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Abstract: Sulfur-containing molecules are of utmost topi-

cal importance towards the effective development of
pharmaceuticals and functional materials. Herein, we pres-

ent an efficient and mild electrochemical thiolation by
cross-electrophile coupling of alkyl bromides with func-

tionalized bench-stable thiosulfonates to access alkyl sul-

fides with excellent efficacy and broad functional group
tolerance. Cyclic voltammetry and potentiostatic analysis

were performed to elucidate mechanistic insights into this
electrocatalytic thiolation reaction.

The vast amount of resources that has been directed to re-
searches on nascent approaches for the formation of C@S
bonds is caused by the influx of extensively useful sulfur-con-

taining drug scaffolds.[1] Alkyl sulfides have been recognized
for their unique importance in pharmaceuticals and organic

syntheses.[2] Traditionally, the formation of alkyl sulfides largely
required strong alkaline conditions that could hinder its use
with limited substrate scope and low yielding products.[3] Thus,
it is desirable to develop facile and yet efficient methods for
the C@S formation. Transition-metal-catalyzed C@S formations

have undoubtedly eased the syntheses of alkyl sulfides domi-
nated by precious metals, such as palladium, rhodium and
gold.[4] However, recently, 3d-transition metals have gained
major attention and are well-sought after due to their low tox-

icities and earth-abundant nature.[2c, 4c,f, 5] Thiols and their oxi-
dized derivatives are predominantly used as the coupling part-
ner. However, they are known to be highly toxic with foul-

smelling odor and this impedes its functionality. In stark con-

trast, the use of simple, bench-stable and odorless electrophilic

thiosulfonates for the formation of C@S bonds continues to be
underdeveloped.[5a–c,e,g, 6] Cross-electrophile couplings have sur-

faced as an impressive alternative to conventional cross-cou-
plings with preformed nucleophiles, providing an advantage in

terms of step-economy.[7] Notable examples for reductive

cross-electrophile thiolation include defluorinative reductive
cross-coupling of gem-difluoroalkenes with thiosulfonates and

reductive thiolation of bromides (Scheme 1 a)[5c,e] by using

super-stoichiometric amounts of manganese as the chemical

reductant. Recently, electrocatalysis combined with 3d-metal
catalysis[8] has emerged as a powerful tool for sustainable mo-
lecular syntheses.[9] Pioneering studies for electrochemical thio-

lation feature independent reports from Mei and Wang/Pan on
redox-neutral nickel-catalyzed electrochemical C@S bond for-

mation with substituted thiols as coupling partners
(Scheme 1 b).[10] In addition to the impressive usage of electro-
synthesis for the formation of C@S bonds, it is intriguing to un-

ravel potent syntheses for thiolations that are mild and envi-
ronmentally friendly. Herein, we report on a nickel-catalyzed

cross-electrophile thiolation of alkyl bromides, featuring elec-
tricity as a mediator to access alkyl sulfides, which are
common structural motifs in numerous drug scaffolds
(Scheme 1 c).[11]

Scheme 1. Electrochemical nickel-catalyzed cross-electrophile thiolation.
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We initiated our studies by optimizing the reaction condi-
tions (Table 1) for the envisioned electro-thiolation of alkyl hal-

ides with benzenethiosulfonates. Bidentate nitrogen-contain-

ing ligands such as bathocuproine and neocuproine failed to
give satisfactory yields (entries 2–3). Instead, the relatively inex-

pensive bipyridine outperformed them. Polar aprotic solvents,
such as DMF and DMA, performed decently for the electro-

thiolation (Table S-2).[12] Various anode and cathode materials
were tested for their efficacies (entries 5–8) but to no avail,
these includes platinum cathode which provided the desired

product with a lower yield. Control experiments (entries 9 and
10) substantiated the importance of electricity, and the essen-
tial role of the nickel catalyst for this cross-electrophile electro-
thiolation (Table S-3).[12] The use of electrolytes did not improve
the yield as the potential of the optimized reaction remained
stable throughout the entire course of electrolysis (entry 11).

Notably, the commercially available IKA ElectraSyn 2.0 was
used to exhibit the simplicity of the transformation, furnishing
product 3 aa in comparable yield (entry 12). The use of diphen-
yl disulfide 4 a did not lead to product formation (entry 13).

With the optimized reaction conditions in hand, we were

keen on exploring the substrate scope of the nickelaelectro-re-
ductive thiolation reaction. We embarked on testing the ro-

bustness with various substituted bench-stable thiosulfonates
(Scheme 2). Electron-donating groups such as para-substituted
methyl 2 b, methoxy 2 c, provided the product with great effi-

cacy. Halogen-containing substrates (2 d–e) resulted in excel-
lent yield of the thiolated products (3 ad and 3 ae) without by-

product formation from C@X cross-couplings. In addition, alkyl
thiosulfonates, such as benzyl 2 f and cyclohexyl 2 g, delivered

the desired products 3 af and 3 ag in very good yields. More-

over, heterocyclic thiosulfonates (2 h–j) were well tolerated and
furnished the thiolation products with high yield. The mild re-

action conditions were highly versatile as various thiosulfo-

nates were efficiently converted to the desired alkyl sulfide
product 3. Hence, we were intrigued to evaluate the per-

formance of the electro-catalysis on differently substituted bro-
mides (Scheme 3). To our delight, para-substituted electron-do-

nating groups, such as methyl 1 b, methoxy 1 c, both gave the
desired alkyl sulfide products with excellent yield. Electron-

withdrawing trifluoromethyl arene 1 d also furnished the thio-

lated product with great yield, displaying no obvious preferen-
ces in terms of electronic influences. Various halogen-contain-

ing substrates (1 e–f) gave the desired products (3 ea–3 ef) in a
highly chemoselective fashion. Synthetically useful cyclic 1,3-di-

oxolane substituted bromide 1 g also underwent facile thiola-
tion to give excellent yield of the desired product. In addition,

ester-containing substrate 1 h provided the desired alkyl sul-

fide product (3 ha) with good yield. Various functional groups
such as terminal alkene (1 i), sterically crowded 2-cyclohexyl

(1 j), alkyl chloride (1 k), and cyano (1 l) were efficiently trans-
formed to products 3. The otherwise highly labile boronic

ester 1 m remained intact in the electro-thiolation regime to
deliver the product (3 ma). In addition, unprotected indole 1 n
provided the desired product as well. Secondary bromides

(1 o–p) were also successfully thiolated, albeit lower yields
were obtained.

In order to understand the mode of action for the nickel-
aelectro-catalyzed thiolation reaction with alkyl bromides 1, we

sought to investigate the mechanism in detail. First, radical
clock experiments also were performed with 6-bromo-1-

Table 1. Optimization of nickel-catalyzed electro-reductive thiolation.[a]

Entry Deviation from
standard conditions

Yield[b]

1 – 86 %
2 bathocuproine instead of 2,2’-bipyridine 82 %
3 neocuproine instead of 2,2’-bipyridine 67 %
4 NiCl2 (5.0 mol %) 47 %[c]

5 Fe anode –
6 Zn anode –
7 Cu anode –
8 Pt cathode 70 %
9 without catalyst 37 %[d]

10 no electricity –
11 Et4NOTs (0.5 equiv) as electrolyte 51 %
12 with IKA ElectraSyn 2.0 79 %
13 PhS-SPh (4 a) instead of 2 a –

[a] Undivided cell, 1 a (0.250 mmol), 2 a (0.275 mmol), NiBr2·diglyme
(5.0 mol %), 2,2’-bipyridine (7.5 mol %), solvent (5.0 mL), 25 8C, 3 h, Mg foil
electrode (3.0 mm V 15 mm V 0.2 mm), Ni foam electrode (10 mm V
15 mm V 1.0 mm), constant current electrolysis (CCE) at 5 mA with an
overall cell potential of 0.70–0.95 V. [b] Isolated yield. [c] 6 h reaction
time. [d] High potential was observed.

Scheme 2. Nickel-catalyzed electro-reductive thiolation of alkylbromide 1 a
with substituted thiosulfonates 2. Faradaic yield given in parentheses.
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hexene to illustrate the formation of primary alkyl radical
(Table 2).

Second, we elucidated various reduction potentials of the
substrates and catalyst by means of cyclic voltammetry (CV) as

disulfides were frequently present as by-product of the reac-
tion. The cathodic reduction of thiosulfonates was important

to determine the presence of an off-cycle pathway of this elec-

tro-catalysis. Cyclic voltammetry revealed that the reduction of
the bipyridine ligated nickel pre-catalyst is more facile than the

two-electron reduction of S-phenyl benzenethiosulfonate 2 a
to the thiolate anion (Figure 1). The first reduction potential of

thiosulfonate 2 a was shown to be irreversible at Ep =@0.91 V
vs. Ag/AgCl and this could plausibly be assigned to the forma-

tion of the thiyl radical. Thiyl radicals are known to recombine

systematically to disulfide due to their relative stability.[13] In
addition, a second reduction potential was found to be revers-

ible at Ep =@1.62 V vs. Ag/AgCl and this would then be as-
signed to the thiolate anion after a two-electrons transfer pro-

cess.[14] The nickel pre-catalyst exhibits an irreversible reduction

potential at Ep =@1.27 V vs. Ag/AgCl, which is lowered further
to a reversible reduction potential of Ep =@1.10 V vs. Ag/AgCl

by the ligation of the bipyridine ligand[12] for the reduction of
nickel(II) to nickel(I) analogous to previously reported observa-

tions.[15] Additional observations postulate that the ligated
nickel catalyst is found to undergo facile two electron reduc-

tion synergistically with the reduction of thiosulfonate. Further

mechanistic studies by means of potentiostatic reactions were
performed to illustrate the generation of thiyl radicals and the

subsequent disulfide formation through radical recombination
(Scheme 4). Potentiostatic reactions were conducted under the

otherwise standard reaction conditions.[16] As hypothesized,
the desired product was not formed at CPE =@0.70 V vs. Ag/
AgCl, but radical rebounded disulfide 4 a was formed with

18 % yield, likely due to an early first onset potential of the
thiosulfonate 2 a at Eonset =@0.60 V vs. Ag/AgCl. In contrast, the
thiolated product 3 aa was formed at CPE =@1.00 V vs. Ag/
AgCl, albeit with a considerable amount of by-product 4 a,

plausibly by radical recombination. This observation is in good
agreement with our CV studies indicating possible formation

of thiyl radicals by initial reduction of substrate 2 a. When the

Scheme 3. Nickel-catalyzed electro-reductive thiolation with bromides 1. Fa-
radaic yield given in parentheses.

Table 2. Radical Clock Experiment.

Entry [Ni] (X mol %) Ligand (Y mol %) Yield[a] 3 ia :3 ia’[a]

1 2.50 3.75 69 % 14:1
2 5.00 7.50 96 % >20:1

[a] Yield and ratio determined by 1H NMR spectroscopy with 1,3,5-
trimethoxybenzene as internal standard.

Figure 1. Cyclic voltammetry (DMF, 0.1 m nBu4NPF6, 100 mVs@1) with glassy
carbon as the working electrode. Cyclic voltammograms of different reaction
components.

Scheme 4. Potentiostatic studies.
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potential was higher than the second reduction potential of
substrate 2 a at CPE =@1.80 V vs. Ag/AgCl, the desired thiolat-

ed product 3 aa was obtained with 53 % yield, while by-pro-
duct 4 a was formed with 44 % yield.

A plausible catalytic cycle is proposed based on the ob-
tained results (Scheme 5).[5e,f, 17] Initially, oxidative addition of 2
onto the active nickel(0) catalyst I occurs.[8b, 18] This formed in-
termediate II then combines with an alkyl radical formed in
situ to give a nickel(III) complex. The complex III undergoes re-

ductive elimination to provide the thiolation product 3
through a C@S bond formation. Nickel(I) complex IV would

subsequently react with another molecule of alkyl bromide re-
generating the alkyl radical and form nickel(II) intermediate V.
This then undergoes cathodic reduction to reform the active
catalyst.[19]

In summary, we have developed an efficient and robust nick-
elaelectro-catalyzed strategy for the cross-electrophile electro-

coupling of alkyl bromides and thiosulfonates to access alkyl
sulfides through C@S bond formation under ambient condi-
tions, devoid of harsh chemical reductants. The mild electro-
thiolation provided a broad and versatile substrate scope with
excellent yields. Cyclic voltammetry and potentiostatic investi-

gations provided detailed mechanistic insights into the reac-
tion mechanism.
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