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We report a BF3-mediated novel dehydrative cycloaddition reaction of benzoquinones with stilbene oxi-
des to afford 2,3-diaryl-5-hydroxybenzofurans and 2,3-diaryl-5-hydroxydihydrobenzofurans in good
combined yields. No change in the products or the yield is observed when using diphenylacetaldehyde
and cis-stilbene oxide instead of trans-stilbene oxides. When stilbene oxide is reacted with hydroquinone
instead of the corresponding benzoquinone under the same conditions, dihydrobenzofuran is isolated in
high yield. On the basis of these results, we propose the following possible reaction mechanism: stilbene
oxide is converted to a phenonium ion (the key intermediate), which undergoes nucleophilic attack by
benzoquinone or the simultaneously generated hydroquinone and subsequent dehydrative intramolecu-
lar cyclization to afford benzofuran or dihydrobenzofuran, respectively.

� 2009 Elsevier Ltd. All rights reserved.
Benzofurans and dihydrobenzofurans are present in a wide
variety of natural products1 and have attracted considerable atten-
tion owing to their biological2 and pharmacological activities.3

Hence, several researchers have focused on the development of
new methods for synthesizing these useful compounds.4 In gen-
eral, phenols5 and their ether derivatives6 have been frequently
employed as starting materials for benzofuran synthesis, whereas
quinones have been used sparingly because they are much less
nucleophilic than phenols. Benzoquinones that are used for the
synthesis of dihydrobenzofurans react with alkenes after being acti-
vated by a Lewis acid.7 However, the conversion of dihydrobenzo-
furans to the corresponding benzofurans requires high-temperature
heating of the precursor dihydrobenzofuran with an appropriate
leaving group;8 and hence, benzofurans have been synthesized
only via the photochemical intramolecular cyclization of vinyl-
substituted quinones.9

Oxirane, which can be easily synthesized from alkene, is a versatile
synthon having a highly strained three-membered heterocyclic ring
with labile C–O bonds and is well known to undergo acid-induced
nucleophilic ring opening10 or Meinwald rearrangement to afford a
carbonyl compound.11 However, the cycloaddition reaction of qui-
nones with oxiranes instead of alkenes has not been explored so far.

In this Letter, we wish to report the successful and facile syn-
thesis of benzofurans and dihydrobenzofurans via the Lewis acid
mediated reaction of oxiranes with benzoquinones.
ll rights reserved.
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The reaction of 2,6-dimethylbenzoquinone 1a with trans-stil-
bene oxide 2a (2 equiv) in the presence of BF3�Et2O (3 equiv) was
carried out in chloroform at room temperature for 1 h to give 5-
hydroxybenzofuran 3aa (77% yield based on 1a used) along with
a fair amount of 5-hydroxydihydrobenzofuran 4aa (17%) (Table 1,
entry 1). The structures of 3aa and 4aa (trans-isomer) were deter-
mined by 1H and 13C NMR analysis and further confirmed by a sin-
gle-crystal X-ray structural analysis of the representative 3aa and
3ba.12 The 1H NMR spectrum of 4aa showed two sets of doublet
protons at 5.46 and 4.45 ppm, which were assigned to the C2
and C3 methine protons, respectively. From the value of the cou-
pling constant (J = 5.9 Hz) for these doublets, it was confirmed that
4aa was present as the trans-isomer.13

The reaction of 1a with cis-stilbene oxide (cis-2a) also afforded
3aa and 4aa (with the same trans stereochemistry), and the prod-
uct yields were almost identical to those obtained when using
trans-2a (entry 2). Interestingly, when monitoring the reaction by
1H NMR, we found that 2a rapidly underwent Meinwald rearrange-
ment11 under the present reaction conditions to afford diphenyl-
acetaldehyde 20. Hence, we reacted 1a with 20 instead of 2a and
found that 20 was consumed slowly during the reaction; the prod-
ucts obtained were the same as those obtained when using 2a
(entry 3).

We then carried out the reaction of 1a with 2a under the same
conditions but in the presence of different Lewis acids. With the
use of BF3�Et2O, we achieved a high conversion efficiency and high
combined yield within 1 h; however, the use of other Lewis acids
such as AlCl3, SnCl4, TiCl4, and B(C6F5)3 resulted in a decrease in
the conversion efficiency (entries 4�7). Relatively weak Lewis
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Table 1
Acid-mediated cycloaddition of benzoquinone 1a with 2a, cis-2a, and 20a
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Entry Compound Acid Time (h) Conv (%) Yieldb (%)

3aa 4aa Total

1 2a BF3�Et2O 1 100 77 17 94
2 cis-2a BF3�Et2O 1 100 75 20 95
3 20 BF3�Et2O 1 100 75 22 97
4 2a AlCl3 5 96 45 31 76
5 2a SnCl4 100 79 45 21 66
6 2a TiCl4 24 68 11 45 56
7 2a B(C6F5)3 40 7 7 0 7
8 2a CH3SO3H 6 97 60 27 87
9 2a CF3SO3H 0.1 100 63 33 96

a The reaction of 1a (0.05 mmol) with 2a (0.10 mmol) was carried out with 3 equiv of acid in chloroform at room temperature.
b Determined by 1H NMR using fluorene as an internal standard based on 1a used.
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acids such as TiCl2(Et)2, Ti(iOPr)4, Sc(OTf)3, and MgBr2 were almost
ineffective for the present reaction. Further, when we used TiCl4,
the product ratio of 3aa to 4aa was reversed, and 4aa was isolated
as the major product (45%) (entry 6). Protic acids such as CH3SO3H
and CF3SO3H could also be successfully used in the present reac-
tion; notably, the reaction time was reduced to a considerable ex-
tent when using CF3SO3H, a strong acid (entries 8 and 9).

As shown in Table 2, the extended reactions of various substi-
tuted benzoquinones 1a�f with 2a or the bis(4-tolyl)-substituted
oxide 2b could be carried out. The conversion efficiency in the
reaction carried out using dimethoxy-substituted quinone 1b
was low, and the corresponding benzofuran 3ba was isolated in
moderate yield (47%) (entry 2). The reaction of dihalogenated qui-
nones 1c and 1d with 2b afforded benzofurans 3cb and 3db in low
yields (36 and 57%), respectively, but no dihydrobenzofuran
derivatives were detected in this case (entries 3 and 4). As ex-
Table 2
BF3-mediated cycloaddition of benzoquinones 1a–f with oxiranes 2a,ba
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R3R2
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Ar
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1a: R1 = H, R2 = R3 = Me
1b: R1 = H, R2 = R3 = MeO
1c: R1 = H, R2 = R3 = Cl
1d: R1 = H, R2 = R3 = Br
1e: R1 = H, R2 = R3 = t-Bu
1f: R1 = R2 = MeO, R3 = Me

CHC

2a: Ar = Ph
2b: Ar = 4-Tol

R1

Entry 1 2 Time (h) Con

1 1a 2a 1 100
2 1b 2a 5 92
3 1c 2b 3 100
4 1d 2b 3 —c

5 1e 2a 48 2
6 1f 2a 10 83

a The reaction of 1 (0.05 mmol) with 2 (0.10 mmol) was carried out with 3 equiv of B
b Determined by 1H NMR based on 1 used.
c Not determined.
d Isolated yield.
pected, because of its apparent steric hindrance, the di(t-butyl)-
substituted quinone 1e remained unreacted even after 48 h (entry
5). However, the trisubstituted quinone 1f could react with 2a to
give a highly substituted benzofuran 3fa in good yield (76%) (entry
6).

In order to elucidate the reaction mechanism, we also con-
ducted the reaction of 2,6-dimethylhydroquinone 5 with 2a in
the presence of BF3�Et2O under the same condition used for the
reaction with 1. Interestingly, 4aa was obtained in high yield
(80%), and no 3aa was formed (Scheme 1). This result suggested
that in the reaction of 1a with 2a, a small amount of 5 was formed,
and it was converted to 4aa immediately.

On the basis of these findings, we propose a plausible mecha-
nism for our reaction (Scheme 2). Initially, phenonium ion I is
generated as the key intermediate in the Meinwald rearrange-
ment11 of trans/cis-2a or from 20 via a cationic intermediate II, by
Et2O
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v (%) Yieldb (%)

3 4

3aa 77 4aa 17
3ba 47 4ba 13
3cb 36 0
3db 57d 0

0 0
3fa 76 4fa 7

F3�Et2O in chloroform at room temperature.
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Scheme 1. BF3-mediated cycloaddition of hydroquinone 5 with oxirane 2a.
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the complexation with Lewis acid in both cases. Then, quinone 1a
attacks the benzylic carbon of I from the less hindered side to form
intermediate III. Intramolecular hydride shift of III leads to the for-
mation of the IV, which then undergoes dienone�phenol rear-
rangement14 to afford the intermediate V. Finally, intramolecular
cyclization of V by Friedel�Crafts reaction and the successive
dehydration of VI afford 3aa as the major product. Under the pres-
ent acidic conditions, V is hydrolyzed to form hydroquinone 5,
which attacks I in the manner described earlier to afford hydro-
quinol VII. Dehydrative intramolecular cyclization of VII then leads
to the formation of 4aa. The hydrolysis of V is confirmed by the
fact that a small amount of benzoin (yield: 11%) is obtained as a
byproduct in the reaction of 1a with 2a. Because of the bidentate
nature of TiCl4, Ti4+ ions form coordinate bonds with the car-
bonyl oxygen and phenol ether oxygen to form intermediate V,
which is a five-membered metallacyclic complex; hydrolysis of V
is then promoted, and 4aa is formed preferentially.
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Scheme 2. Proposed reaction mechanism for the BF3-me
The reaction of 1a with an unsymmetrical oxirane 2c which has
an electron-withdrawing substituent was also carried out under
the same conditions (Scheme 3). The corresponding benzofuran
3ac and dihydrobenzofuran 4ac were obtained in the yield of 51
and 11%, respectively. In both compounds, the nitrophenyl group
was regioselectively introduced on the C2 position. The stereo-
chemistry of 4ac was determined as the trans-isomer from the va-
lue of the coupling constant (J = 6.0 Hz) and confirmed by the
measurement of differential 1H�1H NOE as depicted in Scheme
3.15 The reaction was strongly retarded by the effect of the elec-
tron-withdrawing nitro group and the conversion remained lower
69% even after 50 h.

In conclusion, we have designed a novel acid-induced dehyd-
rative cycloaddition reaction of benzoquinones with stilbene oxi-
des to give 2,3-diaryl-5-hydroxybenzofurans along with 2,3-
diaryl-5-hydroxydihydrobenzofurans in moderate to high com-
bined yields. The same products were obtained (with the same
stereochemistry) when cis-stilbene oxide or diphenylacetaldehyde
was used instead of trans-stilbene oxide, and the observed yields
were essentially the same in both cases. When stilbene oxide was
reacted with hydroquinone instead of the corresponding benzo-
quinone, dihydrobenzofuran was selectively formed in high yield.
Thus, we concluded that the phenonium ion intermediate played
a crucial role in the formation of benzofuran derivatives in the
reaction involving nucleophilic attack by benzoquinone (for ben-
zofuran formation) and hydroquinone (for dihydrobenzofuran for-
mation). Further research is in progress for clarifying the details
of the reaction mechanism and for investigating the scope and
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Scheme 3. BF3-mediated cycloaddition of benzoquinone 1a with unsymmetrical oxirane 2c.
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limitations of the proposed reaction with a variety of substitu-
ents.
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