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Aerobic oxidative cyclization of 2,20-dihydroxystilbenes via
oxygen cation radical to give cis-4b,9b-dihydrobenzofuro[3,2-
b]benzofurans was carried out in an enantioselective manner (up
to 89% ee) by using (nitrosyl)Ru(salen) 10 as the catalyst under
photo-irradiated conditions.

Catalytic asymmetric reaction promoted by molecular
oxygen is one of the goals of organic synthesis because of its
high atom economy and environmental benignancy.

We recently demonstrated that (ON)Ru(salen) 1 catalyzed
enantiomer-differentiating aerobic oxidation of racemic second-
ary alcohols under photo-irradiated conditions. Photo-irradiation
has been considered to promote dissociation of the nitrosyl ligand
to give a coordinatively unsaturated Ru(III) species that is
oxidized toRu(IV) species 2 by oxygen.Alcohol is coordinated to
2 and undergoes single electron transfer to give a cation radical
intermediate 3 that gives ketone via hydrogen atom and proton
abstraction (Scheme 1).1 This reactionmechanismwas supported
by the fact that �-naphthols underwent oxidative coupling under
the same conditions.2;3

On the other hand, radical cyclization is an important tool for
construction of cyclic compounds4 and oxygen radical cycliza-
tion is also a useful method for the formation of cyclic ethers.5

However, its synthetic application is rather limited.6 Although
several diastereoselective oxygen radical cyclizations have been
reported,5a{c) few study on enantioselective cyclization has been
reported.7 Thus, we studied Ru(salen)-catalyzed enantioselective
cyclization of an oxygen cation radical.

In 1975, Cardillo et al. reported that oxidative cyclization of
2,20-dihydroxystilbene 4 provided a mixture of cis-4b,9b-
dihydrobenzofuro[3,2-b]benzofuran 5 and 2-(2-hydroxyphenyl)-

benzofuran 6 (Scheme 2).5d

We expected that asymmetric version of this unique
bicyclization reaction could be achieved by using (ON)Ru(salen)
complex as the catalyst which would promote aerobic oxidation
via a cation radical (vide supra).8;9 Thus, we examined oxidative
cyclization of 4 in the presence of 1 in chlorobenzene (Table 1,
entry 1). The desired cyclization proceeded smoothly to give the
desired 5 of 34% ee accompanied with 6 (14%).

Although the transition state structure of this reaction is
unclear at present, the resulting phenol cation radical is
considered to reside on the ruthenium ion and close to the 200-
phenyl group, and the other hydroxyphenyl group to be located
close to the ethylenediamine. This spatial arrangement of the
intermediate suggests that enantioselectivity of the reaction
would be affected by the steric repulsion between the substrate
and the 200- and 100-substituents of the catalyst.

Accordingly, we examined the oxidative cyclization of 4
with various Ru(salen)s 7-11 as the catalyst (Table 1). As
expected, enantioselectivity of the reactions depended on the
catalyst used. ðR;RÞ-1 showed slightly better enantioselectivity
than its ðR; SÞ-diastereomer 7 (entries 1 and 2). Replacement of
the 200-phenyl group of 1with biphenylyl group resulted in a small
improvement of enantioselectivity (entry 3). The remarkable
improvement was brought by the modification of the diamine
moiety: the complex 10 bearing 1,2-diphenylethylenediamine as
its diamine unit induced high enantioselection of 81% ee (entry
5). On the other hand, the catalyst 11 showed poor enantioselec-
tivity (entry 6).

We next examined the effect of solvent on enantioselectivity
(Table 2). Clear relationship was not observed between solvent
polarity and enantioselectivity. Amongst the reactions examined,
the highest enantioselectivity (89% ee) was achieved when t-
BuOHwas used as the solvent (entry 1), though the chemical yield
was modest. The yield of 6was low (2%). The reaction in toluene
gave better chemical yield, but enantioselectivity was slightly
diminished (entry 3). Thus, use of mixed solvent was examinedScheme 1.

Scheme 2.
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and acceptable enantioselectivity and chemical yield were
achieved by using mixed toluene-t-butyl alcohol (2 : 3) (entry
4), though a small amount of 6 (13%) was formed.10

To understand the mechanism of asymmetric induction by
10, we next examined the reactions of substituted 2,20-
dihydroxystilbenes (Scheme 3). From the proposed arrangement
of the intermediate (vide supra), the introduction of the
substituents onto the benzene ring of the substrate is considered
to cause the undesired steric repulsion with the 200- and 100-
substituent and to lower the enantioselectivity. Indeed, the
reaction of 4,40-dimethyl derivative 12 proceeded with moderate
enantioselectivity of 66% ee (Scheme 3). The reaction of 5,50-
dimethyl derivative 14 showed further reduced enantioselectivity
of 10% ee. Use of diisopropyl ether as the solvent improved
enantioselectivity of both the reactions, though the chemical
yields were insufficient.

In conclusion, we were able to achieve high enantioselec-

tivity in the cyclization of an oxygen cation radical for the first
time, though there is still a room for improvement. Further study
is in progress in our laboratory.

Dedicated with respect and admiration to Professor Teruaki
Mukaiyama on the occasion of his 75th birthday.
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Table 1. Asymmetric aerobic oxidative cyclization of 2,20-
dihydroxystilbene 4 using Ru(salen) as catalysta

Table 2. Solvent effect on asymmetric oxidative cyclization of 4
using 10 as the catalysta

Scheme 3.
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