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Oxidative cleavage of the carbon-carbon double bond of �-
substituted styrene derivatives proceeds under an atmospheric
pressure of molecular oxygen at the solventless conditions to
afford the corresponding ketones in moderate yields with no
requirement for transition metal catalysts or photo-activation.

Oxidation of organic compounds would ideally be achieved
using molecular oxygen, because of its low cost and environ-
mental advantage. Recently, considerable progress has been
made towards realizing this goal including Mukaiyama’s
oxidation-reduction-hydration reaction using several transition
metal catalysts,1 Ishii’s aerobic oxidation using N-hydro-
xyphthalimide,2 and oxidation of alcohols in the presence of a
catalytic amount of palladium,3 copper,4 or ruthenium5 com-
pounds. Generally molecular oxygen itself is insufficiently
reactive, so it has been employed as a stoichiometric oxidant in
combination with catalysts or sensitizers. It is very rare to oxidize
organic compounds by the use of molecular oxygen alone with
neither catalyst nor photo-activation.

On the other hand, the oxidative cleavage of alkenes to
carbonyl compounds has been used as a useful synthetic tool in
natural product synthesis,6 and several procedures have been
reported using molecular oxygen to achieve this transformation,
and in these, transition metals7 or sensitizers8 have generally been
employed. There are, however, a few reports in which carbon-
carbon double bond is cleaved with molecular oxygen alone as
shown in the following reactions: Under hash reaction conditions
of high oxygen pressure (>20 bar of O2) at elevated temperature,9

several alkenes are oxidized, while very reactive cis �-
alkoxystyrenes are converted to benzaldehyde at atmospheric
pressure of oxygen at rt.10 Though �-substituted styrenes react in
chlorobenzene at 55–125 �C to afford acetophenone derivatives,
yields are not satisfactory.11

In this paper we report that �-substituted styrene derivatives
are oxidized with molecular oxygen alone, with no requirement
for transition metals or photo-activation, to afford the corre-
sponding ketone derivatives in moderate yields.

When 2-(4-methoxyphenyl)propene was treated with mole-
cular oxygen at atmospheric pressure in CH3CN at 90 �C for 12 h,
p-methoxyacetophenone was found to be formed in 23% yield
along with formaldehyde. First of all, solvents were screened in
order to improve the yield with the results that no reaction
proceeded in THF, DMF and benzene, and that the reaction
proceeded only slowly in i-PrOH (22%). On the other hand, a
much better result was obtained when the reaction was carried out
without solvent (48%). The reaction temperature was also
important. No reaction proceeded below 70 �C, while at higher
temperature such as 110 and 130 �C, the yield decreased to 37%
and 31%, respectively, with the generation of several unidentified
by-products. Next, the reaction time was investigated, and it was
found that the best yield of 48% was obtained after 12 h.12

Other alkenes were examined under the same reaction
conditions, the results being summarized in Table 1 along with
the HOMO energy of the alkenes.13 For �-methylstyrene, the
reaction was quenched with NaBH4 in order to isolate 1-phenyl-
1-ethylalcohol instead of volatile acetophenone. In this case the
yield was 41% (entry 1).

The reactivity of the alkenes is in a good correspondence with
the HOMO energy of alkenes. That is, the oxidation of electron-
deficient alkenes with molecular oxygen is slower, with less side
reactions than that of electron-rich alkenes, making the conver-
sion yield better. Though the reaction of 2-(4-bromophenyl)pro-
pene is slower than that of 2-(4-methoxyphenyl)propene, the
conversion yield is better (69% vs 49%). For 2-(4-nitrophenyl)-
propene, the reaction is much slower and the yield is 55% after
115 h with 37% recovery of the starting material, making the
conversion yield 87% (entry 4).

As for naphthyl derivatives, 2-(2-naphthyl)propene reacts
with molecular oxygen to afford acetonaphthone in 42% yield
after 15 h (entry 6), while the reaction of the 1-naphthyl derivative
is much slower and gives only a small amount of ketone with 90%
recovery of the starting alkene (entry 5). The different behavior of
these two naphthyl derivatives can be explained based on the
difference of the energy level of�-orbital of olefinic part. That is,
the highest energy of �-orbital of isopropenyl moiety of 1-
naphthyl derivative (HOMO(-2),14 �228:460 kcal/mol) is much
lower than that of 2-naphthyl counterpart (HOMO,
�198:117 kcal/mol).

Table 1. The oxidative cleavage of carbon-carbon double bond by
molecular oxygen

Entry Alkene Time Yielda HOMO

/h /% /kcal/mol

1 �-methylstyrene 15 41b(41) �208.746

2 2-(p-methoxyphenyl)propene 12 48(49) �199.490
3 2-(p-bromophenyl)propene 15 62(69) �211.027

4 2-(p-nitrophenyl)propene 115 55(87) �227.077

5 2-(1-naphthyl)propene 15 5(50) �198.937c

6 2-(2-naphthyl)propene 15 42(53) �198.117
7 1,1-diphenylethylene 19 66(71) �205.132

8 1,1-diphenyl-1-propene 19 31d(32) �203.188

9 1,1-diphenyl-2-methyl-1-propene 19 8e(25) �201.406
aIsolated yield of ketone. The figure in parentheses is the conversion

yield. bYield of 1-phenylethanol, which was isolated by the treatment of
the reaction mixture with NaBH4 instead of aq Na2SO3.

cEnergy of

HOMO(-2), which is mostly composed of �-orbital of isopropenyl

moiety, is �228:460 kcal/mol. d1,1-Diphenyl-1,2-epoxypropane was
obtained in 22% yield. e1,1-Diphenyl-1,2-epoxy-2-methylpropane was

obtained in 13% yield.

Scheme 1.
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1,1-Diphenylethylene was successfully oxidized to benzo-
phenone in 66% yield (entry 7). In the cases of tri- and tetra-
substituted alkenes, not only carbon-carbon double bond cleaved
products, but also epoxides were formed. That is, benzophenone
and 1,1-diphenyl-1,2-epoxypropane were obtained in 31% and
22% yields, respectively in the case of 1,1-diphenyl-1-propene,
trisubstituted alkene (entry 8), while the reaction of 1,1-diphenyl-
2-methyl-1-propene, tetrasubstituted alkene, was slow, affording
benzophenone and 1,1-diphenyl-1,2-epoxy-2-methylpropane in
8% and 13% yields, respectively (entry 9). Low reactivity of the
tetrasubstituted alkene would be attributed to the steric reason.

Styrene is not good substrate for this oxidation by molecular
oxygen because several unidentified products were obtained with
less than a 5% yield of benzaldehyde.

The present reaction also proceeded in the dark, indicating
that it is not photochemically activated. The reaction was
completely suppressed in the presence of a radical scavenger
such as 2,6-di-tert-butyl-p-cresol, implying that a radical species
is involved. It was also observed that electron rich alkenes are
more reactive than electron poor alkenes in this reaction. Though
more experiments are necessary to clarify the reaction mechan-
ism, the results obtained so far are in good agreement with the
radical chain mechanism proposed by several researchers for the
oxidation of alkenes.15 In the radical generation step would be
involved a charge-transfer complex proposed by Sakuragi et al. in
the oxidation of cis �-alkoxystyrenes.10 That is, a charge transfer
complex between an electron rich alkene and oxygen was formed,
from which an electron transfer occurs to generate a radical
cation. The radical thus generated reacts with the triplet ground
state oxygen molecule to yield an oxygenated radical cation. As
this radical cation reacts with alkene to generate a dioxetane and
another radical cation, radical cation chain reaction continues.9;16

While radical generator or photo-activation is usually employed
to accelerate the initiation step, heat (90 �C) is enough for the
initiation in the present reaction owing to the facile electron
transfer from alkenes to oxygen because of the high HOMO level
of alkenes. Neat reaction condition would be appropriate for the
efficient radical chain reaction.

In summary it has been found that the carbon-carbon double
bond of styrene derivatives is oxidatively cleaved by molecular
oxygen alone, without metal catalysts, photo-activation, or high
oxygen pressure, to give the corresponding ketone in moderate
yields. As only molecular oxygen and heat are employed to
convert alkenes to ketones, this is an example of an ideal
ecological oxidation.17
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