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A bimetallic mesoporous system (Ni/Cu-MCM-41) has been developed and evaluated as an efficient cat-
alyst for the Sonogashira cross-coupling reaction, under palladium-free conditions. In this new method-
ology, a wide range of aryl halides react with phenylacetylene to give the corresponding disubstituted
alkynes in good yields. Moreover, the present catalytic system is desired because of its high efficiency,
easy preparation, low cost, high activity, and good recyclability.

© 2021 Published by Elsevier B.V.

1. Introduction

Carbon-carbon coupling reactions are valued in synthetic
chemistry for their usage in setting up the carbon skeleton of or-
ganic molecules. Among them, the Sonogashira cross-coupling is
a straightforward method for forming of C(sp)-C(sp?) bonds be-
tween terminal alkynes and aryl halides [1-4]. This methodology,
was first reported by Kenkichi Sonogashira in 1975 [5]. The Sono-
gashira reaction is an effective style for creation of arylalkynes
and alkenynes which are substantial moieties in the synthesis
of biologically active molecules, pharmaceuticals, agrochemicals,
polymers, and engineered materials [6-9]. These compounds are
employed in optical materials, sensing, and molecular electron-
ics [10-13]. Therefore, finding the convenient synthetic method-
ologies for the Sonogashira cross-coupling reaction is an aim of
great interest. Traditionally the cross-coupling reactions have been
performed using different palladium catalysts [14-17]. It should
be noted that in spite of significant prospects of palladium cat-
alysts in coupling reactions, some limitations including the high
cost and possible toxicity of palladium in these processes have
become a crucial challenge. So, development of alternative ways
with a better environment friendly and non-toxic catalytic system
has been stimulated in recent years. In this context, researchers
have devoted much effort to focus on using of metals cheaper
than palladium. Therefore, various methodologies have been re-
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ported in the literature for the Sonogashira cross-coupling reac-
tions catalyzed by nickel and copper, due to the lower cost and
easy availability of these metals [18-29]. However, the use of Cu
as a co-catalyst raises several drawbacks such as generation of
homocoupling products of the terminal alkyne due to the use of
an extra environmentally-unfriendly chemical (CuX). In this re-
gard, a Sonogashira cross-coupling protocol that allows the ex-
clusion of copper additives is highly desirable [30-33]. In recent
decades, bimetallic catalysts as an important class of active cat-
alysts have attracted much of attention in academic and indus-
trial applications [34]. These components display new properties
with respect to the monometallic systems. Indeed, the presence of
two metals enhances activity and selectivity of the catalyst, caused
by the electronic and structural interactions and synergistic effects
between them. Therefore, this perspective highlights an alterna-
tive pattern for the use of bimetallic catalysts in coupling reac-
tions [35-38]. Nowadays, finding catalyst supports is one of chal-
lenges in sustainable chemistry to design new heterogeneous cata-
lysts. Due to advantages of mesoporous materials such as porosity,
high thermal stability, and high specific surface, they are appro-
priate candidates for synthesis of transition metal supported cata-
lysts [25,39,40]. Keeping this in mind, Herein, we have focused our
attention on the influence and use of mesoporous bimetallic cat-
alysts in C-C coupling reactions. So, we report Ni/Cu-MCM-41 as
a simple and efficient catalyst for the Sonogashira cross-coupling
reaction between phenylacetylene and aryl halides in the synthe-
sis of phenylethynyl derivatives under palladium-free conditions
(Scheme 1).
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2. Experimental
2.1. Material and instrumentation

Fourier transform infrared (FT-IR) spectra are recorded by a
Nicolet IR-100 infrared spectrometer using KBr pellets in the range
400-4000 cm~'. The nuclear magnetic resonance (NMR) spectra
are recorded using a Brucker DRX 300-Avance spectrometer, op-
erating at 300 and 75 MHz in CDCl3 as solvent in the presence of
tetramethylsilane (TMS) as internal standard. X-ray powder diffrac-
tion (XRD) is performed using Philips XPert (1730 diffractometer).
The latter appears with Cu Ko (o = 1.54056 A°) and voltage of
40 kV. Surface area and isotherm are tested by N, adsorption-
desorption (Micrometritics, TriStar II 3020 surface area and poros-
ity analyzer). The particle morphology is examined by scanning
electron microscopy (SEM) [(HITACHI S-4160)], on gold coated
samples. Shimadzu-UV-2550-8030 spectrophotometer is used for
analysis of the UV-Vis diffuse reflectance spectroscopy (DRS) in the
range of 190-800 nm.

2.2. Preparation of the catalyst

The Ni/Cu-MCM-41 is prepared through co-condensation
method [41]. According to this procedure, about 0.65 g of
cetyltrimethylammonium bromide (CTAB) is dissolved in 50 mL of
H,0 and ethanol. Afterwards, 4 mL of an aqueous NH3 solution
containing 0.102 g of Cu(NO3),. 3H,0 and 0.5 g of Ni(NO3),. 6H,0
is added to formation a dark blue color solution. Subsequently,
about 3.2 mL of tetraethyl orthosilicate (TEOS) is added and stirred
for 2 h at room temperature (RT). This procedure is followed by fil-
tering blue color product, washing it with deionized water, drying
at 75°C overnight, and calcination at 540°C, for 18 h.

2.3. General procedure for the Sonogashira coupling reaction in the
presence of the Ni/Cu-MCM-41

A mixture of phenylacetylene (1.2 mmol), aryl halide (1 mmaol),
KOH (2 mmol), DMF (5 mL) and Ni/Cu-MCM-41 (20 mg) are added
into a 25 mL flask. The resulting mixture is stirred at 120 °C for ap-
propriate reaction time. Progress of reactions is monitored by TLC.
After completion of the reaction, the catalyst is separated by cen-
trifugation. Then, the reaction mixture is extracted with ethyl ac-
etate and water. The organic phase is dried by addition of MgSO4
and concentrated under reduced pressure. The residue is purified
by column chromatography.

3. Results and discussion
3.1. Characterization of the catalyst

Upon synthesis, Ni/Cu-MCM-41 is characterized by FI-IR, SEM,
XRD, DRS, energy dispersive X-ray spectroscopy (EDX), and nitro-
gen adsorption-desorption analysis.

FT-IR spectra of MCM-41 (Mobil Composition of Matter No. 41)
and Ni/Cu-MCM-41 are recorded in the range of 400-4000 cm™!
(Fig. S1 of the SI). In both spectra, the broad band at around
3430 cm~! is correlated to the hydroxyl stretching vibrations of
the silanols and adsorbed water molecules, also the H-O-H bend-
ing vibration of water molecules is assigned at around 1635 cm~1.
For MCM-41, the band at 1088 cm~! can be assigned to asymmet-
ric Si-O-Si stretching vibration. It can be seen in FT-IR spectra of
Ni/Cu-MCM-41 that this band is shifted to the lower wave num-
ber at 1083 cm~!, because substitution of Si atoms with Cu and Ni
causes the longer bond lengths of Cu-O and Ni-O bonds in com-
parison with Si-O bonds. In addition, Si-O-Si bending vibration is
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Fig. 1. Nitrogen adsorption-desorption isotherms (a) and pore size distribution (b)
of MCM-41 and Ni/Cu-MCM-41.

observed at 459 cm~!. These results demonstrate the successful in-
corporation of transition metals in the framework of MCM-41.

The crystal structure of sample is characterized by XRD mea-
surement (Fig. S2 of the SI). The low angle XRD pattern of Ni/Cu-
MCM-41 exhibits a strong peak in 20 =1.24, due to the dgg plane,
which is the characteristic diffraction pattern of the ordered hexag-
onal symmetry of mesoporous material. Comparison of XRD pat-
tern of Ni/Cu-MCM-41 with MCM-41 indicates a decrease in 26



Z. Nasresfahani and M.Z. Kassaee

28.8kY X40.

Journal of Organometallic Chemistry 937 (2021) 121703

20.0kV X30.0K 1.88rm

Fig. 2. SEM images of the Ni/Cu-MCM-41.
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Fig. 4. The UV-Vis diffused reflectance spectra (DRS) of Ni/Cu-MCM-41.

value of the (100) reflection, which is probably due to the ionic
radii of Ni2* and Cu?* that are larger than that of Si*t. So, the par-
tial substitution of the structural Si4+ by these metals has resulted
in an increase in the d spacing and decrease in the 260 based on
the Bragg’s equation. The wide angle XRD pattern of Ni/Cu-MCM-
41 shows the broad peak at around 22.5°, corresponding to the
amorphous silica. Slight extent of NiO with cubic phase confirms

Fig. 5. Reusability study of the catalyst in the Sonogashira cross-coupling reaction.

good dispersion of copper and nickel ions in the MCM-41 frame-
work (Fig. S2c).

The nitrogen adsorption-desorption isotherms of MCM-41 and
Ni/Cu-MCM-41 reveal an type IV adsorption isotherm with a cap-
illary condensation step at a low relative pressure (P/Pg= 0.2-
0.4), confirming the characteristics of a mesoporous structure. This
sharp inflection move slightly to higher relative pressure with
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Table 1
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Screening of reaction parameters for the Sonogashira coupling reaction catalyzed by Ni/Cu-MCM-41.2

Catalyst, Base

jogey

Solvent, Temp.

Entry Solvent Catalyst Amount (mg)  Base Temperature (°C)  Yield® (%)
1 DMF 20 K,CO3 120 50
2 DMF 20 Na,COs 120 40
3 DMF 20 NaOH 120 60
4 DMF 20 EtsN 120 30
5 DMF 20 KOH 120 93
6 EtOH 20 KOH 120 65
7 H,0 20 KOH 120 10
8 DMSO 20 KOH 120 60
9 Toluene 20 KOH 120 50
10 DMF 15 KOH 120 80
11 DMF 10 KOH 120 70
12 DMF 20 KOH 80 50
13 DMF 20 KOH 100 60
14 DMF 20 KOH 140 94

2 Reaction conditions: phenylacetylene (1.2 mmol), 4-iodotoluene (1.0 mmol), base (2 mmol), solvent

(5 mL).
b Isolated yield.

transition-metal incorporation. The Brunauer- Emmett-Teller (BET)
surface and pore volume of MCM-41 are calculated to be 927 m?/g
and 0.86 cm?3/g, respectively. While, the BET surface (469 m?2/g)
and pore volume (0.44 cm?3/g) for Ni/Cu-MCM-41 are lower than
those for MCM-41(Fig. 1a). According to the Barrett-Joyner-Halenda
(BJH) model, pore size distribution of MCM-41 and Ni/Cu-MCM-41
are 2.2 and 2.6 nm, respectively (Fig. 1b).

In order to have a vision on surface topography and the mor-
phological dispersion of the metal particles over mesoporous sub-
strate, SEM analysis has been performed for MCM-41 modified
with Cu and Ni. The images indicate that the particles are spherical
in nature and the metal particles are well dispersed over the sur-
face of mesoporous support (Fig. 2). The EDX spectrum also con-
firms the elemental distribution of Ni/Cu-MCM-41 including O, Si,
Ni and Cu (Fig. 3).

The coordination environment of the copper and nickel mod-
ified MCM-41 is investigated by UV-Visible analysis. A highly in-
tense peak below 300 nm in the (DR) spectra of Ni/Cu-MCM-41
may be attributed to the ligand to metal (Cu and Ni) charge trans-
fer transition. The band around 780 nm, corresponds to the 2Eg(D)-
2T2g spin and allows Lapporte-forbidden transition of Cu?* in the
octahedral coordination [41] (Fig. 4).

3.2. Catalytic activity studies

After the detailed characterization of Ni/Cu-MCM-41, its cata-
lyst activity is assessed in the Sonogashira coupling reaction. Ini-
tially, the Ni/Cu-MCM-41 catalyzed Sonogashira reaction conditions
are optimized by screening various solvents, catalyst amounts, ba-
sic compounds, and temperatures in the coupling reaction of 4-
iodotoluene and phenylacetylene (Table 1). Bases play a major role
in coupling reactions, testing various bases (KOH, NaOH, K,COs,
Na,CO3 and Et3N) show that the best yield is obtained by using
KOH (Table 1, entries 1-5). Next, a variety of solvents (DMF, DMSO,
EtOH, H,0 and toluene) are probed for the model reaction, where
DMF affords the highest yield (Table 1, entries 5-9). Testing differ-
ent amounts of the catalyst (10, 15 and 20 mg), 20 mg of Ni/Cu-
MCM-41 is found to be the optimum amount (Table 1, entries 5,
10, 11). Finally, efficiency of the several temperatures (80, 100, 120
and 140 °C) is tested in Sonogashira reaction, where 120 °C shows
the best performance. It should be noted that the increase of tem-
perature does not affect the product yield (Table 1, entries 12-14).
Based on results, the optimum reaction conditions for Ni/Cu-MCM-
41 catalyzed Sonogashira reactions are found to be KOH as the

Table 2
Sonogashira couplings of various aryl halides and phenylacetylene over Ni/Cu-
MCM-41.

X =
Ni/CuMCM-41,KOH /7~ \ —\R
+ ’ —
DME, 120 °C o N\ /
R

R

Entry X Time (h) Yield® (%)
1 H I 6 95
2 4-CHj; I 6 93
3 4-0CH3 [ 8 90
4 3-0CH3 I 8 87
5 3-NH, I 8 85
6 2-NH, I 8 84
7 1-Cl I 6 90
8 4-NO, I 5 96
9 4-Br 1 8 80
10 H Br 6 82
11 4-COH Br 8 78
12 3-COH Br 8 65

2 Isolated yield.

X =
[
R

X=1,Br

Ni/Cu-MCM-41,KOH O R
DMF, 120 °C

Scheme 1. Sonogashira cross-coupling reaction by Ni/Cu-MCM-41.

base, DMF as the solvent, 20 mg of Ni/Cu-MCM-41 as the amount
catalyst, and 120 °C as the optimum temperature.

Using the above optimized reaction conditions, the scope of
the Sonogashira couplings is examined for the synthesis of di-
verse alkyne-functionalized benzenes using a broad of aryl halides.
The results indicate that the Sonogashira reaction proceeds effi-
ciently with both aryl iodides and aryl bromides affording C-C cou-
pling products in good yields (Table 2). The aryl iodides bearing
electron-donating groups (-CH3z and -OCH3) at para-substituted po-
sition afford cross-coupling products with excellent yields (Table 2,
entries 2, 3). However, the aryl iodides with meta- or ortho-
substituted electron-donating groups provide the coupled product
in slightly lower yields (Table 2, entries 4-6). Aryl iodide with
electron-withdrawing groups (-Cl, -Br and -NO,) are successfully
coupled to biphenylacetylene derivatives in good yields (Table 2,
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Scheme 2. Proposed mechanism for the Ni/Cu-MCM-41 catalyzed Sonogashira cross-coupling reaction.

entries 7-9). On the other hand, the Ni/Cu-MCM-41 catalyzed
Sonogashira couplings is investigated also for the aryl bromides
that show the bromo-substituted substrates are more difficult than
those of corresponding iodo-substituted aromatics (Table 2, entries
10-12).

A plausible mechanism for the Ni/Cu-MCM-41 catalyzed Sono-
gashira cross-coupling reaction has been presented in Scheme 2.
At first, catalyst activates phenylacetylene to form Cu-acetylide in-
termediate (A) in the presence of base. Subsequently, aryl halide is
adsorbed on the Ni/Cu-MCM-41 surface through oxidative addition
to form ArNiX species (B). Next, in the transmetalation step, the
halide is readily displaced with terminal alkyne to form interme-
diate C. Finally, the dipheylacetylene product is formed from the
resulting intermediate C by reductive elimination.

3.3. Recycling of the catalyst

The reusability of heterogeneous catalyst is a key aspect to eval-
uate its efficiency that is a crucial factor from eco-friendly and eco-
nomical points of view. In this regard, we carry out the reusability
of Ni/Cu-MCM-41 catalyst in the Sonogashira coupling reaction of
4-iodotoluene and phenylacetylene under the optimized conditions
(Fig. 5). After completion of the reaction, the catalyst easily is sep-
arated by centrifugation from the reaction solution, washed with
acetone, dried and reused in the next run. It is noteworthy that
the catalyst could be used five times without a significant loss in
its activity.

4. Conclusions
We have successfully used Ni/Cu-MCM-41 as a convenient cat-

alyst in Sonogashira coupling of different aryl halides with pheny-
lacetylene under palladium-free conditions. It is found, that the

present bimetallic mesoporous system is one of the most effective
catalysts for the synthesis of various diphenylacetylenes and could
be successfully recovered from the reaction mixture and reused for
five consecutive catalytic cycles without significant loss of its activ-
ity. Moreover, this protocol is prominent because of the use of low
cost catalytic system respect to palladium catalyst and open new
perspectives for the application of bimetallic catalysts in coupling
reactions.
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