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Catalysts for Highly Efficient and Selective Oxidation Reactions
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Introduction

Polyoxometalates (POMs) are a class of well-defined early
transition metal oxygen clusters, which exhibit distinctive
structures and various functionalities.[1] Due to their rich
redox chemistry, POMs are commonly used as effective cat-
alysts for selective oxidations of alkenes, alcohols, and sul-
fides to the corresponding epoxides, ketones, sulfoxides, and
sulfones. These reactions are significant for both fundamen-
tal research and practical applications. For example, the oxi-
dation of cyclohexene leads to the value-added epoxycyclo-
hexane, which possesses high reactivity and is commonly
used to prepare some well-known insecticides and unsatu-
rated resins.[2] As the main oxidation product of cyclohexa-
nol, cyclohexanone is commonly used as the general solvent
and raw material in the preparation of nylon-6 and nylon-

6,6.[3] In addition, the oxidation of sulfides to the corre-
sponding sulfoxides or sulfones is also an important type of
organic reaction insofar as organic sulfur oxides are useful
intermediates or active components in organic synthesis and
biological applications.[4] Furthermore, the oxidation of sul-
fides is also relevant to the petroleum industry.[5] In a typical
oxidative desulfurization process, sulfides are oxidized to
the corresponding sulfones, which can be easily removed
from fuel oil by extraction due to their high polarities.

Recently, a number of catalytic oxidation systems based
on hydrogen peroxide and POMs have been applied for the
above reactions. On the one hand, aqueous H2O2 is an ideal
oxidant for liquid-phase reactions.[6] On the other hand,
POMs have advantages as redox catalysts.[7] For example,
they possess defined structures and fairly high thermal sta-
bilities, which make them stable under general reaction con-
ditions, and they facilitate fast and reversible multi-electron
redox transformations under mild conditions, as a result of
which they show high efficiency in terms of oxidant utiliza-
tion and substrate conversion. Nevertheless, oxidation sys-
tems based on hydrogen peroxide and POMs still have some
intrinsic limitations. Because of their high lattice energies,
POMs are insoluble in common organic solvents and mass
transfer between POM catalysts and organic substrates is
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always poor due to low compatibility. Several methods have
been reported as efforts to overcome these shortcom-
ings.[8–16] Typically, through modification with cationic surfac-
tants, the resulting surfactant-encapsulated POM (SEP)
complexes can be well-dispersed in organic solvents,[8] there-
by effectively becoming homogeneous catalysts, which can
improve the catalytic oxidation efficiency remarkably.[9]

However, this method makes recovery and reuse of the cat-
alyst much more difficult. As an alternative, SEP catalysts
prepared with dendritic cationic surfactants have been re-
ported to be applicable to oxidation reactions,[10] and these
effectively avoided the aggregation of common SEPs in or-
ganic solvents and could be easily recovered by precipitation
from organic solvents of low polarity.[11] Moreover, through
simple organic modification of the dendritic catalyst, chiral
catalytic oxidation could also be realized.[12] Cationic poly-
electrolytes are also candidates for immobilizing POMs,
whereby the obtained hybrid catalyst is insoluble in the re-
action solvent, thus greatly simplifying the recovery pro-
cess.[13] Microemulsion formation is another effective ap-
proach, leading to considerable activity enhancement and
easier recovery of the POM cat-
alysts.[14] However, it has some
disadvantages, such as compli-
cated steps in the separation of
products and recovery of the
reaction system, as well as a
solvent dependence.[15] A reac-
tion-controlled phase-transfer
catalyst based on a special
POM for the epoxidation of
olefins has been reported,[16]

but this does not seem to be a
general route suitable for vari-
ous common POMs with strong
catalytic properties. Therefore,
exploring a general method for
the fabrication of economically
viable and environmentally
friendly catalysts based on
common POMs for highly effi-
cient oxidation is of importance
in POM chemistry, catalysis,
and organic chemistry.

Herein we propose a new strategy of using supramolec-
ular hybrid catalysts (SHCs) based on SEP complexes for
highly efficient and selective oxidation reactions. The cata-
lysts efficiently facilitate the oxidation of alcohols, alkenes,
and sulfides with H2O2 as the oxidant and can be conven-
iently recovered and reused (Scheme 1). Through electro-
static interactions, the counter ions of the POMs can be re-
placed by quaternary ammonium cations, such as di(11-hy-
droxyundecyl)dimethylammonium (DOHDA), and a series
of SEP supramolecular complexes can be easily obtained.[17]

The structure of SEPs is similar to that of a reverse micelle
catalyst system, which could improve the compatibility be-
tween the organic substrate and the POM catalytic centre.

Through sol-gel condensation with tetraethyl orthosilicate
(TEOS), SEPs with hydroxyl groups at the periphery can be
covalently anchored within a silica gel matrix.[17,18] The im-
mobilized supramolecular hybrid catalysts present specific
features for the catalytic oxidation of organics. Thus, they
possess a defined hydrophobic nano-environment to capture
the organic substrate, which maximizes the catalytic efficien-
cy. They are not solvent-dependent and are amenable to dif-
ferent POMs and so can meet different requirements.
Through tuning the reaction conditions, they can be used for
the selective oxidation of sulfides to sulfoxides, which is im-
portant for precursors or raw materials in drug preparations.
They are stable under the specified reaction conditions and
can be recovered by simple filtration and reused directly
without obvious activity losses. Finally, the hybrid catalysts
not only display high efficiency in the general oxidation of
sulfides, but also are applicable for the selective oxidation of
alkenes and alcohols to the corresponding value-added ep-
oxides and ketones, which exhibit attractive potentials in
fine chemical and biological synthesis as well as in the petro-
leum industry.

Results and Discussion

Composition and structure of SHC-1: To clarify the general-
ity of the designed construction approach for POMs, we
take the most common one, [PW12O40]

3� (POM-1), as an ex-
ample. The ammonium surfactant di(11-hydroxyundecyl)di-
methylammonium bromide (DOHDA·Br) was synthesized
according to a previously reported procedure.[17] The cation-
ic ammonium DOHDA and the anionic POM-1 could be
combined through electrostatic interactions, and the result-
ing complex (SEP-1) precipitated in water.[17] Thus, the
formed SEP-1 possesses a hydrophilic inorganic POM-1
core and a hydrophobic organic shell composed of alkyl
chains with hydroxyl groups at their termini, which is similar

Scheme 1. Schematic representation of the procedure for the fabrication of SHC-1 and the oxidation mecha-
nism of sulfide, alcohol, and olefin substrates under the catalysis of SHC-1.
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to a reverse micelle, as shown in Scheme 1. The following
detailed characterization supports the description of the
structure of SEP-1.

Characteristic vibrations attributable to DOHDA at 2926
(vas CH2), 2853 (vs CH2), and 1467 cm�1 (d CH2), and to
POM-1 at 1077 (vas P�Oa), 982 (vas W=Od), 897 (vas W�Ob�
W), and 812 cm�1 (vas W�Oc�W) appear in the IR spectrum
of SEP-1, which confirm the success of the encapsulation
step (Figure 1a). Furthermore, elemental analysis (EA) re-
sults revealed that all three negative charges of POM-1 had
been neutralized with DOHDA cations, hence the structural
formula proposed for SEP-1 is (DOHDA)3PW12O40

(Table 1). Besides EA, TGA measurements also verified the

formation of the proposed structure. Assuming that the or-
ganic component decomposed completely and that the only
inorganic residual species at 900 8C were P2O5 and WO3, the
total residue found of 70.83 % (Figure 1b) was in perfect
agreement with the calculated value of 70.67 % based on the
postulated structural formula. These data imply that the

chemical structure of SEP-1 is indeed as we expected, that
is, one POM-1 polyanion bearing three negative charges
with three DOHDA cations electrostatically bound on its
surface (Scheme 1).

The six hydroxyl groups at the periphery of each SEP-1
endow the complex with good solubility in the mixed sol-
vent of ethanol and water and facilitate the subsequent con-
densation with the sol-gel precursor TEOS.[17,18] After the
condensation reaction with TEOS, SEP-1 units are uniform-
ly grafted within a silica matrix through their terminal hy-
droxyl groups, yielding the supramolecular hybrid catalyst
(SHC-1) based on SEP-1 complexes. The characteristic vi-
bration bands attributable to DOHDA at 2926 (vas CH2)

and 2853 cm�1 (vs CH2), and to
POM-1 at 982 (vas W=Od) and
812 cm�1 (vas W�Oc�W) are
clearly observed in the IR spec-
trum of SHC-1 (Figure 1a),
which confirm the successful in-
corporation of SEP-1 into the
silica gel matrix. Besides these
vibrations, two new signals can

be seen in the IR spectrum of SHC-1. A band centred at
1068 cm�1 (v Si�O�Si), characteristic of siliceous material, is
clearly observed, suggesting the successful hydrolysis and
condensation of TEOS and the formation of a silica net-
work. A vibration band at 1143 cm�1 (v Si�O�C) confirms
the expected condensation between TEOS and the hydroxyl
groups at the periphery of the SEP-1 units and the forma-
tion of Si�O�C bonds, indicative of chemical anchoring of
SEP-1 in the silica matrix. 31P NMR spectra of SEP-1 and
SHC-1 are presented in Figure 2a. The chemical shifts of the
P atoms present in SEP-1 and SHC-1 match that of the P in
pure POM-1 (d��15.5 ppm),[19] which suggests that the
structure of POM-1 is essentially retained during the encap-
sulation and sol-gel condensation process. XPS analysis also
confirmed the structural integrity of POM-1 in SHC-1. As
shown in Figure 2b, the 2p level binding energy (BE) of the
P atoms present in SHC-1 is 134.07 eV, which is consistent
with that in SEP-1 (134.12 eV). Furthermore, by comparison
of the salient elemental compositions (Table 1), it can be
seen that the W/P and W/C mass ratios in SEP-1 and SHC-1
are almost identical, suggesting that the C in the hybrid cat-
alyst originated entirely from the SEP-1, and that the hy-
drolysis of TEOS was complete under the specified experi-
mental conditions. Moreover, the loading of SEP-1 in SHC-
1 was estimated to be about 27 wt %, based on the W con-
tent from the elemental composition measurement, and this
value is consistent with the anticipated value (30 wt %) cal-
culated from the overall proportions of SEP-1 and TEOS.

Figure 3 displays the nitrogen-sorption isotherm and the
corresponding pore size distribution curve of SHC-1. The
Brunauer–Emmett–Teller (BET) surface area of SHC-1 was
estimated to be 365.9 m2 g�1 with a total pore volume of
1.05 cm3 g�1. Because a silica matrix prepared by the present
procedure would normally exist in an amorphous state,
SHC-1 exhibits a wide pore size distribution, as shown in

Table 1. Summary of EA results for SEP-1 and fresh and recovered SHC-1 catalysts.

Element mass content Si% P% W% C % W/P W/C Si/W

SEP-1 (found) – 0.79 54.65 21.55 69.52 2.54 –ACHTUNGTRENNUNG(DOHDA)3PW12O40 (calculated) – 0.77 54.73 21.42 71.07 2.56 –
SHC-1 (freshly prepared) 24.02 0.22 14.63 5.67 67.82 2.58 1.64
SHC-1 (reused 5 times) 24.75 0.22 14.97 5.77 67.37 2.59 1.65

Figure 1. a) IR spectra of SEP-1 and SHC-1 in KBr pellets and b) TGA
curve of SEP-1.
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Figure 3b, and it is difficult to determine its exact pore size.
However, it is clear that the size of the pores is sufficient to
allow entry of the organic substrate and hence its contact
with the SEP catalytic centres. To evaluate the hydrophobic-
ity of the hybrid catalyst incorporating hydrophobic SEP
units, comparative static water contact angle measurements
were carried out on SHC-1 and pure silica gel prepared in
the same way. Because of the porous structure, a water
droplet was quickly adsorbed by pure silica gel and so the
contact angle was considered to be effectively 08. In con-
trast, the water contact angle on SHC-1 was measured as
548 (Figure 3a, inset), suggesting that the hydrophobicity of
SHC-1 was greatly increased due to the incorporation of
SEP-1. The hydrophobic region in SHC-1 is considered to
be an important factor for promoting the catalytic activity,
as evidenced by the following results.

Catalytic activity of SHC-1: The oxidation of dibenzothio-
phene (DBT), which is considered to be the main sulfide
pollutant in fuel oil, was firstly selected as a model reaction
to evaluate the catalytic activity of SHC-1. 30 % H2O2 was
selected as the oxidant and the solvent was acetonitrile. The
reaction was performed under rather mild conditions (40 8C
and stirring at 300 rpm), and the amounts of H2O2 and
SHC-1 were optimized to be as low as possible while still re-
taining acceptable conversion, reaction rate, and efficiency
of H2O2 usage. Through monitoring the reaction by HPLC
(Figure 4), we observed that at the beginning (0 min) there
was only one component in the reaction system, the reten-

tion time (tR) of which was about 1.87 min. This component
could be assigned as the substrate DBT. With increasing re-
action time, a new signal attributable to the product (tR =

1.54 min) emerged and gradually increased, with a concomi-
tant decrease in the DBT peak, consistent with oxidation of
the sulfide. The substrate DBT was consumed completely
and the amount of product reached its maximum value in
quite a short time (42 min), indicating that the reaction was
complete and that SHC-1 was very active despite being de-
ployed at a very low level (0.25 mol %) with respect to the
DBT.

The composition of the product was examined by IR,
1H NMR, and mass spectrometry (MS). As shown in Fig-
ure 5a, compared with the substrate DBT, two characteristic
vibrations appeared at 1288 (vas SO2) and 1166 cm�1 (vs SO2)

Figure 2. a) 31P NMR ([D6]DMSO) spectra and b) XPS spectra of P (2p
level) of SEP-1 (bottom), freshly prepared SHC-1 (middle), and recov-
ered SHC-1 (top).

Figure 3. a) Nitrogen-sorption isotherms and (inset) static water contact
angle, and b) micro- and (inset) meso-pore size distributions of SHC-1.

Figure 4. HPLC diagrams for the oxidation of DBT in acetonitrile under
the catalysis of SHC-1.
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in the IR spectrum, suggesting
that the product was a sulfone
compound. Based on the cor-
roborating evidence provided
by the 1H NMR (Figure 5b) and
mass spectra (Figure S18 in the
Supporting Information) of the
product, we concluded that the
substrate DBT had been com-
pletely oxidized, with the gener-
ation of dibenzothiophene sulfone (DBTSF) as the sole
product.

ln
Ct

C0

� �
¼ �kt ð1Þ

TOF ¼ NS

NC � t
ð2Þ

Furthermore, on the basis of the amounts of substrate and
product in the reaction mixture sampled at certain specified
times, plots of conversion and ln ACHTUNGTRENNUNG(Ct/C0) versus reaction time
t could be constructed, as depicted in Figure 6, where C0 and
Ct represent the initial DBT concentration and the concen-
tration at time t, respectively. A linear relationship (Fig-
ure 6b) expressed by Equation (1) indicates that the reaction

strictly obeys pseudo-first-order kinetics, consistent with re-
sults reported for homogeneous catalytic systems.[5b,20]

Table 2 lists the main kinetic parameters of the oxidation of
DBT under the catalysis of SHC-1 and other typical cata-
lysts based on POM-1. The rate constant k of the oxidative
reaction catalyzed by SHC-1 was determined as 0.111 min�1

on the basis of Equation (1). This value is close to that mea-
sured for the homogeneous phase-transfer system
(0.16 min�1), which indicates a similarly high efficiency of
SHC-1 in the catalytic oxidation of DBT. It is known that
immobilization normally causes sharp decreases in catalytic
activity. However, it is significant for catalyst recovery and
reuse, which is demanded in practical applications. The pres-
ent designed catalyst exhibits advantages in terms of both
high catalytic activity and ease of recovery. The turnover
frequency (TOF) is another key parameter to evaluate the
relative catalytic activity of a catalyst, which is determined
as the number of moles of substrate converted (NS) per mol
of catalyst (NC) in unit time, as described by Equation (2).
The activity of SHC-1 (TOF= 9.52) was found to be rela-
tively high by comparison with the TOFs obtained for differ-
ent catalytic systems. It should be mentioned that in most
previously reported research in this area, catalytic oxida-
tions of organic sulfides have usually been performed in the
presence of a large excess of the oxidant H2O2 to accelerate
the reaction. In contrast, only a stoichiometric amount of
H2O2 has been used in our case. From comparison of the ef-
ficiencies of H2O2 usage, which is defined as the molar ratio
of the reacted amount to the added amount of H2O2, it can

be concluded that besides its high reaction rate and activity,
SHC-1 also exhibits a high efficiency of H2O2 usage, which
is economical and much more suitable for practical industri-
al applications.

Catalytic oxidation reaction process : To clarify the catalyti-
cally active components present in SHC-1, we have moni-
tored the catalytic activity of pure silica gel and the support
(SHC-1 without POM-1) in the oxidation of DBT under the
same reaction conditions. The results showed that no oxida-
tion of DBT occurred in 5 h. Therefore, we surmise that the
excellent catalytic activity of SHC-1 in the oxidation of
DBT must stem from the high redox catalytic activity of
POM-1 and the supramolecular synergy during the reaction
process. In the presence of H2O2, POMs are readily oxidized
to active peroxide species.[21] Simultaneously, substrates of
low polarity such as DBT, dissolved in a polar solvent (ace-

Table 2. Comparison of catalytic activities of POM-1-based catalysts for the oxidation of DBT.

Reaction system T [8C][a] t [min][b] k [min�1][c] TOF [min�1] C [%][d] E [%][e]

SEP/SiO2 (heterogeneous) 40 42 0.111 9.52 100 80
bare H3PW12O40

[20] (homogeneous) 50 60 0.078 1.72 100 1.2
phase transfer[9] (homogeneous) 50 25 0.160 0.07 100 30
microemulsion[14] (heterogeneous) 60 90 0.013 5.32 100 66.7

[a] T= reaction temperature. [b] t= reaction time. [c] k = reaction rate constant. [d] C=conversion. [e] E =effi-
ciency of H2O2 usage.

Figure 5. a) IR and b) 1H NMR spectra of substrate DBT (bottom) and
product DBTSF (top), in KBr pellets and in [D6]DMSO, respectively.
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tonitrile), tend to adsorb at the more hydrophobic region
composed of the alkyl chains of surfactants surrounding the
POMs due to hydrophobic interactions. DBT molecules are
oxidized to DBTSF once they reach the active sites of the
peroxide POMs, whereupon the POMs return to their origi-
nal state. In the meantime, the product DBTSF, which is of
much higher polarity than DBT, is easily released from the
hydrophobic region of SHC-1 and moves to the bulk polar
acetonitrile, which allows the reaction to proceed efficiently.
Thus, SHC-1 is suitably predisposed for easy capture of the
substrate and release of the product in acetonitrile, which
seems to play a role similar to that of the operation of an
enzyme in a biological system, and this feature maximizes
the catalytic activity. It is known that the chemical shift of a
proton is sensitive to its local environment and 1H NMR
measurement has proved to be an effective technique for
detecting the location of guest molecules in micelle systems
and the interactions between them.[22] Therefore, the
1H NMR spectra of DBT in the presence of pure silica gel,
SEP-1, and SHC-1 were obtained to examine the adsorption
and location of DBT in different matrices, and the data are
shown in Figure 7a. In each case, the concentration of DBT
was identical and the mol ratio between DBT and the
hybrid catalyst was controlled at 400:1, precisely the same
conditions as employed in the catalytic reactions. From the
comparison, it can clearly be seen that the 1H NMR signals
of the DBT protons became lower in intensity and broader
in the presence of SHC-1 compared to those of pure DBT

in solution. These changes in the 1H NMR signals of DBT
can be attributed to a restriction of molecular mobility,
which suggests a strong interaction between the DBT mole-
cules and SHC-1.[22] Furthermore, by comparing the
1H NMR spectra of DBT in the presence of SHC-1 and
SEP-1, it can be ascertained that the adsorption and enrich-
ment of DBT most probably occurs in the interior of SEP-1
in the hybrid catalyst.[22] In addition, compared with the
spectrum of the free substrate in solution, the 1H NMR sig-
nals of DBT are shifted to lower field in the presence of
SHC-1 due to the electron-withdrawing effect of POM-1.
Therefore, based on the above experimental results, we pro-
pose that the DBT molecules tend to accumulate in the hy-
drophobic region of SEP-1 in SHC-1, close to the surface of
the POM-1 catalytic centres under the reaction conditions,
which is propitious to the catalytic oxidation process. We
have also examined the location of the product DBTSF
under the reaction conditions by applying the same proce-
dure. In this case, we did not observe any broadening or
shifting of the 1H NMR signals, as shown in Figure 7b.
Therefore, in contrast to the substrate DBT, the product
DBTSF prefers to move to the bulk acetonitrile under the
reaction conditions due to its relatively high polarity, which
may also promote the efficiency of the catalytic oxidation.

Recovery and reuse of SHC-1: In addition to their high cata-
lytic activity and efficiency, the present catalysts proved to
be stable under the applied reaction conditions and could be
easily recovered by simple filtration and then reused without

Figure 6. a) Diagram of reaction conversion and b) plot of ln ACHTUNGTRENNUNG(Ct/C0)
versus the reaction time for the oxidation of DBT in acetonitrile under
the catalysis of SHC-1.

Figure 7. 1H NMR ([D6]DMSO) spectra of a) DBT and b) DBTSF in
pure state (first from bottom), in the presence of pure silica gel (second),
SEP-1 (third), and SHC-1 (top).
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any further treatment. We have compared the structure of
the recovered catalyst with that of the freshly prepared one
on the basis of EA and IR measurements. The W/C and W/
Si elemental mass ratios in the recovered SHC-1 catalyst
were almost the same as those in the freshly prepared one,
as is evident from Table 1, indicating that the SEP-1 com-
plexes were firmly bonded within the silica matrix and that
no POMs had dissociated from the silica matrix into the re-
action solution. The almost identical IR spectrum of the re-
covered catalyst also supports the stability of the hybrid cat-
alyst (Figure S7 in the Supporting Information). 31P NMR
measurements and XPS analysis were also used to check the
structural integrity of the POM-1 after the catalytic oxida-
tion cycle. As shown in Figure 2a, the 31P chemical shift of
the recovered SHC-1 was exactly the same as that of the
freshly prepared catalyst. Because the 31P NMR signal is
sensitive to the chemical environment of the phosphorus
atom, the unchanged chemical shift implies that the POM-1
returns to its initial state after a catalytic oxidation cycle
and that its structure is quite stable under the applied reac-
tion conditions,[19] which is similar to previously reported re-
sults.[14] The 2p level of the P atoms present in the recovered
SHC-1 remained consistent with that of the freshly prepared
SHC-1, as assessed by XPS analysis (Figure 2b), further con-
firming the structural integrity of SHC-1 during the reaction
process. The recovered SHC-1 could be reused directly with-
out any special treatments, making it very economical and
thus suitable for practical indus-
trial applications. More impor-
tantly, the catalytic activity and
efficiency of the recovered
SHC-1 were found to be as
high as that of the freshly pre-
pared catalyst, and no sign of a
decrease in the catalytic activity
was found over five cycles.

Solvent effects on the catalytic
activity of SHC-1: To evaluate
the influence of solvent polarity
on the kinetics of the reaction,
we have investigated the cata-
lytic activity of SHC-1 in ace-
tone, chloroform, hexane, and
dodecane in addition to aceto-
nitrile. The key kinetic parame-
ters of the reactions in different
solvents were obtained by mon-
itoring the reactions by HPLC
and are listed in Table 3. The
DBT molecules were complete-
ly oxidized to DBTSF in all of
the reaction solvents, and the
conversion reached 100 %, as
indicated in Figures 8a and b.
The reactions in all of the sol-
vents conformed to pseudo-

first-order kinetics, as indicated by the plots of ln ACHTUNGTRENNUNG(Ct/C0)
versus the reaction time t (Figures 8c and d), while the reac-
tion rates changed with the solvents employed in a regular
manner. For acetonitrile, acetone, and chloroform, the reac-
tion rates decreased with decreasing polarity of the solvent
(Figure 8c). This may be ascribed to variations in the distri-
bution of DBT between the solvent and the hydrophobic
nano-environment of the SHC-1, which affect the supra-
molecular synergy of adsorption, oxidation, and desorption
during the reaction. Because of the low polarity of DBT
molecules, the hydrophobic interaction favouring migration
of the DBT from the solvent to the hydrophobic region be-
comes weaker with decreasing polarity of the solvent, result-
ing in a decrease of the reaction rate on going from acetoni-
trile to acetone and then to chloroform. The regular change

Table 3. Summary of the catalytic activities of SHC-1 for the oxidation
of DBT in various solvents.

Solvent T
[8C][a]

t
[min][b]

k
[min�1][c]

TOF
[min�1]

C
[%][d]

E
[%][e]

acetonitrile 40 42 0.111 9.52 100 80
acetone 40 58 0.078 6.90 100 80
chloroform 40 153 0.030 2.61 100 80
hexane 40 43 0.107 9.30 100 80
dodecane 40 38 0.118 10.5 100 80

[a] T= reaction temperature. [b] t= reaction time. [c] k= reaction rate
constant. [d] C=conversion. [e] E =efficiency of H2O2 usage.

Figure 8. a, b) Reaction conversions of DBT and c, d) plots of ln ACHTUNGTRENNUNG(Ct/C0) versus reaction time under the cataly-
sis of SHC-1 in different solvents: acetonitrile (filled squares, &), acetone (stars), chloroform (filled triangles,
~), hexane (empty circles, *), and dodecane (empty triangles, ~).
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of the reaction kinetics in different solvents with various po-
larities further confirms the existence of supramolecular syn-
ergy of microenvironment and catalysis during the reaction
process. Interestingly, for hexane and dodecane, the reaction
rates rise again (Figure 8d), even though the polarities of
these solvents are much lower. This characteristic can be
readily attributed to the low solubility of the product
DBTSF in hexane and dodecane, and the deposition of
DBTSF in these nonpolar solvents accelerates the leaving of
the product from the reaction site, promoting the reaction
more effectively. As is well known, hexane and dodecane
are commonly used to simulate fuel oil due to their similar
compositions and polarities. The good performance of the
present catalyst in these two solvents holds promise for its
application in oxidative desulfurization.

Catalytic activity of SHC-1 in the selective oxidation of dif-
ferent sulfides : Three other sulfides, diphenylsulfide (DPS),
methylphenylsulfide (MPS), and dimethylsulfide (DMS),
were also employed as substrates to evaluate the catalytic
activity of SHC-1. The reaction processes were monitored
by HPLC, and plots of conversion and ln ACHTUNGTRENNUNG(Ct/C0) versus the
reaction time t are depicted in Figure 9. As with DBT, it can
be seen that the reactions of all of the other substrates con-
form to pseudo-first-order kinetics (Figure 9b). From com-
parisons of the TOFs and the detailed kinetic parameters of
the reactions summarized in Table 4, it can be seen that
SHC-1 displays high catalytic activity for the oxidation of
these sulfides, implying that it is applicable to different sub-
strate species. The reaction rates and TOFs for the oxida-
tions of the other three substrates to the corresponding sul-
fones are much higher than those for DBT, which may be
attributed to the low aromaticity and favourable spatial as-
pects of these sulfides compared with DBT. IR and NMR
analyses indicated that no other byproducts were generated
in the reactions (Figures S19–S24 in the Supporting Informa-
tion). The conversion and selectivity in favour of the oxida-
tion of these sulfides to the corresponding sulfones reached
100 % under the employed conditions.

Because of the importance of sulfoxides in organic synthe-
sis and biological applications,[4,23] the selective oxidation of
sulfides to sulfoxides was further investigated. Through re-
ducing the amounts of H2O2 and SHC-1, we could control
the oxidative reactions of sulfides to the stage of sulfoxides
with high selectivity. As shown in Table 4, the selectivity in
favour of dibenzolthiophene sulfoxide (DBTSO) reached
66 %, and in the cases of DPS, MPS, and DMS, the selectivi-
ty in favour of the corresponding sulfoxide even reached
100 %.

Catalytic activity of SHC-1 in the oxidation of different sub-
strates : The epoxidation of alkenes and the oxidation of al-
cohols were also tested as model reactions to evaluate the
catalytic activity of SHC-1, and the compositions and struc-
tures of the substrates and products were determined by
1H NMR measurements. Figure 10a shows the 1H NMR
spectra of the substrate cyclohexene and its oxidation prod-
uct. With the disappearance of the signals of the Ha protons
with characteristic chemical shifts for double bonds at d=

5.67 ppm and a shift of the Hb and Hc proton signals to
higher field, the signals of the product developed, having
typical chemical shifts of epoxides at d= 2.87, 1.57, and
1.26 ppm. This result indicated that the only product of the
oxidation of cyclohexene was epoxycyclohexane, and that

Table 4. Summary of the catalytic activities of SHC-1 for the oxidation
of different sulfide substrates to the corresponding sulfones and sulfox-
ides.

Substrate Reaction
conditions[a]

t
[min]b]

Main
product

TOF
[min�1]

C
[%][c]

S
[%][d]

DBT A 42 DBTSF 9.52 100 100
DPS A 22 DPSF 18.18 100 100
MPS A 24 MPSF 16.67 100 100
DMS A 17 DMSF 23.52 100 100
DBT B 120 DBTSO 7.25 87 66
DPS B 90 DPSO 11.11 100 100
MPS B 70 MPSO 14.29 100 100
DMS B 70 DMSO 14.29 100 100

[a] Conditions: A: T =40 8C, solvent= acetonitrile, mol ratio of substrate,
oxidant, and catalyst = 1:2.5:0.0025; B: T =40 8C, solvent=acetonitrile,
mol ratio of substrate, oxidant, and catalyst = 1:1:0.001. [b] t= reaction
time. [c] C =conversion. [d] S= selectivity.

Figure 9. a) Reaction conversions and b) plots of ln ACHTUNGTRENNUNG(Ct/C0) versus reac-
tion time in acetonitrile under the catalysis of SHC-1 for different sul-
fides: DBT (filled squares, &), DPS (stars), MPS (filled triangles, ~), and
DMS (empty circles, *).
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the selectivity reached 100 % under the catalysis of SHC-1.
Similarly, the oxidation of cyclohexanol under the catalysis
of SHC-1 was also monitored by 1H NMR spectroscopy. As
indicated in Figure 10b, the oxidation of cyclohexanol gener-
ated cyclohexanone as the only product based on the chemi-
cal shift analysis, and the conversion and selectivity of this
transformation reached 100 % in 5 h under the catalysis of
SHC-1. The key kinetic parameters of the above reactions
are listed in Table 5, from which it is apparent that the cata-
lytic oxidations of cyclohexene and cyclohexanol are associ-

ated with relatively high TOF values, suggesting high cata-
lytic activity and potential applications of SHC-1 for oxida-
tions of alkenes and alcohols.

Finally, to verify that the present method for the fabrica-
tion of supramolecular hybrid catalysts is equally applicable
to other common POMs, we have also evaluated the catalyt-
ic activities of hybrid catalysts composed of different POMs,
such as [EuP5W30O110]

12� (POM-2), prepared according to
the same strategy as SHC-1. The results showed that such
catalysts performed equally as well as SHC-1, suggesting
that the present strategy offers a general approach for the

fabrication of supramolecular hybrid catalysts containing
common POMs suitable for various requirements.

Conclusions

In summary, we have designed and fabricated a novel immo-
bilized supramolecular hybrid catalyst based on surfactant-
encapsulated polyoxometalate complexes for use in catalytic
oxidation reactions. Supramolecular interactions are not
only central to the construction process of the hybrid cata-
lyst, but also play a crucial role in promoting the activity of
the catalyst during the reactions. Defined hydrophobic
nano-environments around the POM in the catalyst tend to
capture the substrates of low polarity, such as sulfides, and
release the strongly polar oxidized product, in this case sul-
fones. This property leads to enhanced catalytic activity, and
the rates of the catalytic reactions in different solvents con-
formed well to pseudo-first-order kinetics. Besides display-
ing high reaction activity, the hybrid catalyst proved to be
stable under the applied reaction conditions and moreover
met the requirements of easy recovery and reuse. The cata-
lyst combines a reverse-micelle-like supramolecular catalytic
system with immobilization through the sol-gel technique
and concurrently possesses the advantages of both homoge-
neous and heterogeneous catalysts. Furthermore, the cata-
lyst shows high efficiency in the oxidation of sulfides in gen-
eral. Through adjusting the reaction conditions, the selective
oxidation of sulfides to sulfoxides can also be achieved. Fi-
nally, the catalyst has also been found to be effective in the
selective oxidation of alkenes and alcohols to the corre-
sponding epoxides and ketones. Because of the catalytic ac-
tivity and selectivity of the hybrid catalyst for the oxidation
of sulfides, alkenes, and alcohols, we believe that this kind
of supramolecular hybrid catalyst may have potential appli-
cation in diverse syntheses.

Experimental Section

Reagents and materials : Dimethyla-
mine [(CH3)2NH], tetraethyl orthosili-
cate (TEOS), hydrogen peroxide
(30 % aqueous solution), and 12-phos-
photungstic acid ([PW12O40]

3�, POM-
1) were of analytical grade and were
purchased from Beijing Chemical Re-
agents Company. 11-Bromoundecanol

[Br ACHTUNGTRENNUNG(CH2)11OH] was purchased from Sigma-Aldrich. Dibenzothiophene
(DBT), diphenylsulfide (DPS), methylphenylsulfide (MPS), and dimeth-
ylsulfide (DMS) were purchased from Alfa Aesar. All chemicals were
used directly without any further purification. [EuP5W30O110]

12� (POM-2)
with K+ counter ions was synthesized according to a published proce-
dure.[24]

Synthesis of DOHDA : (CH3)2NH (1.26 g, 28 mmol) and BrACHTUNGTRENNUNG(CH2)11OH
(1 g, 4 mmol) were dissolved in ethanol (50 mL), such that the initial
molar ratio of (CH3)2NH to Br ACHTUNGTRENNUNG(CH2)11OH was controlled at 7:1. The re-
action mixture was refluxed with stirring for 24 h and then cooled to
room temperature. The solvent and excess (CH3)2NH were removed
under reduced pressure to leave a white solid. The crude product was re-

Figure 10. Monitoring of the oxidation reactions of a) cyclohexene and
b) cyclohexanol by 1H NMR (CDCl3) spectra.

Table 5. Summary of catalytic activities of SHC-1 for the oxidation of different substrates.

Substrate Reaction conditions T [8C][a] t [min][b] Main product TOF [min�1] C [%][c] S [%][d]

cyclohexene solvent=acetonitrile 25 120 epoxycyclohexane 7.17 86 100
cyclohexanol S/O/C[e] 1:1:0.001 40 300 cyclohexanone 1.33 100 100

[a] T= reaction temperature. [b] t= reaction time. [c] C=conversion. [d] S = selectivity. [e] S/O/C = mol ratio of
substrate, oxidant, and catalyst.
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dissolved in water and the pH of the solution was adjusted to 9.0 using
Na2CO3. The solution was extracted with CHCl3 (3 � 50 mL), and the or-
ganic layers were combined, dried (MgSO4), and concentrated. The re-
sulting white pure product was dimethyl(11-hydroxydecyl)amine (0.78 g,
90%). 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d=1.28 (m, 14H), 1.47
(m, 2 H), 1.56 (m, 2 H), 2.25 (s, 6 H), 2.28 (t, 2H), 3.64 ppm (t, 2 H). A
portion of the resulting dimethyl(11-hydroxydecyl)amine (1.0 g,
4.64 mmol) and Br ACHTUNGTRENNUNG(CH2)11OH (1.44 g, 5.73 mmol) were dissolved in etha-
nol (50 mL) and the solution was heated at reflux with stirring for 48 h.
After cooling to room temperature, the mixture was concentrated to 3–
5 mL by removing excess solvent under reduced pressure. Cold diethyl
ether (30 mL) was then added to the residue. The white precipitate
formed was collected by filtration and washed several times with cold di-
ethyl ether to give white pure DOHDA (1.84 g, 85%). 1H NMR
(500 MHz, [D6]DMSO, 25 8C, TMS): d=1.24 (m, 28 H), 1.38 (m, 4H),
1.61 (m, 4H), 2.96 (s, 6H), 3.19 (m, 4H), 3.35 (m, 4H), 4.29 ppm (t, 2H).

Preparation of SEPs : SEP-1 was prepared as follows. An aqueous solu-
tion of POM-1 (3 mol L�1, 20 mL, 0.06 mol) was added to an aqueous so-
lution of DOHDA (6 mol L�1, 30 mL, 0.18 mol). After stirring for 30 min,
the precipitate formed was collected by filtration and washed several
times with deionized water. It was dried in vacuo for 5 h to give white
pure SEP-1. The preparation of surfactant DOHDA encapsulated POM-
2 (designated as SEP-2) was similar to that of SEP-1, except that the mol
ratio of surfactant to POM-2 was adjusted to 12:1 for charge balance.

Preparation of SHCs : SHC-1 was prepared as follows. As a typical proce-
dure, SEP-1 (0.1 g) was dissolved in a mixture of ethanol (1 mL) and
water (0.33 mL). The solution was stirred vigorously, and then TEOS
(0.9 g) was added. When the mixture was visibly homogeneous, the stir-
ring was stopped and the resulting sol-gel was aged for two weeks. A
transparent gel hybrid catalyst was obtained, which was ready for further
structural measurement and subsequent catalytic oxidation of sulfide
after drying in vacuo for 1 day. Supramolecular hybrid catalyst containing
SEP-2 (SHC-2) was prepared according to the same procedure.

Characterization of SHCs : The compositions of the surfactant DOHDA,
SEP-1, SEP-2, SHC-1, and SHC-2 were determined by 1H NMR, FTIR,
EA, inductively coupled plasma atomic emission spectroscopy
(ICPAES), and thermal gravimetric analysis (TGA) measurements.
1H NMR spectra were recorded on a Bruker Ultra-Shield TM 500 MHz
spectrometer using tetramethylsilane (TMS) as a standard. FTIR spectra
were collected on a Bruker IFS66 V FTIR spectrometer equipped with a
deuterated triglycine sulfate detector (32 scans). The spectra were record-
ed with a resolution of 4 cm�1. The organic element content was mea-
sured by EA, which was carried out on a Flash EA1112 from Thermo-
Quest Italia S.p.A. The inorganic element content was determined by
ICPAES. TGA was carried out on a Perkin–Elmer 7 series thermal analy-
sis system. The hydrophobicity of SHC-1 was assessed by measurements
of static water contact angle, which were performed at room temperature
using a drop-shape analysis system (DSA 10MK2 KRUSS).

Reaction procedure for the catalytic oxidation of sulfides : The catalytic
oxidation of sulfides to sulfones was typically performed as follows.
Taking the oxidation of DBT as an example: DBT (0.1 g) and 30 % H2O2

(0.15 g) were dissolved in acetonitrile (100 mL) in a round-bottomed
flask. SHC-1 (0.020 g) that had been triturated to about 100–200 mm in
diameter was then added. The mol ratio of DBT, H2O2, and polyoxo-
metalate was 1:2.5:0.0025, which was calculated on the basis of the load-
ing values of SEP-1 in the hybrid catalyst. The reaction mixture was
stirred at 300 rpm at 40 8C and the progress of the reaction was moni-
tored by TLC and HPLC. When the reaction was complete (42 min in
this case), the solid hybrid catalyst was filtered off, washed with acetoni-
trile, and recovered. The procedure for the catalytic oxidation of sulfide
to sulfoxide was similar to that described above, but the mol ratio of
DBT, H2O2, and polyoxometalate was adjusted to 1:1:0.001.

The same methodology was followed in other solvents, for catalytic oxi-
dations of different sulfides, or with SHC-2, except that the amounts of
the oxidant H2O2 and the catalyst were varied.

Reaction procedure for the catalytic oxidation of cyclohexene : Cyclohex-
ene (0.1 g) and 30% H2O2 (0.14 g) were dissolved in acetonitrile (10 mL)
in a round-bottomed flask. SHC-1 (0.016 g) that had been triturated to

about 100–200 mm in diameter was then added. The mol ratio of cyclo-
hexene, H2O2, and polyoxometalate was kept at 1:1:0.001, which was cal-
culated on the basis of the loading values of SEP-1 in the hybrid catalyst.
The reaction mixture was stirred at 300 rpm at 25 8C and the progress of
the reaction was monitored by TLC and 1H NMR. When the reaction
was complete (120 min in this case), the solid hybrid catalyst was filtered
off, washed with acetonitrile, and recovered.

Reaction procedure for the catalytic oxidation of cyclohexanol : Cyclo-
hexanol (0.1 g) and 30% H2O2 (0.11 g) were dissolved in acetonitrile
(10 mL) in a round-bottomed flask. SHC-1 (0.013 g) that had been tritu-
rated to about 100–200 mm in diameter was then added. The initial mol
ratio of cyclohexanol, H2O2, and polyoxometalate was kept at 1:1:0.001
based on the loading value of SEP-1 in the hybrid catalyst. The reaction
mixture was stirred at 300 rpm at 40 8C and the progress of the reaction
was monitored by TLC and 1H NMR. When the reaction was complete
(300 min in this case), the solid hybrid catalyst was filtered off, washed
with acetonitrile, and recovered.

Characterization of catalytic activity : Aliquots (1 mL) of the reaction
mixture were withdrawn and filtered at certain times. The filtrates were
carefully collected and concentrated to dryness. The compositions and
contents of the mixtures were determined by IR, NMR, MS, and HPLC.
The HPLC analysis was performed on an Agilent 1100 system with a
ZORBAX Eclipse XDB-C8 column (d=5 mm, l= 150 mm). The eluent
was acetonitrile/H2O (90:10), and a diode-array multiple-wavelength de-
tector was used.

Other fundamental characterization data of all of the samples and details
of the monitoring the catalytic reactions can be found in the Supporting
Information.
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