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en nanocatalytic process toward
the synthesis of benzo[a]pyrano-[2,3-c]phenazines
utilizing copper oxide quantum dot-modified
core–shell magnetic mesoporous silica
nanoparticles as high throughput and reusable
nanocatalysts†

Mohaddeseh Dehnavian, Abdulhamid Dehghani and Leila Moradi *

In this contribution, a green, simple, efficient, and straightforward nanocatalytic process was developed for

the synthesis of benzo[a]pyrano[2,3-c]phenazine derivatives under mild thermal conditions. In this regard,

the copper oxide quantum dot-modified magnetic silica mesoporous nanoparticles (M-MSNs/CuO(QDs))

were synthesized by surface modification of M-MSNs with CuO QDs to prepare a highly powerful

magnetic core–shell nanocatalyst. The prepared nanocatalyst was then characterized for its

functionality, size, morphology, elemental composition, surface area, crystallinity, and magnetic

properties. Afterwards, it was applied for the synthesis of benzo[a]pyrano[2,3-c]phenazine derivatives

under green reaction conditions. The factors affecting the reaction yield were optimized by the one-

factor-at-a-time optimization method. Under obtained optimal conditions, the developed method

showed a reaction yield range as high as 86–95% for different derivatives. The reusability studies were

performed for indexing the cycling stability of the prepared magnetic nanocatalyst. The results exhibited

that the catalytic efficiency of the nanocatalyst was saved for at least 5 operational times, showing high

cycling stability of M-MSNs/CuO(QDs). Finally, the catalytic performances of the nanocatalyst was

compared with the reported ones, revealing that the M-MSNs/CuO(QDs) presents very better

performances toward the synthesis of benzo[a]pyrano[2,3-c]phenazine derivatives than the reported ones.
Introduction

Fluorescent semiconductor nanostructures with quantum
properties are known as quantum dots (QDs).1 Basically, QDs
are a type of nanoarchitecture that is produced from semi-
conductor atoms of group II and VI elements such as CdTe and
CdSe or atoms of group III and V elements, for instance InAs
and InP.2 The QDs show several unique physicochemical char-
acteristics which can be assigned to the generation of multiple
excitons and quantum connement effects.1–3 These nano-
structures have a diameter from subnanometers to a few
nanometers and revealed size-dependent optical (i.e., absorp-
tion and emission) properties.3 The size-dependent electronic
properties of QDs permit researchers to control their optical
characteristics by tuning their size. The tunable electronic
properties of QDs lead to their wide applications in several
Chemistry, University of Kashan, Kashan,
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mation (ESI) available. See

5203
elds for example, in sensing and detection,4,5 photovoltaics,
bioimaging,6 and drug delivery,7 as well as catalysis.8,9 QDs are
considered ideal catalysts and probes due to their size unifor-
mity, the tunability of their optical features, facile surface
modication, easy production, excellent catalytic features, and
high stability.10 Among these QDs, the well-known covalent
semiconductor cupric oxide quantum dots (CuO QDs) have
been widely used for several applications, for instance, catalysis
and photo-catalysis, solar cell development, and sensor design
due to their availability, cost-efficiency, narrow bandgap, and
magnetic and optical features.7

As it is well-known, the high surface area of the catalysts is
one of the most important characteristics in their application
toward catalytic reactions with a combined adsorption-catalysis
mechanism. In other words, catalysts supported by porous
materials are more attractive than non-supported catalysts due
to their excellent advantages, for instance, large pore volume,
large specic surface area, as well as uniform and tunable pore
size.11–13 In this regard, the silica mesoporous nanoparticles
with high surface area and excellent porosity are good choices
for enhancing the photocatalytic properties of the catalysts
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of benzo[a]pyrano-[2,3-c]phenazines using M-
MSNs/CuO(QDs).
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compared to their non-supported analogs.13 Moreover, the silica
can protect the QDs against environmental forces such as pH
variations, and high salt concentrations, as reported.10 Besides,
the ease of handling of a catalyst is a great advantage for its
application in commercial or even industrial processes. In this
regard, the magnetic nanoparticles and their composites
exhibited a unique attraction for use as reusable and easy to
handle catalysts.14

Since 1850, with the initial report on the Strecker synthesis of
a-amino cyanides, multi-component reactions (MCRs), or in
other words, the multi-component assembly process (MCAP),
have been introduced as a powerful strategy for synthesizing
biologically active substances as well as highly effective bonding
tools in organic and pharmaceutical chemistry.15–17 One of the
reasons for the use of these reactions is the interest of chemists
in the preparation and synthesis of small bioactive molecules
and pharmaceutical compounds. In addition, the structural
complexity of products in these reactions offers unique poten-
tial in pharmaceutical research for newer bioactive
compounds.18,19 Nowadays, the concepts of multi-component
processes as masterpieces of synthetic efficiency and reaction
design in the synthesis of complex and highly diverse structures
have led to the design and implementation of MCRs in
universities and industry. Unique features of multicomponent
reactions include cheapness, availability of materials, structural
variability with an increasing number of reactants, high effi-
ciency and short reaction time, development of drugs through
domino reactions and parallel synthesis.20–22 It should be noted
that in recent years, multi-component reactions have been used
to synthesize a wide range of analogues belonging to various
classes of heterocyclic compounds.23

In 1859, aer the discovery of safranin by Greville Williams
and its commercial use, it became clear that phenosafranine
was a phenazine-containing system. Phenazines are heterocy-
clic compounds containing nitrogen, and natural phenazine
products can be considered as secondary metabolites derived
from a primary metabolite that form the core of many natural
and synthetic organic matter, in other words, phenazines are
colored aromatic secondary metabolites containing nitrogen,
which are produced by different species of bacteria. Natural
phenazine products are isolated from the secondary metabo-
lites Pseudomonas, Streptomyces or marine habitats. Phena-
zines are the major constituents of many dyes, such as
safranins, toluylene red, and indolines.24–27 These compounds
have biological properties such as antibiotic, anti-tumor, anti-
malarial and anti-parasitic properties.26,28–30 The unique appli-
cations of phenazines are included to: charge transfer due to
electron-rich chromophores, increasing the bacterial lifespan,
using as electron shuttles to replace terminal receivers, changes
in cellular redox states and function as cellular signals and
regulate gene expression patterns.26,31

Benzo[a]phenazines that have the structure of naph-
thoquinone and phenazine in their structure are introduced as
anti-tumor agents and dual topoisomerase inhibitors.32 In
recent years, several methods have been reported for the
synthesis of benzo[a]pyrano[2,3-c]phenazines using various
catalysts such as pyridine, DABCO, ionic liquids, theophylline,
© 2022 The Author(s). Published by the Royal Society of Chemistry
acetic acid, nano copper oxide, cyclodextrin, and triethyl-
amine.24,33–38 Reported catalysts have disadvantages such as
corrosiveness, high heat capacity and boiling point, and non-
recyclability therefore, the importance of phenazines and
naphthoquinones will lead to nding synthetic processes based
on green chemistry protocols for the synthesis of these organic
compounds. Hence, in this paper, the use of CuO QDs in
combination with magnetic silica mesoporous nanoparticles is
considered to prepare an efficient, high stable, reusable, and
easy to handle core–shell nanocatalyst. On the other hand, we
evaluate its catalytic properties for the development of a green,
simple, efficient nanocatalytic process for the synthesis of
benzo[a]pyrano-[2,3-c]phenazine derivatives under mild
thermal conditions (Scheme 1).
Experimental section
Chemicals and instrumentation

Chemicals were purchased from Merck Chemical Company in
high purity and were used without further purication. Thin-
layer chromatography (TLC) with a layer thickness of 2 mm
and a grain size of 20–35 mm containing a uorescence indi-
cator (l ¼ 254 nm) was utilized for probing the reactions. All
yields refer to isolated products aer indicated purication
methods. An FT-IR spectrometer (model: Magna 550, Nicolet
company) was utilized for recording all FT-IR spectra and an
XRD spectrometer (model: D8 Advance, Bruker company) with
Cu-Ka (l ¼ 1.54 nm) line were utilized for measuring the XRD
patterns. 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra
were run on Bruker Avance DRX in pure DMSO-d6 solvent.
Chemical shis are given in the parts per million (ppm)
downeld from tetramethylsilane (TMS) as an internal refer-
ence and coupling constants are in hertz. Abbreviations used
for 1H NMR signals are singlet (s), doublet (d), triplet (t), doublet
of doublets (dd), multiplet (m). TEM imaging, BET analysis, and
melting point determinations were carried out using a Zeiss
EM10C device, a Mini2 device (Belsorp company; Japan), and
Scientic Thermo (model, 9300; England), respectively.
Preparation of catalyst

Synthesis of magnetic silica mesoporous nanoparticles (M-
MSNs). In a typical synthesis, FeCl2$4H2O (0.085 gr) and
FeCl3$6H2O (0.2 gr) were dissolved in 50 mL DI water at 85 �C,
followed by addition of 0.6 mL NH3 solution (30%) and stirring
under the nitrogen atmosphere at 85 �C for about 0.5 h aer-
wards, the resulted magnetic nanoparticles were washed with
RSC Adv., 2022, 12, 25194–25203 | 25195
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Fig. 1 The step-wise synthesis of the M-MSNs/CuO(QDs).
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water and EtOH and dried at ambient temperature. Thereaer,
100.0 mg of iron oxide nanoparticles were suspended in 160 mL
DI water, and then 0.7 gr CTAB (cetyltrimethyl ammonium
bromide) was added to suspension under ultra-sonication.
Aerwards, the resulting suspension was introduced to
220 mL EtOH and then 1.2 mL NH3 was added to the reaction
media then, a (tetraethyl orthosilicate) TEOS solution (0.4 mL
TEOS in 10 mL EtOH) was added and the reaction mixture was
stirred for about 12 h at ambient conditions. Aer this time,
magnetic silica mesoporous nanoparticles were collected,
washed with EtOH, and calcined at 550 �C for 6 h (Fig. 1).39

Surface modication of M-MSNs with CuO QDs. To prepa-
ration of, M-MSNs/CuO(QDs) nanocomposite, initially, 100 mL
NaOH (1 M) was dropped by drop added to a 0.1 M Cu(NO3)2
aqueous solution with a xed pH of 10. Thereaer, 10 mL M-
MSNs solution (100 mg mL�1) was introduced to the resulting
solution under mild stirring. Aer 1 h, the M-MSNs/CuO(QDs)
nanocomposite was collected and dried at 60 �C (Fig. 1).

General procedure for the synthesis of benzo[a]pyrano[2,3-c]
phenazine derivatives using M-MSNs/CuO(QDs) under thermal
conditions. An ethanolic mixture of 2-hydroxy-1,4-
naphthoquinone (1.0 mmol) and o-phenylenediamine (1.0
mmol) was heated at 78 �C for about 5 min to produce orange-
colored benzo[a]phenazine. Then, aromatic aldehyde (1.0
mmol), malononitrile (1.0 mmol), and M-MSNs/CuO(QDs)
(0.007 gr) were introduced to the reaction media. The
synthesis was followed by heating at 78 �C under mild stirring.
Aer the completion of the synthesis process (monitored by
TLC), the catalyst was separated from the mixture upon
a magnetic eld and the product was collected by ltration and
washing with EtOH and dried.

Obtained products were identied using FTIR, 1HNMR and
13C NMR analysis method but two 13C NMR were not acquired
due to the low solubility of the compounds (5b, 5l) hence, the
elemental analysis was provided and the data pointed to both
their purities and compositions.

Representative spectral data
3-Amino-1-phenyl-1H-benzo[a]pyrano[2,3-c]phenazine-2-

carbonitrile (5a). Yellow solid; M.P. ¼ 302–305 �C;37 FTIR(KBr,
n, cm�1): 3442–3311 (NH2), 3175 (C–H aromatic), 3055 (C–H
aliphatic), 2185 (CN), 1657–1591 (C]C aromatic), 1156 (C–O),
841–759 (N–H); 1H NMR (400MHz, DMSO-d6) (d, ppm): 9.17 (d, J
¼ 8.0 Hz, 1H, Ar-H), 8.41 (d, J ¼ 8.0 Hz, 1H, Ar-H), 8.26–8.15 (m,
1H, Ar-H), 8.10 (t, J¼ 4.6 Hz, 1H, Ar-H), 8.01–7.85 (m, 4H, Ar-H),
7.38 (d, J ¼ 6.7 Hz, 4H, Ar-H), 7.21 (t, J ¼ 7.5 Hz, 2H, NH2), 7.08
(t, J ¼ 7.5 Hz, 1H, Ar-H), 5.45 (s, 1H, CH); 13C NMR (100 MHz,
DMSO-d6) (d ppm): 159.7, 146.2, 145.3, 141.4, 140.7, 140.1,
25196 | RSC Adv., 2022, 12, 25194–25203
139.6, 130.8, 130.5, 130.3, 130.1, 129.0, 128.9, 128.7, 128.4,
127.7, 126.5, 125.7, 125.1, 121.8, 120.3, 114.2, 58.2, 37.4.

3-Amino-1-(4-nitrophenyl)-1H-benzo[a]pyrano[2,3-c]phenazine-
2-carbonitrile (5b). Yellow solid; M.P. ¼ 278–280 �C;37 FTIR(KBr,
n, cm�1): 3438–3323 (NH2), 3202 (C–H aromatic), 3064 (C–H
aliphatic), 2196 (CN), 1669–1595 (C]C aromatic), 1513–1392
(NO2), 1167 (C–O), 825–763 (N–H); 1H NMR (400 MHz, DMSO-
d6) (d, ppm): 9.23 (d, J ¼ 8.1 Hz, 1H, Ar-H), 8.46 (d, J ¼ 7.8 Hz,
1H, Ar-H), 8.26 (s, 1H, Ar-H), 8.10 (d, J¼ 8.0 Hz, 3H, Ar-H), 8.03–
7.91 (m, 4H, Ar-H), 7.69 (d, J ¼ 8.4 Hz, 2H, Ar-H), 7.51 (s, 2H,
NH2), 5.61 (s, 1H, CH); anal. calcd. for C26H15N5O3: C 70.11, H
3.37, N 15.73, O 10.79%. Found: C 69.73, H 3.22, N 15.64,
10.75%.

3-Amino-1-(3-nitrophenyl)-1H-benzo[a]pyrano[2,3-c]phenazine-
2-carbonitrile (5c). Yellow solid; M.P. ¼ 277–279 �C;37 FTIR (KBr,
n, cm�1): 3424–3349 (NH2), 2190 (CN), 1664–1596 (C]C
aromatic), 1525–1393 (NO2), 1163 (C–O), 762 (N–H); 1H NMR
(400 MHz, DMSO-d6) (d, ppm): 9.26 (d, J ¼ 7.9 Hz, 1H, Ar-H),
8.50 (d, J ¼ 8.1 Hz, 1H, Ar-H), 8.33 (s, 1H, Ar-H), 8.31 (d, J ¼
7.3 Hz, 1H, Ar-H), 8.17 (d, J ¼ 7.3 Hz, 1H, Ar-H), 8.04 (s, 2H,
NH2), 8.01–7.89 (m, 4H, Ar-H), 7.56 (s, 3H, Ar-H), 5.73 (s, 1H,
CH); 13C NMR (100 MHz, DMSO-d6) (d ppm): 159.8, 147.5, 147.3,
145.9, 141.1, 140.0, 139.8, 139.4, 134.6, 130.5, 129.8, 128.9,
128.3, 125.2, 124.5, 122.5, 122.0, 121.6, 119.9, 112.1, 56.8, 37.3.

3-Amino-1-(4-bromophenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5d). Yellow solid; M.P. ¼ 281–284 �C;37

FTIR (KBr, n, cm�1): 3455–3318 (NH2), 2191 (CN), 1666–1591
(C]C aromatic), 1160 (C–O), 834–760 (N–H), 760 (C–Br); 1H
NMR (400 MHz, DMSO-d6) (d, ppm): 9.27 (d, J ¼ 7.9 Hz, 1H, Ar-
H), 8.47 (d, J ¼ 7.9 Hz, 1H, Ar-H), 8.31 (s, 1H, Ar-H), 8.19 (d, J ¼
7.6 Hz, 1H, Ar-H), 8.08–7.90 (m, 4H, Ar-H), 7.43 (d, J ¼ 10.7 Hz,
4H, Ar-H), 7.38 (d, J ¼ 8.9 Hz, 2H, NH2), 5.53 (s, 1H, CH); 13C
NMR (100 MHz, DMSO-d6) (d ppm): 159.7, 157.0, 146.1, 144.6,
141.4, 141.3, 139.9, 131.1, 130.4, 129.9, 129.0, 128.6, 125.5,
124.8, 122.1, 119.5, 113.0, 57.4, 37.0.

3-Amino-1-(4-chlorophenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5e). Yellow solid; M.P. ¼ 287–290 �C;37

FTIR(KBr) n (cm�1): 3455–3318 (NH2), 2191 (CN), 1666–1591
(C]C aromatic), 1160 (C–O), 834–760 (N–H), 760 (C–Cl); 1H
NMR (400 MHz, DMSO-d6) (d ppm): 9.27 (d, J ¼ 7.9 Hz, 1H, Ar-
H), 8.47 (d, J ¼ 7.9 Hz, 1H, Ar-H), 8.31 (s, 1H, Ar-H), 8.19 (d, J ¼
7.6 Hz, 1H, Ar-H), 8.05–7.93 (m, 4H, Ar-H), 7.43 (d, J ¼ 10.7 Hz,
4H, Ar-H), 7.38 (d, J ¼ 8.9 Hz, 2H, NH2), 5.53 (s, 1H, CH); 13C
NMR (100 MHz, DMSO-d6) (d ppm): 160.1, 152.2, 144.4, 140.7,
140.2, 131.0, 130.7, 130.5, 130.3, 130.0, 129.5, 129.1, 128.6,
128.3, 125.8, 125.0, 122.8, 120.1, 113.4, 57.5.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FT-IR spectra of (a) Fe3O4, (b) M-MSNs and (d) M-MSNs/

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 2
:2

5:
02

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3-Amino-1-(p-tolyl)-1H-benzo[a]pyrano[2,3-c]phenazine-2-
carbonitrile (5f). Yellow solid; M.P. ¼ 294–297 �C;37 FTIR(KBr,
n, cm�1): 3440–3311 (NH2), 3179 (C–H aromatic), 3052 (C–H
aliphatic), 2187 (CN), 1659–1599 (C]C aromatic), 1160 (C–O),
833–759 (N–H); 1H NMR (400 MHz, DMSO-d6) (d ppm): 9.26 (d, J
¼ 8.0 Hz, 1H, Ar-H), 8.46 (d, J¼ 7.9 Hz, 1H, Ar-H), 8.30 (s, 1H, Ar-
H), 8.19 (s, 1H, Ar-H), 8.05–7.94 (m, 4H, Ar-H), 7.41–7.29 (m, 4H,
Ar-H), 7.03 (d, J¼ 7.8 Hz, 2H, NH2), 5.49 (s, 1H, CH), 2.15 (s, 3H,
CH3);

13C NMR (100 MHz, DMSO-d6) (d ppm): 159.7, 145.9,
142.3, 141.4, 140.5, 139.9, 139.6, 135.5, 130.3, 130.0, 128.8,
127.4, 125.5, 124.7, 121.9, 120.2, 113.9, 58.1, 36.9, 20.4.

3-Amino-1-(2-chlorophenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5g). Yellow solid; M.P. ¼ 299–303 �C;37

FTIR (KBr, n, cm�1): 3463–3312 (NH2), 3171 (CH aromatic), 3059
(CH aliphatic), 2189 (CN), 1658–1586 (C]C aromatic), 1161 (C–
O), 754 (N–H), 754 (C–Cl); 1H NMR (400 MHz, DMSO-d6) (d
ppm): 9.28 (s, 1H, Ar-H), 8.50 (s, 1H, Ar-H), 8.29 (s, 1H, Ar-H),
8.06–7.93 (m, 5H, Ar-H), 7.43 (s, 1H, Ar-H), 7.36 (s, 2H, NH2),
7.23 (s, 1H, Ar-H), 7.12 (s, 2H, Ar-H), 6.00 (s, 1H, CH); 13C NMR
(100 MHz, DMSO-d6) (d ppm): 170.1, 159.1, 146.3, 142.3, 141.2,
140.3, 140.0, 139.6, 132.0, 130.6, 130.3, 130.1, 130.0, 129.2,
129.1, 129.0, 128.3, 128.0, 127.1, 125.2, 124.5, 122.1, 119.2,
112.7, 56.6, 36.5.

3-Amino-1-(4-methoxyphenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5h). Yellow solid; M.P. ¼ 271–273 �C;37

FTIR (KBr, n, cm�1): 3432–3319 (NH2), 3197 (CH aromatic), 3047
(CH aliphatic), 2194 (CN), 1666–1598 (C]C aromatic), 1165 (C–
O), 834–761 (N–H); 1H NMR (400 MHz, DMSO-d6) (d ppm): 9.26
(d, J ¼ 8.0 Hz, 1H, Ar-H), 8.46 (d, J ¼ 7.9 Hz, 1H, Ar-H), 8.30 (s,
1H, Ar-H), 8.19 (s, 1H, Ar-H), 8.04–7.95 (m, 4H, Ar-H), 7.39–7.29
(m, 4H, Ar-H), 7.03 (d, J ¼ 7.8 Hz, 2H, NH2), 5.49 (s, 1H, CH),
3.61 (s, 3H, CH3);

13C NMR (100 MHz, DMSO-d6) (d ppm): 159.7,
157.8, 145.9, 140.7, 140.0, 137.3, 130.5, 130.4, 130.2, 129.0,
128.6, 125.6, 124.9, 122.1, 120.2, 114.2, 113.6, 58.14, 54.86, 36.5.

3-Amino-1-(3-methoxyphenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5i). Yellow solid; M.P. ¼ 237–242 �C;40

FTIR(KBr, n, cm�1): 3420 (NH2), 2192 (CN), 1664–1602 (C]C
aromatic), 1161 (C–O), 754 (N–H); 1H NMR (400 MHz, DMSO-d6)
(d ppm): 9.23 (s, 1H, Ar-H), 8.44 (s, 1H, Ar-H), 8.28 (s, 1H, Ar-H),
8.18 (s, 1H, Ar-H), 8.02–7.91 (m, 4H, Ar-H), 7.38 (s, 2H, NH2),
7.13 (s, 1H, Ar-H), 7.02 (s, 1H, Ar-H), 6.92 (s, 1H, Ar-H), 6.67 (s,
1H, Ar-H), 5.50 (s, 1H, CH), 3.67 (d, J ¼ 3.5 Hz, 3H, CH3);

13C
NMR (100 MHz, DMSO-d6) (d ppm): 159.9, 159.0, 146.7, 146.0,
141.4, 140.5, 139.9, 130.6, 130.1, 129.4, 129.02, 128.6, 125.5,
124.7, 122.0, 120.2, 119.6, 113.8, 111.5, 57.7, 54.8, 37.2.

3-Amino-1-(3-bromophenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5j). Brown solid; M.P. ¼ 267–269 �C;37

FTIR (KBr, n, cm�1): 3442–3319 (NH2), 2195 (CN), 1659–1591
(C]C aromatic), 1159 (C–O), 854–759 (N–H); 1H NMR (400
MHz, DMSO-d6) (d ppm): 9.24 (d, J ¼ 8.0 Hz, 1H, Ar-H), 8.45 (s,
1H, Ar-H), 8.28 (s, 1H, Ar-H), 8.15 (s, 1H, Ar-H), 8.01–7.91 (m,
4H, Ar-H), 7.62 (s, 1H, Ar-H), 7.50–7.43 (m, 2H, Ar-H), 7.30 (s,
2H, NH2), 7.24–7.17 (m, 1H, Ar-H), 5.52 (s, 1H, CH); 13C NMR
(100 MHz, DMSO-d6) (d ppm): 159.8, 147.9, 146.1, 141.3, 140.3,
139.9, 139.6, 130.6, 130.5, 130.3, 129.4, 129.0, 128.4, 126.8,
125.4, 122.0, 121.4, 120.0, 112.8, 57.3, 37.2.
© 2022 The Author(s). Published by the Royal Society of Chemistry
1,10-([1,10-biphenyl]-4,40-diyl)bis(3-amino-1H-benzo[a]pyrano
[2,3-c]phenazine-2-carbonitrile) (5k). Yellow solid; M.P. ¼ 287–
289 �C;41 FTIR(KBr, n, cm�1): 3430 (NH2), 2190 (CN), 1663–1594
(C]C aromatic), 1158 (C–O), 823–759 (N–H); 1H NMR (400
MHz, DMSO-d6) (d ppm): 9.20 (d, J¼ 7.7 Hz, 2H, Ar-H), 8.44 (d, J
¼ 8.1 Hz, 2H, Ar-H), 8.38 (s, 2H, Ar-H), 8.24 (s, 2H, Ar-H), 8.11 (s,
2H, Ar-H), 8.05–7.87 (m, 8H, Ar-H, NH2), 7.83 (d, J ¼ 8.2 Hz, 2H,
Ar-H), 7.65 (d, J ¼ 8.4 Hz, 2H, Ar-H), 7.51 (s, 2H, Ar-H), 5.54 (s,
2H, CH); 13C NMR (100 MHz, DMSO-d6) (d ppm): 161.44, 160.21,
152.69, 146.86, 141.86, 140.90, 131.35, 131.16, 130.90, 130.70,
130.17, 129.63, 129.49, 129.39, 129.09, 125.95, 125.26, 122.68,
120.41, 114.76, 112.81, 80.89, 57.46.

3-Amino-1-(2,4-dichlorophenyl)-1H-benzo[a]pyrano[2,3-c]
phenazine-2-carbonitrile (5l). Brown solid; M.P. ¼ 308–311 �C;40

FTIR (KBr, n, cm�1): 3471–3312 (NH2), 2185 (CN), 1657–1592
(C]C aromatic), 1163 (C–O), 847–760 (N–H), 760 (C–Cl); 1H
NMR (400 MHz, DMSO-d6) (d ppm): 9.23 (s, 1H, Ar-H), 8.44 (s,
1H, Ar-H), 8.26 (s, 1H, Ar-H), 8.06–7.85 (m, 5H, Ar-H), 7.64–7.55
(m, 1H, Ar-H), 7.42 (s, 2H, NH2), 7.22 (s, 1H, Ar-H), 7.17 (s, 1H,
Ar-H), 5.91 (s, 1H, CH); anal. calcd. for C26H14Cl2N4O: C 66.52, H
2.99, N 11.94, O 3.41, Cl 15.14%. Found: C 66.48, H 2.86, N
11.81, O 3.25%.
Results and discussion
Characterization of M-MSNs/CuO(QDs)

The as-prepared nanocatalyst was characterized by FT-IR, EDX,
BET & BJH, XRD, VSM, SEM, and TEM techniques for their
functionality, elemental composition, surface properties, crys-
talline structure, magnetic properties, size, and morphological
characteristics.

The FT-IR analysis was performed to prove the successful
synthesis of M-MSNs/CuO nanocatalyst. In this regard, the FT-
IR spectra of MNPs, M-MSNs, and M-MSNs/CuO(QDs) were
recorded (Fig. 2a). In spectrum a (MNPs), the peak at 3427 cm�1

is related to the –OH group and the vibrational band at
1628 cm�1 is assigned to the adsorbed water on the surface of
the MNPs.41 Moreover, the main peak positioned at 587 cm�1 is
contributed to the Fe–O vibration.42 Regarding the M-MSNs
spectrum, the bands at 3416 cm�1, 1096 cm�1, 804 cm�1, and
467 cm�1 are related to the –OH vibrations, Si–O–Si groups of
silica, Si–O of Si–OH bonds stretching vibration and Si–OH
CuO(QDs).
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Fig. 3 SEM and TEM images of M-MSNs (a) and (c) and M-MSNs/
CuO(QDs) (b) and (d).

Fig. 5 Elemental EDX mapping of O, Fe, Si, and Cu in M-MSNs/
CuO(QDs).
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bending in the structure of the as-prepared M-MSNs, in order43

(Fig. 2b). Moreover, aer modication of M-MSNs with CuO
QDs, the characteristic peak at 462 and 525 are from stretching
mode of CuO(QDs) (in addition to the main peaks of M-MSNs).
Obtained results conrmed the successful synthesis of M-
MSNs/CuO(QDs) nanocatalyst (Fig. 2c).

The size and morphology of the as-prepared nanomaterials
were investigated by SEM and TEM imaging methods. Based on
the SEM images (Fig. 3a and b), the morphological properties of
M-MSN nanoparticles were not changed aer their modication
with CuO QDs. Moreover, these images revealed spherical and
uniform particles for the as-prepared M-MSNs/CuO(QDs)
nanocatalyst with a narrow size distribution over 34.6–
38.0 nm. However, to explore more precisely the spherical
morphology of the as-prepared M-MSNs/CuO nanocatalyst, the
TEM images of both M-MSNs and M-MSNs/CuO(QDs) were
recorded (Fig. 3c and d). The results showed that both M-MSNs
and M-MSNs/CuO(QDs) nanocatalysts have uniform and
spherical particles, in agreement to the results of the SEM
imaging method.
Fig. 4 EDX spectrum of M-MSNs/CuO(QDs).

25198 | RSC Adv., 2022, 12, 25194–25203
To evaluate the elemental composition of the as-prepared
nanocatalyst, the EDX analysis was also performed (Fig. 4).
The lines of Fe, O, Si, and Cu are obviously observed in the EDX
pattern of the nanocatalyst, revealing the successful synthesis of
the M-MSNs/CuO(QDs) upon the developed method. Moreover,
the mapping analysis exhibited the presence of O, Fe, Si, and Cu
elements in the structure of the M-MSNs/CuO(QDs), regarding
to the EDX results (Fig. 5).

Moreover, to evaluate the crystalline properties of the
nanocatalyst, the XRD patterns of CuO(QDs), MNPs, M-MSNs,
and M-MSNs/CuO(QDs) were recorded (Fig. 6). The XRD
pattern of CuO(QDs) (Fig. 6a) show the peaks at 2q ¼ 32.58�,
Fig. 6 The X-ray diffraction (XRD) pattern of (a) CuO QDs, (b) Fe3O4,

(c) M-MSNs and (d) M-MSNs/CuO(QDs).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Magnetic hysteresis curves of (a) Fe3O4, and (b) M-MSNs/
CuO(QDs).

Fig. 8 BET results of M-MSNs (a) & M-MSNs/CuO(QDs) (b).

Table 1 Optimization of the reaction conditions for the synthesis of ben

Entry Catalyst (g) Solvent

1 0.007b H2O
2 0.007 EtOH/H2O
3 0.007 Toluene
4 0.007 EtOH
5 0.007 EtOH
6 0.007 EtOH
7 0.007 EtOH
8 0.005 EtOH
9 0.006 EtOH
12 0.008 EtOH

a Reaction conditions: 2-hydroxy-1,4-naphthoquinone (1 mmol), benzene
mmol), M-MSNs/CuO(QDs), solvent (2 mL). b Mol% of catalyst was 0
respectively. c Isolated yield.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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35.47�, 38.97� and 48.74� that are assigned to (110), (002), (200),
(202), and plane orientation of CuO (JCPDS 80-1268). Regarding
to spectrum of Fe3O4 NPs (Fig. 6b), reections are observed at 2q
¼ 30�, 35�, 43�, 53�, 57�, and 63� belonging to the (220), (311),
(400), (422), (511), and (440) plates respectively, revealed the
cubic spinel crystalline structure of Fe3O4 which are in agree-
ment with the standard data (JCPDS card no. 19-629).44

However, aer the synthesis of magnetic silica mesoporous
nanoparticles, new broadband was observed at 2q of 20–30�

related to SiO2 amorphous structure (spectrum c). Moreover, in
the XRD pattern of M-MSNs/CuO(QDs) nanocatalyst (spectrum
d), the peaks at 30.36�, 35.76�, 43.47�, 57.51�, 63.16� are
assigned to (022), (113), (004), (115), and (044) plates of CuO, in
turn. In addition, themain peaks of M-MSNs were saved aer its
zo[a]pyrano-[2,3-c]phenazinesa

Temp. (�C) Time (min) Yieldc (%)

Reux 85 Trace
Reux 80 65
Reux 70 30
78 70 95
r.t. 130 25
60 95 55
70 80 68
78 110 32
78 80 65
78 70 95

-1,2-diamine (1 mmol), 4-nitrobenzaldehyde (1 mmol), malononitrile (1
.0018, 0.0016, 0.0013 and 0.0021 for 7, 6, 5 and 8 mg of catalyst
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Table 2 Synthesis of benzo[a]pyrano-[2,3-c]phenazine derivatives catalyzed by M-MSNs/CuO(QDs)a

a Reaction conditions: 2-hydroxy-1,4-naphthoquinone (1 mmol), benzene-1,2-diamine (1 mmol), different aromatic aldehydes (1 mmol),
malononitrile (1 mmol), M-MSNs/CuO QDs (7 mg/0.0018 mol%), EtOH (2 mL), 78 �C.

25200 | RSC Adv., 2022, 12, 25194–25203 © 2022 The Author(s). Published by the Royal Society of Chemistry
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modication with CuO QDs, exhibiting that the crystalline
structure of M-MSNs was saved during the synthesis of M-
MSNs/CuO(QDs).

To investigate the magnetic properties of the as-prepared
nanocatalysts as one of the most important factors which may
affect the reusability and handling of a catalyst, the VSM anal-
ysis was carried out for both bare MNPs andM-MSNs/CuO(QDs)
at 25 �C (Fig. 7). The results showed that the magnetic proper-
ties of nanocatalyst was signicantly lower than that of the bare
MNPs. This is related to the presence of a silica shell in the
structure of the M-MSNs/CuO(QDs), leading to a decrease in the
magnetic properties of the MNPs.

The porosity and surface area of the prepared M-MSNs/
CuO(QDs) nanocatalyst was calculated by the BET analysis
(Fig. 8). Based on this analysis, the surface area of M-MSNs and
M-MSNs/CuO(QDs) was estimated at about 284.68 m2 g�1 and
354.41 m2 g�1, respectively. The decrease in the surface area of
the M-MSN nanoparticles aer modication with CuO QDs can
be attributed to the occupation of the holes of M-MSNs with the
QDs during the synthesis process.

Aer the successful synthesis and characterization of M-
MSNs/CuO (QDs), we aimed to investigate its efficiency as
a new, reusable and nanocatalyst for the synthesis of benzo[a]
pyrano-[2,3-c]phenazines dyes.
Fig. 9 Reusability of the prepared M-MSNs/CuO(QDs) nanocatalyst.
Screening the conditions for the synthesis of the benzo[a]
pyrano-[2,3-c]phenazines in the presence of M-MSNs/
CuO(QDs)

To optimize the reaction conditions, the reaction between 2-
hydroxy-1,4-naphthoquinone (1 mmol), benzene-1,2-diamine (1
mmol), 4-nitrobenzaldehyde (1 mmol), and malononitrile (1
mmol) to the corresponding product was selected as a model
reaction and various conditions including reaction media,
temperature, and amount of the catalyst were examined. The
results are summarized in Table 1. To nd the optimal reaction
conditions, various solvents were used in model reaction in the
presence of M-MSNs/CuO (ODs) under conventional heating
Scheme 2 Mechanism of the catalytic synthesis of benzo[a]pyrano[2,3-

© 2022 The Author(s). Published by the Royal Society of Chemistry
conditions (Table 1, entries 1–4). The best results were obtained
in the EtOH (entry 4). Eventually, ethanol was preferred as the
solvent from the viewpoint of both yield and green chemistry
principles. It should be mentioned that, in the presence of H2O
as the only solvent, the reaction efficiency was negligible (entry
1). In the following, the temperature screening indicated that
decreasing the reaction temperature from reux temperature to
60 �C decreased the product yield (entry 6). Hence, 78 �C was
selected as optimal temperature. Finally, model reaction was
carried out using different amounts of M-MSNs/CuO(QDs)
(entries 8–10) and the best results were obtained when 7 mg
of M-MSNs/CuO(QDs) was used (entry 4). Increasing the
amount of M-MSNs/CuO(QDs) to more than 7 mg did not
improve the yield and the reaction time substantially (entry 10).
The use of less than 7 mg of M-MSNs/CuO(QDs) led to lower
yields (entries 8,9). Thereupon, the optimized conditions were
found to be using EtOH as a solvent, in the presence of 7 mg
(0.0018 mol%) of catalyst at 78 �C.

Encouraged by the initial success in the production of 3-
amino-1-(4-nitrophenyl)-1H-benzo[a]pyrano[2,3-c]phenazine-2-
carbonitrile (5b) via the multicomponent reaction strategy, to
show the general scope and versatility of this strategy in the
c]phenazine derivatives catalyzed by M-MSNs/CuO(QDs).

RSC Adv., 2022, 12, 25194–25203 | 25201
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Table 3 Comparison of the catalytic performances of the as-prepared nanocatalyst with the reported ones

Entry Catalyst Condition Time (min) Yield (%) Ref.

1 AcOH MW, r.t. 9 92 34
2 Gl.AcOH 70 �C 180 85 45
3 Oxalic acid EtOH/H2O, reux 120 92 35
4 Et3N MeCN/EtOH, r.t. 1440 86 38
5 DABCO EtOH, reux 600 60 24
6 Pyridine EtOH, r.t. 45 90 36
7 b-Cyclodextrin EtOH/H2O, 70 �C 50 92 37
8 M-MSNs EtOH, 78 �C 70 67 —
9 CuO(QDs) EtOH, 78 �C 70 81 —
10 M-MSNs/CuO(QDs) EtOH, 78 �C 70 95 This work
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preparation of benzo[a]pyrano-[2,3-c]phenazine derivatives,
different aromatic aldehydes containing electron-releasing and
electron-withdrawing substituents were examined under opti-
mized conditions. Excitingly, the corresponding benzo[a]pyr-
ano-[2,3-c]phenazine derivatives were successfully and
smoothly obtained, and the results are listed in Table 2 (5a–5l).
As shown in Table 2, both electron-releasing groups and
electron-withdrawing groups on aromatic aldehydes structure
presented well to excellent yield with a slightly better result for
electron-withdrawing groups.

Mechanism of the catalytic reaction

The possible mechanism of the catalytic synthesis of benzo[a]
pyrano[2,3-c]phenazine derivatives catalyzed by M-MSNs/
CuO(QDs) was proposed to gain a deeper understanding of
the developed catalytic process. The schematic of the reaction
mechanism is shown in Scheme 2. As can be seen, initially, 2-
hydroxy-1,4-naphthoquinone was converted to its tautomerized
form. Aerwards, from the condensation reaction of o-phenyl-
enediamine (OPD) and 2-hydroxy-1,4-naphthoquinone in the
presence of M-MSNs/CuO(QDs), intermediate (I) was formed.
Besides, the intermediate (II) was simultaneously produced by
Knoevenagel condensation of malononitrile and the carbonyl
group of (activated) aldehyde. Aer that, intermediate (I) and
(II) interacted via Michael addition reaction in the presence of
catalyst to produce the intermediate (III). Thereaer, the oxygen
attacked to the carbon of the nitrile group, follow by imine-
enamine tautomerization, lead to producing the nal product.

Reusability of catalyst

As reported in the literatures, the reusability of a nano catalyst is
an index for its cycling stability. Hence, the reusability of the
prepared M-MSNs/CuO(QDs) nanocomposite was checked as
one of the most important features of a catalyst. To do this, aer
each reaction of 2-hydroxy-1,4-naphthoquinone (1 mmol),
benzene-1,2-diamine (1 mmol), 4-nitrobenzaldehyde (1 mmol),
malononitrile (1 mmol) in the presence of 7 mg of M-MSNs/
CuO(QDs), the catalyst was separated from reaction media
using external magnetic eld, washed with EtOH/water, dried
and reused for the next reaction. The results in Fig. 9 indicated
that aer ve reuses, the reaction yield was decreased (aer 5
cycles) about 10% which reveals the high cycling stability and
reusability of the prepared nanocatalyst.
25202 | RSC Adv., 2022, 12, 25194–25203
To compare the catalytic performances of the prepared
nanocatalyst with the reported ones, the reaction between o-
phenylenediamine (OPD), 4-nitrobenzaldehyde, malononitrile,
and 2-hydroxy-1,4-naphthoquinone was performed in EtOH at
78 �C using the M-MSNs/CuO(QDs) as catalyst. The results were
collected in Table 3. As can be seen, the reaction time in the
presence of M-MSNs/CuO(QDs) was found to be lower than that
of some catalysts for instance DABCO, Gl.ACOH, oxalic acid,
Et3N. It is mentionable that the reaction yield was also
comparable with the other reported catalyst. Based on these
results, it can be concluded that the prepared M-MSNs/
CuO(QDs) nanocatalyst showed excellent catalytic perfor-
mances as well as greener reaction conditions compared to
some of the reported catalysts.

Conclusion

High throughput and reusable copper oxide quantum dots-
modied magnetic silica mesoporous core–shell nanocatalysts
(M-MSNs/CuO QDs) was synthesized and characterized by
different characterization methods, including FT-IR, EDX, XRD,
BET&BJH, TEM, SEM, VSM, and mapping analysis. The
prepared magnetic core–shell nanocatalyst was then applied for
developing a green, simple, efficient, and straightforward
nanocatalytic process for the synthesis of benzo[a]pyrano[2,3-c]
phenazine derivatives under mild thermal conditions. The
factors affecting the reaction yield and catalytic performances of
the developed nanocatalyst were optimized. The reaction yield
was obtained over 86–95% for different derivatives under
optimal reaction conditions. The prepared magnetic core–shell
nanocatalyst showed high cycling stability and its catalytic
efficiency was saved for at least 5 operational times. Moreover,
the developed nanocatalyst presents very better performances
toward the synthesis of benzo[a]pyrano[2,3-c]phenazine deriv-
atives than the reported ones.

Data availability

The data that supports the ndings of this study are available in
the ESI† of this article.

Conflicts of interest

There are no conicts to declare.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03887k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 2
:2

5:
02

 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Acknowledgements

Thanks are due to the University of Kashan Research Councils
for the supporting of this work.
References

1 C. Zhou, Q. Chen, G. Wang, A. Guan, J. Xu, X. Liu and
L. Zhou, J. Photochem. Photobiol., 2017, 332, 251.

2 P. Zrazhevskiy, M. Sena and X. Gao, Chem. Soc. Rev., 2010, 39,
4326.

3 Y. Liu, J. Shi, Q. Peng and Y. Li, Chem.–Eur. J., 2013, 19, 4319.
4 X. Wang, L. Kong, S. Zhou, C. Ma, W. Lin, X. Sun and
P. Wang, Talanta, 2021, 239, 122903.

5 M. M. Sabzehmeidani and M. Kazemzad, Sci. Total Environ.,
2022, 810, 151997.

6 V. N. Mehta, M. L. Desai, H. Basu, R. K. Singhal and
S. K. Kailasa, J. Mol. Liq., 2021, 333, 115950.

7 M. Ruzycka-Ayoush, P. Kowalik, A. Kowalczyk, P. Bujak,
A. M. Nowicka, M. Wojewodzka and I. P. Grudzinski,
Cancer Nanotechnol., 2021, 12, 1.

8 Z. Ma, Y. Xu, P. Li, D. Cheng, X. Zhu, M. Liu and S. Yao, Anal.
Chem., 2021, 93, 3586.

9 C. Adamson and M. Kanai, Org. Biomol. Chem., 2021, 19, 37.
10 L. Wu, J. Deng, X. Tan, W. Yin, F. Ding and H. Han, Sens.

Actuators, B, 2018, 254, 206.
11 Y. C. Lee and S. Chenga, J. Chin. Chem. Soc., 2006, 53, 1355.
12 N. Venkatathri, Bull. Mater. Sci., 2007, 30, 615.
13 L. Zhu, D. C. T. Nguyen, J. H. Woo, Q. Zhang, K. Y. Cho and

W. C. Oh, Sci. Rep., 2018, 8, 1.
14 S. R. Hormozi Jangi, M. Akhond and Z. Dehghani, Process

Biochem., 2020, 90, 102.
15 C. S. Graebin, F. V. Ribeiro, K. R. Rogério and
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W. Hörl and A. Dömling, Res. Chem. Intermed., 1996, 22, 625.
© 2022 The Author(s). Published by the Royal Society of Chemistry
23 H. A. Younus, M. Al-Rashida, A. Hameed, M. Uroos, U. Salar,
S. Rana and K. M. Khan, Ther. Pat., 2021, 31, 267.

24 A. Hasaninejad and S. Firoozi, Mol. Diversity, 2013, 17, 499.
25 J. R. Kerr, Rev. Infect. Dis., 2000, 2, 184.
26 J. B. Laursen and J. Nielsen, Chem. Rev., 2004, 104, 1663.
27 V. Karuppiah, W. Sun and Z. Li, Nat. Prod. Chem., 2016, 48,

417.
28 S. A. Gamage, J. A. Spicer, G. W. Rewcastle, W. Dangereld,

P. Mistry, N. Vicker, P. A. Charlton and W. A. Denny, J.
Med. Chem., 2002, 45, 740.

29 D. Cartwright, W. Chilton and D. Benson, Appl. Microbiol.
Biotechnol., 1995, 43, 211.

30 J. Ligon, S. Dwight, P. Hammer, N. Torkewitz, D. Hofmann,
H. Kempf and K. Pee, Pest Manage. Sci., 2000, 56, 688.

31 L. S. Pierson and E. A. Pierson, Appl. Microbiol. Biotechnol.,
2010, 86, 1659.

32 N. Vicker, L. Burgess, I. S. Chuckowree, R. Dodd, A. J. Folkes,
D. J. Hardick and W. A. Denny, J. Med. Chem., 2002, 45, 721.

33 H. Naeimi and M. F. Zarabi, RSC Adv., 2019, 9, 7400.
34 S. L. Wang, F. Y. Wu, C. Cheng, G. Zhang, Y. P. Liu, B. Jiang

and S. J. Tu, ACS Comb. Sci., 2011, 13, 135.
35 R. Mohebat, A. Y. E. Abadi, M. T. Maghsoodlou,

M. Mohammadi and R. Heydari, Res. Chem. Intermed.,
2016, 42, 7121.

36 R. Mohebat, A. Yazdani Elah Abadi and M. T. Maghsoodlou,
Res. Chem. Intermed., 2016, 42, 6039.

37 A. Mishra, Y. K. Pandey, F. Tufail and J. Singh, Catal. Lett.,
2020, 150, 1659.

38 A. Shaabani, R. Ghadari and M. Arabieh, Helv. Chim. Acta,
2014, 97, 228.

39 S. Neamani, L. Moradi and M. Sun, RSC Adv., 2020, 10,
35397.

40 A. Yazdani Elah Abadi, M. T. Maghsoodlou1, R. Heydari and
R. Mohebat, Res. Chem. Intermed., 2016, 42, 1227.

41 M. Nikoorazm and M. Khanmoradi, Catal. Lett., 2020, 150,
2823.

42 K. Ojaghi Aghbash, N. Noroozi Pesyan and H. Batmani, Appl.
Organomet. Chem., 2019, 33, e5227.

43 S. R. Hormozi Jangi, H. Khoshalhan Davoudli, Y. Delshad,
M. R. Hormozi Jangi and A. R. Hormozi Jangi, Surf.
Interfaces, 2020, 21, 100771.

44 H. Aghahosseini, S. J. Tabatabaei Rezaei, M. Tadayyon,
A. Ramazani, V. Amani, R. Ahmadi and D. Abdolahnjadian,
Eur. J. Inorg. Chem., 2018, 22, 2589.

45 P. Saluja, A. Chaudhary and J. M. Khurana, Tetrahedron Lett.,
2014, 55, 3431.
RSC Adv., 2022, 12, 25194–25203 | 25203

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra03887k

	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...

	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...

	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...
	Introducing a green nanocatalytic process toward the synthesis of benzo[a]pyrano-[2,3-c]phenazines utilizing copper oxide quantum dot-modified...


