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mechanical stability, high surface area, tunable pore sizes 
and uniform porosity and free diffusion of reactants and 
products to the active catalytic sites [2]. Between various 
types of mesoporous compounds, MCM-41 as a periodic 
mesoporous silica material has attracted much attention and 
has been studied for the synthesis of various heterogene-
ous catalysts and has been frequently applied as a support 
in organic processes [3–6]. It is noteworthy that the appli-
cation of MCM-41 provides ideal conditions for organic 
reactions because it has high surface area and uniform two 
dimensional hexagonal channels and selectively controlla-
ble pore sizes in the range of 2–10 nm, however, its cata-
lytic activity is low due to the lack of potent acid or base 
active sites [7–9]. There are various reported strategies for 
the modification of MCM-41 with the aim of enhancement 
of its catalytic activity [10–14]. One of the most useful and 
frequently used methods to gain modified MCM-41 with 
enhanced catalytic activity is the replacement of some Si 
atoms with transition metals [15–21].

Imidazoles as an important class of heterocyclic com-
pounds can be found in chemical structure of some impor-
tant biological active compounds such as histidine, his-
tamine, biotin and important natural products such as 
pilocarpine alkaloids [22]. Besides, there are numerous 
synthesized imidazoles with unique bioactivities such as 
anti-allergenic [23], anti-inflammatory [24], antifungal, 
antimycotic, antibiotic, antiulcerative, antibacterial and 
antitumoral [25]. Between various imidazole derivatives, 
highly substituted imidazoles have attracted more attention 
and their preparation and biological activities have been 
studied by many research groups [26–46]. More recently we 
introduce a novel and more atom efficient method for the 
synthesis of tetrasubstituted imidazoles via a one-pot three-
component condensation of benzoin, nitriles and amines in 
the presence of trifluoroacetic acid (TFA) under microwave 

Abstract The nano-sized copper/zinc-modified MCM-41 
(Cu/Zn-MCM-41) was successfully prepared, character-
ized and applied as a new heterogeneous mesoporous and 
reusable nano-catalyst in a more atom efficient and novel 
one-pot three component strategy for the synthesis of tet-
rasubstituted imidazoles from nitriles, amines and benzo-
ins under microwave irradiation. Using this method, the 
major problem of previously reported method (application 
of toxic and non-recoverable trifluoroacetic acid (TFA) as 
a catalyst) have been solved and all obtained results were 
highly similar (reaction times and yields) to the application 
of TFA that proved the efficiency of prepared catalyst in 
titled reaction.
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1 Introduction

Nowadays the application of heterogeneous catalysis 
instead of liquid acid catalysts and no recoverable tra-
ditional inorganic bases has become a useful strategy 
in the development of more benign and environmental 
friendly processes in organic synthesis [1]. Between vari-
ous kinds of heterogeneous catalytic systems, mesoporous 
materials have attracted much attentions due to their 
unique characteristics such as high thermal, chemical and 
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irradiation [47]. This is noteworthy that the application 
of this method is in combination with some highlighted 
advantages such as higher atom efficiencies, application 
of highly efficient energy source, very short reaction times 
(6–18 min) and high yields (83–91%) of products, but, it is 
in combination with a crucial drawback, the application of 
TFA that is a highly toxic  [LD50 = 200 mg/kg (oral rat)] and 
no recoverable material that will cause to the production 
of harmful waste. So, there still exists a demand for devis-
ing more environmentally benign, recoverable and reusable 
catalytic systems for the one-pot condensation of benzoin, 
nitriles and amine as a more atom efficient approach to tet-
rasubstituted imidazoles.

Based on the above facts and as a part of our recent stud-
ies in the development of more benign catalytic systems 
in organic synthesis [48–53], we herein report the prepa-
ration of nano-sized Cu/Zn-modified MCM-41 as a new 
highly efficient and reusable mesoporous nano-catalyst for 
the synthesis of tetrasubstituted imidazoles via a one-pot 
condensation of nitriles (1), amines (2) and benzoins (3) 
(Scheme 1).

2  Experimental

All chemicals were purchased from international chemi-
cal companies (Merck, Sigma-Aldrich and Fluka) and 
were applied directly without further purifications. 1H 
and 13C NMR spectra were recorded on a Bruker Avance 
(250  MHz for 1H and 62.5  MHz for 13C) spectrometer 

with tetramethylsilane (TMS) as an internal standard and 
in DMSO-d6 as solvent. A Bruker FT-IR Equinax-55 spec-
trophotometer was applied in order to report the infrared 
spectra. All XRD patterns were recorded on a Bruker D8 
ADVANCE X-ray diffractometer with the nickel filtered Cu 
Kα radiation (λ = 1.5406  Å). The KYKY-EM3200 instru-
ment was applied for the preparation of scanning electron 
micrograms (SEM). Transmittance electron microscopy 
(TEM) was performed with Zeiss-EM10C at 80 KV. A 
laboratory microwave oven (MicroSYNTH, Milestone 
Company, Italy) was applied as microwave irradiator. The 
reactions were performed in a high pressure resistance 
glass tube sealed with a septum. A calibrated infrared tem-
perature control sensor mounted under the reaction vessel 
was applied to monitor the reaction temperature and the 
reaction mixture was magnetically stirred during the micro-
wave irradiation. Melting points were determined in open 
capillary tubes with a Büchi B-545 melting point appara-
tus. Microanalysis was performed on a Perkin-Elmer 240-B 
microanalyzer (the classical Pregl–Dumas method where 
samples are combusted in a pure oxygen environment, with 
the resultant combustion gases measured in an automated 
fashion has been applied. samples encapsulated in tin or 
aluminum vials are inserted automatically from the inte-
gral 60-position autosampler (solid compounds). For CHN 
analysis, the combusted sample then goes through a reduc-
tion chamber to a homogenization chamber. The resultant 
gases are separated using frontal chromatography, then 
elute through a thermal conductivity detector using He as 
a neutral eluent).
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4- Zn(OAc)2.2H2O

R1

CN

R2 NH2

O
OH

(1)

(2) (3)

N

N
R2

R1

(4a-4af)

H2O
R3

R3

R3

R3

Scheme 1  The preparation of nano-sized Cu/Zn-modified MCM-41 for the synthesis of tetrasubstituted imidazoles (4) via a one-pot condensa-
tion of nitriles (1), amines (2) and benzoins (3)
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2.1  The preparation of nano-sized Cu/Zn-MCM-41

The method of direct insertion of Cu and Zn ions in 
the sol gel preparation step was applied for the synthe-
sis of nano-sized Cu/Zn-MCM-41. For this, a gel com-
position (molar ratio) of  SiO2:CTAB:NH4OH:H2O:Cu 
(OAc)2·H2O:Zn(OA c)2·2H2O = 1.000:0.127:0.623:508.
000:0.033:0.033 [tetraethyl orthosilicate (TEOS) as the 
Si source, cetyltrimethylammonium bromide (CTAB) 
as the template, ammonia as the pH control agent, 
Cu(OAc)2·H2O as the copper source and Zn(OAc)2·2H2O 
as the zinc source] was applied for typical synthesis of 
Cu/Zn-MCM-41 with both Si/Cu and Si/Zn molar ratios 
of 30 and 1.000:0.127:0.623:508.000:0.033:0.0165 for 
typical synthesis of Cu/Zn-MCM-41 with Si/Cu and Si/
Zn molar ratios of 30 and 60 respectively.

In a typical procedure for the synthesis of Cu/Zn-
MCM-41 with both Si/Cu and Si/Zn molar ratios of 30, the 
solution of cetyltrimethylammonium bromide (1040 mg) in 
deionized water (200 mL) was vigorously stirred at 60 °C 
for 15  min. Tetraethyl orthosilicate (5  mL) was added 
dropwise during 60  min gradually followed by dropwise 
addition of the solution of Cu(OAc)2·H2O (150  mg) and 
Zn(OAc)2·2H2O (165 mg) in 5 mL of deionized water. The 
obtained mixture was vigorous stirred for 1 h at 25 °C. After 
this time, the pH of the solution was adjusted to 10.5 with 
the addition of 25 wt% ammonia and obtained mixture was 
stirred for 12 h at 25 °C. The gel was separated by centrifu-
gation, washed with ethanol (20 mL) and deionized water 
(40 mL), dried at 120 °C for 2 h and calcined in air at 550 °C 
for 4 h. This procedure was also applied for the preparation 
of Cu/Zn-MCM-41 with Si/Cu molar ratio of 30 and Si/Zn 
molar ratio of 60 and only 82 mg of Zn(OAc)2·2H2O was 
applied. Similarly, Cu/Zn-MCM-41 with Si/Cu molar ratio 
of 60 and Si/Zn molar ratio of 30 was prepared with the 
application of Cu(OAc)2·H2O (75 mg) and Zn(OAc)2·2H2O 
(165 mg). The Cu-MCM-41-30 and Zn-MCM-41-30 were 
prepared based on a reported procedure [54]. The obtained 
samples were named as Cu/Zn-MCM-41-x-y where x and 
y are the Si/Cu and Si/Zn molar ratios in their initial gel 
compositions, respectively. Please note: the selection of 
metal concentration in MCM-41 framework depends on 
two important factors: (1) maximum amount of metal to 
reach high active sites and (2) high crystallinity and high 
surface area of final composite. Substitution of the struc-
tural  Si4+ by the  Cu2+ and  Zn2+ ions, resulting in partial 
collapse of the hexagonal structure of MCM-41 and the 
increase in unit-cell parameters. These results are probably 
due to the larger size of ions compared to the  Si4+. This 
earlier case was investigated in our previous work about 
copper modified MCM-41. So that optimized ion concen-
tration in this work has been selected base on the previous 

results, textural and catalytic behaviour of the prepared cat-
alysts with various Si/ion molar ratios [54].

2.2  General procedure for the synthesis of tetrasubsti-
tuted imidazoles

In a pressure-resistance microwave glass tube, nitriles (1) 
(1 mmol), amines (2) (1 mmol), benzoins (3) (1 mmol) and 
Cu/Zn-MCM-41 (20 mg) were added and sealed carefully 
with a septum. In order to mix the reactants and catalyst, 
the mixture was stirred for 5 min at room temperature and 
then exposed to microwave irradiation (300  W) at 90 °C 
(The microwave instrument automatically increased the 
temperature to 90 °C during 1 min) and the completion of 
the reaction was followed by TLC. After the completion 
of reaction, the mixture was cooled to room temperature, 
ethyl acetate (20 mL) was added and resulting mixture was 
stirred magnetically at 80 °C for 5  min. Insoluble catalyst 
was separated with centrifugation, washed with ethyl ace-
tate (10 mL, two times), dried at 120 °C for 2 h, calcined at 
550 °C for 2 h and reused. The catalyst almost completely 
(>99%) has been recovered from the reaction media. The 
separated solution was kept at room temperature for 48 h 
and precipitated crystals were filtered and dried under 
reduced pressure to afford pure products.

2.2.1  1‑(4‑Isopropylphenyl)‑2,4,5‑triphenyl‑1H‑imidazole 
(4b)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
1.08 (d, J = 7.0  Hz, 6H), 2.84 (Septet, J = 5.5  Hz, 1H), 
7.15–7.48 (m, 19H). 13C NMR (62.5  MHz, DMSO-d6) 
δ (ppm) 22.8, 32.5, 123.3, 124.1, 126.5, 127.1, 127.6, 
128.0, 128.8, 128.5, 129.0, 129.4, 129.5, 130.0, 130.3, 
130.8, 132.6, 133.2, 135.9, 144.6, 146.4. Anal. Calcd. for 
 C30H26N2: C, 86.92; H, 6.32; N, 6.76 (%). Found: C, 86.88; 
H, 6.30; N, 6.79 (%).

2.2.2  1‑Benzyl‑2,4,5‑triphenyl‑1H‑imidazole (4d)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
5.14 (s, 2H), 6.71–7.66 (m, 20H). 13C NMR (62.5  MHz, 
DMSO-d6) δ (ppm) 50.2, 126.7, 127.2, 127.4, 127.8, 128.3, 
128.5, 128.8, 128.9, 129.2, 129.6, 129.7, 129.9, 130.0, 
131.2, 132.4, 132.9, 136.7, 142.3, 150.9. Anal. Calcd. for 
 C28H22N2: C, 87.01; H, 5.74; N, 7.25 (%). Found: C, 86.95; 
H, 5.71; N, 7.33 (%).

2.2.3  1‑(4‑Methoxyphenyl)‑2,4,5‑triphenyl‑1H‑imidazole 
(4e)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
3.67 (s, 3H), 6.80–7.36 (m, 19H). 13C NMR (62.5  MHz, 



78 J Porous Mater (2018) 25:75–93

1 3

DMSO-d6) δ (ppm) 53.4, 114.3, 123.4, 127.3, 128.1, 128.4, 
128.6, 128.8, 129.1, 129.4, 129.7, 130.1, 130.4, 130.7, 
131.0, 133.0, 133.52, 133.59, 146.2, 158.4. Anal. Calcd. 
for  C28H22N2O: C, 83.56; H, 5.51; N, 6.96 (%). Found: C, 
83.48; H, 5.45; N, 7.01 (%).

2.2.4  4‑(1‑Benzyl‑4,5‑diphenyl‑1H‑imidazol‑2‑yl)phenol 
(4p)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
5.06 (s, 2H), 6.70–7.44 (m, 19H), 9.80 (s, 1H). 13C NMR 
(62.5 MHz, DMSO-d6) δ (ppm) 49.7, 116.3, 123.7, 126.9, 
127.5, 127.7, 128.3, 128.66, 128.69, 128.8, 129.11, 129.18, 
129.3, 129.6, 132.0, 134.5, 136.7, 141.5, 150.8, 158.7. 
Anal. Calcd. for  C28H22N2O: C, 83.56; H, 5.51; N, 6.96 
(%). Found: C, 83.60; H, 5.62; N, 7.05 (%).

2.2.5  4‑(1,4,5‑Triphenyl‑1H‑imidazol‑2‑yl)phenol (4q)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
6.61–6.66 (m, 2H), 7.10–7.43 (m, 17H), 9.70 (s, 1H). 13C 
NMR (62.5 MHz, DMSO-d6) δ (ppm) 116.0, 123.7, 125.9, 
127.0, 127.6, 128.0, 128.5, 128.8, 129.0, 129.3, 129.5, 
129.8, 130.7, 133.2, 133.4, 136.2, 141.6, 158.8. Anal. 
Calcd. for  C27H20N2O: C, 83.48; H, 5.19; N, 7.21 (%). 
Found: C, 83.44; H, 5.21; N, 7.25 (%).

2.2.6  4‑(1‑(4‑Methoxyphenyl)‑4,5‑diphenyl‑1H‑imida‑
zol‑2‑yl)phenol (4r)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
3.77 (s, 3H), 6.73 (d, J = 8.5 Hz, 2H), 6.96 (d, J = 8.5 Hz, 
2H), 7.23–7.64 (m, 14H), 9.62 (br, 1H). 13C NMR 
(62.5 MHz, DMSO-d6) δ (ppm) 54.5, 114.5, 115.7, 124.8, 
126.2, 126.7, 128.0, 128.5, 129.2, 129.4, 129.5, 129.7, 
131.0, 132.8, 133.10, 133.19, 149.2, 158.3, 159.0. Anal. 
Calcd. for  C28H22N2O2: C, 80.36; H, 5.30; N, 6.69 (%). 
Found: C, 80.41; H, 5.36; N, 6.63 (%).

2.2.7  4‑(1‑(4‑Chlorophenyl)‑4,5‑diphenyl‑1H‑imida‑
zol‑2‑yl)phenol (4s)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
6.67–6.72 (m, 2H), 7.15–7.40 (m, 16H), 9.66 (br, 1H). 13C 
NMR (62.5 MHz, DMSO-d6) δ (ppm) 116.2, 123.5, 125.5, 
126.8, 128.8, 128.9, 129.0, 129.2, 129.4, 129.6, 129.7, 
130.1, 130.4, 133.0, 133.2, 133.9, 136.4, 147.0, 159.0. 
Anal. Calcd. for  C27H19ClN2O: C, 76.68; H, 4.53; N, 6.62 
(%). Found: C, 76.60; H, 4.59; N, 6.70 (%).

2.2.8  1‑Benzyl‑2‑(4‑methoxyphenyl)‑4,5‑diphenyl‑1H‑imi‑
dazole (4t)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
2.26 (s, 3H), 5.10 (s, 2H), 6.63–7.50 (m, 19H). 13C NMR 
(62.5  MHz, DMSO-d6) δ (ppm) 47.6, 53.0, 112.1, 123.5, 
127.0, 127.4, 127.6, 128.56, 128.58, 128.7, 129.0, 129.2, 
129.5, 129.7, 131.0, 132.2, 132.9, 137.4, 140.7, 152.3, 
160.8. Anal. Calcd. for  C29H24N2O: C, 83.63; H, 5.81; N, 
6.73 (%). Found: C, 83.70; H, 5.89; N, 6.70 (%).

2.2.9  2‑(4‑Tert‑butylphenyl)‑1‑benzyl‑4,5‑diphenyl‑1H‑im‑
idazole (4u)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
1.26 (s, 9H), 5.10 (s, 2H), 6.70–7.49 (m, 19H). 13C NMR 
(62.5  MHz, DMSO-d6) δ (ppm) 29.6, 33.5, 28.0, 124.0, 
125.9, 126.4, 126.6, 127.3, 127.5, 127.6, 127.8, 128.0, 
128.3, 128.5, 128.7, 131.4, 131.7, 135.1, 140.7, 150.0, 
150.4. Anal. Calcd. for  C32H30N2: C, 86.84; H, 6.83; N, 
6.33 (%). Found: C, 86.76; H, 6.91; N, 6.30 (%).

2.2.10  2‑(4‑(1‑Benzyl‑4,5‑diphenyl‑1H‑imidazol‑2‑yl)
phenyl)‑1H‑benzo[d]imidazole (4x)

White powder, 1H NMR (250  MHz, DMSO-d6) δ (ppm) 
6.50 (s, 2H), 6.83–7.69 (m, 23H), 12.90 (s, 1H). 13C NMR 
(62.5 MHz, DMSO-d6) δ (ppm) 46.6, 113.0, 115.0, 120.3, 
120.5, 124.0, 125.1, 125.2, 125.3, 125.9, 126.0, 126.2, 
126.3, 126.5, 126.6, 127.0, 127.1, 127.2, 127.6, 130.4, 
130.9, 134.0, 138.7, 139.4, 149.0, 153.5. Anal. Calcd. 
for  C35H26N4: C, 83.64; H, 5.21; N, 11.15 (%). Found: C, 
83.57; H, 5.17; N, 11.18 (%).

3  Results and discussion

In the first step, nano-sized copper/zinc-modified MCM-41 
was prepared as a new mesoporous heterogeneous cata-
lyst with the direct insertion of the Cu and Zn ions in the 
sol–gel preparation step at ambient temperature and the 
structure of synthesized catalyst was fully characterized 
with XRD, IR, SEM, TEM, ICP and BET methods. In this 
case, two samples of Cu/Zn-MCM-41 with different Si/
Cu and Si/Zn molar ratios were prepared and their struc-
tures were compared with the structures of MCM-41 and 
Cu-MCM-41.

In low angle XRD patterns, the main peaks, related to 
the [100] reflection of MCM-41, Cu-MCM-41-30, Cu/
Zn-MCM-41-30-60 and Cu/Zn-MCM-41-30-30 are 
observed in 2θ = 2.4°, 1.45°, 2.32° and 2.2°, respectively 
(Fig. 1). Presence of the Cu atoms in the MCM-41 frame-
work causes the increasing d-spacing factor and due to 
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an expansion in MCM-41 mesopores, Cu/Zn-MCM-41 
samples show nearer d-spacing factors than Cu-MCM-41 
with equal Si/Cu molar ratio base on the [100] reflection 
angle respect to the pure MCM-41. Nevertheless, Cu/Zn-
MCM-41 sample with higher Cu/Zn molar ratio shows a 
larger d-spacing factor. In addition, the intensities of the 
main peaks of ion incorporated MCM-41 samples were 
decreased gradually with increasing of metal ion content in 
the samples. The incorporation of the Cu and Zn into the 
hexagonal channels of MCM-41 was lead to the decrease 
in the long-range order of the hexagonal meso-structure of 
MCM-41. It can be concluded from these observation that 
the presence of these ions partially destroys the crystalline 
structure of MCM-41.

As it is shown in Fig. 2, high angle XRD pattern of Cu/
Zn-MCM-41-30-30 shows slight extent of CuO with ten-
orite phase. Surprisingly, with decreasing the Zn content, 
tenorite phase is vanished in Cu/Zn-MCM-41-30-60. And 
also, a distinct phase for ZnO is not found in the XRD pat-
tern of Cu/Zn-MCM-41 samples. Overall, these facts show 
high dispersion of copper and zinc ions in the MCM-41 
framework.

The mesopore structure of prepared Cu/Zn-
MCM-41-30-30 was studied by TEM and compared 
with the TEM of MCM-41 and Zn-MCM-41-30. The 

TEM images of the Cu/Zn-MCM-41-30-30 (Fig.  3c), Zn-
MCM-41-30 (Fig.  3b) and Cu-MCM-41-30 (For TEM 
image please see [54]) show very well the porosity of pre-
pared materials in the range of mesoporous compounds 
(Fig. 3). There is partially non-uniform pore size distribu-
tion in Cu/Zn-MCM-41-30-30, Zn-MCM-41-30 and Cu-
MCM-41-30 and this comes from the incorporation of the 
Cu and/or Zn atoms in the MCM-41 framework that is in 
good agreement with XRD data.

The FT-IR spectra of pure MCM-41 and Cu and Zn-
incorporated MCM-41 samples are shown in Fig. 4. In IR 
spectrum of MCM-41 there are three characteristic peaks 
at 460, 808, and 1089 cm− 1 corresponding to the rocking, 
bending (or symmetric stretching), and asymmetric stretch-
ing of the inter-tetrahedral oxygen atoms in  SiO2, respec-
tively. The peak at 966  cm−1 is assigned to the silanol 
group (Si–OH) (Fig. 4a).

A slight red shift, related to the vibration absorption 
band at 1089  cm−1 corresponding to υ (Si–O–Si), to the 
lower frequencies in the spectra of ion incorporated MCM-
41 samples indicates the formation of Si–O-ion bond and 
incorporation of the Cu and Zn in the framework of MCM-
41 (Fig. 4b, c).

The particle size and morphology of prepared Cu/Zn-
MCM-41-30-30 were studied by scanning electron micros-
copy (SEM) and results are shown in Fig. 5. The SEM of 
Cu/Zn-MCM-41 shows uniformed spherical nanoparticles 
with sizes of <100 nm.

The Lewis and Brönsted acid behaviors of prepared cat-
alyst were verified by FT-IR spectroscopy with the applica-
tion of pyridine as a molecular probe. A clear distinction 
between Lewis and Brönsted acid sites of the catalyst was 
made with this method.

The FT-IR spectra of pyridine adsorbed on Cu/Zn-
MCM-41-30-30 before heat treatment (Fig.  6b) shows 
the contribution of pyridine adducts in the region of 
1400–1650  cm−1. In this spectra, the peaks at ~1450 and 
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Fig. 1  Low angle XRD patterns of (a) MCM-41, (b) Cu-
MCM-41-30, (c) Cu/Zn-MCM-41-30-60 and (d) Cu/Zn-
MCM-41-30-30

Fig. 2  The high angle XRD patterns of (a) Cu/Zn-MCM-41-30-60 
and (b) Cu/Zn-MCM-41-30-30
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1600  cm−1 are attributed to the pyridine bonded Lewis 
acid sites of the Cu/Zn-MCM-41-30-30. In this analysis, 
a peak at ~1545  cm−1 is assigned to Brönsted acid sites 

(corresponds to protonation of pyridine on Brönsted acid 
sites) that is not found in all spectra. As shown in Fig. 6c–f, 
with increasing in temperature, Lewis acidity characteris-
tic peaks are still remained at 1448 and 1598 cm−1. These 

Fig. 3  The TEM image of the 
MCM-41 (a), Zn-MCM-41-30 
(b) and Cu/Zn-MCM-41-30-30 
(c)
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Fig. 4  FT-IR spectra of (a) MCM-41, (b) Cu-MCM-41-30 and (c) 
Cu–Zn-MCM-41-30-30

Fig. 5  The SEM image of Cu/Zn-MCM-41-30-30
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results show that Lewis acidity of the catalyst is stronger 
than its Brönsted acidity [54].

The nitrogen adsorption–desorption isotherms of MCM-
41 and Cu/Zn-MCM-41-30-30 are presented in Fig. 7, and 
the textural properties summarized in Table 1. The results 

reported in Table  1 show that the BET surface area and 
pore volume of the MCM-41 substantially decrease with 
entrance of the Cu and Zn ions in MCM-41 framework 
from 1177 to 724.1 m2/g.

The elemental analysis of the mixed oxide was carried 
out by an ICP-OES instrument. ICP-OES analysis showed 
that the amounts of copper, zinc and silicon present in the 
catalyst were in good agreement with the initial gel com-
position. By this method, effective Si/Cu and Si/Zn molar 
ratios in the catalyst sample of Cu/Zn-MCM-41-30-30 was 
obtained to be equal to 33 and 29, respectively.

In the case of metal modified silica supported cata-
lyzed reactions, the oxidation states of active metals is an 
important parameter to be considered. As shown in Fig. 8, 
for X-ray photo electron spectroscopy (XPS) of Cu/Zn-
MCM-41-30-30, a Cu  2p3/2 binding energy of 933.18  eV 
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Fig. 6  The FT-IR spectra of (a) Cu/Zn-MCM-41-30-30, (b) pyridine 
adsorbed Cu/Zn-MCM-41-30-30 at ambient temperature and pyridine 
adsorbed Cu/Zn-MCM-41-30-30 heated at (c) 100 °C, (d) 200 °C, (e) 
300 °C, (f) 400 °C

Fig. 7  The nitrogen adsorption–desorption isotherms of MCM-41 
(a) and Cu/Zn-MCM-41-30-30 (b)

Table 1  Textural properties of the catalyst from nitrogen adsorption–
desorption isotherms

Samples BET surface 
area  (m2/g)

BJH average pore 
diameter (nm)

Vp  (cm3/g)

MCM-41 1176.96 2.374 1.146
Cu/Zn-

MCM-41-30-30
724.10 2.498 0.705

Fig. 8  The Cu (a) and Zn (b) X-ray photo electron spectroscopy 
(XPS) of Cu/Zn-MCM-41-30-30
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and the presence of shake up satellite peaks from X-ray 
photoelectron spectra (XPS) studies confirmed the oxida-
tion state of Cu as 2+, which is in agreement with the XRD 
data. The peak at about 1021.6  eV is ascribed to the Zn 
 2p3/2 of  Zn2+ ions in Cu/Zn-MCM-41-30-30, which is con-
sistent with values that reported for ZnO [55].

After successful preparation and characterization of Cu/
Zn-MCM-41, its catalytic behavior was investigated in the 
synthesis of tetrasubstituted imidazoles via the one-pot 
three-component reaction of nitriles (1), amines (2) and 
benzoins (3) (Scheme 1). For this, the reaction of benzoni-
trile (1 mmol), aniline (1 mmol) and benzoin (1 mmol) was 
selected as a model reaction and the reaction parameters 
were optimized under various conditions (Table 2).

After extensive screening, the best yield and short-
est reaction time were obtained with 20  mg of Cu/Zn-
MCM-41-30-30 under solvent-free condition at 140 °C, 
which furnished the corresponding tetrasubstituted imi-
dazole (4a) in 85% yield within 16  h (Table  2, entry 4). 
Increasing the amount of Cu/Zn-MCM-41-30-30 to 30 mg 
showed no substantial improvement in the yield (Table 2, 
entry 16), whereas the yield decreased and reaction 
time increased by the decreasing the amount of the cata-
lyst (Table 2, entries 13, 14 and 15). The reaction did not 
proceed in the absence of catalyst even after a long time 

(24 h) (Table 2, entry 17). Moreover, only a trace amount 
of products was obtained in the presence of MCM-41 
(Table  2, entry 1). Besides, the lower yields of products 
in longer reaction times were obtained with the applica-
tion of Cu-MCM-41-30, Zn-MCM-41-30 (Table 2, entries 
2 and 3). In the case of Cu/Zn-MCM-41-60-30 and Cu/
Zn-MCM-41-30-60 the same yields of products were 
obtained in longer reaction times (Table 2, entries 5 and 6). 
These observations establishes the crucial role of Cu/Zn-
MCM-41-30-30 in the expedition of the reaction time and 
the product yield and indicates that the presence of  Cu2+ 
and  Zn2+ ions at the same time in the framework of MCM-
41 is necessary to gain the best results.

With consideration of the critical role of microwave irra-
diation on the rate acceleration and yield enhancement of 
various chemical reactions [56, 57], our methodology was 
studied under microwave irradiation to improve the overall 
yield of the reaction and obtained results are summarized 
in Table 2. As it is shown in Table 2, the best results were 
obtained at 90 °C with 10 min microwave irradiation with 
the maximum power of 300 W (Table 2, entry 20). Increas-
ing the temperature and microwave irradiation power did 
not affect the yield and the reaction time (Table 2, entries 
21 and 23).

Table 2  The condensation 
reaction of benzonitrile 
(1 mmol), aniline (1.1 mmol) 
and benzoin (1 mmol) under 
different reaction conditions

a Isolated pure products

Entry Catalyst (quantity) Reaction conditions Time Yield (%)a

1 MCM-41 (20 mg) Solvent-free, 140 °C 24 (h) Trace
2 Cu-MCM-41-30 (20 mg) Solvent-free, 140 °C 24 (h) 81
3 Zn-MCM-41-30 (20 mg) Solvent-free, 140 °C 24 (h) 80
4 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, 140 °C 16 (h) 85
5 Cu/Zn-MCM-41-60-30 (20 mg) Solvent-free, 140 °C 24 (h) 84
6 Cu/Zn-MCM-41-30-60 (20 mg) Solvent-free, 140 °C 24 (h) 85
7 Cu/Zn-MCM-41-30-30 (20 mg) DMF, 140 °C 24 (h) 80
8 Cu/Zn-MCM-41-30-30 (20 mg) CH3CN, reflux 24 (h) 32
9 Cu/Zn-MCM-41-30-30 (20 mg) CH2Cl2, reflux 24 (h) No reaction
10 Cu/Zn-MCM-41-30-30 (20 mg) EtOH, reflux 24 (h) 55
11 Cu/Zn-MCM-41-30-30 (20 mg) MeOH, reflux 24 (h) 35
12 Cu/Zn-MCM-41-30-30 (20 mg) THF, reflux 24 (h) No reaction
13 Cu/Zn-MCM-41-30-30 (5 mg) Solvent-free, 140 °C 24 (h) 40
14 Cu/Zn-MCM-41-30-30 (10 mg) Solvent-free, 140 °C 24 (h) 55
15 Cu/Zn-MCM-41-30-30 (15 mg) Solvent-free, 140 °C 18 (h) 73
16 Cu/Zn-MCM-41-30-30 (30 mg) Solvent-free, 140 °C 16 (h) 85
17 – Solvent-free, 140 °C 24 (h) No reaction
18 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, MW (100 W), 90 °C 30 (min) 40
19 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, MW (200 W), 90 °C 20 (min) 75
20 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, MW (300 W), 90 °C 10 (min) 95
21 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, MW (400 W), 90 °C 10 (min) 95
22 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, MW (300 W), 70 °C 30 (min) 70
23 Cu/Zn-MCM-41-30-30 (20 mg) Solvent-free, MW (300 W), 100 °C 10 (min) 94



83J Porous Mater (2018) 25:75–93 

1 3

Table 3  The one-pot condensation of nitriles (1  mmol), primary amines (1  mmol) and benzoins (1  mmol) in the presence of Cu/Zn-
MCM-41-30-30 (20 mg) under microwave irradiation (300 W) at 90 °C

Entry Product Time (min) Yield (%)a M.P. (oC)

Found Reported [references]

1

N

N

(4a)

10 95 218–220 219–221 [14]

2

N

N

(4b)

10 89 153–155 152–155 [47]

3

N

N
CH3

(4c)

10 92 146–147 144–146 [14]

4

N

N

(4d)

8 95 155–158 157–159 [14]

5

N

N

O CH3

(4e)

8 95 240–242 239–241 [47]

6

N

N
CH3

CH3

(4f)

10 90 214–215 210–213 [14]
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Table 3  (continued)

Entry Product Time (min) Yield (%)a M.P. (oC)

Found Reported [references]

7

N

N
CH3

(4g)

10 88 150–152 155–156 [14]

8

N

N
CH3

(4h)

12 90 192–193 191–193 [14]

9

N

N
CH3

(4i)

10 92 164–166 166–168 [14]

10

N

N
CH3

Br

(4j)

10 92 200–203 200–203 [14]

11

N

N

CH3

NO2
(4k)

7 90 143–145 145–147 [14]

12

N

N

CH3

NO2

(4l)

7 90 217–220 215–217 [14]
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Table 3  (continued)

Entry Product Time (min) Yield (%)a M.P. (oC)

Found Reported [references]

13

N

N
Cl

(4m)

10 90 160–163 161–163 [14]

14

N

N
CH3

CH3

(4n)

12 92 192–193 194–196 [14]

15

N

N
Cl

(4o)

9 92 147–149 149–151 [14]

16

N

N
OH

(4p)

15 83 134–136 136–138 [14]

17

N

N
OH

(4q)

18 88 282–283 283–284 [14]

18

N

N
OH

O CH3

(4r)

12 90 >300 >300 [47]
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Table 3  (continued)

Entry Product Time (min) Yield (%)a M.P. (oC)

Found Reported [references]

19

N

N
OH

Cl

(4s)

18 82 289–291 290–292 [47]

20

N

N
O
CH3

(4t)

13 90 168–170 167–169 [47]

21

N

N

(4u)

12 92 175–177 177–179 [47]

22

N

N
Cl

Br

(4v)

12 90 219–221 217–219 [47]

23

N

N
NO2

(4w)

7 90 192–194 195–198 [47]
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Table 3  (continued)

Entry Product Time (min) Yield (%)a M.P. (oC)

Found Reported [references]

24

N

N

N

H
N

(4x)

12 92 252–255 254–256 [47]

25

N

N

NO2

(4y)

30 – – –

26

N

N

NO2

(4z)

30 – – –

27

N

N
CH3

Cl

Cl
(4aa)

12 91 186–188 185–186 [47]

28

N

N

Cl

Cl

O
CH3

(4ab)

18 90 166–167 169–171 [47]

29

N

N

O

OH3C

H3C

(4ac)

30 – – –
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In the next step, the scope and efficiency of the process 
were explored under optimized conditions with the one-pot 
condensation of a broad range of structurally diverse aro-
matic nitriles (1), amines (2) and benzoins (3) under micro-
wave irradiation (Scheme 1), and the results are displayed 
in Table 3.

As it can be concluded from Table  3, obtained results 
are approximately similar to results of the application of 
TFA [47]. All reactions were completed in short times 
(7–18  min) and corresponding products were obtained in 
good to excellent yields (82–95%). Besides, aryl nitriles 
bearing an electron withdrawing substitution on aromatic 
ring were reacted faster (Table  2, entries 11, 12 and 23) 
than the others bearing an electron donating group (Table 2, 
entries 16, 17, 18, 19 and 20). In addition, the reaction was 
not proceeded in the case of aromatic primary amines with 
a strong electron withdrawing groups even after a long 
time of microwave irradiation (30  min) (Table  2, entries 
25 and 26). Application of substituted benzoins was lead 
to the similar results and halide or alkyl substituted benzo-
ins (Table 2, entries 27, 28, 31 and 32) were successfully 
converted to desired tetrasunstituted imidazoles whereas 
only a mixture of unknown products was obtained with 

the application of methoxy (as an electron donating group) 
substituted benzoin even after a long time of microwave 
irradiation (30  min) (Table  2, entries 29 and 30). These 
results obviously establishes the similar catalytic efficiency 
of nano-sized Cu/Zn-modified MCM-41 and TFA, while 
the application of Cu/Zn-MCM-41 is in combination with 
some other advantages such as recoverability and reus-
ability of catalyst that will prevent the generation of toxic 
wastes.

The selectivity of presented method in the condensa-
tion of nitriles, amines and benzoins can be explained 
by a sequence of reactions in which the Cu/Zn-MCM-41 
serves two catalytic functions: first, activation of electro-
philes with an interaction between Lewis acid sites  (Cu2+ 
and  Zn2+) and negatively charged parts of electrophiles and 
the second to enhance the nucleophilicity of nucleophiles 
with the interaction between positively charged parts of 
nucleophiles and negatively charged oxygens of Cu/Zn-
MCM-41(Scheme 2). This is noteworthy that the presence 
of electron-positive  Cu2+ and  Zn2+ species in the MCM-
41 framework leads to the development of higher negative 
charges on the oxygens.

Table 3  (continued)

Entry Product Time (min) Yield (%)a M.P. (oC)

Found Reported [references]

30

N

N

O

O

H3C

H3C

NO2

(4ad)

30 – – –

31

N

N
O
CH3

H3C

H3C
(4ae)

12 90 180–182 183–184 [47]

32

N

N

H3C

H3C
(4af)

14 90 176–178 173–174 [47]

a Isolated yield
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As it has been previously suggested there are two plau-
sible mechanistic pathways for one-pot condensation of 
nitriles (1), amines (2) and benzoins (3) [47]. During the 

first step of pathway A, an imine intermediate (5) produces 
from the condensation of primary amine (2) and benzo-
ins (3) followed by fast tautomerization of imine (5) to an 
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Fig. 9  The reusability of nano-
sized Cu/Zn-MCM-4-30-30 
in one-pot condensation of 
banzonitrile, aniline and ben-
zoin under optimized reaction 
conditions without calcination 
(black and red lines) and with 
calcination after each time of 
reuse (green and blue lines). 
(Color figure online)

Fig. 10  The XRD [high angle 
(a) and low angle (b)] and 
TEM image of recovered Cu/
Zn-MCM-41-30-30 after the 
3rd reuse
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α-amino carbonyl compound (6). In the next step, desired 
tetrasubstituted imidazole (4) will be formed with the 
nucleophilic attack of α-amino carbonyl compound (6) to 
the nitrile (1) that will be followed with an intramolecular 
nucleophilic cyclization. In the first step of pathway B, an 
arylamidine (8) produces from the nucleophilic attack of 
amine (2) to the nitrile (1) followed with the condensation 
of aryamidine (8) with benzoins (3) (Scheme 2).

The recycling and reusability of Cu/Zn-MCM-41-30-30 
was examined using the model reaction under the opti-
mized conditions. After completion of the reaction, the 
reaction mixture was cooled down to room temperature, 
ethyl acetate was added and obtained mixture was stirred 
magnetically at 80 °C. The insoluble catalyst was separated 
with centrifugation, washed with ethyl acetate and dried at 
120 °C for 2 h. The catalyst almost completely (>99%) has 
been recovered from the reaction media. The recovered Cu/
Zn-MCM-41 was reused six times and a slight loss of cat-
alytic activity was observed from the third reuse (Fig. 9). 
It maybe occurs due to the coke depositions and slight 
amount of copper and zinc leaching from the catalyst. In 
order to check the effect of coke deposition, the recovered 
catalyst after the 3rd reuse was calcined at 550 °C for 4 h 
and obtained catalyst was reused in model reaction and 
desired product was obtained in 94% yield after 10  min 
of microwave irradiation. Surprisingly, these results are 

too similar to the results of freshly synthesized catalyst. In 
another study, the Zn and Cu content of recovered catalyst 
after the 3rd reuse was analyzed by an ICP-OES instrument 
and obtained results showed that Si/Cu and Si/Zn molar 
ratios was equal to 32 and 30, respectively. Based on these 
results it has been concluded that the main reason of loss of 
catalyst activity after the 3rd reuse is the coke deposition 
and there is not any evidence about the leaching of  Cu2+ or 
 Zn2+ from the catalyst.

In order to examine the physical stability of recov-
ered catalyst, the meso-structure of recovered Cu/Zn-
MCM-41-30-30 after the 3rd reuse was studied by transmit-
tance electron microscope (TEM) and XRD. In TEM image 
of the recovered catalyst, porosity is well observed in the 
range of the mesoporous materials (Fig. 10) and there are 
no differences between the XRD pattern (low angle as well 
as high angle) of freshly synthesized catalyst and recovered 
catalyst after the 3rd reuse.

Finally, the textural properties of the recovered cata-
lyst after the 3rd reuse and calcination was studied with 
BET and XPS methods. The nitrogen adsorption–desorp-
tion isotherms of recovered Cu/Zn-MCM-41-30-30 after 
the 3rd reuse and calcination is presented in Fig.  11, and 
the textural properties summarized in Table 4. The results 
reported in Table  4 show that the BET surface area and 
pore volume of the recovered Cu/Zn-MCM-4-30-30 after 
the 3rd reuse and calcination is so close to the freshly syn-
thesized Cu/Zn-MCM-4-30-30.

As it is shown in Fig. 12, the X-ray photo electron spec-
troscopy (XPS) of recovered Cu/Zn-MCM-41-30-30 after 
the 3rd reuse and calcination is highly similar to the freshly 
synthesized catalyst and the oxidation states of Zn and Cu 
are still the same with the freshly synthesized catalyst.

4  Conclusion

In summary, the nano-sized copper/zinc-modified MCM-41 
was prepared as a new heterogeneous mesoporous nano-cat-
alyst. The real structure of synthesized catalyst was investi-
gated with IR, SEM, TEM, XRD, ICP-OES and BET meth-
ods. The synthesized catalyst was then successfully applied in 
our recently reported more atom efficient one-pot synthesis 
of tetrasubstituted imidazoles with the aim of the enhance-
ment in the ecofriendly aspects and avoid of the production 
of toxic waste. In this method, nitriles were successfully con-
densed with amines and benzoins in a one-pot approach in 
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Fig. 11  The nitrogen adsorption–desorption isotherms of recovered 
Cu/Zn-MCM-41-30-30 after the 3rd reuse and calcination

Table 4  Textural properties of the recovered catalyst after the 3rd reuse and calcination from nitrogen adsorption–desorption isotherms

Samples BET surface area  (m2/g) BJH average pore diameter (nm) Vp  (cm3/g)

Recovered Cu/Zn-MCM-41-30-30 after calcination 700.10 2.426 0.691
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the presence of Cu/Zn-MCM-41 under microwave irradiation 
at 90 °C. With the application of Cu/Zn-MCM-41, similar 
results (reaction times and yields of desired products) were 
obtained in the comparison with the previously reported cat-
alyst, TFA (a strong and very toxic acid catalyst that is not 
recoverable). These results stablishes the efficiency of Cu/
Zn-MCM-41 to catalyze the one-pot condensation of nitriles, 
amines and benzoins similar to a strong acid catalyst (TFA). 
Some promising points for the presented methodology are 
its versatility, physical and chemical stability of synthesized 
catalyst, high yields of products, Recoverability and reus-
ability of applied catalyst, short reaction times, avoid of the 
toxic waste production, ease of product isolation, application 
of highly efficient energy source, and finally good agreement 
with some aspects of green chemistry.
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