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A nickel-catalyzed thiolation of unactivated C(sp2)-H bonds 
with disulfides employing the PIP directing group was 
described. This process uses catalytic nickel catalyst and no 
metallic oxidants or cocatalysts are required.  The reaction 
tolerates various important functional groups and 10 

heteroarenes, providing an efficient synthetic pathway to 
access diverse diaryl sulfides. 

Organosulfur chemistry has attracted increasing attention due 
to their extensive application in organic synthesis, 
pharmaceuticals, agrochemicals, and functional materials.1 For 15 

example, aryl sulfides are widely found in numerous drugs for the 
treatment of diabetes, immune, Alzheimer’s and Parkinson’s 
diseases.2 Therefore, the formation of C-S bonds is of utmost 
importance in organic synthesis and has received tremendous 
interests. From the viewpoint of atom-economy, the direct 20 

thiolation of arenes to aryl sulfides via C-H activation offer a 
straightforward alternative to the traditional methods.3 However, 
compared with the substantial advances in C-C, C-hetero bond-
forming reactions via C-H activation,4 the direct C-H thiolation is 
largely underexplored, mainly because of the deactivation of the 25 

metal catalysts by strong coordination.  
Elegant works from the groups of Yu,5a Qing,5b Cheng5c and 

Daugulis5d have demonstrated the high potential of copper 
catalyst in the direct C-H thiolation.6,7 Our group has also 
reported the synthesis of benzoisothiazolones via copper-30 

mediated C-S/N-S formation using elemental sulfur.8 However, 
these methods are largely restricted to the use of stoichiometric or 
substoichiometric copper catalysts. More recently, Li and Zhou 
reported a Rh(III)-catalyzed thiolation of arenes with disulfides 
using N-heteroarenes and N-oximes as directing groups.9 35 

Nishihara demonstrated the direct thiolation of aryl C-H bonds 
with disulfides or thiols catalyzed by palladium.10 However, these 
methods relied on the use of expensive second-row transition 
metal catalysts and substoichiometric copper(II) or silver(I) slats 
as cocatalytic oxidants. Therefore, the development of a unified 40 

strategy for the expeditious synthesis of diverse aryl sulfides 
under more sustainable and efficient catalytic systems would be 
highly desirable. 

Recently, Ni-catalyzed C-H functionalization has received 
tremendous interests owing to its abundance, inexpensiveness and 45 

relatively low toxicity. Early studies mainly focused on the direct 
functionalization of C-H bonds in electronically activated 
arenes.11 The seminal work by Chatani showed that nickel-

catalyzed direct alkylation of unactivated aryl C-H bonds could 
be achieved with the assistance of 8-aminoquinoline bidentate 50 

directing group.12,13 Shortly after, several nickel-catalyzed C-H 
functionalization reactions were further reported by Chatani, Ge, 
You and Ackerman.14 However, these transformations are mainly 
limited to C-C, C-N and C-O bond formation. The more 
challenging C-S bond formation has not been discovered. Herein, 55 

we report the first example of Ni-catalyzed thiolation of 
unactivated (hetero)aryl C-H bonds with disulfides employing 
our newly developed 2-(pyridine-2-yl)isopropylamine (PIP-amine) 
directing group (Scheme 1).15 No metallic oxidants or cocatalysts 
are required and a variety of functional groups are tolerated, 60 

providing an efficient access to diverse aryl sulfides.  

Scheme 1 Ni(II)-Catalyzed Thiolation of (Hetero)aryl C–H 
Bonds. 

 

We commenced our studies by investigating the reaction of 65 

benzamide 1a with PhSSPh 2a. Gratifyingly, the desired thiolated 
product 3a was obtained in 45% yield in DMSO in the presence 
of 10 mol% Ni(OTf)2, PPh3 and Na2CO3 (Table 1, entry 1). After 
extensive screening of nickel catalysts, NiCl2·6H2O was proved 
to be the best and gave the desired product 3a in 59% yield (entry 70 

5). Further optimization of various ligands revealed that BINOL 
was the most effective ligand (entries 6–11). We then examined 
the effect of weak bases as additives (entries 12-17). Finally, we 
were pleased to find the thiolated product 3a was isolated in 84% 
yield when KTFA was used (entry 17). No desired product was 75 

observed in the absence of nickel catalyst, suggesting that nickel 
catalyst was crucial for this reaction (entry 18). 
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Table 1 Optimization of the Reaction Conditionsa 

 
entry [Ni] ligand additive yield (%)b

1 Ni(OTf)2 PPh3 Na2CO3 (2.0) 45% 
2 NiBr2 PPh3 Na2CO3 (2.0) 27% 
3 Ni(acac)2 PPh3 Na2CO3 (2.0) 46% 
4 NiCl2 PPh3 Na2CO3 (2.0) 50% 
5 NiCl2·6H2O PPh3 Na2CO3 (2.0) 59% 
6 NiCl2·6H2O TMEDA Na2CO3 (2.0) 50% 
7 NiCl2·6H2O dppp Na2CO3 (2.0) 46% 
8 NiCl2·6H2O dppb Na2CO3 (2.0) 72% 
9 NiCl2·6H2O dppe Na2CO3 (2.0) 60% 
10 NiCl2·6H2O PCy3 Na2CO3 (2.0) 49% 
11 NiCl2·6H2O BINOL Na2CO3 (2.0) 78% 
12 NiCl2·6H2O BINOL K2CO3 (2.0) 76% 
13 NiCl2·6H2O BINOL NaHCO3 (2.0) 66% 
14 NiCl2·6H2O BINOL KHCO3 (2.0) 55% 
15 NiCl2·6H2O BINOL K3PO4 (2.0) 75% 
16 NiCl2·6H2O BINOL NaTFA (2.0) 67% 
17c NiCl2·6H2O BINOL KTFA (2.0) 88% (84%)d

18 - - KTFA (2.0) - 
aReaction conditions: 1a (0.15 mmol), 2a (0.3 mmol), [Ni] (10 mol%), L 
(20 mol%), 2equiv additive in DMSO (1 mL) at 140 oC. b1H NMR yield 
using CH2Br2 as the internal standard. c8 h. dIsolated yield in parenthesis. 5 

After identifying the optimal reaction conditions, we next 
tested the generality of the amide coupling partners. Generally, 
this thiolation reaction tolerated various functionalities and gave 
the desired thiolated products in moderate to high yield (Scheme 
2). ortho-Phenyl substituted benzamide 1b gave lower yield, 10 

probably due to the steric hindrance. When meta-substituted 
benzamides were employed, the thiolation tended to occur at the 
less sterically hindered position (3e-3g) and gave monothiolated 
products exclusively. In contrast, simple benzamide 1h and 
benzamides bearing para substituents (1i and 1j) gave a mixture 15 

of mono- and di-thiolated products. Furthermore, naphthalyl 
substrate 2l also worked efficiently to provide the desired product 
in high yield, albeit with poor selectivity. Importantly, 
heterocycles such as benzothiophene (1m), thiophene (1n and 1o) 
and furan (1p-1r) were also effective substrates and compatible 20 

with the optimal condtions. As was expected, a mixture of mono- 
and di-thiolated products was obtained when thiophene-3-
carboxamide 1o and furan-3-carboxamide 1r were used.  

Encouraged by these results, we then further investigated the 
scope of disulfides.16 As shown in Scheme 3, diaryl disulfides 25 

bearing both electron-donating and electron-withdrawing groups 
were compatible with the optimized conditions, although para-
methoxy substituted disulfide gave a lower yield (5a, 44% yield). 
Halogenated diaryl disulfides 4c-4f were also survived and 
delivered the desired products in excellent yields. 30 

 

 

 

Scheme 2 Scope of benzamidesa 

 Scheme 3 Scope of disulfidesa 
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mL DMSO.
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Subsequently, radical scavenger experiments were conducted 
to unravel the mode of the reaction. As shown in Scheme 4a, 
three separate reactions were carried out by the addition of 1 
equivalent of electron-transfer scavenger (1,4-dinitrobenzene) or 
radical inhibitors, such as TEMPO and 1,4-diphenylethylene. 5 

These reactions proceeded smoothly to give the thiolated product 
3a without significantly affect the efficiency, suggesting the 
single-electron transfer (SET) process is not involved in this 
transformation. Furthermore, a significant H/D exchange was 
observed after 1 hour (Scheme 4b). This observation indicated 10 

that the C-H activation step is reversible. 

Scheme 4 Radical scavenger and H/D exchange. 

When 4-methylbenzenethiol 6 was reacted with benzamide 1a 
under the standard conditions, the thiolated product 5b was 
obtained in 45% yield, which was consistent with Pd-catalyzed 15 

C-H thiolation by Nishihara (Scheme 5a). It has been reported 
that thiols could be oxidized to disulfides mediated by DMSO.17 
As expected, a control experiment showed that benzenethiol 6  
was oxidized to disulfide 4b, which was unambiguously 
confirmed by the GC-MS analysis of the reaction mixtures 20 

(Scheme 5b).18 

Scheme 5 Thiolation with thiol 6 and its oxidation 

 

   On the basis of these mechanistic studies and previous 
reports,10,12,14b,14h-i a plausible mechanism was proposed in 25 

Scheme 6. Precomplexation to the PIP directing group is 
followed by a reversible C-H activation step to form Ni(II)-pincer 

complex B. Oxidative addition of disulfide 2a followed by 
reductive elimination provides complex D. Subsequent 
protonation releases the desired thiolation product 3a and 30 

benzenethiol with the regeneration of Ni(II) catalyst. As shown in 
Scheme 5, benzenethiol can be oxidized to dilsulfide by DMSO 
and merged into the catalytic cycle. A detailed mechanism 
remained to be elucidated.19 

Scheme 6 Plausible reaction mechanism 35 

 

   In conclusion, we have developed the first nickel-catalyzed 
thiolation of aromatic C-H bonds with disulfides.20 Catalytic 
nickel catalyst is used and no metallic oxidants or cocatalysts are 
required. This catalytic system tolerates various important and 40 

useful functional groups, providing an efficient protocol for the 
synthesis of diaryl sulfides. This novel process constitutes a 
significant extension to the recently reported thiolation reactions 
and benefits the development of new catalytic system to diverse 
synthesis of aryl sulfides. 45 
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