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1. Introduction

Sapindus mukorossi seed shell extract mediated
green synthesis of CuO nanostructures: an
efficient catalyst for C—N bond-forming
reactionsf

b
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Catalytic reactions have been used for the synthesis of vital structures containing a C—N bond. The C-N
bond-forming reaction is regarded as one of the most popular and efficient methods for the synthesis
of many bioactive molecules. The design and application of environmentally friendly catalysts to reduce
the amount of toxic waste is essential for such C-N bond-formation reactions. Herein, an effective
biogenic approach is reported for the synthesis of size-tunable CuO nanostructures for use as catalysts
in C—N bond-formation reactions. The synthesis has been carried out via a hydrothermal method in
the presence of the seed shell extract of the Sapindus mukorossi plant followed by calcination in air.
An X-ray diffraction (XRD) study reveals that the synthesized CuO nanostructures are crystalline and are
free from any impurities. An electron microscopy study reveals that the shape of the CuO
nanostructures is more or less homogeneous and that the phytochemicals present in the shell extract
perform a key role in controlling the size of the formed CuO nanostructures. These newly developed
CuO nanostructures can be used as efficient catalysts for the conjugate addition of amines to
acrylonitrile with excellent yields under mild reaction conditions. The protocol is simple and applies to
different substituted aryl and alkylamines. The catalyst system is more effective than other supported
catalysts and needs no acid, base or ligand to promote the reaction. The catalyst is stable and is
reusable up to five cycles with minimal loss of catalytic activity.

chemical potential, enhanced active surface area, chemical
stability in a broad range of chemicals, and insolubility of

For the last couple of decades, cupric oxide (CuO) nanoparticles
(NPs) have gained substantial attention from a diverse field of
academic and industrial researchers due to their versatility
of application. CuO possesses a monoclinic structure with a
narrow bandgap of 1.7 eV and is associated with attractive
features like high stability, superior thermal conductivity, high
chemical potential, photovoltaic properties and antimicrobial
properties.’™ Because of these attractive physicochemical pro-
perties, CuO NPs deserve to be extensively studied for use in
more efficient ways in diverse fields of technology such as in
gas sensors, energy-storage systems, solar cells, biomedicine,
catalysis, photocatalysis, high-temperature superconductors,
supercapacitors, and so on.”'* Furthermore, due to their high
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CuO NPs in most solvents, they can act as an efficient hetero-
geneous catalyst in many important chemical conversions.” '
However, the physicochemical properties and application of
CuO NPs are dependent on the size, shape, morphology, crystal
patterns and accessible surface area of the constituent particles,
which in turn largely depend upon the synthetic approach.'*'”*
As a result, many physical and chemical methods, such as vapour
deposition, arc discharge, sol-gel preparation, co-precipitation,
hydrothermal, solvothermal and sonochemical methods, etc.,
have been reported for the synthesis of CuO NPs.''*'%2° pue
to the use of expensive instrumentation or toxic chemicals as
additives and/or solvents in most of the above-mentioned
methods, they are neither environmentally benign nor cost-
effective.”’ >* As a result scientists have gradually been adopting
a bio-based process where either bioactive molecules or micro-
organisms such as algae, bacteria, fungi, etc., are used as the
stabilizing agent.”**> However, there are some limitations on the
use of microorganisms, such as the toxicity of bacteria, and
tedious isolation and incubation processes.”’** Hence, plant
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extracts have been chosen in recent times as an ideal source of
biomolecules for the synthesis of CuO NPs as it is easy and
simple, safe, requires a low energy consumption and provides
better stability of the formed NPs.>'">* The plant extracts contain
different types of bioactive molecules, which often act as a
reducing agent, capping agent or stabilizing agent for various
nanoparticle systems.”'>*?® In the synthesis of CuO NPs, the
phytochemicals mostly reduce the copper ions and then convert
them into CuO.***”*® Hence, a biogenic process that involves
phytochemicals in the form of plant extracts has been proved to
be a good alternative for the synthesis of CuO NPs. Considering
the environmental hazards of most of the synthesis approaches, a
handful of reports have been published in recent years using
plant extracts either as additives or as reducing agents for copper
ions.»?1%?830 1t has been documented that the phytochemicals
present in a particular plant extract at different concentrations
provide a unique morphology, size and shape to the formed
NPs.?>?%3% Also, the type of plant extract, concentration, pH of
the medium, time and temperature affect the reaction rate and
hence the growth of CuO NPs.”**° Therefore, it is crucial to
optimise a plant extract mediated synthesis method that may
lead to the production of unique and highly functional CuO NPs.
Motivated by recent reports, this study aims to use the aqueous
seed shell extract of Sapindus mukorossi to synthesize CuO NPs
for use as catalysts in organic reactions.

Sapindus mukorossi is well-known as the soapnut and is a
member of the family Sapindaceae. It is commonly known as
‘reetha’, which has detergent, anti-inflammatory, antimicro-
bial, insecticidal, and other properties due to the presence of
saponins and different bioactive molecules.>** It is also a
popular ingredient of ayurvedic preparations such as shampoos,
cleansers and medicines for the treatment of eczema, psoriasis
and for removing lice from the scalp.**> The species is widely
grown in the upper reaches of the Indo-Gangetic plains,
Shivalik’s and sub-Himalayan tracts at altitudes from 200 to
1500 m. The plant is also readily grown in the northeastern
region of India. However, the particular tree commonly called
the soapnut finds no value in the locality and is assumed to be
a weed. Also, the economic value of the plant is very low in this
area. In recent times, the water extract of different parts of the
Sapindus mukorossi plant, which contains mainly saponins,
flavonoids, carbohydrates, glycosides, tannins, proteins and
amino acids, has been used as a reducing-cum-stabilizing
agent for different metal nanomaterial systems.?*3%337
However, the use of the extract of this particular plant for
the synthesis of metal oxide is very limited. Jassal et al
reported the use of the aqueous extract of the fruit of Sapindus
mukorossi for the synthesis of manganese oxide NPs.*° In the
present study, we intend to use the seed shell extract of
Sapindus mukorossi to see if any improvement in the properties
of CuO NPs can be made in terms of their morphology and
applications. The additional advantage associated with this
particular plant is that most of the time either medicinal or
edible plants are used for the synthesis of nanomaterials,
whereas the Sapindus mukorossi fruit - commonly called the
soapnut - is not used for such applications nowadays.
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Therefore, the successful utilization of the seed extract for
controlling the nanoparticle growth could provide the weed
with a market value in the near future and add value to
sustainable development.

The conjugate addition of an -NH nucleophile to an a,f
unsaturated electrophile is the well-known aza-Michael addition
for C-N bond formation. The products of the aza-Michael
reaction are important building blocks of many bioactive
molecules and pharmaceutical ingredients.”"** Long ago,
the aza-Michael reaction was carried out in the presence of
strong acids and bases with the formation of additional side
products.*>** To improve and modify the aza-Michael reac-
tion, different Lewis acids have been reported so far.*>™*’
In addition, transition metal salts have also found application
as catalysts for the aza-Michael reaction.’®*® The important
drawbacks of using such Lewis acids and transition metal
salts are their lack of reusability, the formation of by-products
and the threat of the incorporation of metal ions in the
biologically important organic products during catalysis.
Therefore, it is desirable to modify all of these chemical
processes in a plausible, greener way that can add value to
the already existing reaction procedures. One of the feasible
and effective alternatives to these existing materials is hetero-
geneous catalysts. In industry, chemical reactions using
heterogeneous catalysts has found greater importance over
homogeneous catalysts due to the easy separation of a hetero-
geneous catalyst from the reaction medium and its possible
reusability and green nature.’®>" In the aza-Michael reaction,
many heterogeneous catalysts, such as silica-supported AlCl,,*
graphene oxide,* starch-supported pyridinium-based organo-
catalysts,”® phen-MCM-Br,,> kaolinite clays,’® etc., have been
reported. However, many of them do not fit to the principles of
Green Chemistry, such as atom economy, environmentally
friendliness, expenses of synthesis, and the additional threat
of the contamination of heavy metals in pharmaceutically
oriented products. Therefore, it is necessary to look forward
to a reaction pathway for the aza-Michael reaction using earth-
abundant and inexpensive metal-based catalysts. CuO is one
such earth-abundant and inexpensive metal oxide, which, due
to its nano dimensions, has gained more importance as a
heterogeneous catalyst in many organic reactions in recent
times.”’®'%1%°775% The size and shape of CuO NPs can greatly
influence the catalytic activity of CuO NPs.®® In view of the
recent progress made in the use of plant extract-based CuO NPs
in catalysis, the objective of this study is to use CuO NPs
synthesized using the Sapindus mukorossi plant extract as an
efficient catalyst in C-N bond-forming reactions between aryl
amines and acrylonitrile in a greener way under ambient
conditions.

2. Experimental section
2.1 Materials and methods

Copper(n) nitrate trihydrate, sodium hydroxide, methanol
(EMPARTA), and aniline were purchased from Merck, India.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Acrylonitrile and the other substrates were purchased from
Sigma-Aldrich and were used without any purification. The
seeds of Sapindus mukorossi were collected from Gohain village
in the Lakhimpur district of Assam, India. The required glass-
ware was cleaned using freshly prepared aqua-regia solution
(HCL: HNO; = 3:1, V/V), followed by washing with detergent
and subsequent rinsing with double distilled water before
being dried in an oven. All stock solutions were prepared using
double-distilled water.

2.2 Isolation of flower extract

The collected seeds were cleaned by washing in tap water before
being allowed to dry under sunlight. The shells of the dried
seeds were separated using a knife and then the shells were
crushed into powder form using a blender. The phytochemicals
present in this powdered material (50 g) were extracted using
Soxhlet apparatus with methanol as the extracting solvent
(500 mL) at 60 °C for 6 h. After completion of this extraction
process, the solvent was evaporated using a rotary evaporator to
obtain a highly viscous mass, which was dried in a vacuum
oven at 60 °C for 24 h. The dried mass (16 g, 32 wt%) was then
kept in a refrigerator for further use. For synthesis of the CuO
nanostructures, an aqueous solution of the dried extract (1.4 g;
10 mL) was prepared and filtered through cotton to remove any
suspended solids.

2.3 Synthesis of CuO nanostructures

Synthesis of the CuO nanostructures was carried out via a
hydrothermal method using the phytochemicals present in
the seed shell extract of the Sapindus mukorossi plant as
additive followed by calcination. Typically, an aqueous solution
of the shell extract (14.0 wt%; 10 mL) was transferred into a
250 mL round bottom flask, fitted with a condenser, containing
88.0 mL of distilled water at 60 °C under stirring. To this extract
solution was added 7.0 mL of 1.0 M copper nitrate solution, and
the solution was mixed well under constant stirring at 60 °C.
An aqueous solution of freshly prepared sodium hydroxide
solution (35.0 mL; 1.0 M) was then added dropwise to this
reaction mixture to raise the pH, and the stirring was continued
for 30 min at the same temperature. The whole reaction
mixture was then transferred into an autoclave (150 mL) and
placed inside an air oven at 180 °C for 2 h. The transparent
solution in the upper portion was discarded and the remaining
suspension containing the black precipitate was centrifuged at
7000 rpm (REMI CPR 24 plus) for 15 min. The isolated solid was
dispersed in water using ultrasonic vibration and the solid was
collected by centrifugation. The process of dispersing the solid
in water and centrifugation was repeated three times to purify
the formed product. Finally, the isolated product was dried in a
vacuum oven at 60 °C for 18 h. The dried sample was calcined
at 500 °C for 4 h using a muffle furnace and the obtained
product was labelled as CuO-1. A similar set of reactions was
carried out by varying the extract concentration, keeping all
other reaction conditions identical, and the samples were
labelled as CuO-2 and CuO-3 (Table 1). Keeping all other
conditions the same as above, another sample (CuO-4) was

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Reaction recipes for the synthesis of CuO nanoparticles

Components CuO-1 CuO-2 CuO-3 CuO-4
Seed shell extract (wWt%) 1.0 0.5 0.25 0
Copper(u) nitrate (M) 0.05 0.05 0.05 0.05
NaOH (M) 0.25 0.25 0.25 0.25

also prepared but without using any extract. All the synthesized
CuO nanomaterials were characterized using different spectro-
scopic, microscopic and diffractometric techniques. The details
of the characterization techniques used are provided in the ESL7

2.4 C-N coupling reaction between amines and acrylonitrile

A mixture of amine (1.0 mmol), ethanol-water mixture (1.0 mL;
1:1 volume ratio), CuO NPs (2.0 mg) and acrylonitrile (2.5 mmol)
was taken in a 25 mL round bottom flask fitted with a condenser
and placed on a magnetic stirrer-cum-hotplate. The reaction
mixture was then allowed to stir at 45 °C. The progress of the
reaction was monitored using thin-layer chromatography (TLC).
After completion of the reaction, 20.0 mL ethyl acetate was poured
into the flask and the organic components were separated from
the mixture by washing in a separating funnel with brine solution.
The collected organic part was dried by filtration through
anhydrous sodium sulphate. The pure product was extracted
from the crude product using column chromatography (hexane/
ethyl acetate = 10: 1) using silica 100-200 mesh. The pure products
were characterized using "H NMR and "*C NMR.

To test the reusability of the catalyst, the single used CuO
nanostructures (sample CuO-2) were first washed with water
followed by ethanol to remove any other surface-adsorbed
organic components. The dispersed solid catalyst was then
isolated by centrifugation and repeated washing with a water-
ethanol mixture. The solid catalyst was dried overnight in
a vacuum oven at 60 °C and was reused in new batches of the
aza-Michael reaction.

3. Results and discussion
3.1 X-Ray diffraction studies

The X-Ray powder diffraction technique was used to check the
purity and to determine the phase structure of the as-prepared
samples. The sharp and intense diffraction peaks in all the
samples shown in Fig. 1 match completely with the XRD
pattern of monoclinic phase CuO (JCPDS file No.: 48-1548;
stick pattern) indicating the formation of highly crystalline
CuO nanostructures. The diffraction peaks that appeared at
20 = 32.7, 35.7, 39.0, 49.0, 53.7, 58.5, 61.8, 66.3, 68.3, 72.8 and
75.4° are assigned to the planes (110), (002)/(111), (111)/(200),
(202), (020), (202), (113), (113), (220), (311) and (004),
respectively.'®* The absence of other diffraction peaks due
to any impurities indicated the formation of pure and well-
crystallized CuO nanostructures.

3.2 Electron microscopy analysis

To gain insight into the surface topography of the as-synthesized
CuO nanostructures, SEM analysis was carried out on all the

Mater. Adv,, 2022, 3, 1115-1124 | 1117
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Fig.1 XRD patterns of different samples of CuO nanostructures as
compared with the reference pattern of tenorite, CuO.

samples (Fig. 2). Fig. 2a shows the SEM image of sample CuO-1
prepared in the presence of 1.0 wt% seed shell extract of
Sapindus mukorossi. The micrograph clearly shows the for-
mation of globular shaped particles of sizes varying from 67
to 135 nm. Furthermore, it is also clear from the micrograph
that two-three of such globular particles are assembled either
linearly or sideways to form short rod or branched structures.
Almost no isolated particles were noticed in the micrograph.
To investigate the effect of the extract concentration, another
sample (CuO-2) was prepared in the presence of 0.5 wt%
extract, keeping all other reaction conditions the same. The
SEM image of this sample (Fig. 2b) shows the formation of
particles quite similar to those observed in sample CuO-1.
However, the sizes of these particles in sample CuO-2 ranges

Fig. 2 SEM images of the synthesized CuO nanostructures: samples (a)
CuO-1, (b) CuO-2, (c) CuO-3 and (d) CuO-4. The inset in (b) shows the
magnified image of sample CuO-2.
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from 76 to 140 nm. To check the exact surface topography, a
magnified portion of Fig. 2b was recorded (inset in Fig. 2b),
which clearly shows that the individual particles are not purely
globular but rather they have some undefined geometrical
shape, the surface of which is flattened. A further decrease in
the extract concentration to 0.25 wt% (sample CuO-3) resulted
again in the formation of similar elongated and branched
structures (Fig. 2¢). The sizes of the globular particles, which
are assumed to be assembled to produce these elongated and
branched structures, vary from 80 to 145 nm. Furthermore, to
ascertain the effect of the plant extract on the morphology and
size of the CuO nanostructures, another sample was synthe-
sized in the absence of the extract (sample CuO-4). The SEM
image recorded from this sample (Fig. 2d) again shows the
presence of a similar morphology, but the sizes of these
particles are larger (215 to 430 nm) than those of the previous
samples prepared in the presence of the Sapindus mukorossi
seed shell extract. These results indicate that the plant extract
plays a crucial role in controlling the size of the CuO nanos-
tructures, but it does not have any impact on the morphology of
the formed nanostructures. Moreover, as the concentration of
the plant extract is increased, the sizes of the formed nano-
structures decrease. This is attributed to the capping efficiency
of the phytochemicals present in the extract towards the growing
nuclei during their formation. Furthermore, to ascertain the
composition of the product, the energy dispersive X-ray (EDX)
spectrum and elemental mapping were recorded from sample
CuO-2 (Fig. 3). The EDX spectrum shown in Fig. 3a shows the
peaks due to elemental Cu and O with an atomic ratio of 1:1.05,
confirming that the product is CuO. The peaks due to C (the
low-energy region) and Pt are assigned to the carbon tape used
to hold the sample and sputtering coating of the materials.
Fig. 3c and d show the mapping results of Cu and O, respectively,
supporting the EDX results.

To confirm the morphological evolution further, the TEM
images of samples CuO-2, CuO-3 and CuO-4 were recorded
(Fig. 4). The micrographs of all the samples (Fig. 4a—c) clearly

Intensity (cps)
[}
)

Electron image 1

6
Energy (keV)

o

Fig. 3 (a) EDX spectrum, (b) SEM electron image, and elemental mapping
of (c) Cu and (d) O of CuO nanostructures (sample CuO-2).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM images of CuO nanostructures recorded from samples (a) CuO-2, (b) CuO-3, and (c) CuO-4. (d) Magnified TEM image of sample CuO-2, (e)
HRTEM image recorded from a portion of a particle in sample CuO-2, and (f) the corresponding SAED pattern.

show the presence of CuO nanostructures, which seem to be
formed by the fusion of two-three individual CuO nanoparticles
during the calcination process. In addition, the presence of some
voids (light spots) could be noticed within the particles as con-
firmed from the high-magnification TEM image (Fig. 4d) recorded
from a portion of sample CuO-2. Furthermore, to gain insight into
the inner structure, a high-resolution TEM (HRTEM) image from
sample CuO-2 was recorded (Fig. 4e), which shows the presence of
perfectly aligned lattice fringes. The interplane space (d spacing)
value as calculated from this micrograph is 0.275 nm, which
corresponds to the (110) plane of CuO.> The SAED patterns
recorded from these samples are similar and so only a represen-
tative SAED pattern of sample CuO-2 is presented in Fig. 4f. The
presence of bright spots superimposed on ring patterns confirms
the polycrystalline nature of the particles with possible defects on
their surfaces.

3.3 FTIR spectroscopy study

To investigate the surface functionalities, FTIR spectra were
recorded from the seed shell extract of Sapindus mukorossi,
from sample CuO-2 prepared in the presence of 0.5 wt% of the
seed shell extract, and from sample CuO-4 prepared in the
absence of the extract (Fig. 5). The spectrum of seed shell
extract exhibited absorption peaks at 3420, 2938, 2852 (weak),
1739, 1251, and 1046 cm . The broad peak at 3420 cm™* is
assigned to the alcoholic O-H stretching from flavonols present
in the plant extract, which is further confirmed by the presence
of an intense peak at 1046 cm ' due to the C-O stretching
vibration in alcohols.®® The strong band at 2938 cm™ " corre-
sponds to the aliphatic C-H asymmetric stretching vibration,
while the low-intensity absorption peak at 2852 cm ™' is
assigned to the C-H stretching vibration.®* The peaks at 1739
and 1251 cm™ " are characteristic of the C-O stretching and C-O
bending vibrations, respectively.®’ The peak at 657 cm™ "' is

due to the presence of the alkyne group in the biomolecules.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 FTIR spectra of the seed shell extract of the Sapindus mukorossi
plant and CuO nanostructures. Samples CuO-2 and CuO-4 are prepared
in the presence and absence of the extract, respectively.

The FTIR spectra of samples CuO-2 and CuO-4 exhibited a
broad peak in the range of 3535-3400 cm ™', which is due to
O-H stretching from surface-adsorbed water molecules. The
peaks that appear in the FTIR spectra of samples CuO-2 and
CuO-4 in the region of 530-536 cm ' are due to the Cu-O
stretching vibration of Cu0.%> The peaks observed in all the
samples including the plant extract at around 1641, 1564, and
1410 em ™" (marked by *, # and $, respectively) are due to free
carbonate, and the asymmetric and symmetric O-C-O stretching
vibration of the adsorbed carbonate anion, respectively.®® It is
evident from the FTIR spectroscopy study that the plant molecules
are burned away during calcination and so no functional groups
on the surface of CuO synthesized in the presence of the plant
extract could be detected.

Mater. Adv, 2022, 3, 1115-1124 | 1119
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Fig. 6 X-Ray photoelectron spectra of CuO nanostructures (sample
CuO-2): (a) survey scan, (b) Cu 2p, and (c) O 1s region.

3.4 N, gas adsorption-desorption study

To study the effect of the plant extract on the surface properties
of the CuO nanostructures, a N, gas adsorption-desorption
study was carried out on samples CuO-2 and CuO-4, prepared in
the presence and the absence of the plant extract, respectively.
The N, gas adsorption-desorption curves of both samples CuO-2
and CuO-4, as shown in Fig. S1 in the ESI,{ displayed a type H3
hysteresis loop, which is characteristic of slit-shaped pores formed
by the aggregation of plate-like particles.®* Furthermore, they
follow a type II isotherm, which is characteristic of mesoporous
materials.®* The Brunauer-Emmett-Teller (BET) surface area,
as measured from the multi-point curve, was found to be
9.9 and 4.8 m”> g~ for samples CuO-2 and CuO-4, respectively.
The enhanced surface area of sample CuO-2 prepared in the
presence of the seed shell extract is attributed to the smaller
size and different surface characteristics compared with sample
CuO-4. The observed BET surface area is higher than that
reported for CuO NPs prepared using similar methods.>®
Furthermore, sample CuO-2 also possesses a higher pore
volume of 0.018 cm® g™, against 0.008 cm® g~' of CuO-4.
However, sample CuO-4 exhibited a higher pore diameter
(2.465 nm) compared with sample CuO-2 (2.184 nm). This
might be attributed to a larger gap in between the particles
due to their larger size. The results further indicated the
formation of mesoporous materials during calcination.

3.5 X-Ray photoelectron spectroscopy analysis

To understand the elemental composition and the oxidation
state of the individual elements in the products, an X-ray
photoelectron spectroscopy (XPS) study was performed on
sample CuO-2. The survey scan spectrum (Fig. 6a) shows the
presence of elemental peaks due to Cu 2p, and O 1s. Fig. 6b depicts
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Table 2 Optimization of aza-Michael reaction conditions using the as-
synthesized CuO nanostructures (sample CuO-2) as the catalyst®

NH, N
~NN
+ \ CN CuO NPs CN
\/ Solvent
Amount
of catalyst Temperature Time Yield”
Entry (mg) Solvent (°Q) (h) (%)
1 — Solvent-free r.t. 20 30
2 — Solvent-free 45 12 40
3 7 Solvent-free 45 9 50
4 7 Water 45 6 60
5 7 Diethylene glycol 45 12 Trace
6 7 N,N-Dimethylformamide 45 12 30
(DMF)
7 7 DMF + water (V/V=1:1) 45 12 50
8 7 Methanol 45 12 50
9 7 Methanol + water (V/V=1:1) 45 12 60
10 7 Isopropanol 45 12 Trace
1 7 Isopropanol + water 45 9 50
(V/V=1:1)
12 7 Acetonitrile 45 12 Trace
13 7 Ethanol 45 6 40
14 7 Ethanol + water (V/V =1:1) 45 6 80
15 5 Ethanol + water (V/V =1:1) 45 6 80
16 2 Ethanol + water (V/V =1:1) 45 6 80
17 1 Ethanol + water (V/V =1:1) 45 6 50
18 2 Ethanol + water (V/V =1:1) 1t 6 58
19 2 Ethanol + water (V/V =1:1) 60 6 77

¢ Reaction conditions: aniline (1.0 mmol), and acrylonitrile (2.5 mmol).
b Isolated yield.

the high-resolution XPS spectrum of the Cu 2p region, which
shows intense peaks at binding energies 935.8 and 955.6 €V due
to Cu 2pz/, and Cu 2py,, respectively. The energy gap of 19.8 eV
between the Cu 2p;, and Cu 2p4, peaks is very close to the
standard value of Cu 2p in CuO.?° Besides, a broad shake-up
satellite due to Cu** was observed at 946.1 eV. These results
confirm the presence of Cu in the +2 oxidation state in the
products, ruling out the possibility of the presence of the Cu,O
phase. Fig. 6¢ shows the O 1s core-level spectrum, where a
sharp peak at 533.4 eV can be observed due to O*" in the CuO
crystal lattice. The results confirmed that the composition of
the sample is CuO.

3.6 Catalytic activity study

To check the catalytic efficiency of the synthesized CuO nanos-
tructures, the aza-Michael reaction was chosen as a model
reaction. To optimize the reaction conditions, at the outset,
the reaction of aniline (1.0 mmol) and acrylonitrile (2.5 mmol)
was chosen as the substrate at room temperature without any
solvent and catalyst, but the reaction resulted in a very low yield
(approximately 30%) of the product even after 20 h (Table 2;
entry 1). In a new set of similar reactions when the temperature
was increased to 45 °C the yield of the product was improved
in 12 h (Table 2; entry 2). When a small amount of the CuO
nanostructures (7.0 mg; sample CuO-2) was added to the
reaction mixture, we were surprised to see an improvement in
the yield of the product within 9 h (Table 2; entry 3). Then, we

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Effect of catalyst and catalyst loading in the aza-Michael

reaction?
M n\/\
+ \/CN CuO NPs; 45 °C CN
O/ Ethanol-water (1: 1)

Entry Catalyst Time (h) Yield® (%)

1 CuO-1 6 80

2 Cu0O-2 6 80

3 CuO-3 6 80

4 CuO-4 6 60

5 ‘Cu0-2 6 60

¢ Reaction conditions: aniline (1.0 mmol), acrylonitrile (2.5 mmol);
catalyst (2.0 mg). ? Isolated yield. ° Before calcination.

tested the reaction using different solvent systems at 45 °C
(Table 2; entries 4-14) and observed that when the solvent
system is a mixture of water (0.5 mL) and ethanol (0.5 mL) in
the volume ratio of 1:1, the highest yield of 80% of the product
was obtained after 6 h (Table 2; entry 14). This might be due to
the enhanced solubility of the reactants in a solvent of suitable
polarity, which can be adjusted by changing the water : ethanol
ratio in the aza-Michael reaction. In the next assessment, the
performance of the catalyst was tested with different catalyst
loadings (Table 2; entries 15-17). It was observed that 7.0, 5.0
and 2.0 mg of the catalyst (sample CuO-2) were equally efficient
in the current reaction (Table 2; entries 14-16). However, the
performance of the catalyst was significantly decreased when
the catalyst loading was lowered to 1.0 mg (Table 2; entry 17).
Hence, in the current study, the catalyst loading was fixed at 2
mg for the remaining experiments. Furthermore, to find the
optimum temperature with the catalyst loading of 2 mg, the
reaction was performed at room temperature and 60 °C
(Table 2; entries 18 and 19). It was observed that when the
reaction was carried out at room temperature the yield was
decreased to 58%, whereas at 60 °C the yield was 77%, which is
very close to the yield at 45 °C. So, the optimum temperature for
the reaction system was considered to be 45 °C.

To test the catalytic activity of the other synthesized CuO
nanostructures we repeated the reaction between aniline and

View Article Online
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acrylonitrile in the solvent mixture of water (0.5 mL) and
ethanol (0.5 mL) (V/V =1:1) at 45 °C, fixing the catalyst amount
at 2.0 mg and keeping other reaction parameters fixed. It is
evident from Table 3 that all the catalysts prepared in the
presence of the plant extract offer a higher catalytic activity
compared with those prepared in the absence of the plant
extract. We also tested the catalytic activity of sample CuO-2
without calcination, which offered 60% yield in 6 h. Moreover,
the CuO nanostructures synthesized without using any capping
agent (sample CuO-4) could produce a 60% yield in 6 h under
the same reaction conditions. The probable reason behind the
enhanced catalytic activity of CuO nanostructures prepared in
the presence of the seed shell extract of Sapindus mukorossi
might be due to their increased surface area because of their
smaller size and surface properties, as confirmed from BET
surface area analysis. Furthermore, to examine the effective-
ness of the current protocol, the results of the current study are
compared with other heterogeneous catalyst systems (Table 4).
The comparative study revealed the effectiveness of the current
catalyst system in the aza-Michael reaction between aniline and
acrylonitrile. It is also noticed that most of the catalysts
required either support materials, which played a major role
in the enhanced activity of the catalyst, or acidic or alkaline
media. By contrast, the current catalyst needs neither a support
nor the presence of acid, base or ligand in the medium.

With the optimized reaction conditions in hand, we
expanded the aza-Michael reaction using some substituted
anilines and other amines. It was observed that the substituted
anilines having electron-donating alkyl groups at the ortho,
para and meta positions were found to be good reactants
towards the aza-Michael reaction under the proposed protocol
(Table 5 entries 2-5). However, the electron-deficient anilines
are unable to yield respective products under the proposed
conditions (Table 5 entries 6 and 7). This might be due to the
high deficiency of non-bonding electron pairs on the nitrogen
of the amine group to undergo the aza-Michael reaction with
acrylonitrile. Also, a low yield of the product was observed with
a primary aliphatic amine (Table 5 entry 8), which might be due
to the fact that the reaction was performed under mild reaction
conditions. It has been reported that such amines are effective

Table 4 Comparison of the efficiency of the current catalyst in the aza-Michael reaction

NH, i
+ \/CN Catalyst \/\CN
Entry Catalyst Amount Solvent/temperature/time Yield (%)
1 Starch-supported organocatalyst (ES-SO; ~-CsHsNH')>* 1 mol% THF/r.t./3 h 65
2 Si0,-supported AICI;** 200 mg Solventless/60 °C/6 h 75
3 Graphene oxide™ 0.5 ml suspension Water/r.t./45 min 65
4 Tonic liquid-based [TMPSA][HSO,]*® 1 mmol Water/r.t./4 h 87
5 Acidic alumina®® 200 mg Solventless/r.t./3 h 90°
6 Phen-MCM-Br,>’ 70 mg Water/r.t./2.5 h 80
7 Nano CuO (this work) 2 mg Ethanol-water mixture/45 °C/6 h 80

“ The reaction was performed under acidic conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Substrate scope for the aza-Michael reaction under thermal
conditions?

. C ; 45
Amine + N\ 0N _ CUONPsidSTC Product
Ethanol-water (1: 1)
Time Yield”
Entry Amine Product (h) (%)

NH. NH
2 \/\CN

6 80

NH NH

2 \/\CN

2 6 85

CH, CHj

NH, NH_ A~
CN

-~
T
s
o E
z
I
5
-
s
n z
z
g
o
z
S

90
NH, H
N\/\CN
5 87
HO HO
NH,
6 No product 6 X
NO,
NH,
7 /©/ No product 6 X
O,N
8 N N 5 60
HO' Ho/\/ \/\CN
P N
9 - u/\ H 1 85

NoaNoaniie

“ Reaction condltlons amine (1.0 mmol), acrylonitrile (2.5 mmol);
catalyst (2.0 mg). ? Isolated y1e1d

only under harsh reaction conditions, and that is why we
observed such a low conversion.>*®” The developed protocol
was also found to be efficient for other primary and secondary
amines (Table 5 entries 9 and 10).

3.7 Reusability of CuO nanostructures as the catalyst

To test the reusability of the catalyst, the used CuO nanostruc-
tures (sample CuO-2) were isolated and purified to get rid of
any surface-adsorbed organic components, as discussed in
Section 2.4. The isolated dried solid catalyst was reused in
new batches of the aza-Michael reaction. Fig. 7 shows that the
CuO nanostructures could be reused up to a 5th cycle without
any significant loss in catalytic activity, after which the catalytic
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Fig. 7 Bar diagram showing recycling data of the catalytic activity.

activity decreased gradually. The reason for the decreasing
catalytic activity of the CuO nanostructures might be due to
the adsorption of some organic components on the surface of
the CuO or the conversion of some CuO nanostructures into
Cu,O either during catalysis or washing. This was confirmed
from the XRD pattern of reused CuO nanostructures where
additional diffraction peaks at 20 = 36.5 and 42.4°, which
correspond to the (111) and (200) crystalline planes of the cubic
phase of Cu,O, could be observed (Fig. 8a).°® However, the
structure of the catalyst remains intact during the catalysis
(Fig. 8b). It has been reported that Cu NPs can be used in
the aza-Michael reaction conveniently under mild reaction
conditions.” However, it was found that Cu NPs are more toxic
than CuO NPs, which makes CuO NPs a better candidate for
catalysis reactions.”® In addition, CuO NP-catalyzed aza-
Michael reactions have several advantages, but most of the
reported methods suffer from some specific drawbacks in the
large-scale production of CuO NPs in industry, such as the use
of toxic solvents,”” and the use of high-energy and long-time
exposure of ultrasonic waves.”® By contrast, the proposed
protocol for the aza-Michael reaction requires a green solvent
system (ie., a mixture of ethanol and water) and low-
temperature conditions (45 °C). Moreover, the CuO nanocatalysts
used in this study are synthesized without using any toxic capping

Cu0-2-reused

—Cu0-2

LU Lo

30 40 50 60 70
20 (degree))

Intensity (a.u.)
—

Fig. 8 (a) XRD pattern of sample CuO-2 before and after catalysis and (b)
TEM image of sample CuO-2 after catalysis.
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agent; instead, the seed shell extract of the Sapindus mukorossi
plant is used.

4. Conclusion

CuO nanostructures have been synthesized using a hydro-
thermal method in the presence of the seed shell extract of
the Sapindus mukorossi plant followed by calcination of the
product at 500 °C for 4 h in air. The phytochemicals present in
the seed shell extract play the role of stabilizer and capping
agent, as confirmed by control experiments. The XRD study
confirmed the formation of highly crystalline CuO nanostruc-
tures in the monoclinic phase which are free from any impu-
rities. The as-synthesized CuO NPs exhibit excellent catalytic
activity towards the aza-Michael reaction of acrylonitrile with
primary and secondary aliphatic and aromatic amines at 45 °C
in a mixed solvent system of ethanol and water in the volume
ratio of 1:1. Also, the proposed catalyst is more effective than
other supported catalysts that need the presence of an acid,
base or ligand. CuO, being a non-toxic material, provides a
greener pathway for a variety of substituted aza-Michael pro-
ducts with moderate to excellent yields. Also, the catalysts are
reusable up to the 5th catalytic cycle without any significant
loss of catalytic activity.
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