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ABSTRACT: A CuO nanoparticles (CuO NPs)/graphene
nanosheet (GNS) hybrid was prepared by a very simple
method and employed as a nanocatalyst (CuO/GNS) for base
free coupling reactions, namely, A*-coupling and aza-Michael
reactions. TEM shows that CuO NPs of below ~35 nm size
are homogeneously dispersed on the GNS. Strong adhesion
between CuO NPs and GNS was acknowledged by a high
Raman Ip/I; ratio and XPS result. The BET surface area of
CuO/GNS was found to be 66.26 m* g~'. The EDS and XPS
investigations revealed that the weight percentage and
chemical state of Cu in CuO/GNS were 4.46% and +2,
respectively. Under mild reaction conditions, CuO/GNS
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exhibited an outstanding catalytic activity in terms of yield, turnover number (TON) and turnover frequency (TOF) toward
A-coupling reaction. A small amount of catalyst (10 mg, 0.7 mol % of Cu) is enough to carry out the reactions with a wide range
of substrates. The CuO/GNS is stable, heterogeneous in nature and reusable for at least five times without any significant loses of
yield. N-oxidation of tertiary amines was also carried out to explore further the activity of CuO/GNS, and the results are found to
be excellent. Versatility of the CuO/GNS was realized from the superior catalytic activity of used CuO/GNS in aza-Michael
reaction. Finally, GNS (~95%) and CuO (as CuCl,) were successfully recovered from the used CuO/GNS and confirmed by

TEM, Raman, XPS, XRD and SEM-EDS analyses.
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B INTRODUCTION

Propargylamines have played a tremendous role as precursors/
intermediates in the construction of interesting organic building
blocks such as biologically active compounds, highly valuable
drugs, natural products and nitrogen-containing heterocycles.””
Some propargylamine derivatives are used as essential neuro-
protective and antiapoptotic agents.3 There are some conven-
tional synthetic methodologies for propargylamines, but they
are limited due to the use of stoichiometric amounts of
moisture sensitive organometallic reagents.”> Recently, multi-
component reactions (MCRs) have received much attention
due to their simple procedure, synthetic efficiency, high
selectivity and intrinsic atom economy.’ Particularly, three-
component coupling of aldehyde, alkyne and amine, known as
A’-coupling, is a prime route and a widely used tool to
synthesize propargylamines and their derivatives.”* Organogold
complexes,” Au-salts,"” Hg,Cl,"" and Ag-salts,"” are the most
common homogeneous catalysts for the A’-coupling reaction.
Because of easy preparation and exceptional physicochemical
properties such as high stability, reusability and easy recovery,
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transition metals-based heterogeneous catalysts are often
preferred."’ Nevertheless, until now, most of the reported A’-
coupling reactions are performed by using either expensive
metal catalysts or stoichiometric quantities of organometallic
reagents.'* Zhang et al.'> prepared metal oxide supported
Au(IlI) catalysts for three-component coupling reactions.
Reddy and co-workers'® used silver salt of 12-tungstophos-
phoric acid (Ag;PW,,0,,) to catalyze the A’-coupling. There
are some inexpensive Ni(Il),"” Fe(III),"® Cu(0),"”*° Cu(11)*!
and Cu(I)** catalysts for A3-coupling reactions. Namitharan
and co-workers™® employed Ni NPs as a catalyst for solvent free
three-component coupling of aldehyde, alkyne and amine. In
spite of their advantages, most of these catalytic systems often
suffer from longer reaction time, high temperature and higher
amount of catalyst and base.”* In addition, some catalysts
demonstrated poor reusability and stability, which made the
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Figure 1. Schematic illustration for the preparation of CuO/GNS.
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systems uneconomical. Recently, Cu NPs stabilized on MCM-
41 were employed as an efficient catalyst for A’-coupling
reactions but the system exhibited poor reusability of the
catalyst.”> To overcome these problems, an efficient, stable and
a mild catalytic system for the A*-coupling reaction is obviously
important.

Few-layer graphene nanosheets (GNS) have attracted
tremendous attention due to their unique physicochemical
properties such as high surface area, chemical stability, electrical
conductivity and dispersion in solvents.””” Immobilization of
metal NPs on the surface of GNS was found to play a very
useful role in different fields such as energy, biomedical,
catalysis and sensors.”**”'® Particularly, the Cu NPs-decorated
GNS are frequently utilized for various applications due to their
outstanding activity.”"”> For example, Fakhri et al.”* prepared
Cu NPs supported on graphene oxide via reduction method
and found it as a highly active and recyclable catalyst for the
synthesis of formamides and primary amines. Wang and co-
workers’* found that the decoration of CuO on graphene
showed high performance as an anode material in lithium-ion
batteries. Moreover, because the GNS are electrically
conductive, they can hold the NPs in a highly dispersed state
even after several uses and, therefore, they can exhibit good
reusability and stability.”> In spite of these advantages, only
limited number of reports on Cu NPs-based GNS hybrids for
organic reactions is available in the literature and, particularly,
no report for A’-coupling reactions so far. In our opinion, the
cost of GNS is one of the main issues that make them less
affordable. Sustainable use of GNS after the catalytic process
will make them viable and cost-effective. Herein we report a
mild and highly efficient CuO/GNS-mediated catalytic system
for A-coupling reaction. The physicochemical characteristics of
CuO/GNS were investigated by various techniques. The CuO/
GNS hybrid was reused in the same and different (aza-Michael
reaction of amines with acrylonitrile) reactions. The importance
and reason for choosing aza-Michael reaction are discussed in
the section Versatility of the CuO/GNS. Moreover, the GNS
and CuO (as CuCl,) were successfully recovered from the used
u-CuO/GNS by a simple solution method.

B EXPERIMENTAL SECTION

Materials and Characterization. High quality few-layer reduced
graphene oxide (GO; purity, >99 %; surface area, >600 m’/g;
thickness, <3.0 nm) was purchased from ACS Materials and used as
received. Cu(acac), (97%) was purchased from Wako Pure Chemicals.
All other chemicals were purchased from Sigma-Aldrich or Wako Pure
Chemicals.

Transmission electron microscopy (TEM) images were obtained on
a JEOL JEM-2100F HR-TEM with the accelerating voltage of 200 kV.
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To quantify the weight percentage of Cu in CuO/GNS, scanning
electron microscope-energy dispersive spectroscopy (SEM-EDS)
measurement was recorded using a Hitachi 3000H SEM. The same
field of view was then scanned using an EDS spectrometer to acquire a
set of X-ray maps for Cu, C and O using 1 ms point acquisition for
approximately one million counts. The weight percentage of Cu in the
CuO/GNS was determined using inductively coupled plasma mass
spectroscopy (ICP-MS, 7500CS, Agilent). Raman spectra were
recorded on Hololab 5000, Kaiser Optical Systems Inc, USA to
examine the interaction between CuO NPs and GNS. The Ar laser was
operated at 532 nm with a Kaiser holographic edge filter. The X-ray
diffraction (XRD) experiment was performed at room temperature
using a Rotaflex RTP300 (Rigaku Co., Japan) diffractometer at S0 kV
and 200 mA. Nickel-filtered Cu K radiation (5 < 20 < 80°) was used
for XRD measurements. X-ray photoelectron spectroscopy (XPS,
Kratos Axis-Ultra DLD, Kratos Analytical Ltd., Japan) was recorded to
confirm the chemical state of Cu in CuO/GNS. To confirm the
formation of the product during catalysis, samples of reaction mixture
were dissolved in ethyl acetate and then analyzed by gas
chromatograpy (GC, Shimadzu GC-2014). The GC instrument was
equipped with 5% diphenyl and 95% dimethylsiloxane, a Restek
capillary column (0.32 mm dia, 60 m length) and a flame ionization
detector (FID). He gas was used as a carrier gas. The initial column
temperature was increased from 60 to 150 °C at the rate of 10 °C/min
and then to 280 °C at the rate of 40 °C/min. During the product
analyses, the temperatures of the FID and injection port were kept
constant at 150 and 280 °C, respectively. The heterogeneity of the
catalyst was tested using inductively coupled plasma-mass spectrom-
etry (ICP-MS, 7500CS, Agilent). Nuclear magnetic resonance (NMR)
spectra were recorded on a 400 MHz Bruker spectrometer using
tetramethylsilane (TMS) as a standard.

Preparation of CuO/GNS. In a typical procedure, 1.0 g of
graphene oxide (GO) was dispersed in methanol (MeOH) followed
by ultrasonication for 1 h. Subsequently, 0.20 g of Cu(acac), was
added into the above prepared solution and stirred at 60 °C for 5 h in
air atmosphere (step 1). After that, the MeOH was slowly evaporated
and the resultant solid was mixed well by a mortar and pestle at
ambient conditions for 30 min (step 2). Subsequently, the
homogeneous mixture of GNS and Cu(acac), was calcinated under
nitrogen atmosphere at 350 °C for 3 h in a muffle furnace. Figure 1
shows a schematic illustration of the procedure for the preparation of
CuO/GNS. For comparison, the catalysts with different weight
percentages were also prepared.

Procedure for A>-Coupling Reaction. CuO/GNS (10 mg, 0.7
mol % Cu) was added into a mixture of benzaldehyde (1a, 1 mmol),
piperidine (2a, 1.2 mmol) and ethynyl benzene (3a, 1.5 mmol) in §
mL of acetonitrile, and the solution was stirred under air atmosphere
at 82 °C for S h. The progress of the reaction was monitored by GC.
After the completion of the reaction, the CuO/GNS was separated out
from the reaction mixture via centrifugation and then the separated
CuO/GNS was washed well with diethyl ether and dried in an oven at
60 °C. The centrifugate was partitioned between 10 mL of ethyl
acetate and S mL of saturated aqueous sodium hydrogen carbonate
solutions. Then the ethyl acetate layer was separated out and dried
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Figure 3. (i) FE-SEM image of CuO/GNS (inset: magnified FE-SEM image of CuO attached on GNS) and (ii) SEM image (inset) and

corresponding EDS spectrum of CuO/GNS.
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Figure 4. EDS elemental mappings of CuO/GNS: (i) C, (ii) O and (iii) Cu.

over anhydrous magnesium sulfate. Finally, the ethyl acetate layer was
concentrated to obtain 1-(1,3-diphenylprop-2-yn-1-yl)piperidine
(4aaa). The yield of product was determined by GC. Further, the
product was isolated and confirmed by NMR spectroscopy. 'H NMR
(400 MHz, DMSO-dg): § 1.22—1.73 (m, 6H), 2.55 (t, 4H), 4.95 (s,
1H), 7.28—7.30 (m, 6H), 7.36=7.40 (m, 2H), 7.50—7.58 (m, 2H)
ppm. *C NMR (150 MHz, DMSO-dy): § 24.42, 26.08, 50.42, 61.57,
86.38, 87.93, 122.82, 127.82, 128.46, 128.83, 129.02, 131.86, 138.73
ppm.

Procedure for aza-Michael Reaction. A mixture of piperidine (1
mmol) and acrylonitrile (1.2 mmol) was stirred in 5 mL of acetonitrile
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in the presence of CuO/GNS (5 mg, 0.34 mol %) under atmospheric
pressure of air at 25 °C for 1 h. The completion of the reaction was
checked by TLC and GC analyses. Once the reaction completed, the
catalyst was separated out from the reaction mixture by simple
filtration and the products and unconverted reactants were analyzed by
GC without any purification. The obtained 3-(piperidin-1-yl)-
propanenitrile was isolated and confirmed by NMR analysis. 'H
NMR (400 MHz, DMSO-d,): 6 1.36—1.52 (m, 6H), 2.36 (t, 4H), 2.53
(t, 2H), 2.62 (t, 2H) ppm. *C NMR (150 MHz, DMSO-dy): § 15.30,
24.23, 25.81, 53.71, 53.86, 120.39 ppm.
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Recovery of GNS from u-CuO/GNS. Prior to the recovery
process, the used nanocatalyst (u-CuO/GNS) was washed well with
diethyl ether and dried at 60 °C for 3 h. A 50 mg of u-CuO/GNS was
dispersed in conc. HCI followed by sonication for 10 min and stirring
at 60 °C for S h. Then the hot mixture was filtered through a filter
paper to recover the GNS. The filtrate was concentrated to collect the
Cu in the form of CuCl,. Finally, the recovered GNS (r-GNS) was
washed several times with conc. HCI and distilled water. The weight of
the »-GNS was determined by weighing the filter paper after and
before filtration. TEM, SEM-EDS, Raman and XPS analyses were
followed to confirm the successful recovery of GNS.

B RESULTS AND DISCUSSION

Characterization of CuO/GNS. TEM images were taken
to understand the surface morphology of GO and CuO/GNS;
the images are presented in Figure 2. As shown in Figure 2i, the
GO is a highly pure, continuous, wrinkled and transparent sheet
with an average thickness of about 0.8—2 nm. Figure 2ii—vi
confirms that the CuO NPs were homogeneously dispersed on
the surface of the GNS. The average particle size of CuO NPs
was found to be ca. ~ 26 nm. The high resolution TEM images
[Figure 2v,vi] show the strong attachment of CuO NPs on the
GNS with particle size distribution of 12—3S5 nm. See Figure S1
in the Supporting Information for more information. Figure 3
shows the FE-SEM image [Figure 3i] and SEM-EDS spectrum
[Figure 3ii] of CuO/GNS. As with the TEM images, the FE-
SEM image demonstrates the good dispersion of CuO NPs on
GNS; more FE-SEM images are provided in Figure S2. The
weight percentage of Cu in CuO/GNS was found to be 4.46 wt
% [Figure 3ii]. The EDS elemental mapping of CuO/GNS
[Figure 4i—iii] depicts the homogeneous distribution of CuO
NPs in CuO/GNS. Moreover, only three elements (C, O and
Cu) were observed in EDS spectrum, which proved the high
purity of the CuO/GNS. ICP-MS was used to determine the
weight percentage of Cu in CuO/GNS and it was found to be
437 wt %. The ICP-MS result agrees well with the EDS
analysis.

Raman spectra were recorded for GNS and CuO/GNS,
under 514.5 nm excitation over the Raman shift interval of
250—4000 cm ™" [Figure 5i]. As expected, both GNS and CuO/
GNS exhibited two main Raman features, corresponding to the
well-defined D-band line at ~1345 cm™ and G-band line at
~1570 ecm~.*° The G-band line was originated from the in-
plane vibration of sp® carbon atoms, which represented the
relative degree of graphitization. The D-band line was related to
the amount of disorder, which arises only in the presence of
defects, indicatin% the presence of sp® carbon atoms or defect
sites in graphene.”” The intensity ratios of D and G bands (Ip/
I;) were calculated. It is noteworthy that the I,/I; ratio
(0.7374) of CuO/GNS was higher than that of GO (0.4678).
Moreover, in comparison to GO, a positive shift in the G band
(1576 to 1586 cm™) was observed for CuO/GNS. These
results indicate a strong attachment via covalent bonding
between GO and CuO NPs (Cu—C).”® Figure 5(ii) shows the
XRD patterns of GO and CuO/GNS. A broad peak at 25° was
observed for both GO and CuO/GNS, which was attributed to
the (002) plane of the hexagonal graphite structure.
Unfortunately, no other X-ray diffraction peaks correspond to
the CuO NPs were found in CuO/GNS. This may be due to
the very small size and nanocrzstalline nature of the CuO NPs
with lower weight percentage.™

To investigate further the oxidation state and weight
percentage of Cu in CuO/GNS, XPS spectra were recorded
for GO and CuO/GNS; the results are given in Figure 6. Both
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Figure S. (i) Raman spectra and (ii) XRD pattern of GO and CuO/
GNS.

GO and CuO/GNS showed two dominant peaks at 284.5 and
533.5 €V, corresponding to C 1s and O 1s, respectively.”” The
O 1Is peak of GO indicates the presence of oxygen functional
groups such as carbonyl (C=O0), carboxylic (—COOH),
hydroxyl (C—OH) and ether (—C—O—C-), and H,O.
However, the O 1s peak intensity dramatically decreased in
CuO/GNS, which demonstrates the reduction of oxygen
functional groups.”” The Cu 2p XPS spectrum of CuO/GNS
showed shakeup satellite peaks of the Cu 2p;/, at 942.4 and Cu
2p1, at 962.6 eV, which confirmed the presence of Cu(Il)
species (CuO).*" Similarly, the O 1s peak at 530.6 eV that
corresponded to the photoemission of CuO was observed
[Figure 6iii]. Generally, the characteristic shakeup satellite is
peculiar to the Cu(II) species, which relates to d’ configuration
of Cu. Whereas, in the case of Cu,O, no satellite peaks can be
observed; because the screening via a charge transfer into the d
states is not possible due to the presence completely filled d
shell.*" Although the Cu is in the form of CuO, the main Cu 2p
XPS peaks were observed at 932.7 eV (Cu 2p;,,) and 952.4 eV
(Cu 2py,) with a spin—orbit splitting of ~19 eV. The binding
energy (BE) of Cu 2p;/, and Cu 2p, , is quite lower compared
to the values previously reported for CuO.”"*' This
phenomenon is mainly due to the strong interaction of CuO
NPs with GNS surface via covalent bonding (Cu—C)."? Figure
6iv shows the C 1s peak of GO and CuO/GNS. It can be seen
that the C 1s peak of CuO/GNS was shifted toward lower BE
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Figure 6. (i) XPS survey spectrum of GO and CuO/GNS, (ii) Cu 2p XPS peak of CuO/GNS and (iii) O 1s peak and (iv) C s peak of GO and
CuO/GNS.

Table 1. Screening for Best Reaction Conditions”

)

™ Q=0

L) () s

: C
H

1a 2a 3a 4aaa

entry solvent” amount of catalyst (mol %) temperature (°C) time (h) GC yield® (%) (TON/TOF h™!)“
1 DMF 0.7 82 5 14 20/4
2 methanol 0.7 82 S 41 59/12
3 acetonitrile 0.7 82 N 89 127/25
4 DMSO 0.7 82 S 15 21/4
S ethanol 0.7 82 S 19 27/5
6 acetonitrile 0 82 S
7 acetonitrile S mg (pure GNS) 82 N trace
8 acetonitrile 0.2 82 S 49 254/49
9 acetonitrile 0.5 82 S 68 136/27
10 acetonitrile 1.1 82 S 91 76/15
11 acetonitrile 0.7 25 S trace
12 acetonitrile 0.7 50 S 21 30/6
13 acetonitrile 0.7 70 5 41 58/12
14 acetonitrile 0.7 82 0.5 13 19/15
15 acetonitrile 0.7 82 1 19 27/27
16 acetonitrile 0.7 82 2 47 67/34
17 acetonitrile 0.7 82 3 56 80/27
18 acetonitrile 0.7 82 4 73 104/26
19 acetonitrile 0.7 82 6 89 127/21

“Reaction condition: aldehyde (1 mmol), amine (1.2 mmol), alkyne (1.5 mmol) were stirred with CuO/GNS in solvent at 82 °C. bs mL aliquot of
solvent was used in all the reactions. “GC yield. “TON/TOF [TON = the amount of product (mol)/the amount of active sites; TOF = TON/time

(b)].
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(from ~287 to ~286 V) when compared to GO, indicating
good dispersion of CuO NPs on GNS. Moreover, the weight
percentage of Cu (4.61 wt %) in CuO/GNS was measured by
XPS analysis. It is worth mention that the XPS spectrum of
CuO/GNS confirmed the presence of only three elements (C,
O and Cu). This observation acknowledges the reliability of the
preparation process and purity of the catalyst. The XPS results
are in good agreement with the XRD, TEM and SEM-EDS
analyses.

The BET specific surface area was determined for GO and
CuO/GNS. It was found that the CuO/GNS has a BET surface
area of 66.26 m” g~ with a pore volume of 0.2676 cm® g~" and
a BJH desorption average pore diameter of 16.15 nm. However,
the surface area of CuO/GNS is significantly lower than that of
pure GO (>600 m”/g), which may be due to the face-to-face
aggregation of graphene sheets. This value shows that about 60
graphene sheets aggregate into graphitic stacks that hinder
intercalation of nitrogen. In fact, after the reduction of GO
sheets, the reduced GO can easily aggregate due to the removal
of oxygenated functional groups, mainly carboxylic (—COOH)
group, resulting in the loss in specific surface area. The results
are in good agreement with a previous report.”

Optimization of Reaction Conditions. To find out the
most suitable reaction conditions for A’-coupling reactions, a
series of reactions with different reaction parameters such as
solvent, reaction time, temperature and catalyst amount was
carried out (Table 1). Benzaldehyde (1a), piperidine (2a) and
ethynyl benzene (3a) were chosen as model substrates for the
optimization reactions. At first, various solvents such as N,N-
dimethylformamide (DMF), acetonitrile, methanol, dimethyl
sulfoxide (DMSO) and ethanol were examined (Table I,
entries 1—S5). Among them, acetonitrile was found to be the
best one with 89% yield of the desired product (4aaa) (Table 1,
entry 3). As expected, no conversion was observed in the
absence of CuO/GNS (Table 1, entry 6). Similarly, when the
reaction was performed using GNS as a catalyst, only a trace
amount of 4aaa was obtained (Table 1, entry 7). The amount
of the catalyst played a crucial role in the reaction. It was found
that 0.7 mol % of Cu (5 mg of CuO/GNS) is the optimum
amount of the catalyst because it gave a better yield (89%)
(Table 1, entry 3). Furthermore, no significant change in the
yield was observed even after increasing the amount of catalyst
to 1.1 mol % (Table 1, entry 10). However, decreasing the
amount of catalyst (0.2 and 0.5 mol %) reduced the yield of
4aaa (Table 1, entries 8 and 9). Subsequently, reaction time
was optimized. At room temperature (25 °C), the reaction was
very slow and gave only a trace amount of 4aaa (Table 1, entry
11). But, raising the reaction temperature gradually increases
the yield of the product (Table 1, entries 12 and 13). An
excellent 89% yield of 4aaa was formed when the reaction was
performed at 82 °C (Table 1, entry 3). In the time
optimization, the progress of the reaction was monitored at 1
h intervals (Table 1, entries 14—19) and found that S h is the
optimum reaction time. However, prolonged reaction (6 h)
showed no change in the yield (89%) (Table 1, entry 19).
Turnover number (TON) and turnover frequency (TOF) were
calculated for the reactions using the equation given under
Table 1. It is worth mention that the TON is 127 and TOF is
25 h™! for the optimized reaction; the values are quite higher
compared to those of previous reports on Cu NPs-catalyzed A’-
coupling reactions. These reaction conditions were adopted to
extend the scope of the catalytic system.

Scope of the Catalytic System. A wide range of aromatic
aldehydes, amines and alkynes were employed to extend the
scope of the catalytic system (Table 2). The yield of A*-coupled
products ranged from 52% to 98%, depending on the substrates
(Table 2). Coupling of benzaldehyde (1a), piperidine (2a) and
ethynylbenzene (3a) gave 1-(1,3-diphenylprop-2-yn-1-yl)-
piperidine (4aaa) in excellent 89% yield with good TON and
TOF values of 126 and 25 h™, respectively. Whereas, the nano

Table 2. Substrate Scope of the CuO/GNS-Catalyzed Three-
Component Coupling of Aldehyde, Amine and Alkyne”

Ry.,,.Rs
_CHO Ry, .R3 CuOIGNS (0.7 mol%) N
Ry . N +4 =R —M— >
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(1.5 mmol), CuO/GNS (0.7 mol %), acetonitrile (S mL), air
atmosphere, 3.5—12 h, 82 °C. “GC yield with respect to aldehyde.
“Isolated yield. “TON/TOF.
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Figure 7. (i) Reusability and heterogeneity tests of CuO/GNS and, (ii) Cu 2p XPS peak, (iii) TEM image and (iv) EDS spectrum of u-CuO/GNS.

CuO-catalytic system afforded only 82% of the desired product
at 90 °C even after 6 h.** It was noticed that the alkynes
bearing either electron-donating or electron-withdrawing
groups on the benzene ring are readily coupled with aldehydes
and amines in moderate to excellent yields. For instance, 4-
ethynylaniline (3c) reacted with 1a and 2a rapidly (4.5 h) and
afforded the corresponding propargylamine (4aac) in excellent
92% vyield with good TON/TOF (132/29 h™"). Similarly, a
good 79% yield of 4aae was obtained from the coupling of 1a,
2a and 1-ethynyl-4-fluorobenzene (3e). However, quite longer
reaction times and moderate yields were observed for
propargylamines 4aab and 4aad, prepared from 1-ethynyl-4-
methylbenzene and 1-ethynyl-4-methoxybenzene, respectively.
The A3-coupled product 4aba derived from pyrrolidine (2b)
was obtained in excellent yield of 90% with good TON/TOF
(129/32 h™"). Alike, 96% 4abb and 88% 4abc were achieved
from 1-ethynyl-4-methylbenzene and 4-ethynylaniline, respec-
tively.

Aromatic aldehydes bearing either electron-donating or
electron-withdrawing groups on the benzene ring were also
investigated and found that it had a great influence on the
yields. The electron-donating group substituted aldehydes
reacted faster and gave good yields than the electron-
withdrawing group substituted aldehydes. Reaction of 4-
bromobenzaldehyde (1b), 2a and 3c gave the corresponding
propargylamine (4bac) in excellent 98% yield with good TON/
TOF values (140/31 h™") after 4.5 h. Alike, propargylamine
(4cac) derived from 4-chlorobenzaldehyde (1c) required
comparatively less reaction time (3.5 h) to achieve 94% yield.
4-Methylbenzaldehyde (1d) coupled with 3a or 3b gave the
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propargylamine 4daa or 4dab in moderate yield; even extended
reaction time showed no significant improvement in the yield.
Interestingly, a good 96% vyield with excellent TON/TOF
values (137/31 h™') was obtained for the derivative of 4-
methylbenzaldehyde (4dac). 3-Bromobenzaldehyde (1f) and
2b were reacted with different alkynes such as 3a, 3b and 3c to
form the corresponding A’-products 4fba, 4fbb and 4fbc in
good vyields of 95%, 87% and 95%, respectively. Propargyl-
amines 4gba and 4gbc were obtained in excellent yields (84
and 96%) from the coupling of 3-chlorobenzaldehyde (1g) and
2b with 3a and 3c, respectively.

The present catalytic system is also efficient for the sterically
hindered substrates such as 9-ethynyl-9H-fluoren-9-ol (3f) and
pyrene-1-carbaldehyde (le). The compounds le and 2b were
readily coupled with different alkynes such as 3a and 3¢, and
produced the corresponding propargylamines (4eba and 4ebc)
in good yields (88% and 98%). A moderate yield of 63% was
observed for 4daf from the coupling of 1d, 2a and 3f.

The results are well comparable with other reported
heterogeneous Cu-based catalysts. For instance, Albaladejo et
al*' showed that Cu,0/TiO, catalyzed A’-coupling and the
yield of propargylamines varies from 52% to 98% with good
TOF/TOF values (198—104/90—0.1 h™'). Similarly, Cu
modified spherical MCM-41 nanoparticles gave the propargyl-
amines in excellent yields (75—-93%) with moderate TON/
TOF (32—26/21-78 h™').*> Borah et al."’ reported Cu(0)-
nanoparticles stabilized on modified montmorillonite for A*-
coupling reaction and the yield varied from 52% to 98% with
excellent TON/TOF values (1640—1880/547—627 h™').
Recently, MCM-41 silica modified Cu(I)—thiosalen complex
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has been reported for A*-coupling reactions. The yield of A’-
coupled products ranged from 93 to 81% with very high TON/
TOF values of 31000—27000/7750—2700 h™.* Under
solvent free conditions, nano Cu,O—ZnO catalyzed coupling
of aldehydes or ketones, secondary amines, and terminal
alkynes gave the coupled products in good yields (95—0%).*
Mandal and co-workers prepared magnetically recoverable
Fe;0,—~GO nanocomposites for the A’-coupling reactions.
They found that the nanocomposite is good, reusable and
stable in terms of yields (93—37%) and TON/TOF values
(310-123/19—8 h™')."” The present CuO/GNS system
obtained the coupling products in excellent yields ranged
from 98 to 52% with good TON/TOF values (140—75/47—11
h™).

To explore further the present CuO/GNS catalyst, N-
oxidation of tertiary amines was carried out. To the best of our
knowledge, this is the first report on CuO NPs catalyzed N-
oxidation of tertiary amines. Without any doubt, the N-
oxidation reaction is one of the important organic reactions and
the products (amine N-oxides) have found to play a key role in
the preparation of various cosmetic products.”® The reaction
conditions for the N-oxidation reaction were adopted from one
of our previously reported results.*’ Briefly, a mixture of amine
(2 mmol), H,0, (S mmol) and 5 mg of CuO/GNS was stirred
with § mL of CH;CN under atmospheric pressure of air at 80
°C for 4 h (see the Supporting Information for detail). The
completion of the reaction was monitored by TLC and the
products were confirmed by NMR. Aliphatic tertiary amine,
triethylamine, gave the corresponding N-oxide in an excellent
yield of 98% with TON/TOF of 140/35 h™". Similarly, 97% of
N,N-dimethyl aniline N-oxide with good TON/TOF values
(139/35 h™") was obtained from the oxidation of N,N-dimethyl
aniline. The results are better compared to those of some of the
previously reported catalytic systems such as GNPs-RuO,NRs,
Pt/C and Ti—-MCM-41.7">!

Heterogeneity, Reusability and Stability of CuO/GNS.
To understand the nature of the catalytic system, a
heterogeneity test was performed for CuO/GNS. In a typical
experiment, a mixture of benzaldehyde (la, 1 mmol),
piperidine (2a, 1.2 mmol) and ethynyl benzene (3a, 1.5
mmol) was stirred under the optimized reaction conditions for
2 h and the GC yield was found to be 47%. Subsequently, the
catalyst was separated out by simple centrifugation and the
filtrate was further stirred for 4 h without the catalyst. The
progress of the reaction was monitored by GC at 2 h intervals,
and the results are presented in Figure 7i. It was observed that
there was no significant increase in the yield after the removal
of CuO/GNS from the reaction mixture. The results confirmed
that the reaction occurred only in the presence of the catalyst
and CuO was not leached out from CuO/GNS during the
coupling reaction.

The recyclability of the CuO/GNS was tested for the A’
coupling reaction of benzaldehyde (1a, 1 mmol), piperidine
(2a, 1.2 mmol) and ethynyl benzene (3a, 1.5 mmol). After each
cycle, the catalyst was recovered by simple centrifugation and
washed with diethyl ether followed by drying under air
atmosphere at 60 °C. The catalyst can be reused for five
times without a significant loss of the yield. A good yield of 79%
with high TON/TOF values (113/23 h™") was observed even
after the fifth cycle. The physicochemical stability of the CuO/
GNS after use (1 cycle) was investigated in terms of XPS, TEM
and EDS analyses [Figure 7ii—iv]. It can be seen that the
morphology of the used CuO/GNS was maintained without

any significant aggregation of CuO NPs. As with pure CuO/
GNS, the Cu 2p XPS spectrum of u-CuO/GNS also showed
the shakeup satellite peaks of Cu 2p;/, at ~942 eV and Cu
2py1), at ~962 eV, indicating an excellent chemical stability of
the CuO/GNS. Moreover, the EDS spectrum showed that the
weight percentage of Cu in u-CuO/GNS was 4.26 wt %. The
corresponding elemental mapping showed a fine dispersion of
CuO NPs (see Figure S3 in the Supporting Information). The
stability of CuO/GNS even after fifth use was tested by using
TEM, SEM-EDS and XPS (see Figure SS in the Supporting
Information). TEM image of CuO/GNS after fifth use shows
that the size of CuO NPs is slightly increased by 10 to 15 nm
(see Figure SS in the Supporting Information). However, no
significant change was observed in the oxidation state (+2) and
weight percentage (4.19 wt %) of CuO NPs in CuO/GNS even
after fifth use when compared to the fresh CuO/GNS catalyst
(see Figure SS in the Supporting Information). The results
confirmed that the present CuO/GNS is heterogeneous,
reusable and stable.

Versatility of the CuO/GNS. Encouraged by the good
physicochemical stability of the catalyst after use (u-CuO/
GNS), the u-CuO/GNS was further applied in aza-Michael
reaction of amines with acrylonitrile. In fact, the f-amino
carbonyl compounds are versatile class of intermediates and
often utilized as a precursor in the synthesis of natural products,
chiral auxiliaries, and antibiotics.”*>* Initially, reaction con-
ditions were optimized. For the screening, acrylonitrile and
piperidine were chosen as model substrates. A low yield of the
product (65%) was observed in the absence of u-CuO/GNS.
Among the solvents optimized, acetonitrile was the best one
since it afforded an excellent of 94%. A small amount of catalyst
(5 mg, 0.34 mol % of Cu) was sufficient for the reaction. It was
found that the optimum reaction time was 1 h. Under the
optimized reaction conditions, the coupling between acryloni-
trile and piperidine gave a better 94% yield of 3-(piperidin-1-
yl)propanenitrile with high TON/TOF values (277/277 h™")
(Table 3, entry 1) whereas the nano CuO-catalytic system
afforded only 85% yield of the desired product after 3 h.”* An
excellent 95% yield was observed in the coupling of pyrrolidine
with acrylonitrile (Table 3, entry 2). Similarly, the present
catalytic system obtained 88% of 3-(4-phenylpiperazin-1-
yl)propanenitrile (Table 3, entry 3). Interestingly, primary

Table 3. aza-Michael Reaction of Amines with Acrylonitrile
Catalyzed by u-CuO/GNS“

. yield
entry amine product (%)

1 NH N
O O
2 N
G
/ N\ /N b .
3 N_ i @-N\_/N—\_CN 88" (88) 259/259
CN
NH, g
N
48 é CN
“Reaction conditions: amine (1.0 mmol), acrylonitrile (1.0 mmol), u-
CuO/GNS (0.34 mol %), acetonitrile (S mL), air atmosphere, 1 h, 25

°C. ’GC yield. “Tsolated yield. “TON/TOF. 2 mmol of acrylonitrile
was used.

TON/TOF h'!

94° (90)° 277/277

95° (91)° 279/279

87° (81)° 256/256
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Figure 8. (i) Photographic image showing the recovery of GNS, (i) EDS spectrum (inset: corresponding SEM image), (iii) TEM image, (vi) XPS
Cu 2p peak, (v) Raman spectrum and (vi) XRD spectrum of the r-GNS.

amines were also actively coupled with alkenes. Bis adduct was
formed in good 87% yield when phenylmethanamine was used
as an amine (Table 3, entry 4). The results clearly showed the
versatile nature of the CuO/GNS catalyst. More interestingly,
the u-CuO/GNS was reused four times. After the fourth cycle,
the reaction gave a good 81% yield of 3-(piperidin-1-
yl)propanenitrile.

Recovery of Graphene and CuO from u-CuO/GNS. The
sustainable use of the raw materials is very important to make
the catalyst more economical. To prove this, we attempted to
recover the graphene and also the metal nanoparticles (as
CuCl,) from the u-CuO/GNS. The detailed recovery
procedure is given in the Experimental Section. Figure 8i
shows the photographic image of the recovery of graphene and
CuCl,. It is interesting to note that the recovery of GNS was
~95%, and the CuO NPs were completely recovered as CuCl,.
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The EDS spectrum [Figure 8(ii)] and its corresponding
elemental mapping images (see Figure S4 in the Supporting
Information) confirmed the complete removal of CuO NPs and
the high purity of r~-GNS. The TEM image of r-GNS also
showed pure, continuous and wrinkled morphology without
any CuO NPs. The mean thickness of the »-GNS sheet was
calculated to be about 0.8—2 nm [Figure 8iii]. The Cu 2p peak
completely disappeared in the XPS spectrum of r-GNS and the
weight percentage was estimated to be 0%. Raman spectrum
showed a characteristic D band at 1349 cm™' and G band at
1575 cm™. However, the calculated Ip/I; ratio was slightly
higher (0.8571) than that of pure GO (0.5287), indicating the
presence of more defect sites.”> The defect sites might have
been caused by the oxidation due to acid used in the recovery
process. Interestingly, when compared to pure CuO/GNS, the
-GNS showed a better BET surface area of 110.11 m?/g. The
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formation of more oxygen functional groups during the
recovery process might be the reason for the better surface
area. In fact, the oxygen functional groups on graphene can
prevent the aggregation of graphene layers. In Figure 8vi, the r-
GNS exhibited a strong (002) diffraction peak at 26° and a
(100) diffraction peak at 44.5° corresponding to graphitic
structure.”® Furthermore, the recovered CuO NPs (as CuCl,)
were investigated by the XPS analysis (see Figure S6 in the
Supporting Information). In addition to the Cl 2p peak at ~200
eV, the Cu 2p peaks (Cu 2p;, and Cu 2p,,,) and their
corresponding shakeup satellite peaks were also observed,
which proved the conversion of CuO NPs to CuCl,."” The
result confirmed the successful recovery of GNS with its natural
physicochemical properties. The recovered GNS and Cu may
be used for further applications and, therefore, the present
catalyst is viable.

Conclusions. In conclusion, a very simple and efficient
method was developed to prepare the CuO/GNS nanocatalyst.
The CuO/GNS demonstrated outstanding catalytic activity in
terms of yield and TON/TOF toward A’-coupling reaction
under mild, base free reaction conditions. The catalyst is
heterogeneous, stable and reusable. The versatility of CuO/
GNS was realized from the higher yield of u-CuO/GNS in aza-
Michael reaction. Finally, the GNS and CuO NPs (as CuCl,)
were successfully recovered from the u-CuO/GNS. The
recovered r-GNS and CuCl, may be used for other applications.
Overall, the simple preparation, outstanding activity, reusability,
versatility and most importantly the sustainable use of raw
materials make the heterogeneous CuO/GNS a most preferable
one over the existing Cu-based catalysts for A*-coupling and
aza-Michael reactions.
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