the effects of the main factors on the
catalytic oxidation reaction and to optimize the reaction condi-
tions, the molar ratio of main catalyst and co-catalyst, used

amount of the solid catalyst, reaction temperature, and solvent
were changed in turn, and the catalytic oxidation of benzyl al-
cohol was carried out under the different conditions.

3. Results and discussion

3.1. Preparation of immobilized TEMPO complex catalyst
TEMPO/CPGMA

In this work, molecular design was used to get free radicals
immobilized on the surface of polymer microspheres contain-
ing epoxy groups. The crosslinked microspheres, CPGMA, were
prepared by suspension copolymerization of GMA and EGDMA,
and EGDMA was used as crosslinker. There are abundant epoxy
groups on the surface of the CPGMA crosslinked microspheres.
4-OH-TEMPO can be easily bonded on the surface of the cross-
linked microspheres by the ring opening reaction of the epoxy
groups under alkaline condition. Thus, the immobilized
TEMPO/CPGMA microspheres were formed. The process to
prepare the immobilized TEMPO/CPGMA microspheres is
demonstrated in Scheme 1.

3.2.  Characterization of the crosslinked microspheres and
immobilized microspheres

3.2.1. FT-IR spectra of the microspheres

Figure 1 gives the FT-IR spectra of the CPGMA and
TEMPO/CPGMA microspheres. In the spectrum of CPGMA, the
characteristic absorption band at 1731 cm-! was attributed to
the ester carbonyl groups of GMA and EGDMA. The characteris-
tic absorption of the epoxide rings appeared at 906 and 844
cm-L. The band at 2953 cm-! is the stretching vibration absorp-
tion of the methylene groups of EGDMA and the main chain of
the polymer. The band at 3000 cm-! was ascribed to the
stretching vibration absorption of the methyl groups of GMA.
The appearances of these bands revealed that the crosslinked

(1) Preparation of crosslinked polymer microspheres CPGMA
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Scheme 1. Chemistry of preparing the TEMPO/CPGMA heterogeneous catalyst.
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Fig. 1. FT-IR spectra of the two microspheres.

copolymerization of GMA and EGDMA has occurred, and cross-
linked CPGMA microspheres were formed.

The FT-IR spectrum of TEMPO/CPGMA has some absorp-
tion bands different from those of the CPGMA crosslinked mi-
crospheres. In the spectrum of the TEMPO/CPGMA micro-
spheres, the characteristic absorption bands of the epoxy
groups at 906 and 844 cm-1were much weakened, whereas the
characteristic absorption band of the free radicals group N-O
and ether group C-0-C appeared at 1390 and 1160 cm-1, re-
spectively. The strong absorption band at 3440 cm-! repre-
senting the -OH stretching vibration absorption is due to
4-OH-TEMPO grafted onto the CPGMA crosslinked micro-
spheres, which is a result of the ring opening reaction of epoxy.
Therefore, the FT-IR spectrum data fully demonstrated that
4-OH-TEMPO was bonded onto the crosslinked CPGMA micro-
spheres by the ring opening reaction of epoxy, and immobilized
TEMPO/CPGMA microspheres were prepared.

3.2.2.  Morphology of the microspheres

Figure 2 presents the SEM images of the crosslinked CPGMA
microspheres and immobilized TEMPO/CPGMA microspheres.
The CPGMA microspheres were more spherical and had a more
uniform particle size. After the immobilization reaction, the
immobilized TEMPO/CPGMA microspheres were still spherical,
but the surface of the microspheres had became a little rough
and scraggy, which was a result of the macromolecular reaction
(ring opening reaction of epoxy groups) on the surface of the
microspheres, indicating the immobilization of TEMPO on the
microspheres.

3.3.  Effects of main factors on the immobilization of TEMPO

3.3.1. Effect of reactant ratio

In the reaction system described in Section 2.2, with a fixed
amount of CPGMA and volume of solvent, the reaction was car-
ried out by changing the molar ratio of 4-OH-TEMPO to the
epoxy groups on the microspheres. Figure 3 gives the curves of
the immobilized amount (IA) of TEMPO versus time at different
reactant ratios. With increasing molar ratio between

Fig. 2. SEM photographs of the CPGMA and TEMPO/CPGMA micro-
spheres.

4-OH-TEMPO and epoxy groups on the microspheres, the im-
mobilized amount of TEMPO increased rapidly. The ring open-
ing reaction of epoxy groups and 4-OH-TEMPO is a nucleophilic
substitution reaction with the Sx2 reaction mechanism because
increasing the concentration of 4-OH-TEMPO, which was used
as the nucleophilic reagent, accelerated the reaction rate, re-
sulting in the increase amount of immobilized TEMPO. Howev-
er, as the concentration increased beyond a certain value, the
increase in immobilized amount began to slow down. As can be
seen from Fig. 3, the curve of the reactant ratio of 1:2.0 is close
to that with 1:3.0. For this system, an adequate reactant ratio
should be selected as 1:2.0, with which the immobilized
amount of TEMPO can reach 3.14 mmol/g.
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Fig. 3. Immobilized amount (IA) of TEMPO on TEMPO/CPGMA micro-

spheres versus time at different 4-OH-TEMPO: epoxy groups ratios.
Reaction conditions: DMF as solvent, 85 °C.
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Fig. 4. TEMPO bonded amount obtained using different solvents. Reac-
tion conditions: 85 °C, feed ratio 1:1.2. &: Dielectric constants of the
solvents at 25 °C, and the dielectric constant of the mixed solvent was
calculated according to molar ratio of the two solvents.

3.3.2.  Effect of solvent polarity

By fixing the other reaction conditions, the ring opening re-
action between epoxide groups and 4-OH-TEMPO was con-
ducted using four solvents with different polarities and dielec-
tric constants (¢): DMF, 1,4-dioxane, mixture of DMF and
1,4-dioxane (v/v = 7:3), and mixture of DMF and 1,4-dioxane
(v/v = 3:7). Figure 4 presents the immobilized amount of
TEMPO versus time using the different solvents.

The polarity of the four solvents was in the order of DMF >
DMF + 1,4-dioxane (v/v = 7:3) > DMF + 1,4-dioxane (v/v = 3:7)
> 1,4-dioxane. DMF was the best solvent, while 1,4-dioxane was
the worst. This order is coincident with the polarity of the four
solvents. That is, a higher solvent polarity gave more immobi-
lized amount.

The solvent polarity has a large effect on the immobilization
reaction. The possible reason for this is as follows. It was found
by experiment that the four solvents have good swelling prop-
erty on the crosslinked CPGMA microspheres, that is, the cross-
linked network can be fully stretched, and the epoxy groups of
the macromolecular chains and nucleophilic reagent have good
contact with each other. A higher solvent polarity gives a
stronger dipole-dipole interaction of solvent and nucleophilic
reagent, which is helpful for removing the hydroxyl hydrogen
protons and attacking the epoxy groups with 4-OH-TEMPO.
Based on this, the nucleophilic substitution reaction is pro-
moted, resulting in the enhancement of the immobilized
amount. Therefore, DMF should be selected as a suitable sol-
vent for this reaction.

3.3.3.  Effect of temperature

By fixing the other reaction conditions, the immobilization
reaction of TEMPO was performed with changing of the tem-
perature of the ring opening reaction. Figure 5 gives the immo-
bilized amount of TEMPO versus time at different tempera-
tures. The results clearly showed that at lower temperatures,
the immobilized amount was low due to the lower efficiency of
the ring opening reaction. The reaction rate increased with
temperature, resulting in higher immobilized amount of
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Fig. 5. TEMPO bonded amount obtained at different temperatures.
Reaction conditions: DMF as solvent, feed ratio 1:1.2.

TEMPO in the same period of time. Because the immobilized
amount of TEMPO at 85 °C was very close to that at 95 °C, a
suitable reaction temperature is 85 °C.

3.4. Catalytic characteristics of TEMPO/CPGMA in the oxidation
of benzyl alcohol with molecular oxygen

3.4.1. Catalytic activity and mechanism

The oxidation of benzyl alcohol was conducted in the fol-
lowing catalyst systems: (1) TEMPO/CPGMA and CuCl (molar
ratio 1:1.2); (2) TEMPO/CPGMA,; (3) CuCl; (4) without catalyst.
In the above (1) and (2) catalyst systems, the immobilized
amount of TEMPO on TEMPO/CPGMA was 3.14 mmol/g. Figure
6 gives the benzaldehyde yield versus time in the four systems.
It indicates that the oxidation of benzyl alcohol nearly did not
occur without catalyst. When some primary catalyst
TEMPO/CAGMA or cocatalyst CuCl were introduced, benzal-
dehyde was produced with very low yield. For the co-catalyst
system composed of TEMPO/CPGMA and Cu(l, the yield of
benzaldehyde was much enhanced, and it was up to 90% when
the reaction time was 20 h. As compared to an immobilized
TEMPO loaded on a molecular sieve and CuCl system (which
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Fig. 6. Benzaldehyde yield with time using different catalyst systems.
Reaction conditions: 25 °C, DMF as solvent, O; at atmospheric pressure.
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gave after 48 h, the yield of benzaldehyde of 35%) reported
previously [26], it is obvious that the co-catalyst system con-
sisting of the immobilized TEMPO designed and prepared in
this investigation and CuCl has a higher catalytic activity. This
showed that the co-catalyst system consisting of TEMPO/
CPGMA and CuCl is a highly effective catalyst system for the
oxidation of primary alcohols to the corresponding aldehyde.

The oxidation of alcohols can be effectively catalyzed by the
TEMPO catalyst, and the catalytic mechanism is the oxoamini-
um salt cation process [7,10,27], which is not a free radical
reaction mechanism. In the oxidation of benzyl alcohol with the
above co-catalyst system, the reaction mechanism is suggested
as follows (Scheme 2): first, the co-catalyst CuCl is oxidized to
Cu (II) under oxygen; then the one-electron oxidation of
TEMPO takes place, and the oxoaminium salt cation with strong
oxidizability is obtained; then the oxoaminium salt cation ob-
tains hydrogen from benzyl alcohol under mild conditions,
resulting in the highly effective oxidation of benzyl alcohol into
benzaldehyde. At the same time, the catalyst is returned as the
reduced TEMPOH, and one catalytic oxidation cycle is com-
pleted. Based on this catalytic mechanism without free radicals,
the oxidation of benzyl alcohol into the corresponding carbox-
ylic acid is avoided.

3.4.2. Effect of added amount of CuCl on the catalytic oxidation
reaction

By fixing the other reaction conditions, the oxidation of
benzyl alcohol was performed with changing of the dosage of
the CuCl co-catalyst. Benzaldehyde yields versus time are
shown in Fig. 7. Figure 7 shows that with an increase of added
amount of CuCl, the benzaldehyde yield is increased. When the
molar ratio of primary TEMPO catalyst and CuCl cocatalyst is
1:1.2, and the reaction time is 20 h, the benzaldehyde yield was
about 90%. If the added amount of CuCl was further increased
(TEMPO:CuCl = 1:1.5), the benzaldehyde yield was barely
changed, i.e,, too much CuCl no longer affects the oxidation re-
action. Therefore, for this catalytic oxidation system, the proper
molar ratio of primary catalyst to co-catalyst is 1:1.2.

3.4.3. Effect of the amount of the catalytic system on the
oxidation reaction
The oxidation of benzyl alcohol was conducted using differ-

H=0

H3 OH

Scheme 2. Catalytic mechanisam of TEMPO/CPGMA+CuCl catalyst in
the oxidation of benzyl alcohol to benzaldehyde by O-.
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Fig. 7. Benzaldehyde yield with reaction time with different added
amounts of CuCl. Reaction conditions: TEMPO/CPGMA is 0.90 g, DMF as
solvent, 25 °C, Oz at atmospheric pressure.

ent amounts of TEMPO/CPGMA when the molar ratio of
TEMPO and CuCl was 1:1.2 and the other reaction conditions
were fixed. The yield of benzaldehyde with time is shown in
Fig. 8. It can be found that the yield of benzaldehyde increased
with increasing amount of TEMPO/CPGMA, which is in accord
with the characteristics of the heterogeneous catalytic reaction.
However, when the amount of TEMPO/CPGMA was increased
to 0.90 g and the yield of benzaldehyde reached 90%, the in-
creased yield with increasing amount of catalyst was very
small. So for this reaction system, the suitable amount of
TEMPO/CPGMA is 0.90 g (the molar ratio of TEMPO and CuCl is
1:1.2).

3.4.4. Catalytic activity of reused TEMPO/CPGMA

To investigate the catalytic activity of reused TEMPO/
CPGMA, the supported catalyst used in each catalytic oxidation
was separated from the reaction mixture for reuse. CuCl and
TEMPO/CPGMA were used together as composite catalysts.
The experimental results are shown in Fig. 9. During the reuse
of 6 times, the catalytic activity declined a little at the second
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Fig. 8. Benzaldehyde yield with reaction time with different amounts of

co-catalyst. Reaction conditions: 25 °C, DMF as solvent, main catalyst:
sub-catalyst = 1:1.2, Oz at atmospheric pressure.
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Fig. 9. Effect of cycle number on catalyst activity. Reaction conditions:
TEMPO/CPGMA is 0.90 g, 25 °C, DMF as solvent, main catalyst:
sub-catalyst = 1:1.2, O at atmospheric pressure.

recycle (benzaldehyde yield fallen to 85% from 90%); after
that, the catalytic activity was quite stable (benzaldehyde yield
> 83%). In addition, the spherical shape of TEMPO/CPGMA was
kept well during the recycling, and their appearance did not
show any significant change. Therefore, it can be concluded
that this immobilized catalyst has excellent reuse performance.

4. Conclusions

TEMPO-immobilized microspheres, TEMPO/CPGMA, were
prepared by the ring opening reaction between the epoxy
groups on the CPGMA microspheres and 4-OH-TEMPO, and
were successfully applied in the oxidation reaction of benzyl
alcohol using molecular oxygen. The ring opening reaction be-
tween the epoxy groups and 4-OH-TEMPO is a nucleophilic
substitution reaction with the Sn2 reaction mechanism. DMF is
an appropriate solvent and a suitable temperature is 85 °C.
With a co-catalyst system consisting of TEMPO/CPGMA and
CuCl, benzyl alcohol was transformed into benzaldehyde effec-
tively and mildly. In the oxidation reaction of benzyl alcohol
using molecular oxygen as an oxygen source, the co-catalyst
system constituted by TEMPO/CPGMA and CuCl exhibited high

catalytic activity, and effectively transformed benzyl alcohol to
benzaldehyde as the sole product, displaying excellent selectiv-
ity at normal temperature and pressure (100% selectivity of
benzaldehyde, 90% yield). The results showed that a suitable
molar ratio of the TEMPO/CPGMA main catalyst to the CuCl
co-catalyst is 1:1.2. The suitable amount of TEMPO/CPGMA
main catalyst is 0.90 g. This immobilized catalyst TEMPO/
CPGMA has excellent recycling and reuse property.
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Immobilized 2,2,6,6-tetramethyl-piperidinyl-1-oxy catalyst on polymer
microspheres and its catalytic oxidation of benzyl alcohol with molecular

oxygen

Yiling Yu, Baojiao Gao *, Yanfei Li
North University of China

2,2,6,6-Tetramethyl-piperidinyl-1-oxy (TEMPO) was successfully immobilized on
crosslinked polymer microspheres containing epoxy groups by the ring opening
reaction between the epoxy group on the polymer microspheres and 15}
4-OH-TEMPO, giving immobilized TEMPO/CPGMA microspheres. A co-catalyst
system of TEMPO/CPGMA and CuCl efficiently catalyzed the oxidation of benzyl

alcohol to benzaldehyde under mild conditions.
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2A#])F13.50 g NaCli% 50 mLZE (/K H A4 /K AH; K410
mLA FAEGMA (AR, 75 M EifL TAHR AR, {4 H AT
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FER ARG AL ik 72 v, o o5 708 258 FH 0 B i 1
I S P ] FE AR R e /E83% LA L. A R B, TEAE A
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CuCIi L bR R, RIFEE IR HIEMIO, T st sk
2R R I S A Dy 2R R, R PR e 3 M R 7 2R 40 i
100% F190%. & & M) [ B 5% £ TEMPO 5 Bl i 44 771
CuCIEE /R Eb1:1.2, TEMPO/CPGMAHI50.90 g LA A2 A &
JREHICUCL 4, TEMPO/CPGMAEALF] B A B IFH)
B P RE.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 1200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50167
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [595.276 793.701]
>> setpagedevice


