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Deoxygenation of Sulfoxides with Dimethylthiocarbamoyl Chloride
in the Absence of Additional Solvent
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Abstract A simple and effective method of sulfoxide deoxidation is reported. Without any additional solvent, a series of
aliphatic and aromatic sulfoxides could react with dimethylthiocarbamoyl chloride at 100 ‘C to afford the corresponding thi-
ocethers in moderate to excellent yields. This reaction is compatible with a number of functional groups and is suitable for
gram-scale synthesis. A mechanism involving the formation of a thiosulfoxide intermediate and its degradation to thioether and
elemental sulfur is proposed for the reaction.
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fered from the use of contaminative and/or smelly reagents,
functional group incompatibility, harsh reaction conditions,
and difficult workup procedures. Moreover, these deoxy-
genation reactions are always performed in hazardous or-
ganic solvents, of which the dryness and purity affected the
yields of thioethers dramatically, and only limited examples
of deoxygenation were reported under solvent-free condi-

1 Introduction

The deoxygenation of sulfoxides to the corresponding
thioethers is an important reaction due to its considerable
application in chemical and biochemical synthesis.['! Over
the past decades, a broad range of reagents, like various
low-valent metallic species [e.g., NbCls/Zn, HfCls/Zn,

WClg/n-BuLi],”” metal hydride reagents [e.g., CoCl,e
6H,O/NaBH,, diisobutylaluminum hydride (DIBAH),
LiAlH4],! metal powder [e.g., Fe, Mg, phospho-
rus-containing compounds [e.g., PCl;, Pals, CIP(OEt),],I”
thionating reagents [e.g., Lawesson’s reagent, P4Sio,
PSBr;],[ halide ions [e.g., THO/KI, ascorbic acid/NBS,
benzyl DABCO bromide],[? hydrogen,® boranes [e.g.,
Bacaty, Me;BBr, BH3/MoO,Cly],”! silanes [e.g., SixMe,
HReO4/PhSiHj;, B(CeFs)3/PhSiH;],1'% and sulfinyl chlorides
[e.g., CF5SOCI, CH3;SOCI]"'Y have been utilized to effect
such transformation. However, most of the protocols suf-

tions. Therefore, it is worthwhile to develop a facile ap-
proach for the deoxygenation of sulfoxides with readily
available reagents under metal-free as well as solvent-free
conditions.

On the other hand, dimethylthiocarbamoyl chloride
(DMTCQC) is generally used as a cost effective and com-
mercially available thiocarbamoylating agent to react with
C-, N-, O-, and S-centered nucleophiles, with the formation
of thioamides,!'? thioureas,!'?! carbamothioates,['¥ and
carbamodithioates.'y DMTCC also serves as a sulfur
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source in Newman-Kwart rearrangement, which permits the
straightforward preparation of thiophenols from the corre-
sponding phenols via a thermal O-aryl to S-aryl rear-
rangement of aromatic carbamothioates.['*! Nonetheless, the
applications of DMTCC in other reactions, rather than thi-
ocarbamoylation and Newman-Kwart rearrangement, were
rarely studied. Inspired by the Newman-Kwart rearrange-
ment and continuing our research interest in sulfur chemis-
try,['”l we envisioned that DMTCC may be used as a thio-
nating reagent to reduce sulfoxides under appropriate con-
ditions. From the operational perspective, the use of
DMTCC as a thionating reagent would be more advanta-
geous than Lawesson’s reagent or P4S;o, as DMTCC is
odorless and exists as stable crystalline materials at room
temperature that can be conveniently and safely handled in
typical laboratory operations. Thus, the reactions of sul-
foxides with DMTCC were investigated. As a result of these
studies, we developed a facile and efficient method for the
deoxygenation of sulfoxides in the absence of any addi-
tional solvent. It should be mentioned that, in comparison to
reactions in large amount of solvents, reactions without
additional solvents can significantly save costs, decrease
energy consumption, reduce the reactor size and capital
investment.['®! Herein, we wish to report our experimental
results and a proposed mechanism involved in the deoxy-
genation reaction.

2 Results and discussion

Our study began with the reaction of diphenyl sulfoxide
(1a) with DMTCC. Since DMTCC is a low-melting-point
solid compound (m.p. 39~43 °C) and is stable at elevated
temperatures (<150 C), its reaction with 1a was directly
performed under thermal conditions without any additional
catalyst and solvent. When 1a was treated with 1.0 equiv.
of DMTCC at 100 ‘C for 2 h, the desired diphenyl thi-
oether (2a) was produced and isolated in 81% yield along
with a small amount of intact substrate 1a. This result en-
couraged us to optimize the reaction conditions, including
reaction temperature and the loading amount of DMTCC.
As shown in Table 1, lowering the temperature to 80 C
led to a significant decrease in the yield of 2a, while the
reaction at 120 ‘C gave the same yield as at 100 C (Ta-
ble 1, Entries 2, 3). The loading amount of DMTCC also
has a great influence on the outcome of the reaction. By
working with 1.5 equiv. of DMTCC, the reaction could be
completed within 0.8 h and the yield of 2a increased to
87% (Table 1, Entry 4). When the amount of DMTCC was
raised to 2.0 equiv., a higher yield was obtained (Table 1,
Entry 5). However, a further increase in the amount of
DMTCC to 3.0 equiv. could not improve the yield (Table
1, Entry 6).

With the optimal reaction conditions in hand (Table 1,
Entry 5), the generality of this DMTCC-mediated deoxy-
genation reaction was subsequently investigated, and some
of the results are summarized in Table 2. Initially, a gram-
scale synthesis was carried out under optimal conditions, in
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Table 1 Optimization of reaction conditions®

speRasicas

1a 2a
Entry DMTCC/equiv. T7/°C  Time/h  Yield”/%
1 1.0 100 2.0 81¢
2 1.0 80 2.0 704
3 1.0 120 2.0 81¢
4 1.5 100 0.8 87
5 2.0 100 0.5 92
6 3.0 100 0.5 92

© 2021 Chinese Chemical Society & SIOC, CAS

“Reactions conducted with 1 mmol of diphenyl sulfoxide under air atmos-
phere. ?Isolated yields. ¢ 14% of 1a was recovered. 26% of 1a was recovered.
¢12% of 1a was recovered.

which 90% yield of 2a could be obtained from 10 mmol
1a, indicating that the reaction can be scaled up easily.
Then, the reactivity of substituted diphenyl sulfoxide de-
rivatives was studied. When electron-donating groups,
such as methoxy and methyl groups, are attached at the
4,4'-positions of the benzene rings, diary thioethers 2b and
2¢ could be obtained in 89% and 85% yields, respectively.
However, only a complicated reaction mixture was formed
from 4,4'-diaminodiphenyl sulfoxide, suggesting that a free
amino group is incompatible in the current transformation.
With regard to electron-withdrawing groups substituted
diaryl sulfoxides, chloro and nitro groups attached at the
4,4'-positions of the benzene rings could be tolerated well,
affording the target products 2d and 2e in 87% and 60%
yields, respectively. Notably, 2,2',5,5'-tetramethyl substi-
tuted diphenyl sulfoxide could also be employed to obtain
2f in 86% yield, regardless of the large steric hindrance.
Moreover, the reaction could be extended to heteroaryl
sulfoxide 3-(p-tolylsulfinyl)-1H-indole, leading to the cor-
responding heteroaryl thioether 2g in 73% yield. Diben-
zo[b,d|thiophene 5-oxide was also amenable to this reac-
tion, giving dibenzo[b,d|thiophene 2h in 90% yield. Be-
sides diaryl sulfoxides, the reaction is also applicable for
aryl alkyl sulfoxides and dialkyl sulfoxides, affording the
corresponding thioethers 2i~20 in 81%~88% yields. It
has been reported that treatment of alkyl sulfoxides with
acid chlorides always lead to the formation of a-chloro
thioethers.l'” However, no chlorinated thioethers were
observed in the present work. More importantly, the ben-
zyl, nitro, triple bond, ester, and ketone groups on the sub-
strates remained intact under the reaction conditions (2j~
20), which further exhibits the excellent chemoselectivity
of this protocol. In contrast to the facile reaction of sulfox-
ides, no reaction was observed when diphenyl sulfone was
subjected to DMTCC even at higher temperatures. This
result suggested that the polarized nature of sulfoxides is
critical for the DMTCC-mediated deoxygenation reaction.
It should be mentioned that during the course of the
gram-scale synthesis of 2a, a light-yellow crystal was ob-
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served after the completion of the reaction. The crystal was
identified as elemental sulfur by combustion and melting
point test. To gain more insight into the mechanism of this
deoxygenation reaction, the crude reaction mixture of di-
phenyl sulfoxide 1a was investigated by means of 'H NMR
and '*C NMR spectroscopies. As a result, diphenyl thi-
oether 2a, DMTCC, and an unexpected product dimethyl-
carbamoyl chloride were determined by comparison of
their NMR spectra (see the supporting information) with
those reported in the literature.[?”) Obviously, DMTCC was
transformed into dimethylcarbamoyl chloride during the
deoxygenation process. Moreover, the intensity of the 'H
NMR spectroscopic signals of dimethylcarbamoyl chloride
is as strong as that of 2a, indicating the reaction of sulfox-
ides with DMTCC is essentially an equimolar reaction.
These results provided direct evidences of the fact that
sulfoxide is essentially reduced by the S atom of DMTCC.
Although the detailed mechanism was unclear, on the
basis of the results obtained above together with some lit-
erature reports, plausible reaction pathways were proposed
in Scheme 1. Initially, sulfoxide 1 undergoes an addi-
tion-cyclization reaction with DMTCC to form the four-
membered ring intermediate B, which further degrades into
dimethylcarbamoyl chloride and thiosulfoxide intermediate

C.[1416211 With the release of elemental sulfur, C is finally
transformed into thioether 2.[9

3 Conclusions

In summary, a facile and efficient deoxygenation of sul-
foxides is developed by the reaction of sulfoxides with
dimethylthiocarbamoyl chloride at 100 ‘C without any
additional catalyst and solvent. Notably, dimethylthiocar-
bamoyl chloride functionalizes as an odorless thionating
reagent in the reaction and can be conveniently and safely
handled in typical laboratory operations. We believe that the
ease of operation and the good tolerance of sensitive func-
tional groups will make this procedure very attractive for
reduction of sulfoxides to thioethers. Further studies on the
scope and mechanism of the reaction are underway in our
laboratory.

4 Experimental section
4.1

All other reagents were purchased from commercial
sources and used without treatment, unless otherwise indi-
cated. Reactions were routinely carried out under an atmo-
sphere with magnetic stirring and monitored by thinlayer

General

Table 2 Scope of sulfoxides 1¢
S

X
|

Cl

100 °C

R2

J0 O L, LI, LI 0, O

e
0.5h, 92% (90%)P 1 h 89% 1h, 85% 1 h 87% 2 h, 60%
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NO,
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2 h, 88%

4 Unless otherwise noted, all the reactions were conducted with sulfoxide 1 (1.0 mmol) and dimethylthiocarbamoyl chloride (2.0 mmol) at 100 ‘C under air atmos-
phere for the indicated time, and the yields were calculated based on the weight of the isolated products. » 10 mmol of 1a was used in the reaction.
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Scheme 1 Proposed reaction mechanism
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chromatography (TLC) using silica gel F254 plates. Prod-
ucts were purified by column chromatography over 200~
300 mesh silica gel under a positive pressure of air. 'H
NMR and '*C NMR spectra were recorded at 25 “C at 300
MHz (or 600 MHz) and 75 MHz, respectively, using tet-
ramethyl silane (TMS) as an internal standard. Melting
points were determined with a TECH X-4 micro-melting
point apparatus and are reported as uncorrected. All of the
substrates, 1a~1d,??! 1¢,>! 11,221 1g,[2324 1h, 251 1j[26]
1j~1Kk,?7 11,28 1m,? 1nY and 10,3" are known com-
pounds, they were synthesized according to the reported
procedures, and their analytical data are in good agreement
with those in the literatures.

4.2 General procedure for the deoxygenation of
sulfoxides

Deoxygenation of diphenyl sulfoxide 1a is described as
an example: a mixture of diphenyl sulfoxide (0.202 g, 1
mmol) and dimethylthiocarbamoyl chloride (0.247 g, 2
mmol) in a sealed tube was heated to 100 ‘C and stirred for
0.5 h. After 1a was consumed as monitored by TLC, the
resulting mixture was cooled down to room temperature,
then poured into saturated aqueous Na,CO;3 (30 mL) and
extracted with dichloromethane (20 mLX3). The com-
bined organic phase was washed with water (20 mL X 3),
dried over Na,;SOy, filtered and concentrated in vacuo. The
crude product was purified by flash column chromatog-
raphy (silica gel, petroleum ether) to give diphenyl thi-
octher 2a in 92% yield.

Gram-scale synthesis of diphenyl thioether 2a: a mixture
of diphenyl sulfoxide (2.022 g, 10 mmol) and dimethylthi-
ocarbamoyl chloride (2.472 g, 20 mmol, ) in a sealed tube
was heated to 100 C and stirred for 0.5 h. After 1a was
consumed (monitored by TLC), the resulting mixture was
cooled down to room temperature. The precipitated ele-
mental sulfur was filtered out and the filtrate was poured
into saturated aqueous Na,CO3 (50 mL) and extracted with
dichloromethane (20 mL X 3). The combined organic phase
was washed with water (20 mL X 3), dried over Na,SOs,
filtered and concentrated in vacuo. The crude product was
purified by flash column chromatography (silica gel, pe-
troleum ether) to give diphenyl thioether 2a in 90% yield.

All of the products 2a~20 are known compounds, their
analytical data are in good agreement with those in the
literatures.

Diphenylsulfane (2a):¥ Pale yellow oil. '"H NMR (600
MHz, DMSO-ds) J: 7.30 (t, J=7.2 Hz, 4H), 7.33~7.38
(m, 6H); '3C NMR (75 MHz, DMSO-ds) 6: 127.7, 129.8,
130.9, 135.0.

Bis(4-methoxyphenyl)sulfane (2b): Pale yellow solid,
m.p. 43~44 °C (lit.’? 44~45 °C); '"H NMR (300 MHz,
CDCls) o: 3.78 (s, 6H), 6.83 (d, /=9 Hz, 4H), 7.27 (d, J=
9 Hz, 4H); '3C NMR (75 MHz, CDCl;) é: 55.2, 114.6,
127.3, 132.6, 158.8.

Di-p-tolylsulfane (2¢): White solid, m.p. 56~57 C
(1it.”3 56~57 C); 'H NMR (300 MHz, CDCls) d: 2.32 (s,
6H), 7.10 (d, J=7.8 Hz, 4H), 7.23 (d, J=7.8 Hz, 4H); 13C

Chin. J. Org. Chem. 2021, 41, 3330~3334
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NMR (75 MHz, CDCl;) o: 21.0, 129.8, 131.0, 132.6,
136.8.

Bis(4-chlorophenyl)sulfane (2d): White solid, m.p. 88~
89 C (1it.’* 87~88 °C); '"H NMR (300 MHz, CDCls) &:
7.23~7.30 (m, 8H); '*C NMR (75 MHz, CDCl;) §: 129.4,
132.2,133.4, 133.9.

Bis(4-nitrophenyl)sulfane (2e): Yellow solid, m.p.
163~164 C (1it.?1 161~164 C); 'H NMR (300 MHz,
CDCl) o: 7.50 (d, J=8.6 Hz, 4H), 8.22 (d, J=8.6 Hz,
4H); 3C NMR (75 MHz, CDCl;) §: 124.6, 131.1, 142.6,
147.1.

Bis(2,5-dimethylphenyl)sulfane (2f):*? Colorless oil; 'H
NMR (300 MHz, CDCls) 0: 2.22 (s, 6H), 2.33 (s, 6H), 6.88
(s, 2H), 6.97 (d, J=7.8 Hz, 2H), 7.11 (d, J=7.8 Hz, 2H);
13C NMR (75 MHz, CDCl;) §: 19.9, 20.9, 127.8, 130.2,
131.5,133.9, 135.6, 136.2.

3-(p-Tolylthio)-1H-indole (2g): White solid, m.p. 124~
126 C (it 128 ~130 C); 'H NMR (300 MHz,
CDCl) o: 2.24 (s, 3H), 6.97 (d, J=8.1 Hz, 2H), 7.02 (d,
J=38.1 Hz, 2H), 7.15 (td, J=7.5, 1.0 Hz, 1H), 7.22~7.25
(m, 1H), 7.41 (d, J=8.1 Hz, 1H), 7.44 (s, 1H), 7.61 (d, J=
7.6, 1H), 8.31 (s, 1H); '3C NMR (75 MHz, CDCl;) &: 20.8,
102.9, 111.5, 119.5, 120.7, 122.8, 126.1, 128.9, 1294,
130.5, 134.6, 135.3, 136.3.

Dibenzo[b,d|thiophene (2h): White solid, m.p. 98~
100 C (1it.2399~100 C); 'H NMR (300 MHz, CDCI;)
0: 7.42~7.49 (m, 4H), 7.82~7.89 (m, 2H), 8.14~8.17
(m, 2H); '3C NMR (75 MHz, CDCls) &: 121.5, 122.7,
124.2,126.6, 135.4, 139.3.

Methyl(p-tolyl)sulfane (2i):['% Pale yellow oil. '"H NMR
(300 MHz, CDCl3) o: 2.31 (s, 3H), 2.47 (s, 3H), 7.10 (d,
J=8.1, 2H), 7.19 (d, J=8.1 Hz, 2H); '3C NMR (75 MHz,
CDCl) 0: 16.7,20.9, 127.2, 129.6, 134.3, 135.1.

Benzyl(p-tolyl)sulfane (2j): White solid, m.p. 44 ~
45 C (lit.s9 44~46 C); 'H NMR (600 MHz, CDCI;) 6:
2.30 (s, 3H), 4.06 (s, 2H), 7.06 (d, J=7.2 Hz, 2H), 7.20~
7.22 (m, 3H), 7.26 (s, 4H); 1*C NMR (75 MHz, CDCl5) &:
21.0, 39.6, 126.9, 128.3, 128.7, 129.5, 130.5, 132.4, 136.4,
137.6.

(4-Nitrobenzyl)(p-tolyl)sulfane (2k): White solid, m.p.
102~103 °C (1it.’a1 100~101 °C); 'H NMR (300 MHz,
CDCI3) ¢: 2.31 (s, 3H), 4.07 (s, 2H), 7.06 (d, J=8.1 Hz,
2H), 7.17 (d, J=8.1 Hz, 2H), 7.34 (d, J=8.7 Hz, 2H), 8.10
(dt, J=8.7, 2.1 Hz, 2H); '3C NMR (75 MHz, CDCls) 4:
21.1, 39.6, 123.6, 129.5, 129.8, 130.5, 131.8, 137.6, 145.8.

Dibenzylsulfane (2I): White solid, m.p. 49~50 C
(1it.21 48~49 °C); '"H NMR (300 MHz, CDCl3) 6: 3.59 (s,
4H), 7.21~7.34 (m, 10H); *C NMR (75 MHz, CDCl;) 6:
35.4,126.8, 128.3, 128.9, 138.0.

Benzyl(prop-2-yn-1-yl)sulfane (2m):** Colorless oil.
"H NMR (300 MHz, CDCl3) é: 2.29 (s, 1H), 3.07 (d, J=
2.4 Hz, 2H), 3.87 (s, 2H), 7.25~7.34 (m, 5H); '*C NMR
(75 MHz, CDCl3) o: 18.2, 35.1, 71.2, 79.7, 127.1, 128.4,
128.9, 137.3.

Ethyl 2-(benzylthio)acetate (2n): White solid, m.p. 58~
60 °C (1it.?% colorless oil); 'H NMR (300 MHz, CDCls)
0: 1.29 (t, J=7.1 Hz, 3H), 3.06 (s, 2H), 3.83 (s, 2H), 4.17
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(g, J=7.1 Hz, 2H), 7.22~7.35 (m, 5H); C NMR (75
MHz, CDCl;) 0: 13.9, 31.8, 35.9, 60.9, 126.9, 128.2, 128.8,
136.9, 170.0.

2-(Benzylthio)-1-phenylethanone (20): White solid, m.p.
87~88 C (lit.P 87~89 C); 'H NMR (300 MHz,
CDCL) o: 3.67 (s, 2H), 3.76 (s, 2H), 7.22~7.36 (m, 5H),
7.45 (t, J=17.6 Hz, 2H), 7.57 (t, J=7.6 Hz, 1H), 7.93 (d,
J=8.1 Hz, 2H); '*C NMR (75 MHz, CDCl3) ¢: 35.7, 35.9,
127.1, 128.4, 128.5, 128.6, 129.1, 133.2, 135.2, 137.2,
194.2.

Supporting Information Copies of 'H NMR and '3C
NMR spectra for compound 2 and the crude reaction mix-
ture of 1a. Photograph for the deposition of elemental sulfur
in the vessel after the completion of the scale-up reaction of
1a. The Supporting Information is available free of charge
via the Internet at http://sioc-journal.cn/.
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