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1 | INTRODUCTION

Propargylamines have attracted a lot of attention due to
their medicinal and biological properties, such as
antiparkinson,[” anti-Alzheimer,?! anti—apoptotic[3] and
bovine plasma amine oxidase inhibitors.*! Propargylamine
derivatives are useful synthetic intermediates in organic
synthesis, and are also significant structural elements in
natural products and therapeutic drug molecules, as well
as for the synthesis of polyfunctional amino deriva-
tives.!>®! Due to the importance of propargylamines, vari-
ous catalytic procedures have been reported for the
synthesis of these compounds. According to previous
reports, various metal-based catalysts, including Ag, Fe,
Li, Ni, Pd, In and Au, have been reported for the synthesis
of propargylamines.”’*® In this view, copper and zinc
catalysts are the most important for the synthesis of
propargylamine derivatives, and good results have been
achieved in the presence of these catalysts.['72%]

In previous researches, the use of hybrid metal oxide
catalysts has attracted a lot of attention both in industry
and in organic chemistry. To increase the performance
and reducibility of copper-based catalysts, most studies
have focused on using a suitable promoter and synthesis
procedure.””’  Among these catalysts, Cu/ZnO/
Al,03(CZA), as the commercial catalyst that contains high

An efficient nanocatalyst of ZnO-supported CuO/Al,O; (CuO/ZnO/Al,0;
nanocatalyst) was prepared by the co-precipitation method and characterized
by scanning electron microscopy, energy-dispersive X-ray spectroscopy, X-ray
powder diffraction and Brunauer-Emmett-Teller surface area analysis. CuO/
Zn0O/Al,05; nanocatalyst proved to be a very efficient catalyst on the synthesis
of propargylamines under solvent-free conditions in high yields. Moreover, the
catalyst can be recyclable without reducing catalytic activity up to five times.

aldehyde, CuO/Zn0O/ALO; nanocatalyst, phenylacetylene, propargylamines, solvent-free conditions

loading of Cu and ZnO as well as a relatively lower amount
of Al,O3, has been used most widely in steam reforming of
methanol reaction.*®! Various factors, such as synthesis
procedure and appropriate promoters, can competently
effect the physicochemical and catalytic properties of these
catalysts. ZnO is identified as an operative promoter for the
improvement of reducibility and distribution of copper
particles that can effect the spreading and redox properties
of the copper species as well as being responsible for better
metal support interaction.*!! Moreover, Al,O; as a consti-
tution promoter has a good effect on the CuO/ZnO cata-
lysts reactivity, and was added to the CuO/ZnO catalysts
to increase the surface area, mechanical resistance and
thermal stability.**! On the other hand, in recent years,
increasing attention has been focused on the catalytic
application of nanocatalysts. Catalytic systems using
nanocatalysts, such as hybrid metal oxide catalysts, have
resulted in various important advantages, such as good
properties, high stability, dispersity of the particles, supe-
rior activity and catalyst recyclability.

Based on the literature, the catalytic application of ZnO-
supported CuO/Al,05 (CuO/Zn0O/Al,03 nanocatalyst) has
not been studied on organic synthesis reactions, particu-
larly for the synthesis of propargylamines. In previous
researches, we have reported the catalytic activity of
various nanocatalysts on the organic synthesis
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reactions.**7*®! In an extension of our research, herein, we
wish to report the preparation and characterization of an
efficient recyclable kind of ZnO-supported CuO/Al,0O;
nanocatalyst (Cu/ZnO/Al,0; nanocatalyst) as well as its
catalytic activity on the synthesis of propargylamines
under solvent-free conditions (Scheme 1).

2 | EXPERIMENTAL

2.1 | General

Chemicals were purchased from Merck and Fluka.
The nanocatalyst was prepared by the co-precipitation
method, and characterized by scanning electron micros-
copy (SEM), energy-dispersive X-ray spectroscopy (EDS),
X-ray powder diffraction (XRD) and Brunauer-Emmett-
Teller (BET) surface area study. All obtained products
were characterized by comparison of their physical and
spectroscopic properties with those reported in the litera-
ture. NMR spectra were recorded on a Bruker Advance
400 MHz. Yields refer to isolated pure products.

2.2 | Catalyst preparation

The catalyst was prepared through a co-precipitation pro-
cess, by adding Na,COj; solution (0.5 M) drop-wise into a
mixture of Cu (NO3),-3H,O (0.03 M), Zn (NO3);-6H,O
(0.03 M) and aluminum nitrate (0.03 M) solutions under
strong stirring. The obtained suspension was aged at
pH 8.5 for 15 min at 50°C, then filtered and washed with
warm deionized water. The precipitates were dried for 12
h at 100°C, followed by calcination at 300°C for 3 h to
obtain the CuO/Zn0O/Al,O3 nanocatalyst.

2.3 | Catalyst characterization

The morphology of the nanocatalyst was studied using
SEM by a JEOL JSM-6500F device, equipped with
an EDS analytical system to study the existence of
different components of the catalyst. The XRD study
was performed using an X-ray diffractometer, Cu-Ka
monochromatized radiation source and a nickel filter
(Panalytical X'Pert-Pro), in order to explore the structure

X
CHO CuO/ZnO/ALL O
S nanocataiyst “
‘ Solvent-free, 80 °C | AN

0 2

R=H, Me, OMe, OH, NO,, Cl, Br, OCH,Ph
X=0, CH,

SCHEME 1 Synthesis of propargylamines catalyzed by Cu/ZnO/
Al,O3 nanocatalyst

and crystallinity of the catalyst. The Scherrer equation
was used to determine the average crystallite size of the
sample. The BET surface area was tested by N, adsorp-
tion—desorption method. The investigation was carried
out using an automated gas adsorption analyzer (Tristar
3020, Micromeritics). The sample was purged with nitro-
gen gas for 3 h at 300°C by a VacPrep 061 degas system
(Micrometrics).

2.4 | General procedure

In a round-bottom flask, a heterogeneous mixture of alde-
hydes (1 mmol), amine (1 mmol) and phenylacetylene
(1.2 mmol) Cu/ZnO/Al,O; nanocatalyst (0.05g) was
stirred at 80°C for the appropriate times (mentioned in
Table 3) under solvent-free conditions. The improvement
of the reaction was monitored by thin-layer chromatogra-
phy (TLC). After reaction completion, the reaction mix-
ture was allowed to cool at room temperature. Then hot
chloroform was added and the catalyst was separated.
The solvent was evaporated under reduced pressure and
the residue was purified by silica gel column chromatog-
raphy to obtain the pure corresponding propargylamines.
The spectral and analytical data for the new prepared
compound are as follows:

Table 3, entry 9: Oil; "H NMR (CDCls;, 400 MHz), &
(ppm): 1.34-1.54 (m, 6H), 2.47 (br, 4H), 4.68 (s, 1H),
4.96 (s, 2H), 6.87 (d, 2H), 7.21-7.43 (m, 10H), 7.45 (d,
2H). C NMR (CDCl;, 100 MHz), 8 (ppm): 24.48, 26.13,
50.58, 61.78, 70.05, 86.28, 87.76, 114.36, 127.57, 128.01,
128.11, 128.33, 128.64, 129.81, 131.85, 137.09, 158.31.
Elem. Anal. Found: C, 85.09%; H, 7.19% N, 3.73% (calcd
for C,;H,,NO: C, 85.00%; H, 7.13%; N, 3.67%).

3 | RESULTS AND DISCUSSION

3.1 | Catalyst characterization results

Figure 1 represents the SEM images of the Cu/Zn0O/Al,0;
nanocatalyst with different magnifications. An aggrega-
tion of the Al,0; and CuO nanoparticles was observed
on the surface of ZnO support. The sizes of these
nanoaggregates with different shapes are less than 20
nm. As a quantitative proof, the EDS (Figure 1d) analysis
has been performed, and presented the content of ZnO
support greater than 75% by weight.

The XRD pattern of the CuO/Zn0O/Al,0; nanocatalyst
was shown in Figure 2. The peaks centered at about 26 =
31.9, 20 = 34.76, 20 = 56.84, 20 = 69.18 corresponded to
the 100, 002, 110 and 200 crystalline planes of ZnO sup-
port, respectively.*”) The peaks observed at 26 = 36.58,
20 =47.86 and 20 = 63.32 may be related to 111, 202
and 113 planes of CuO, respectively.*®! It is valuable to
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FIGURE1 Scanning electron microscopy (SEM) micrographs and energy-dispersive X-ray spectroscopy (EDS) analysis results of the CuO/

Zn0/Al,05 nanocatalyst
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FIGURE 2 The X-ray powder diffraction (XRD) of the CuO/
Zn0/Al,05 nanocatalyst

note that the peaks related to different phases of Al,O5 as
a, 8, © and v, 8, © appeared at about 26 = 36.58 and 20 =
47.86.1%3) This XRD interpretation can be stated, because
the percentages of Al,Oz (10% w/w) and CuO (5% w/w)
in the target nanocatalyst are nearly close. As seen, the
Cu0/Zn0/AlL,0; nanocatalyst was synthesized by co-pre-
cipitation of three metal oxide phases, so that the peak
overlapping is inevitable, and subsequently influences
the detailed interpretation of the given XRD pattern.
However, the XRD data indicated the presence of three
metal oxide crystals in the composite nanocatalyst.

The N, adsorption—desorption isotherms of the ZnO
support and CuO/Zn0O/Al,0; nanocatalyst are presented
in Figure 3. As can be seen, thin hysteresis loops between
p/p0 = 0.3-0.8 and p/p0 = 0.3-0.85 appeared in the iso-
therms of the support and nanocatalyst, respectively.
According to the IUPAC recommendation, these N,-
isotherms, type III, can be attributed to the metal oxides
with a non-porous structure.®®*! As represented in
Figure 3a, the capacity of the nanocatalyst for adsorption
of the inert N, is greater than that of the support in the
relative pressure range below 0.8.

The BET and Barrett-Joyner-Halenda methods were
employed to evaluate the specific surface area (m*g™")
and porosity of the support and nanocatalyst, respec-
tively. The pattern of pore width distribution and struc-
tural characteristics of the support and catalyst were
shown in Figure 3b and Table 1, respectively. As seen
from Figure 3b, a wide pore size distribution for both
the ZnO support and the ZnO-supported nanocatalyst
CuO-Al,O; with a maximum are at about 30 and 24
nm, respectively. It is obvious from Figure 3b that the
pore sizes of support and nanocatalyst are in the range
of mesoporous and macroporous structures. Thus, this
observation indicates the formation of the non-porous
structure of metal oxides that co-precipitate together.m]
The low pore size, high surface area and total pore vol-
ume of the CuO/ZnO/Al,O; nanocatalyst with respect
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FIGURE 3 (a, b) The N, adsorption/desorption of ZnO support and

ZnO and CuO/Zn0/Al,05 nanocatalyst

TABLE 1 Structural parameters of the support and the nanocatalyst

BET surface area

Catalyst (m?g™)
ZnO 38.93
Cu0/Zn0O/ALO; 50.22

BET, Brunauer-Emmett-Teller.

to the ZnO support may be due to the incorporation of
the AL,O; phases in the nanocatalyst.!>"!

3.2 | Catalytic activity

According to reports on the use of copper and zinc cata-
lysts on the synthesis of propargylamines, we decided to
prepare and use a hybrid catalyst of these metals. After
preparation and characterization of CuO/ZnO/Al,O;
nanocatalyst, we considered the optimal conditions for
the synthesis of propargylamines. For this purpose, ini-
tially, reaction of 4-bromobenzaldehyde, piperidine and
phenylacetylene was selected as a pattern reaction and
various parameters were studied on the process of this
reaction. Parameters such as solvent, temperature, cata-
lyst and raw materials amounts were studied. Various
solvents such as water, ethanol, acetonitrile, toluene, as
well as solvent-free conditions were carefully studied.
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Cu0/Zn0/Al,0; nanocatalyst, (c, d) pore width distribution of the

Total pore volume Average pore

(em® g™ width (nm)
0.161 22.62
0.173 17.64

The reaction was also checked at different temperatures.
The results showed that 80°C is appropriate for the reac-
tion, and increasing temperature does not affect the speed
of the reaction and yield of the desired product. It was
found that in the absence of the catalyst the reaction
failed to form the corresponding product even after 18
h. Therefore, the effect of the catalyst amount on the
reaction was also examined. Moreover, the reaction
was also investigated in the presence of various amounts
of raw materials. The outcomes indicated that the
best results were achieved from the reaction of 4-
nitrobenzaldehyde, piperidine and phenylacetylene (with
1:1:1.2 mol ratios), in the presence of CuO/Zn0O/Al,0;
nanocatalyst (0.05 g), under solvent-free conditions at
80°C (Table 2). Increasing the amount of catalyst did
not have a particular effect on the yield of product and
reaction time. Moreover, the obtained results in water
and ethanol as solvent resulted in the corresponding
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TABLE 2 Optimization of the reaction conditions

Entry Solvent Condition
1 CH;CN reflux
2 Toluene reflux
2 EtOH reflux
3 H,0 reflux
4 Solvent-free 80°C
5 Solvent-free 100°C

Chemistry

Catalyst (g) Time (h) Yield (%)*
0.05 4 Trace
0.05 2 60
0.05 4 Trace
0.05 4 Trace
0.05 1.5 920
0.05 1.5 90

“Isolated yields. Reaction conditions: 4-bromobenzaldehyde (1 mmol), piperidine (1 mmol) and phenylacetylene (1.5 mmol).

product in lower yield. It is obvious that the catalytic
activity of the CuO/ZnO/Al,O; nanocatalyst is limited
by the solvation, so that the product yields were increased
in solvent-free medium. In water and ethanol as solvent,
there can be nucleophilic competition with amine. It also
interferes with the presence of protons in the formation
of copper salt with phenylacetylene. In acetonitrile, a
by-product was detected. There may be an interaction
between the catalyst and acetonitrile, and then it has
been nucleophilic attacked by amine. Thus, all of the
reactions were performed in the presence of CuO/ZnO/
Al,03 nanocatalyst (0.05 g), under solvent-free conditions
at 80°C.

After optimization, we explored the possibility
of CuO/Zn0O/Al,0; nanocatalyst on the synthesis of dif-
ferent propargylamines under optimized conditions. The
results are shown in Table 3.

As shown in Table 3, various aromatic aldehydes
carrying both electron-donating or -withdrawing substitu-
ents, secondary amines and phenylacetylene gave high
yields of products with good performance. Aromatic
aldehydes possessing electron-donating substituents
such as OH, OMe or Me groups afforded the desired prod-
ucts in high yields. Moreover, a new product was synthe-
sized from 4-benzyloxybenzaldehyde, piperidine and
phenylacetylene in good yield, and characterized by phys-
ical properties and spectroscopic data (Table 3, entry 9).

Excellent yields of propargylamines were found while
aromatic aldehydes containing electron-withdrawing
groups such as NO,, Cl or Br were employed as the sub-
strates (Table 3). Also, in these reactions, both piperidine
and morpholine responded well and showed good results.
Moreover, the duration of the reactions in this procedure
is low and the desired products were obtained at short
reaction times.

The model reaction was checked with individual salts
(Zn0O, CuO and Al,03) and with their combinations. The
results revealed that in the presence of CuO and ZnO,
prepared products were obtained in much lower yields
and high reaction times. Moreover, excess amounts of
the catalyst need to be used for reaction completion. In

TABLE 3 Synthesis of propargylamines catalyzed by CuO/ZnO/
Al,O3 nanocatalyst

Entry R Amine Time (h) Yield (%)*
1 H piperidine 1.5 94
2 4-Br piperidine 1.5 93
3 4-Cl piperidine 2 94
4 2-Cl piperidine 2.5 91
5 4-NO, piperidine 1.5 92
6 3-NO, piperidine 2 93
7 4-OH piperidine 2 89
8 2-OH piperidine 2 86
9 4-OCH,Ph  piperidine 2 8P
10 4-OMe piperidine 2 90
11 4-Cl morpholine 2 89
12 2-Cl morpholine 2.5 92
13 4-NO, morpholine 1.5 93
14 3-NO, morpholine 2 92
15 4-OH morpholine 2.5 87
16 4-OMe morpholine 2 91

“Isolated pure products.

PNew compound. Reaction conditions: aldehyde (1 mmol), amine (1 mmol),
phenylacetylene (1.5 mmol), CuO/ZnO/Al,0; nanocatalyst (0.05 g), under
solvent-free condition. Products were characterized by comparison of their

spectroscopic data (NMR and IR) and melting points with those reported

in the literature.122%:231

the presence of Al,O3;, no product was obtained. Also,
in the presence of their combinations, corresponding
products were synthesized in lower yields and longer
times than CuO/Zn0O/Al,O; nanocatalyst (Table 4).

A probable mechanism of the synthesis of
propargylamines  catalyzed by  CuO/ZnO/Al,0;
nanocatalyst is shown in Scheme 2. At first, CuO/
Zn0O/Al,0; nanocatalyst activated the C-H bond of
phenylacetylene to afford the desired acetylidine com-
plex. Also, nucleophilic attack of amine to the activated
aldehyde (by CuO/ZnO/Al,O; nanocatalyst), followed
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TABLE 4 Comparision study between CuO/Zn0O/Al,O3 nanocatalyst ZnO, CuO, Al,Os, and with their combinations for the synthesis of
propargylamines

Entry Catalyst Catalyst amount (g) Time (h) Yield (%)*

1 CuO 0.05 5 30

2 ZnO 0.05 5 25

2 AlLO; 0.05 5 -

3 Combinations® 0.05 4 50
“Isolated yields.

®Combination of CuO, ZnO and Al,Os, Reaction conditions: 4-bromobenzaldehyde (1 mmol), piperidine (1 mmol) and phenylacetylene (1.5 mmol), under sol-

vent-free condition.

'\'\ij CuQ/ZnO/A;,0; nanocatalyst

SCHEME 2 The proposed mechanism for the synthesis of
propargylamines catalyzed by CuO/Zn0O/Al,O3 nanocatalyst

by H,0O removal, provides iminium ion. Then, the
acetylidine complex was added to iminium ion to give
the corresponding propargylamine.

The reusability of the Cu/ZnO/Al,O; nanocatalyst
was also studied in the reaction between 4-
bromobenzaldehyde, piperidine and phenylacetylene
under optimized conditions (Table 5). After the reaction
completion, which was monitored by TLC, the catalyst
was separated by filtration and washed with hot chloro-
form. Then, it was dried and stored for the following
reaction run. This process was carried out seven times
without significant loss of activity. These results prove

TABLE 5 Recyclability study of CuO/ZnO/Al,O; nanocatalyst

Run 1 2 3 4 5 6 7
Time (h) 15 15 1.5 2 2 2.5 3
Yield (%) 93 93 93 92 90 90 89

“Isolated pure products.

the convenient recyclability of the Cu/ZnO/Al,04
nanocatalyst, and consequently confirm its potential role
on the organic synthesis reactions (Table 5).

The XRD pattern of the recycled catalyst after being
used seven consecutive times was compared with the
XRD pattern of the catalyst before the reaction for the

Used catalyst @

150V X30,000 100nm ‘mI)Illllum

FIGURE 4 The X-ray powder diffraction (XRD) pattern (a) and
scanning electron microscopy (SEM) image (b) of the recycled
Cu0/Zn0/Al,05 nanocatalyst
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TABLE 6 Comparison study between CuO/ZnO/Al,O3 nanocatalyst with some other catalysts used for the synthesis of propargylamines

Entry Catalyst Condition Time (h) Yield (%)* Reference
1 Ag-NPs@mmt toluene/100°C 2 95 71
2 CuSBA-15(42) catalys toluene/100°C 6 80 (1]
3 Cu salen solvent-free/80°C 2.5 95 [20]
4 Cu@MOF-5-C toluene/100°C 6 96 [21]
5 zinc titanate nanopowder water/100°C 5 93 (23]
6 Cu/Zn0O/Al,03 nanocatalyst solvent-free/80°C 1.5 94 This research
“Tsolated yield.
synthesis of product 1. As seen from Figure 4a, the inten- ORCID
sity of some peaks was reduced but the crystal structure Jalal Albadi ® htp://orcid.org/0000-0002-9914-9133

of the catalyst remained. Comparison of the SEM image
of the used catalyst (Figure 4b) with fresh catalyst
showed more agglomeration of the catalyst particles in
the used catalyst.

In order to show the quality of the present method,
Table 6 compares the results of the synthesis of
propargylamine by reaction of benzaldehyde, piperidine
and phenylacetylene catalyzed by Cu/ZnO/Al,0;
nanocatalyst with some of the reported methods in the
literature. In contrast with other reported catalysts, Cu/
Zn0O/Al,0; nanocatalyst accelerates the reaction very
effectively in less time and gives the corresponding
products in high yields under solvent-free conditions.
The catalyst can be recovered simply by filtration and
can be reused for seven runs without significantly
diminishing its activity. Moreover, the reaction in the
presence of some other catalysts has been reported in
organic toxic solvents and required longer reaction times
(Table 6).

4 | CONCLUSION

In conclusion, we have reported the preparation and
characterization of an efficient recyclable nanocatalyst
of ZnO-supported CuO/Al,O; as well as its application
on the synthesis of propargylamines. All reactions were
carried out under solvent-free conditions and correspond-
ing products were obtained in high yields. Cu/ZnO/Al,05
nanocatalyst showed excellent performance, recyclability
and stability on the synthesis of propargylamines. It was
simply separated from the reaction mixture and catalyzed
reactions up to seven times.
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