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Fez04@Sap/Cu(n): an efficient magnetically
recoverable green nanocatalyst for the preparation
of acridine and quinazoline derivatives in aqueous
media at room temperaturefy
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Saponin, as a green and available phytochemical, was immobilized on the surface of magnetite
nanoparticles then doped with Cu ions (FesO4@Sap/Cu(i)) and used as an efficient nanocatalyst for the
synthesis of quinazoline and acridine derivatives, due to their high application and importance in various
fields of science. Different spectroscopic and microscopic techniques were used for the catalyst
characterization such as FT-IR, XRD, FE-SEM, EDX, TEM, TGA, VSM, BET, DLS, CV, and XPS analyses. All
characterization data were correlated with each other so that the structure of the catalyst was accurately
characterized. The reactions were performed in the presence of a low amount of FezO,@Sap/Culi)
(0.42 mol%) as a green catalyst in water over a short period of time. The results show well the effective
role of saponin in solving the problem of mass transfer in agueous medium, which is the challenge of
many organic reactions in aqueous medium and in the presence of heterogeneous medium. High
catalytic activity was found for the catalyst and high to excellent efficiency was obtained for all
quinazoline (68-94% yield) and acridine (66-97% yield) derivatives in short reaction times (less than 1
hour) under mild reaction conditions in the absence of any hazardous or expensive materials. There is

Received 19th February 2021 . . . . - .
Accepted 23rd April 2021 not any noticeable by-product found whether for acridine or quinazoline derivatives, which reflects the

high selectivity. Two reasonable mechanisms were proposed for the reactions based on observations
DOI: 10.1039/d1ra01573d from control experiments as well as literature reports. The catalyst could be easily recovered

rsc.li/rsc-advances magnetically for at least six consecutive runs with insignificant reactivity loss.
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1. Introduction

In the context of sustainable eco-environmental aspects and
saving energy,“* the production cycle of chemical industries is
facing various constraints. Therefore, according to the existing
needs during the past decade, the design and development of
environmentally friendly recyclable organo-catalysts with
desirable structural diversity and high selectivity, has become
a big challenge for researchers and scientists.*® Hitherto,
innovative catalysts have been developed as a fruitful strategy
with the aid of natural organic compounds.*%’

Saponins are a diverse group of plant amphipathic glyco-
sides® consisting of steroid or triterpenoid aglycone attached to
one or more sugar chains.’ The saponins structure can be seen
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in many plants; such as Sapindaceae,' Panax," Gynostemma,"
and Hippocastanaceae®® (Fig. 1). Use of the saponin is a suitable
choice in the catalytic processes as a natural compound with the
advantages of cheapness, availability, and interesting property
arising from water- and fat-soluble parts.™ Also, considering the
unique structure of saponins’ with multiple saccharide chain
structure and hydroxyl groups (as the hydrophilic moieties)*
and because of the wide variety of polycyclic structures (as the
lipophilic moieties),'® they are widely used in phase-transfer
catalytic processes and can be transferred between water and
organic phases, easily."” So, in order to synthesis a recoverable
and efficient catalyst bearing transition metal complex'® using
saponin, the immobilization of saponin as a green shell on
Fe;04 NPs, as a magnetic solid support, seems to be a smart
strategy.

Acridines and quinazolines with a nitrogen-containing six-
membered ring, are common in classes of nature and plant
tissues.>? Acridines and quinazolines have various biological
activities and pharmacophoric useful properties,” such as
antitumor properties,? anti-cancer activity,” anti-malarial
activity,> antiasthmatic,® anti-allergic,” and antiplatelet

RSC Adv, 2021, 11, 15989-16003 | 15989


http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra01373d&domain=pdf&date_stamp=2021-04-29
http://orcid.org/0000-0002-5424-9640
http://orcid.org/0000-0002-2371-6680
http://orcid.org/0000-0003-4540-2639
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01373d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011026

Open Access Article. Published on 29 April 2021. Downloaded on 1/14/2026 8:57:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Carbohydrate chain
Water soluble

o : Aglycone

fat soluble triterpene
Sugar chain

Panax

Sapindaceae

Fig. 1 Several plants containing saponin chemical structure.

activity.”” Also, they play an important role as well in monitoring
polymerization as a fluorescent molecular probe.”** In addi-
tion, their application as the n-type semiconductors in electro-
luminescence devices have been also known.*® Therefore, due
to the broad application of acridine and quinazoline deriva-
tives, their synthesis is very important in synthetic organic
chemistry.*

In the last few decades, a variety of synthetic methodologies
have been expanded for the preparation of acridine and qui-
nazoline derivatives.>” In this regard, it can be a point to the
reactions such as domino synthetic protocols,*® aza-Diels-Alder
reactions,®* oxidative cyclization,* cyclo condensation reac-
tions, and Bernthsen synthesis.*® Nevertheless, for researchers
and manufacturers, from the point of view of material and
energy saving, use of the inexpensive and more available
materials and extending methodologies that rely on a green
protocol, are desirable.?” Since, compared to complex processes,
a one-pot synthesis in chemistry is an important strategy for
advancing chemical reactions.*® Due to the above-mentioned
advantages, the one-pot three-component condensation reac-
tion between aromatic aldehyde, aniline, and dimedone for the
synthesis of acridine is very common and noteworthy by
chemists.* In addition, one-pot three-component condensation
reaction of (a) aromatic aldehydes, phenylhydrazine, and isatoic
anhydride or (b) aromatic aldehydes, 2-aminobenzophenone,
and ammonium acetate, for the synthesis of quinazolines are
the common and key reactions in the synthesis of these
compounds.*®

To now, several methods have been reported for the one-pot
multi-component condensation synthesis of acridine and qui-
nazoline derivatives,* employing a wide variety of catalysts such
as Fe;0,/HT-SMTU-Zn",*> SBA/AUNP,* [Nbdm][OH],** Co-ami-
nobenzamid@AI-SBA-15,* a-chymotrypsin,*® Pd(OAc),,*” KCC-
1/Pr-SO;H,"”® and CuCl,,*” Co-alanine complex,*® magnetic
praseodymium  nanocatalyst,”>  nano-Fe;O0,-DOPA-SnO,,*
MNPs-NPB-SO;H,* SDS** and bentonite.>® Despite the useful-
ness of these catalysts, they also have some limitations
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including high toxicity, use of expensive materials, complex
synthetic processes, long reaction times, and sometimes low
yields.

Conventional catalytic processes using homogeneous cata-
lysts are highly efficient. However, they show different impedi-
ments including the use of expensive or toxic catalytic systems,
difficulty in separation, tedious work-up and waste discarding.?
In this point of view, the heterogeneous catalysts have emerged
as a promising alternative, cover the most of defects of homo-
geneous catalysts such as reducing the waste production,
providing a straightforward and simple separation and recovery
of the catalysts. In this research, we have developed a new
methodology for the synthesis of acridine and quinazoline
derivatives, to minimize the above-mentioned limitations/
drawbacks associated with previously reported methods. In
this way, in accordance with green chemistry protocols, sapo-
nins as a cheap and green biomaterial were immobilized on
magnetite NPs, then copper ions were coordinated to saponins
(Fe;0,@Sap/Cu(u)) as a phase-transfer, recoverable and reus-
able magnetic catalyst in organic synthesis. The ability to react
in aqueous medium, due to the presence of saponin in the
structure of the catalyst, not only solves the problem of mass
transfer, but also facilitates the purification of products. This
advantage is due to the presence of two hydrophilic and
hydrophobic components in the saponin structure, which is
a useful strategy for designing catalysts used in the aqueous
phase to prepare organic compounds. Also, synergistic effect of
Fe;0, nanoparticles and saponin cause the increase the active
surface of the catalyst, solid-phase stability and reduces
agglomeration of magnetic nanoparticles, increase active sites
for Cu retention capacity and so high activity of Fe;O,@Sap/
Cu(u) was expected to be desirable. In addition, the catalyst uses
very cheap and available raw materials such as saponin, which
along with water as a cheap and safe solvent, make the proposed
method a cost-effective alternative to the previously proposed
heterogeneous methods. The high stability of the catalyst along
with compatibility with different types of organic substrates and
the use of cheap, safe and available raw materials are among the
other advantages of the methodology presented in this work.

The synthesis of acridine and quinazoline derivatives in the
presence of Fe;O,@Sap/Cu(u) was performed via a one-pot
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Fig. 2 FT-IR spectra of (a) FezO4, (b) saponin, (c) FesO4@Sap, and (d)
Fez04@Sap/Culi).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 TGA curve of FezO4@Sap/Culi) catalyst.

multicomponent cyclocondensation of aromatic aldehydes with
(i) aromatic amine and dimedone, (ii) aromatic amine and
isatoic anhydride, (iii) phenyl hydrazine and isatoic anhydride,
and (iv) 2-aminobenzophenone and ammonium acetate
(Scheme 5). All reactions were performed under mild condi-
tions, i.e. water as a solvent at room temperature, with high to
excellent yield. In addition, the catalyst was readily recycled for
the six consecutive cycles for cyclocondensation reactions of the
acridine and quinazoline, with no significant decrease in its
activity.

2. Results and discussion
2.1. Catalyst characterization

FT-IR spectra of Fe;0,4, saponin, Fe;0,@Sap, and Fe;0,@Sap/
Cu(u) compounds were shown in Fig. 2. The spectrum of Fe;0,

Table 1 Surface characteristic of FesO,4 and FezO4@Sap/Cul(i)

Entry Sample Sper® (M2 g™ Vgpr’ (cm® g7Y)  Dp° (nm)

1 Fe;0, 485
2 Fe;0,@Sap/Cu(u) 459

0.806
0.775

1.251
1.742

“ BET specific surface area. ” Specific surface area. ¢ Pore volume.
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Fig. 4 Magnetic behaviour of (a) FezO4, (b) Fez0,@Sap, and (c) Fes-
O4@Sap/Cufn).
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Fig. 5 EDX analysis of FesO4@Sap/Cuf(i).

nanoparticles exhibited a strong absorption band at 559 cm ™"

related to stretching Fe-O bond in Fe;0, (Fig. 2a).>® The tri-
terpenoid and glycoside sections of saponin demonstrated the
absorptions of O-H, CH, C=0, C-0O, and C=C bands at 3313,
2882, 890, and 1395 cm ' in the saponin FT-IR spectrum
(Fig. 2b).”” The spectrum of the immobilized saponin on iron
oxide nanoparticles are shown with the eight characteristic
peaks including Fe-O bond, =C-H vibrating o.0.p., C=C
stretching of isomer E, C-O stretching, C=C stretching, C-H
aliphatic, C-H aromatic, and OH stretching vibrations, that
assigned respectively to 574, 713, 874, 1415, 1795, 2875, 2922,
and 3427 cm ' peaks (Fig. 2¢).”*® The absorption bands of
Fe;0,@Sap/Cu(n) were illustrated at 562 cm ™' (Fe-O bond),
635 cm™ ' (=C-H vibrating 0.0.p.), 874 cm ™' (C=C stretching of
isomer E), 1427 em ' (C-O stretching), 1795 cm ' (C=C
stretching), 2857 cm™ ' (C-H aliphatic), 2923 ecm ' (C-H
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Fig. 6 FE-SEM image of FesO4@Sap/Cul(n) catalyst.
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Fig. 7 TEM image of (a) Fe3O4, (b) FesO04@Sap/Cul(n) catalyst, and (c) size histogram of FezO,@Sap/Cul(i) catalyst.

aromatic), and 3342 cm ™" (OH stretching band), respectively
(Fig. 2d).

These results confirm the successful synthesis of the desired
Fe;0,@Sap/Cu(u). In order to better understand the thermal
stability of the catalyst, the thermal behavior of Fe;O,@Sap/
Cu(u) was studied by TGA analysis (Fig. 3). TGA curve of the
catalyst showed four weight loss steps totaling about 45%,
which is consistent with the removal of adsorbed water (~120
°C) on the surface, trapped water in the crystalline structure of
the catalyst (~220 °C), and the decomposition of fat chains of
saponin structure immobilized on Fe;O, NPs (~350 °C).*
Drastically, the weight loss of about 25% was assigned to the
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Fig. 8 XRD patterns of (a) FezO4 and (b) FesO4@Sap/Cu(i) catalyst.
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decomposition of sugar chains of saponin. Oxidation of copper
to Cu-O was responsible for the next weight loss (~550 °C).*

Surface area and pore volume data of Fe;0, and Fe;O,@Sap/
Cu(u) were studied by nitrogen adsorption/desorption isotherm
analysis and the corresponding results were summarized in
Table 1. The BET surface area of Fe;O, was gradually decreased
from 485 m* g~ ' to 459 m” g~ !, which is related to the loading of
saponin/Cu on the magnetic surface. Therefore, following the
obtained results from the BET analysis, the functionalization of
Fe;0, by saponin/Cu led to the raise of Fe;O, nanoparticles pore
size from 1.251 to 1.742 nm.

The magnetic property of Fe;0,, Fe;0,@Sap, and Fe;0,@-
Sap/Cu(u) was measured by VSM analysis at room temperature
(Fig. 4). The VSM curves confirmed the superparamagnetic

-2.0 4

-3.0 -

-3.0 -2.0 -1.0 0.0 1.0 2.0
E (V) vs. Ag/AgCl

Fig. 9 Cyclic voltammogram of FesO4@Sap/Cu(i) in 0.1 M Britton—
Robinson (BR) solution (pH = 7.0) with a scan rate of 100 mV st at
ambient temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (a) Overall survey and (b) high resolution (normalized-energy
corrected) Cu 2p XPS analysis of FesO4@Sap/Cul(i) catalyst.

property for the all NPs.** The magnetization values for Fe;0,,
Fe;0,@8Sap, and Fe;0,@Sap/Cu(u) were 70, 40, and 35 emu g™,
respectively. Decrease of magnetization values of Fe;O,@Sap
and Fe;0,@Sap/Cu(u) exhibited the successful immobilization
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of saponin/Cu complex on the surface of Fe;O, nanoparticles
and acts as a diamagnetic barrier to the external magnetic field
reaching the magnetic core. Despite this decrease, the catalyst
was easily separated from the reaction medium by a simple
external magnet in less than a minute. The amount of Fe, O, C,
Cu, and N in the prepared Fe;0,@Sap/Cu(u) were found to be
36.2, 33.0, 26.3, 3.0, and 1.5 wt%, respectively.

It worth noted that the amount of copper per gram of Fe;-
O,@Sap/Cu(u) was 0.46 mmol, which was determined by the
ICP analysis. The presence of Fe, O, C, Cu, and N elements were
confirmed by EDX analysis, and there are no other elements,
showing the purity of the sample (Fig. 5). In addition, EDX
mapping analysis was also added to the ESI, T which shows the
homogenous distribution of Fe, N, Cu, C and O (Fig. S17).

FE-SEM analysis shows the homogeneous spherical
morphology and uniformity size for Fe;O,@Sap/Cu(u) NPs
(Fig. 6). Also, the FE-SEM image demonstrated the nano size of
Fe;0,@Sap/Cu(u).

Fig. 7 shows the TEM images of Fe;0, and Fe;0,@Sap/Cu(1)
catalyst. Spherical morphology with an identical size of particles
of 20 nm was deduced from the images. Another interesting
aspect related to TEM images was the complete dispersion of
the catalyst in an ethanol medium, because of its hydrophilic
section® without any agglomeration (Fig. 7b). The size distri-
bution histogram was estimated with a mean diameter of 20-
22 nm for Fe;0,@Sap/Cu(u) (Fig. 7c) in agreement with the TEM
image.

XRD patterns of Fe;O,, Fe;0,@Sap/Cu(u) nanostructures
revealed six characteristic diffraction peaks at 26 = 30.2°, 35.3°,
43.2°,53.4°,57.1° and 62.5° corresponding to (220), (311), (400),
(422), (511), and (440) planes, which were completely in agree-
ment with JCPDS card no. 19-629 for standard Fe;O, (Fig. 8a).
The diffraction patterns indicated obvious reduction peaks
intensity after loading of saponin/Cu (1, 2) on the surface of
Fe;0, nanoparticles (Fig. 8b).

This decrease in intensity can also be directly attributed to
the coating of nanoparticles by saponin/Cu having an
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Fig. 11 The screening of the (a) catalyst amount, and (b) solvent for the model reaction of benzaldehyde with dimedone and aniline. All the

reactions were performed at room temperature.
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Table 2 One-pot synthesis of acridine derivatives in the presence of FesO4@Sap/Culi) as a catalyst”

HO o __o |
N 1 <N Fe;04@Sap/Cu(11)(0.42 mol%)
I// * * &
R R! H,0, RT

11b, 94%, 10 min

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

11k, 73%, 45 min 111, 70%, 45 min 11n, 91%, 20 min 110, 88%, 20 min

OMe

(cc)

11q, 76%, 40 min 11r, 91%, 30 min 11t, 97%, 5 min

Br
11u, 93%, 7 min 11v, 90%, 10 min 11w, 89%, 25 min 11x, 93%, 10 min

“ Reaction conditions: aromatic aldehydes (1.0 mmol), aromatic amine (1.2 mmol), dimedone (2.0 mmol), Fe;0,@Sap/Cu(u) (0.42 mol%), water (2.0
mL), room temperature; isolated yields%.
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amorphous structure, which is also a confirmation for the
functionality of the Fe;O, nanoparticles. Moreover, an amor-
phous peak at 26 = 12° represents the amorphous structures
immobilized on magnetite NPs and accordingly confirmed the
successful functionalization of Fe;O, NPs.

The electrochemical behavior of Fe;O,@Sap/Cu(un) was
investigated in the range of —3.0 to +2.0 V (Fig. 9). The resulting
voltammogram shows the oxidation and reduction of copper
sites with quasi-reversible behavior. A redox peak pair appear-
ing at E,. = +4.53 V and Ep,, = —0.42 were assigned to the Cu(u)
— Cu(r) reduction and the Cu(1) — Cu(u) oxidation respectively,
confirming the certain redox-processes for the copper.**

High resolution Cu 2p XPS analysis of Fe;O,@Sap/Cu(u)
catalyst in shown in Fig. 10. Two peaks at 934.0 eV (Cu 2ps/,)
and 954 eV (Cu 2p,),) represent the presence of Cu®" (peak
splitting = 20.0 eV) in the catalyst in agreement with the

View Article Online
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literature.®* Also, the spectrum shows a satellite at 943 eV, which
is a characteristic for the Cu ions with the oxidation state of +2.%°

2.2. Optimization of reaction parameters

The reaction parameters for the preparation of 1,8-dioxodeca-
hydroacridines derivatives were investigated using Fe;O0,@Sap/
Cu(n) nanoparticles as a catalyst. The reaction between benz-
aldehyde with dimedone and aniline was selected as a model
reaction. For this goal, temperature, various solvents, and
amount of catalyst parameters were investigated to determine
the optimum conditions in the model reaction (Fig. 11).

As can be clearly seen in Fig. 11a the alteration of catalyst
amount affecting the yield of product. The highest yield of
product in the model reaction was obtained when 0.009 g
(0.42 mol%) of the catalyst was used (96%). Also, without

Table 3 One-pot synthesis of quinazoline derivatives in the presence of FezO4@Sap/Cu(i) as a catalyst®

CHO

Fe30,@Sap/Cu™(0.42 mol%)

o

|
C(Lw
w, F NHOAC

H,0, RT 3
12a-12d
o
A o NH
O @
H,0, RT b
13a-13d0 ®

(
Fe30,@Sap/Cu™(0.42 mol%) C N

9 10

H,0, RT O

14a-14d

12a, 91%, 30 min 12b, 89%, 22 min

O
L
N
H
Br
13a, 89%, 10 min 13b, 90%, 10 min

a

2 Ph

NauN /‘P"
NoUN

Cl

14a, 94%, 10 min 14b, 93%, 10 min

H
MeO

12, 78%,45 min

Cl
e O
)U()Mc
N N
12d, 71%, 60 min

0 (0)

|
CKLN,NH ©\)\N,NH
N T
HJ\@* h)\©\
OH

13c, 68%, 25 min 13d, 78%, 20 min

Cl
/| Ph
Pl
NN /‘ !
NN
OMe
CH;

14c, 65%, 25 min 14d, 77%, 20 min

“ Reaction conditions: aromatic aldehydes (1.0 mmol), aromatic amine (1.2 mmol) (or phenyl hydrazine (1 mmol) or ammonium acetate (1.5
mmol)), isatoic anhydride (1 mmol) or 2-aminobenzophenone (1 mmol), Fe;0,@Sap/Cu(u) (0.42 mol%), water (2.0 mL), room temperature;

isolated yields%.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a catalyst, the reaction yield was trace; on the other hand,
increment in the catalyst amount from 1 to 9 mg increases the
yield from 44% to 96%, and also decreased the reaction time.
The more increase in the amount of catalyst had no positive
effect on the product yield, so that a further reduction in effi-
ciency was also seen.*®

Then, the effect of various solvents was investigated over the
model reaction in the presence of the 0.42 mol% of Fe;0,@Sap/
Cu(u) at room temperature. The results in the presence of polar
protic, polar aprotic, and non-polar solvents showed that in the
aqueous medium in comparison with the other organic
solvents, the reaction was more effective. These results were in
agreement with the suggested catalyst structure bearing
hydroxyl groups with the ability of phase transfer catalytic
processes and transition between aqueous and organic phases.
In Fig. 11b, it can be seen that the yield was greater in the
presence of polar and protic solvents.®” The results showed that,
in the water solvent, the reaction was more effective than other
organic solvents (Fig. 11b).

2.3. Catalytic activity

The catalytic activity of Fe;O,@Sap/Cu(u) was evaluated for the
synthesis of quinazoline as well as acridine derivatives under
optimal conditions (Tables 2 and 3). A variety of aldehydes
bearing electron-withdrawing and electron-donating groups
with several aniline derivatives were studied for the preparation
of acridine and quinazoline derivatives. The results are
summarized in Tables 2 and 3.
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It was notable that the both electron-releasing and electron-
withdrawing groups, such as NO,, COOH, OCHj3;, and CHj3, and
halogens like Cl and Br properly react and produce high-
efficiency products in a short reaction time. The aldehyde
derivatives bearing electron-acceptor groups have greater effi-
ciency in the reaction for the synthesis of acridines and qui-
nazolines. The existence of stronger electron-donor groups on
benzaldehyde delayed the reaction. For aldehydes bearing
electron-acceptor groups, the positive center of the carbonyl
group was more active and proceeds more easily nucleophilic
attack and the time of reaction becoming shorter. Besides,
heterocyclic aldehydes were also studied for the synthesis of
acridine (Table 2). As is evident, products were obtained with
good to excellent yields for both quinazoline and acridine
derivatives in the presence of Fe;O,@Sap/Cu(m) as a green
catalyst in a short reaction time (Tables 2 and 3).

2.4. Mechanism study

2.4.1. 1,8-Dioxo-decahydroacridine derivatives (11a-11x).
According to the mechanisms reported in the literature,*
a plausible reaction mechanism for the synthesis of 1,8-dioxo-
dioxo-decahydroacridine derivatives in the presence of Fe;-
O,@Sap/Cu(u) (3) has been suggested and shown in Scheme 1.
The results showed that the presence of saponin on the catalyst
surface causes the hydrophilic/hydrophobic feature and
subsequently provides a suitable medium for the organic reac-
tions in the aqueous medium. First, the forming hydrogen
bonding between the acidic active sites in the presence of

Scheme 1 A plausible catalytic cycle for the preparation of 1,8-dioxo-decahydroacridine and 2,4-diphenylquinazoline derivatives catalyzed by

FezO4@Sap/Cun).
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Fe;0,@Sap/Cu(u) (3) and carbonyl groups in aromatic aldehyde
(4) and dimedone (5), increases the electrophilic properties of
carbonyl groups. Then, a condensation reaction of aromatic
aldehyde (4) with dimedone (5) was formed and provide inter-
mediate (A) (arylidene dimedone). By removal of a water mole-
cule, intermediate (A) is converted to intermediate (B). Then,
with a Michael addition of enolizable dimedone to intermediate
(B), gives intermediate (C) in the presence of Fe;0,@Sap/Cu(u)
(3). In following, by a nucleophilic attack via the N-aniline (6) to
the activated carbonyl group in intermediate C, intermediate
(D) is produced. Subsequently, compound (D) with the removal
of a water molecule is converted to the desired product (11a)
(Scheme 1).

2.4.2. 2,4-Diphenylquinazoline derivatives (14a-14d). In
Scheme 1, a plausible mechanism for the conversion of the
aromatic aldehyde (4), 2-aminobenzophenone (9) and ammo-
nium acetate (10) to 2,4-diphenylquinazoline (14a), in the
presence of Fe;0,@Sap/Cu(u) (3) as a green heterogeneous
nanocatalyst was also proposed.* In first, the reaction begins
with the formation of a hydrogen bond between Fe;O,@Sap/
Cu(u) (3) and the carbonyl group of benzaldehyde (4). In the next
step, a condensation reaction occurs between the activated
benzaldehyde and 2-aminobenzophenone (9). Subsequently,
the removal of a water molecule, aldimine intermediate (E) is
formed. Then, the keto group of intermediate (E) reacts with the
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ammonium acetate, and forms the intermediate (F). In the next
step, by forming a Cu-N bond, the imine group in intermediate
(F) is activated by Fe;0,@Sap/Cu(u) (14), and intermediate (G) is
formed via a cyclization reaction. Then, with the transformation
of the hydrogen in intermediate (G), compound (H) is produced.
Finally, by aromatization of compound (H), the desired product
(14a) is formed (Scheme 1).

2.4.3. 2,3-Dihydroquinazolin-4(1H)-ones (12a-12d) and 2-
phenyl-3-(phenylamino)-dihydroquinazoli-4(1H)-onesin (13a-
13d). According to the obtained results in the literature,*
a plausible catalytic cycle for the preparation of 2,3-dihy-
droquinazolin-4(1H)-ones and 2-phenyl-3-(phenylamino)-dihy-
droquinazoli-4(1H)-onesin derivatives catalyzed by Fe;0,@Sap/
Cu(u) was proposed and shown in Scheme 2. At the first, the Cu
centers as Lewis acidic sites in the Fe;0,@Sap/Cu(u) (3), acti-
vates the carbonyl group of isatoic anhydride (7). In the next
step, an N-nucleophilic attack takes place from the primary
amine 6 (or 8) to the activated carbonyl, followed by the
decarboxylation reaction, which was produced intermediate A
(or D). Then, the amino group of intermediate A (or D) attacks to
the activated benzaldehyde (4), and subsequently by removal of
a water molecule, produces an imine intermediate B (or E).
Then, the amide via an intermolecular nucleophilic attack on
activated imine carbon in intermediate B (or E) led to the
formation of intermediate C (or F). Finally, product 12a (13a)

9
N
H
C

T \“2"
. \\\l
‘;q

(u

(F)

Scheme 2 A plausible catalytic cycle for the preparation of 1,8-dioxo-decahydroacridine and 2,4-diphenylquinazoline derivatives catalyzed by

FezO4@Sap/Cun).
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Table 4 Control experiments for the synthesis of 11aand 14a in water
at room temperature

Yield (%)

Entry Cat. (0.009 g) Time (min) 11a° 14a’
1 Cu(OAc), 60 10 10
2 Saponin 60 20 20
3 Fe;0, 60 35 35
4 Fe;0,@Sap/Cu(i) 5 96 94
5 Sap/Cu(i) 5 80 77
6 Fe;0,@Sap 5 69 66

“ Reaction conditions: benzaldehyde (1 mmol), aniline (1.2 mmol),
dimedone (2 mmol), Fe;0,@Sap/Cu(u) (0.42 mol%) water (2.0 mL),
room temperature; isolated yields%. ” Reaction conditions:
benzaldehyde (1 mmol), 2-aminobenzophenone (1 mmol), ammonium
acetate (1.5 mmol), Fe;0,@Sap/Cu(u) (0.42 mol%), water (2.0 mL),
room temperature; isolated yields%.

could be formed by a 1,5-proton shift of intermediate C (or F)
(Scheme 2).

2.5. Control experiments

In order to prove the uniqueness of the catalytic activity of
Fe;0,@Sap/Cu(u), the model reaction was performed in the
absence of catalyst, Cu(OAc),, saponin, Fe;0,4, Sap/Cu(u), Fes-
O,@Sap as a catalyst for the synthesis of 3,3,6,6-tetramethyl-
9,10-diphenyl-3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione
(11a) (Table 4).

According to the results from Table 4, the reaction in the
presence of Cu(OAc), and saponin gives only 10% and 20% in
an hour, respectively. By coordinating copper (as a Lewis acid)
on saponin, a significant improvement was observed in the
reaction efficiency (Table 4, entry 5). This demonstrates that all
parts of the catalyst participate in the transformation. Also,
controlling tests were done for 14a and the results were reported
in Table 4.

The significant performance of the catalyst in the aqueous
medium as well as addressing concerns such as the mass
transfer of organic molecules in the aqueous medium can be
explained by the saponin structure immobilized on the nano-
particles. According to the results of control experiments, the
results of acridine and quinazoline derivatives preparation are
completely consistent with the theoretical approaches that the
presence of catalytically active sites on nanoparticles signifi-
cantly increases the efficiency, which can be seen in practice in
the results obtained in Tables 2 and 3.

Scheme 3 shows the possible interaction of the catalyst and
the reactants for the condensation reaction of benzaldehyde,
aniline and dimedone (preparation of 11a) perfectly in accor-
dance with the literature.®'**®

The results were completely consistent with theoretical
expectations, wherein the presence of lipophilic aglycone
groups in the saponin structure causes the hydrophobic reac-
tants to be directed (diffused) into the catalyst framework and
(theoretically), consequently, the active catalytic centers (pres-
ence of copper groups) provides proper interaction between the

15998 | RSC Adv, 2021, 1, 15989-16003
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surface of the catalyst and the raw materials causes them to
condense and give the desired product (Scheme 3). Due to the
insolubility of the product in the aqueous medium, the product
is given out from the catalyst medium and acts as a driving force
(as seen in Le Chatelier's principle). In agreement with the
results of the control experiments, the reaction is often carried
out by activated coordinated copper centers on the surface of
the nanoparticles and saponins alone have very little catalytic
activity to produce acridine and quinazoline compounds.

2.6. Recyclability

In the heterogeneous catalysts field, catalyst recovering and
recusing are important matters for environmental and practical
considerations. In this way, the recyclability of the catalyst was
studied over the model acridine reaction (between benzalde-
hyde, 5,5-dimethyl-1,3-cyclohexanedione, and aniline) at room
temperature in water. As shown in Fig. 9a, the catalyst could be
recovered and reused for at least six consecutive times without
any notable reduction in catalytic activity (Fig. 9a). Fig. 12 shows
that every recovery yields a very low-efficiency drop so that after
the sixth cycles, the efficiency reached to 92% which is insig-
nificant. In addition, the residual solution after each cycle was
studied by ICP analysis to measure copper metal leaching. The
presence of carbohydrate chains in the catalyst prevented metal
leaching in aqueous media which remains catalytic activity for
practical destinations due to its water stability. To investigate
the stability and structure of the recovered catalyst (after 6th
run), it was characterized by TGA, FE-SEM, and TEM analyses.
The TGA curve of the recovered catalyst was quite similar to that
of the fresh one (Fig. 12b), indicating that the catalyst retained
its structure after repeated recovery and reuse, thus demon-
strating its stability. In addition, the FE-SEM and TEM images
of the recovered catalyst also showed the homogeneous and
spherical morphology of the nanoparticles as same as the fresh
one. More importantly, no significant agglomeration was seen
in the images, reflecting the high dispensability of the nano-
particles (Fig. 12c and d). Therefore, the presence of hydrophilic

CHO
Q
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e\
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Scheme 3 A simple and brief schematic view for the possible
performance of FezO4@Sap/Cu(i) in aqueous medium.
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recovered FezO4@Sap/Cu(i) catalyst.

section in the catalyst with higher ability to water absorption,
causes to the better dispersion of the catalyst in the water
solvent and subsequently provides a suitable FE-SEM and TEM
images from the recovered catalyst.

2.7. Comparison with previously reported data

Finally, the characteristic of Fe;0,@Sap/Cu(u) in the synthesis
of acridine and quinazoline derivatives was compared to the

recent reports. As shown in Table 5, the catalyst was showed
various advantages in comparison with all the mentioned
catalysts including highly efficient, robust, green, facile, and
inexpensive catalyst, which in the presence of Fe;O0,@Sap/
Cu(n), the synthesis of the compound 11a was accomplished at
5 minutes. Also, the synthesis of compounds 12a, 13a, and 14a
was performed less than an hour. Another advantage of this
catalyst is no use of toxic solvent and mild conditions.

Table 5 Comparison of the present methodologies with other reported catalysts for the synthesis of 11a, 12a, 13a, and 14a

Number of

Entry  Product  Catalyst T (°C) Solvent Time (min)  Yield (%)  recycles Ref.
1 11a Fe;0,@Sap/Cu(m) (0.42 mol%) RT H,0 5 96 6 This work
2 Fe;0,/HT-SMTU-Zn" (4 mol%)* 70 — 20 95 6 42
3 Co-alanine complex (5 mol%) Reflux ~ EtOH 60 96 — 50
4 MNPs-NPB-SO;H (0.006 g)’b Reflux ~ EtOH/H,0 20 94 5 53
5 SDS (0.2 g)° 90 H,0 9h 70 — 54
6 NiFe,0,@8Si0,@H;4[NaPsW3,0;10] (0.02 120 — 20 92 4 69

g)

Pt NPs@GO (8 mg) 75 DMF 50 94 5 70
8 Vitamin B; (10% mmol) 100 H,O 25 79 — 71
9 Nano-TiO, (10% mmol) 75 — 30 80 8 72
10 12a Fe;0,@Sap/Cu(u) (0.42 mol%) RT H,O0 30 91 6 This work
11 Fe;0,/SBA-15 (40 mg)? Reflux ~ EtOH 210 75 5 73
12 13a Fe;0,@Sap/Cu(m) (0.42 mol%) RT H,0 10 89 6 This work
13 SrFe;,0,9 MNPs (20 mg) 120 — 15 87 4 74
14 14a Fe;0,@Sap/Cu(u) (0.42 mol%) RT H,0 10 94 6 This work
15 TEATCA (5 mol%)‘e Reflux  EtOH/H,0 10 85 4 75

¢ HT-SMTU = S-methylisothiourea. > NPB = N-propyl-benzoguanamine. ¢ SDS = sodium 1 dodecanesulfonic. ¢ SBA = silica mesoporous. ° TEATCA

= triethanolammonium-2,2,2-trichloroacetate.
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Scheme 5 Synthesis of acridine and quinazoline derivatives in the
presence of FezO4@Sap/Cu(i) as a catalyst.

3. Conclusion

Briefly, a highly efficient, powerful, and green protocol was
developed to synthesize acridine and quinazoline derivatives in
water under mild reaction conditions using a copper-saponin
complex that was immobilized on Fe;O, nanoparticles (Fe;-
0,@Sap/Cu(u)). The magnetically recoverable nanocatalyst was
characterized by FT-IR, FE-SEM, XRD, EDX, TEM, CV, DLS, XPS,
and TGA analyses. This catalyst/methodology has several
advantages, such as eco-friendly, mild reaction condition, low
cost, low metal leaching, and compatibility with a wide variety
of substrates, high efficiency, and recyclability. The reactions
were carried out by a green solvent and diverse precursors, low
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reaction times, and high efficiency (65-96%), and there were no
by-products. The results have occurred in the evaluated struc-
tures regardless of the presence of electron-donating and
electron-withdrawing groups. The effectiveness was caused by
water-soluble carbohydrate chain and aglycone fat-soluble tri-
terpene in saponin. The saponin presence provides a proper
medium, which is long aglycone chains was addressed mass
transfer associated with organic compounds. On the other
hand, the carbohydrate section with oxygen-containing hetero-
cycles, facilitates copper coordination. In comparison with the
previously reported methods, these benefits and characteristics
making this catalyst, a reliable alternative methodology for the
efficient preparation of acridine and quinazoline derivatives.
Finally, the catalyst without any remarkable reactivity loss was
recovered from the reaction mixture and reused for at least six
consecutive runs. Given the wide range of properties of the
present catalyst, its catalytic activity in other organic investiga-
tions is being investigated in another research project,
including coupling reactions.

4. Experimental

4.1. Material and instruments

All substances were purchased from Sigma and Fluka suppliers
and used as received without further treatment. Thin layer
chromatography (TLC) was performed for monitoring reaction
progress. FT-IR spectra were obtained using a JASCO FT/IR 4600
spectrophotometer using KBr pellet. The "H-NMR (300 MHz)
and C-NMR (75 MHz) spectra were recorded on a Bruker
Avance DPX-300 spectrometer in deuterated solvents (CDCl
and DMSO-dg) and TMS as an internal standard. Field emission
scanning electron microscopy images were achieved on an SEM
FEI Quanta 200. Gas chromatography (GC) using a Shimadzu-
14B gas chromatograph equipped with an HP-1 capillary
column and N, as a carrier gas. EDX analyses were performed
using a FESEM, JEOL 7600F apparatus equipped with a spec-
trometer of energy dispersion of X-ray from Oxford instruments.
TEM microscopic images were performed on a Philips EM208S
microscope operated at 100 kV. TGA analysis of the samples
were performed on a Q600 model from TA company made in
USA under nitrogen atmosphere with a heating rate of
10 °C min~ ", and in the temperature range of 25-1000 °C. VSM
curve of the samples was analyzed on a Lake Shore Cryotronics
7407 at room temperature. ICP experiments were conducted
using a VARIAN VISTA-PRO CCD simultaneous ICP-OES
instrument. XRD patterns were obtained on a Rigaku Smar-
tLab. Cyclic voltammetry (CV) behavior (Electrochemical
measurements) of the samples were performed on a CHI 1210A
electrochemical workstation (CH Instrument, China) with
a three-electrode system consisting of a standard Ag/AgCl as
a reference electrode, a platinum wire electrode and a modified
glassy carbon with the catalyst’® as an auxiliary and working
electrode, respectively. The experiments were performed under
a neutral atmosphere in the potential range from —2.0 to 2.0 V
after 300 s accumulation under stirring with a scan rate of
100 mV s~ *. The cell temperature was prepared at 25.0 + 0.1 °C

© 2021 The Author(s). Published by the Royal Society of Chemistry
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by means of a HAAKE D8 recirculating bath. Elemental analyses
were accomplished on a PerkinElmer-2004 instrument.

4.2. Synthesis of Fe;0,@Sap/Cu(n)

Fe;0, NPs were prepared according to a previously described co-
precipitation method.® A mixture of Fe;0, (1) nanoparticles (0.1
g) in H,O:EtOH (15 mL, 1:3 v/v) was sonicated at room
temperature for 10 min. After that, saponin (0.2 g) was added to
the above mixture and the reaction mixture was sonicated for
60 min. In the next step, NaOH 10% w/w (10 mL) was added
dropwise to the solution underwent ultra-sonication for 30 min.
The solution was stirred for 24 h. In the following, the obtained
Fe;0,@Sap (2) nanoparticles were separated by an external
magnet, washed with deionized water and dried under a vac-
uumed oven for 12 h. The coordination of copper ions to the
Fe;0,@Sap (2) was performed with the addition of Fe;0,@Sap
(1.0 g) to 50 mL of distilled water followed by the addition of
0.1 g Cu(OAc),-H,0 (0.1 ) to the reaction mixture. The reaction
was refluxed with stirring for 4 h. Then, the product (3) (the
catalyst) was filtered magnetically, washed with deionized water
(3 x 10 mL), and then dried under vacuum (60 °C) for 24 h
(Scheme 4).

4.3. General procedure for the synthesis of 1,8-dioxo-
decahydroacridine catalyzed by Fe;0,@Sap/Cu(u)

A mixture of aromatic aldehyde (1 mmol), 5,5-dimethyl-1,3-
cyclohexanedione (2 mmol), aromatic amine (1.2 mmol) and
Fe;0,@Sap/Cu(u) (0.009 g, 0.42 mol%) in water (2 mL) was
stirred at room temperature for an appropriate time (Scheme 5).
The reaction progress was monitored by TLC continuously.
After the completion of the reaction, ethyl acetate (5.0 mL) was
added to the reaction mixture and the mixture was stirred for
5 min. Afterward, the catalyst was easily separated by applying
an external magnetic field. In the next step, the reaction mixture
was extracted three times with ethyl acetate (3 x 5 mL) and the
combined organic phases were dried over Na,SO,. Ultimately,
the product was obtained by removal of the ethyl acetate solvent
under reduced pressure. The resulting crude product was
purified by flash chromatography using ethyl acetate : n-hexane
(2 : 1). The more results were summarized in Table 2. Yield: 66-
97% (11a-11x).

4.4. General procedure for the synthesis of quinazoline
derivatives catalyzed by Fe;0,@Sap/Cu(u)

4.4.1. General synthesis of 2,3-dihydroquinazolin-4(1H)-
ones (12a-12d). A mixture of aromatic aldehydes (1.0 mmol)
with aromatic amine (1.2 mmol) and isatoic anhydride (1 mmol)
and Fe;0,@Sap/Cu(u) (0.42 mol%) in water (2.0 mL) was stirred
at room temperature (Scheme 5). The progress of the reaction
was monitored by TLC. The workup of this reaction was fol-
lowed as the same as in Section 4.3. The more results were
summarized in Table 3. Yield: 71-91% (12a-12d).

4.4.2. General synthesis of 2-phenyl-3-(phenylamino)-
dihydroquinazoli-4(1H)-onesin (13a-13d). A mixture of
aromatic aldehydes (1.0 mmol) with phenyl hydrazine (1 mmol)
and isatoic anhydride (1 mmol) and Fe;0,@Sap/Cu(u)

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

(0.42 mol%) in water (2.0 mL) was stirred at room temperature
(Scheme 5). The progress of the reaction was monitored by TLC.
The workup of this reaction was followed as the same as in
Section 4.3. The more results were summarized in Table 3.
Yield: 68-90% (13a-13d).

4.4.3. General synthesis of 2,4-diphenylquinazoline deriv-
atives (14a-14d). A mixture of aromatic aldehydes (1.0 mmol)
with ammonium acetate (1.5 mmol), 2-aminobenzophenone (1
mmol) and Fe;0,@Sap/Cu(u) (0.42 mol%) in water (2.0 mL) was
stirred at room temperature (Scheme 5). The progress of the
reaction was monitored by TLC. The workup of this reaction was
followed as the same as in Section 4.3. The more results were
summarized in Table 3.

Conflicts of interest

There are no conflicts to declare.

Data availability statement

The data that supports the findings of this study are available in
the ESIt of this article.

Acknowledgements

The authors are grateful to the Research Council of the
University of Birjand for their unending effort to provide
financial support to undertake this work.

References

1 P. Wu, L. Feng, Y. Liang, X. Zhang, B. Mahmoudi and
M. Kazemnejadi, Appl. Catal., A, 2020, 590, 117301.

2 S. Sheikh, M. A. Nasseri, M. Chahkandi, A. Allahresani and
O. Reiser, J. Hazard. Mater., 2020, 400, 122985.

3 M. Kazemnejadi, S. A. Alavi, Z. Rezazadeh, M. A. Nasseri,
A. Allahresani and M. Esmaeilpour, J. Mol Struct., 2019,
1186, 230-249.

4 M. A. Nasseri, S. Behravesh, A. Allahresani and
M. Kazemnejadi, Bioresour. Bioprocess., 2019, 6, 5.
5 M. Nanaei, M. A. Nasseri, A. Allahresani and

M. Kazemnejadi, SN Appl. Sci., 2019, 1, 853.
6 M. A. Nasseri, S. A. Alavi, M. Kazemnejadi and A. Allahresani,
RSC Adv., 2019, 9, 20749-20759.
7 R. Taheri-Ledari, S. M. Hashemi and A. Maleki, RSC Adv.,
2019, 9, 40348-40356.
8 X.-W. Cao, F.-J. Wang, O.-W. Liew, Y.-Z. Lu and J. Zhao, Mol.
Pharmaceutics, 2020, 17, 683-694.
9 R. Najjar-Tabrizi, A. Javadi, A. Sharifan, K. W. Chew,
C. H. Lay, P. L. Show, H. Jafarizadeh-Malmiri and
A. Berenjian, J. Appl. Biotechnol. Rep., 2020, 27, €00507.
10 A. E. Mostafa, A. Atef, A.-E. 1. Mohammad, S. J. Cutler and
S. A. Ross, Phytochem. Lett., 2016, 17, 213-218.
11 Q.-Y. Wang, X. Dong, J. Yang, Y.-H. Hu, L.-Q. Peng, H. Zheng
and J. Cao, Food Chem., 2020, 303, 125394.
12 W.-Y. Cui, Y. Jin, H. Liu, M.-L. Zu, X.-F. Zhai, C. Yang,
Y.-L. Gu, Y. Cheng and X.-L. Piao, Nat. Prod. Res., 2020, 1-9.

RSC Adv, 2021, 11, 15989-16003 | 16001


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01373d

Open Access Article. Published on 29 April 2021. Downloaded on 1/14/2026 8:57:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

13 Y.-D. Wei, C. Xiong, T.-Y. Zhang, H. Gao, Q.-G. Yin, H. Yao,
W. Sun, Z.-G. Hu and S.-L. Chen, J. Chin. Mater. Med.,
2019, 44, 1135-1144.

14 S. Ganguly, S. Mondal, P. Das, P. Bhawal, T. kanti Das,
M. Bose, S. Choudhary, S. Gangopadhyay, A. K. Das and
N. C. Das, Nano-Struct. Nano-Objects, 2018, 16, 86-95.

15 S. K. Chaudhary, J. J. Rokade, G. N. Aderao, A. Singh,
M. Gopi, A. Mishra and K. Raje, Int. J. Curr. Microbiol. Appl.
Sci., 2018, 7, 3218-3225.

16 K. Golemanov, S. Tcholakova, N. Denkov, E. Pelan and
S. D. Stoyanov, Soft Matter, 2013, 9, 5738-5752.

17 O. Giicli-Ustiindag and G. Mazza, Crit. Rev. Food Sci. Nutr.,
2007, 47, 231-258.

18 M. Kazemnejadi, B. Mahmoudi, Z. Sharafi, M. A. Nasseri,
A. Allahresani and M. Esmaeilpour, Appl Organomet.
Chem., 2020, 34, e5273.

19 G. P. Gunawardana, S. Kohmoto and N. S. Burres,
Tetrahedron Lett., 1989, 30, 4359-4362.

20 S. Pakrashi and J. Bhattacharyya, Tetrahedron, 1968, 24, 1-5.

21 G. Verma, M. F. Khan, W. Akhtar, M. M. Alam, M. Akhter,
O. Alam, S. M. Hasan and M. Shaquiquzzaman, Arabian J.
Chem., 2019, 12, 4815-4839.

22 Y. Zhang, Q. Hou, X. Li, J. Zhu, W. Wang, B. Li, L. Zhao and
H. Xia, Eur. J. Med. Chem., 2019, 178, 417-432.

23 R. Chen, L. Huo, Y. Jaiswal, J. Huang, Z. Zhong, J. Zhong,
L. Williams, X. Xia, Y. Liang and Z. Yan, Molecules, 2019,
24, 2065.

24 L. Guetzoyan, X.-M. Yu, F. Ramiandrasoa, S. Pethe, C. Rogier,
B. Pradines, T. Cresteil, M. Perrée-Fauvet and J.-P. Mahy,
Bioorg. Med. Chem., 2009, 17, 8032-8039.

25 X.F. Shang, S. L. Morris-Natschke, Y. Q. Liu, X. Guo, X. S. Xu,
M. Goto, J. C. Li, G. Z. Yang and K. H. Lee, Med. Res. Rev.,
2018, 38, 775-828.

26 P. M. Chandrika, A. Ram Rao, B. Narsaiah and M. B. Raju,
Int. J. Chem. Sci., 2008, 6, 1119-1146.

27 Z. Eskandariyan, M. E. Zadeh, K. H. M. E. Tehrani,
V. Mashayekhi and F. Kobarfard, Arch. Pharmacal Res.,
2014, 37, 332-339.

28 Y. Suzuki, ]J.-i. Sawada, P. Hibner, H. Ishii, K. Matsuno,
M. Sato, B. Witulski and A. Asai, Dyes Pigm., 2017, 145,
233-238.

29 W. Li, X. Cai, B. Li, L. Gan, Y. He, K. Liu, D. Chen, Y. C. Wu
and S. J. Su, Angew. Chem., 2019, 131, 592-596.

30 ]. C. Deaton and B. B. Lussier, U.S. Pat.,, 9,040,170,
Washington, 2015.

31 G. K. Dhandabani, C.-L. Shih and J.-J. Wang, Org. Lett., 2020,
22, 1955-1960.

32 B.Zhang, Z. Dou, Z. Xiong, N. Wang, S. He, X. Yan and H. Jin,
Bioorg. Med. Chem. Lett., 2019, 29, 126714.

33 R. Adepu, R. Sunke, C. L. Meda, D. Rambabu, G. R. Krishna,
C. M. Reddy, G. S. Deora, K. V. Parsa and M. Pal, Chem.
Commun., 2013, 49, 190-192.

34 X. M. Chen, H. Wei, L. Yin and X. S. Li, Chin. Chem. Lett.,
2010, 21, 782-786.

35 R. Rohini, P. M. Reddy, K. Shanker, A. Hu and V. Ravinder,
Eur. J. Med. Chem., 2010, 45, 1200-1205.

16002 | RSC Adv, 2021, 11, 15989-16003

View Article Online

Paper

36 A. A. Mohammadi, H. Rohi and A. A. Soorki, J. Heterocycl.
Chem., 2013, 50, 1129-1133.

37 J. Zhang, X. Wang, D. Chen, Y. Kang, Y. Ma and M. Szostak, J.
Org. Chem., 2020, 85, 3192-3201.

38 B. Maleki, M. Baghayeri, S. Sheikh, S. Babaee and S. Farhadi,
Russ. J. Gen. Chem., 2017, 87, 1064-1072.

39 M. A. Ghasemzadeh, ]J. Safaei-Ghomi and H. Molaei, C. R.
Chim., 2012, 15, 969-974.

40 E. Eidi, M. Z. Kassaee, Z. Nasresfahani and P. T. Cummings,
Appl. Organomet. Chem., 2018, 32, e4573.

41 S. Y. Abbas, K. A. El-Bayouki and W. M. Basyouni, Synth.
Commun., 2016, 46, 993-1035.

42 7. Zarei and B. Akhlaghinia, New J. Chem., 2017, 41, 15485-
15500.

43 C. A. Did6, E. B. Mass, M. B. Pereira, R. Hinrichs,
M. G. DOca, T. M. Costa, D. Russowsky and
E. V. Benvenutti, Colloids Surf., A, 2020, 589, 124455.

44 A. Dutta, K. Damarla, A. Kumar, P. J. Saikia and D. Sarma,
Tetrahedron Lett., 2020, 61, 151587.

45 J. Safaei-Ghomi, R. Teymuri and A. Bakhtiari, BMC Chem.,
2019, 13, 26.

46 S.-G. Zhang, Z.-B. Xie, L.-S. Liu, M. Liang and Z.-G. Le, Chin.
Chem. Lett., 2017, 28, 101-104.

47 X. Zhang, Z. Li, Q. Ding, X. Li, X. Fan and G. Zhang, Adv.
Synth. Catal., 2019, 361, 976-982.

48 S. Azizi, J. Soleymani and M. Hasanzadeh, Nanocomposites,
2020, 6, 31-40.

49 J. Sun, G. Wang, L. Hao, J. Han, H. Li, G. Duan, G. You, F. Li
and C. Xia, ChemCatChem, 2019, 11, 2799-2802.

50 M. M. Alam, A. T. Mubarak, M. A. Assiri, S. M. Ahmed and
A. M. Fouda, BMC Chem., 2019, 13, 1-10.

51 T. Tamoradi, S. M. Mousavi and M. Mohammadi, New J.
Chem., 2020, 44, 3012-3020.

52 B. Dam, R. A. Patil, Y.-R. Ma and A. K. Pal, New J. Chem.,
2017, 41, 6553-6563.

53 M. G. Dehbalaei, N. Foroughifar, H. Pasdar and A. Khajeh-
Amiri, New J. Chem., 2018, 42, 327-335.

54 D. Q. Shi, J. W. Shi and H. Yao, Synth. Commun., 2009, 39,
664-675.

55 Y.Ma, D. Ren, J. Zhang, J. Liu, J. Zhao, L. Wang and F. Zhang,
Tetrahedron Lett., 2015, 56, 4076-4079.

56 M. Kazemnejadi, S. A. Alavi G, Z. Rezazadeh, M. A. Nasseri,
A. Allahresani and M. Esmaeilpour, Green Chem., 2019, 21,
1718-1734.

57 P.-C. Kuo, T.-C. Lin, C.-W. Yang, C.-L. Lin, G.-F. Chen and
J.-W. Huang, J. Agric. Food Chem., 2010, 58, 8618-8622.

58 G.Manjari, S. Saran, T. Arun, A. V. B. Rao and S. P. Devipriya,
J. Saudi Chem. Soc., 2017, 21, 610-618.

59 N. S. Rejinold, M. Muthunarayanan, K. Muthuchelian,
K. Chennazhi, S. V. Nair and R. Jayakumar, Carbohydr.
Polym., 2011, 84, 407-416.

60 L. Li and S. Zheng, Ind. Eng. Chem. Res., 2015, 54, 171-180.

61 T. Kitanosono, K. Masuda, P. Xu and S. Kobayashi, Chem.
Rev., 2018, 118, 679-746.

62 S.Xuan, Y.-X. J. Wang, J. C. Yu and K. C.-F. Leung, Langmuir,
2009, 25, 11835-11843.

© 2021 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/d1ra01373d

Open Access Article. Published on 29 April 2021. Downloaded on 1/14/2026 8:57:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

63 M. Kazemnejadi, S. A. Alavi G, Z. Rezazadeh, M. A. Nasseri,
A. Allahresani and M. Esmaeilpour, Appl Organomet.
Chem., 2020, 34, e5388.

64 D. Gao, J. Zhang, J. Zhu, J. Qi, Z. Zhang, W. Sui, H. Shi and
D. Xue, Nanoscale Res. Lett., 2010, 5, 769-772.

65 W. Jia, E. Reitz, H. Sun, B. Li, H. Zhang and Y. Lei, J. Appl
Phys., 2009, 105, 064917

66 M. A. Nasseri, M. Kazemnejadi, B. Mahmoudi,
F. Assadzadeh, S. A. Alavi and A. Allahresani, J. Nanopart.
Res., 2019, 21, 214.

67 N. Jagadishbabu and K. Shivashankar, RSC Adv., 2015, 5,
95240-95246.

68 M. Kazemnejadi and A. R. Sardarian, RSC Adv., 2016, 6,
91999-92006.

69 B. Maleki, A. Mofrad, R. Tayebee, A. Khojastehnezhad,
H. Alinezhad and E. R. Seresht, Russ. J. Gen. Chem., 2017,
87, 2922-2929

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

70 H. Pamuk, B. Aday, F. Sen and M. Kaya, RSC Adv., 2015, 5,
49295-49300.

71 A. Isik, B. Aday, R. Ulus and M. Kaya, Synth. Commun., 2015,
45, 2823-2831

72 A. Khazaei, A. R. Moosavi-Zare, Z. Mohammadi,
V. Khakyzadeh and ]. Afsar, J. Chin. Chem. Soc., 2016, 63,
165-170.

73 A. Fatehi, R. Ghorbani-Vaghei, S. Alavinia and J. Mahmoodi,
ChemistrySelect, 2020, 5, 944-951.

74 A. Maleki, M. Rabbani and S. Shahrokh, Appl. Organomet.
Chem., 2015, 29, 809-814.

75 G. Mohammadi Ziarani, Z. Kazemi Asl, P. Gholamzadeh,
A. Badiei and M. Afshar, Appl. Organomet. Chem., 2017, 31,
e3830.

76 D. Lu, Y. Zhang, L. Wang, S. Lin, C. Wang and X. Chen,
Talanta, 2012, 88, 181-186.

RSC Adv, 2021, 11, 15989-16003 | 16003


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra01373d

	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...

	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...

	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...
	Fe3O4@Sap/Cu(ii): an efficient magnetically recoverable green nanocatalyst for the preparation of acridine and quinazoline derivatives in aqueous...


