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1. Introduction

Sulfur containing compounds are common and useful motifs
in numerous natural products, functional materials, and
other biologically active molecules, and also serve as versatile
intermediates in organic synthesis."> Especially in the phar-
maceutical industry, the impact of organosulfur compounds
is extraordinary (Scheme 1). A recent survey of pharmaceuti-
cals revealed that more than 20% of the top 200 brand name
drugs, as measured by U.S. retail sales and total U.S.
prescriptions in 2011, contain organosulfur structures.?
Therefore, developing simple, efficient and practical methods
to construct these molecules attracted considerable attention.
Over the past three decades, many successful tools for ligand-
assisted Cu-catalyzed Ullmann-type C-S cross-coupling reac-
tions have been established for the preparation of organo-
sulfur molecules, which have been well-reviewed by several
groups.*”® However, compared with C-N and C-O coupling
reactions, the Cu-catalyzed C-S bond formations are less
studied, partially due to the strong coordinating and adsorp-
tive properties of sulfur-containing compounds which lead to
catalyst poisoning and render the catalytic reactions ineffec-
tive.* In addition, the thiols used as the sulfur source generally
have unpleasant smell and are easy to be oxidized during the
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group
arylthiopyridine 1-oxide derivatives and arylthioanilines/phenols have been successfully synthesized,

tolerance and chemoselectivity. The corresponding 2-

achieving good to excellent yields across over 49 examples.

whole process.' Much effort is then still needed to further
improve the efficiency and generality of copper-based S-ary-
lation reactions.

Organobismuth compounds, a class of organometallic
reagents, exhibit several important applications in the field of
medicinal chemistry, material science and organic synthesis,
attributable to their facile preparation, low or non-toxic, chemical
stability and high reaction activity."*** Among these, trivalent
organobismuths such as triarylbismuths (Ar;Bi) have proved to be
a kind of effective alternative arylating agents, supplanting the
frequently used aryl halides and arylboronic acids, in copper-
mediated C-S cross-coupling reactions."*” Recently, our group
reported that copper pyrithione (bis(1-hydroxy-1H-pyridine-2-thi-
onato-O,S)copper, CuPT) could act as both the coupling partner
and copper center for C-S coupling reactions with aryl iodides and
bromides as the arylating reagents. In this process, CuPT could be
S-arylated smoothly under conventional heating (80 °C for ArI and
100 °C for ArBr) or microwave irradiation (110 °C for ArI and 130 °©
C for ArBr) with high yields and excellent functional group toler-
ance.'® On the other side, we also found that Ar;Bi could serve as
arylating reagents in Cu-promoted N-arylation of secondary and
some heteroaryl and aliphatic primary amines with high effi-
ciency." Based on these, we reasonably considered whether Ar;Bi
instead of arylhalides could be more efficient for the C-S coupling
reaction with CuPT as the green sulfur source. Therefore, we
herein wish to report our results on the employment of Ar;Bi as
mild and efficient arylating reagents in Cu-based C-S coupling
reactions for the synthesis of 2-arylthiopyridine 1-oxide derivatives
and arylthioanilines/phenols with over 49 examples (Scheme 2).

2. Experimental
2.1 General methods

Unless otherwise stated, all reagents were purchased from
commercial suppliers (such as Adamas-beta and Energy
Chemical) and were used without further purification. Column

RSC Adv, 2023, 13, 33167-33174 | 33167


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra06582k&domain=pdf&date_stamp=2023-11-09
http://orcid.org/0000-0002-0491-6361
https://doi.org/10.1039/d3ra06582k
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06582k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA013047

Open Access Article. Published on 10 November 2023. Downloaded on 1/20/2026 1:57:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

9y

O\\S//O F N\>_
e
5l mHAN :

View Article Online

Paper

=
~F | OCH;
'}‘ ’/S\\
0 0 © HsCO  OCH,
5-HTp inhibitor PSN-GK1 Anti-breast cancer agent
H3C OCH
% ac Py Swi
H3CO N N \ CHs H-C ~CHs
e W ooy
N © N=/ cN
Bicalutamide Esomeprazole Cimetidine
Scheme 1 Some representative S-containing scaffolds in biologically active molecules.
Cu(OAc),, Et;N Ry
ArzBi  + (hetero)ArR;NH » Ar=N
DCE, 90 °C, O, Ar(hetero)
' S '
CuPT L Xy U SAr CuPT . :
Ar_x - ! I N _ - Ar ;BI/."\.(:;Sb .
NaOH, EtOH/H,0 | ~=.0 Pyr., OMF 5
X=ClLBr, | 80-100°C ; 50°C SH |cusoy, Pyr.
i 49 examples, up to 99% yield 2~ |DMF, 50°C
PreViOUS \’.rorks : Af3B|fAf3Sb as aryl source o ‘ .
il ' Green sulfur source HzN/HO A :
+ High efficiency S’
+ Good functional groups compatibility
Y . | '
' . —OH/NH; !
i | This work S ) 2o

Scheme 2 Previous works and our work for the S-arylatin with ArsBi or ArsSb.

chromatography and thin-layer chromatography were per-
formed with silica gel (200-300 mesh) and GF,s, plates
purchased from Qingdao Haiyang Chemical Co. Ltd. '"H NMR
and "*C NMR were recorded on a Bruker Avance III HD 400
instrument using TMS as the internal standard and DMSO-d, or
CDCl; as the solvent. High-resolution mass spectrum (HRMS)
was recorded on a Thermo Scientific LTQ Orbitrap XL instru-
ment under the ESI or APCI ion source.

2.2 Ar;Bi or Ar;Sb used in this work

Ph;Bi and Ph;Sb were purchased from Adamas-beta and used
without further purification. Other triarylbismuths and triar-
ylantimonys were synthesized according to the reported
methods.*?

2.3 General procedure for the reaction between CuPT and
Ar;Bi or Ar;Sb

To a 25 mL Schlenk tube was added CuPT (0.30 mmol), Ar;Bi
or Ar;Sb (0.30 or 0.60 mmol), pyridine (0.30 mmol) and DMF

33168 | RSC Adv, 2023, 13, 33167-33174

(1 mL). The mixture was stirred at 50 or 70 °C for 12 hours
under air. After cooling to room temperature, saturated brine
was added and the mixture was extracted with ethyl acetate
(3 x 10 mL). The organic phase was collected, dried
over anhydrous Na,SO,, filtered, and concentrated under
reduced pressure. The residue was purified by flash column
chromatograph on silica gel (petroleum ether: ethyl acetate
= 1:1 as the eluent) to afford the target products 3a-3q in
Table 2.

2.4 General procedure for the reaction between NaPT and
Ar;Bi or Ar;Sb

To a 25 mL Schlenk tube was added 2-mercaptopyridine N-oxide
sodium (NaPT) salt (0.30 mmol), Ar;Bi or Ar;Sb (0.30 or 0.60
mmol), CuSO,-5H,0 (0.15 mmol), pyridine (0.30 mmol) and
DMF (1 mL). The reaction was carried out under the same
conditions as the synthesis for the reaction between CuPT and
Ar;Bi or Ar;Sb as mentioned before to afford the target products
3a-3j, 31 and 3m in Table 4.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Scope for the coupling reactions between CuPT and ArsBi or ArsSb®

Pyridine, DMF R
50°C,12h

CuPT + ArsBi/ArsSb
1 2

©/S\©
_ ——R
/f}rl\o 7

3a-3q

Scope for Ar;zBi and ArsSb (20 examples)

CLO
/l:_l\é

3a, 96% 3b, 91%P

OO0 OO

39,

3e, 90%P.c 3f, 86%"

Me
N5 220 ~¥0 Me

3¢, 93%

3d, 93%

: OMe

99% 3h, 90%"

X

CLCL CLOr Lt RGN
No £Bu N0 Ng F N5 cl

3i, 84%0°C 3j, 96%°

3m, 68%” 3n, 75% b ¢

3k, 99%°

CLoO. Lo, Ty e
/N‘ Ph /N‘ CF /N /[‘\_l\(_)
30, 96°/bC

31, 92%°

3p, 76%°¢ CHO

G GO RO e

3q, 92%"° 3a, 99%¢

3c, 95%¢

31, 93%

“ Reaction conditions: 1 (0.3 mmol) 2 (0.3 mmol, 1.0 equlv) pyridine (0.3 mmol, 1.0 eguw ), DMF (1 mL), 50 °C, 12 h, open air; isolated yield (based

on CuPT with double pyrthione). ?

2.5 General procedure for the reaction between Ar;Bi with
aminobenzenethiols or mercaptophenols

To a 25 mL Schlenk tube was added aminobenzenethiol or
mercaptophenol (0.30 mmol), Ar;Bi (0.30 mmol), Cu(OAc),
(0.30 mmol), pyridine (0.30 mmol) and DMF (1 mL). The
mixture was stirred at 50 °C for 12 hours. After cooling to room

33170 | RSC Adv, 2023, 13, 33167-33174

Reaction at 70 °C. ¢ Ar;Bi (0.6 mmol, 2.0 equlv)

Yield for Ar;Sb (0.6 mmol, 2 equiv.).

temperature, saturated brine was added and the mixture was
extracted with ethyl acetate (3 x 10 mL). The organic phase was
collected, dried over anhydrous Na,SO,, filtered and concen-
trated under reduced pressure. The residue was purified by
flash column chromatograph on silica gel (petroleum ether:
ethyl acetate = 20:1 or 5:1 as the eluent) to afford the target
products 6a-6f and 7a-7g in Table 5.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06582k

Open Access Article. Published on 10 November 2023. Downloaded on 1/20/2026 1:57:16 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

3. Results and discussion

As shown in Table 1, the reaction conditions were initially
explored using CuPT (1) and Ph3Bi (2a) as the model
substrates. Being a bispyrithione-copper(i) complex of CuPT,
2 equiv. of Ph;Bi relative to CuPT was firstly used as the ary-
lating reagent and without the addition of any other copper
source for this transformation. Screening the solvent indi-
cated that DMF was the best one and exhibited an excellent
yield (99%) of the desired product 3a (entries 1-5). Among
various bases examined, organic bases, such as pyridine, Et;N
and DIPEA demonstrated higher yields than inorganic bases,
but decreasing the amount led to inferior results (entries 6-
13). Interestingly, we were pleased to find that reducing the
Ph;Bi amount to 1.0 equiv. did not decrease the efficiency and
gave the coupling product in 97% yield (entry 14). This result
indicated that all the phenyl groups could be transferred
from Ph;Bi in the reaction; however, further reducing the
amount resulted in an obviously decreased yield (entry 15).
Lower results were observed when dropping the reaction
temperature or shortening the reaction time (entries 16-19).
Finally, in the C-S coupling reaction between CuPT and
Ph;Bi, ayield of 96% was gained when 1.0 equiv. Ph;Bi as well
as 1.0 equiv. of pyridine were used in DMF at 50 °C for 12 h in
the open air (entry 18), which was chosen as the optimal
conditions.

With the optimal conditions in hand, the substrate scopes
of Ar;Bi were subsequently investigated. As indicated in Table
2, a wide range of diverse triarylbismuths could be coupled
with CuPT efficiently, giving the corresponding 2-arylthiopyr-
idine 1-oxide derivatives with high yields in general (3a-3q),
which needed to increase the reaction temperature and/or the
loading of triarylbismuths for some cases. It is clear that the
electronic factor has only a slight impact on the efficiency, as
triarylbismuths  bearing  electron-donating, electron-
withdrawing, or electron-neutral groups at the para-, meta-,
or ortho- positions of the aromatic ring performed well under
the optimal conditions. Notably, sterically hindered substrates
could be converted without any difficulty in the protocol,
including 2-methyl, 2,4-dimethyl, 2-methoxy, and 1-naphthyl
substituted compounds (3b, 3e, 3f and 3q). In view of hyper-
valent organoantimony compounds previously used as aryl
donors in some coupling reactions,**** we explored the feasi-
bility of Ar;Sb in the current reaction. Fortunately, it is notable
that Ar;Sb could act as an efficient arylating partner for the
C-S crossing coupling as well, affording the desired products
in 93-99% yields under the optimal reaction conditions (3a, 3¢
and 31).

Considering that the CuPT complex can be easily synthe-
sized from NaPT and CuSO, in alkali solution, a mixture of
NaPT and external copper source was then tested as an alter-
native to CuPT for both the catalyst and coupling partner in the
reaction. As shown in Table 3, after evaluating the effects of the
copper sources and base, it could be seen that the optimal
conditions employed 0.5 equiv. of CuSO,-5H,0, 1.0 equiv. of
Ph;Bi and 0.5 equiv. of pyridine relative to the amount of NaPT

© 2023 The Author(s). Published by the Royal Society of Chemistry

Table 3 Optimization of the copper-promoted coupling reaction between NaPT and Ph3Bi“

[Cu], pyridine

+

PhsBi

"0

DMF, 50 °C, 12h

2a

3a
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in DMF at 50 °C for 12 h under ambient conditions, generating
the 95% yield of the coupling product 3a (entry 11). As
summarized in Table 4, triarylbismuths with a variety of func-
tional groups have also been successfully applied to the S-ary-
lation of NaPT and exhibited a broad substrate scope and
compatibility, giving the similar high yields with CuPT. More-
over, the ArzSb compounds have also been demonstrated to be
suitable for these coupling reactions with 70-96% yields (3a, 3c,
3j and 3l).

Having established the method for S-arylation of CuPT or NaPT
with triarylbismuths or triarylantimonys, the possibilities of che-
moselective arylation of aminobenzenethiols or mercaptophenols
were evaluated under the same reaction conditions, which was
listed in Table 5. Similar to the S-arylation of NaPT, the present
protocol tolerates various functional groups in the substrate along
with high levels of chemoselectivity (chemoselectivity order S >N >
0).* The -OH or -NH, groups bearing at ortho-, meta- or para-
position of aminobenzenethiol or mercaptophenol all did not

View Article Online

RSC Advances

influence the activity under the optimized conditions, further
showing the non-obvious steric effect of the present catalytic
system.

On the basis of the experiment results and the related
reports,"** a plausible reaction mechanism for the Cu-
promoted S-arylation reactions with triarylbismuth reagents
under basic condition was illustrated in Scheme 3. The catalytic
process was similar to that of the Cu-promoted N-arylation of
secondary and primary amines with triarylbismuths that we
reported very recently.’® The first step of the reaction would be
the formation of a copper(m) intermediate I from Ar;Bi,
Cu(OAc), and the S-containing nucleophiles (CuPT, NaPT and
ArSH), through the process of disproportionation of copper(i)
species, transmetallation of aryl moiety from the bismuth to
copper center, and deprotonation of the S-nucleophiles by
pyridine. Then, the reductive elimination of I gave the S-arylated
products and copper(1) acetate.

Table 5 Selective C-S coupling of ArszBi with aminobenzenethiols or mercaptophenols®

@—s\ ArsBi
HN=/  Ar Cu(OAc), 2

)
Ar/ \ ’\OH

Cu(OAc),
6a-6f pyridine, DMF pyridine, DMF 7a-Tg
50 °C, 12 h 50 °C, 12 h

Scope for amino(hydroxy)benzenethiol (13 examples)

L0 L™

6a, 66% 6b, 72%
gaelene!
NH, Cl NH, CF3
6¢c, 72% 6d, 67%
SQ JORE
HoN
6e, 73% OMe 6f, 76%

OO0 O

7a, 99% 7b, 83%
OMe
fj T OO0
HO Cl HO
7c, 75% 7d, 85%
T OO
HO
7e, 76% 7f, 74%
L
OH
79, 81%

“ Reaction conditions: aminobenzenethiols or mercaptophenols (0.3 mmol), Ar;Bi (0.3 mmol, 1.0 equiv.), Cu(OAc), (0.3 mmol, 1.0 equiv.), pyridine
(0.3 mmol, 1.0 equiv.), DMF (1 mL), 50 °C, 12 h, sealed tube; isolated yield.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Base
+

2 cu'(OAc),
ArsBi & Nu I
+ Cu, Nu-Ar
Ar OAc
Nu-H |

0'® I
AcO Base-H Cu(GA9)

+ Ar,Bi(OAc)
+Cu'(OAc)

Nu-H: CuPT, NaPT and ArSH

Scheme 3 Proposed mechanism for Cu-promoted S-arylation reac-
tions with ArzBi.

4. Conclusions

In summary, an efficient approach has been developed for
copper-promoted C-S crossing coupling reactions by using tri-
arylbismuth and antimony reagents under mild conditions.
Applying this method, the S-arylation of CuPT or NaPT pro-
ceeded effectively and displayed good functional group
compatibility in the presence of a variety of triarylbismuth or
antimony reagents, giving the corresponding 2-arylthiopyridine
1-oxide derivatives in good to excellent yields. Moreover, the
reaction shows effective chemoselectivity for S-arylation of
aminobenzenethiols or mercaptophenols. This protocol
provides a new tool for the synthesis of C-S coupling products
with green sulfur sources and Ar;Bi/Ar;Sb as arylating reagents.
Further applications of triarylbismuths and triarylantimonys
with other coupling partners are in progress.
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