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talytic evaluation of PVP–CeO2/
rGO as a highly efficient and recyclable
heterogeneous catalyst for multicomponent
reactions in water†

Shaheen Siddiqui and Zeba N. Siddiqui*

A highly efficient and eco-friendly route for the reduction of graphene oxide (GO) to reduced graphene

oxide (rGO) was developed by using polyvinylpyrrolidone coated CeO2 NPs (PVP–CeO2) as a reducing

and stabilizing agent. The resulting carbonaceous material, PVP–CeO2/rGO, was well characterized with

different spectroscopic techniques such as Fourier Transform Infrared (FTIR) spectroscopy, Scanning

Electron Microscopy (SEM), Energy Dispersive X-ray (EDX), elemental mapping, Transmission Electron

Microscopy (TEM), Raman spectroscopy, powder X-ray diffraction (XRD), Brunauer–Emmett–Teller (BET),

X-ray Photoelectron Spectroscopy (XPS), and Thermal Gravimetric (TG) analyses. The material exhibited

high catalytic potential towards multicomponent reactions for the synthesis of biologically relevant

benzodiazepine derivatives in aqueous media. The efficiency of the material for the desired reaction was

shown in the form of an excellent product yield (96–98%) and a very short reaction time period (7–10

min). The use of water as solvent and recyclability of the catalyst made the present protocol acceptable

from a green perspective.
1. Introduction

Graphene is a 2D system with very strong sp2 hybridized
carbon–carbon bonds arranged in a hexagonal manner to form
a layered structure with a high aspect ratio and a large p-elec-
tronic surface. It has some unique and remarkable properties
such as exceptionally high thermal conductivity, a greater
surface area, very high carrier mobility at room temperature and
excellent mechanical properties.1 Graphene is generally
produced by three methods viz. chemical reduction of graphene
oxide (GO),2 chemical vapor deposition3 and micro-mechanical
stripping.4 The chemical reduction of GO to rGO is a simple and
large scale route but it involves hazardous reducing agents such
as hydrazine,5 NaBH4,6 dimethyl hydrazine,7 hydroquinone etc.8

Recently, the development of innovative synthetic approaches
utilizing non-toxic and cost effective chemicals for the reduc-
tion of GO to rGO has attracted prime interest and as a result
various environmentally benign methods have been adopted to
synthesize rGO.9–12 The incorporation of metal nanoparticles
into GO sheets has become a widespread greenmethodology for
the reduction of GO resulting in the formation of metal
niversity, Aligarh 202002, Uttar Pradesh,
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functionalized rGO such as Au–rGO,13 Ag–rGO,14 Pd–rGO,15 W–

rGO,9 Fe–rGO,16 Ti–rGO,17 Mo–rGO,18 Ce–rGO,19 etc. Metal
functionalized rGO materials have potential applications
including stripping analysis of methyl parathion,13 biological
activities,14 catalysis,15,18 photoelectrochemical water splitting,16

and sensing.17,20 Focussing on catalytic applications, graphene
based materials have been extensively used as catalysts in
various organic transformations such as reduction of nitro
organics,21 oxidative C–H functionalization of tertiary amines,22

Suzuki and Heck cross-coupling,23 oxidative esterication of
alcohols,24 alkene hydrogenation,25 Friedel–Cras addition,26a

Knoevenagel condensation,26b etc. To the best of our knowledge,
there is no report of using metal functionalized rGO for the
synthesis of benzodiazepine derivatives. Cerium oxide nano-
particles (CeO2 NPs) have attracted tremendous interest in the
eld of science and nanotechnology because of their useful
industrial and synthetic applications.20,27–30 CeO2 NPs owing to
their acid–base and redox properties have been widely used as
an efficient catalyst in various organic transformations such as
dehydration of alcohols, alkylation of aromatic compounds,
carbamate synthesis from CO2, reduction of carboxylic acid,
ketonization of alcohols, etc.31 Different polymeric materials
have been used for the stabilization of CeO2 NPs. Poly-
vinylpyrrolidone (PVP) is a highly cross-linked, non-ionic,32 and
non-toxic33 polymer containing both hydrophilic (the pyrroli-
done moiety) and hydrophobic components (the alkyl group) in
its structure.34 It acts as a stabilizer by inhibiting the
Nanoscale Adv., 2020, 2, 4639–4651 | 4639
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aggregation of NPs resulting from the repulsive forces through
its hydrophobic carbon chains that extend into solvents and
interact with each other.35

Benzodiazepine nuclei are important pharmacophoric scaf-
folds and constitute a special class of heterocycles with diverse
biological activities such as anti-HIV-1,36 antiviral,37 anti-
tumor,38 etc. Besides their eye-catching biological properties,
benzodiazepines have also been used as valuable synthons for
various fused ring compounds such as imidazo,39 triazolo,40 and
pyrimido-benzodiazepines.41 Water as a solvent also contributes
to green chemistry by featuring many benets such as simpli-
fying workup procedures, enabling the recycling of the catalyst,
improving reactivity and selectivity, and allowing mild reaction
conditions and protecting-group free synthesis in addition to
being benign itself.42 Taking into account the aforementioned
properties of graphene based materials and in continuation of
our ongoing research,43 we herein, describe an easy route for the
synthesis of PVP–CeO2 coated reduced graphene oxide (PVP–
CeO2/rGO). The material was well characterized and used as an
efficient heterogeneous catalyst for water compatible synthesis
of benzodiazepine derivatives under environmentally benign
conditions.
2. Experimental
2.1. Synthesis of graphene oxide (GO)

GO was synthesized using modied Hummers' method.44 In
a 250 mL RB ask, 1.2 g of graphite akes, 0.55 g of NaNO3 and
25 mL conc. H2SO4 were added and the resulting mixture was
stirred for 30 min in an ice bath at 0–5 �C to obtain a black
paste. To this mixture, 3.2 g of KMnO4 was slowly added (at
a rate of 1 g per 15 min) with vigorous stirring and temperature
was maintained using an ice bath to avoid explosion. Aer
complete addition of KMnO4, the ice bath was removed and the
reaction mixture was stirred at 35 �C for 2 h. Aer that, 50 mL of
de-ionized water was added very slowly to the reaction mixture.
Since, it is a highly exothermic process, a huge amount of heat
is produced during this process and the temperature reaches
around 100 �C and the colour of the reaction mixture turns
brownish. Aer 25 min, 10 mL of 30% H2O2 and 100 mL warm
water were added to the reaction ask and the mixture was
stirred for 5 min resulting in the formation of a yellowish-brown
solution. The resulting solution was ltered, treated with 5%
HCl to remove impurities and subsequently washed with
a copious amount of double distilled water. As obtained, the
product (yellowish-brown) was oven dried at 60 �C for 14 h and
re-dispersed in 100 mL double distilled water by ultrasonication
for 3 h to obtain a brown colored GO dispersion. The resulting
dispersion was ltered and washed thoroughly with deionized
water and dried at 60 �C for 6 h to obtain a brown colored solid
(GO) (yield: GO ¼ 1.52 g).
Scheme 1 Synthesis of PVP–CeO2/rGO.
2.2. Synthesis of PVP–CeO2 coated reduced graphene oxide
(PVP–CeO2/rGO)

In the rst step, PVP coated cerium oxide NPs (PVP–CeO2 NPs)
were synthesized by adopting a previously reported procedure
4640 | Nanoscale Adv., 2020, 2, 4639–4651
with a slight modication.45 In a typical run, CeNO3 (130 mg)
was dissolved in 5 mM aqueous solution (50 mL) of PVP and the
mixture was heated at 105 �C for 3 h. Aer heating, the reaction
mixture was poured into cold water and acetone (4 : 1 ratio,
acetone/particle suspension) to remove excess PVP. The mixture
was then centrifuged at 4000 rpm for 10 min. The yellow pellets
(PVP–CeO2 NPs) thus obtained were retained and the excess
liquid was discarded (yield: PVP–CeO2 ¼ 0.98 g).

In the second step, the pellets were re-suspended in 100 mL
double distilled water containing GO (1 g) and the resulting
mixture was sonicated for 30 min at 45 �C. The yellowish brown
colour of the solution turned black indicating the reduction of
GO and formation of PVP–CeO2/rGO. The obtained PVP–CeO2/
rGO was separated by centrifugation, washed with double
distilled water and dried in a vacuum oven at 60 �C for 24 h
(yield: PVP–CeO2/rGO ¼ 1.78 g).

2.3. General procedure for the synthesis of benzodiazepine
derivatives (4a–j)

A mixture of 5-acetyl-1,3-dimethylbarbituric acid 1 (1 mmol),
aromatic/hetero aromatic aldehydes 2a–e (1 mmol), 1,2-diamines
3a,b (1 mmol) and PVP–CeO2/rGO (30 mg) were taken in a round
bottom ask (50 mL) and stirred in water at room temperature
for a specied time period. The completion of the reaction was
marked by TLC. The reaction mixture was kept at room temper-
ature for a few minutes and ethyl acetate (5 mL) was added to
extract the product. The catalyst being insoluble in ethyl acetate
was separated by ltration, washed thoroughly with ethyl acetate
(2 � 10 mL), dried and reused. The ltrate containing the crude
products was washed thoroughly with double distilled water (4�
10 mL), dried over anhydrous sodium sulphate and evaporated
under reduced pressure. The crude products were recrystallized
from ethanol to afford pure products 4a–j.

3. Results and discussion
3.1. Characterization of PVP–CeO2/rGO

The material PVP–CeO2/rGO was synthesized as outlined in
Scheme 1.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 FTIR spectrum of (a) GO, (b) PVP–CeO2/rGO and (c) the
recycled catalyst after six runs.
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The synthesized material (PVP–CeO2/rGO) combines the
properties of PVP, CeO2 and rGO. CeO2 NPs provided sufficient
acidity to the catalyst, PVP acted as a stabilizing agent for NPs
Fig. 2 SEM analysis of (a) GO, (b) PVP–CeO2/rGO at 50 mm, (c) PVP–Ce

This journal is © The Royal Society of Chemistry 2020
and graphene sheets provided a surface for the catalytic activity.
The material was characterized by various techniques such as
FTIR, SEM, EDX, elemental mapping, TEM, Raman spectros-
copy, XRD, BET, XPS and TG analyses.

3.1.1 FTIR/SEM analyses. The FTIR spectrum of GO
(Fig. 1a) displayed the characteristic bands at 3417 cm�1,
1734 cm�1, 1615 cm�1, 1410 cm�1, 1234 cm�1 and 1045 cm�1

for the stretching vibration of the –OH group, C]O stretching
vibration, C]C stretching vibration of aromatic rings, –OH
deformation, C–OH stretching and C–O (epoxy) stretching
respectively.46 When PVP–CeO2 was introduced into GO sheets,
the intensity of C]O and C–OH bands decreased signicantly
whereas the band at 1045 cm�1 disappeared completely indi-
cating the reduction of GO leading to the formation of PVP–
CeO2/rGO (Fig. 1b). The characteristic bands of PVP appeared at
2987 cm�1, 1667 cm�1 and 883 cm�1 due to the stretching
vibration of CH2 of alkyl chain, C]O stretching and breathing
vibration of the pyrrolidone ring respectively (Fig. 1b).47 The
surface morphology of GO (Fig. 2a) showed a sheet like struc-
ture, whereas the uniform distribution of PVP–CeO2 NPs over
the rGO sheets was clearly discernible in PVP–CeO2/rGO (Fig. 2b
and c).

3.1.2 EDX/elemental mapping analyses. The elemental
composition of PVP–CeO2/rGO was studied by EDX analysis and
O2/rGO at 100 mm and (d) the recycled catalyst after six runs.

Nanoscale Adv., 2020, 2, 4639–4651 | 4641
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Fig. 3 Energy dispersive X-ray analysis of PVP–CeO2/rGO.
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revealed the presence of carbon, nitrogen, oxygen and cerium
elements (Fig. 3). From the EDX pattern, the weight% of carbon,
nitrogen, oxygen and cerium was found to be 54.61%, 12.55%,
25.60% and 7.24% respectively. In general, the carbon to oxygen
ratio in GO is found to be approximately 3 : 1 48 and in rGOmost
of the oxygen functionalities were removed. But, from the EDX
pattern of PVP–CeO2/rGO, the carbon : oxygen ratio was ob-
tained to be approximately 3 : 1.5. This showed the presence of
excess oxygen in PVP–CeO2/rGO due to the incorporation of
CeO2 NPs. From the EDX pattern, the atomic% of nitrogen was
obtained to be 12.63% which has come from the PVP moiety
present in the catalyst. Elemental mapping analysis of PVP–
CeO2/rGO was performed to observe the distribution of the
elements in the matrix. The elemental mapping image of the
PVP–CeO2/rGO material (Fig. 4a) conrmed the uniform
distribution of carbon (Fig. 4b), oxygen (Fig. 4c) cerium (Fig. 4d)
and nitrogen (Fig. 4e) elements in the catalyst.
Fig. 4 Elemental mapping images of (a) PVP–CeO2/rGO, showing the p

4642 | Nanoscale Adv., 2020, 2, 4639–4651
3.1.3 TEM analysis. TEM analysis of GO showed a folded
sheet like structure (Fig. 5a), whereas PVP–CeO2/rGO displayed
the uniform distribution of PVP–CeO2 nanoparticles over the
rGO sheets (Fig. 5b).

3.1.4 Raman analysis. Raman analysis was performed to
understand the structural properties of GO and PVP–CeO2/rGO.
The presence of two characteristic broad peaks at 1360 cm�1

and 1591 cm�1 corresponds to the D and G bands of the carbon
skeleton of the GO sheets (Fig. 6a).49 Aer the functionalization
of GO with PVP–CeO2, a sharp characteristic peak at 462 cm�1

appeared due to the F2g band of CeO2 NPs50 (Fig. 6b). The
intensity of bands at 1360 cm�1 and 1591 cm�1 corresponding
to the D and G bands of the carbon skeleton of GO was reduced
indicating the formation of rGO (Fig. 6b).

3.1.5 XRD analysis. The characteristic peak for the GO
material appeared at 2q ¼ 13.3� corresponding to the (001)
plane (Fig. 7a). This indicated the exfoliation of the GO sample
resence of (b) carbon, (c) oxygen, (d) cerium and (e) nitrogen.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 TEM analysis of (a) GO, (b) PVP–CeO2/rGO and (c) the recycled catalyst after six runs.

Fig. 6 Raman spectrum of (a) GO and (b) PVP–CeO2/rGO.

Fig. 7 XRD pattern of (a) GO, (b) PVP–CeO2/rGO and (c) the recycled
catalyst after six runs.
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and intercalation of water molecules in graphite galleries which
generated oxygen functional groups in between the graphite
layers upon oxidation.51 Aer the functionalization of GO with
PVP–CeO2, most of the oxygen functional groups present in the
GO were removed which was conrmed by the disappearance of
the peak at 2q ¼ 13.3�. A strong diffraction peak at 2q ¼ 23.0�

corresponding to the (222) reection plane was due to the
presence of rGO in the catalyst.52 The diffraction bands at 2q ¼
28.1, 32.1, 47.7, 55.4, 58.3, 68.8, 78.0, and 78.9 corresponding to
(111), (200), (220), (311), (222), (400), (331) and (420) planes
respectively were due to the presence of CeO2 nanoparticles.53

The presence of characteristic peaks for both rGO and CeO2

indicates the successful formation of the desired catalytic
system.

3.1.6 XPS analysis. To investigate the surface composition
of different elements of the synthesized material (PVP–CeO2/
rGO), XPS analysis was carried out and the results are shown in
Fig. 8. The high resolution XPS spectrum of C 1s, Ce 3d, O 1s
and N 1s were also obtained (Fig. 8a–d). The C 1s showed atomic
congurations of different functional groups C]C, C–O and
C]O at binding energies 284.8 eV, 287.6 eV and 288.3 eV
respectively2 (Fig. 8a). The Ce 3d displayed two sharp peaks for
This journal is © The Royal Society of Chemistry 2020
3d5/2 and 3d3/2 at 885.4 eV and 903.2 eV respectively54 (Fig. 8b).
The sharp bands at binding energies 534.6 eV and 402.1 eV were
assigned to O 1s (Fig. 8c) and N 1s (Fig. 8d) respectively. The
cerium content was found to be 7.34% which corresponds to
0.523 mmol g�1 of the catalyst.

3.1.7 BET analysis.Most of the catalytic properties of nano-
materials are generally associated with the surface to volume
ratio; the higher the ratio, the better the catalytic activity. The
measurement of the surface area and porosity of PVP–CeO2/rGO
was conducted by an adsorption/desorption experiment using
BET analysis under a N2 atmosphere (Fig. 9). The N2 adsorption/
desorption curve of PVP–CeO2/rGO showed a surface area of
323.1098 m2 g�1 conrming the porous nature of the material,
and thus, providing more active sites for the catalytic activity
(Fig. 9a). The pore size distribution curve exhibited a large pore
volume (0.48732 cm3 g�1), which further beneted the exposure
of active sites (Fig. 9b).

3.1.8 TG analysis. The TG curves of GO and PVP–CeO2/rGO
are shown in Fig. 10. The TG curve of GO (Fig. 10a) showed two
Nanoscale Adv., 2020, 2, 4639–4651 | 4643
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Fig. 8 XPS analysis of (a) PVP–CeO2/rGO; survey spectrum of (b) C 1s, (c) Ce 3d, (d) O 1s and (e) N 1s.
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stage weight loss at 110 �C (12.82%) and 452 �C (33.15%) due to
the removal of absorbed water molecules from the GO material
and decomposition of oxygen-containing functional groups
respectively.55 In the TG curve of PVP–CeO2/rGO (Fig. 10b), the
corresponding weight loss occurred at a relatively higher
temperature of 635 �C (28.43%) indicating higher thermal
stability of the material as compared to GO.
4644 | Nanoscale Adv., 2020, 2, 4639–4651
3.2. Catalytic evaluation

The efficiency of the synthesized material as a catalyst was
tested by synthesizing benzodiazepine derivatives. Several
parameters such as the effect of different catalysts, solvents,
catalyst loading and temperatures on a model reaction were
taken into consideration. A reaction between 5-acetyl-1,3-
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 (a) N2 adsorption isotherm of PVP–CeO2/rGO and (b) pore size distribution of PVP–CeO2/rGO.

Fig. 10 TG analysis of (a) GO and (b) PVP–CeO2/rGO.
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dimethylbarbituric acid 1, 3-nitrobenzaldehyde 2c and o-phe-
nylenediamine 3a to produce substituted benzodiazepine 4c
was chosen as the model reaction (Scheme 2). The components
1 and 3a had no substituents and 2c was functionalized with
Scheme 2 Model reaction.

This journal is © The Royal Society of Chemistry 2020
a m-NO2 substituent which had the minimum effect out of all
aldehydes used for the synthesis of benzodiazepine derivatives.
Therefore, Scheme 2, was the best composition of reactants to
see the effect of different parameters.

3.2.1 Effect of different catalysts. In order to establish the
superiority of our synthesized catalyst (PVP–CeO2/rGO) for the
desired transformation, different catalysts such metal oxide
NPs, polymer modied metal oxide NPs and supported polymer
modied metal oxide NPs were employed in the model reaction
(Table 1). First, the model reaction was carried out without the
catalyst and the reaction afforded no product even aer 24 h
(Table 1, Entry 1). Then the investigation was carried out using
different metal NPs as the catalyst and the reaction afforded low
to moderate yields of the product in a longer reaction time
period (Table 1, Entries 2–7). Among the different metal NPs
tested, CeO2 NPs showed the best activity affording a good yield
in a comparatively less reaction time period (Table 1, Entry 7).
Aer that, the model reaction was investigated by employing
different polymer modied CeO2 NPs and the reaction showed
improved results in terms of product yield and reaction time
(Table 1, Entries 8–12). PVP–CeO2 was chosen among different
polymer modied CeO2 catalysts for producing the best result
(Table 1, Entry 10). Finally, PVP–CeO2 was supported on
different support materials such as Al2O3, ZrO2, SiO2 and rGO
Nanoscale Adv., 2020, 2, 4639–4651 | 4645
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Table 1 Effect of different catalysts on the model reactiona

Entry Catalyst Timeb Yieldc (%)

1 — 24 h —
2 ZnO NPs 5 h 40
3 CaO NPs 4.2 h 42
4 CuO NPs 4 h 45
5 TiO2 NPs 3.5 h 48
6 Fe2O3 NPs 3 h 51
7 CeO2 NPs 2 h 54
8 PPy–CeO2 1.8 h 56
9 PANI–CeO2 1.5 59
10 PVA–CeO2 1.2 h 61
11 Chitosan–CeO2 1 h 64
12 PVP–CeO2 50 min 70
13 PVP–CeO2/Al2O3 28 min 73
14 PVP–CeO2/ZrO2 25 min 76
15 PVP–CeO2/SiO2 20 min 78
16 PVP–CeO2/rGO 7 min 98

a Reaction conditions: 5-acetyl-1,3-dimethylbarbituric acid 1 (1 mmol),
3-nitrobenzaldehyde 2c (1 mmol), o-phenylenediamine 3a (1 mmol),
different catalysts (30 mg), water, r.t. stirring. b Reaction progress
monitored by TLC. c Isolated yield.
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for the purpose of enhancing the catalytic activity (Table 1,
Entries 13–16). It was observed that among the different support
materials, rGO proved to be the best support material making
PVP–CeO2/rGO the best catalyst for affording the maximum
yield (98%) of the product in aminimum reaction time period (7
min) (Table 1, Entry 16).

3.2.2 Effect of solvents. Aer nding out the most suitable
catalyst, investigation was carried out to select the best solvent
for the model reaction. In this effort, different protic (iso-
propanol, ethanol, methanol, and water) as well as aprotic
(THF, ethyl acetate, acetonitrile, and acetone) solvents (Fig. 11)
were employed in the model reaction. It was observed that
Fig. 11 Effect of different solvents on the model reaction.a aReaction
conditions: 5-acetyl-1,3-dimethylbarbituric acid 1 (1 mmol), 3-nitro-
benzaldehyde 2c (1 mmol), o-phenylenediamine 3a (1 mmol), PVP–
CeO2/rGO (30 mg), solvents, r.t. stirring. bReaction progress moni-
tored by TLC. cIsolated yield.

4646 | Nanoscale Adv., 2020, 2, 4639–4651
aprotic solvents afforded a poor yield of the product in a longer
reaction time period (Fig. 11, Entries 1–6), whereas protic
solvents gave a satisfactory product yield (68–96%) (Fig. 11,
Entries 7–10). Among different protic solvents, water proved to
be the best solvent for the desired reaction affording an excel-
lent yield (98%) of the product in minimum reaction time
period (7 min) (Fig. 11, Entry 10).

3.2.3 Effect of catalyst loading. To determine the effect of
different PVP–CeO2 loadings on rGO, different loading amounts
such as 10, 15, 20, 25 and 30% w/w were employed in the model
reaction. It was observed that the rate of reaction increased
linearly with an increased loading amount from 10–30% w/w
(Fig. 12, Entries 1–5).

3.2.4 Effect of the amount of catalyst. In order to choose
the optimum amount of the catalyst, the model reaction was
investigated with different amounts (10, 20, 25, 30, and 40 mg)
of PVP–CeO2/rGO (Table 2, Entries 1–5). It was observed that on
increasing the amount of catalyst (from 10 mg to 30 mg), the
yield of the product and turnover frequency (TOF) increased
from 43% to 98% and 54.81 h�1 to 535.37 h�1 respectively
Fig. 12 Effect of different PVP–CeO2 loadings on the support for the
model reaction.a aReaction conditions: 5-acetyl-1,3-dimethylbarbi-
turic acid 1 (1 mmol), 3-nitrobenzaldehyde 2c (1 mmol), o-phenyl-
enediamine 3a (1 mmol), PVP–CeO2/rGO (30 mg), different PVP–
CeO2 loadings on support, r.t. stirring. bReaction progress monitored
by TLC. cIsolated yield.

Table 2 Effect of different amounts of the catalyst on model reactiona

Entry Catalyst loading Timeb (min) Yieldc (%) TON TOF (h�1)

1 10 mg 90 43 82.21 54.81
2 20 mg 45 62 59.27 79.03
3 25 mg 25 81 61.95 148.68
4 30 mg 7 98 62.46 535.37
5 40 mg 7 98 46.84 401.52

a Reaction conditions: 5-acetyl-1,3-dimethylbarbituric acid 1 (1 mmol),
3-nitrobenzaldehyde 2c (1 mmol), o-phenylenediamine 3a (1 mmol),
PVP–CeO2/rGO, different amount of catalyst, r.t. stirring. b Reaction
progress monitored by TLC. c Isolated yield.

This journal is © The Royal Society of Chemistry 2020
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(Table 2, Entries 1–4). This showed that the efficiency of the
catalyst improved on increasing the catalyst amount. Further
increasing the catalyst amount did not affect the reaction rate
Scheme 3 Water mediated synthesis of substituted benzodiazepine deriv
PVP–CeO2/rGO (30 mg), water, r.t. stirring. bReaction progress monitor

This journal is © The Royal Society of Chemistry 2020
and hence, 30 mg of PVP–CeO2/rGO (producing the highest TOF
¼ 535.37 h�1) was found to be the optimum amount for the
desired reaction affording the maximum yield of the product
atives.a aReaction conditions: 1 (1 mmol), 2a–e (1 mmol), 3a,b (1 mmol),
ed by TLC. cIsolated yield.
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Table 4 Single crystal data for compound 4b
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(98%) in minimum reaction time period (7 min) (Table 2, Entry
4).
Identication code 4b
Empirical formula C31H28N6O4

Formula weight 548.59
Temperature/K 273.15
Crystal system Monoclinic
Space group P21/n
a/Å 18.836(3)
b/Å 7.2533(10)
c/Å 19.682(3)
a/� 90
b/� 92.081(4)
g/� 90
Volume/Å3 2687.3(6)
Z 4
rcalc/g cm�3 1.356
m/mm�1 0.093
F(000) 1152.0
Crystal size/mm3 0.52 � 0.25 � 0.08
Radiation MoKa (l ¼ 0.71073)
2Q range for data collection/� 5.882 to 49.998
Index ranges �22 # h # 22, �8 # k # 8,

�23 # l # 23
Reections collected 29 871
Independent reections 4723 [Rint ¼ 0.0593,

Rsigma ¼ 0.0407]
3.3. Catalytic reaction

Aer nding out the most suitable reaction conditions,
substituted benzodiazepine derivatives were synthesized by
carrying out the reaction between 5-acetyl-1,3-dimethylbarbi-
turic acid 1 (1 mmol), hetero-aromatic/aromatic aldehydes 2a–e
and 1,2-diamines 3a,b (1 mmol) in the presence of PVP–CeO2/
rGO at room temperature stirring in water for a specied time
period (Scheme 3). The turnover number (TON) and turnover
frequency (TOF) of the catalyst were calculated to show the
efficiency of PVP–CeO2/rGO. The high TONs and TOFs
conrmed the excellent performance of PVP–CeO2/rGO for the
synthesis of benzodiazepines (Table 3).

The single crystal structure of one of the synthesized
compounds 4b is shown in Fig. 13. The relevant details are
provided in Table 4.

The green perspective of the present protocol was also dis-
cussed in terms of atom economy (AE), reaction mass efficiency
(RME), overall efficiency (OE), carbon efficiency (CE), process
mass intensity (PMI), E-factor and solvent intensity (SI). The
Table 3 Calculation of the TON and TOF of PVP–CeO2/rGO

Entry Product Time (min) Yield (%) TON TOF (h�1)

1 4a 8 98 62.46 468.45
2 4b 8 97 61.82 463.65
3 4c 7 98 62.46 535.37
4 4d 9 96 61.18 407.86
5 4e 7 98 62.46 535.37
6 4f 8 97 61.82 463.65
7 4g 8 98 62.46 468.45
8 4h 9 98 62.46 416.40
9 4i 8 96 61.18 458.85
10 4j 8 96 61.18 458.85

Fig. 13 ORTEP diagram of compound 4b (ellipsoids are drawn at the
50% probability level).

Data/restraints/parameters 4723/0/377
Goodness-of-t on F2 1.033
Final R indices I $ 2s(I) R1 ¼ 0.0514, wR2 ¼ 0.1151
Final R indices all data R1 ¼ 0.0943, wR2 ¼ 0.1372
Largest diff. peak/hole/e Å�3 0.16/�0.24

4648 | Nanoscale Adv., 2020, 2, 4639–4651
details of the green metric calculations of these parameters are
provided in the ESI.† The values of all parameters showed that
the present protocol was tting suitably in the range of
sustainability as conrmed by an earlier study.56 The results of
the green metric parameters are given in Table 5.

3.4. Recyclability of the catalyst

The reusability of the catalyst was checked by carrying out the
recycling experiment on the model reaction (ESI†). It was
observed that the catalyst was efficient up to six subsequent
cycles with minor loss in catalytic activity aer the sixth run
(Table 6 and Fig. 1S†).

The structural integrity of the recovered catalyst aer six
runs was established by FTIR, SEM, TEM and powder XRD
analyses. In the FTIR spectrum of the recycled catalyst, char-
acteristic peaks were observed in approximately the same region
as for the fresh catalyst (Fig. 1c). The SEM and TEM images of
the recovered catalyst showed a similar morphology (Fig. 2d and
5c) and characteristic peaks remained the same in the XRD
pattern also (Fig. 7c).

3.5. Comparison of the activity of PVP–CeO2/rGO with some
previously reported catalysts

In order to determine the advantage of PVP–CeO2/rGO over
previously reported catalysts for the synthesis of benzodiaze-
pines, a comparative study was carried out (Table 7). It was
observed that the present methodology (Table 7, Entry 5) is
This journal is © The Royal Society of Chemistry 2020
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Table 5 The Green metric analysis of the synthesized compounds (4a–j)h,i

Compound % yield % AEa % CEb % RMEc % OEd PMIe SIf E-factorg

4a 98 93.15 100.00 91.29 98.00 5.25 3.99 4.25
4b 97 93.83 100.00 91.01 96.99 4.86 3.53 3.86
4c 98 92.92 100.00 90.27 97.14 5.95 4.65 4.95
4d 96 92.92 100.00 88.43 95.16 6.08 4.55 5.08
4e 98 92.17 100.00 90.33 98.00 5.92 4.62 4.92
4f 97 92.10 100.00 89.34 97.00 6.03 4.61 5.03
4g 98 93.33 100.00 91.96 98.53 5.14 3.88 4.14
4h 98 93.96 100.00 92.11 98.03 4.71 3.48 3.71
4i 96 92.35 100.00 88.66 96.00 5.91 4.41 4.91
4j 96 92.35 100.00 88.66 96.00 5.91 4.41 4.91

a % AE: percentage atom economy. b %CE: percentage carbon efficiency. c %RME: percentage reaction mass efficiency. d %OE: percentage overall
efficiency. e PMI: process mass intensity. f SI: solvent intensity. g E-factor. h Catalyst amount was not used in the calculations because of its
reusability.57 i Calculations up to the crude product in all cases.

Table 6 Recycling study of the catalyst for the model reactiona

Catalytic cycle Timeb (min) Yieldc (%)

1 7 98
2 7 98
3 7 98
4 7 98
5 7 98
6 7 98
7 7 90

a Reaction conditions: 5-acetyl-1,3-dimethylbarbituric acid 1 (1 mmol),
3-nitrobenzaldehyde 2c (1 mmol), o-phenylenediamine 3a (1 mmol),
PVP–CeO2/rGO(30 mg), water, r.t. stirring. b Reaction progress
monitored by TLC. c Isolated yield.

Table 7 Comparison of the catalytic performance of PVP–CeO2/rGO
with reported catalysts

Entry Catalyst Solvent Temperature Time
% yield
(maximum) Ref.

1 [H-NMP]
[HSO4]

EtOH 100 �C 15 min 85 58

2 FeCl3–SiO2 EtOH 0 �C 2 h 95 59
3 Nano-g-

Fe2O3

–SO3H

Solvent-
free

90 �C 2 h 90 60

4 NiO–SiO2

NCs
EtOH 70 �C 10 min 98 61

5 PVP–CeO2/
rGO

Water r.t. 7 min 98 This
work

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
2/

4/
20

25
 8

:5
0:

32
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
better as compared with other reported methods (Table 7,
Entries 1–4) in terms of product yield and time. The use of water
as a solvent and room temperature synthesis make it environ-
ment friendly as well.
4. Conclusion

We have developed a simple and easy route for the reduction of
graphene oxide with the help of PVP–CeO2 NPs. The
This journal is © The Royal Society of Chemistry 2020
carbonaceous material, PVP–CeO2/rGO, was used as a hetero-
geneous catalyst for the multicomponent synthesis of benzo-
diazepines. The high catalytic performance of the carbon
material was veried by its excellent product yield (96–98%),
short reaction time period (7–10 min) and recyclability. The
methodology involved use of non-toxic chemicals and solvents
for the synthesis and therefore can be considered as eco-
friendly.
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