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A novel method for the Cu(OAc), catalyzed synthesis of unsymmetrical sulfides from triphenyltin chlo-
ride and aryl halides using Sg as the sulfur source in PEG200 at 60-80 °C is reported. Triphenyltin chloride
is capable of delivering all of its phenyl groups to the product. Also, the copper catalyzed synthesis of
symmetrical diaryl sulfides from aryl halides using Sg is described.

© 2015 Elsevier Ltd. All rights reserved.

Introduction

Symmetrical and unsymmetrical diaryl sulfides are found in
numerous drugs displaying a broad spectrum of therapeutic activ-
ities such as anti-diabetes, anti-inflammatory, anti-Alzheimer’s,
anti-Parkinson’s, anti-cancer, and anti-HIV."?

Transition-metal-catalyzed cross-coupling reactions of aryl
halides with thiols are the main synthetic methods for the
preparation of diaryl sulfides.>"® The main limitations of the afore-
mentioned methodologies include the utilization of volatile and
unpleasant smelling thiols that can act as metal deactivators due
to their tendency to bind to transition metals. In addition, the
oxidative coupling of thiols to disulfides is a known side-reaction.”

To overcome these drawbacks, recently, various sulfur sources®~'>
have been employed for the conversion of aryl (pseudo) halides to
aryl thioethers using transition metal catalysis. Although, these
efforts have led to significant progress, disadvantages include the
requirement for ligands, high reaction temperatures, and harmful
organic solvents. Moreover, these methods are inefficient for the
synthesis of unsymmetrical diaryl sulfides. To resolve these prob-
lems, sulfonyl hydrazides were recently reported as an aryl thiol sur-
rogate for the synthesis of unsymmetrical sulfides.'® Although, this
finding represents an interesting breakthrough for the synthesis of
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unsymmetrical sulfides, this method employs harsh reaction
conditions such as high temperature (130 °C), microwave irradia-
tion,'%® and the use of sulfonyl hydrazides which are less readily
available and expensive.'® Therefore, there is still interest in finding
new reagents for the synthesis of symmetrical and unsymmetrical
sulfides under mild reaction conditions.

Result and discussion

Recently, an efficient method for C-X (X=C, N, S, O) bond for-
mation using triphenyltin chloride as a source of the phenyl group
was developed by our research group.'” These investigations
prompted us to further explore the prospective use of this phenyl
group source for other reactions.

We report herein, the use of triphenyltin chloride in combina-
tion with Sg as a thiolating agent in the reaction with aryl halides
for the Cu(OAc), catalyzed synthesis of phenyl aryl sulfides.

Optimization of the reaction conditions was performed upon
the model reaction of 4-iodoanisole with triphenyltin chloride
using various sulfur sources, KF as an activator, various Cu salts
as catalysts and organic and inorganic bases in different solvents
at 60 °C (Table 1). The nature of the base was found to be important
and K,CO3; was found to be the most effective (Table 1, entries
1-6). When Et3N in DMF was used as a base, diphenyl disulfide
was the main product formed (Table 1, entry 1). The reaction
was conducted in PEG200, DMF, dioxane, and CH3CN, and among
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Table 1
Optimization of the reaction conditions using 4-iodoanisole with triphenyltin
chloride®

Cu salt (cat), S-source, KF S
+ PhgSnCl —4——————— > + S—S
base, solvent, 60 °C,8 h MeO

OMe
Entry Base S-source Solvent Cu salts GC yield™* (%)
1 EtsN Ss DMF Cu(OAc), 0/100
2 DABCO Sg DMF Cu(OAc), 20/80
3 NaOH Sg DMF Cu(OAc), 35/45
4 Cs,C05 Ss DMF Cu(OAc), 7822
5 K,CO; Ss DMF Cu(OAc), 100/0
6 K>CO; Sg PEG200 Cu(OAc), 100/0¢
7 K,CO3 Sg Dioxane Cu(OAc), 65/0
8 K,CO3 Ss CH5CN Cu(OAc), 76/0
9 K,CO3 Sg PEG200 Cul 76/0
10 K,CO3 Ss PEG200 CuCl, 81/0
11 K,CO3 Ss PEG200 Cu(OAc), 35/0°
12 K,CO3 Ss PEG200 Cu(OAc),  78/0f
13 K,CO3 Sg PEG200 Cu(OAc), 100/0®
14 K,CO3 Ss PEG200 Cu(OAc), 78/0"
15 K>CO3 Ss PEG200 Cu(OAc), 75/0'
16 K,CO3 Sg PEG200 Cu(OAc), NR/NR’
17 NaOH Ss PEG200 Cu(OAc), 58/21'
18 K>CO3 Na,S-5H,0 PEG200 Cu(OAc), 48/52)
19 K»CO3 KSCN PEG200 Cu(OAc), 0/100'
20 K,CO3 Na,S,03 PEG200 Cu(OAc), NR/NR’
21 K,CO3 Ss PEG200 Cu(OAc), 0/100¢
The bold letters represent the most effective reaction conditions.
2 Reactions conditions: 4-iodoanisole (1 mmol), triphenyltin chloride

(0.35 mmol), Sg (1.5 mmol), Cu salts (10 mol %), KF (3 mmol), base (2 mmol), sol-
vent (2 mL).

4-Methoxy diphenyl sulfide.
Diphenyl sulfide.

Optimal reaction conditions.
KF (2 mmol).

f KF (1.5 mmol).

& 70 °C.

" S¢ (1 mmol).

! Cu(OAc), (5 mol %).

1 Without KF.

X Without 4-iodoanisole.

b
c
d
e

these solvents the most effective were DMF and PEG200 (Table 1,
entries 5-8). Among the copper salts tested, the most suitable
was Cu(OAc), (Table 1, entries 9 and 10). In the absence of KF, no
product was observed (Table 1, entry 16). No improvement in yield
was observed when other S-sources; Na,S, KSCN, and Na,S,0s3,
were used (Table 1, entries 18-20). The optimized reaction condi-
tions were found to be Sg (1.5 mmol), KF (3 mmol), K;CO3 (2 mmol)
in the presence of catalytic Cu(OAc), (10 mol %) in PEG200 or DMF.

In order to examine the reaction scope, a series of structurally
diverse aryl halides were reacted with triphenyltin chloride under
the optimized reaction conditions in PEG200. The reactions pro-
duced the corresponding phenyl aryl sulfides in moderate to excel-
lent yields ranging from 70% to 95% (Table 2). Interestingly, aryl
bromides and chlorides which are relatively unreactive substrates,
were also converted to the corresponding aryl phenyl sulfides in
good yields (Table 2, entries 7-15). It was observed that aryl
halides with electron-withdrawing groups showed greater activi-
ties than those with electron-donating groups (Table 2, entries
2-6), and sterically demanding substrates gave the desired prod-
ucts in good yields (Table 2, entries 4 and 9). The reaction of
dihalogenated 1-bromo-4-chlorobenzene was also studied to
investigate the selectivity of the reaction. The bromide functional
group showed higher reactivity (Table 2, entry 15) and this selec-
tivity allows the remaining active halide site to potentially undergo
further functionalization. Benzyl bromide and benzyl chloride sat-
isfactorily underwent C-S bond formation (Table 2, entries 16 and

Table 2
Synthesis of phenyl aryl/benzyl sulfides from the reaction of aryl/benzyl halides with
triphenyltin chloride

Cu(OAc); (10 mol%), Sg (1.5 mmol), KF (3 mmol) s

R-X + PhsSnCI rR° ph
K,CO3 (2 mmol), PEG(200), 60-80 °C
R = Aryl, Benzyl X =1, Br, Cl
Entry RX Product T(°C) Time (h) Yield® (%)

R S S .
2 Me04©7l MeOOS@ 70 7 89
3 Me4<\:/>7l MeOS@ 70 5 87
QSQ 70 5 86

5 ozw@l om@s@ 60 1 95
6 NC@I NcOs@ 60 15 95
@s@ 80 10 83
8 v )er me—( )= ) s 17 80
QSQ 80 17 80

10 OZNOBr ow@s@ 60 4 91(89)°
1 v e wo{ ps<{ ) 60 5 92
12 ) == 80 29 70
13 ond po o ) ) 60 14 83
14 v o wo{ )ps<{ ) 60 16 81
15 o pu o{ )y ) 7 10 79

16 @cmsr @cms \ ) 80 2 85
Orema ()

17 chs— ) 80 5 74

@ Isolated yield.

" In parenthesis; yield performed using 1-bromo-4-nitrobenzene (10 mmol), Cu
(OAc),; (10 mol %), triphenyltin chloride (3.5 mmol), Sg (15 mmol), KF (30 mmol),
PEG200 (20 mL), K,CO3 (20 mmol).

17). It was also shown that the method was suitable for large scale
reactions. For this purpose, the reaction of 1-bromo-4-nitroben-
zene with triphenyltin chloride was scaled-up 10 times and the
desired sulfide was isolated in 89% yield (Table 2, entry 10).

To ascertain the nature of the reaction mechanism and illustrate
the efficiency of this method, a control experiment was performed
using thiophenol (instead of Ph3SnCl/Sg) and 4-iodoanisole under
same reaction conditions. It was observed that both the desired
product and the diphenyl disulfide by-product were obtained after
24 h (Scheme 1). The results show that when thiophenol was used
directly, both the deactivation of Cu(OAc), (an extended time was
required for complete conversion) and oxidation to diphenyl disul-
fide by air in the presence of Cu(OAc), occur,” while the PhsSnCl/Sg
system generates thiophenol or thiolate in situ relieving these
difficulties.

Although the exact mechanism of this reaction is not clear, on
the basis of preliminary results (Table 1, entries 1, 6, 16, 17, and
20), control experiment, and related studies,'*™!'” we believe that
potassium disulfide is initially produced from the reaction of Sg

Cu(OAc); (0.1 mmol), s
! SH K2CO3 (2 mmol)
. AR N + s—s
PEG (2 mL), 70 °C, 24 h
MeO @mb) MeO 78% 22%

Scheme 1. Control experiment.



194

with KF. Potassium disulfide then reacts with Cu(OAc), to generate
copper sulfide which reacts with triphenyltin chloride by oxidative
addition to form intermediate 1. Intermediate 1 is transformed into
intermediate 2 via phenyl group migration. Dissociation of
intermediate 2 via reductive elimination gives two intermediates,
3 and 6, of which intermediate 3 is transformed into
intermediate 4 in the presence of K,COs. The aryl/benzyl halide
reacts with intermediate 4 by oxidative addition to form
compound 5, which undergoes reductive elimination to afford
the product and releases Cu(ll) (Scheme 2). Intermediate 6 then
reacts with potassium disulfide to give intermediate 7 which is
capable of transfer to intermediate 3. Intermediate 3 could also
produce diphenyl disulfide when Et3N was used instead of K,CO3
in DMF (Table 1, entry 1). Further studies regarding the
mechanism are ongoing.

As shown in Scheme 1, in the synthesis of phenyl aryl/benzyl
sulfide the Ph3SnCl/Sg system acts as a thiolating agent. To demon-
strate this, the reaction of iodobenzene with Sg was investigated
under same reaction conditions. It was found that the reaction
did not take place in the absence of Ph3SnCl. Interestingly, upon
increasing the reaction temperature to 100 °C, two products,
thiophenol and diphenyl sulfide, were detected.

The above observation encouraged us to investigate the possi-
ble synthesis of symmetrical diaryl sulfides from the C-S coupling
reaction of aryl halides and Sg. lodobenzene was chosen as a model
substrate to optimize the reaction conditions (Table 3). Increasing
the reaction temperature to 110 °C led to an increased conversion
to diphenyl sulfide (Table 3, entry 2). The base also affected the
yield of the desired product. When Et3N was used under the same
reaction conditions, the yield of the desired product decreased to
30% (Table 3, entry 3). Cs,C0O3 was found to be the most appropri-
ate base and no undesired thiophenol was detected (Table 3,
entry 4). When dioxane and EtsN were used under the same
reaction conditions, thiophenol was formed as the main product
(Table 3, entry 7).

Further optimization of the reaction conditions revealed that
PEG200 and Cu(OAc), were the most suitable solvent and catalyst,
respectively. With optimized conditions in hand, a number of aryl
halides were examined to explore the reaction scope (Table 4). Aryl
halides possessing electron-donating and electron-withdrawing
groups afforded the corresponding diaryl sulfides in good yields
(Table 4). A steric effect was observed, for instance, p-iodotoluene
and p-bromotoluene gave the desired products in 90% and 72%
yields, respectively (entries 3 and 8), while 80% and 61% yields
were obtained, respectively, in the cases of o-iodotoluene and

Ph-Sn-Cu- s F-S-S, s-8,
Ph-Sn-Cu-S PR R Ko Ko S KES S
$-S S s, 8
7 F-S-§ S-§
-cu'
_osn'! RX >‘< 2cu"
PhS-Cu-R
Ph-S-Cu-S-Ph 5 S
3 PhsCu' cul | >cu
. s
Et NJ J )/\ Ph;SnCI
3!
K,COs s
Ph-S-S-Ph N .
Ph-S-Cu-S-Ph CI=Cug | ~Cu-SnPhy
3 Ph p
c-cul > cu-soen
Et;N Us o —tumsn
s
> 2
Ph K.
Ph-S-S-Ph z
- Ph-Sn-Cu-
Ph-sncucl — K FSncu
Ph-Sn-Cu-S
6 7

Scheme 2. Proposed mechanism for the synthesis of phenyl aryl/benzyl sulfides
catalyzed by Cu(OAc),.
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Table 3

Optimization of the reaction conditions for the conversion of iodobenzene to diphenyl

sulfide using Sg*

!
o

Cu salt (cat), KF, base
t(°C), solvent, 7 h

SAsHeN

Entry Base Solvent T (°C) Cu salts GC yield"’ (%)
1 K,CO3 PEG200 100 Cu(OAc), 65/35
2 KCO3 PEG200 110 Cu(OAc),  80/20
3 EtsN PEG200 110 Cu(OAc), 30/70
4 Cs,CO3 PEG200 110 Cu(OAc), 100/0
5 Cs,C0;  DMF 110 Cu(OAc),  100/0
6 Cs,CO3 dioxane 110 Cu(OAc), 72/28
7 EtsN dioxane 110 Cu(OAc), 0/100
8 Cs,CO;  PEG200 110 Cu(OAc), 100/0¢
9 Cs,C03 PEG200 110 Cul 96/0
10 Cs,C03 PEG200 110 CuCl, 96/0
11 Cs,C03 PEG200 110 Cu(OAc), 100/0¢
12 Cs,C03 PEG200 110 Cu(OAc), 93/0°
13 Cs,C03 PEG200 110 Cu(OAc), 100/0°®
14 Cs>C03 PEG200 110 Cu(0ACc), 70/30"

The bold letters represent the most effective reaction conditions.
@ Reaction conditions: iodobenzene (1 mmol), Sg (0.5 mmol), Cu salts (10 mol %),
KF (1 mmol), base (2 mmol), solvent (1.5 mL).

" Diphenyl sulfide,
¢ Thiophenol,

4 KF (2 mmol), Sg (1 mmol) and Cu(OAc), (15 mol %).

€ Sg (1 mmol).

T KF (1.5 mmol).
& Cu(OAc); (0.2 mol %).
' Cs,C053 (1 mmol).

Table 4
The reaction of various aryl halides with Sg for the synthesis of symmetrical diaryl
sulfides”
X . s
@/ . s Cu(OAG), (10 mol%), Cs2COs5 (2 mmol) @/ \@
PEG (1 mL), 110 °C, KF (1 mmol)
R R R
R =H, p-NO,, p-CN, p-OMe, p-CH3, 0-CH3 X =1,Br, Cl
Entry  ArX Product Time (h)  Yield® (%)
O OO ;.
2wl o wol po{ pow 15w
5wl wl sl e 12w
vs -
4 e QS 16 90
Me
5 OZN@\ OZNQSONOQ 2 80
O OO oo
8 Me@Br Me@SOMe 25 72
Me,
e O
9 e QS 30 61
Me
e I s ¥ @ TR
v e Ow 0w
e O OO s @
bl wle e w
W e e w w

@ Reactions conditions: aryl halide (1 mmol), Sg (0.5 mmol), KF (1 mmol), Cu
(OAc), (0.1 mmol), Cs,CO3 (2 mmol), PEG200 (1.5 mL).
b Isolated yield after column chromatography.
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F-S-S_ S-S,
AT KX TKE§ 9
S8 .S S, S
F-S—S S-S
X I
AX \ 2Cu
\7/\Ar8 -Cu-Ar
S
PR
cul | >cu
ArsCu'! S
/@ )/\ AX
Cs,CO3 cu! )\(/S\)‘(
2ArSH cus | cu
Ar Ar ST Ar
Wet solvent S‘ 1
x-cul Scu-x
S
1 2
204" Ar

Scheme 3. Proposed mechanism.

o-bromotoluene (Table 4, entries 4 and 9). Aryl chlorides could also
be transformed into diaryl sulfides under the same reaction condi-
tions in moderate to good yields (Table 4, entries 12-14).

On the basis of our observations (Table 3, entries 4, 6, and 7) and
previously reported mechanism'#" we believe that the synthesis of
the symmetrical diaryl sulfides proceeds through a mechanism
similar to that suggested for the synthesis of phenyl aryl/benzyl
sulfide (Scheme 3). Copper sulfide reacts with the aryl halide by
oxidative addition to give intermediate 1 and gives intermediate
2 via aryl group migration. The thiol can be generated by the
reaction of intermediate 2 with wet-PEG. The thiol then reacts
with Cu(Il) in the presence of Cs,COs; to form an organocopper
species which undergoes oxidative addition with the aryl halide.
Finally, reductive elimination occurs to produce the symmetrical
diaryl sulfide.

Conclusions

In summary, we have developed an efficient methodology for
the synthesis of phenyl aryl/benzyl sulfides via the C-S bond
formation reaction of triphenyltin chloride with aryl/benzyl
halides using Sg as a sulfur surrogate and Cu(OAc), as catalyst.
Additionally, symmetrical diaryl sulfides were obtained from the
copper-catalyzed reaction of aryl halides and Sg. These procedures
offer several advantages. First, the synthesis of structurally diverse
symmetrical and unsymmetrical sulfides in good to high yields has
been reported. Second, the in situ release of thiol makes the meth-
ods more practical for C-S bond formation. Third, commercially
available, inexpensive and chemically stable sulfur sources,
starting materials, and catalyst have been used. Further studies
on additional applications for this methodology are currently
underway in our laboratory.
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