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Copper chloride-catalyzed S-arylation of arenethiols is effected with activated aryl chlorides in neat
water by using ethylenediamine as the pair ligand/base. This convenient, environmentally more friendly
procedure for the coupling of aryl chlorides allows the arylation between sterically demanding coupling
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1. Introduction

C(aryl)-S bonds are present in a large number of molecules with
interest as pharmaceuticals and as useful polymeric materials. For
this reason the development of efficient S-arylation methods is
a subject of interest in organic chemistry."? Unfortunately, tradi-
tional methods for the formation of diaryl sulfides often require
more than stoichiometric amounts of metals and harsh reaction
conditions. For example, coupling of thiolates with aryl halides
involves the use of polar solvents such as toxic HMPA at high
temperatures (around 200 °C), and reduction of aryl sulfones and
sulfoxides requires strong reducing agents such as DIBALH or LAH.3
On the other hand, modern transition-metal-catalyzed cross-cou-
pling reactions of aryl halides with thiols enable the synthesis of
aryl sulfides in good yields under milder reaction conditions.# De-
spite the early work of Migita and co-workers,> catalytic methods
for the S-arylation of thiols have not received much attention
compared with metal-catalyzed formation of N-aryl or O-aryl
bonds until very recent times. In this context, C-S bond formation
reactions catalyzed by transition metals such as palladium,® nickel,’”
cobalt,® iron® or copper!® have been reported during the last years.
Nevertheless, the development of Cu-catalyzed methods for ary-
lation of thiols is still attractive owing to the advantages of copper
over other metals, like its price and minor toxicity.

In this sense, metal-catalyzed processes in green media are in-
teresting not only from an economical perspective but also because
of its more limited environmental impact, an aspect of the synthetic
procedures that cannot be overlooked nowadays. In fact, over the
last years the increasing worldwide public interest in environ-
mental issues had led to a change in chemical research strategies
concerning the development of sustainable protocols and the use of
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nontoxic chemicals, renewable reagents and environmentally
friendly solvents.!!

Considering the lack of green chemical methods to synthesize
aryl thioethers and their considerable interest, our group de-
veloped an efficient protocol for the copper chloride-catalyzed S-
arylation of aryl thiols with aryl iodides and bromides in water.!"
Then, in order to further develop the method we decided to extend
it to the employment of aryl chlorides as arylating agents because
of their wider availability and lower cost. Furthermore, only few
examples for metal-catalyzed S-arylation of thiols involving aryl
chlorides have been reported.5¢#10¢12

2. Results and discussion

Initially, we studied the reaction of thiophenol 1a and phenyl
chloride 2a under conditions reported for S-arylation of thiols with
aryl iodides.’® However, the corresponding coupling product 3a
was not detected in the reaction mixture, even when reaction time
was prolonged to 72 h. Negligible yields were also obtained when
other copper sources (Cul, Cuy0, Cu, Cu/Cu;0, Cu(OAc),, Cu(OTf)y),
amines (ethylendiamine, DABCO, TMEDA, DMEDA, p-glucosamine,
urea) or combinations of diamines and different bases (K,COs,
CsCO3, KOH, K3P04) were employed.

Despite this unsatisfactory outcome, we decided to test the
methodology in the coupling of activated aryl chlorides. Indeed, the
presence of electron-withdrawing substituents in the aryl ring
could possibly facilitate the otherwise troublesome oxidative ad-
dition step. As an additional measure, water was degassed in order
to avoid undesirable side-reactions like disulfide formation. We
found that previously reported conditions worked quiet well for
the S-arylation of thiophenol 1a with 4-nitrophenylchloride 2a
(Table 1, entry 1). Aiming at an improvement of the latter results,
we screened a variety of amine ligands using 10 mol % CuCl as the
copper source (Table 1, entries 2-9; Fig. 1).1 It was observed that
the best yields were obtained when ethylenediamine (EDA) or
tetramethylethylenediamine (TMEDA), amines of quite different
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Table 1
Screening of the reaction conditions®”

| 10 mol% [Cu]

O™ e O
+
ON H,0, 120 °C NO,
1a 2a 3a

Entry [Cu] Ligand Yield® (%)
1 CuCl I 65

2 CucCl 11 80

3 CuCl 111 85

4 CuCl 1\% 90

5 CuCl \% 60

6 CucCl VI 60

7 CuCl VII 70

8 Cucl v 22

9 CuCl IX 19
10 Cul 1\% 88
11 Cu0 1\% 50
12 Cu 1\% 58
13 Cu/Cu,0 1\% 80
14 Cu(OAC), v 48
15 Cu(OTf), 1\ 80

@ Reaction conditions: 0.5 mmol PhSH, 1 mmol ArCl, 10 mol% [Cu], 2 mmol L,
6.5 mL of H,0, 120 °C.

b H,0 was degassed.

€ Yield of isolated product.

d Cs,C03 (2 mmol) was added to p-glucosamine hydrochloride.

basicity, was employed. These comparable results are in agreement
with the hypothesis that, unlike other coordinating and structural
properties, the basicity of the amine does not have a determining
role in the process.

We then examined the effect of the copper source on the cou-
pling reactions (Table 1, entries 4, 10-15).5%12 Cu(1), Cu(ll) and
Cu(0) demonstrated the ability to catalyze the reaction, thus sug-
gesting common oxidation states in the catalytic cycle,'* but Cu(l)
salts were found to be superior.

To expand the scope of the reaction, a number of aryl thiols and
activated aryl chlorides were employed. As can be seen in Table 2,
a number of diaryl sulfides 3 were obtained in moderate to good
yields. It should be pointed out the similar or higher yields obtained
for some already known sulfides, which had been also prepared
from aryl iodides and bromides (entries 1-3).1°%¢" Nevertheless,
longer reaction times were required when using chlorides as ary-
lating agents.

Interestingly, the present procedure was shown to work par-
ticularly well in the coupling of partners bearing sterically de-
manding ortho-substituents such as acetyl and nitro groups or
a fused benzene ring. In fact, the coupling of thiols 1 with
o-chloroacetophenone 2b, 2-nitro-4-trifluoromethyl-chlorobenzene
2c and 2-chloro-5-trifluoromethylacetophenone 2d was found to
proceed in good to excellent yields (entries 2, 6,10 and 3, 16 and 4,

O,NHz NMe, NHMe NH,
“NH, NMe, NHMe NH,

[ [ n v
NHMe H OH
[ N N N_O_OH  HN
NMe [Sj [ j L] =0
[ N N HO" ‘NH, HzN
NHMe Me OH

v v Vil Vil IX

Figure 1. Ligands employed for the S-arylation assays.

1501
Table 2
Coupling of aryl chlorides with aryl thiols*®
Al-sH +  A-cl 10mO% CUCl  aft-g=p?
4 eq. EDA
1 2 H,0, 120 °C 3
Entry Product 3 (%)
S
1 Sae! wor
NO,
O
2 gsé 3b (95)°
NO,
S
3 ©/ 3¢ (97)¢
CF,
O
i ot
CF,
NO,
O
6 3\5 3f (95)°
g
7 cpel
(0}
8 % ) | D 3h (85)°
_N
9PN
CF3
(0]
MeO
S
: jome!
MeO NO,
S
12 /©/ 31 (39)¢
MeO Q{ (39)
(e}
S
. o i
MeO SO,Me
S X
14 | I 3n (65)°
MeO Z

(continued on next page)
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Table 2 (continued )

Entry Product 3 (%)

(0)

MeO CF,

NO,

S
i 7
MeO CF,

¢ Reaction conditions: 0.5 mmol PhSH, 1 mmol ArCl, 10% CuCl, 2 mmol EDA,
6.5 mL H,0, 120 °C.

> H,0 was degassed.

¢ Yield of isolated product.

4 Determined by 'H NMR on the basis of the amount of starting Ar'SH. Bis-
(ethylene glycol) dimethyl ether was used as internal standard.

30 (70)°

3p (95)°

9, 15, respectively). Surprisingly, the reactions with p-chloro-
acetophenone 2e, however, afforded the corresponding diaryl
sulfides 3 only in moderate yields (entries 7 and 12). In contrast,
when a highly electron-withdrawing nitro group was the sub-
stituent in para position excellent yields were achieved (entries 1, 5
and 11). Similarly, the employment of p-chloropyridine provided
the corresponding diaryl sulfides in good yields (entries 8 and 14).

3. Conclusion

In summary, we have reported a practical, environmentally
more friendly procedure for the copper-catalyzed S-arylation of
thiols with activated chlorides on water that proceeds in good
yields. The protocol, although limited to the coupling of aryl chlo-
rides substituted with electron-withdrawing groups, is of poten-
tially practical utility because of the low cost and availability of aryl
chlorides and the advantages associated to the use of water.

4. Experimental section
4.1. General remarks

All reagents employed in the assays were purchased and used
without further purification. The reactions were carried out under
argon and water was distilled and degassed. TLC was carried out on
silica gel (silica gel 60 F,54, Merck), and the spots were located with
UV light. Flash chromatography was carried out on SiO; (silica gel
60, Merck, 230-400 mesh ASTM). Drying of organic extracts after
work-up of reactions was performed over anhydrous Na;SOg4. IR
spectra were recorded on a Perkin-Elmer 1600-FT infrared spec-
trophotometer as KBr plates or as neat liquids and peaks are
reported in cm~ . Melting points were measured in a Biichi appa-
ratus and are uncorrected. 'H and >C NMR spectra were recorded
in CDCl3 solution in a Bruker AC-300 and chemical shifts are
reported in parts per million downfield (d) from Me4Si. Low and
high resolution mass spectra were recorded at the University of
Vigo on an VG Autospec M instrument.

4.2. General method for the synthesis of diaryl thiols 3

A screw-capped tube was charged with thiol 1 (0.5 mmol), aryl
chloride 2 (1.0 mmol), CuCl (0.05mmol), ethylenediamine
(4.0 mmol) and degassed water (6.5 mL) under nitrogen at room
temperature. The reaction mixture was heated to 120 °C for 36 h,
allowed to cool to room temperature and the resulting mixture was
extracted with CH,Cl; (3 x5 mL). The combined organic layers were
dried over anhydrous sodium sulfate and concentrated under

reduced pressure. The residue was purified by silica gel flash col-
umn chromatography to afford the corresponding compound. All
physical data of the known compounds (3a-¢,%%' 3e,1%4 3j—n 16 and
3p°) were in agreement with those reported in the literature.

4.2.1. 2-Acetyl-4-trifluoromethylphenyl phenyl sulfide (3d)

Yield 136 mg (0.46 mmol), 92%, yellow oil. IR (neat): » (cm™!)
3064, 1680, 1611, 1334, 1265, 1233, 1177, 1124. '"H NMR (300 MHz,
CDCl3): 6 8.05 (d, J=6.0 Hz, 1H), 7.52-7.57 (m, 2H), 7.26-7.49 (m,
4H), 6.94 (d, J=8.5 Hz, 1H), 2.71 (s, 3H). '3C NMR (75 MHz, CDCl3):
0197.7,147.9,135.5,133.4,131.7,130.0,129.6,128.1 (q, J=3 Hz), 127.9,
127.3 (q, J=4 Hz), 126.2 (q, J=33 Hz), 123.6 (q, J=272 Hz), 27.9. MS
(EI) m/z: 297 (M+1, 15), 296 (M, 100), 282 (15), 281 (77), 261 (29),
253 (10), 234 (10), 233 (46), 205 (45), 202 (12), 184 (55), 183 (15).
HRMS (EI): calculated for C;5H11F30S 296.0483; found 296.0486.

4.2.2. 2-Acetylphenyl naphthyl sulfide (3f)

Yield 132 mg (0.47 mmol), 95%, yellow oil. IR (neat): » (cm™1)
3053, 1671, 1585, 1458, 1432, 1352, 1247, 1131, 1048. 'H NMR
(300 MHz, CDCl3): 6 7.88-7.82 (m, 3H), 7.55-7.50 (m, 3H), 7.23-7.17
(m, 2H), 6.96-6.91 (m, 1H), 2.69 (s, 3H). *C NMR (75 MHz, CDCl3):
6 199.1, 141.9, 134.7, 133.9, 133.1, 132.1, 131.5, 130.6, 129.3, 1284,
127.8,127.7,127.0,126.6,124.4, 28.2. MS (EI) m/z: 279 (M+1,18), 278
(M, 100), 263 (54), 236 (20), 235 (93), 234 (96), 233 (13), 232 (14),
202 (29),189 (13), 144 (16), 137 (29), 117 (11). HRMS (EI): calculated
for C1gH140S 278.0765; found 278.0768.

4.2.3. 4-Acetylphenyl naphthy! sulfide (3g)

Yield 32 mg (0.12 mmol), 23%, white solid. Mp: 88-90 °C. IR
(KBr): » (cm™") 3052, 1679, 1396, 1356, 1261, 1093, 816. 'H NMR
(300 MHz, CDCl3): 6 8.12 (s, 1H), 7.98-7.86 (m, 5H), 7.54-7.42 (m,
3H), 7.31-7.24 (m, 2H), 2.58 (s, 3H). °C NMR (75 MHz, CDCl3):
0 197.0, 144.7, 134.5, 133.8, 133.3, 132.9, 130.3, 129.4, 129.3, 128.9,
127.8,127.7,127.6,127.0,126.8, 26.4; MS (EI) m/z: 279 (M+-1,17), 278
(M, 83), 263 (100), 235 (29), 234 (58), 202 (24). HRMS (EI): calcu-
lated for C1gH140S 278.0765; found 278.0768.

4.2.4. Naphthyl 4-pyridyl sulfide (3h)

Yield 100 mg (0.30 mmol), 85%, white solid. Mp: 82-84 °C. IR
(KBr): » (cm~1) 3032, 1568, 1537, 1405, 1354, 809. '"H NMR (300 MHz,
CDCl3): 6 8.34(d, J=4.4 Hz, 2H), 8.10 (s, 1H), 7.90-7.81 (m, 3H), 7.59-
750 (m, 3H), 6.97 (d, J=5.9 Hz, 2H). 13C NMR (75 MHz, CDCls):
6 150.0, 149.4, 135.0, 133.8, 133.3, 131.0, 129.6, 127.8, 127.4, 126.9,
126.6,120.9. MS (EI) m/z: 338 (M+1, 20), 337 (M, 100), 336 (53), 204
(12). HRMS (EI): calculated for C15H11NS 237.0612; found 237.0611.

4.2.5. 2-Acetyl-4-trifluoromethylphenyl naphthyl sulfide (3i)

Yield 121 mg (0.25 mmol), 70%, yellow oil. IR (neat): » (cm™!)
3055, 1678, 1610, 1334, 1266, 1234, 1177, 1123, 1049, 817. 'TH NMR
(300 MHz, CDCl3): 6 8.14 (s, 1H), 8.08 (s, 1H), 7.91-7.83 (m, 3H),
7.59-7.49 (m, 3H), 7.38 (d, J=8.5 Hz, 1H), 6.98 (d, J=8.5 Hz, 1H). 1°C
NMR (75 MHz, CDCl3): 6 197.6, 147.8,135.5,133.9, 133.4,133.3, 1314,
129.7, 128.9, 128.1, 128.0, 127.9, 127.8, 127.3, 127.2, 126.8, 126.0 (q,
J=33Hz),123.6 (q,J=272 Hz), 27.9. MS (EI) m/z: 347 (M+1, 26), 346
(M, 100), 331 (40), 303 (50), 302 (21), 284 (12), 283 (57), 235 (13),
234 (70), 232 (12), 205 (22), 144 (17). HRMS (EI): calculated for
Cy9H13F30S 346.0639; found 346.0634.

4.2.6. 2-Acetyl-4-trifluoromethylphenyl 4-methoxyphenyl
sulfide (30)

Yield 79 mg (0.24 mmol), 70%, white solid. Mp: 76-78 °C. IR
(KBr): » (cm™1) 2939, 1679, 1611, 1592, 1494, 1463, 1335, 1235, 1123,
1045, 830. 'H NMR (300 MHz, CDCl3): 6 8.04 (s, 1H), 7.48-7.40 (m,
3H), 6.98 (d, J=8.8 Hz, 2H), 6.90 (d, J=8.5 Hz, 1H), 3.86 (s, 1H), 2.70
(s, 3H). 3C NMR (75 MHz, CDCl3): 6 197.7, 160.9, 149.3, 137.4, 132.8,
1281 (q, J=4 Hz), 1274 (q, J=4 Hz), 127.3, 125.9 (J=33 Hz), 123.7
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(J=272 Hz), 121.9, 115.6, 55.4, 28.0. MS (EI) m/z: 327 (M+1, 17), 326
(M, 100), 311 (42), 296 (10), 268 (35), 240 (11), 239 (17), 203 (13),
171 (20), 124 (37), 121 (12). HRMS (EI): calculated for C1H;3F302S
326.0588; found 326.0581.
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