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d within a matrix of L-glutamic
acid cross-linked chitosan supported on magnetic
carboxylic acid-functionalized multi-walled carbon
nanotube: a new and efficient multi-task catalytic
system for the green one-pot synthesis of diverse
heterocyclic frameworks†

Morteza Hasanpour Galehban, Behzad Zeynizadeh and Hossein Mousavi *

In the present study, a new L-glutamic acid cross-linked chitosan supported on magnetic carboxylic acid-

functionalized multi-walled carbon nanotube (Fe3O4/f-MWCNT-CS-Glu) nanocomposite was prepared

through a convenient one-pot multi-component sequential strategy. Then, nickelII nanoparticles (NiII

NPs) were entrapped within a matrix of the mentioned nanocomposite. Afterward, the structure of the

as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanosystem was elucidated by various techniques, including

FT-IR, PXRD, SEM, TEM, SEM-based EDX and elemental mapping, ICP-OES, TGA/DTA, and VSM. In the

next part of this research, the catalytic applications of the mentioned nickelII-containing magnetic

nanocomposite were assessed upon green one-pot synthesis of diverse heterocyclic frameworks,

including bis-coumarins (3a–n), 2-aryl(or heteroaryl)-2,3-dihydroquinazolin-4(1H)-ones (5a–r), 9-aryl-

3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-diones (7a–n), and 2-amino-4-aryl-7,7-

dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitriles (9a–n). The good-to-excellent yields

of the desired products, satisfactory reaction rates, use of water solvent or solvent-free reaction

medium, acceptable turnover numbers (TONs) and turnover frequencies (TOFs), along with comfortable

recoverability and satisfying reusability of the as-prepared nanocatalyst for at least eight successive runs,

and also easy work-up and purification procedures are some of the advantages of the current synthetic

protocols.
1. Introduction

The preparation of new catalytic systems has particular impor-
tance and a specic position in organic synthesis and green
chemistry. In this regard, the use of non-hazardous, available,
cost-effective, stable, and active platforms is receiving more
attention. Chitosan (CS) as the only polycationic biopolymer,
which is mostly obtained from the alkaline deacetylation of
chitin, has been used in various areas, especially biomedicine,1

drug delivery,2 gene delivery,3 vaccine delivery,4 dentistry,5

tissue engineering,6 wound-healing dressing,7 water remedia-
tion,8 agriculture,9 food packaging,10 catalysis,11 and many
others. The existence of numerous alcoholic, primary amine,
acetamide, and ether functional groups in the chitosan struc-
ture causes this biocompatible complex hetero-biopolymer to
of Chemistry, Urmia University, Urmia,

mation (ESI) available. See

6478
be given special attention as an exclusive organic system in
catalysis development. Due to having the mentioned functional
groups, chitosan has been able to participate in advanced non-
magnetic and magnetic catalytic structures such as metal–
organic frameworks (MOFs),12 covalent organic frameworks
(COFs),13 graphene oxide (GO)- and/or ionic liquid (IL)-
containing systems,14,15 Schiff base-type platforms,16 micro-
reactors,17 and so on. In recent years, the publication of
numerous reports on the diverse and eye-catching applications
of functionalized carbon nanotubes (CNTs), including single-
walled carbon nanotubes (SWCNTs), double-walled carbon
nanotubes (DWCNTs), and multi-walled carbon nanotubes
(MWCNTs), especially in the eld of catalysis, is a valid proof of
the value of these carbon scaffolds.18 Interaction between
polysaccharides (particularly chitosan) and CNTs can pave the
way for the development of new catalytic platforms, especially
creating a gigantic CNT-CS-containing matrix with a high ability
to immobilize diverse metal nanoparticles, heteropoly acids
(HPAs), etc. Also, the CNTs are capable of increasing some of the
chitosan attributes, such as mechanical properties.19 On the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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other hand, one of the signicant properties of a suitable
catalyst from the green chemistry point of view is the capability
of easy and complete separation from the reaction environ-
ment. For this purpose, the magnetic-type catalysts are an
interesting choice because they can be separated from the
reaction pot with an external magnetic eld that allows avoiding
time-consuming separation procedures.20

Heterocyclic frameworks are among the most signicant
molecules for everyday life.11a,21 They exist in the structure of
various compounds such as drugs, natural products, bioactive
substances, vitamins, veterinary products, and many others.
Among the available synthetic methods for the heterocyclic
scaffolds construction, one-pot multi-component reactions
(MCRs) have been considered as a powerful and fantastic
strategy owing to their short reaction times, simplicity, high
selectivity, etc.22 Notably, the one-pot MCRs have been classied
in the rst branch of green chemistry principles, viz. prevent
waste. It is worthy to note that the twelve principles of green
chemistry have gained signicant attention, both from
academia and industries, and give us a guideline for designing
safer and eco-friendly methods in chemical synthesis.23 In
addition to catalysis and synthetic method, the environmentally
benign reaction medium is another essential parameter in the
green chemistry discipline. For this purpose, water is the most
desirable choice because this medium is safe, environmentally
friendly, readily available, and inexpensive compared to other
organic solvents.24 On the other hand, solventless medium
(well-known as solvent-free reaction conditions) is a great
technique to perform reactions without using any solvents. The
solvent-free method has many advantages rather than solution
conditions, including high yields, short reaction times, simple
reaction procedures and milder conditions, easy work-up and
purication, high selectivity, minimization of by-products, and
so on.25

In continuation of our ongoing research program in organic
synthesis and catalyst design,26 we report herein a convenient
two-step preparation method for the construction of a new
gigantic multi-functional catalytic system through the entrap-
ping of the nickelII nanoparticles into a matrix of L-glutamic
acid cross-linked chitosan supported on magnetic carboxylic
acid-functionalized multi-walled carbon nanotube (Fe3O4/f-
MWCNT-CS-Glu/NiII). Also, aer the well characterization, the
catalytic applications of the as-prepared Fe3O4/f-MWCNT-CS-
Glu/NiII hybrid system investigated on the environmentally
benign one-pot synthesis of various heterocyclic frameworks,
including bis-coumarins (3a–n), 2-aryl(or heteroaryl)-2,3-dihy-
droquinazolin-4(1H)-ones (5a–r), 9-aryl-3,3,6,6-tetramethyl-
3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-diones (7a–n), and
2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitriles (9a–n) (Fig. 1). Notably, the literature
scrutiny clearly shows the preparation of such magnetically
gigantic nanohybrid systems is not only precious in catalysis
science and organic synthesis but also could be attractive and
benecial in biomedicine, drug delivery, agriculture, waste-
water treatment, various type of sensors, capturing carbon
dioxide, and many others.
© 2022 The Author(s). Published by the Royal Society of Chemistry
2. Results and discussion
2.1. Preparation and characterization of the Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite

In recent years, one-pot multi-component reactions are recog-
nized as a reliable and green synthetic strategy in the prepara-
tion of gigantic frameworks and have a great place in material
science. Based on this issue, we designed a new one-pot ve-
component sequential protocol for the L-glutamic acid cross-
linked chitosan supported on magnetic carboxylic acid-
functionalized multi-walled carbon nanotube (Fe3O4/f-
MWCNT-CS-Glu) construction as an active, suitable, and
gigantic platform for the trapping metal nanoparticles (Scheme
1). In the second step, we immobilized the nickelII nano-
particles into a matrix of the prepared Fe3O4/f-MWCNT-CS-Glu
nanocomposite. Aer the successful preparation of the Fe3O4/
f-MWCNT-CS-Glu/NiII hybrid system, we characterized the
structure of the as-prepared nickelII-containing nanocomposite
by Fourier transform infrared spectroscopy (FT-IR), powder X-
ray diffraction (PXRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), SEM-based energy-
dispersive X-ray (EDX) and elemental mapping, inductively
coupled plasma-optical emission spectrometry (ICP-OES),
thermogravimetric analysis/differential thermal analysis (TGA/
DTA), and vibrating sample magnetometer (VSM) analysis.

The FT-IR spectroscopy of the Fe3O4, Fe3O4/f-MWCNT, Fe3O4/f-
MWCNT-CS, Fe3O4/f-MWCNT-CS-Glu, and Fe3O4/f-MWCNT-CS-
Glu/NiII systems was carried out using the potassium bromide
(KBr) disk method, and all of the spectra were recorded in the
region 400–4000 cm�1. In the FT-IR spectrum of the bare Fe3O4

nanoparticles (NPs), the absorption band at 567 cm�1 is attributed
to the vibrations of the Fe–O bonds, and also the characteristic
bands that appeared at 1623 cm�1 and 3418 cm�1 are approved to
the bending and stretching vibrations of the surface hydroxyl
(–OH) groups and adsorbed water molecules, respectively (Fig. 2,
curve a). Although in the FT-IR spectrum of the Fe3O4/f-MWCNT
system (Fig. 2, curve b), some index peaks are related to
MWCNT-CO2H overlapped with Fe3O4 NPs (especially stretching
vibrations of the hydroxyl group of –CO2H), the two distinct (weak)
peaks at 2922 cm�1 and 2859 cm�1 that belong to the –CH
stretching mode of the f-MWCNT nanosystem are revealed. Aer
adding chitosan (CS) to the Fe3O4/f-MWCNT structure, a series of
amide bonds were created. In the FT-IR spectrum of the Fe3O4/f-
MWCNT-CS scaffold (Fig. 2, curve c), the broad band peak at
3434 cm�1 is related to the stretching vibrations of the existed
–NH2, –NH–, and –OH functional groups. The peaks around 3000–
2867 cm�1 belong to the C–H stretching vibrations of the –CH]

(which belongs to the f-MWCNT structure) and –CH2– (which
belongs to the chitosan biopolymer structure) groups. Moreover,
the C]O stretching vibrations and the –NH– bending vibrations of
the created amide bonds were revealed at 1634 cm�1 and
1568 cm�1, respectively. Also, the peak at 1455 cm�1 could belong
to the stretching vibrations of the C–N or the C–O stretching of the
secondary alcoholic groups and even the –CH2– bending vibrations
in chitosan. Moreover, the C–O stretching vibrations of the
primary alcoholic groups in chitosan appeared at 1411 cm�1. The
RSC Adv., 2022, 12, 16454–16478 | 16455
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Fig. 1 Catalytic applications of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite in the green one-pot multi-component synthesis
of diverse heterocyclic frameworks.
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bands at 1069 cm�1 and 1028 cm�1 display the C–O stretching
vibrations of the etheric (C–O–C) and esteric bonds. Furthermore,
the peaks at 800 cm�1, 692 cm�1, and 637 cm�1 related to the
methylene and methine out-of-plane vibrations. Fig. 2 (curve d)
showed the FT-IR spectrum of the Fe3O4/f-MWCNT-CS-Glu hybrid
system, in which all the L-glutamic acid (Glu) functional groups
16456 | RSC Adv., 2022, 12, 16454–16478
peaks overlapped with some of the Fe3O4/f-MWCNT-CS peaks due
to the similarity. Finally, in the FT-IR spectrum of the Fe3O4/f-
MWCNT-CS-Glu/NiII magnetic nanocomposite (Fig. 2, curve e), all
the distinct peaks (which thoroughly discussed above) were existed
with a few differences due to the complexation of the –NH2, –NH–,
–OH, and C–O–C functional groups with the nickelII nanoparticles.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Preparation of the Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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The powder X-ray diffraction (PXRD) spectra of the Fe3O4,
Fe3O4/f-MWCNT, and Fe3O4/f-MWCNT-CS-Glu/NiII nano-
structures are recorded in a range of Bragg's angle (2q¼ 10–80�)
© 2022 The Author(s). Published by the Royal Society of Chemistry
at room temperature (Fig. 3). In the PXRD pattern of the bare
Fe3O4 NPs (Fig. 3, diagram a), nine diffraction peaks at (111),
(220), (311), (400), (422), (511), (440), (620), and (553), which are
RSC Adv., 2022, 12, 16454–16478 | 16457
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Fig. 2 FT-IR spectra of the (a) Fe3O4, (b) Fe3O4/f-MWCNT, (c) Fe3O4/
f-MWCNT-CS, (d) Fe3O4/f-MWCNT-CS-Glu, and (e) Fe3O4/f-
MWCNT-CS-Glu/NiII nanosystems.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

57
:2

3 
PM

. 
 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
indexed to the cubic spinel phase of Fe3O4, clearly appeared and
matched well with Joint Committee on Powder Diffraction
Standards (JCPDS) cards, le no. 79-0418, 65-3107, 74-2402, 01-
075-0449, and 98-007-7842. In the Fe3O4/f-MWCNT PXRD
Fig. 3 PXRD patterns of the (a) Fe3O4, (b) Fe3O4/f-MWCNT, and (c)
Fe3O4/f-MWCNT-CS-Glu/NiII nanosystems.

16458 | RSC Adv., 2022, 12, 16454–16478
pattern (Fig. 3, diagram b), in addition to the distinct peaks of
the Fe3O4 NPs, a peak around 2q ¼ 26� is related to the f-
MWCNT structure. As shown in Fig. 3 (diagram c), the inten-
sity of the 2q ¼ 26� in the PXRD pattern of the Fe3O4/f-MWCNT-
CS-Glu/NiII nanocomposite is increased, which could be related
to the overlapping L-glutamic acid cross-linked chitosan (CS-
Glu) peak with the f-MWCNT peak. Notably, the distinct peaks
of the nickelII NPs in the as-prepared nanocomposite structure
were overlapped with some of the Fe3O4 NPs peaks.

The morphology and size of the Fe3O4/f-MWCNT-CS-Glu/NiII

hybrid nanocomposite were investigated by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The SEM images of the mentioned magnetic nano-
system (Fig. 4) indicated a spaghetti-like structure with a diam-
eter of less than 44 nm related to the f-MWCNT and L-glutamic
acid cross-linked chitosan (CS-Glu), which are surrounded by
the Fe3O4 and nickelII NPs. Also, in the Fe3O4/f-MWCNT-CS-Glu/
NiII TEM images (Fig. 5), the existence of the Fe3O4 NPs and the
entrapped NiII NPs into the matrix of the Fe3O4/f-MWCNT-CS-
Glu nanocomposite can be seen clearly.

In order to further validate the composition elements of the
as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite, the
SEM-based energy-dispersive X-ray (EDX) (Fig. 6) and
elemental mapping (Fig. 7) analyses were performed. Both
EDX and elemental mapping investigations conrm the pres-
ence of the carbon (C), nitrogen (N), oxygen (O), ferrite (Fe),
and nickel (Ni) elements in the structure of the as-prepared
gigantic hybrid nanosystem. The presence of the nickel
element in the EDX and elemental mapping analyses inferred
that the nickelII NPs were successfully entrapped into the
matrix of the Fe3O4/f-MWCNT-CS-Glu nanocomposite. Also,
the EDX analysis gives the percentage of the elements,
including 29.10 w%, 0.32 w%, 2.28 w%, 46.27 w%, and 22.03
w% for C, N, O, Fe, and Ni, respectively. Notably, the exact
amount of the entrapped nickel is 12.32 w% based on the
inductively coupled plasma-optical emission spectrometry
(ICP-OES) measurement.

Thermogravimetric analysis/differential thermal analysis
(TGA/DTA) was carried out to assess the thermal stability of the
as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite by
heating it up to 800 �C under a nitrogen gas atmosphere
(Fig. 8). In the rst step, a weight loss (1%) occurred below
240 �C is related to the solvents and moisture evaporations. In
the second step, a weight loss (9%) is observed at temperature
ranging from 240 �C to 352 �C, which is mainly associated to
the decomposition of L-glutamic acid27 (as the cross-linker)
and also is corresponding to the dehydration and depoly-
merization of the chitosan biopolymer.28 In the third stage,
a weight loss (6%) is observed between temperature range of
352 �C to 542 �C attributed to the complete decomposition of
the chitosan structure by degasication of compounds,
including NH3, CO, CO2, and CH4.29 In the nal step, a weight
loss (12%) is observed between temperature range of 542 �C to
approximately 800 �C could be related to the pyrolysis and
destruction of the f-MWCNT network.30 It is worthwhile to note
that the results of the TGA/DTA diagram conrm that the as-
prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite has
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08454b


Fig. 4 SEM images of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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enough and satisfactory stability to endure harsh temperature
conditions up to 240 �C, which is so suitable for a catalytic
system in organic synthesis.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The magnetic behavior of the prepared Fe3O4, Fe3O4/f-
MWCNT, and Fe3O4/f-MWCNT-CS-Glu/NiII nanostructures was
investigated by a vibrating sample magnetometer (VSM)
RSC Adv., 2022, 12, 16454–16478 | 16459
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Fig. 5 TEM images of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.

Fig. 6 SEM-based EDX diagram of the as-prepared Fe3O4/f-MWCNT-
CS-Glu/NiII nanocomposite.
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analysis at room temperature (Fig. 9). As it could be perceived
from the resulting magnetization curves, the saturation
magnetization (Ms) amounts of the Fe3O4, Fe3O4/f-MWCNT, and
Fe3O4/f-MWCNT-CS-Glu/NiII nanosystems were 66.496 emu g�1,
46.519 emu g�1, and 19.743 emu g�1, respectively. The decrease
in the Ms amount of the as-prepared Fe3O4/f-MWCNT-CS-Glu/
NiII nanocomposite rather than Fe3O4/f-MWCNT and bare
16460 | RSC Adv., 2022, 12, 16454–16478
Fe3O4 is attributed to the successful attaching L-glutamic acid
cross-linked chitosan (CS-Glu) on the surface of the Fe3O4/f-
MWCNT magnetic system and immobilization of the nickelII

NPs into the matrix of the Fe3O4/f-MWCNT-CS-Glu
nanocomposite.
2.2. Catalytic applications of the as-prepared Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite

2.2.1. One-pot pseudo-three-component synthesis of bis-
coumarins. Aer preparation and characterization of the
Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite, to the demon-
stration of application merits of this new hybrid nano-
structured catalyst in organic synthesis, we applied it in the
one-pot synthesis of some valuable heterocyclic frameworks.
In the rst step, the one-pot synthesis of bis-coumarins (3a–n)
was investigated. In order to optimize the reaction conditions,
the simple one-pot pseudo-three-component synthesis of 3,30-
(phenylmethylene)bis(4-hydroxy-2H-chromen-2-one) (3a)
through a condensation reaction between benzaldehyde (1a)
and 4-hydroxycoumarin (2) was chosen as a model reaction. In
the rst step, the mentioned one-pot reaction was carried out
in the presence of the as-prepared catalyst (5 mg) in several
solvents, including water (H2O), methanol (CH3OH), ethanol
(CH3CH2OH), acetonitrile (CH3CN), ethyl acetate (EtOAc),
dichloromethane (CH2Cl2), and n-hexane, and also under
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 SEM-based elemental mapping of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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solvent-free conditions (Table 1). Although the obtained yield
in water (Table 1, entry 1), ethanol (Table 1, entry 5), and
solventless (Table 1, entry 10) mediums were high and the
same (viz. 95%), the reaction rate in water and ethanol under
reux was faster than in solvent-free conditions at 70 �C. Based
on obtained results and have respect to the green chemistry
protocols, we selected water as the best and environmentally
benign solvent for this one-pot reaction. Then, we examined
the effect of less than (Table 1, entry 2) andmore than (Table 1,
© 2022 The Author(s). Published by the Royal Society of Chemistry
entry 3) 5 mg of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

catalyst on the synthesis of 3a in water under reux conditions
and it was found that the optimal amount of the catalyst
loading is 5 mg. Furthermore and to show the importance and
effect of the as-prepared NiII-containing nanocatalyst on the
synthesis of 3a, we designed and carried out some control
experiments using component parts of the Fe3O4/f-MWCNT-
CS-Glu/NiII nanocomposite (Table 1, entries 11–14). To our
delight, the control experiments results showed that the
RSC Adv., 2022, 12, 16454–16478 | 16461
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Fig. 8 TGA/DTA diagram of the as-prepared Fe3O4/f-MWCNT-CS-
Glu/NiII nanocomposite.

Fig. 9 Magnetization curves of the prepared (a) Fe3O4, (b) Fe3O4/f-
MWCNT, and (c) Fe3O4/f-MWCNT-CS-Glu/NiII nanosystems.
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catalytic effect of the mentioned nanocomposite is denitely
better than its components. Aer optimizing the reaction
conditions, we next examined the substrate scope for the
mentioned one-pot pseudo-three-component reaction using
diverse aromatic aldehyde derivatives (Scheme 2). Interest-
ingly, both the electron-donating and electron-withdrawing
groups (EDGs and EWGs) on aryl aldehydes were found
tolerable to reaction conditions and provided products (3a–n)
in good-to-excellent yields. Also, the turnover numbers (TONs)
and turnover frequencies (TOFs) of the Fe3O4/f-MWCNT-CS-
Glu/NiII nanocatalyst in this one-pot pseudo-three-component
synthesis of bis-coumarins (3a–n) were calculated. As shown
in Scheme 2, the determined TONs and TOFs are acceptable
and satisfactory. The chemical structures of the synthesized
bis-coumarins (3a–n) were characterized by FT-IR, 1H NMR,
and melting points, and compared with authentic literature.
Furthermore, a plausible mechanism for this valuable tandem
Knoevenagel–Michael condensation in the presence of the as-
prepared Fe3O4/f-MWCNT-CS-Glu/NiII hybrid nanocatalytic
system is depicted in Scheme 3. Briey, in the rst stage,
aromatic aldehyde (1a–n) activated by the as-prepared Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite (especially by the NiII

section) and then the nucleophilic attack of 4-
16462 | RSC Adv., 2022, 12, 16454–16478
hydroxycoumarin (2) to the mentioned activated aryl aldehyde
caused the elimination of one water molecule and formation
of the 3-benzylidenechromane-2,4-dione intermediate (IA).
Next, the Michael addition of another 4-hydroxycoumarin (2)
to the activated a,b-unsaturated carbonyl compound (IA)
yielded corresponding bis-coumarins (3a–n).

2.2.2. One-pot two-component synthesis of 2-aryl(or het-
eroaryl)-2,3-dihydroquinazolin-4(1H)-ones. Another catalytic
application of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite investigated in the green and one-pot two-
component synthesis of 2-aryl(or heteroaryl)-2,3-dihy-
droquinazolin-4(1H)-ones (5a–r). It is worthy to note that
quinazolinones are fundamental building blocks in nature
and part of the backbone of several naturally occurring alka-
loids and biologically active compounds.31 Aer optimization
of the main reaction parameters (Table 2), which take place
on the one-pot synthesis of 2-phenyl-2,3-dihydroquinazolin-
4(1H)-one (5a) through a two-component reaction of benzal-
dehyde (1a) and 2-aminobenzamide (also known as anthra-
nilamide) (4), the scope and limitation of the presented
strategy studied using a wide range of aromatic and hetero-
aromatic aldehydes under the optimized reaction conditions
(Table 2, entry 1). As shown in Scheme 4, all of the desired 2-
aryl(or heteroaryl)-2,3-dihydroquinazolin-4(1H)-ones (5a–r)
obtained in good-to-excellent yields in water at 80 �C in the
presence of 5 mg of the mentioned NiII-containing nano-
composite. On the other hand, the TONs and TOFs of the
Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst in this one-pot two-
component reaction have been measured and listed in
Scheme 4. The chemical structures of the obtained 2-aryl(or
heteroaryl)-2,3-dihydroquinazolin-4(1H)-ones (5a–r) were
conrmed by FT-IR, 1H NMR, and melting points, and
compared with authentic papers. Also, a plausible mecha-
nism for this green one-pot two-component reaction in the
presence of the mentioned gigantic catalytic system is pre-
sented in Scheme 5. As shown in Scheme 5, in the rst step,
aromatic(or heteroaromatic) aldehyde (1a–r) was activated by
the as-prepared catalytic system, and then the mentioned
carbonyl group of aryl(or heteroaryl)aldehyde was attacked by
the amine section of 2-aminobenzamide (4) that leads to the
formation of the aldimine intermediate (IB) along with the
elimination of one water molecule. In the next step, the acti-
vated IB intermediate converted to the IIB intermediate by the
amide-iminol tautomerization process. Aer that, the IIB
intermediate, which was activated by the Fe3O4/f-MWCNT-CS-
Glu/NiII nanocomposite, generated desired product (5a–r) by
an intramolecular heterocyclization pathway which occurs
through a [1,5]-hydrogen transfer.

2.2.3. One-pot multi-component synthesis of fused 4H-
pyrans. The results related to the impressive catalytic effect of
the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII hybrid nano-
composite in the green one-pot synthesis of bis-coumarins (3a–
n) and 2-aryl(or heteroaryl)-2,3-dihydroquinazolin-4(1H)-ones
(5a–r) encouraged us to study and develop catalytic applications
of this magnetic hybrid nanocatalyst in the environmentally
benign one-pot multi-component synthesis of other heterocy-
clic frameworks as well. To this purpose, we selected 9-aryl-
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08454b


Table 1 Optimization reaction conditions for the one-pot pseudo-three-component synthesis of 3a

Entry Catalyst Catalyst loading (mg) Solvent
Temperature
conditions Time (min) Yield (%)

1 Fe3O4/f-MWCNT-CS-Glu/NiII 5 H2O Reux 10 95
2 Fe3O4/f-MWCNT-CS-Glu/NiII 4 H2O Reux 15 90
3 Fe3O4/f-MWCNT-CS-Glu/NiII 7 H2O Reux 10 95
4 Fe3O4/f-MWCNT-CS-Glu/NiII 5 CH3OH Reux 20 65
5 Fe3O4/f-MWCNT-CS-Glu/NiII 5 CH3CH2OH Reux 10 95
6 Fe3O4/f-MWCNT-CS-Glu/NiII 5 CH3CN Reux 120 35
7 Fe3O4/f-MWCNT-CS-Glu/NiII 5 EtOAC Reux 120 25
8 Fe3O4/f-MWCNT-CS-Glu/NiII 5 CH2Cl2 35 �C 120 20
9 Fe3O4/f-MWCNT-CS-Glu/NiII 5 n-Hexane Reux 120 10
10 Fe3O4/f-MWCNT-CS-Glu/NiII 5 Solvent-free 70 �C 15 95
11 Fe3O4/f-MWCNT-CS-Glu 5 H2O Reux 120 55
12 Fe3O4/f-MWCNT-CS 5 H2O Reux 120 55
13 Fe3O4/f-MWCNT 5 H2O Reux 120 50
14 Fe3O4 5 H2O Reux 120 —
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3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-
diones (7a–n) and 2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitriles (9a–n) as two impor-
tant heterocyclic systems of the fused 4H-pyrans family. The
optimization studies upon model reactions (Tables 3 and 4)
showed that both of the two mentioned heterocyclic
compounds could be successfully synthesized under solvent-
free conditions in the presence of 10 mg of the mentioned
nanocatalyst at 110 �C. Further studies on the scope and
generality of the presented one-pot multi-component reactions
indicated that the desired 9-aryl-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-diones (7a–n) (Scheme 6) and
2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-
chromene-3-carbonitriles (9a–n) (Scheme 7) could be obtained
in relatively good-to-excellent yields under the optimal reaction
conditions. Furthermore, the TONs and TOFs of the as-prepared
Fe3O4/f-MWCNT-CS-Glu/NiII hybrid nanocatalyst in these one-
pot reactions have been measured and listed in Schemes 6
and 7. The chemical structures of the synthesized fused 4H-
pyrans (7a–n) and (9a–n) were conrmed by FT-IR, 1H NMR, and
melting points, and compared with authentic papers. Also, the
plausible mechanisms for these solvent-free one-pot multi-
component reactions in the presence of the Fe3O4/f-MWCNT-
CS-Glu/NiII gigantic catalytic system are presented in Schemes 8
and 9. As shown in Scheme 8, the formation of 9-aryl-3,3,6,6-
tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-diones
(7a–n) via the presented one-pot pseudo-three-component
synthetic strategy started with the activation of the carbonyl
group of aryl aldehyde (1a–n) by the Fe3O4/f-MWCNT-CS-Glu/
© 2022 The Author(s). Published by the Royal Society of Chemistry
NiII nanocatalyst and subsequently nucleophilic attack of
dimedone (6) that leads to the formation of the Knoevenagel
intermediate (IC) along with the elimination of one water
molecule. In the next step, the Michael addition of the second
dimedone molecule (6) upon activated IC caused the formation
of IIC. In the nal step, intramolecular cyclization of the acti-
vated IIC occurs aer the successful elimination of another
water molecule resulted desired xanthene (7a–n) and regen-
erated Fe3O4/f-MWCNT-CS-Glu/NiII magnetic nanocatalyst into
the reaction pot. Also, as shown in Scheme 9, the reaction
mechanism of the formation of 2-amino-4-aryl-7,7-dimethyl-5-
oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitriles (9a–n) in
the presence of the as-prepared NiII-containing nanocatalyst
started by the formation of the arylidienemalononitrile inter-
mediate (ID) and releasing one water molecule via the Knoe-
venagel condensation between malononitrile (8) and the
activated aromatic aldehyde (1a–n). Next, the Michael addition
of the dimedone molecule (6) to the activated arylidienemalo-
nonitrile (ID) occurred to form IID intermediate. Finally, the
intramolecular cyclization of the activated IID intermediate
resulted desired fused heterocyclic product (9a–n).
2.3. Recoverability, reusability, leaching, and hot ltration
test studies of the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite

Easy recovery and high reusability of catalyst are remarkably
signicant factors, exclusively for commercial and industrial
applications and also from the green chemistry point of view. In
this line, we performed some experiments to investigate the
RSC Adv., 2022, 12, 16454–16478 | 16463
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Scheme 2 One-pot pseudo-three-component synthesis of bis-coumarins in water catalyzed by the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite.
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catalyst recyclability for all the aforesaid four model organic
reactions on the one-pot synthesis of 3a, 5a, 7a, and 9a under
the optimized reaction conditions. To do this and aer each
16464 | RSC Adv., 2022, 12, 16454–16478
investigation, the catalyst was separated from the reaction pot
with a magnet. Next, the isolated nickelII-containing catalyst
was washed, dried, and then directly used in the next run of the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Plausible mechanism for the one-pot pseudo-three-component synthesis of bis-coumarins in the presence of the as-prepared
Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst.
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reaction. As shown in Fig. 10, the recoverability and reusability
experiments of the Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite
revealed satisfactory results even aer eight runs for all the four
mentioned one-pot synthetic protocols. On the other hand, in
Table 2 Optimization reaction conditions for the one-pot two-compon

Entry Catalyst Catalyst loading (mg)

1 Fe3O4/f-MWCNT-CS-Glu/NiII 5
2 Fe3O4/f-MWCNT-CS-Glu/NiII 4
3 Fe3O4/f-MWCNT-CS-Glu/NiII 7
4 Fe3O4/f-MWCNT-CS-Glu/NiII 5
5 Fe3O4/f-MWCNT-CS-Glu/NiII 5
6 Fe3O4/f-MWCNT-CS-Glu/NiII 5
7 Fe3O4/f-MWCNT-CS-Glu/NiII 5
8 Fe3O4/f-MWCNT-CS-Glu/NiII 5
9 Fe3O4/f-MWCNT-CS-Glu/NiII 5
10 Fe3O4/f-MWCNT-CS-Glu/NiII 5
11 Fe3O4/f-MWCNT-CS-Glu/NiII 5
12 Fe3O4/f-MWCNT-CS-Glu 5
13 Fe3O4/f-MWCNT-CS 5
14 Fe3O4/f-MWCNT 5
15 Fe3O4 5

© 2022 The Author(s). Published by the Royal Society of Chemistry
order to evaluation of the Fe3O4/f-MWCNT-CS-Glu/NiII stability
into the reaction environment, we carried out leaching tests,
which were investigated on the one-pot two-component
synthesis of 2-phenyl-2,3-dihydroquinazolin-4(1H)-one (5a).
ent synthesis of 5a

Solvent
Temperature
conditions Time (min) Yield (%)

H2O 80 �C 20 98
H2O 80 �C 20 92
H2O 80 �C 20 98
CH3OH Reux 30 84
CH3CH2OH Reux 20 98
CH3CN Reux 30 90
EtOAc Reux 90 50
CH2Cl2 35 �C 120 25
n-Hexane Reux 120 15
THF Reux 120 70
Solvent-free 70 �C 15 95
H2O 80 �C 120 30
H2O 80 �C 120 10
H2O 80 �C 120 10
H2O 80 �C 120 —

RSC Adv., 2022, 12, 16454–16478 | 16465
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Scheme 4 One-pot two-component synthesis of 2-aryl(or heteroaryl)-2,3-dihydroquinazolin-4(1H)-ones catalyzed by the as-prepared Fe3O4/
f-MWCNT-CS-Glu/NiII nanocomposite in water.
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The leaching tests results obtained by ICP-OES measurements
showed that the amount of nickel (Ni) aer the fourth and
eighth reaction cycles was 11.08 w% and 9.74 w%, respectively.
The hot ltration test was also performed for the further
investigation upon leaching of the NiII NPs on the one-pot
synthesis of 5a in the water solvent. As shown in Fig. 11, we
separated the whole of the as-prepared Fe3O4/f-MWCNT-CS-Glu/
NiII nano-based catalytic system from the mentioned reaction
environment (when the conversion rate was 60%), and it was
16466 | RSC Adv., 2022, 12, 16454–16478
found that aer ltration and in the absence of the aforesaid
NiII-containing catalyst, almost no signicant improvement
was seen in the reaction process. The conversion rate of the
reaction in this stage conrms the leaching of NiII was
negligible. Furthermore, the PXRD diagram (Fig. 12) of the
recycled Fe3O4/f-MWCNT-CS-Glu/NiII catalytic system aer the
third recycling step with those of the fresh one shows that the
structure of the mentioned hybrid nanocomposite remained
intact.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Plausible mechanism for the one-pot two-component synthesis of 2-aryl(or heteroaryl)-2,3-dihydroquinazolin-4(1H)-ones cata-
lyzed by the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite in water.

Table 3 Optimization reaction conditions for the one-pot pseudo-three-component synthesis of 7a

Entry Catalyst
Catalyst loading
(mg) Solvent

Temperature
conditions Time (min) Yield (%)

1 Fe3O4/f-MWCNT-CS-Glu/NiII 10 H2O Reux 120 50
2 Fe3O4/f-MWCNT-CS-Glu/NiII 10 CH3OH Reux 40 70
3 Fe3O4/f-MWCNT-CS-Glu/NiII 10 CH3CH2OH Reux 40 78
4 Fe3O4/f-MWCNT-CS-Glu/NiII 10 CH3CN Reux 180 65
5 Fe3O4/f-MWCNT-CS-Glu/NiII 10 EtOAc Reux 180 25
6 Fe3O4/f-MWCNT-CS-Glu/NiII 10 CH2Cl2 35 �C 120 10
7 Fe3O4/f-MWCNT-CS-Glu/NiII 10 n-Hexane Reux 180 20
8 Fe3O4/f-MWCNT-CS-Glu/NiII 10 THF Reux 120 30
9 Fe3O4/f-MWCNT-CS-Glu/NiII 10 Solvent-free 110 �C 40 96
10 Fe3O4/f-MWCNT-CS-Glu/NiII 5 Solvent-free 110 �C 40 82
11 Fe3O4/f-MWCNT-CS-Glu/NiII 15 Solvent-free 110 �C 40 96
12 Fe3O4/f-MWCNT-CS-Glu 10 Solvent-free 110 �C 180 30
13 Fe3O4/f-MWCNT-CS 10 Solvent-free 110 �C 180 10
14 Fe3O4/f-MWCNT 10 Solvent-free 110 �C 180 10
15 Fe3O4 10 Solvent-free 110 �C 180 —

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 16454–16478 | 16467
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Scheme 6 Solvent-free one-pot pseudo-three-component synthesis of 9-aryl-3,3,6,6-tetramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-
1,8(2H)-diones catalyzed by the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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2.4. Comparative study

To show the high value and efficiency of the presented Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite as a gigantic nanocatalytic
system in the above-mentioned heterocyclic frameworks one-
pot preparation, we compared it with some previously re-
ported protocols on the synthesis of 3a, 5a, 7a, and 9a. As shown
in Table 5, the new synthetic protocols which presented in this
paper are better than others in terms of the catalyst loading,
© 2022 The Author(s). Published by the Royal Society of Chemistry
reaction time, favorable yield, use of green reaction mediums
(water or solvent-free), and so on.

3. Experimental
3.1. Reagents, samples, and apparatus

All starting materials, reagents, and solvents were commercially
available (purchased from Merck, Sigma-Aldrich, and Fluka
companies) and used directly without further purication.
RSC Adv., 2022, 12, 16454–16478 | 16469
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Scheme 7 Solvent-free one-pot three-component synthesis of 2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-
carbonitriles catalyzed by the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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SOLTEC SONICA 2400 MH S3 (300 W) instrument was used for
ultrasonic irradiation. FT-IR spectra were recorded on Thermo
Nicolet Nexus 670 spectrometer, and 1H NMR spectra were ob-
tained by Bruker Avance 300MHz and 400MHz spectrometer. The
crystalline structures of the prepared nanocomposites were
analyzed by powder X-ray diffraction (PXRD) on a Philips PAN-
alytical X'PertPro diffractometer (Netherlands) in 40 kV and 30mA
with amonochromatized Cu Ka radiation (l¼ 1.5418�A). The SEM
16470 | RSC Adv., 2022, 12, 16454–16478
images, EDX diagram, and elemental mapping obtained from
FESEM-TESCAN MIRA3 electronic microscope. The TEM images
were obtained from Zeiss EM10C-100 kV transmission electron
microscope. The elemental analysis was carried out by inductively
coupled plasma-optical emission spectrometry (Optima 7300DV
ICP-OES). The magnetic properties of the prepared samples were
measured using a vibrating sample magnetometer (Meghnatis
Daghigh, Iran) under magnetic elds up to 20 kOe.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Plausible mechanism for the solvent-free one-pot pseudo-three-component synthesis of 9-aryl-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-diones catalyzed by the as-prepared Fe3O4/f-MWCNT-CS Glu/NiII nanocomposite.

Scheme 9 Plausible mechanism for the solvent-free one-pot three-component synthesis of 2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitriles catalyzed by the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite.
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3.2. One-pot preparation of the Fe3O4/f-MWCNT-CS-Glu
nanocomposite

Firstly, in a three-necked round-bottom ask (250 mL), MWCNT-
CO2H (0.48 g) was dispersed in deionized water (100 mL) by
© 2022 The Author(s). Published by the Royal Society of Chemistry
ultrasonic irradiation for thirty minutes. Then, Fe3O4$6H2O (0.6
g) and FeCl2$4H2O (0.45 g) were added into the mentioned pot
and sonicated for another thirty minutes. Aer that, the 40 mL
ammonia solution was added portion wisely into the reaction
RSC Adv., 2022, 12, 16454–16478 | 16471
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Fig. 10 Recoverability and reusability experiments of the Fe3O4/f-
MWCNT-CS-Glu/NiII nanocomposite.

Fig. 11 Hot filtration test for the heterogeneity investigation of the
Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite catalytic system.

Fig. 12 PXRD diagram of the recycled Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite.
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environment at 60 �C under a nitrogen atmosphere and stirred
for two hours. In the next step, the dissolved chitosan (0.18 g) in
two percent acetic acid solution was added into the mentioned
three-necked round-bottom ask and stirred for two hours at
60 �C under the nitrogen atmosphere. Finally, L-glutamic acid
(0.2 g) was added to the reaction mixture and stirred for twenty
hours under the same temperature and atmospheric conditions.
The prepared Fe3O4/f-MWCNT-CS-Glu nanocomposite collected
from the reaction pot, washed with deionized water and ethanol,
and then dried at 50 �C.
3.3. Preparation of the Fe3O4/f-MWCNT-CS-Glu/NiII

nanocomposite

In a round-bottom ask (100 mL), the prepared Fe3O4/f-
MWCNT-CS-Glu (0.5 g) was dispersed in a 1 : 2 mixture of
16472 | RSC Adv., 2022, 12, 16454–16478
water and ethanol (70 mL) by ultrasonic irradiation for ten
minutes. Next, nickelII nitrate hexahydrate (Ni(NO3)2$6H2O)
(0.25 g) was added into the mentioned reaction pot and soni-
cated for another forty-ve minutes, and then stirred for twenty-
four hours at 60 �C under air atmosphere. The as-prepared
Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite collected from
the reaction environment, washed with deionized water and
ethanol, and then dried at 50 �C.

3.4. General procedure for the one-pot pseudo-three-
component synthesis of bis-coumarins (3a–n) catalyzed by the
as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite

As a representative example, in a round-bottom ask (10 mL),
which equipped with a magnetic stirrer, a mixture of benzal-
dehyde (1 mmol), 4-hydroxycoumarin (2 mmol), and the as-
prepared Fe3O4/f-MWCNT-CS-Glu/NiII (5 mg) in the water
solvent (3 mL) was prepared and stirred under reux conditions
for an appropriate time (10 minutes). As soon as the mentioned
one-pot reaction was completed, the Fe3O4/f-MWCNT-CS-Glu/
NiII nanocatalyst was separated from the reaction pot using an
external magnet. Then, aer cooling to room temperature, the
resulting mixture was extracted with ethanol (2 � 5 mL), fol-
lowed by drying over anhydrous sodium sulfate (Na2SO4). The
solvent evaporation under reduced pressure affords the crude
3,30-(phenylmethylene)bis(4-hydroxy-2H-chromen-2-one) (3a)
product, which was subsequently puried by recrystallization
from hot ethanol.

3.5. General procedure for the one-pot two-component
synthesis of 2-aryl(or heteroaryl)-2,3-dihydroquinazolin-4(1H)-
ones (5a–r) catalyzed by the as-prepared Fe3O4/f-MWCNT-CS-
Glu/NiII nanocomposite

As a representative example, in a round-bottom ask (10 mL),
which equipped with a magnetic stirrer, a mixture of benzal-
dehyde (1 mmol), anthranilamide (1 mmol), and the as-
prepared Fe3O4/f-MWCNT-CS-Glu/NiII (5 mg) in the water
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08454b


T
ab

le
5

C
o
m
p
ar
is
o
n
o
f
th
e
ca

ta
ly
ti
c
ac

ti
vi
ty

o
f
th
e
as
-p

re
p
ar
e
d
Fe

3
O

4
/f
-M

W
C
N
T
-C

S-
G
lu
/N

iII
n
an

o
co

m
p
o
si
te

w
it
h
lit
e
ra
tu
re

sa
m
p
le
s
re
p
o
rt
e
d
fo
r
th
e
sy
n
th
e
si
s
o
f
3
a,

5
a,

7a
,a

n
d
9
a

E
n
tr
y

T
M

C
at
al
ys
t

So
lv
en

t
R
ea
ct
io
n
co
n
di
ti
on

s
T
im

e
(m

in
)

Y
ie
ld

(%
)

R
ef

1
3a

Fe
3O

4
/f
-M

W
C
N
T
-C
S-
G
lu
/N

iII
(5

m
g)

H
2
O

R
e

ux
10

95
a

2
3a

H
A
P/
Fe

3
O
4
(5

m
g)

So
lv
en

t-
fr
ee

90
� C

60
95

32
3

3a
B
FA

(1
0
w
t%

)
H

2
O

R
oo

m
te
m
pe

ra
tu
re

15
92

33
4

3a
N
i0
-M

on
t
(2
0
m
g)

So
lv
en

t-
fr
ee

M
W

(8
50

W
)

5
95

34
5

3a
C
ar
bo

n
-S
O
3
H

(3
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:1

)
80

� C
10

97
35

6
3a

P 4
V
Py

-C
uO

(2
0
m
g)

H
2
O

R
e

ux
20

90
36

7
3a

R
H
A
-S
O
3
H

(4
0
m
g)

H
2
O

80
� C

15
90

37
8

3a
SO

3
H
@
Fe

3
O
4
(1
5
m
g)

So
lv
en

t-
fr
ee

80
� C

10
92

38
9

3a
SD

S
(2
0
m
ol
%
)

H
2
O

60
� C

12
0

85
39

10
3a

Fe
(S
D
) 3
(2
0
m
ol
%
)

H
2
O

10
0

� C
10

79
40

11
3a

Fe
3O

4
@
Si
O
2
@
Im

-b
is
et
h
yl
Fc

[H
C
2
O
4
]
(4

m
g)

C
H

3
C
H

2O
H

R
e

ux
60

96
41

12
3a

V
it
am

in
B
1
(1

m
ol
%
)

So
lv
en

t-
fr
ee

R
oo

m
te
m
pe

ra
tu
re

60
92

42
13

3a
(N

2H
5
) 2
Si
F 6

(0
.2

m
ol
%
)

C
H

3
C
H

2O
H

R
e

ux
3

95
43

14
5a

Fe
3O

4
/f
-M

W
C
N
T
-C
S-
G
lu
/N

iII
(5

m
g)

H
2
O

80
� C

20
98

a

15
5a

U
iO

-6
6-
M
W

(1
.2

m
g)

C
H

3
C
O
2
H

60
� C

24
0

85
44

16
5a

V
O
-v
an

il
li
n
-M

C
M
-4
1
(2
0
m
g)

H
2
O

90
� C

13
0

96
45

17
5a

T
iC
l 3
/N

FC
(4
0
m
g)

C
H

3
C
H

2O
H

R
e

ux
20

85
46

18
5a

O
m
pg

-C
3
N
4
/S
O
3
H

(2
0
m
g)

C
H

3
C
H

2O
H

R
e

ux
3

98
47

19
5a

Zr
-M

O
F/
rG

O
(2
0
m
g)

C
H

3
C
H

2O
H

55
� C

30
95

48
20

5a
SB

A
-1
5@

n-
Pr
-T
H
A
M
-Z
rO

(7
m
g)

C
H

3
C
H

2O
H

R
e

ux
80

93
49

21
5a

C
oF

e 2
O
4
@
Pr

II
I
(5
0
m
g)

C
H

3
C
H

2O
H

R
e

ux
60

97
50

22
5a

A
sc
or
bi
c
ac
id

(1
0
m
ol
%
)

H
2
O

90
� C

60
92

51
23

5a
Fe

3O
4
@
N
C
s-
PA

(4
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:1

)
R
e

ux
90

83
52

24
5a

C
oF

e 2
O
4
@
Si
O
2
-C
PT

E
S-
gu

an
id
in
e-
C
u
II
(8

m
g)

H
2
O

80
� C

20
96

53

25
5a

C
u(
N
O
3
) 2
/F
e 3
O
4
-E
D
T
A
(1
0
m
g)

H
2
O

R
e

ux
30

98
54

26
7a

Fe
3O

4
/f
-M

W
C
N
T
-C
S-
G
lu
/N

iII
(1
0
m
g)

So
lv
en

t-
fr
ee

11
0

� C
40

96
a

27
7a

A
g@

Se
p-
N
-C
H

(3
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:2

)
50

� C
18

0
95

55
28

7a
A
g@

C
D
N
S-
N
/P
M
el
am

in
e
(3
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:2

)
50

� C
18

0
92

56
29

7a
SA

@
Sa

w
du

st
(5
0
m
g)

C
H

3
C
H

2O
H

R
e

ux
50

92
57

30
7a

[S
O
3
H
-p
yr
az
in
e-
SO

3H
]C
l 2
(0
.2
5
m
m
ol
)

So
lv
en

t-
fr
ee

11
0

� C
35

93
58

31
7a

[T
M
X
H
]F
eC

l 4
(0
.2
5
m
m
ol
)

So
lv
en

t-
fr
ee

11
0

� C
10

92
59

32
7a

U
iO

2
-6
6-
N
H

2
-I
LP

F 6
�
-g
ua

n
id
in
e
(3
0
m
g)

C
H

3
C
H

2O
H

25
� C

45
95

60
33

7a
Fe

3O
4
@
T
H
A
M
-p
ip
er
az
in
e
(1
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:1

)
10

0
� C

15
88

61
34

7a
N
iF
eT

i
C
LD

H
6
(2
0
m
g)

C
H

3
C
H

2O
H

80
� C

60
96

62
35

7a
Fe

-X
(2
5
m
g)

So
lv
en

t-
fr
ee

90
� C

15
95

63
36

7a
Fe

3O
4
@
N
FC

@
N
N
S-
M
n
II
(1
0
m
g)

C
H

3
C
H

2O
H

45
� C

10
98

64
37

7a
C
uI

I -F
U
R
-A
PT

E
S/
G
O

(2
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:1

)
50

� C
30

95
65

38
9a

Fe
3O

4
/f
-M

W
C
N
T
-C
S-
G
lu
/N

iII
(1
0
m
g)

So
lv
en

t-
fr
ee

11
0

� C
10

97
a

39
9a

Fe
3O

4
@
M
C
M
-4
1@

Zr
(3
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(3
:7

)
75

� C
40

74
66

40
9a

Zn
2S
n
O
4
–S
n
O
2
(2
5
m
g)

C
H

3
C
H

2O
H

U
S
(8
0

� C
)

12
0

80
67

41
9a

A
M
B
A
-F
e 3
O
4
(5
0
m
g)

C
H

3
C
H

2O
H

60
� C

21
92

68

© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 16454–16478 | 1647

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

57
:2

3 
PM

. 
 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
3

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08454b


T
ab

le
5

(C
o
n
td
.)

E
n
tr
y

T
M

C
at
al
ys
t

So
lv
en

t
R
ea
ct
io
n
co
n
di
ti
on

s
T
im

e
(m

in
)

Y
ie
ld

(%
)

R
ef

42
9a

H
M
S/
Pr
-R
h
-Z
r
(5
0
m
g)

PE
G

80
� C

30
87

69
43

9a
N
H

2
@
Si
O
2
@
Fe

3
O
4
(1
0
m
g)

So
lv
en

t-
fr
ee

G
ri
n
di
n
g

4
94

70
44

9a
B
aF

e 1
2
O
1
9
@
IM

(1
2
m
g)

C
H

3
C
H

2O
H

R
e

ux
20

88
71

45
9a

M
N
Ps

-P
h
SO

3
H

(1
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:1

)
10

0
� C

10
91

72
46

9a
B
is
-S
u
(1
0
m
g)

H
2
O
:C

H
3
C
H

2
O
H

(1
:1

)
80

� C
35

84
73

47
9a

N
i@

Fe
-d
op

ed
C
eO

2/
C
h
it
os
an

(1
0
w
t%

)
C
H

3
C
H

2O
H

60
� C

10
90

74
48

9a
Fe

3O
4
@
Si
O
2
-g
ua

n
id
in
e-
PA

A
(5
0
m
g)

H
2
O

70
� C

35
96

75
49

9a
Fe

3O
4
@
G
O
Q
D
-O
-(
pr
op

an
e-
1-
su

lf
on

ic
ac
id
)
(5
0
m
g)

H
2
O

R
oo

m
te
m
pe

ra
tu
re

35
93

76

a
Pr
es
en

t
w
or
k.

T
M

¼
T
ar
ge
t
m
ol
ec
u
le
.M

W
¼

M
ic
ro
w
av
e.

U
S
¼

U
lt
ra
so
n
ic
.

16474 | RSC Adv., 2022, 12, 16454–16478

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
0:

57
:2

3 
PM

. 
 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
solvent (3 mL) was prepared and stirred at 80 �C for twenty
minutes. As soon as the mentioned one-pot reaction was
completed, the Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst was
separated from the reaction pot using an external magnet.
Then, aer cooling to room temperature, the resulting mixture
was extracted with ethanol (2 � 5 mL), followed by drying over
Na2SO4. The solvent evaporation under reduced pressure
affords the crude 2-phenyl-2,3-dihydroquinazolin-4(1H)-one
(5a) product, which was subsequently puried by recrystalliza-
tion from hot ethanol.

3.6. General procedure for the one-pot pseudo-three-
component synthesis of 9-aryl-3,3,6,6-tetramethyl-3,4,5,6,7,9-
hexahydro-1H-xanthene-1,8(2H)-diones (7a–n) catalyzed by
the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite

As a representative example, in a simple experimental tube,
which equipped with a magnetic stirrer, a mixture of benza-
laldehyde (1 mmol), 5,5-dimethyl-1,3-cyclohexanedione (dime-
done) (2 mmol), and the as-prepared Fe3O4/f-MWCNT-CS-Glu/
NiII (10 mg) was prepared and heated at 110 �C under solvent-
free conditions for forty minutes. Aer completion of the
mentioned one-pot pseudo-three-component reaction and
cooling it to room temperature, ethanol (3 mL) was added and
the reaction mixture was stirred for two minutes. Then, the
Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst was magnetically
separated from the reaction environment. Next, the resulting
solution was dried over Na2SO4. The solvent evaporation under
reduced pressure affords the pure 9-phenyl-3,3,6,6-tetramethyl-
3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-dione (7a) product.

3.7. General procedure for the one-pot three-component
synthesis of 2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-
tetrahydro-4H-chromene-3-carbonitriles (9a–n) catalyzed by
the as-prepared Fe3O4/f-MWCNT-CS-Glu/NiII nanocomposite

As a representative example, in a simple experimental tube,
which equipped with a magnetic stirrer, a mixture of benza-
laldehyde (1 mmol), malononitrile (1 mmol), 5,5-dimethyl-1,3-
cyclohexanedione (dimedone) (1 mmol), and the as-prepared
Fe3O4/f-MWCNT-CS-Glu/NiII (10 mg) was prepared and heated
at 110 �C under solvent-free conditions for ten minutes. Aer
completion of the mentioned one-pot three-component reac-
tion and cooling it to room temperature, ethanol (3 mL) was
added and the reaction mixture was stirred for two minutes.
Then, the Fe3O4/f-MWCNT-CS-Glu/NiII nanocatalyst was
magnetically separated from the reaction environment. Next,
the resulting solution was dried over Na2SO4. The solvent
evaporation under reduced pressure affords the pure 2-amino-4-
phenyl-7,7-dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-
carbonitrile (9a) product.

4. Conclusions

In summary, a novel magnetic nickelII-containing nanocatalyst
denoted as Fe3O4/f-MWCNT-CS-Glu/NiII was successfully fabri-
cated and characterized by various techniques, including FT-IR,
PXRD, SEM, TEM, SEM-based EDX and elemental mapping,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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ICP-OES, TGA/DTA, and VSM. Interestingly, the as-prepared
Fe3O4/f-MWCNT-CS-Glu/NiII hybrid nanosystem was an excel-
lent catalyst for the preparation of various type of heterocyclic
compounds, including bis-coumarins (3a–n), 2-aryl(or hetero-
aryl)-2,3-dihydroquinazolin-4(1H)-ones (5a–r), 9-aryl-3,3,6,6-tet-
ramethyl-3,4,5,6,7,9-hexahydro-1H-xanthene-1,8(2H)-diones
(7a–n), and 2-amino-4-aryl-7,7-dimethyl-5-oxo-5,6,7,8-tetrahy-
dro-4H-chromene-3-carbonitriles (9a–n) in good-to-excellent
yields and satisfactory TONs and TOFs through the conve-
nient and green one-pot multi-component synthetic proce-
dures. Notably, other catalytic applications of the mentioned
Fe3O4/f-MWCNT-CS-Glu/NiII magnetic nanocomposite are
currently under investigation in our lab and will be reported in
due course.
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