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ABSTRACT: Nickel-catalyzed thiolation of the inactivated methyl C(sp3)−H bonds of aliphatic amides with disulfide is
described. It is a novel strategy for the synthesis of thioethers with the ultimate goal of generating thioether carboxylic acids with
various functional groups.

Organosulfur compounds are ubiquitous in organic and
pharmaceutical research.1,2 There are recent efforts

targeting thiol-based transformation for the formation of
thiochromane analogues3 (A−D) and sulfones (E−F) (Figure
1). Song et al. reported that the 3,3′-diindolylmethane analogues,

such as thiochromane (A), showed in vitro antitumor activities.4

Grassi and Alexakis demonstrated that the well-established
catalytic asymmetric methods can be further extended by
enforcing the S-carbon quaternary centers (B) with a vinyl
group.5 Almeida et al. noted that thiacycloalkynes (C) are
promising new reagents for click chemistry.6 Furthermore,
thiosemicarbazone analogues (D) were found to be potent
inhibitors of cathepsin L,7 whereas in the synthesis of bryostatin,
which is used in the treatment of lymphoma, sulfones (E) serve
as central glycal intermediates.8 In addition, 2,6,7-trioxabicyclo-
[2.2.2]octane sulfone (F) is a new reagent that enables the rapid

assembly of pyranone intermediates.9 Given the significant
biological potential of these compounds, the development of a
general route for their efficient generation is urgent. The
synthesis of these sulfur-containing compounds requires a key
precursor, and the precursors can be formed by the oxidation or
ring-closing reaction of carboxylic acid intermediates.7,10 Herein,
we provide a strategy for the synthesis of thioether carboxylic
acids with the ultimate goal of generating these natural and
synthetic compounds (Scheme 1).

Thiolysis and the addition of various sulfur nucleophiles to a
C−C unsaturated bond involved in the direct coupling of organic
halides with thiols are convenient methods for the formation of
C−S bonds, but these methods have critical issues, such as the
use of highly prefunctionalized organic halides.11,12 The
thiolation of the C(sp2)−H bond of reactive arenes has been
reported.13 It is easy to deprotonate acidic arenes and
heteroarenes with a strong base to give the thiolated products.14

There are reports on the direct thiolation of the C(sp2)−H bond
to construct intermolecular skeletons as well as intramolecular
benzothiophene and benzothiazole using catalysts that are based
on transition metals.15−20 In recent years, there have been
reports on approaches that are free of transition metals.21
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Figure 1. Thiol-based bioactive molecules.

Scheme 1. Synthetic Route to the Key Precursors
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However, the direct thiolation of an inactivated methyl C(sp3)−
H bond has yet to be established due to its thermodynamic
stability (calcd 440 kJ mol−1 for a primary C−H bond). It is
believed that the chelation-assisted transformation is facilitated
by a bidentate directing group, which leads to the site-selective
functionalization of the C(sp3)−H bonds.22 The method has
shown prime synthetic potential for exploring new types of
transformations of C(sp3)−H bonds that cannot be achieved
using conventional synthetic methods.23 In this work, we applied
the chelation-assisted method using amides as bidentate
directing groups for the direct thiolation of inactivated methyl
C(sp3)−H bonds.
To verify the proposed strategy, our initial investigation

focused on the thiolation ofN-(quinolin-8-yl)pivalamide 1a (0.2
mmol) with diphenyl disulfide 2a (0.4 mmol) over Ni catalysts
(Table 1). 2,4,6-Trimethylbenzoic acid, Na2CO3, and DMFwere

handled under N2. After screening the catalysts, thioarylated
product 3awas obtained in 72%NMR yield over NiBr2 (entry 7).
Further optimization showed that, with variation of the ligands,
such as bidentate phosphines and bulky 2,4,6-trimethylbenzoic
acid (MesCOOH), there is a discrepancy in the catalytic activity
(entries 7−14). The efficiency of the reaction was also
significantly affected by the choice of bases (entries 15−20).
Na2CO3 and NaHCO3 result in good yields of the thiolated
products, but other bases have poor yields. In these reactions,
DMF was the solvent of choice (see Supporting Information).
Figure 2 shows the directing groups that are not effective (giving
no desired products). The results indicate the importance of
quinoline species for bidentate direction.
The approach was then applied to different amides under the

optimal reaction conditions (Scheme 2). The reaction was

sensitive to the structure of the amides (3ab).22 As expected, the
disulfides react with the methyl groups in the α-position of the
amide, giving both mono- and dithiolated products, with the
monothiolated product (3a) being the most favorable. The
reactions proceed exclusively at the methyl group in a highly
regioselective manner, as in the cases of 3b, 3c, and 3d. The
reactions show a predominant preference for the C(sp3)−H
bonds of the methyl groups over the methylene and benzene
groups. This fact indicates that, for the cyclometalation step, the
five-membered ring intermediate is favored over the six- or
seven-membered ring intermediates. The reaction of cyclo-
hexane carboxamide 1e results in selective monothiolation at the
methyl group. Again, in the case of 2,2′-diphenylpropionamide
1f, the reaction occurs exclusively on the methyl group, and there
is no thiolation of the benzene C−H bonds. As for the tertiary
alkyl carboxamides bearing a benzylic group (1g−1i), only
monothiolated products (3g−3i) are obtained (56%−64%
yields).
Next, the scope of the disulfides with various substituents was

examined using different amides (Scheme 3). As expected, diaryl
disulfides show high compatibility under the optimized
thiolation conditions, and the reactions tolerate a variety of
functional groups, such as methoxy, chloro, nitro, benzyl, and
even propyl groups.
Encouraged by the viability of the approach for direct C−S

bond formation, we applied the system to diaryl diselenide with
an aliphatic amide, and the desired cross-coupling compound (4)
was obtained in moderate yield (eq 1).

Having successfully achieved the synthesis of highly function-
alized thioethers, we explored their conversion to carboxylic
acids, which are the building blocks for the synthesis of the
targeted key precursors. The 8-aminoquinoline group was readily
hydrolyzed in a one-step procedure using NaOH in EtOH, as

Table 1. Optimization of Reaction Conditionsa

entry catalyst ligand base yields (3a/3a′)b

1 Ni(OAc)2 MesCOOH Na2CO3 40/5
2 Ni(OTf)2 MesCOOH Na2CO3 51/20
3 Ni(cod)2 MesCOOH Na2CO3 57/17
4 Ni(acac)2 MesCOOH Na2CO3 20/0
5 NiF2 MesCOOH Na2CO3 47/18
6 NiCl2 MesCOOH Na2CO3 55/10
7 NiBr2 MesCOOH Na2CO3 72/8
8 NiBr2 PPh3 Na2CO3 45/0
9 NiBr2 PCy3 Na2CO3 55/0
10 NiBr2 xantphos Na2CO3 47/23
11 NiBr2 Dppbz Na2CO3 34/0
12 NiBr2 P(2-furyl)3 Na2CO3 41/8
13 NiBr2 BINAP Na2CO3 47/7
14 NiBr2 Dppe Na2CO3 18/0
15 NiBr2 MesCOOH K2CO3 7/0
16 NiBr2 MesCOOH Cs2CO3 12/0
17 NiBr2 MesCOOH NaHCO3 60/5
18 NiBr2 MesCOOH KHCO3 14/0
19 NiBr2 MesCOOH NaOAc 31/0
20 NiBr2 MesCOOH NaOH 0

aReaction conditions: amide (0.2 mmol), diphenyl disulfides (0.4
mmol), catalyst (0.02 mmol), ligand (0.04 mmol), base (0.4 mmol) in
solvent (0.5 mL) at 160 °C for 24 h in 10 mL screw-capped vials.
bNMR yield.

Figure 2. Ineffective directing groups.

Scheme 2. Investigation of Aliphatic Amides Scopea

aReaction conditions: amide 1 (0.2 mmol), diphenyl disulfides 2a (0.4
mmol), NiBr2 (0.02 mmol), MesCOOH (0.04 mmol), Na2CO3 (0.4
mmol) in DMF (0.5 mL) at 160 °C for 24 h in 10 mL screw-capped
vials. bIsolated yields; the number in the parentheses is the isolated
yield of the recovered starting amide 1.
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reported by Shabashov and Daugulis,24 giving phenyl sulfide
carboxylic acid in excellent yield (eq 2). The carboxylic acid
could be applied as a key precursor for the construction of
biological molecules (Figure 1).

To probe the mechanism of the reaction further, a deuterium-
labeling experiment was performed. The mixture of amide 1d
and deuterated amide 1d-D3 was reacted with 2a under standard
reaction conditions in one pot (eq 3), and a kH/kD isotope effect
up to 5.7 was observed, providing evidence that C−H cleavage is
the rate-determining step.

In addition, we performed four control experiments (Scheme
4) for understanding the pathway of the present reactions. When
3 equiv of 2,2,6,6-tetramethyl-1-piperidinoxyl (TEMPO) or 2,6-
di-tert-butyl-4-methylphenol (BHT) as the radical-trapping
reagent were added under the standard conditions, the reaction
is not inhibited but gives 3a in 67% and 69% isolated yield,
respectively. The results suggest that the reaction does not
involve single-electron transfer. Additionally, when 0.5 equiv of
phenyl disulfide 1a or 1 equiv of benzenethiol was employed, the
desired product 3a is isolated in 44% and 8% yield, which
confirmed the role of the disulfide as an active reagent.

On the basis of the above results and those reported
previously,25 a possible reaction mechanism of 1a with 2a is
proposed (Scheme 5). Coordination of 1a to the nickel center

followed by ligand exchange with the concomitant generation of
HBr gives the nickel intermediate I, which undergoes C−H
cleavage and reversible cyclometalation to give II. The oxidative
addition of 2a gives the high-valent Ni(IV) complex III, which
undergoes reductive elimination to give IV and the C−S bond.
After neutralization with NaBr, nickel bromide species V and
sodium thiophenolate form. Finally, ligand exchange ofVwith 1a
results in product 3a and regeneration of nickel complex I.
In summary, we reported the first example of nickel-catalyzed

direct thiolation of inactivated methyl C(sp3)−H bonds in
aliphatic amides having an 8-aminoquinoline moiety (as a
bidentate group). It is a novel strategy for the synthesis of
thioethers with the ultimate goal of generating thioether
carboxylic acids with various functional groups.
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Scheme 3. Investigation of Disulfides Scopea

aReaction conditions: amide 1 (0.2 mmol), diphenyl disulfides 2 (0.4
mmol), NiBr2 (0.02 mmol), MesCOOH (0.04 mmol), Na2CO3 (0.4
mmol) in DMF (0.5 mL) at 160 °C for 24 h in 10 mL screw-capped
vials. bIsolated yields; the number in parentheses is the yield of the
recovered starting amide 1.

Scheme 4. Preliminary Mechanistic Study

Scheme 5. Proposed Catalytic Mechanism
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