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ABSTRACT: A domino synthesis of benzofurans with the
modification of side chains from α-alkoxyalkyl o-alkynylaryl
ethers (n = 0) and electron-rich arenes has been developed. In
the present domino reaction, which would proceed via the α-
alkoxyalkylation of arenes with an intermediate in the
migratory cycloisomerization of o-alkynylaryl ethers followed
by the nucleophilic addition of benzofurans to benzyl ethers, a
cationic Au(III) catalyst activates the C−C π bond and the C−
O σ bond. The present method could be extended to Au(I)-catalyzed domino synthesis of tetracyclic isochromans from α-
alkoxyalkyl (o-alkynylaryl)methyl ethers (n = 1) and aryl methoxymethyl ethers.

Transition-metal-catalyzed migratory cycloisomerization of
o-alkynylaryl ethers and amines having a migrating group

on the heteroatoms provides a powerful approach to the
synthesis of 2,3-disubstituted benzofurans and indoles (eq 1),1

which are often found in biologically active compounds.2 In
these reactions, generally, the π-acidic metal catalyst (Pd, Pt,
Au, etc.) activates the alkyne π-bond to generate an (alkenyl)
metal intermediate bearing an electrophilic migrating group,
which then shifts to the most nucleophilic 3-position of
heterocycles. As a migrating group, α-alkoxyalkyl,3,4 allyl,3b,5

benzyl,3b,6 acyl,7 methyl,8 sulfonyl,9 boryl groups, and so on10

have been employed.11 Recently, Oh and co-workers reported
an elegant synthesis of 2,3-disubstituted indoles via silver-
catalyzed condensation of N-(o-alkynylaryl)formimidates and
active methylene compounds followed by the migratory
cycloisomerization based on the carboamination of alkynes
with 1,3-alkenyl shifts (eq 2).12 Such a domino procedure
brings about not only (i) the construction of heterocyclic
frameworks and (ii) the introduction of side chains but also
(iii) the modification of side chains (migrating groups) in a
single step and in an atom-economical manner. However,
although an interesting domino reaction via the gold-catalyzed

formation of o-alkynylphenols followed by the cycloisomeriza-
tion to benzofuran has been reported by Hashmi et al.,13 to our
knowledge, the carboalkoxylation-type migratory cycloisomeri-
zation concomitant with the modification of side chains
(including the formal reaction) has not been achieved. Herein,
we report the unprecedented domino synthesis of benzofurans
and isochromans with the modification of side chains from α-
alkoxyalkyl o-alkynylaryl ethers and α-alkoxyalkyl (o-
alkynylaryl)methyl ethers with arenes.
We have developed migratory cycloisomerizations of

alkynes14 and domino reactions via the formation of α,β-
enone intermediates15 for novel and efficient synthetic methods
of heterocycles. As part of our research, we focused on the
structure of products 2 formed by the carboalkoxylation of o-
alkynylaryl ethers 1 with the migration of α-alkoxyalkyl groups
(Scheme 1). Thus, the elimination of the alkoxy group in 2
would proceed even by weak Lewis acidity of the catalyst due to
the electron donation of an oxygen atom, thereby leading to an
oxonium ion intermediate B having an α,β-enone structure
(path a).16 Furthermore, in the presence of a nucleophile 3, the
intermediate B would be converted to benzofurans 4 with the
modification of side chains by the subsequent nucleophilic
addition of 3. In the reaction of 1 and 3, the nucleophilic
addition of 3 to a zwitterionic intermediate A prior to the
migration of the α-alkoxyalkyl group would be expected as an
alternative route (path b). As a similar substitution reaction, a
cationic gold(I)-catalyzed alkylation of alcohols, amines, and
anisole with alkyl o-alkynylbanzoates have been reported by
Asao et al.17 One the other hand, the generated benzyl ethers 6
from 1 with electron-rich aromatics 3 (Nu = aryl) as a
nucleophile would undergo the subsequent nucleophilic
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addition of benzofurans 5 to form 4 due to the stability of the
benzylic carbocation of C by electron-rich aromatic rings.18

Accordingly, in both paths a and b, a good balance of π- and σ-
acidity of catalytic systems would be required.
Initially, based on Yamamoto’s procedure for the carboalkox-

ylation with the migration of α-alkoxyalkyl groups,3a PtCl2 (20
mol %) with 1,5-cyclooctadiene (COD, 80 mol %) ligand was
employed for the reaction of o-alkynylaryl ether 1a with 1,3,5-
trimethoxybenzene (3a, 1.2 equiv) in toluene or CH2Cl2 as a
preliminary examination. Unfortunately, in these reactions, 3-
(methoxymethyl)benzofuran 2a was only obtained as a main
product (Scheme 2). On the other hand, the use of the cationic

gold catalysts in CH2Cl2 led to the formation of the desired 3-
benzylbenzofuran 4aa at room temperature. In particular,
gold(III) catalysts, which shows relatively high σ-electro-
philicity,19 brought about superior results to gold(I) catalysts
(Supporting Information). Among tested catalysts, the catalyst
derived from AuCl3 (5 mol %) and AgOTf (15 mol %) afforded
4aa in good yield (76%, Scheme 2). It should be mentioned
that a sole addition of AuCl3 or AgOTf resulted in the recovery
of a considerable amount of 1a (more than 86%, Supporting
Information).
Under the optimized reaction conditions, the scope for the

formation of 4 from o-alkynylaryl ethers 1 and various arenes 3
is summarized in Table 1. Similar to 1a bearing an n-butyl
substituent at the alkyne terminus (entry 1), benzyloxyethyl-,
cyclopropyl-, and phenyl-substituted 1b, 1c, and 1e reacted
with 1,3,5-trimethoxybenzene (3a, 1.2 equiv) in the presence of

AuCl3 (5 mol %) and AgOTf (15 mol %) at room temperature
to give 4ba, 4ca, and 4ea in good yields (entries 2, 3, and 5).
Although the reaction of tert-butyl-substituted 1d with 3a
afforded a slightly complicated mixture, the desired 4da was
obtained (entry 4). Furthermore, not only other α-alkoxyalkyl
ether 1f but also aniline 1g could be employed as a substrate
(entries 6 and 7). In addition, the present method could be
applied to the reaction of 1a with various electron-rich arenes
such as 1,3,4-trimethoxybenzene (3b, entry 8), 1,3,4,5-
tetramethoxybenzene (3c, entry 9), and mesitylene (3e, entry
11). On the other hand, the cases of 1,3-dimethoxybenzene
(3d) gave benzofuran 5a in 86% yield (entry 10), which was
considered to be indicative of path b (Scheme 1) of these
domino reactions.
To gain a better understanding of the involvement of path b

in the present domino reaction, we carried out the cationic
Au(III)-catalyzed reaction of benzofuran 5a with benzyl ether
6a or 6d (Scheme 3a), which would be expected as an
intermediate of path b (Scheme 1). Thus, the corresponding
product 4aa was found to be obtained in 79% yield from 5a and
6a, while 5a was recovered in 94% in the reaction of 5a and 6d.
These observations are in agreement with results in the domino
reaction of 1a with 3a or 3d (Table 1, entries 1 and 10). Also,
considering the possibility of path a (Scheme 1), we examined
reactions of 3-(methoxymethyl)benzofuran 2a with arene 3a or
3d under the cationic Au(III)-catalyzed conditions (Scheme
3b). However, the reaction of 2a with 3a gave 4aa, and that
with 3d gave 4ad. Thus, the present domino reactions would
proceed via path b rather than path a (Scheme 1).
Furthermore, since the reaction of 5a and 6a without any
catalyst did not proceed at all (Scheme 3a), the Au(III) catalyst
would activate the C−O σ bond of 6a.
Next, we attempted to extend the present method to a

domino reaction of α-alkoxyalkyl (o-alkynylaryl)methyl ethers
7. As a 6-membered ring formation based on the carboalkox-

Scheme 1. Proposed Mechanism

Scheme 2. Optimization of Reaction Conditions for the
Domino Reaction of 1a with 3a

Table 1. Substrate Scope for the Formation of 4

entry 1 3a 4/Xn yieldb (%)

1 1a 3a 4aa/2,4,6-(MeO)3 76
2 1b 3a 4ba/2,4,6-(MeO)3 67
3 1c 3a 4ca/2,4,6-(MeO)3 67
4 1d 3a 4da/2,4,6-(MeO)3 26
5 1e 3a 4ea/2,4,6-(MeO)3 81
6 1f 3a 4fa/2,4,6-(MeO)3 28
7 1g 3a 4ga/2,4,6-(MeO)3 57
8 1a 3b 4ab/2,4,5-(MeO)3 52
9 1a 3c 4ac/2,4,5,6-(MeO)4 53
10 1a 3d 4ad/2,4-(MeO)2 00 (5a: 87)
11c 1a 3e 4ae/2,4,6-Me3 17

a3a: 1,3,5-(MeO)3C6H3, 3b: 1,3,4-(MeO)3C6H3, 3c: 1,3,4,5-
(MeO)4C6H2, 3d: 1,3-(MeO)2C6H4, 3e: mesitylene.

bIsolated yields.
c3 equiv of 3e was used.
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ylation, the migratory cycloisomerization of o-alkynylbenzoates
bearing α-alkoxyalkyl3b and other migrating groups11a−c has
been known, while that of (o-alkynylaryl)methyl ethers bearing
allyl groups only has been known.11d Therefore, we checked
whether the corresponding product 8a was formed by the
migratory cycloisomerization of 7a (Scheme 4). Interestingly,

the cationic gold(I) catalyst derived from (Ph3P)AuCl (5 mol
%) and AgSbF6 (5 mol %) led to the formation of tetracyclic
isochroman 9a, although Yamamoto’s Pt-catalytic systems
(PtCl2−COD in toluene)3a resulted in the quantitative
recovery of 7a. This result, which would be regarded as a
formal annulation of 8a with methoxymethyl-deprotected
compound of 7a, encouraged us to examine the cationic
gold-catalyzed domino reaction of 7 with various arenes
(Scheme 5 and the Supporting Information).
At the outset, it turned out that the reaction of (o-

alkynylaryl)methyl ether 7a with 1,3,5-trimethoxybenzene (3a,
1.2 equiv) under gold-catalyzed conditions gave a complicated
mixture (Supporting Information). However, when 7a reacted
with aryl methoxymethyl ether 10a in the presence of
(Ph3P)AuNTf2 (Gagosz catalyst)20 in CH2Cl2 at room
temperature, tetracyclic isochroman 11aa was obtained in
71% yield (Scheme 5). Furthermore, Gagosz catalyst could be
applied to reactions of 7a−c with 10a or 10b, thereby leading
to the corresponding tetracyclic isochromans 11 in 51−83%
yields. The obtained tetracyclic isochromans 9a and 11 were
single cis-isomers that were determined by the X-ray structure
analysis of 11aa21 and by NOE experiments of other products.
It should be mentioned that cationic Au(III) catalyst showed

inferior results to the Gagosz catalyst (Supporting Informa-
tion).
In conclusion, we have developed the cationic gold(III)-

catalyzed domino synthesis of benzofurans with the mod-
ification of side chains from α-alkoxyalkyl o-alkynylaryl ethers
and electron-rich arenes. Mechanistic studies imply that the
present domino reactions proceed via nucleophilic addition of
benzofurans to benzyl ethers, which are formed by the α-
alkoxyalkylation of arenes (path b). The present method could
be extended to gold(I)-catalyzed domino synthesis of
tetracyclic isochromans from α-alkoxyalkyl (o-alkynylaryl)-
methyl ethers and arenes. Further investigations will focus on
extending this strategy to other heterocyclic synthesis.
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