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Lacunary Keggin Polyoxotungstate as Reaction-controlled
Phase-transfer Catalyst for Catalytic Epoxidation of Olefins
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A  new

reaction-controlled  phase-transfer catalyst system,

lacunary Keggin polyoxotungstate

[C;H;N(CH3)3]sPWg03,4 has been synthesized and used for catalytic epoxidation of olefins with H,O, as the oxidant.
Infrared spectra were used to analyze the behavior of the phase transfer of catalyst. In this system, the catalyst not
only can act as homogeneous catalyst but also as heterogeneous catalyst to be easily filtered and reused. The epoxi-
dation reaction is clean and exhibits high conversion and selectivity aswell as excellent catalyst stability.
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Introduction

Traditional methods of organic oxidation chemistry
on an industrial scale often involve the use of stoichio-
metric metal reagents or transition metal -bromide/acetic
acid systems. These methods lead to the production of
large volumes of toxic or corrosive waste.! So “envi-
ronmentally benign” synthetic procedures are of key
importance in the development of new chemical proc-
esses. This mostly depends on finding a new catalyst to
change the reaction conditions. Although homogeneous
catalysts are widely applied in catalytic oxidation and
some homogeneous catalysts exhibit very high activity
and selectivity,>* thedifficulty of catalyst separation and
reuse in homogeneous catalytic systems restricts their
application. The development of reaction-controlled
phase-transfer catalyst system resolves the difficulty of
catalyst separation and reuse and also keeps the high
activity and selectivity of homogeneous catalyst.* This
kind of catalyst not only can be recovered like hetero-
geneous catalyst but also acts as homogeneous catalyst.
As a very environmentally friendly and economical
method for catalytic oxidation, the reaction-controlled
phase-transfer catalyst system brings considerable intel-
lectual interest. However, up to now, the reports about
thiskind of catalyst system are very few.”

The structure of lacunary Keggin polyoxotungstate
[PWgOs4]°" is less three WOg octahedron than Keggin
polyoxotungstate [PW1,04]°", S0 it is named as la
cunary Keggin structure. The catalytic function of lacu-
nary Keggin polyoxotungstate has attracted much atten-
tion for their moderate catalytic activity.® In this paper,
we design and synthesize a new reaction-controlled
phase-transfer catalyst system composed of lacunary
Keggin polyoxotungstate [C;H/N(CH3)3]oPWgOzs. In
this system, lacunary Keggin polyoxotungstate
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[C;H/N(CH3)3]oPWoOs4 is used for catalytic epoxida-
tion of olefins with H,O, as the oxidant. The system
exhibits high conversion and selectivity as well as ex-
cellent catalyst stability. Moreover, the co-product of
thisreaction is only H;O.

Experimental

Unless specially mentioned, the chemicals used in
this work were at least of C.P. grade and were used as
purchased.

The preparation of [C7H7N(CH3)3]gPW O34

The NagHPW¢O34¢24H,0 was prepared and charac-
terized according to literature method.’ 1.0000 g solid of
NagHPWg0O34¢19H,0 (0.362 mmol), was dissolved in
30 mL of water at 333 K. To this solution was added
with stirring 0.6052 g of solid benzyltrimethylammo-
nium chloride (3.258 mmol) and the stirring was con-
tinued over about 30 min at 333 K. The precipitate be-
ing the product was filtered and washed with water and
acetonitrile, then air-dried at room temperature. The
yield was 93%. IR (neat, KBr plates): 3436, 3033, 1632,
1474, 1456, 1219, 1078, 1035, 941, 891, 851, 811, 750,
729 cm % Anal. calcd for [C;H/N(CH3)s]oPWeOas: C
31.12, H 4.13, N 3.56, W 45.84, P 0.91; found C 31.18,
H 4.02, N 3.51, W 46.21, P 0.86.

General procedurefor the epoxidation

The general procedure for the olefin epoxidation is
as follows: 20 mmol of olefin was dissolved in 40 mL
of CH3CN solvent, and 15 mmol of 30% H,0, and 0.2
mmol of catalyst were then added. The reaction was
maintained at 343 K with vigorous stirring until the
catalyst precipitated. Products were analyzed by
GC-MS and gas chromatography (GC) with the internal
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Reaction-controlled phase-transfer catalyst

standard method. The catalyst was recovered by cen-
trifugation and used in the next reaction.

Results and discussion

The phase transfer of catalyst in reaction

Scheme 1 shows the cycling progress of the catalytic
reaction. In this reaction-controlled phase-transfer cata-
lyst system, under the action of H,0,, catalyst [C;H;N-
(CH3)3] gPWoO34 Nnamed as QoPWy firstly forms soluble
superoxo  polyoxometalate  [C;H;N(CHz3)3]oPWgOs4,
named as QyPWo(O,) and transfers from solid phase to
liquid phase, and the QoPWo(0O,) subsequently reacts
with olefins. When H,0; is used up, QgPWj returns to
its insoluble original structure and transfers from liquid
phase to solid phase. The phenomenon of reaction con-
trol manifests is as follows. When the reaction begins,
the catalyst transfers from solid phase to liquid phase
and catalyzes reaction as homogeneous catalyst. When
the reaction ends, the catalyst settles down to solid
phase and can be easily filtered and reused as heteroge-
neous catalyst. The phase transfer is controlled by the
reaction.

Schemel Cycling process of the catalytic reaction

QgPWo(Oy)
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IR spectra

Figure 1 shows the infrared spectra of QqPWy (@),
QoPWy(0O,) (b) and recovered QoPWjy (C). Comparing
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the infrared spectra of recovered QgPWgy with those of
fresh QoPW,y, We can see that they have completely the
same absorption peak: the feature peaks for P—O
stretching bands (1077.1, 1035.3 cm %), W=0 band
(9414 cm %), W—O,—W vibration bands (891.4,
851.4 cm 1), W—O.—W vibration bands (811.6, 750.4

m).3° These same infrared spectra indicate that of
catalyst is very stable and can be recycled.

The infrared spectrum of QoPWy(0O,) (b) shows
W—O,—W vibration bands (893.4, 853.4 cm %) and
the W—O—O vibration bands (637.1, 569.9 cm %),*
but not the W—O—W vibration bands (811.6, 750.4
cm 1). However, the infrared spectra of QoPW, (a) and
recovered QgPWjy (c) show W—O,—W vibration bands
(891.4, 851.4 cm™ ') and the W—O—W vibration
bands (811.6, 750.4 cm %), but not the W—O—O vi-
bration bands (637.1, 569.9 cm ). These results offer
that the ratio of intramolecular O atoms to W atom in
QoPWjy is not enough for its coordination number, so
this W atom will interact with O atoms of another
molecule (forming a W—O—W bond), thus forming
complicated polymeric structures, which givesrise to its
insolubility in organic solvents. When Q¢PWy reacts
with H,O, to form the W—O—O, the coordination
number of the W atom with intramolecular O atoms
increases, and the intermolecular interaction (W—O.—
W) decreases, which leads to a dramatic reduction of
intermolecular bonds. As a result, QoPWg(O,) becomes
soluble in organic solvents.

Epoxidation of olefins

Epoxidation of olefins catalyzed by QoPWg with
30% H,0, at 343 K is shown in Table 1. Under the re-
action conditions employed, no epoxidation reaction
occurred even after 10 h when alyl chloride was used as
the substrate (Entry 3). Since the molar ratio of the sub-
strate to H,O, was 4 - 3, the theoretical maximum con-
version of the olefins was 75%. So the resulting conver-
sions of the olefins based on the olefins (67%—69%)
were high. At the same time good epoxide selectivities
(929%6—98%) based on olefins and high olefin conver-
sions based on H,0, (98%) were obtained. Thus, high
yields of the epoxides based on H,0, (91%—94%) were
achieved in the epoxidation system of QgPWoy. This is
another characteristic of this new epoxidation system,
with which high utilization efficiency of the reductant,
that is much higher than 50%, could generally be ob-
tained."

Figure 1  Infrared spectra of QoPWjy (8), QoPWo(O,) (b) and
recovered QqPWj (C).
Table1l Epoxidation of olefins catalyzed by QqPWgy with 30% H,0, at 343 K
) Based on olefin Based on H,0,
Entry Substrate Time/h
Conversion/% Selectivity/% Conversion/% Yield/%
Cyclohexene 4 69 92 98 91
1-Octene 10 67 98 98 94
Allyl chloride 10 0 0 0 0
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Compared with the epoxidation results of cyclohex-
ene and 1-octene, the yield of the epoxide based on
H,0, went up from 91% to 94%. While at same time the
reaction time required to reach maximum yield of the
epoxide based on H,0,, was lengthened from 4 to 10 h,
as shown in Figure 2, indicating that epoxidation of
cyclohexene is faster than that of 1-octene. These results
reveal the fact that the epoxidation activity of the olefins
is enhanced with the decrease of C=C stability from
1-octene to cyclohexene in this epoxidation system.
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Figure 2 Influence of reaction time on the epoxidation of ole-
fins catalyzed by QoPW, at 343 K. Circle: cyclohexene, triangle:
1-octene.

Table 2 shows the epoxidation of cyclohexene in
different solvent. The selectivity and conversion are
based on cyclohexene. In DMF (N,N-dimethylforma-
mide), the selectivity of cyclohexene is low, the rate of
catalyst recovery and the conversion of cyclohexene are
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less. So the solvent of CH3CN is more appropriate for
the reaction, and in this condition, the conversion is the
largest. On the other hand, since [C;H;N(CH3)s]oP-
W03, and active species are insoluble in CoH4Cl,, we
can use the mixed solution of C,H4Cl, and CH3CN to
make the rate of catalyst recovery maximize. We find
that the best ratio of CH3CN to C,H4Cl, is2 : 1, but the
reaction time is longer than in the single solvent of
CH3CN, asshown in Table 2.

The catalyst is recovered by centrifugation and is
used in the next run with 85% recovery yield (This is
because particle of recovered catalyst is too small to be
completely concentrated. The recovery yield is obtained
by weight). By 3 times recycle reaction, catalytic activ-
ity and selectivity of the recovered catalyst are practi-
cally the same as those of the fresh catalyst, indicating
the excellent stability of the catalyst.

Conclusions

In this work, lacunary Keggin polyoxotungstate
[C7H7N(CH3)3]oPWO34 has been synthesized as a reac-
tion-controlled phase-transfer catalyst. This catalyst can
act as homogeneous catalyst and can be easily filtered
and reused like heterogeneous catalyst. Infrared spectral
analysis of the phase transfer catalyst indicates that the
intermolecular interaction is the main reason of the
catalyst transfer between the solid phase and liquid
phase. The products are epoxide of olefins and H,O
with no co-product being formed. All these show that
the catalyst system is very environmentally friendly.
This work offers a new approach for the separation of
homogeneous catalysts.

Table2 The epoxidation of cyclohexenein different solvent

Solvent/mL : mL Rate of catalyst recovery/% Reaction time/h Selectivity/% Conversion/%
DMF 70 6 89.4 57
CHsCN 85 4 92 69
DMF, C,H,Cly /2 0 1 73 5 88 56
DMF, C,H,Cl, /30 1 71 55 87 58
CH3CN, C,H,Cl, /2 0 1 87 45 91 68
CH3CN, CH,Cl, /30 1 83 42 915 69
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