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Air-stable Ni nanoparticles (with particle size ~ 11 nm) supported on
reduced graphene oxide [Ni(0)@RGO] was prepared by a simple and
easy procedure. We previously described the Kumada—Corriu C-C
cross-coupling reaction between iodo-arenes and Grignard reagents
with Ni(0)RGO as a stable and efficient catalyst. This Ni(0)RGO catalyst
gave an excellent yield (92%) and good recyclability (up to the 5%
cycle). This communication confirms that the catalyst shows superior
efficacy for the C—S coupling reaction, similar to that for the Kumada—
Corriu C-C cross-coupling reaction. A catalytic experiment with the
Ni(0)@RGO recycled material was also performed. HRTEM study of the
reused material after the C-S coupling reaction confirmed the
retention of the original (fresh) catalyst structure. It is reusable up to
the 7" cycle without any activity loss.

Pursuing new organic frameworks and scaffolds has always
been stimulating but remains challenging for researchers.
Forming the C-C bond and the bond with heteroatoms with
efficacy is fundamental to achieving the goal. Several cross-
coupling reactions were designed using various transition
metal catalysts.>”” Among the carbon-heteroatom bonds, the
carbon-sulphur bond formation has received much attention
due to the potential applications of various sulphur-containing
heterocyclic molecules in the pharmaceutical or materials
fields.*® Different methods have been described for the C-S
coupling reactions, i.e., Teruaki et al. reported that TiCl, and Zn
formed 86% vinyl sulfide in the presence of dioxane-ammonia
or pyridine in 10 h.**** Cohen et al. stated that 93% vinyl phenyl
sulfide formed with copper(i)-promoted thiophenoxide ionisa-
tion in solution in 72 h."® Akiyama et al. reported a 60% yield of
2-isopropyl-5-methyl-1-cyclohexenyl  alkyl sulfides using

aluminium chloride." However, the traditional methods
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require prolonged reactions, organic solvents, and potent
reducing agents. Migita et al., for the first time, reported a C-S
coupling reaction for forming aryl halides and thiols employing
Pd(PPh;), as a homogeneous catalyst." With the reusability
potential, suitable heterogeneous catalysts can replace the
homogeneous ones. Moreover, different metal-based heteroge-
neous catalysts containing expensive metals, such as Pd, Au, Ag
etc., were developed for coupling reactions during the last
decade.’** Some metal-based catalysts are highly efficient,
giving high yields of the C-S coupling product at around 96%.
The main disadvantage of these catalysts is the high cost of
commercialisation. To overcome this drawback, few reports
with low-cost metals, such as Ni-based catalysts for C-S
coupling reactions, were reported in the past years.**?® Pal et al.
described zirconia-supported NiO as a catalyst with low yield.””
Thus, we used Ni nanoparticles supported by reduced graphene
oxide (RGO) for the C-S coupling reaction to enhance the
catalyst activity, as RGO possesses a high surface area and good
electrical properties.”®** 2 : 1 ratio of graphite to sodium nitrate
in the preparation was selected. This ratio increases the func-
tional groups of the graphene oxide (GO) material. Therefore,
this ratio raises the Ni nanoparticles binding capacity, i.e., it is
possible to load a high amount of Ni particles on the RGO
surface, thus increasing the catalytic activity of carbon with
a different heteroatom for the cross-coupling reaction.

This communication reports the catalytic activity of [Ni(0)
@RGO] for the C-S coupling reaction and the optimised reac-
tion conditions. We also tested the C-S coupling reaction
without any additives. The material [Ni(0)@RGO] gave excellent
yield and conversion.

To 2 mmol of K,CO3;, one mmol of iodobenzene, 1.1 mmol
of thiophenol, and 3 mL of dimethylformamide (DMF) were
added, followed by 0.02 mg of catalyst. Further, the reaction
mixture was stirred in a preheated oil bath at 90 °C for 3 h.
After completion of the reaction, the solution was cooled to
room temperature and diluted with ethyl acetate (5 mL).
Then, the final products were analysed by gas
chromatography.
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Detailed characterization studies, including X-ray diffrac-
tion study, Raman, scanning electron microscopy, trans-
mission electron microscopy, and high resolution
transmission electron microscopy with SAED patterns of Ni(0)
@RGO, GO, and RGO materials, were reported by the authors
in previous work." Graphene oxide was converted entirely to
reduced graphene oxide due to a reducing agent that trans-
forms Ni(u) into Ni(0). XRD data confirmed the formation of Ni
nanoparticles on the RGO surface. At the same time, the
Raman study gave structural information about the bonding of
carbon atoms. SEM and SEM/EDX provided information about
the layered structure of graphene oxide and elemental
composition (C, Ni, and O) of the Ni(0)@RGO material. The
TEM and HRTEM showed that Ni nanoparticles possess an
average particle size of 11 nm.

X-ray photoelectron spectroscopy (XPS) provided informa-
tion about the binding energy of Ni 2p in the Ni(0)@RGO
catalyst (Fig. 1). As shown in Fig. 1, the 852.8 eV and 872.9 eV
binding energies represent Ni 2p3/2 and Ni 2p1/2, respectively,
which confirms the zero-oxidation state of the Ni catalyst.*?

Although many studies on C-C, C-N, C-O, and C-S coupling
reactions have been reported, most reactions demand various
organic solvents, long reaction times, and expensive catalyst
materials. Earlier, Rana et al. described a C-C coupling reaction
using the PA@RGO catalyst at 80 °C for 5 h which gave a 97%
yield.”* Later, Varadwaj et al. reported Pd substituted amine-
functionalised clay for a C-C coupling reaction at 80 °C for
6 h with 97% and 96% biphenyl yields in Suzuki-Miyaura and
Ullmann coupling, respectively.>® So far, only a few articles on
coupling reactions involving inexpensive metal catalysts have
been published. Xu et al. reported that copper iodide (Cul)
nanoparticles were active toward C-S coupling at 50 °C for 24 h
offering a 93% yield.** Kashin et al. reported a 65% yield of the
C-S coupling product using a nanostructured nickel thiolate
catalyst in the presence of DMF solvent at 120 °C.** A 92% yield
of the C-S coupling product using different substituents of
diphenyl sulphides was reported by Sengupta et al.*® They used
the Ni/RGO catalyst at 100 °C for 3 h. The reactions in the
literature above needed either a higher reaction time, high
temperatures, or harmful solvents.

Ni 2ps,

Ni2pyp

Intensity(a.u.)

850 860 870 880
Binding energy(eV)

Fig. 1 XPS spectrum of the Ni 2p region of the Ni(0)@RGO material.
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Table 1 Catalytic activity toward the C-S cross-coupling reaction®

Sl no. Catalyst Time (h) Temp. (°C) Yield (%)
1 Without catalyst 3 90 —
2 GO 3 90 13
3 Ni(0)RGO 3 90 94

% Iodobenzene (1 mmol), thiophenol (1.1 mmol), K,CO; (2 mmol) and
DMF (3 mL) at 90 °C for 3 h.

Table 2 Optimisation of the C-S coupling reaction with different
bases under similar conditions®

Sl no. Base Time (h) Temp. (°C) Yield (%)
1 K,CO,4 3 90 94
2 K;PO, 3 90 87
3 KOH 3 90 85
4 Cs,CO;3 3 90 91

“ Iodobenzene (1 mmol), thiophenol (1.1 mmol) and DMF (3 mL) at
90 °C for 3 h.

In this communication, Ni(0) nanoparticles on reduced
graphene oxide is reported as a catalyst toward a C-S coupling
reaction under appropriate reaction conditions (lower reaction
time and temperature). Aryl iodides with benzenethiol were
examined in this coupling reaction with GO and Ni(0)@RGO
materials as catalysts (Table 1). In the preliminary experiment,
iodobenzene, thiophenol, K,CO; base, and DMF solvent at
90 °C for 3 h, were used for the C-S coupling reaction in the
absence of a catalyst, and no products were formed. GO mate-
rial was also used for the same coupling reaction under similar
conditions, obtaining only a 13% yield. On the other hand, Ni(0)
@RGO materials gave an excellent harvest (94%) with 100%
substrate conversion under similar conditions.

The optimised reaction conditions were extended for a series
of different bases. In particular, K3PO,, Cs,CO3, and KOH were

Table 3 Ni(0)@QRGO catalysed C-S coupling reaction® between
different aryl iodides and thiol substituents

Reactant-I Reactant-II  product
x \(j
Sl no. v Yield (%)
1 X=1 X =SH — 94
2 X=1Y=0CH; X=SH Y = OCH;3 61
3 X=ILY=F X =SH Y=F 81
4 X=1,Y=Br X =SH Y =Br 89
5 X=I,Y=CH; X=SH Y = CH; 69
6 X=I,Y=NO, X=SH Y = NO, 91
7 X=Cl X =SH — 53
8 X=F X =SH — 31

“ Different substituents of aryl iodide (1 mmol), thiophenol (1.1 mmol),
K,CO; (2 mmol) and DMF (3 mL) at 90 °C for 3 h.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Optimisation of reaction time using the Ni(0)@RGO material.

screened for the C-S coupling reaction with Ni(0)RGO materials
and the results are shown in Table 2. The minimum obtained
yield was 85% for the less expensive KOH base. Meanwhile, the
maximum output of diphenyl sulphide was 94% for the K,CO;
base.

The method's efficacy was assessed by conducting the C-S
cross-coupling reactions using different substituents of aryl
iodide with thiol under similar conditions in the presence of the
Ni(0)@RGO catalyst (Table 3). The results illustrate that while
the iodine substituent of the aryl reactant gave an excellent yield
(94%), the fluoride substituent of the aryl reactant gave a lower
yield (31%). The higher yield may be due to the weaker bond of
C-I than that of C-F, as less energy will be required to break the
C-I bond than that required for the C-F bond. On the other
hand, both electron-donating and electron-withdrawing
substituents of the aryl iodide reactant with thiol were also
examined under similar conditions. The complex intermediate
of the electron-withdrawing substituents (-NO, and -Br) of the
aryl iodide reactant with the Ni catalyst favors the reductive
elimination of the intermediate compared to that of the
electron-donating substituents (-OCH; and -CHj3). Hence, the
aryl iodides with the -Br/-NO, substituent give a better yield
than those with the ~-OCH;/-CHj; substituent.

In addition, the reaction time for the C-S coupling reaction
using the Ni(0)@RGO material was optimised, as shown in
Fig. 2. It should be remarkable that only the reaction times of
the scheme were changed, while the other parameters remained
unaltered. Fig. 2 illustrates that the diphenyl sulphide yield
increases with time up to 3 h. The product yield marginally
varies with a further increase in the reaction time from 3 h to
4 h.

Temperature has a huge effect on the C-S coupling reaction.
We studied the improvement of the reaction by varying the
temperature parameter (Fig. 3). As can be seen from Fig. 3, the
diphenyl sulphide yield increases with temperature up to 90 °C.
The product yield marginally changes with a further increase in
the reaction temperature from 90 to 100 °C.

We performed the same reaction with different solvents for
optimisation and kept other parameters constant. Initially, we
used green solvent water for the C-S coupling reaction at 90 °C
for 3 h, which gave an 11% yield. A poorer result (9%) was
observed with toluene as a solvent. DMF proved the best solvent
for the C-S coupling reaction, offering superior yield.

A comparative summary of various reported materials for the
C-S coupling reaction is tabulated in Table 4. An examination of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of different reaction temperatures on the C-S coupling
reaction with the Ni(0)@RGO material.

Table 4 The effectiveness of the present work compared with re-
ported results

Catalyst Time (h) Temp. (°C) Yield (%) Ref.
Cu-grafted furfural 8 100 85.2 37
functionalized

mesoporous material

Ni catalyst 3 100 92 36

Cul nanoparticles 24 50 93 34

Ni(0)RGO 3 90 94 Current work

the data shows that we achieved a higher yield in the current
study with a shorter reaction time and lower temperature.

Fig. 4 illustrates the recycling experiments of the Ni(0)@RGO
material for the C-S coupling reaction. In the recycling experi-
ment, the catalyst was recovered from the reaction mixture by
filtration, washed with ethyl acetate and water, and dried with
acetone. As illustrated in Fig. 4, the Ni(0)@RGO material was
active up to the 7 cycle.

Generally, transition metal (Pd, Ni, etc.) based catalysts are
used for the C-S coupling reaction. The metal-based catalysts
follow three mechanistic steps: oxidative addition, substitution,
and reductive elimination. Further, the Ni catalyst is

Yield (%)

1st Cycle
Y=94%

7th Cycle
Y=91%

2nd Cycle
Y=93%

5th Cycle
Y=92%

4th Cycle!
Y=93%

=1st =2nd =3rd -4th =5th =6th =7th

Fig. 4 Reusability result of the Ni(0)@RGO material for the C-S
coupling reaction.
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Step-I

Ph= Phenyl

Fig. 5 HRTEM study of the Ni(0)@RGO material after the first run of
the C-S coupling reaction.

inexpensive and readily available compared to other precious
metal catalysts. Based on the experimental results, the C-S
coupling reaction mechanism is proposed (Scheme 1).

Reused Ni(0)@RGO materials were characterised after the
first run by HRTEM (Fig. 5). The average particle size of the Ni
nanoparticles is 11 nm, which is very similar to that of the fresh
Ni(0)@RGO material. This characterisation technique confirms
the retention of the catalyst structure.

In conclusion, Ni nanoparticles on reduced graphene oxide
display excellent catalytic activity for the C-S coupling reaction.
A simple procedure was used to design the nanomaterial. XPS
confirmed the zero-oxidation state of the Ni material. The Ni(0)
@RGO materials gave a 94% yield of the diphenyl sulfide
product in a shorter reaction time using less expensive reagents
than those reported in the literature. The catalyst also displayed
good stability in recycling tests.
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