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Abstract

The epoxidation of cyclopentene with hydrogen peroxide catalyzed by 12-heteropolyacids of molybdenum and tusijsten ({W, O,
n=1-11), 12-tungstophosphoric acid and 12-molybdophosphoric acid combined with cetylpyridinium bromide as a phase transfer reagent
was carried out in acetonitrile. Among 13 heteropolyacids investigated, catalysiPdfléd\WsO,4o showed the highest activity, giving a
conversion of 60% and a selectivity of 95% in the epoxidation of cyclopentene. The fresh catalysts and the catalysts under reaction condition
were characterized by UV-vis, FT-IR aftP NMR spectroscopy, which has revealed that all of the molybdotungstophosphoric acids were
degraded in the presence of hydrogen peroxide to form a considerable amount of phosphorus-containing species. The active species resultel
from HsPMosW4Oy are new kinds of phosphorus-containing species, which is different fR@[WO(0,),]4}3".
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction available B0, solution (35%) as oxidant. In recent years,
the epoxidation mechanism on these catalysts has been
Epoxidation of alkenes is among the most important investigated by many grougd2-17] It has been proved
reactions in organic synthesis, because epoxide compoundshat { PO, [WO(O),]4}3~ is the active species in the olefin
are valuable precursors for the synthesis of drugs, agrochem-epoxidation in the Venturello—Ishii system. Heteropolyacids
icals and food additives. Polyoxometalates, as the effectivewith the Keggin structure, §PW;2040, are degraded
catalysts for epoxidation, have drawn wide attention in in the presence of excess;®, to form peroxo species
the last two decadefl—24] In 1983, Venturello et al.  {POy[WO(02)2]4}3~ and [Wa03(02)4(H20)2]%~, which
[7-9] discovered that the complex consisting of tungstate are the true catalytic-active intermediate.
and phosphate can catalyze the epoxidation of different When we used BPMoio nW,049 combined with
alkenes with dilute KO, solution (15%) as oxidant. In  cetylpyridinium bromide (abbreviated CPB) as a phase trans-
1988, Ishii and co-workerl0,11] reported that the system fer reagent with 50 equiv of $0, solution (30%) to cat-
composed of BPW;2040 and cetylpyridinium chloride  alyze epoxidation of cyclopentene in acetonitrile, we found
can catalyze epoxidation of alkenes with commercially a new phenomenon. The epoxidation was more efficiently
catalyzed by HPMogWgO40 combined with CPB (abbrevi-

* Corresponding author. Tel.: +86 931 8275727; fax: +86 931 8277787. ated as PMW/CPB system) than byfV;,040 combined
E-mail addressjssuo@ns.Izb.ac.cn (J. Suo). with CPB (abbreviated as PMWCPB system). At first sight,
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the poor reactivity of the PY/CPB system compared with
the PMW/CPB system is difficult to understand. It seems
that more active species resulted fromP¥V;2,040 than
from H3PMosWgO40. In an attempt to interpret these results,
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crystals were obtained. Anal. found: P:Mo:W=1.1:6:6.6,
Calc. for sPMogWgO40: P:Mo:W = 1:6:6; yield: 57.7%.

Other HPMoi2_nW,040-nH20 heteropolyacids were
similarly prepared.

we characterized the fresh catalysts and the catalysts under

reaction condition by UV-vis, FT-IR an#tP NMR spec-
troscopy. It was found that the Keggin-typgPMosWgOa0

is degraded completely in the presence of 50 equivaDH

to form a considerable amount of phosphorus-containing
species. Under the same reaction conditionW; 2040 is
hardly degraded and nd®O;[WO(O5)2]4}3~ is detected by
3P NMR.

2. Experimental
2.1. Preparation of heteropolyacids

All solvent and chemicals were analytical grade, commer-
cially available and used without further purification unless
otherwise stated.

H3PW12040-nH20 was prepared according to REF9].
NapWO4-2H,0 (25g) and NgHPO4-12H,0 (10g) were
added to 40 ml of decationized water, and the mixture was
refluxed at 80C with stirring. Then, 24% HCI (37.5ml)
was added to the solution at 80. After the solution was
concentrated to a volume of 25 ml by evaporation atG0
it was cooled to room temperature gPW12049 wWas ex-
tracted with an equal amount of diethyl ether (with slow
agitation after the addition of several drops of 37% HCI).
Ether was removed at 5C. Then the residual was dissolved
in water and concentrated at 50. Recrystallization from an
aqueous solution and drying in a desiccatarZal formed
H3PW;2040-nH20.

H3PMo12040-nH20 was prepared according to REZ0].
MoOs3 of 14.4 g was placed in a 250 ml flask equipped with

2.2. Synthesis of peroxo complexes

2.2.1. Preparation of (CTRYPO4[WO(O2)2]4}

This was based on the method described by Ishii et
al. [10]. To a solution of cetylpyridinium chloride (0.55g,
1.55mmol) in 35% HO, (20 ml) was added §PW;2040
(1.59, 0.55 mmol) in 35% kD, (5 ml), and the mixture was
stirred at 40C for 4.5 h. The suspended mixture was cooled
to room temperature until a white precipitate was produced.
After centrifugation, the precipitate was washed repeatedly
with water and dried in vacuum. IR (KBr): 3431, 2918, 2850,
1708, 1633, 1486, 1468, 1374, 1175, 1132, 1080, 1057, 982,
906, 836, 771, 721, 682, 648, 571, 548, and 525tm

2.2.2. Preparation of (B4N)3{PO4[M0O(O2)2]4}

This was based on the method described by Aijbay.
30% H,O2 (15ml, 150 mmol) was added to a solution of
H3PMo012040 (1.91 g, 1 mmol in 5 ml of water). After a few
minutes of stirring, an insoluble fraction was removed by fil-
tration. The clear yellow solution was left to stand for 15 min
before an aqueous solution of tetrabutylammonium bromide
(0.903 g, 2.8 mmol) was slowly added. The resulting yellow
precipitate was filtered out, washed thoroughly with water,
and air-dried. IR (KBr): 1071, 1039, 964, 872, 739, 660,590,
543, and520 cmt.

2.3. Catalytic reactions
The catalytic reactions were performed in a 10ml

two-necked round-bottomed flask equipped with a septum,
a magnetic stirring bar, and a reflux condenser. Typically,

a reflux condenser, and 140 ml of water was added. To thiscyclopentene (3 mmol) and 0.52 mmol pfbutyl ether as

was then added 0.96 g of 85%IPI04, and the solution was
boiled for 3 h under vigorous stirring. The green color that
developed was removed by the addition of a few drops of
bromine water. At the end of the heating period, the yel-
low solution was cooled and the white insolubles remaining
were filtered. The mother liquor was concentrated to a vol-
ume of 10 ml by evaporative boiling for 3—4 h. Upon cool-
ing, the concentrate mixture was filtered and air-dried. This
crude product was purified by dissolving in 10 ml of wa-
ter, and was allowed the clear yellow solution to crystallize
in air. The large yellow crystals formed were filtered and
air-dried.

H3PMogWgO40-nH2O was prepared as followgl9].
NapWO4-2H,0 (15.0g), NaMoOy4-2H,O (11.0g) and
NaH,POy-2H,0 (2.38g) were dissolved in 66.7ml of
decatioinized water. The solution was kept af80for 3 h
with agitation and then concentrated to 27 ml by evaporation.
Then, 33.3ml of 24% HCI was added (the solution was
yellow). After extraction with ether at room temperature,

an internal standard were added to an acetonitrile solution
(3ml) of catalyst (0.015mmol), cetylpyridinium bromide
(0.045mmol) and 30% hydrogen peroxide (0.75mmol).
The flask was then placed in a hot oil bath at°’@0and

the mixture was stirred vigorously for 3.5h. The reaction
solution was periodically sampled by a syringe and analyzed
by a Perkin-Elmer XL gas chromatograph equipped with a
15m SE-54 capillary column and a FID detector. Assign-
ments of products were made by comparison with authentic
samples. Selected samples were also analyzed by GC/MC
(Agilent-6890/5973N).

2.4. UV—-vis measurement

2.4.1. UV-vis spectra were recorded on a Shimadzu
UV-spectrometer

Samples without BO, added were treated as follows:
heteropolyacid (0.015mmol) and cetylpyridinium bromide
(0.045 mmol) (abbreviated as the HPA/CPB system) were
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dissolved in acetonitrile (3 ml), and the UV spectra of these authentic samples and related literature data, clearly in-

samples were recorded after 1 h. dicating that they do have the Keggin structure. Com-
Samples with HO, added were treated as follows: parison of the IR spectra of the two peroxo complexes

heteropolyacid (0.015 mmol) and cetylpyridinium bromide with the literature data showed that they were the target

(0.045 mmol) were dissolved in 3 ml of acetonitrile, and then compounds.

H20, (0.75 mmol) was added with stirring. The UV spectra

of these samples were recorded after 1h. 3.2. Optimization of reaction condition

2.5. FT-IR spectra The results of epoxidation of cyclopentene catalyzed
by H3PMoy2_nWnO40 combined with CPB with differ-

IR spectra were recorded on a Nicolet AVATAR 360 FT- ent solvents, temperature, and oxidants are summarized in
IR spectrometer. The fresh solid catalyst was measured us-Tables 2 and 3The epoxidation catalyzed by the PMW/CPB
ing KBr pellets containing 2.5 mass% samples and preparedsystem, which was carried out in acetonitrile at’&@0with
by manual grinding using a mortar and pestle. The spec- H,0, or urea—hydrogen peroxide adduct (UHP) as oxidant
tra of solution were recorded as follows: heteropolyacid was the optimum. The PMW/CPB system is more active than
(0.015mmol) and cetylpyridinium bromide (0.045mmol) the PW,/CPB system in the epoxidation of cyclopentene. To
were dissolved in KO, (0.75 mmol). Then a small amount  clarify the mechanism of these reactions, the fresh catalysts
of solution was spreaded on the surface of a standard KBrand the catalysts under reaction condition were characterized
flake and immediately subjected to FT-IR measurement. by UV-vis, FT-IR and®lP NMR spectroscopies.

2.6. 3P NMR spectra 3.3. UV-vis absorption spectroscopy

A 10 ml two-necked round-bottomed flask was charged A UV-vis study was performed, since most of the
with heteropolyacid (0.015 mmol), cetylpyridinium bromide heteropolyacids have characteristic spectra in the middle
(0.045 mmol),N,N-dimethylformamide (3.0 ml), and 2D, of the ultraviolet rangeTable 4 shows the UV spectra
(0.75mmol). The reaction system was maintained &@0 data of some BPMoio_nWnOao heteropolyacids combined
and stirred vigorously for 3 h. Then the solution sample was with CPB measured under the conditions without and with
taken and immediately analyzed P NMR. H205 in acetonitrile.Fig. 1 depicts the UV-vis spectra of

31p NMR spectra were recorded on a Varian Mercury PW;,/CPB (a) and PWAL/CPB treated with an excess of
300 MHz NMR spectrometer!P chemical shifts are ref-  H,0, ([H202)/[H3PW12040] =50 mol/mol (b) in acetoni-
erenced to 85% kPO, as an external standard, and the times trile. For Fig. 1a of the fresh catalyst, the absorption bands
of scan was 380. appeared at 265 and 216 nm, respectively. When 50 equiv

of H,O, was added, the peak at 216 nm shifted to 210 nm.
Though the peak at 265 nm still remained, its peak inten-

3. Results and discussion sity decreased. Comparison between the curves a and b re-
veals that the structure of #W;2040 has changed and

3.1. Catalyst characterization the degradation happened by the addition of 50 equiv of
Hzoz.

IR (Table 1), UV-vis (Table 4, 3P NMR, and elemental Fig. 2 depicts the UV-vis spectra of PMW/CPB (a) and
analysis data of the 13 HPAs were compared with those of PMW/CPB treated with 50 equiv of 4D, (b) in acetonitrile.
Table 1
FT-IR data of HPMo12_nWnrO40
H3PMoyr2_nWnOgo P—O (cnY) M=0 (cn %) M—0p—M (cm™1) M—Oc—M (cm~1)
H3PMo0;2040 1063 960 868 783
H3zPMo11W1040 1066 964 870 785
H3PMo1gW2040 1066 966 869 787
H3PMogW3049 1068 969 872 787
H3PM03W4040 1069 970 873 788
H3PMo;Ws04 1071 971 876 789
H3PMosWgOag 1072 972 877 790
H3zPMosW7040 1073 974 878 793
H3PMO4W8040 1076 978 880 795
H3zPMozWgOgyo 1076 979 882 797
H3zPMoyW10040 1077 982 883 800
H3PMoyW11040 1079 983 886 807

H3PW12049 1080 984 890 809




124 Y. Ding et al. / Journal of Molecular Catalysis A: Chemical 230 (2005) 121-128

Table 2
Epoxidation of cyclopentene catalyzed by PMW/CPB under different reaction conditions
Entry Solvent Oxidant Temperatur&d) Conversion (mol%) Selectivity (mol%h Yield (mol%)°
1 Acetone HO, 60 134 430 5.8
2 Methanol HO; 60 158 509 8.0
3 Ethyl acetate pO2 60 196 528 103
4 Benzene KO 60 515 300 154
5 1,2-Dichloroethane 0, 60 313 57.0 17.8
6 Chloroform B0, 60 443 823 364
7 Acetonitrile HO, 60 602 955 575
8 Acetonitrile HO, 50 499 884 44.1
9 Acetonitrile HO, 40 417 908 379
10 Acetonitrile 510 30 283 938 265
11 Acetonitrile UHP 60 614 953 585
12 Acetonitrile t-BuHP® 60 55 0 0
13 Acetonitrile NaClO 60 (5] 0 0

Reaction conditions: 3 mmol cyclopentene; 0.75 mmol oxidant; 0.015 mmajPitds\WeOao (0.5 mol%); 0.045 mmol cetylpyridinium bromide; 3 ml solvent;
0.52 mmol ofn-butyl ether as an internal standard; reaction time: 3.5 h.

a Conversion/theoretically possible conversion.

b Selectivity for cyclopentene epoxide determined by GC analysis.

¢ Conversionx selectivity.

d UHP, urea—hydrogen peroxide adduct.

€ t-BuHP,tert-butyl hydroperoxide (65%).

Table 3
Epoxidation of cyclopentene catalyzed by heteropolyacids combined with CPB
Entry Catalyst Conversion (mol%) Selectivity (mol%) Yields (mol%)
1 H3PMo012040 3.7 Trace Trace
2 H3PMo11W1040 24.1 83.2 20.0
3 HzPMo1oW2040 59.8 59.5 35.6
4 H3PMogW3040 495 62.3 30.8
5 H3PMQ§W4040 384 90.6 34.8
6 H3PMo;Ws5040 632 76.0 48.0
7 H3PMosWgOs0 60.2 95.5 57.5
8 H3PMosW7040 66.6 79.8 53.1
9 H3PMosWgQOgo 48.8 88.3 43.1
10 HsPMo3WgO4o 51.2 71.9 36.8
11 HsPM0o,W10040 57.9 71.9 41.6
12 HsPMoyW11040 380 62.9 23.9
13 HzPW;12040 27.0 43.6 11.8

Reaction conditions: 3 mmol cyclopentene; 0.75 mmol hydrogen peroxide; 0.015 mmol of catalyst (0.5 mol%); 0.045 mmol cetylpyridinium bromide; 3 ml
acetonitrile; 0.52 mmol ofi-butyl ether as an internal standard; reaction temperatureC g@action time: 3.5 h.

When no BO, was added, two absorption bands appeared new species, whichis likely to be the mixture of peroxo anions
at 225 and 259 nm; the peak intensity of the latter is low. and undegraded PNM@VeOs0° .

When H0O, was added, the peak intensity ofthe 259 nmband  Other HPMo12_nWnOs0 (n=1-11) heteropolyacids
increased and shifted to 265 nm. Though the peak at 225 nmshowed similar changes in UV absorption bands to
changed little in intensity, but it shifted to 214 nm. These H3zPMosWgO49 when 50 equiv of HO, was added, reveal-
changes indicate the Keggin structure @R10sWgO40 has ing that these BPMoz2_nW,,040 are also degraded under the
been lost by the action of ¥, and to be converted to some  action of hydrogen peroxide.

Table 4

UV absorption spectral data of heteropolyacids in acetonitrile

Entry Compound Absorption (noz®2), Amax (NM) Absorption (with HO5), Amax (NmM)
1 H3PW12040 216, 265 210, 265

2 H3PM01W11040 212, 260 210, 266

3 H3PMo3WgOyg 211, 269 212, 265

4 H3PMosWgO40 225, 259 214, 265

5 H3PMo11W1040 225, 304 215, 266

6 H3PMo012040 212, 309 211, 310
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Fig. 1. UV-vis spectra of BPW;2040 combined with cetylpyridinium bro-

mide in CHCN: (a) without HO5; (b) with 50 equiv of HO;. ®)

1 ) 3 e
3.4. FT-IR spectroscopy 200 300 nm
The FT-IR spectrum of EPMogWgOag (Fig. 3a) ex- Fig. 2. UV-vis spectra of EPMogWgO40 combined with cetylpyridinium

hibits four bands at 790, 877, 972, and 1072¢nin the bromide in CHCN: (a) without HO,; (b) with 50 equiv of BO,.
fingerprint region. The strong and broad bands at 1072

and 972cm?! can be ascribed to the stretching mode

of the PO and M=O (Mo or W) bands, respectively.
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Fig. 3. FT-IR spectra of the catalysts: (a) fresh solid gPMosWgOa0; (b)
H3PMosWgOas0 with 50 equiv of BOy; (C) H3PW12040 with 50 equiv of
H20; (d) fresh solid of (CTP){POs[WO(Oz2)2]4}.

The bands at 877 and 790cMmcan be attributed to the

v (M—Op—M) (corner-sharing), and (M—O.—M) (edge-
sharing) bands, respectively. After the addition of 50 equiv
of H2O» ([H202]/[H 3PMo012-nW,040] = 50 mol/mol) to the
H3PMosWgO40, obvious changes in the origin FT-IR spec-
trum were observedr{g. 3b). All the four characteristic
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Fig. 4.3P NMR spectra of a DMF solution of various catalysts:
(@) PMW+CPB; (b) (BuN)3{POs[MoO(O2)zla}; (¢) (CTPR{POy
[WO(02)2]a}; (d) PWi2+CPB+HO2; (€) PMW +CPB +HO,; spectra

are referenced to 85%3R 0, as an external standard, 380 scans. The sum
of the NMR data acquisition time and the incubation period for each sample
was constant in all cases.

new molybdotungstophosphate species under the action of
hydrogen peroxide.

3.5. 3P NMR spectroscopy

The crystal of HPMosWgO40 has thex-Keggin structure
based on a central RQetrahedron surrounded by 12O
octahedral arranged in four groups of three edge-shared
octahedral MO13. The groups of MO;3 are linked by
sharing corners to each other and to the centraf te@a-

bands disappeared and five new bands appeared at 829, 85%¢edron. Mo and W are crystallographically disordered, each

921, 956, and 1063 cm. The results show that the Keg-
gin structure of HPMosWgO40 Was lost under the action
of an excess of D2, and new molybdotungstophosphate

M =1/2Mo + 1/2W, statistically occupying in the crysfa4].
31p NMR spectrum of HPMogWgOao exhibits a sin-
gle line at 1.3ppm Kig. 4a). When the catalyst of

species were formed. Comparison of the spectrum with that HsPMosWgO49 combined with cetylpyridinium bromide

of (CTPR{PO4[WO(0O2)2]4} in Fig. 3d indicates that the
species degraded fromgAMosWgO40 is obviously not the
peroxide.

The FT-IR spectrum of EPW12040 shows four bands at
809, 890, 984, and 1080 cthin the fingerprint region. The
strong and broad bands at 1080 and 984 toan be ascribed
to the stretching mode of the® and the WO bands, re-
spectively. The bands at 890 and 809¢rnan be attributed to
thev (W—Op—W) (corner-sharing), and(W—-O—W) (edge-
sharing) bands, respectively. After the addition of 50 equiv
of HoO2 to H3PW; 2040, similar changes happendeig. 3c).

was treated with 50 equiv of #D, in the absence of sub-
strate, three peaks at 8.1, 7.1, 6.1 ppm (Bag 4e) ap-
peared and the peak at 1.3ppm disappeared. The results
show that HPMogWgO40 has degraded to three phosphorus-
containing species. The line at 8.1 ppm can be attributed
to {POy[MoO(02)2]4}%~, the other two lines cannot be
assigned at present. Th&"P NMR chemical shift of
(BugN)3{POs[M00O(05)2]4} is located at 8.1 ppnHg. 4b).

3lp NMR spectrum of HPW;,040 shows a single line

at —14.2 ppm. After 50 equiv of bD, was added, a new
peak at 0.92 ppm appearefid. 4d). The peak intensity of

All the four characteristic bands disappeared and four new [PW12040]®~ (—14.2 ppm) is much stronger than that of

bands appeared at 832, 868, 920, and 1062'¢rsuggest-
ing that the Keggin structure of4PW,;,049 has degraded to

the new peak, implying that most of [PMD40]3~ is kept
and only a small part has degraded. Comparison with the

form new tungstophosphate species, which is different from 3P NMR spectrum of (CTRYPOy[WO(02)2]4}(2.5 ppm)

(CTPR{POy[WO(02)2]4} as shown by comparison with the
spectrum of (CTRY POy [WO(02)2]4} (Fig. ).

The IR spectra of other $#PMo12_nWO40 heteropoly-
acids changed when 50 equiv o0&, was added, revealing
HsPMo12_nWrO40 heteropolyacids were degraded to form

(Fig. 4c) revealed that the new peak at 0.92 ppm is not the
active species ofPO;[WO(02)2]4}%~.

In the above experiments, the sequence of adding reac-
tants was that b0, was added to the mixture ofdfW; 2049
and CPB. Now the sequence was changed as follows:
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| | H,PO,
H,PO A ;
| Vi A i Mo i A ..‘lu‘m"/ \\ NI TP jdi
f |
{ |
PR L J\ |
RRHIRDRARUROTRPII i Sy SR WP — | oo
20 10 0 -10 20 ppm f
B Ak Ak PRI o mm’f g Al (c)
Fig. 5. 3'P NMR spectra of HPW;,049 treated with 50 equiv of by, TR b e saiiin L
followed by addition of CPB. Spectra are referenced to 8598 ® as an I\ @
external standard, 380 scans. The sum of the NMR data acquisition time and s -,W,w.-,.n‘mww/ g A
the incubation period for each sample was constant in all cases. 20 5 0 5 y I 10 b

Fig. 6.%P NMR spectra of a DMF solution of various catalysts

first HsPWi2040 (0.015mmol) was treated with 2@, treated with 50equiv of b0,: (a) HsPMoyW1040 + CPB + HO;; (b)

. H3zPMo1W11040 + CPB + HOy; (C) H3PMosWgOy40+ CPB + HOp; (d)
(0.75 mm_OI)’ foII.ov.ved by the addition of CPB (0.045 mm(?l)' PMW + CPB + H0,. Spectra are referenced to 85%R0, as an exter-
After 5min of stirring, DMF (3.0 ml) was added to the mix-  na) standard, 380 scans. The sum of the NMR data acquisition time and the

ture, which was stirred for 30 min. Then the solution sample incubation period for each sample was constant in all cases.

was taken and measuredd NMR.31P NMR spectroscopy

of thus treated sample exhibits three peaks-24.2, 0.92,

and 2.5 ppm (seEig. 5. The signal of POs[WO(O2)2]4}3~ and HPMosWgO40 exhibits three new peaks at 8.1,

(2.5ppm) appears, but the peak intensity of [RP®4g]%~ 5.5, and 4.2ppm Kig. €c). In the epoxidation system

(—14.2 ppm) is still stronger than that of the new peaks. This of H3PMo12 n\WnO40 (n=1-11) combined with CPB,

experiment showed that different experimental proceduresPMW/CPB shows the highest activity. The reasons why

lead to different phosphorus-containing species. PMW/CPB has the highest activity may be explained as
Under the action of 50 equiv of #D,, [PMogWgOa0] 3~ follows: when PMW/CPB was treated with 50 equiv of

can be degraded completely to form three new phosphorus-H202, three new phosphorus-containing species produced

containing species, which may be the catalytic-active species(the chemical shifts are 8.1, 7.1, and 6.1 ppm). Because

in this reaction system. When,®, was added to the mix-  the activity of PMW/CPB ranks first, these phosphorus-

ture of FsPW;20409 and CPB, [PW,040]%~ did not de- containing species should be the true active species in the
grade to form the active species fPO;[WO(O2)2]4}3". epoxidation. Among the new phosphorus-containing species
These findings may explain the poor activity of [P¥@40] 3~ degraded from BPMo;1 W3 040 (the chemical shifts are 7.1,

in the epoxidation of cyclopentene compared with 4.6, and 2.8 ppm), EPM0o1W11040 (the chemical shifts are
[PMogWgOa40]3. 7.4, 4.2, and 3.6 ppm) and3sAMo;WgQ4o (the chemical

The 3P NMR spectra of other ¥PMoyo_nW,O40 het- shifts are 8.1, 5.5, and 4.2 ppm), only one is identical with
eropolyacids are shown iRig. 6. When HPMoy1W1040, the species from EPMosWgO40. Thus the effective active
H3PM01W11040, and HPMosWgOgo were treated with  species degraded fromzAMo11W1040, HsPM0yW1104o,

50 equiv of BHO,, all of them were degraded to several and HsPMosWgOyp are fewer than that of the PMW/CPB
phosphorus-containing speciefig. 6a—c). A common system, leading to the reaction activities of these catalysts
character is that the species with the Keggin structure inferior to the latter.

were still kept, accompanied with the appearance of new

phosphorus-containing species. TH® NMR spectrum of 3.6. Epoxidation of other olefins

the treated sample of dPMo11W1049 exhibits three new

peaks at 7.1, 4.6, and 2.8 pprid. 6a), HsPMo;W11040 The epoxidation of cyclicolefins was carried out in
exhibits three new peaks at 7.4, 4.2, and 3.6 ppig.(60), the PMW/CPB and PW/CPB system. All the reactions

Table 5

Epoxidation of alkenes catalyzed by PMW/CPB and:BMIPB system

Entry Catalysis system Substrate Time (h) Conversion (mol%) Selectivity (mol%)
1 PMW/CPB Cyclopentene 3.5 60 955
2 PWy,/CPB Cyclopentene 3.5 .o 436
3 PMW/CPB Cyclohexene 35 ¢43) 904
4 PW;,/CPB Cyclohexene 35 [e14] 64.2
5 PMW/CPB Cyclooctene 1 98 995
6 PWy,/CPB Cyclooctene 3 98 953
7 PMW/CPB Norbornylene 3 43 815
8 PWy,/CPB Norbornylene 3 8 0

Reaction conditions: 3 mmol alkene; 0.75 mmai®3; 0.015 mmol of catalyst (0.5 mol%); 0.045 mmol cetylpyridinium bromide; 3 ml solvent; 0.52 mmol of
n-butyl ether as an internal standard; reaction temperatureC 60
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Table 6

Epoxidation of alkenes with O, catalyzed by HPMosWgOas0 combined with cetylpyridinium bromide

Entry Substrate Time (h) Conversion (mol%) Selectivity (mol%)
1 Cyclopentene 3 60 96

2 Cyclohexene 5 61 20

3 Cyclooctene 1 99 99
4 Norbornylene 3 43 82
5 Indene 5 42 75

6 a-Pinene 4 31 68
7 6-Methyl-5-hepten-2-one 5 67 95
8 1-Octene 24 12 93
9 1-Hexene 24 17 87

Reaction conditions: 3mmol alkene; 0.75 mmai®3; 0.015 mmol of HPMosWesO40 (0.5 mol%); 0.045 mmol cetylpyridinium bromide; 3 ml solvent;
0.52 mmol ofn-butyl ether as an internal standard; reaction temperatureC 60
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