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ABSTRACT: A regioselective C−H sulfanylation of aryl
sulfoxides with alkyl aryl sulfides in the presence of acid
anhydride was developed, which resulted in the formation of
1,4-disulfanylarenes after dealkylation of initially formed
sulfonium salts. The reaction began with Pummerer-type
activation of aryl sulfoxides followed by nucleophilic attack of
alkyl aryl sulfides. The nucleophilic attack occurred exclusively
at the para positions, or at specific positions in case the para
position was not available, under perfect control by the
dominating sulfoxide directors regardless of any other substituents. The initially formed aryl sulfonium salts were isolable and
usefully served as aryl halide surrogates for palladium-catalyzed arylation with sodium tetraarylborates.

Aryl sulfides are valuable structural motifs, and C(sp2)−S
bond-forming reactions are fundamental and important

transformations in organic synthesis.1 Construction of C(sp2)−S
bonds usually depends on halogen-based transformations in
which aryl halides reactedwith thiols via SNAr or transition-metal-
catalyzed reactions.2 However, these halogen-based strategies
often suffer from narrow substrate scope or heavy metal
contaminations of products. To avoid such problems, significant
efforts have been devoted to invent C−H sulfanylation of arenes
under metal-free conditions.2d,3 However, previous methods
entirely focused on Friedel−Crafts-type reactions of arenes with
electrophilic sulfur reagents or their precursors, i.e., N-
sulfanylsuccinimides,4 disulfides,5 thiols,6 and so on.7 Con-
sequently, harsh reaction conditions and/or highly electron-rich
arenes such as anilines, phenols, and indoles have been required
(Scheme 1A). In addition, the Friedel−Crafts-type sulfanylation
essentially faces poor regioselectivity as well as overreactions
providing multisulfanylated products.
To exploit an alternative methodology to consummate metal-

free C−H sulfanylation, we have now focused on Pummerer-type
activation of aryl sulfoxides 1. Because the activated sulfinyl
moiety works as a mild internal oxidant, the Pummerer-based
strategy is now regarded as a powerful tool to achieve
intramolecularly redox-neutral C−H functionalization of aryl
sulfoxides.8,9 Our reaction design for C−H sulfanylation is shown
in Scheme 1B. It is well-known that the sulfinyl moiety of 1 is
activated by acid anhydrides (A2O) (step a).We expected that the
resulting aryl sulfonium 4 is highly electron-deficient to allow the
sulfur atom of aryl sulfides 2 to attack the activated arene unit of 4
in an additive Pummerer fashion (step b).9 When R3 is an alkyl
moiety, dealkylation of the resulting aryl sulfonium species 5with
a Lewis base would furnish desired disulfanylarenes 3 (step c).

Here we report regioselective C−H sulfanylation of aryl
sulfoxides with alkyl aryl sulfides through Pummerer-type
activation. Thismethodology is totally different from the previous
Friedel−Crafts-type C−H sulfanylation and enables us to access
precisely regiocontrolled 1,4-disulfanylarenes.10

As a model reaction, we attempted the anhydride-induced
reaction of methyl phenyl sulfoxide (1a) with methyl p-tolyl
sulfide (2a) (Table 1). Fortunately, in the presence of
trifluoromethanesulfonic anhydride (Tf2O), C−H bond sulfany-
lation of 1a proceeded. To our delight, the reaction took place at
the para position of 1a exclusively; 1,4-disulfanylbenzene 3aawas
obtained as a sole product in 78% yield after demethylation with
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Scheme 1. Metal-Free C−H Sulfanylation of Arenes
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ethanolamine (entry 1). Owing to its lower reactivity than Tf2O,
trifluoroacetic anhydride ((CF3CO)2O) did not give 3aa (entry
2). Intriguingly, when a 1:1mixture of Tf2O and (CF3CO)2Owas
used as an activator, the yield of 3aa increased (entry 3).
Eventually, a 1:2 mixture of Tf2O and (CF3CO)2O was found to
be optimal to afford 3aa in 96% NMR yield and in 93% isolated
yield (entry 4). As the reaction proceeds, strongly acidic TfOH is
formed.We infer that TfOHwould degrade the substrates and/or
products and that (CF3CO)2O would spontaneously consume
TfOH through the formation of less acidic CF3CO2H. The
methylsulfanyl moiety of 2a was crucial for smooth sulfanylation.
Benzenethiol (2a′) did not give the product (entry 6). The
reactions with ethyl p-tolyl sulfide (2a″) and isopropyl p-tolyl
sulfide (2a‴) gave3aa in lower yieldswith ca. 50% recovery of2a″
and 2a‴ probably due to the steric hindrance around the sulfur
atom for nucleophilic attack (entries 7 and 8).
With the optimal reaction conditions, scope of aryl sulfides 2

was investigated (Scheme 2). Both thioanisole (2b) and p-
methoxyphenyl methyl sulfide (2c) smoothly reacted with 1a.
Various aryl sulfides 2 coupled with methyl 1-naphthyl sulfoxide
(1b) affording 1,4-disulfanylnaphthalenes 3ba−3bi with ex-
clusive regioselectivity. In these cases, the products were obtained
with only Tf2O without deterioration of the yield. For simple
manipulation, we used Tf2O as the sole activator for the reactions
of 1b. Due to difficulty in separation from remaining 2,
sulfanylated products 3bb, 3bf, and 3bh were isolated as the
corresponding bissulfones after oxidation with an excess amount
of mCPBA. Bromo, chloro, and carbonyl moieties were
compatible with the reaction conditions. Although a strongly
electron-withdrawing p-cyano substituent retarded the reaction,
use of an excess of 2f increased the yield satisfactorily. 2-
Benzofuryl sulfide 2j also reacted with 1a to give 3aj in 85% yield.
In place of aryl sulfides, dodecyl methyl sulfide (2k) underwent
the C−S bond formation. It is noteworthy that the methyl moiety
on the sulfur atom was selectively removed by ethanolamine to
furnish dodecylsulfanyl-substituted 3bk.
We then conducted the C−H sulfanylation of other aryl

sulfoxides 1c−m with 2a (Scheme 3). It is worth noting that 2-
methoxyphenyl methyl sulfoxide (1e) also gave 1,4-disulfanylar-
ene 3ea selectively. As an alternative protocol for C−H
sulfanylation to obtain 3ea, electrophilic sulfanylation of 2-
methoxythioanisole might be conceivable. However, the

sulfanylation of 2-methoxythioanisole with the combination of
di-p-tolyl disulfide and K2S2O8

6d failed to afford 3ea, and
disulfanylated product 6 was obtained instead (Scheme 4). Our
Pummerer-based system relies on the selective activation of the
sulfoxide unit, which naturally suppressed undesired multi-
sulfanylation to yield monosulfanylated 3ea exclusively. These
results clearly demonstrate the complementarity of our system to
the Friedel−Crafts-type C−H sulfanylation (Scheme 1).

Table 1. Condition Screening

entry activator R NMR yield (%)

1 Tf2O Me (2a) 78
2 (CF3CO)2O Me <1
3 Tf2O /(CF3CO)2O = 1/1 Me 95
4 Tf2O /(CF3CO)2O = 1/2 Me 96 (93),a (80)a,b

5 Tf2O /(CF3CO)2O = 1/3 Me 70
6 Tf2O /(CF3CO)2O = 1/2 H (2a′) <1
7 Tf2O /(CF3CO)2O = 1/2 Et (2a″) 51
8 Tf2O /(CF3CO)2O = 1/2 iPr (2a‴) 18

aIsolated yield. b1.5 mmol scale.

Scheme 2. Scope of Aryl Sulfide

a1.2 equiv of Tf2O.
bIsolated as bissulfone after oxidation with

mCPBA. c2.5 equiv of 2f.

Scheme 3. Scope of Aryl Sulfoxide

aIsolated as bissulfone after oxidation with mCPBA. b1.2 equiv of
Tf2O.

Organic Letters Letter

DOI: 10.1021/acs.orglett.7b02147
Org. Lett. XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acs.orglett.7b02147


Thienyl sulfoxide 1f underwent the regioselective C−H bond
sulfanylation to provide 3fa (Scheme 3). Naturally, methyl 2-
naphthyl sulfoxide (1g) with no reactive para position afforded
1,2-disulfanylnaphthalene 3ga. Benzoheteroaryl sulfoxides 1h−j
were also arylated at the vicinal positions to afford 2,3-
disulfanylarenes 3ha−3ja. Surprisingly, methyl 9-phenanthryl
sulfoxide (1k) underwent the C−H sulfanylation at its 3 position
exclusively, affording 3,9-disulfanylphenanthrene 3ka.11 In
general, the 10 position of phenanthrene is considered to be the
most reactive site. Our C−H sulfanylation will be a powerful tool
to access 3-substituted phenanthrenes. Dodecyl phenyl sulfoxide
(1l) could be involved in the reaction to provide 3la in 85% yield.
Diphenyl sulfoxide (1m) also furnished the monosulfanylated
product 3ma in moderate yield. We assume that Tf2O-activated
diphenyl sulfonium 4m would be more stable than other aryl
methyl sulfoniums 4 and might be reluctant to undergo
subsequent reaction. Electron-deficient methyl 2-trifluorome-
thylphenyl sulfoxide did not react with 2a, and the reduced
compound, methyl 2-trifluoromethylphenyl sulfide, was mainly
obtained in 63% yield.
We next became interested in the C−H sulfanylation of para-

substituted aryl sulfoxides (Scheme 5). Although we anticipated

that C−H sulfanylation of methyl p-tolyl sulfoxide (1n) would
take place cleanly at the vicinal position of the sulfinyl moiety to
yield 3nc′, a complex mixture containing only 12% yield of 3nc′
was obtained (Scheme 5a). In contrast, para-trimethylsilyl-
substituted aryl sulfoxide 1o underwent desilylative sulfanylation
to provide 3aa quantitatively (Scheme 5b). Presumably, para-
selective nucleophilic attack of 2would smoothly proceed in spite
of the para-substituents. Triflate anionwould attack the proton or
the trimethylsilyl moiety to recover the original aromaticity
(Scheme 5b, bottom).However, in the reaction of1n, elimination
of the methyl moiety would not occur with TfO−, and departure
of 2c would take place reversibly.
The reasons for the low reactivity of the ortho positions of aryl

sulfoxides are not clear at this stage. We speculate the reasons as

follows: Nucleophilic attack onto activated aryl sulfonium 4 with
loss of its aromaticity should occur by developing positive charge
on both of the sulfur atoms originally in 1 and 2. Conceivable
nucleophilic attack at an ortho or vicinal position would develop
positive charge in closer proximity and be thus disfavored
compared with that at a para position. A steric factor would be
additionally important. However, less aromatic 2-heteroaryl and
2-naphthyl sulfoxides would be more reactive to allow the
nucleophilic attack at their vicinal positions.
To explore further synthetic utility of our para-selective C−H

functionalization, we focused on aryl sulfonium salts 5 as
surrogates for aryl halides in cross-coupling reactions. Following
the seminal work by Liebeskind,12 we13 and others14 developed
cross-coupling reactions of aryl sulfonium salts with organo-
metallic reagents. We thus applied our palladium-catalyzed base-
free arylation with sodium tetraarylborates13 to the sulfonium
products 5.
Isolation of 5 was facile. For instance, after the C−S bond

formation between 1b and 2a, the corresponding aryl sulfonium
salt 5ba precipitated upon the addition of Et2O to the reaction
mixture. Simple filtration of the precipitates yielded 5ba with
sufficient purity for cross-coupling. The attempted cross-coupling
of 5bawith sodium tetraphenylborate13b indeed afforded desired
coupling product 7 in 57%NMRyield alongwith 2a as the leaving
group (Scheme 6). However, undesirable cleavage of the C(p-

tolyl)−S bond was inevitable to occur, forming 4-methylbiphenyl
as a byproduct along with 1,4-di(methylsulfanyl)naphthalene as
the leaving group (29% and 30% NMR yields, respectively).
To avoid such undesired cleavage, we envisioned utilizing

sulfonium salt 5-cyclic generated from cyclic aryl sulfide 2l,
wherein the exocyclic C−S bond would be preferentially cleaved
(Scheme 7). As expected, desired products 7−9 were selectively
obtained in overall yields of 57%, 49%, and 35%, respectively.15 In
addition to the control by the cyclic leaving skeleton, steric
hindrance is an alternative to control C−S bond cleavage. Aryl
sulfonium salt 5km derived from 1k and 2-methylthioanisole
(2m) showed similar reactivity (Scheme 8).

Scheme 4. Uncontrollable Electrophilic Sulfanylation

Scheme 5. Reactions of para-Substituted Aryl Sulfoxides

Scheme 6. Attempted Arylation of 5ba

Scheme 7. Selective Arylation of Cyclic Aryl Sulfoniums
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In summary, we have developed regioselective C−H
sulfanylation of aryl sulfoxides with aryl sulfides via Pummerer-
type activation. The initially formed sulfonium salts were
demethylated to yield disulfanylarenes or used as electrophiles
in cross-coupling to afford para-arylated aryl sulfides.
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