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An efficient and mild oxidative approach from
thiols to sulfonyl derivatives with DMSO/HBr¥

Hongye Wang, Zhaoting Li, Rongheng Dai, Ning Jiao® and Song Song@*

A mild and practical method for synthesizing sulfonyl derivatives, which have a wide range of applications in

pharmaceuticals, materials, and organic synthesis, was described through the oxidative functionalization of
thiols with DMSO/HBr. The simple conditions, low cost and ready availability of DMSO/HBr, as well as the
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versatility of the transformations, make this strategy very powerful in synthesizing a variety of sulfonyl

derivatives including sulfonamides, sulfonyl fluorides, sulfonyl azides, and sulfonates. Mechanistic studies
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Introduction

Sulfonyl derivatives including sulfonyl halides, sulfonamides,
sulfonyl azides etc. have a myriad of applications in pharma-
ceuticals, agrochemicals, and materials (Fig. 1).* For instance,
sulfonyl halides are vital protecting reagents, versatile partners
for cross-coupling reactions, and important synthetic interme-
diates.” Sulfonamides are some of the most important motifs in
pharmaceuticals, and 25% of the FDA approved drugs from
2016 to 2018 contain the sulfonamide moiety.> Many strategies
for the synthesis of sulfonyl derivatives have been developed,
including transition-metal catalyzed coupling reactions,* elec-
trochemical C-H activation,® nucleophilic reaction of sulfinate
salts,® and the design of new sulfonylating reagents.” These
elegant strategies provide new protocols to access sulfonyl
derivatives and push this field forward.

Compared with the above strategies, the oxidative function-
alization of commercially available thiols with nucleophiles
represents one of the most convenient protocols to synthesize
sulfonyl derivatives. In this transformation, the thiol motif
couples with a nucleophile with two oxygen atoms introduced
into the sulfur center simultaneously. Thus, the oxidant plays
a dominant role in these reactions.®* Many oxidative function-
alization reactions of thiols employed stoichiometric oxidants,
such as oxone,** Cu(OAc),,* PhI(OAc),,* 1,05,* TBHP,* select-
fluor¥ etc., which suffer from narrow substrate scope, low atom
economy, and sometimes harsh reaction conditions® (Scheme
1A). Recently, Noél° and coworkers developed an elegant elec-
trochemical oxidative functionalization of thiols with KF or
amines for the efficient synthesis of sulfonyl fluorides and
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revealed that DMSO served as the terminal oxidant, and HBr acted as both a nucleophile and a redox
mediator to transfer the oxygen atom.

sulfonamides, which features broad substrate scope, high atom
economy, and environmentally friendly reagents (Scheme 1B).
Despite the significance of previous work, it is still highly
desirable to develop a practical and efficient protocol to access
sulfonyl derivatives with commercially available chemicals,
mild reaction conditions, and broad substrate scope.

DMSO, as a common solvent, could serve as an oxidant,
catalyst, or reagent in organic synthesis.’® Compared with other
solvents, DMSO could donate its O atom in many reactions to
construct diverse C=0 or C-OH bonds."* However, it is very
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Fig.1 The application of sulfonyl derivatives.
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Scheme 1 Oxidative functionalization of thiols.
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hard to donate the O atom of DMSO to heteroatoms. HBr, as the
byproduct of the bromination industry, is inexpensive and
readily available. The combination of DMSO and HBr could
achieve many brominations' and has been widely applied in
the synthesis of natural products, drugs, and materials."
Recently, Chen and coworkers reported a cyclization reaction
enabling convenient construction of thiophene derivatives with
DMSO/HBr.** Based on our previous research on halogena-
tion,” herein, we disclose the Ni(OTf), catalyzed oxidative
bromination of thiols with DMSO and HBr to afford sulfonyl
bromides (Scheme 1C). The synthesis of other sulfonyl deriva-
tives is also achieved by a one-pot procedure. Mechanistic
studies reveal that HBr acts as both a nucleophile and a redox
mediator to transfer the O atom of DMSO, which serves as the
terminal oxidant.

Results and discussion

Compared with aromatic thiols, the oxidative bromination of
aliphatic thiols is less documented. Thus, we chose octane-1-
thiol 1 as the model substrate (Table 1). The oxidative bromi-
nation of 1 was performed with 48% aqueous HBr (1.5 equiv.) in
DMSO at 40 °C for 12 hours under air, and no sulfonyl bromide
2 was obtained (entry 1). We then investigated the influence of
solvent with 5 equiv. of DMSO as the oxidant (entries 2-4) and
found that DCM was the best solvent to deliver 2 in 32% yield
(entry 4). The study on the equivalent of DMSO revealed that 3.5
equiv. of DMSO as the oxidant afforded 2 in 57% yield (entries
4-6). The yield increased to 74% when acetic acid solution of
HBr was employed instead of aqueous solution (entry 7). The

Table 1 Optimization of the reaction conditions®

DMSO
Catalyst (10 mol%
Me/\Hs/\SH + HBr _Catalyst (10 mol%) Me/\Hs/\SOQBr
Solvent, 40 °C, 12 h
1 1.5 equiv 2

Entry Catalyst HBr DMSO Solvent Yield of 2°
1 — 48% HBr in H,0 — DMSO 0%

2 — 48% HBr in H,0 5equiv. ~MeCN 0%

3 — 48% HBr in H,O 5 equiv. EtOAc 11%

4 — 48% HBr in H,0 5 equiv. @~ DCM 32%

5 — 48% HBr in H,0 3.5 equiv. DCM 57%

6 — 48% HBr in H,0 2 equiv. @~ DCM 27%

7 — 33% HBr in AcOH 3.5 equiv. DCM  74%

8 Ni(OTf), 33% HBrin AcOH 3.5 equiv. DCM  91% (86%)°
9 AgOTf  33% HBrin AcOH 3.5 equiv. DCM 84%

10 Sc(OTf); 33% HBrin AcOH 3.5 equiv. DCM  87%

119  Ni(OTf), 33% HBrin AcOH 3.5 equiv. DCM  87%

12 Ni(OTf), 33% HBrin AcOH — DCM 0%

13 Ni(OTf), NaBr in AcOH 3.5equiv. DCM 0%

14°  Ni(OTf), 33% HBrin AcOH 3.5equiv. DCM  74%

¢ The solution of 1 (0.50 mmol), catalyst, DMSO, and HBr (0.75 mmol) in
anhydrous DCM (2.0 mL) was heated at 40 °C for 12 h. ? Yields were
determined by "H-NMR using 1,1,2,2-tetrachloroethane as the internal
standard. ¢ Isolated yield. ¢ Under an argon atmosphere. ¢ At room
temperature.
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Lewis acid catalyst was beneficial for present oxidative bromi-
nation (entries 8-10). With 10 mol% Ni(OTf), as the catalyst,
this reaction delivered 2 in 91% yield (entry 8), and other Lewis
acid catalysts such as AgOTf and Sc(OTf); were also suitable
(entries 9 and 10). The oxidative bromination of 1 underwent
smoothly under an argon atmosphere, which indicated that the
molecular oxygen was not the oxidant (entry 11). Without
DMSO, the sulfonyl bromide 2 was not detected, revealing the
dominant role of DMSO in the present reaction (entry 12). This
reaction could not proceed when HBr was replaced by NaBr,
revealing that the acidic conditions were crucial for the trans-
formation (entry 13). 40 °C is the optimal temperature for this
reaction. The yield of 2 decreased to 74% at room temperature
(entry 14).

With the optimum conditions in hand, we explored the
substrate scope of this oxidative bromination (Table 2). A broad
range of aliphatic and (hetero)aromatic thiols were all converted
to sulfonyl bromides smoothly with good to high yields. Several
linear, branched and cyclic aliphatic thiols were valid substrates
to deliver sulfonyl bromides 2-17 in satisfactory yields,
regardless of the steric hindrance or chain length. The reactivity
of secondary thiols (14-16) was lower than that of primary
thiols, so the equivalent of DMSO and HBr should be enlarged
to ensure the full conversion of substrates. Functional groups
such as ether (8), ester (7, 9), arene (5), amide (13, 37) and
sulfonamide (17) were tolerated in the reaction. Besides
aliphatic thiols, aromatic thiols were also compatible with the
current conditions (18-40). Para-substituted thiophenols
bearing electron-donating groups (18-21) or weak electron-
withdrawing groups (22-24) furnished the products in
moderate to good yields. However, thiophenols bearing strong
electron-withdrawing groups such as CN (26) or NO, (27)
suffered from a reduced reactivity, affording the corresponding
disulfides as the byproduct. Meta- (28-30), ortho- (31-32), and
di-substituted (34-35) thiophenols were also successfully con-
verted to sulfonyl bromides in good yields. To our pleasure, the
thioether group was unaffected under the standard conditions
(33), although it's considered as a reductant motif. This result
proves the good selectivity of the reaction. Besides thiophenols,
2-naphthalenethiol (36) and heteroaromatic thiols including N-
oxide pyridine (38), thiophene (39), and furan (40) also worked
well under the standard conditions, although the isolated yields
were lower. This was probably because the products 38-40 were
unstable and easily hydrolyzed to the corresponding sulfonic
acids during the isolating process. Tertiary thiol failed to deliver
the corresponding sulfonyl bromide under the standard
conditions. Although the DMSO/HBr system showed high
reactivity in bromination of electron-rich arenes,"”** no
aromatic bromination was detected in our present reaction. It is
worth mentioning that without the Ni(OTf), catalyst, the
oxidative bromination could also work smoothly to afford
products with good yields in some cases.

As sulfonyl bromides are important intermediates to access
sulfonamides. We speculated that the sulfonyl bromide gener-
ated could be converted to sulfonamide via a one-pot procedure.
By adding the reaction mixture to the DCM solution of amines,
the sulfonamides were prepared conveniently with good to high

Chem. Sci., 2023, 14,13228-13234 | 13229
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Table 2 The oxidative bromination of thiols®
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Table 3 One-pot synthesis of sulfonamides”

Ni(OTf), (10 mol%)
DMSO (3.5 equiv)

R—SH + HBr R—S0,Br
15equiy DCM,40°C,12h
Primary thiol
n=2381% ©/VSO7Br N\/ESO:Br o}
SOBr n=3,4,78% o/[v g
met n=6.2 86% Me Me  Me Sege
5,80% 6, 78% 7. 58%
SO,Br
Io) Me
MeO_~_ 508 JI_ SOBr )\Q/\ Phth
4 NS08 Mg SO,Br
Me” ~O n 2 . -\_5078,
= 0,10, 76%
8,87% 9,63% : 1 700/: 12, 42% 13,5 75%
Secondary thiol Tertiary thiol
5 Me 5
SO,Br SO,Br
‘ SO,Br TosH
O/ 07807& Me)\( : Me/FMe N-\—SO»’”‘
Me Me
14, 82% 159 77% 16,% 64% 0% 17, 53%

Aromatic thiol

S0,Br
I
SO,Br
o4

R = OMe, 31,° 85%

R = Me, 18,° 80%
R=1Bu,19°75% R=F,24°63%
R=iPr,20°66% R =CF3, 25° 56%
R=0OMe, 21°70% R =CN, 26,° 18%

R\©/SU;B|
R=Cl,22°°80% R =NO,,27°16%
M SO,B;
SO,Br SO,Br e\©/ o
MeS” : Me” : :M
eS e e Me

R = Br, 23,° 5%

R = Me, 28, 70%
R =Cl,29,¢ 59%
R=F,30°67%

gt N 33,2 50% 34°77% 35 65%
SOBr S0Br @ RN
/©/ R 50,80 @\S(M!l FS\
AcHN 5 s = Me
3622 63% 37,2 25% 38,2 37% 39,5¢ 53% 4052 41%

% The solution of thiol (0 50 mmol), Ni(OTf), (0 05 mmol), DMSO (1.75
mmol) and HBr (33% in AcOH, 0.75 mmol) in anhydrous DCM (2.0
mL) was heated at 40 °C for 12 h. Isolated yleld DMSO (2.3 mmol)
and HBr (33% in AcOH, 1 mmol) was added. © HBr (48% aqueous
solution) in EtOAc (2.0 mL) was used. ¢ DMSO (3.2 mmol) and HBr
(33% in AcOH, 1.2 mmol) were used. ¢ Without Ni(OTf),.

yields. We then evaluated different amine fragments under
these conditions with octane-1-thiol or 2-phenylethane-1-thiol
as model substrates. Aliphatic and aromatic amines, NH3, and
bioactive molecules bearing amino group performed well in the
reaction (Table 3). The chained amines including phenylethyl-
amine (41), benzylamine (42), and cyclohexylamine (44), or
cyclic amines including piperidine (46-50), azepane (51), azo-
cane (52-53), piperazine (54-55), morpholine (56), and imid-
azole (57) were compatible with the standard conditions,
delivering sulfonamides in moderate to good yields. a- or B-
Amino acid derivatives which are common motifs in drug
design were also suitable substrates (45, 58, and 60). The
chained secondary amine was converted into the corresponding
sulfonamide (61) with moderate yield. With the modification of
reaction conditions, electron-rich anilines furnished the
conversion (62-64) successfully with satisfactory yields. When
NH; was used as the nucleophile, primary sulfonamides (65-66)
were obtained in moderate yields. Pleasingly, the present
method was successfully applied in the late-stage sulfonylation
of drugs bearing amino groups. Olefin, amide, or thioether
groups (67-69) were all well tolerated. As a result, this approach
provides a novel way to prepare a set of sulfonamide analogues,
which are very important for drug discovery.*

Besides sulfonamides, the present oxidative bromination
method was also successfully applied in the synthesis of other

13230 | Chem. Sci, 2023, 14, 13228-13234

Ni(OTf), (10 mol%)
DMSO (3.5 equiv)

o Rt

DCM, 40 °C, 12 h N

@5t - vy ————— @5
then NEts, HNR'R? )

1.5 equiv

Primary amine

[oNpe]

.,“s N/\/Ph./

41,63%

o A

<P Oy o0 Q o0
P OMe
N Ph ./ NArMe - / N p D NW

42, 64% 43, 59% 44, 52% 45, 50%

Secondary amine

[oNpe]
-

)

t@\ CLO S & @ o 0

R= H, 46, 62%
R=Ph, 47,71% 49, 56% 50, 62% n=1,51,69% 53, 56%
R =Bn, 48, 60% n=2,52 59%

C}S’O O O \\ AP O O\\ ,/O
P N / N N ./ ):> ./ N ,Et
¢ SN '

v . N
b” \lcone
R = Me, 54, 69% o o R= COOMe 58, 53% o b sq0,
R = Et, 55, 68% 56, 66% 57,47% R = H, 59, 59% 60, 64% 61,°41%
Aromatic amine Ammonia

“Me 0.0 tBu O\\S’/O o‘\S’/O
S\N & \NHz./ “NH,
N

65°51%  66.961%

67, 38%

68,° 36% 69, 64%

“ The solution of thiol (0.50 mmol), Ni(OTf), (0.05 mmol), DMSO (1.75
mmol) and HBr (33% in AcOH, 0.75 mmol) in anhydrous DCM (2.0
mL) was heated at 40 °C for 12 h. The reaction mixture was added
dropwise into the solution of amine (1.5 mmol) and NEt; (4 mmol) in
DCM (1 mL) in an ice-salt bath, and then reacted for 8 h. Isolated
yield. ® The reaction mixture was added 1nto the DCM (1 mL) solution
of amines (5 mmol) and NEt; (4 mmol). ° The reaction mixture was
added into the DCM (1 mL) solutlon of amine (1.5 mmol) and NEt; (4
mmol) under a N, atmosphere. ¢ The reaction mixture was added into
the DCM (1 mL) solution of NEt; (4 mmol) under an NH; atmosphere.
¢ The reaction mixture was added into the THF (2 mL) solution of
amine (5 mmol) and NEt; (4 mmol).

valuable sulfonyl derivatives (Table 4). With inorganic Bu,NF as
the nucleophile, sulfonyl fluoride 70 was conveniently obtained
in 60% yield. The sulfonyl azide 71 was prepared by the one-pot
procedure in 77% yield with TMSN; as the nucleophile. Several
alcohols or phenols were successfully coupled with thiol to
deliver sulfonates (72-76) in good yields. Olefin, ether, halogen,
and ketone groups were tolerated under the reaction
conditions.

To test the scalability of this method, the synthesis of 18 was
scaled up to 10 mmol with 72% yield (Scheme 2A). To further
demonstrate the importance of our method, it was applied in the
synthesis of tolbutamide, which is used in the management of
type II diabetes mellitus."” Oxidative functionalization of p-tol-
uenethiol produced sulfonamide 77 in 71% yield, which under-
went further acylation to deliver tolbutamide (Scheme 2B).*®

To further understand the mechanism of the reaction, some
control experiments were conducted. In order to detect the
possible intermediates, we monitored the reaction at different
times under standard conditions. The reaction afforded
product 2 in 40% yield along with disulfide 78 in 55% yield at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 One-pot synthesis of sulfonyl derivatives

Ni(OTf), (10 mol%)
DMSO (3.5 equiv)
DCM, 40°C, 12 h

O+ + ver

1.5 equiv then [Nu]

o
.7(‘85*Nu . = Me’HﬁJ’{

Alcohols and phenols
O, 0 Q,

N o)

OMe
S/'O Ph o\\S//O O\\Sl/o /©/
0 " @ o

72, 66% 73,69% 74,70%

TMSN; : o Ph
! 9
o o 1.\ O OMe X ¢l
2 7% @ o Ph
./ \N3l e e
: (e}

HaC OMe  s?

O

,77% 75,71% 76, 62%

“ The solution of thiol (0.50 mmol), Ni(OTf),(0.05 mmol), DMSO (1.75
mmol) and HBr (33% in AcOH, 0.75 mmol) in anhydrous DCM (2.0
mL) was heated at 40 °C for 12 h. Then, for oxidative fluorination: the
reaction mixture was added dropwise into the solution of TBAF (2.5
mmol) and NEt; (3.5 mmol) in DCM (1 mL) in an ice-salt bath. The
mixture was stirred at r.t. for 8 h. For oxidative azidation: the reaction
mixture was added dropwise into the solution of TMSN; (1.5 mmol)
and NEt; (4 mmol) in DCM (1 mL) in an ice-salt bath. The mixture
was stirred at r.t. for 8 h. For oxidative esterification: the reaction
mixture was added dropwise into the solution of alcohol (1.5 mmol)
and NEt; (4 mmol) in DCM (1 mL) in an ice-salt bath. The mixture
was stirred at r.t. for 8 h. Isolated yield.

1 h (Scheme 3A). As the reaction proceeded, the yield of 2
increased while disulfide 78 was consumed continuously,
revealing that 78 was the intermediate of this reaction (Scheme
3A). When the reaction was performed with 0.2 equiv. of HBr,
only 12% yield of 2 was obtained along with disulfide 78 (33%)
and S-octyl octane-1-sulfonothioate 79 (54%) (Scheme 3B, eqn
(a)). 75% yield of 78 and 23% yield of 2 were detected with 1.5
equiv. of DMSO as the oxidant (Scheme 3B, eqn (b)). These
results indicate that DMSO and HBr both play important roles
in this oxidative bromination reaction. Then we isolated the
plausible intermediates disulfide 78 and S-octyl octane-1-
sulfonothioate 79, which were subjected to the reaction
system with different amounts of DMSO (Scheme 3C, eqn (c)
and (d)). Disulfide 78 could not be converted to 2 without
DMSO, and the yield of 2 increased with the addition of DMSO
(eqn (c)). 79 could be converted to 2 (31%) and 78 (46%) by
simply stirring with HBr without DMSO. An enhanced amount
of 2 was produced with the addition of DMSO (eqn (d)). It
should be noted that using 2 equiv. of DMSO gave the highest
yield of 2. This result suggests that 78 and 79 are intermediates
for the formation of 2. When DMSO"® was used in the standard
reaction, the '®0-labeled product 46 was detected although the

A) Gram-scale experiment

MeOSH +  HBr

1.5 equiv
p-toluenethiol, 10 mmol

Ni(OTf), (10 mol%)
DMSO (3.5 equiv)

— > Me SO2Br
DCM, 40°C, 12 h

18,1694, 72%
B) Synthesis of Tolbutamide

3 0,
Ni(OTf)2 (10 mol%) 0 0 O
Me :

DMSO (3.5 equiv) O\\S//O nBu N
p-toluenethiol

S
DCM, 40°C, 12 h ~ N=C=0 \NAN/”B“
T 0L NHy T - NN

Me of 18 Mo

77, 71% Tolbutamide

then NH;

Scheme 2 Gram-scale experiment and application.
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A) Kinetic experiments (R = nC;H;s)

Ni(OTf), (10 mol%)

HBr (1.5 equiv;

R sH (15eq )
DMSO (3.5 equiv)

DCM, 40 °C

R g SR+ Rs0.8r

78 2

—s— Yield of 78

—=— Yield of 2

5 10 15

Reaction Time (h)

B) Control experiments (R =nC;H4s)

Ni(OTf), (10 mol%)
HBr (0.2 equiv)

S _R
RYNSH ——— = r g SR+ R/\,/S\\ 7+ R s0,8r  (ed.a)
DMSO (3.5 equiv) oo
1 DCM, 40°C,12h 78, 33% 79, 54% 2,12%
Ni(OTH), (10 mol%)
HBr (1.5 equiv) S. R o SUR A~
N, S —— g O~ + R™ SQ + R7 "SO,Br b
RT7SH  pmso(15equiv) R S o 2 (€q-b)
! DCM, 40°C, 12h 78, 75% 79, race 2,23%
C) Intermediate characterization (R =nC;Hs)
HBr (1.5 equiv) HBr (1.5 equiv) R/\SO Br
Ni(OTH), (10 mol%) H Ni(OTf), (10 mol%) 2
Ao SR/ ——— o, oSN S\ R/ 2 - T,
R7TS™UNT DMso (xequiv) R SO2Bri R _SC DMSO (X equiv) N
78 DCM, 40°C, 12 h 2 H DCM, 40°C, 12 h
79 R/\S,S\/R
(eq.c) (eq. d) 78

wm Yield of 2 we= Yield of 78 e Yield of 79 wemm  Yield of 2

w— Yield of 78

Yield (%)

Equivalent of DMSO Equivalent of DMSO

D) '®0-labeling experiments (R = nC7Hys)

DMSO™ (3.5 equiv) 0, 0"
~ Ni(OT#), (10 mol%), HBr (1.5 equiv) RSN
DCM, 40 °C, 12 h; then NEt3, Piperidine O
180-46, detected

(eq. e)

DMSO (3.5 equiv), H;0" (5 equiv) 00" 0, 0™
~ Ni(OT); (10 mol%), HBr (1.5 equiv) RN + RN
R”sH €
DCM, 40 °C, 12 h; then NEt;, Piperidine

180,-46, detected  180-46, detected

Scheme 3 Mechanistic studies.

'8O-labeled ratio was low. The result reveals that DMSO
participates in the oxygenation process (Scheme 3D, eqn (e)).
Performing the reaction in the presence of H,O" (5 equiv.)
afforded 46 in a higher '®0O-labeled ratio (eqn (f)). These results
indicate that DMSO performs the oxygenation process via H,O
as the intermediary, and HBr is the key mediator to transfer the
oxygen atom of DMSO to the product.

On the basis of the above results, a plausible mechanism was
proposed (Scheme 4). Initially, HBr is oxidized by DMSO to
afford H,O and DMS:-Br,,"”**" which disproportionates to
produce HBrO, HBr and DMS. The Br" species can oxidize thiol
to afford disulfide and regenerate HBr simultaneously, which
would be oxidized by DMSO again to deliver DMS-Br, or HBrO.
The disulfide is further oxidized to deliver R-S(0)-S(O)-R via R-
S(O)-S-R by HBrO.* As a result, HBrO serves as a direct oxidant
while DMSO serves as a terminal oxidant. Next, the rearrange-
ment of R-S(0)-S(O)-R produces R-SO,-SR through a free
radical process.”* In the subsequent step, R-SO,-SR undergoes

Chem. Sci., 2023, 14, 13228-13234 | 13231
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Scheme 4 Proposed mechanism.

nucleophilic attack by HBr to afford the target product sulfonyl
bromide and thiol with the assistance of Ni(OTf),. The
produced thiol enters a new reaction cycle to be converted to
sulfonyl bromides by DMSO/HBr.

Conclusions

In summary, we describe a novel and general approach to access
various sulfonyl derivatives through oxidative functionalization
of thiol with DMSO and HBr. This method features mild reac-
tion conditions, available reagents, and broad substrate scope,
and thus proved useful in the synthesis of various sulfonyl
derivatives. Mechanistic studies reveal that DMSO served as the
terminal oxidant, and HBr acts as a nucleophile and a redox
mediator to transfer the oxygen atom of DMSO.
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