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Several peroxo complexes of molybdenum and tungsten 
have been prepared and used for oxidation of organic 
substrates such as olefins, sulfides, phosphines, and alco- 
hols.’ In addition, many Mo-based catalytic systems are 
known for oxidation of olefins to epoxides or alcohols to 
carbonyl compounds.2 Recently, molybdenum- and 
tungsten-catalyzed oxidations of olefins, alcohols, and diols 
with dilute hydrogen peroxide under phase-transfer con- 
ditions have been studied by Venturello3 and B~r to l in i .~  

Previously, we have reported that tris(cety1pyridinium) 
12-fnolybdophosphate, [ T - C ~ H ~ N + ( C H ~ ) ~ ~ C H ~ ] ~ -  
(PMo,~O,,)~- (CMP), prepared from 12-molybdo- 
phosphoric acid (MPA) and cetylpyridinium chloride 
(CPC) catalyzes the regioselective epoxidation of allylic 
alcohols with dilute hydrogen peroxide in chl~roform.~ In 
the catalytic cycle for this epoxidation, a peroxo-molyb- 
denum species has been suggested as a key intermediate, 
and the epoxidation pathway shown in Scheme I could be 
assumed. 

We have now found that a peroxo-molybdenum complex 
(PCMP) can be prepared with ease by treating the CMP 
with aqueous hydrogen peroxide and can oxidize olefins 
to epoxides and alcohols to carbonyl compounds in good 
yields. 

The CMP, which is readily available from MPA and 3 
equiv of CPC, was treated with 35% hydrogen peroxide 
to form a pale yellow to white precipitate, PCMP, after 
centrifugation followed by drying under vacuum at  am- 
bient temperature. IR measurement and iodometry of the 
resulting precipitate showed that a peroxo-molybdenum 
species, PCMP, is formed. The IR spectrum of the PCMP 
indicated strong bands at 540 and 590 cm-l, which are 
respectively assigned to I and I P e  and a shoulder band 
at 865 cm-’ corresponding to IIL6 These absorption bands 

I I1 

which are absent in the IR spectrum of the CMP were 
practically identical with those of the characteristic ab- 
sorption bands of the peroxo-molybdenum complexes 
found in the literature.’”“ Other absorption bands of the 
PCMP were similar to those of the CMP consisting of the 
Keggin structure unit However, i t  seems 
that the Keggin structure is no longer held in the PCMP, 
since the elemental analysis data of the PCMP deviated 
considerably from the constitution calculated from an 
idealized compound, CMP8[ 01 bonded peroxo oxygen 
to CMP having the Keggin structure. Unfortunately, the 
detailed structure of the PCMP is not defined because of 
the difficulty in obtaining a single crystal suitable for X-ray 
structure determination. 

The amount of active oxygen contained in PCMP was 
estimated to 2.4 mmol per gram of PCMP by iodometry. 
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The PCMP thus obtained was found to act as a favorable 
oxidizing agent for organic substrates such as olefins, al- 
cohols, and diols. 

Table I shows the epoxidation of a wide variety of olefins 
and allylic alcohols by PCMP in chloroform. 

Octene (1) was slightly reluctant to epoxidize, but it was 
converted to 1,2-epoxyoctane (2) in 79% yield when the 
reaction time was prolonged. Dicyclopentadiene (3) re- 
acted with a stoichiometric amount of PCMP giving mo- 
noepoxides 4 and 5 along with diepoxide 6 in a ratio of 
42~23~23. The assignment of the stereochemistry of these 
epoxides was established through comparison of 13C NMR 
data with those of literature  value^.^ endo-5-Vinyl- 
bicyclo[2.2.l]hept-2-ene (7) gave only monoepoxide 8, in 
which the norbornene double bond was regio- and ste- 
reoselectively epoxidized. On the other hand, allylic al- 
cohols, even under mild reaction conditions, were oxidized 
more easily than olefins by PCMP, giving the corre- 
sponding epoxy alcohols in high yields. For example, 
trans-crotyl alcohol (9) and 3-methyl-2-buten-1-01 (11) were 
readily epoxidized at room temperature within 0.5-1 h to 
form epoxy alcohols 10 and 12, respectively. The ep- 
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Table I. Oxidation of Olefins and Allylic Alcohols with PCMP' 
run substrate temp, "C time, h producta (yield, %) 
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Substrate (1 mmol) was allowed to react with a stoichiometric amount of PCMP (480 mg), containing about 1 mmol of active oxygen, in 
CHC13 (10 cm3). Regenerated PCMP was used. 

oxidation of geraniol (13) occurred regioselectively at the 
allylic double bond to give epoxy geraniol (14) in almost run substrate time, h products (yield, %) 
quantitative yield. For 4a-hydroxy-endo-tricycle- 
f5.2.1.02>61deca-3,8-diene (15) containing a reactive nor- 

Table 11. Oxidation of Alcohols and Diols with PCMP' 
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bornene double bond, the allylic double bond was pref- 
erentially epoxidized to give epoxy alcohol 16, but a small 
amount of dehydrogenated product, enone 17, was also 
produced. 

In a previous work, we concluded that the CMP-tert- 
butyl hydroperoxide (t-BuOOH) system catalyzes the ox- 
idation of secondary alcohols to ketones.I0 It is noteworthy 
that hydrogen peroxide was inadequate as an oxidant for 
the above oxidations but that the PCMP prepared from 
hydrogen peroxide and CMP served as a convenient oxi- 
dant of alcohols to carbonyl compounds. 

Table I1 shows the oxidation of a variety of alcohols and 
diols by PCMP in benzene. 

Treatment of 2-octanol (20) and 2-pentanol (22) with 
a stoichiometric amount of PCMP resulted in the corre- 
sponding ketones 21 and 23, respectively. However, the 
oxidation of the primary alcohol, l-octanol(18), under the 
same conditions proceeded with difficulty to give octanal 
19 in moderate yield. Cyclic alcohols, cyclohexanol (24) 
and borneol (26), were also converted to cyclohexanone (25) 
and camphor (27), respectively, in good yields. In the 
oxidation of diols containing primary and secondary hy- 
droxy functions in their molecules, secondary hydroxy 
groups were oxidized chemoselectively by PCMP. The 
stoichiometric reaction of 2-ethyl-l,3-hexanediol (28) with 
PCMP afforded 76% 2-ethyl-3-hexanon-1-01 (29). Simi- 
larly, 2,2,4-trimethyl-l,3-~entanediol (30) gave 1- 
hydroxy-2,2,4-trimethyl-3-pentanone (31) in 92 % yield. 
Similar chemoselectivities have been observed for oxida- 
tions of diols bv VO(acac)O-t-BuOOH.ll Ti(Oi-Pr),-t- 
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Bu00H,I2 and Mo(CO)~-~-BUOOH~~ systems: Substrate (1 mmol) was allowed to react with a stoichiometric 

amount of PCMP (480 mg), containing about 1 mmol of active ox- 
ygen, in benzene (10 cm3) at 80 OC. bPCMP (0.36 mmol). 
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although several methods are available for the selective 
lact~nization. '~J~ 1,4-Butanediol (34) was converted to 
y-butyrolactone (35) in 66% yield. Six- and seven-mem- 
bered lactones, 37 and 39, were obtained by treatment of 
1,5-pentanediol (36) and 1,6-hexanediol (38) with 2 equiv 
of PCMP, respectively. 

A precipitate was gradually formed during the course 
of the oxidation, and most of the oxidant consumed could 
be precipitated from the reaction mixture by concentration 
or by dilution with hexane. A precipitate recovered was 
subjected to oxidation with hydrogen peroxide to generate 
PCMP in about 70% yield based on the starting PCMP. 
The active oxygen contained in the PCMP regenerated was 
almost the same as that in the original PCMP. Thus, 
treatment of 13 with the regenerated PCMP gave epoxy 
alcohol 14 in 90% yield (Table I, run 7). 

In summary, the PCMP which can be easily prepared 
from CMP and hydrogen peroxide was found to be ef- 
fective for the oxidation of olefins to epoxides and sec- 
ondary alcohols to ketones as well as apdiols  to lactones. 

Experimental Section 
Melting points were determined with a Yanagimoto capillary 

melting point apparatus. All melting points are uncorrected. 
Infrared (IR) spectra were measured with a Jasco Model A-202 
spectrometer. 'H and 13C NMR were measured with JEOL 
PMX-60 and a Hitachi R-90H spectrometers in CDCl, by using 
Me,% as the internal standard, respectively. GLC analysis was 
carried out with a Yanagimoto G1800 apparatus employing a 
thermal conductivity detector. The yields of products were es- 
timated from the peak areas by using an internal standard 
technique. 

Preparation of Tris(cety1pyridinium) 12-Molybdo- 
phosphate [?r-C5H5N+(CH2)15CH3]3(PMo12040)3- (CMP). To 
a solution of cetylpyridinium chloride, T - C ~ H ~ N + ( C H ~ ) , ~ C H ~ C I -  
(3.0 g, 8.4 mmol), in distilled water (70 cm3) was added dropwise 
12-molybdophosphoric acid, H3PMoOa-nH20 (5.1 g, ca. 2.8 mmol), 
in distilled water (10 cm3) to form immediately a yellow precipitate 
(CMP). After stirring was continued for 2 h, the resulting pre- 
cipitate was filtered off, washed several times with distilled water, 
and dried in vacuo to give CMP in 90-95'30 yield IR (KBr) 3400, 
2900,2850.1630,1480,1460.1060,950,870,790 cm-'. Anal. Calcd 
for C63H114N3M012040P: C. 27.65; H, 4.21; N,  1.54. Found: C, 
27.57: H. 4.54: N, 1.44. 

Preparatio'n of PCMP. T o  aqueous 35% hydrogen peroxide 
(50 cm3) was added CMP (5 g, 1.8 mmol), and the mixture was 
stirred at 40-45 "C for 48 h. The suspended solution was cooled 
to room temperature to give a fine pale yellow to white precipitate. 
After centrifuging, the precipitate was washed repeatedly with 
distilled water and dried in vacuo to give PCMP in 70-75% yield 
by weight based on the starting CMP. The active oxygen con- 
tained in PCMP was estimated to be 2.3-2.5 mmol per gram of 
PCMP by iodometry: IR (KBr) 3400,2900,2850,1630,1480,1460, 
1165, 1070, 990,865, 590, 540 cm-'; 13C NMR (Me4Si/CDC13) F 
145.5, 144.2, 128.6, 62.6, 31.6, 29.8, 29.4, 29.2, 26.3, 22.7, 14.1. 

General Procedure for Epoxidation of Olefins and Allylic 
Alcohols. T o  a stirred solution of PCMP (480 mg) containing 
about 1 mmol of active oxygen in chloroform (10 cm3) were added 
dropwise olefins (1.0 mmol) a t  room temperature. After removal 
of the precipitate by centrifugation and filtration, the products 
were isolated by MPLC (on silica gel hexane:ethyl acetate = 5:l 
eluent). The spectral data of the products agreed with those of 
authentic samples and literature  value^.'^^'^ 
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Spectral Data for 4:16 13C NMR (Me,Si/CDCl,) 6 134.8 (d), 
134.7 (d), 61.7 (d), 60.6 (d), 51.9 (t), 50.9 (d), 46.4 (d), 44.6 (d), 
43.9 (d), 31.0 (t); 'H NMR (Me,Si/CDCl3) 6 6.15 (d, 2 H), 3.17 
(t,  1 H), 3.00 (d, 1 H), 2.82 (m, 2 H),  2.55 (m, 1 HI, 1.85 (q, 1 HI, 
1.55 (m, 2 H),  1.30 (d, 1 H), 1.22 (t, 1 H); IR (NaCl) 3045, 2980, 
2900, 1460,840, 760 cm-'. 

Spectral Data for k9 13C NMR (Me,Si/CDCl3) 6 132.0 (d), 
129.4 (d), 53.3 (d), 50.9 (d), 49.1 (d), 41.8 (d), 39.8 (d), 38.5 (d), 
31.4 (t), 29.0 (t); lH NMR (Me,Si/CDClJ 6 5.65 (m, 2 H), 3.04 
(d, 2 H), 2.76 (d, 2 HI, 2.47 (m, 2 H), 2.27 (m, 2 H), 1.40 (d, 1 H), 
0.78 (d, 1 H); IR (NaCl) 3150,2960,1720, 1450, 1370, 1220,850, 
708 cm-'. 

Spectral Data for 6:17 13C NMR (Me4Si/CDC13) 6 61.6 (d), 
58.5 (d), 48.8 (d), 48.6 (d), 48.4 (d), 44.6 (d), 39.9 (d), 39.1 (d), 29.6 
(t), 26.9 (t); lH NMR (Me,Si/CDCl,) 6 3.60-3.30 (m, 2 H),  3.18 
(t, 2 H), 2.80-2.33 (m, 4 H), 1.97-1.60 (t, 2 H), 1.60-1.16 (t, 1 H), 
0.92 (t, 1 H); IR (NaCl) 2950, 1450, 1390, 1220, 850 cm-'. 

General Procedure for Oxidation of Alcohols and Diols. 
To a stirred solution of PCMP (480 mg) in benzene (20 cm3) were 
added dropwise alcohols or diols (1.0 mmol), and then the mixture 
was stirred under reflux for 2-6 h. The isolation and identification 
of products were carried out in a manner similar to that described 
above. 

Spectral Data for 29: 13C NMR (Me,Si/CDCl,) 6 214.7 (s), 
62.6 (t), 55.4 (d), 44.9 (t), 21.4 (t), 16.8 (t), 13.7 (q), 11.7 ( 4 ;  'H 
NMR (Me,Si/CDCl,) 6 3.66 (d, 2 H),  3.54 (s, 1 H), 2.82-2.20 (m, 
1 H), 2.43 (t, 2 H), 1.70-1.16 (m, 4 H),  0.89 (t, 3 H), 0.86 (t, 3 H); 
IR (NaCl) 3450, 2925, 1700, 1455, 1370, 1030 cm-'. 

Spectral Data for 31: 13C NMR (Me,Si/CDClJ 6 221.2 (s), 
69.3 (t), 49.6 (s), 34.5 (d), 21.1 (q), 19.8 (9); 'H NMR (Me,Si/ 
CDC13) 6 3.50 (9, 2 H), 3.26-2.82 (m, 1 H),  2.58 (s, 1 H), 1.17 (s, 
6 H), 1.05 (d, 6 H); IR (NaC1) 3450,2950, 1685,1460, 1370, 1020 
cm-'. 
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During the course of our investigations on 14-membered 
ring keto lactones, we synthesized a number of tri- 
methylsilyl (Me3Si) enol ether derivatives of the ketone 
carbonyl. The most widely used method for assigning the 
geometry of trimethylsilyl enol ethers is I3C NMR spec- 
troscopy. Heathcock et al. have demonstrated that the 
allylic carbon 3 (see A) of an E trimethylsilyl enol ether 
resonates 5-6 ppm upfield from the 2 isomer.' 
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However, t h i s  method suffers f rom t w o  shortcomings: 

First, both isomers must be available to assign the geom- 
etry with confidence.2 Second, in highly functionalized 
molecules, it can be challenging to identify the allylic 
carbon of interest. Furthermore, Friedrich et al. have 
prepared both trimethylsilyl enol ethers of cyclodecanone 
and their 13C NMR spectra appear to violate Heathcock's 
generali~ation.~ 
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