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Abstract An efficient route to aryl methyl sulfides through the copper-
catalyzed coupling reaction of aryl iodides or bromides with dimethyl
disulfide in water is described. Electron-donating and electron-with-
drawing functional groups in the substrates were tolerated, and the
corresponding products were obtained in moderate to good yields.
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Aryl methyl sulfide fragments commonly occur as key
units in a variety of pharmaceuticals and biologically active
molecules potentially useful in the treatment of such dis-
eases as diabetes, inflammatory disease, Alzheimer’s dis-
ease, or Parkinsonism.! In addition, these compounds can
act as effective electrophiles for some transition-metal-cat-
alyzed C-C,2 C-N,? or C-B coupling reactions,* or can serve
as reactants for carbothiolation of terminal alkynes.> Al-
though considerable progress has been made in the conven-
tional construction of C(aryl)-S bonds by cross-coupling of
thiols with aryl halides or pseudohalides with various tran-
sition metals such as palladium,® nickel,” copper,? cobalt,® or
indium'® as catalysts, the synthesis of aryl methyl ana-
logues in this fashion is challenging, presumably because of
the instability and high volatility of methanethiol. Reliable
approaches for the synthesis of aryl methyl sulfides include
the reduction of the corresponding sulfoxides;!! treatment
of aryl thiols with iodomethane,'? dimethyl carbonate,!? or
other sulfur-containing reagents such as sodium methan-
ethiolate,' sulfur powder,’ or S-methylisothiourea sul-
fate;'6 and the combination of masked inorganic sulfur and
dimethyl carbonate with aryl halides.!” In addition, dimeth-
yl sulfoxide has recently emerged as an effective methylthi-

olation surrogate for coupling with aryl halides,'® arylcar-
boxylic acids,® arenes, or heteroarenes.?’ Although various
sulfur-transferring reagents can be used in the preparation
of aryl methyl sulfides, dimethyl disulfide, a commercial
food additive and sulfidation agent, continues to attract at-
tention due to its high reactivity and relative stability com-
pared with gaseous methanethiol. Accordingly, Taniguchi
reported alkyl- or arylthiolations of aryl iodides with di-
methyl disulfide and other disulfide compounds in the
presence of a nickel catalyst and zinc under neutral condi-
tions.?! Morales-Morales and co-workers developed a simi-
lar procedure for aryl iodides or bromides catalyzed by a
fluorinated bisimino nickel NNN pincer complex along with
zinc.?? Atom-economic directed ortho-lithiations of aryl C-
H bonds have been developed by Stanetty et al.,2> who used
1,1-dimethylethyl phenylcarbamate, and by Fort and Ro-
driquez, who used 2-chloropyridyl group complexation fol-
lowed by electrophilic substitution with dimethyl disulfide.
The use of dialkyl hydrazides for directed ortho-metalations
was reported by Wuts and co-workers.?> Subsequently, Yu
and co-workers reported a Cu(OAc),-mediated methylthio-
lation of the C-H bond of 2-phenylpyridine with dimethyl
disulfide under an air atmosphere.?® Another direct thiola-
tion of aryl C-H bonds with disulfides under palladium and
copper co-catalysis was reported by Nishihara’s group.?’
Several other elegant protocols that apparently meet
the requirements of green and sustainable chemistry have
also been recently developed. For example, Wangelin and
co-workers developed a mild metal-free synthesis of aryl
methyl sulfides from arenediazonium salts and dimethyl
disulfide in the presence of the organic dye eosin Y and vis-
ible-light irradiation or a weak and environmentally benign
base.?® At about the same time, we reported a transition-
metal-free C-S bond formation from arylboronic acids and
dimethyl disulfide under neutral conditions.?® Moreover, a
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unified method for the thiolation of aryl or vinyl iodides
with dimethyl disulfide by using the visible-light photocat-
alyst fac-Ir(ppy); has been reported by Polyzos’s group.3®

Nevertheless, each of the procedures discussed above
entails various disadvantages, such as the need to use ex-
pensive metals, stoichiometric amounts of transition-metal
sources, appropriate ligands, prefunctionalized substrates,
organic peroxides, environmentally damaging organic sol-
vents, or harsh reaction conditions. Undoubtedly, an effi-
cient and environmentally benign synthetic procedure
would still be much appreciated. Considering that aryl io-
dides and bromides are readily accessible, inexpensive, and
compatible with numerous functional groups, and that wa-
ter is an ideal and ecofriendly solvent due to its lack of tox-
icity and wide availability, we wish to report a route to aryl
methyl sulfides through the copper-catalyzed coupling of
aryl iodides or bromides with dimethyl disulfide in neat
water as a reaction medium.

We began our investigations by coupling of p-iodoan-
isole with dimethyl disulfide in the presence of Cu(acac), as
a catalyst and Na,COs as a base in a sealed tube with neat
water as solvent under air. Although only a trace of the de-
sired product was detected under these conditions (Table 1,
entry 1), 4-(methoxy)thioanisole was obtained in 40% yield
when 5 mol% of tetrabutylammonium bromide (TBAB) was
added as a phase-transfer reagent at 100 °C for 12 hours
(entry 2). Encouraged by this result, we attempted to opti-
mize the reaction conditions further. First, we screened
several Cu(lI) salts [Cu(OAc),-H,0, CuSO,5H,0, CuCl,-2H,0,
and CuBr,] and various Cu(I) compounds (Cul, CuBr and Cu-
Cl) as catalysts for this transformation (entries 3-9).
Cu(OAc),-H,0 as catalyst provided a markedly higher yield
than any of the other copper sources. Under otherwise
identical conditions, none of the target product was detect-
ed in the absence of a copper catalyst (entry 10). Subse-
quently, several bases were tested (entries 11-16), and the
results suggested that KOH is the most suitable base for this
transformation, furnishing in the product in 78% yield (en-
try 15). The reaction was sluggish in the absence of any
base (entry 17). On replacement of TBAB with tetrabu-
tylammonium fluoride (TBAF) or tetrabutylammonium
chloride (TBAC), the methylthiolation product was obtained
in comparable yields (entries 18 and 19), whereas only a
small amount of desired product was detected when po-
ly(ethylene glycol) (PEG-400) was used as the phase-trans-
fer agent (entry 20). The effect of the amount of
Cu(OAc),-H,0 was then examined, and it was found that the
yield fell slightly on decreasing the amount of this catalyst
but remained almost the same when 10 or 15mol% of the
catalyst was used (entries 21-23). In addition, we found
that the optimal amount of dimethyl disulfide relative to p-
iodoanisole was 1.2 equivalents (entries 24-26). The yield
dropped noticeably at a lower temperature (entry 27),
while a comparable yield was obtained at a higher tempera-
ture (entry 28), so the optimal temperature for the current

Table 1 Screening of Reaction Conditions for C-S Coupling of p-lodo-
anisole and Dimethyl Disulfide?

catalyst

| SMe
+ MeSSMe __base
H,0, 100 °C
MeO MeO

Entry  Catalyst Base Additive Yield® (%)
1 Cu(acac), Na,CO; - <5
2 Cu(acac), Na,CO; TBAB 40
3 Cu(OAc),-H,0 Na,CO; TBAB 48
4 CuS0,-5H,0 Na,CO; TBAB 35
5 CuCl,-2H,0 Na,CO; TBAB 38
6 CuBr, Na,CO; TBAB 36
7 Cul Na,CO; TBAB 35
8 CuBr Na,CO; TBAB 28
9 cucl Na,CO; TBAB 25

10 - Na,COs TBAB -
1 Cu(OAc),-H,0 K,CO;3 TBAB 50
12 Cu(OAc),-H,0 Cs,CO; TBAB 55
13 Cu(OAc),-H,0 K;PO,-H,0 TBAB 35
14 Cu(0OAC),-H,0 KF TBAB 25
15 Cu(OAc),-H,0 KOH TBAB 78
16 Cu(OAc),-H,0 NaOH TBAB 75
17 Cu(OAc),-H,0 - TBAB -
18 Cu(0AC),-H,0 KOH TBAF 74
19 Cu(OAc),-H,0 KOH TBAC 75
20 Cu(OAc),-H,0 KOH PEG-400 <5
21 Cu(OAC),-H,0¢ KOH TBAB 70
22 Cu(OAC),-H,0¢ KOH TBAB 78
23 Cu(OAc),-H,0¢ KOH TBAB 77
24 Cu(OAc),-H,0 KOH TBAB 72
259 Cu(OAc),-H,0 KOH TBAB 77
26" Cu(0Ac),-H,0 KOH TBAB 78
27 Cu(OAc),-H,0 KOH TBAB 65
28 Cu(OAc),-H,0 KOH TBAB 79
29k Cu(OAc),-H,0 KOH TBAB 78

2 Reaction conditions: p-iodoanisole (1.0 mmol), dimethyl disulfide (1.2
mmol), catalyst (0.1 mmol), base (2 mmol), additive (0.05 mmol), H,0
(2.0 mL), under air, 12h, 100 °C.

bIsolated yield.

€5 mol%.

415 mol%.

20 mol%

f Dimethyl disulfide (1.0 mmol).

9 Dimethyl disulfide (1.5 mmol).

" Dimethyl disulfide (2.0 mmol).

180 °C.

i120°C.

“Under N,.

reaction is 100 °C. Moreover, changing the atmosphere
from air to nitrogen did not increase the conversion (entry
29), making the reaction manipulatively simple and conve-
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nient. On the basis of these results, it appeared that the op-
timal conditions for the cross-coupling of p-iodoanisole
with dimethyl disulfide in water involve the use of
Cu(OAc),-H,0 as catalyst, KOH as base, and TBAB as phase-
transfer reagent at 100 °C for 12 hours under air.

To further explore the generality and scope of this pro-
tocol, a wide array of aryl iodides were examined. Specifi-
cally, iodobenzene and aryl iodides with electron-donating
substituents, including OMe, SMe, Me, or NH, groups, were
compatible with this procedure and afforded the corre-
sponding methylthiolation products in satisfactory yields
(Table 2, entries 1-10). Notably, the preserved amino group
is attractive because most arylamines can be easily trans-
formed into various arenediazonium salts that have superi-
or reactivity to the corresponding aryl halides and can con-
sequently serve as useful partners in palladium-catalyzed
carbon-carbon or carbon-heteroatom cross-coupling reac-
tions.3! Moreover, the reaction was highly chemoselective
towards other halogen groups of aryl iodides. In other
words, the respective desired products were obtained in
good yields while fluoro, chloro, or bromo groups remained
intact, which might facilitate further functionalization of
the phenyl ring (entries 11-20). In the case of 1,4-diiodo-
benzene, the monomethylthiolation product was obtained
together with the bismethylthiolation product, even though
an excess of dimethyl disulfide was used. Aryl iodides with
electron-withdrawing substituents such as NO, and CN
groups were also good coupling partners (entries 21-24). It
is noteworthy that, like para- or meta-substituted aryl io-
dides, the corresponding ortho-substituted substrates also
reacted smoothly with dimethyl disulfide, albeit giving the
desired products in moderate yields. The hetaryl analogues
2- and 3-iodopyridine reacted readily to provide the corre-
sponding hetaryl methyl sulfides which are of much inter-
est for their biological activities (entries 25 and 26).

Further experiments showed that bromobenzene and p-
tolyl bromide were not very reactive under our reaction
conditions, whereas aryl bromides with electron-with-
drawing substituents such as NO, or CN showed better re-
activity for this transformation (Table 3, entries 1-5). To our
delight, the hetaryl analogues 2-bromopyridine, 3-bro-
mopyridine, 3-bromoquinoline, and 4-bromoisoquinoline
reacted readily to afford the desired products in acceptable
yields (entries 6-9). Furthermore, although the yield from
p-iodoanisole did not change markedly on increasing the
temperature above 100 °C, elevating the reaction tempera-
ture to 130 °C significantly improved the yields from aryl
bromides. As expected, only a trace of amount of product
was detected when 1-chloro-4-nitrobenzene was used as
substrate under the standard conditions (entry 10).

To further demonstrate the synthetic utility of this
strategy, a representative gram-scale reaction of p-iodoan-
isole with dimethyl disulfide was explored, and the expect-
ed product was obtained in a satisfactory 73% yield
(Scheme 1).

Table 2 Methylthiolation of Aryl lodides with Dimethyl Disulfide®3?

Cu(OAC)>-H0
Arl  + MeSSMe # ArSMe
H,0, 100 °C
Entry Ar Yield® (%)
1 Ph 76
2 4-MeOCgH, 78
3 3-MeOCgH, 75
4 2-MeOCgH, 58
5 3-MeSCeH, 70
6 4-MeCgH, 72
7 3-MeCgH, 68
8 2,4,6-Me;CeH, 45
9 4-H,NCgH, 77
10 2-H,NCH, 70
1 4-1CH, 50
12 4-BrCH, 71
13 3-BrCeH, 60
14 4-CICH, 78
15 3-CICeH, 67
16 2-CICgH, 48
17 3,5-Cl,CeHs 50
18 4-FCH, 65
19 3-FCeH, 58
20 2-FCeH, 52
21 4-0,NCgH, 80
22 3-0,NCgH, 78
23 4-NCCeH, 74
24 3-NCCeH, 70
25 2-pyridyl 65
26 3-pyridyl 60

2 Reaction conditions: Arl (1.0 mmol), dimethyl disulfide (1.2 mmol),
Cu(OAC),-H,0 (0.1 mmol), KOH (2.0 mmol), TBAB (0.05 mmol), H,0 (2.0
mL), 100 °C, 12 h.

bIsolated yield.

Cu(OAc)2-Ho0 (0.1 equiv)
KOH (2 equiv)

| SMe
_—
©/ + MeSSMe TBAB (0.05 equiv) /©/
MeO H,O (10 mL), 100°C, 12h  MeO

(5 mmol, 1.17 g) 1.2 equiv (0.56 g, 73%)

Scheme 1 Gram-scale reaction

To investigate the reaction mechanism, we performed a
radical-trap experiment. In the presence of an excess of the
radical scavenger 2,2,6,6-tetramethylpiperidine N-oxide
(TEMPO) or butylated hydroxytoluene (BHT), coupling of p-
iodoanisole with dimethyl disulfide under otherwise iden-
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Table 3 Methylthiolation of Aryl Bromides with Dimethyl Disulfide®32

R@Br* MeSSMe 4’CU(O’?§E-HQO R—'/\ e

~ hotoe

Entry Ar Yield® (%)
1 H 15 (38)
2 4-MeCgH, 12 (35)
3 4-0,NCH, 55 (70)
4 2-0,NCgH, 48 (65)
5 4-NCCH, 45 (66)
6 2-pyridyl 38(60)
7 3-pyridyl 32(52)
8 quinolin-3-yl 30 (48)
9 isoquinoline-4-yl 35(52)
10¢ 2-0,NCgH, (8)

2 Reaction conditions: aryl halide (1.0 mmol), dimethyl disulfide (1.2
mmol), Cu(OAc),-H,0 (0.1 mmol), KOH (2.0 mmol), TBAB (0.05 mmol),
H,0 (2.0 mL), 100 °C, 12 h.

b|solated yield. Yields obtained at 130 °C are shown in parentheses.

€ 2-0,NCgH,Cl.

tical conditions still took place. These results suggested that
the current methylthiolation does not involve radicals. On
the basis of the above results and reports in the litera-
ture,20%4:£33 3 plausible reaction pathway for the reaction
was proposed (Scheme 2). Initially, in the presence of base,
KSMe is generated from dimethyl disulfide, along with
HOSMe. The reactive sulfhydryl ion intermediate MeS- then
reacts with Cu(OAc), to form species A, which adds to the
aryl halide and oxidatively produces intermediate B togeth-
er with a halide ion X-. Reaction of B with KSMe provides
the desired product together with KX, completing the cata-
lytic cycle.

MeSSMe + KOH

HOSMe \/i

KSMe

Cu(OA
KoAc‘/i/\ u(OAC):

(AcO) Cu®*SMe ArX

ArSMe A

KX

KSMe + X~

A
(AcO) N _SMe
SAr

B

Scheme 2 Plausible mechanism for the methylthiolation

In conclusion, a practical protocol for methylthiolation
of aryl iodides or bromides with dimethyl disulfide has
been developed that uses neat water as the reaction medi-

um. This procedure dispenses with a ligand, an inert atmo-
sphere, and a dry nonaqueous solvent, and is tolerant of
structurally diverse substrates, making it a powerful com-
plement to common approaches to the synthesis of a broad
range of aryl methyl sulfides.
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