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Selective C(sp*)—S bond breaking and transformation remains a particularly important, yet challenging goal
in synthetic chemistry. Over the past few decades, transition metal-catalyzed cross-coupling reactions
through the cleavage of C(sp®-S bonds provided a powerful platform for the construction of target
molecules. In contrast, the selective activation of widespread C(sp®)-S bonds is rarely studied and
remains underdeveloped, even under relatively harsh conditions. Herein, a radical-mediated
electrochemical strategy capable of selectively activating C(sp®)-S bonds is disclosed, offering an

unprecedented method for the synthesis of valuable disulfides from widespread thioethers. Importantly,
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Accepted 5th December 2022 compared with conventional transition-metal catalyzed C-S bond breaking protocols, this method

features mild, catalyst- and oxidant-free reaction conditions, as well excellent chemoselectivity towards

DOI: 10.1039/d25c05507d C(sp®-S bonds. Preliminary mechanistic studies reveal that sulfur radical species are involved in the
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Sulfur-containing compounds are not only widely found in
natural products, pharmaceuticals, fragrances and agrochemi-
cals, but are also important precursors and intermediates in
synthetic chemistry.* Therefore, the chemical reactions of these
valuable compounds through carbon-sulfur (C-S) bond activa-
tion would have a broadly beneficial impact on both synthetic
and medicinal chemistry. Thus, the past several decades have
witnessed the study of an array of transition-metal catalysts for
C-S bond activation and transformation via oxidative addition
(Scheme 1a).>* Although numerous significant advances have
been made in this research area, there are still some limi-
tations:** (1) the oxidative addition to C-S bonds generally
requires elevated temperature; (2) the resulting metal-sulfur
bond is stable, and therefore, a compatible nucleophilic reagent
should be used to facilitate the following transmetalation step
and establish a catalytic cycle; (3) since oxidative addition of the
C(sp?)-S bond is often more kinetically favorable than that of the
C(sp®)-S bond, transition-metal catalyzed C-S bond trans-
formation reactions are normally chemoselective to the C(sp®)-S
bonds. In contrast, the selective activation of widespread C(sp*)-
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reaction pathway and play an essential role in controlling the site-selectivity.

S bonds is rarely studied and remains underdeveloped, even
under relatively harsh conditions. In particular, precise activa-
tion and transformation of one of the two C(sp?)-S bonds of
unsymmetrical dialkyl thioethers is greatly challenging, as both
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Scheme 1 (a) Transition-metal catalyzed C-S bond activation; (b)
Schematic showing a radical-mediated strategy for C-S bond acti-
vation; (c) electrochemical selective C(sp®)—S bond activation in this
work.
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C(sp®)-S bonds are very similar.>? Hence, it is significant and
meaningful to develop novel methods for selective C(sp®)-S
bond cleavage and transformation, especially under mild reac-
tion conditions.

Radical reactions have attracted extensive attention in the
last few decades, particularly, along with the development of
numerous modern techniques, including photocatalysis* and
electrocatalysis,” that enable the generation of radicals in
a controlled fashion. More often than not, radicals are highly
reactive species, which can induce the cleavage of chemical
bonds via radical hydrogen abstraction, radical substitution
reactions and so on.® Meanwhile, as unstable intermediates,
pairs of radicals also have a tendency to react with each other.
Given these well-known properties of radicals, we envisaged
a radical-mediated formal C(sp®)-S bond activation strategy for
the chemoselective conversion of unsymmetrical aryl alkyl or
dialkyl thioethers (Scheme 1b). First, the starting thioether
undergoes one-electron oxidation to form a transient radical
cation. According to the persistent radical effect,” the resulting
sulfur-centered radical cation is able to couple with a persistent
radical ('R) and form the key intermediate I. Thereafter, the
original C(sp*)-S bond of thioether is activated, which could
finally be cleaved through a heterolytic process.

Organic electrochemistry provides powerful tools to address
many challenges in synthetic chemistry.® Notably, it is one of
the most straightforward and practical means to produce
radical species by using electrons as traceless ‘“reagents” in
a sustainable manner. Herein, the electrochemical technique
was employed to investigate our proposal of radical-mediated
formal C(sp®)-S bond activation. In this transformation, thiyl
radicals were found to be effective to mediate the C-S bond
activation of thioether to afford valuable unsymmetrical disul-
fides (Scheme 1c). Various C(sp®)-S bonds could be smoothly
cleaved in a highly chemoselective manner under mild condi-
tions: (1) As for the aryl alkyl thioethers, C(sp®)-S bonds rather
than C(sp?)-S bonds were selectively cleaved; (2) With regard to
dialkyl thioethers, C(primary)-S bonds took precedence over
C(secondary)-S bonds for the desired activation, while
C(secondary)-S bonds were more favorable than C(tertiary)-S
bonds during the cleavage process.

On the basis of the above proposal, thiol was employed as a
persistent radical precursor, since the resulting thiyl radical
could be reversibly converted to disulfide under electrochemical
conditions.® In this regard, sec-butyl methyl thioether (1a) and 4-
chlorothiophenol (2a) were initially used as reaction partners to
examine the electrochemical protocol. Following extensive
screening, we were pleased to discover that the desired product
(3g) was produced in 79% yield with the use of CH;COOH as an
additive, "Bu,NPF as the electrolyte, carbon rode as the anode,
platinum as the cathode, at 25 mA and in an air atmosphere
(Table 1, entry 1). 4-Chlorothiophenol (2a) was almost
completely consumed in the reaction system (Table 1, entry 1).
Changing electrolytes as well as their amounts had little effect
on the yields (Table 1, entries 2-4). Similarly, the yield had
a slight fluctuation when we altered the amount of CH;COOH
(Table 1, entries 5-7). Further screening demonstrated that the
transformation took place smoothly with several electrode

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction conditions: carbon rod anode, Pt plate (15 mm x
15 mm x 0.3 mm) cathode, constant current (25 mA), thioether (1a, 3
equiv.), thiol (2a, 0.6 mmol), "BusNPFg (20 mol%), CHsCOOH (1.8
equiv.), and 37 °C, in CHsCN/CHzOH/DMF (10/1/2, 13 mL) in air for
12 h, and in an undivided cell, H! NMR yields were determined with
dibromomethane (CH,Br,) as the internal standard

"BusNPFg (20 mol%)
CH3;COOH (1.8 equiv.)

CH3CN/CH3OH/DMF (10/1/2 mL)
C(+) | Pt(-), 25 mA, air, 12 h

e
S

3f

SH
L
Cl
1a 2a

Entry Variation from the standard conditions Yields (%)
1 None 79 (70)*
2 "Bu,NBF4(20%) 62

3 "Bu,yNClO,4(20%) 74

4 "Bu,NBF 4(40%) 69

5 Without CH;COOH 40

6 CH;3;COOH(2 equiv.) 63

7 CH,COOH(1.6 equiv.) 73

8 c(H)c(-) 57

9 Pt(+)[Pt(—) 78

10 C(H)INi(-) 56

11 N, instead of air 78

12 25 °C 71

13 50 °C 69

“ Isolated yield in parentheses.

materials, producing the desired product in similar yields
(Table 1, entries 8-10). A high yield was obtained when the
reaction was carried out under a N, atmosphere (Table 1, entry
11). Moreover, slightly lower yields were observed at 25 °C and
50 °C (Table 1, entries 12 and 13). Note that unsymmetrical
disulfides are important compounds across many fields of
chemistry, which encourages the development of numerous
methods for their synthesis.®

With the optimum conditions in hand, we evaluated the scope
of this electrochemical C(sp*)-S bond cleavage. As can be seen in
Scheme 2, this electrochemical protocol was able to
chemoselectively cleave one of the two similar C(sp®)-S bonds
involved in unsymmetrical dialkyl thioethers. Moreover, we found
that the C(primary)-S bond is more reactive than C(secondary)-S
bonds. For example, the S-Me bonds of methyl alkyl thioethers
were precisely cleaved to form the target products (3a-3d). In
addition, highly selective cleavage of C(primary)-S bonds rather
than C(tertiary)-S bonds was observed using this protocol (3e-3i).
It is worth mentioning that unprotected alcohol was well tolerated
in this transformation (3g). Dialkyl thioethers containing levulinic
acid and ibuprofen moieties reacted smoothly with sec-butyl
methyl thioether (1a), providing desired products in 61% yields
(3h and 3i). Similarly, the C(primary)-S bond instead of the
C(quaternary)-S bond was chopped, when tert-butyl methyl
thioether was employed as the substrate (3j). Furthermore, product
3k was obtained in high selectivity, demonstrating that the
cleavage of the C(secondary)-S bond is more favored than the
cleavage of the C(tertiary)-S bond. Additionally, halogen and CF;
groups were also investigated, offering various disulfides with
moderate to good yields (3m-3p and 3r). Since electron-rich
thiophenols are easily oxidized and decomposed at the anode,
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Comparison of C-S bond cleavage of unsymmetrical alkyl thioethers®
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Scheme 2 Substrate scope of chemoselective electrochemical C—S bond activation. ? Reaction conditions: Carbon rod anode, Pt plate (15 mm
x 15 mm x 0.3 mm) cathode, constant current (25 mA), thiols (0.6 mmol), thioethers (3 equiv.), "BusNPFg (0.2 equiv.), CH;COOH (1.8 equiv.), and
37 °C, in CH3CN/CHsOH/DMF (10/1/2, 13 mL) in air for 12 h, and in an undivided cell, isolated yields; ® 4-methoxydiphenyl disulfide as the

substrate; € 1,3-dithiane (1.8 mmol) and 2a (1.2 mmol).

lower yields were observed (31 and 3q). Unfortunately, amine and
nitro groups were not compatible with this protocol (For details,
see the ESIt). Herein, this electrochemical strategy offers high
chemoselectivity for C(sp®)-S bond activation of unsymmetrical
dialkyl thioethers, which is difficult to be achieved by the previous
methods.

We next turned our attention to symmetric alkyl-sulfur-alkyl
compounds (Scheme 2). Delightfully, thiomethylation could be
smoothly achieved with dimethyl disulfide as the substrate
under the standard conditions, offering compound 3s in 60%

374 | Chem. Sci,, 2023, 14, 372-378

yield. Thus, this electrochemical protocol provides an efficient
route for thiomethylation, which is regarded as a challenging
issue in organic synthesis.®* Additionally, other symmetrical
chain alkyl thioethers were tested. Dipropyl and dinonyl thio-
ethers were also well tolerated (3a and 3t). It is worth
mentioning that dibenzyl thioether was amenable to this
protocol, offering the desired product through the cleavage of
the C(benzyl)-S bond (3d). Interestingly, 1,3-dithiane could be
smoothly converted to the ring-opening product 3v through the
cleavage of two C-S bonds.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In order to investigate the utility of this electrochemical
method, thioethers involving both C(sp*)-S and C(sp®)-S bonds
were evaluated. Contrary to transition metal catalysis, C(sp*)-S
bonds instead of C(sp®)-S bonds were selectively cleaved, as
shown in Scheme 3. A series of alkyl mercaptans worked well
with phenylmethyl thioether, providing the corresponding
products in moderate yields (3w-3ab). In addition, a variety of
aryl thiophenols and heterocyclic thiophenol were suitable to
react with aryl methyl thioethers, selectively offering unsym-
metrical aryl disulfides in moderate yields (3ac-3af). The thio-
ether containing a hexafluorobutyl group could also generate
the target product (3ah) in 56% yield. Pleasingly, other kinds of
C (alkyl)-S bonds were also examined, selectively forming the
corresponding product 3ai through the cleavage of C(sp®)-S
bonds. These results further reveal the good chemoselectivity of
this strategy. Notably, thiomethylation reactions are chal-
lenging in synthetic chemistry.® By using our protocol, meth-
ylthiomethyl acetate (1b) was used as a substrate to examine
thiomethylation. As shown in Scheme 3, a series of alkyl
mercaptans reacted smoothly with 1b to generate the thio-
methylation products (3aj-3an). Encouragingly, cysteine deriv-
ative could be transformed into target product (3am) in 58%
yield.

To provide mechanistic detail, cyclic voltammograms were
recorded and the results are illustrated in Scheme 4a. An
oxidation peak of 4-chlorothiophenol (2a) in the mixed solvent
(DMF/CH;CN/CH;0H) was detected at 1.27 V and 1.87 V.
Additionally, oxidation peaks of sec-butyl methyl thioether (1a)

Comparison of C-S bond cleavage of aryl-alkyl thioethers
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could also be observed at about 1.73 V. These results revealed
that 2a was first oxidized to bis(4-chlorophenyl) disulfide (2aa)
at the anode. Further investigation found that bis(4-
chlorophenyl) disulfide could be oxidized at 1.82 V. And it
could be reduced at the cathode, and its reduction peak was
detected at —1.52 V. Moreover, the radical trapping experiment
was carried out. A sulfur radical from 4-chlorothiophenol (2a)
was trapped by TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)
and the reaction was completely suppressed (Scheme 4b).
Additionally, this electrochemical process was monitored by F*°
NMR experiments (Scheme 4c). The results suggest that disul-
fide formed from thiol is likely to be the intermediate of this
protocol (Scheme 4c). To further probe details of this trans-
formation, intermediate experiments were also performed. As
shown in Scheme 4d, bis(4-chlorophenyl) disulfide (2aa) reacted
smoothly with dimethyl thioether (1c) to offer the desired
product (3s) in 40% yield, which also suggested that 2aa might
be the intermediate. Furthermore, 1b could be observed during
the reaction by GC-MS. And according to our previous work,*
this compound (1b) is likely to be an intermediate in this
system. Hence, 1b was used as a substrate to react with 2a,
which offered compound (3s) in 45% yield and this result
supported our hypothesis (Scheme 4d). Subsequently, a control
experiment was performed and detected by GC-MS (Scheme 4e). In
addition to the desired product (3d), another compound (1e) was
also detected by GC-MS after the reaction, which was a by-product
of the departing part (Scheme 4e, for details, see the ESI).
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Scheme 3 Standard conditions: Carbon rod anode, nickel plate (15 mm x 15 mm x 1 mm) or Pt (15 mm x 15 mm x 0.3 mm) cathode, constant
current (25 mA), thiols (0.6 mmol), thioethers (3 equiv.), "BusNPF¢ (0.2 equiv.), CHsCOOH (1.8 equiv.), and 37 °C, in CHsCN/CHzOH/DMF (10/1/2,
13 mL) in air for 12 h, and in an undivided cell, isolated yields. 60 °C, without DMF; ® Carbon rod anode, nickel plate (15 mm x 15 mm x 1 mm)

cathode, constant current (15 mA), thiols (0.6 mmol), (methylthio)methyl
(10/0.1, 10.1 mL) in air for 8 h; © (ethylthio)methyl acetate (3 equiv.).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Mechanistic studies. (a) Cyclic voltammograms of related compounds (0.1 mmol) in CHzCN/DMF/CHzOH (10/2/1, 13 mL), using
a glass carbon working electrode, Pt wire as the counter electrode and Ag/AgCl as the reference electrode at a 50 mV s~ scan rate. (b) Radical
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Scheme 5 Proposed mechanism for selective C—S bond breaking.
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NMR experiments. (d) Intermediate experiments. (e) Control experiment.

Based on the mechanistic studies, we proposed a possible
mechanism in Scheme 5. Thioether (1) was oxidized at the
anode to form a sulfur radical cation which could be attacked by
ROH (2) to construct a-oxy thioether (3).* Then, further oxida-
tion of compound 3 offered radical cation (4). At the same time,
symmetric disulfide (6) was generated through the homo-
coupling of thiol (5) at the anode. Electron transfer to disul-
fide (6) from the cathode provided the radical anion (7), which
released a thiol radical (9) and a thiol anion (8). Compound (10)
was formed through the reaction of (4) with the thiol radical (9).
Finally, the desired product (11) could be formed through
a further substitution reaction.

Conclusions

In summary, an unprecedented electrochemical radical-

mediated approach to selectively cleave C(sp®)-S bonds is

© 2023 The Author(s). Published by the Royal Society of Chemistry
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described. Compared with conventional transition-metal cata-
lyzed C-S bond activation protocols, this method features mild,
catalyst- and oxidant-free reaction conditions, as well as excel-
lent chemoselectivity towards C(sp®)-S bond cleavage. In
particular, this electrochemical protocol is able to precisely
cleave one of the two similar C(sp®)-S bonds involved in
unsymmetrical dialkyl thioethers, which is an important yet
challenging goal in synthetic chemistry. Notably, the chal-
lenging thiomethylation could be achieved as well, by this
strategy. Preliminary mechanistic studies revealed that radical
species are involved in the reaction pathway and play an
essential role in the site-selective activation of C(sp*)-S bonds.
We anticipate that this catalyst-free electrochemical strategy
will enable a broad variety of novel cross-coupling reactions
through the cleavage of C(sp*)-S bonds.
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