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ABSTRACT: A diverse range of o-arylthio-substituted diaryl ethers
has been synthesized by direct oxythiolation of arynes with diaryl
sulfoxides that involves the formation of the C−O and C−S bonds
followed by migratory O-arylation.

Diaryl ethers are used in a wide range of fields, including
medicinal chemistry and materials science.1,2 In particular,

diaryl ethers bearing an arylthio group have been gaining much
attention because they play versatile roles such as synthetic
intermediates, ligands for transition-metal catalysts, and organic
light-emitting materials.3 These thiolated diaryl ethers have been
synthesized from phenols by nucleophilic aromatic substitution
with electron-deficient haloarenes or cross-coupling reactions
with haloarenes.4 However, synthesizable compounds by the
conventional methods are limited and a novel approach that can
expand the scope of available compounds is eagerly anticipated.
Here we describe a facile method for the synthesis of diverse
diaryl ethers bearing an o-arylthio group by the direct
oxythiolation of arynes5,6 with diaryl sulfoxides.
Recently, we have reported methods for the synthesis of

diverse aniline derivatives by the direct thioamination of arynes
with sulfilimines or sulfoximines (Figure 1A).7 Mechanistic
studies suggested that these reactions proceeded through C−N
and C−S bond formations and subsequent migratory N-
arylation. We assumed that using diaryl sulfoxides instead of
sulfilimines or sulfoximines in the reaction with arynes would
directly provide o-arylthio-substituted diaryl ethers through a
similar reaction pathway. In this context, several transformations
involving formal [2 + 2] reactions of arynes with sulfoxides have
been recently reported.8−10 Except for the synthesis of o-
sulfinylaryl vinyl ethers by the direct reaction between arynes and
vinyl sulfoxides bearing an electron-withdrawing substituent that
was reported by Studer and co-worker (Figure 1B),9 most of
these transformations are three-component coupling reactions.
This is because these reactions were either conducted in the
presence of an electrophile, such as α-bromoketone, or
performed by generating excess amounts of aryne, to trap the
alkoxide intermediate I formed by the reaction of an aryne with a
sulfoxide (Figure 1C).8,10 These studies indicated the difficulty of
achieving the direct oxythiolation between arynes and diaryl
sulfoxides.

Indeed, an initial attempt to achieve the direct oxythiolation by
generating 3-methoxybenzyne from o-silylaryl triflate 1a in the
presence of di(p-tolyl) sulfoxide (2a) under optimal conditions
for the direct thioamination (KF, 18-crown-6, THF, 60 °C) was
unfruitful (Figure 1D). Although the reaction proceeded in a
regioselective manner, the major product was triarylsulfonium
salt 4a,9,10 and the desired diaryl ether 3a was obtained in quite a
low yield. To facilitate the intramolecular O-arylation and to
prevent the formation of the sulfonium salt via the intermolecular
arylation of intermediate I with another aryne, we examined the
reaction by using p-bromophenyl p-tolyl sulfoxide (2b) and o-
bromophenyl p-tolyl sulfoxide (2c), bearing an electron-deficient
p-bromo- and o-bromophenyl group, respectively. Thus,
although the reaction using 2b afforded diaryl ether 3b in a
slightly higher yield, the reaction using 2c afforded 3c in a
considerably high yield as a sole isolable product, in which the o-
bromophenyl group selectively migrated.
Optimization of the reaction conditions largely improved the

yields of diaryl ethers 3a−c (Table 1). For the synthesis of 3c
from 3-methoxybenzyne precursor 1a and 2c, various activators
such as cesium fluoride, tetrabutylammonium difluorotriphenyl-
silicate, and cesium carbonate with 18-crown-6 in the absence of
fluoride6c were exploitable, although tetrabutylammonium
fluoride was not useful (entries 1−4). Using acetonitrile as a
solvent instead of THF significantly lowered the yield of 3c
(entry 5). The reaction temperature was a considerably
important factor. Although the reaction became sluggish at
room temperature (entry 6), desired product 3c was obtained in
a higher yield when the reaction was conducted at 80 °C in 1,4-
dioxane (entry 7). This modification improved the yield of 3a
that is obtained from the reaction of 1a with the less reactive 2a
(entry 8). Moreover, by conducting the reaction at a higher
temperature (110 °C) using increased amounts of reagents, 3a
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was afforded in a satisfactory yield (entry 9). Similarly, diaryl
ether 3b was prepared efficiently from 2b (entry 10).
A broad range of arynes that were generated from the

corresponding o-silylaryl triflates 1 under the optimized
conditions (Table 1, entry 7) participated in the direct
oxythiolation (Figure 2). For example, unsubstituted benzyne,

3-fluoro-, 3-chloro-, and 3-bromobenzyne smoothly reacted with
sulfoxide 2c to afford the products 3d−g, leaving the halogeno
groups untouched. Oxythiolations of 4,5-dimethoxybenzyne,
2,3-naphthalyne, and 5-(4-anisyl)-3-methoxybenzyne6d,e with 2c
also afforded diaryl ethers 3h−j. Moreover, 3-morpholinoben-
zyne, which was generated from the precursor that was easily
prepared by our recently reported method,6m reacted with
sulfoxide 2c to afford highly functionalized diaryl ether 3k.
Various diaryl sulfoxides were applicable to the oxythiolation

as demonstrated in the reaction with 3-methoxybenzyne (Figure
3). The reactions of unsymmetrical diaryl sulfoxides afforded the
products such as 3l−z, wherein migratory O-arylation at the
more electron-deficient aryl groups proceeded selectively.
Notably, the migration of the 2-benzofuranyl group over-rode
that of the 2-bromophenyl group to afford 3r in high yield. This is
probably because the formation of the Meisenheimer complex at
the 2-benzofuranyl group from the intermediate in the SNAr-type
rearrangement was favored rather than that at the 2-
bromophenyl group (vide infra). The reactions using o-
bromophenyl p-bromophenyl sulfoxide and o-bromophenyl p-
chlorophenyl sulfoxide afforded o-bromophenyl-migrated prod-
ucts 3u and 3v preferentially, although a small amount of isomers
3u′ and 3v′ were also obtained in these cases. Conducting the
reaction at a higher temperature (110 °C) facilitated the
reactions of substrates with more electron-rich aryl groups
such as diphenyl, di(p-chlorophenyl), di(p-methoxyphenyl), and
ferrocenyl p-tolyl sulfoxides, which afforded 3w−z, respectively.
Notably, by using dibenzothiophene S-oxide 5, a unique eight-
membered tribenzoxathiocine 6 was obtained in good yield via
selective ring expansion (eq 1). From the reaction of o-
fluorophenyl p-tolyl sulfoxide (2d), the phenoxathiinium
derivative 7 was obtained instead of an anticipated O-o-
fluorophenylated product 3aa (eq 2), thus indicating that the
defluorinative SNAr reaction was favored rather than that via the
C−S bond cleavage. In addition, the reaction with methyl p-tolyl
sulfoxide (2e) also afforded the oxythiolated product 3ab, which
was formed via the selective migration of the methyl group (eq
3).
To gain insight into the reaction mechanism, we conducted

several control experiments in the reaction with 3-methox-
ybenzyne (Figure 4). For example, a crossover experiment using
amixture of sulfoxides 2a and 2f resulted in the formation of 3a as
a major product and 3x as a minor product, and the crossover

Figure 1. (A) Our previous study; direct thioamination of arynes with
sulfilimines or sulfoximines. (B) Reported direct oxythiolation of arynes
with vinyl sulfoxides bearing an electron-withdrawing substituent. (C)
Reported three-component coupling reactions between arynes and
sulfoxides in the presence of an electrophile (E). (D) Initially attempted
reactions between 3-methoxybenzyne and diaryl sulfoxides.

Table 1. Optimization of the Reaction Conditions

entry 2 conditionsa 3 yield (%)b

1 2c CsF, THF, 60 °C, 20 h 3c 67
2 2c n-Bu4N[Ph3SiF2], THF, 60 °C, 13 h 3c 50
3 2c Cs2CO3, 18-crown-6, THF, 60 °C, 13 h 3c 48
4 2c n-Bu4NF, THF, 60 °C, 13 h 3c trace
5 2c KF, 18-crown-6, CH3CN, 60 °C, 14 h 3c 25
6 2c KF, 18-crown-6, THF, rt, 14 h 3c 19
7 2c KF, 18-crown-6, 1,4-dioxane, 80 °C, 40 h 3c 80c (82)d

8 2a KF, 18-crown-6, 1,4-dioxane, 80 °C, 48 h 3a 38
9 2a KF,e 18-crown-6,e 1,4-dioxane, 110 °C,

30 h
3a 71c

10 2b KF, 18-crown-6, 1,4-dioxane, 110 °C, 48 h 3b 78c

aUnless otherwise noted, 0.10 mmol of 1a and 2.0 equiv of reagents
were used. bYields based on 1H NMR analysis, unless otherwise noted.
cIsolated yields. dIsolated yield using 1.0 mmol of 1a in parentheses.
eUsing 3.0 equiv of reagents.

Figure 2. Reactions of various arynes with sulfoxide 2c. aThe reactions
were performed at 110 °C. bThe reaction was performed for 18 h.
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products 3ac and 3ad were not detected (Figure 4A). From an
experiment generating 3-methoxybenzyne in the presence of a
mixture of sulfoxide 2g and sulfilimine 8, the thioaminated
product 9 was obtained exclusively (Figure 4B). On the basis of
these results, we consider that the reaction proceeds via the
mechanism that is similar to that of the thioamination of arynes
with sulfilimines. This involves the addition of sulfoxide 2c with
aryne II, followed by a four-membered ring formation (III to
IV), cleavage of the S−O bond (IV to V), and SNAr-type
rearrangement of o-bromophenyl group via Meisenheimer
complex VI to afford the product 3c (Figure 4C).7 The higher
temperature required for oxythiolation with sulfoxides than
thioamination with sulfilimines was possibly due to the poor

nucleophilicity of the oxygen as compared to nitrogen for the
intermolecular O-arylation of sulfoxide 2c with aryne II and the
intramolecular migratory O-arylation of V. Nevertheless, the
possibility of a pathway involving direct ligand coupling on the
sulfur of IV cannot be excluded.12

The broad functional group tolerance of oxythiolation of
arynes enabled the synthesis of diverse o-arylthio-substituted
diaryl ethers bearing a functional group that was available for
further derivatizations (Figure 5). For example, palladium-
catalyzed intramolecular cyclization11 by means of the bromo
groups in 3c and 3ae afforded disubstituted dibenzofuran 10 and
dibenzothiophene 11, respectively (Figure 5A,B). Moreover, the
oxidation of the oxythiolated product 3f and the use of the
resulting sulfoxide as an arynophile for the oxythiolation of
another aryne such as 3-morpholinobenzyne afforded highly
functionalized aromatic tri(thio)ether 3af (Figure 5C).
In summary, an efficient synthetic method for o-arylthio-

substituted diaryl ethers involving the reaction between arynes
and diaryl sulfoxides has been developed. By conducting the
reaction at high temperature (80−110 °C), the direct oxy-
thiolation of arynes with diaryl sulfoxides and subsequent
migratory O-arylation for substrates bearing electron-donating,
-neutral, or -withdrawing substituents could be facilitated. The
method enables the synthesis of various diaryl ethers, including
those fused with heteroaromatic rings, which are difficult to
synthesize by conventional methods. In concert with recently
reported approaches to diaryl sulfides13 that render a wide range
of diaryl sulfoxides easily synthesizable, this method allows the
facile preparation of a diverse range of compounds via a modular
synthesis.5c Further studies on synthetic applications of this
method and theoretical studies involving the reactionmechanism
are currently underway.

Figure 3. Reactions of 3-methoxybenzyne with various diaryl sulfoxides.
aThe reactions were performed at 110 °C.

Figure 4. Mechanistic studies: (A) crossover experiment; (B)
competition experiment; (C) plausible reaction pathways.
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Figure 5. Transformations of oxythiolated products: (A) benzofuran
synthesis; (B) benzothiophene synthesis; (C) further oxythiolation
using a sulfoxide prepared from an oxythiolated product.
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