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Abstract

The epoxidation of cyclohexene with hydrogen peroxide in a biphase medip@/Q@HCk) was carried out with the reaction-controlled
phase transfer catalyst composed of quaternary ammonium heteropolyoxotungst@g$sIN(CH,)15CHs]3[PW,046]. A conversion of
about 90% and a selectivity of over 90% were obtained for epoxidation of cyclohexene on the catalyst. The fresh catalyst, the catalyst under
reaction conditions and the used catalysts were characterized by FT-IR, Ranit BiMR spectroscopy. It appears that the insoluble catalyst
could degrade into smaller species, [(PAVO(O2)2}4]3~, [(POs){WO(0,), }2{WO(0,),(H20)}]13-, and [(PQ(OH)){WO(O,),}.]% after
the reaction with hydrogen peroxide and becomes soluble in the £$tGlent. The active oxygen in the p@,(0,),] structure unit of
these soluble species reacts with olefins to form the epoxides and consequently the corresponding W—Ob-W (corner-sharing) and W—Oc-W
(edge-sharing) bonds are formed. The peroxo grougdM0,)4] can be regenerated when the W—Ob—-W and W—Oc-W bonds react with
hydrogen peroxide again. These soluble species lose active oxygen and then polymerize into larger compounds with the W—Ob-W and
W-0Oc-W bonds and then precipitate from the reaction solution after the hydrogen peroxide is consumed up. Part of the used catalyst seems
to form more stable compounds with Keggin structure under the reaction conditions.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction catalyst composed of quaternary ammonium heteropolyox-
otungstates, 1-CsHsN(CH2)15CH3]3[PW401¢], which is
Epoxidation of olefins is among the most important reac- active and selective for epoxidation of propylene and other
tions in organic synthesis, because epoxide compounds arelefins (such as linear terminal olefins, internal olefins,
valuable precursors for the synthesis of drugs, agrochemicalscyclic olefins, styrene, and allyl chloride) with 30% hydro-
and food additives. Polyoxometalates, as the effective cata-gen peroxide. This catalyst is an insoluble solid and can
lysts for epoxidation, have drawn wide attention in the last dissolve into the reaction solution when it reacts with hy-
two decadefl—40]. The most significant developments were drogen peroxide, and the catalyst becomes insoluble solid
made in the 1980s by the groups of Venturg¢ll8—18]and and precipitate again after the epoxidation reaction is over.
Ishii [19—25] who found that the heteropolyoxotungstophos- Therefore, the catalyst can be easily separated from the
phates show high activity and selectivity for the epoxidation reaction system, thus providing a approach to resolve the
of olefins and the epoxidation mechanism on these catalystsseparation difficulty in homogeneous catalysis.
have been investigated by many groups 1§26r30,39,40] However, the mechanism of the reaction-controlled phase
Xi et al. [38] reported a reaction-controlled phase transfer transfer of this catalyst is not clear. To understand the be-
haviors of the catalyst dissolves and precipitates in the re-
mgpondmg Author. Tols 864114579070 act_ion system by the reaction with hydrogen peroxigle, and
fax: +86-411.4694447. ‘ to identify the structural changes of the catalyst during and
E-mail address: canli@dicp.ac.cn (C. Li). after the epoxidation reaction, the fresh catalyst, the cata-
URL: http://www.canli.dicp.ac.cn. lyst under reaction conditions and the used catalysts were
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characterized by FT-IR, Raman afid® NMR spectroscopy. ~ Using a laser at 532 nm as the excitation source. Solid sam-
It is found that the reaction-controlled phase transfer is es- ples were mounted on a disk rotating at about 1000 hertz in
sentially a process of degradation and polymerization of the order to avoid thermal decomposition by the laser beam.

catalyst.
2.4. FT-IR spectra of reaction solution

A round-bottomed flask was charged with the catalyst
(0.19), 35% HO, (8.0mmol), and CHG (16.0ml). The
reaction system was maintained at’8with vigorous stir-
ring until the system gradually changes from turbid to clear,

The catalyst was prepared according to the procedure Ole_namely, until the catalyst completely dissolves into the re-

scribed previously16,37] A suspension of tungstic acid ?C“O“ medium. A_small amount of re_act|on organic solu-
2.5 (10 mmol) in 7 ml of aqueous, 8, (35%) was stirred FIOI’] was dropped into a standard sodium chloride cell and
and heated to 60C until a colorless solution was obtained. immediately measured by FT-IR.

This solution was filtered and then cooled to room temper- FTIr;fFraared ?pectrf\ W‘I?Le rec:‘[olrdetd on a Nicolet dlmpact24i(3/
ature. Forty percent (w/v) POy (0.62 ml, 2.5 mmol) was -IR spectrometer. The calalyst was measured using 2~

added to the solution, and then was diluted to 30 ml with (/W) KBr pellets and prepared by manual grinding using a
water. An amount eq,ual to 1.80g of cetylpyridiniumam- mortar and pestle, and the spectra of solution were recorded

monium chloride (5 mmol) in dichloromethane (40 ml) was with a standard sodium chloride cell.
added dropwise with stirring in 2 min, and the stirring was
continued for an additional 15 min. The organic phase was

then separated, dried with anhydrous, 8@y, filtered and .
. A round-bottomed flask was charged with catalyst (0.1 g),
evaporated under atmospheric pressure at 50c6®ath) 35% H,0, (8.0mmol), and CHGJ (16.0 ml). The reaction

and about 2.5g (85%, based on the quaternary ammonium

salt charged) of the dried yellow powder was obtained by tsﬁ' stemtwas magnta“necri] at36 V¥'th V|tgotr)_o;f st||rr|ng unéllth
further evacuation. e system gradually changes from turbid to clear, and then

the reaction organic solution sample was taken and immedi-
) ) _ o ately measured by'P NMR. Then the substrate cyclohex-
2.2. Biphasic catalytic epoxidation of cyclohexene ene was added into the reactor, the mixture was maintained

at 35°C with vigorous stirring for 30 min., organic solution

A round-bottomed flask was charged with the catalyst from the reaction system then quickly analyzedhy NMR
(0.05g), 35% HO, (8.0 mmol), cyclohexene (16.0 mmol), again.

and 16 ml of CHG. The flask was then placed in a water 31p NMR spectra were recorded at 9.4T on a Bruker
bath at 35 C with vigorous stirring for 4 h. After the reaction  prx 400 spectrometer. THEP MAS NMR spectra of solid

was over, the resulting organic layer was analyzed by GC catalyst with high-power proton decoupling were performed
with the internal standard method. The precipitated catalyst 5t 161.9 MHz with BBO MAS probe head using 4 mm 2rO

2. Experimental

2.1. Preparation of [ r-CsHsN(CH2)15CH3] 3[ PW4O016]

2.5. 31P NMR spectra of reaction solution

was separated by centrifugation. rotors and 2.@us pulse and 2s repetition time and 2048
scans, with samples spun at 8 kHz and referenced to 85%

2.3. Raman spectra of the course of the catalyst HsPQO4. The 3P NMR spectra of the catalyst in solvents

preparation were obtained with BBl 5mm converse phase broadband

probe head using real sample solution withinternal
During the course of the catalyst preparation, the per- tube locking field.
tungstic acid aqueous solution, the reaction solution of
pertungstic acid and 3P0, and the obtained solid cata-
lyst [m-CsHsN(CH2)15CH3]3[PW4016] Were, respectively, 3. Results and discussion
characterized by visible Raman spectroscopy (with the exci-
tation laser at 532 nm). In the meantime, for the assignment3.1. Epoxidation of cyclohexene in a biphase medium
of the Raman bands of the catalyst, cetylpyridiniumammo-
nium chloride was measured by UV Raman spectroscopy In this study, cyclohexene was chosen as a model sub-
(with the excitation laser at 325nm), which can avoid the strate to test the catalytic activities of the fresh and the reused
fluorescence interference and give a better signal-to-noisecatalysts. In order to ensure all of the hydrogen peroxide is
ratio than in the visible region. consumed up, the excess olefin is necessary for the catalyst
UV Raman spectra were recorded on a homemadeto precipitate from the reaction medium in the end of the
UV Raman spectrograpfd1,42] visible Raman spectra reaction. The catalyst can be recovered easily from the reac-
were obtained on a Jobin-Yvon U1000 scanning double tion media by a simple filtration after the reaction, and the
monochromator with the spectrum resolution of 4ém  recovered catalyst was used again for the comparison with
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Table 1 of hydrogen peroxid¢26]. Fig. 1bshows the Raman spec-
Epoxidation of cyclohexene on the catalyst-CsHsN(CH2)15CHs]3 trum of the reaction aqueous solution of pertungstic acid and
[PW40;¢] for different cycles H3PQy, which gives the same Raman bands as pertungstic
Conversion (%) Selectivity (%) acid, while the band of the bridging anion FO are not
Fresh catalyst o5 7 clearly ob_served. T_he QV Ramf'm spectra of cetylpyridiniu-
Used catalyst 94 9% mammonium chloride is given iRig. 1¢ strong bands are

Reaction condiions: Sydlonexens (16.0 ) catalyaDbioydion observed at 648 and 1028 th Fig. 1dexhibits the Raman
N .UOmmol); catal cyclonexene

= 1:300:600 (molar rago); 16 ml of CHght 35°Cfor4y$DThgconversion bands at 314, 560, 648, 854’. 880, 962’ a.nd 1028'cof

of cyclohexene was based onp,®h and the selectivity to cyclohexene the fresh CataIySt' Comparirigg. 1d with Fig. 1b and ¢

oxide was based on cyclohexene. the Raman bands at 314, 560, 854, and 962]Cﬂan be at-
tributed tov(W—OzH), v[W(O2)], v(O-0O), andv(W=0), re-

the fresh catalyst. The reaction results of the fresh catalystspectively[9,26]. And the two bands at 648 and 1028t

and the reused one are summarized@able 1 for the fresh ~ are easily attributed to the quaternary cations.

catalyst, the conversion is about 95% based on hydrogen The FT-IR spectrum of the fresh catalyst (deig. 2a

peroxide and the selectivity is about 97% for cyclohexene, or Fig. 39 gives eight bands at 543, 684, 716, 775, 813,

it appears that the catalytic activity and selectivity of the 884, 935, and 1079cnt in the fingerprint region. The

reused catalyst slightly decreases under the reaction condistrong and broad bands at 1079 and 935tmwan be as-

tions. cribed to the stretching mode of the P-O bond and the
W=0 bond, respectively16]. Based on the survey of the
3.2. Characterization of the fresh catalyst literature[43—45] the IR band at 884 crt and the weak

band at 813cm! can be attributed to the(W-Ob—-W)

In order to better understand the structural changes of the(corner-sharing), anag(W-Oc-W) (edge-sharing), respec-
catalyst during the preparation, the catalyst samples derivedtively [43-45] The bands at 775, 716, 684 chare due to
in the process of preparation were characterized by Ramanthe quaternary cation. In addition, it can be seen that the
spectroscopy. The yellow solid tungstic acid was dissolved ¥(O-O) band disappears in IR spectrum, but still exists in
in excess HO, to form colorless pertungstic acjdi4]. The the Raman spectra, indicating that the symmetry of the local
Raman spectra of pertungstic acidf®s(02)4(H20)2]%~ in structure with O—O bond makes this band Raman active, but
solution with HO, (seeFig. 19 shows characteristic bands  infrared inactive. Thé'P MAS NMR spectrum of the fresh
at 314, 560, 854, and 962 cth and these bands can be as- catalyst (se€ig. 43 gives several broad peaks and suggests
signed tov(W—OzH), v[W(O5)], v(0-0), andv(W=0), re- that the catalyst is a mixture that contain several different
spectively[9,26]. The band at 875 crit is due to the/(0-0) polytungstophosphate species.

-=1028
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Fig. 1. Raman spectra of the course of the catalrsC§HsN(CH;)15CH3]3[PW4016] preparation: (a) BWO4 + H20z; (b) HoWO4 4+ HoO2 + HzPOy;
(c) cetylpyridiniumammonium chloride; (d) the fresh catalyst@sHsN(CH,)15CHz]3[PW4016).
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Fig. 2. FT-IR spectra of the catalyst{CsHsN(CH;)15CHz]3[PW4016] under reaction conditions: (a) the fresh solid catalystJsHsN(CHz)15CHsl3
[PW401¢); (b) the taken solution sample recorded at 1 min; (c) the taken solution sample recorded at 5min; (d) the taken solution sample recorded at
10min; (e) the taken solution sample recorded at 20 min.

3.3. Characterization of the catalyst under reaction terized by FT-IR and'P NMR during the reaction course.
conditions Fig. 2b—edisplays the IR spectra of the taken solution sample
recorded at 1, 5, 10, and 20 min, respectively. The charac-
To study the behaviors of the active species and to clar- teristic bands of the catalyst at 684, 716, 775, 842, 884, 944,
ify the mechanism of reaction-controlled phase transfer of and 1024-1125cmt are observed irFig. 2b This spec-
the catalyst, the reaction solution with catalyst is charac- trum is similar to that reported by Venturello and D’Aloisio

e 884
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Fig. 3. FT-IR spectra of the used catalyst: (a) the fresh cataty€@sHsN(CH,2)15CH3]3[PW4016]; (b) the used catalyst.
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Fig. 4.31P NMR spectra of: (a) the fresh catalyst-CsHsN(CH,)15CHa]3a[PW4O1g]; (b) the catalyst treated with #,; (c) the catalyst in reaction
process; (d) the used catalyst; (e) the fresh catatySE{HsN(CH,)15CHz]3[PW12040]; (f) the used catalystd-CsHsN(CHz2)15CH3]3[PW12040].

[16] with the exception that the weak band at 884¢ns species transfer to olefin in the epoxidation reaction, and

different. The IR bands at 1024-1125, 932, and 842tm
can be assigned to(P-0O), v(W=0), andv(O-0), respec-
tively [16]. Other three bands at 775, 716, and 684 trare

subsequently the corresponding W-Ob-W (corner-sharing)
and W—Oc-W (edge-sharing) bonds are formed.
In addition, in thev(P-O) vibrational region, it is clear

due to the quaternary cation. Comparing the IR spectra of that the band at 1024 cmh gradually decreases in intensity
the fresh catalyst treated with hydrogen peroxide with the and the band at 1125 crh disappears, accompanying with
IR results of the fresh Cata|yst (SEEJ 26), the broad band the increase in the intensity of the band at 1079%"’" the

at 1079 cnm! in the P-O vibrational region splits into two ~ course of the reaction. Meanwhile, in the vibration regional
bands at 1024 and 1125ch moreover, the intensity of ~ (684-784cm?) of the quaternary cation, the IR bands are
the v(W—Ob—W) band at 884 cnt decreases and the band quite distinctive, the broad bands at 684, 716 and 784%cm

of v(O-0) at 842 cm? appears. The results show that the gradually become sharp, suggesting that the interaction be-
catalyst obtains the active oxygen via the reaction with hy- tween the anion and the cation is changing in the reaction
drogen peroxide. process.

Comparing the spectra iRig. 2b—e with the increase When the insoluble fresh catalyst was treated with
of the time intervals for recording the spectrum, obvious hydrogen peroxide in the absence of substrate, e
changes in the(O-0) region of the catalyst are observed. NMR spectrum of the treated sample exhibits five peaks
The v(0-0) band at 842 cm declines dramatically with ~ at 4.1, 0.3,—-1.5, —2.3, and —12.1ppm (seeFig. 4D.
the appearance of a new band at 863¢mmeanwhile, ac-  The lines at 4.3, 0.3, and-1.5ppm can be attributed
companying with the growth in the intensity of the band to [(PQ){WO(02)2}4]*", [(POs){WO(O2)2}2{WO(02)2
at 884 cnt®. While the further increase of time to about (H20)}]%", and [(PQ(OH)) {WO(Q)2}2]%", respectively
10 min, another new band at 813chappears Kig. 29. [26-30} The results show that the catalyst depolymer-
This result demonstrates that the catalyst loses the activeizes into several smaller active species after it reacts with
oxygen easily in the absence of hydrogen peroxide. IR spec-hydrogen peroxide. The peak at2.3ppm may be as-
tra show that the appearance of the bands at 884, 863 andgigned to uncoordinated phosphate {@7]. The peak at
813cnt! is related to the gradual disappearance of the —12.1ppm is characteristic of the compound with Keggin
v(0-0) band at 842cmt. The results demonstrate that structure[44,45] which is formed after the catalyst loses
the fresh catalyst forms the active species via the reactionSome active oxygen when no further hydrogen peroxide
with hydrogen peroxide, and the active oxygen of the active is added. For the reaction syste®P NMR (Fig. 49 is
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similar to that inFig. 4b except that the peak at 0.3ppm Tapie 2

of the species [(PQ{WO(O)2}2{WO(0z)2(H20)}13~ Assignment of IR bands of the quaternary ammonium heteropolyoxo-
disappears and a new peak at abeut.0 ppm appears. tungstophosphates catalysts
The results indicate that the [(RIIWO(Oy)2}4], IR bands (crml) Assignment References
[(POR){WO(Qp)2}2{ WO(O)2(H0)}]*", and [(PQ(OH)) (= ) o760
{WO(0O;)2}2]-~ peroxo complexes may transform each 935, 944, 950 »(W=0) [16.26-30]
other during the course of the reactif6—28] 863, 884, 895 V(W-Ob-W) [43-45]

On the basis of above results, it can be concluded thatg42 v(0-0) [16,26-30]
the W—Ob—W and W-Oc-W bonds of the fresh catalyst are 813 v(W-Oc-W) [43-45]
broken and then the catalyst degrades into soluble species®84-784 Quaternary cation

[(PO){WO(D)2}a]%",  [(PO){WO(O2)2}2{WO(Oy)2

(H20)}]3~, and [(PQ(OH)){WO(0»),}2]%~ while the cat-

alyst reacts with hydrogen peroxide. These active speciesat 813 cnt! due tov(W—-Oc-W) markedly increases in in-

contain the common peroxo group p>(02)4] [29]. The tensity. But the band at 543 crh disappears after the reac-

active species reacts with substrate and then the W-Ob-Wkion. It is interesting that the IR bands of the used catalyst is

and W-Oc-W bonds are formed after the active oxygen in fair agreement with those of [P¥Osg]”~ with Keggin

species are used up. The peroxo group@(O2)4] can structure[43]. These assignments of the IR bands for the

be regenerated via the reaction with hydrogen peroxide.  catalysts are listed ifiable 2 3P MAS NMR spectrum of
the used catalysE{g. 4d) reveals a single line at12.6 ppm,

3.4. Characterization of the used catalyst which can be attributed to the lacunar Keggin-type struc-
ture of the [PW1O3g]’~ anion [43,44] The results pro-

The used catalysts were characterized by FT-IR 3#fd vide additional support for the IR spectra of used cata-

MAS NMR. Fig. 3bpresents the FT-IR spectra of the used lyst (Fig. 3), i.e., the active species, [(RIWO(0z)2}4]°",

catalyst. It can be seen that there are some differences if(POs){WO(O;)2}2{WO(O,)2(H20)}13~, and [(PQ(OH))

IR spectra between the fresh catalyst and the used one. ItfWO(0,),}2]%~ lose active oxygen and precipitate from the

is found that the broad band at 1079chof the fresh cat- reaction solution and partly form [PYOsg]’~ anion with

alyst in the P-O regions turns into two bands at 1100 and Keggin structure after the reaction.

1045cnt!, whereas the band due to3@® vibration shifts As discussed above, it can be seen that the active species

from 935 to 950cm?. A similar result was observed in  tends to transforms into more stable compounds with Keg-

the vibrational region ob(W—-Ob-W), where the band be- gin structure in the catalytic reaction cycles. Therefore, we

comes from 884 to 863 and 895 ct In addition, the band  prepared the freshaf-CsHsN(CH,)15CH3]7[PW11039] and

S

[(PO3(OH){WO(Oy):}]*

[(PO){WO(01)2}:{ WO(0,)(H,0)}]™

%

[(POYWO(O)2 341"

Soluble

Polyanions with S )
W-0-W bond ha

Insoluble

| P&@W@JHOO @ C

Scheme 1. Reaction mechanism of the reaction-controlled phase transfer catalysis for cyclohexene epoxidation.
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[m-CsHsN(CH2)15CHs]3[PW12040] catalysts with Keg-  [(PO){WO(O2)2}413~,  [(PO3){WO(O2)2}2{WO(0y)2

gin structure by the procedure reported previoy2l,28] (H20)}]3-, and [(PQ(OH)){WO(O,),}2]% via the reac-
and found that the catalysts also precipitates from the tion with hydrogen peroxide. After the hydrogen peroxide
reaction medium after the epoxidation reaction. Further- js used up, these smaller anions polymerize into larger an-
more, the3'P MAS NMR spectrum of the used catalyst jons with forming the W—Ob-W and W—-Oc—W bonds, as a
[m-CsHsN(CH2)15CHg]3[PW12040] (Fig. 4f) was analo-  result, the catalyst becomes insoluble solid and precipitates
gous to that of the fresht CsHsN(CHz2)15CHs] 3[PW12040] from the reaction medium.

catalyst Fig. 49 except for the small broad peaks in the

range of—10 to 10 ppm. The results indicate that the cata-

lysts with Keggin structure can partly return to its original =~ Acknowledgements
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