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An immobilized Schiff base—Mn complex as

a hybrid magnetic nanocatalyst for green synthesis
of biologically active [4,3-d]pyrido[1,2-alpyrimidin-
6-onesT

Mohammad Ali Bodaghifard, & *? Sejed Ali Pourmousavi, & Najmieh Ahadi®
and Payam Zeynali®

The immobilization of metal ions on inorganic supports has garnered significant attention due to its wide
range of applications. These immobilized metal ions serve as catalysts for chemical reactions and as
probes for studying biological processes. In this study, we successfully prepared FezO,@SiO,@Mn-
complex by immobilizing manganese onto the surface of magnetic Fes0,4@SiO, nanoparticles through
a layer-by-layer assembly technique. The structure of these hybrid nanoparticles was characterized by
various analytical techniques, including Fourier transform infrared spectroscopy (FT-IR), powder X-ray
diffraction (PXRD), thermogravimetric analysis (TGA), vibrating sample magnetometry (VSM), scanning
electron microscopy (SEM), and inductively coupled plasma-optical emission spectrometry (ICP-OES).
Fez0,4@SiO,@Mn-complex was successfully utilized in the synthesis of biologically active 7-aryl[4,3-d]
pyrido[1,2-alpyrimidin-6(7H)-one derivatives in an aqueous medium, providing environmentally friendly
conditions. The desired products were manufactured in high yields (81-95%) without the formation of
side products. The heterogeneity of the solid nanocatalyst was assessed using a hot filtration test that
confirmed minimal manganese leaching during the reaction. This procedure offers numerous
advantages, including short reaction times, the use of a green solvent, the ability to reuse the catalyst
without a significant decrease in catalytic activity, and easy separation of the catalyst using an external

magnet. Furthermore, this approach aligns with environmental compatibility and sustainability standards.

Introduction

Nanotechnology is poised to revolutionize various technological
applications, with nanomaterials playing a pivotal role in
numerous fields such as pharmacology, medicine, environ-
mental protection, electronics, and particularly catalysis.*
Nanocatalysts demonstrate superior catalytic activity compared
to conventional catalysts due to their high surface area. Addi-
tionally, they possess remarkable chemical stability.” In recent
years, magnetic nanoparticles (MNPs) have gained significant
popularity as a support for homogeneous catalysts. MNP-
supported catalysts offer several noteworthy features. First,
the use of MNPs as a support enhances the stability and recy-
clability of the catalyst. The magnetic nature of MNPs enables
the catalyst to be easily separated and recovered from reaction
mixtures by applying an external magnetic field. This simplifies
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the purification process and reduces waste generation, making
MNP-supported catalysts more environmentally friendly. Addi-
tionally, MNP-supported catalysts exhibit high surface area due
to their small particle size, which promotes increased catalytic
activity. The large surface area facilitates better interaction
between the reactants and the catalyst, leading to improved
reaction rates and higher conversion efficiencies. Moreover,
MNP-supported catalysts can be easily functionalized with
various organic ligands or metal complexes, allowing for
tailoring their catalytic properties to specific reactions.*
Spinel ferrites (MFe, 04, M: Fe, Zn, Co, Ni, Cd, etc.), with their
unique properties and wide range of applications, hold signif-
icant importance in the field of magnetic materials. These
materials exhibit high saturation magnetization and coercivity
values, making them highly suitable for a wide range of
magnetic applications. The utilization of ferrite spheres with
a hollow structure extends to various domains, including
catalysis, adsorbents, and gas sensors. They find extensive use
in electronic devices,® information storage,” magnetic reso-
nance imaging (MRI),® drug-delivery technology,’ adsorption,*®
and sensing applications.” Moreover, they can serve as catalysts
in various chemical processes."** The hollow interior provides
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a large surface area, allowing for enhanced contact between the
catalyst and reactants. Furthermore, the hollow structure allows
for easy diffusion of reactants and products within the sphere,
facilitating faster reaction rates. Consequently, these spheres
have become a focal point of interest among researchers.”
Magnetite, also known as iron(n, m) oxide (Fe;0,4), is a unique
type of ferrite that can serve as an excellent magnetic support
material for catalysts. It possesses high saturation magnetiza-
tion, low cost, high chemical stability, and mechanical
strength.®'*** The high saturation magnetization allows for easy
separation of the catalyst from the reaction mixture using an
external magnetic field, simplifying the recovery and recycling
process. The low cost of magnetite makes it economically viable
for large-scale industrial applications. Metal complexes have
been utilized as homogeneous catalysts in a wide array of
reactions. However, many of these complexes are costly and
precious, and they come with drawbacks such as difficult
separation and a decline in catalytic activity over time. To
address these challenges, researchers have focused on immo-
bilizing metal complexes onto inorganic supports.'*™® There
have been numerous studies on the grafting and immobiliza-
tion of metal complexes onto magnetic nanosized inorganic
supports, demonstrating significant benefits in terms of
enhanced catalytic activity and stability.”®>” Supported metal
complexes offer the advantage of easy separation from reaction
mixtures using an external magnetic field, making them highly
efficient and practical for catalytic applications. Furthermore,
immobilizing metal complexes on inorganic supports can
improve their catalytic performance by creating a stable envi-
ronment for active sites, leading to improved selectivity and
reusability. Furthermore, the development of supported metal
complexes on magnetic nanosized inorganic supports repre-
sents a promising strategy for overcoming the limitations of
traditional homogeneous catalysts and advancing sustainable
catalysis processes.

Multicomponent reactions (MCRs) have revolutionized the
field of organic synthesis by enabling the rapid and efficient
construction of complex molecules in a single step, saving time
and resources.”®?* By utilizing different combinations of start-
ing materials, catalysts, and reaction conditions, researchers
can access a wide range of structurally diverse compounds with
potential biological activities or unique properties. Moreover,
MCRs align well with the principles of green chemistry. Green
chemistry aims to minimize environmental impact by
designing chemical processes that are sustainable, efficient,
and safe. MCRs contribute to this goal by reducing waste
generation through atom economy, ensuring that most atoms
from the starting materials end up in the final product. This
flexibility makes MCRs highly valuable in drug discovery,
materials science, and other fields where access to structurally
diverse compounds is crucial.****

Polyfunctionalized heterocyclic moieties are commonly
found in the structures of bioactive natural and synthetic lead
molecules, as well as in drug candidates that are either already
on the market or currently undergoing clinical trials.**** These
versatile compounds are also prevalent in agrochemicals,

cosmetics, dyes, and various other application-oriented
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materials.>* The abundance of polyfunctionalized heterocyclic
moieties in these compounds underscores their importance
and potential for further exploration. Natural coumarins and
their synthetic analogues are widely recognized for their diverse
range of significant pharmacological and biological properties
within O-heterocycles. Coumarin and its derivatives are highly
versatile molecules that exhibit a broad spectrum of biological
activities, including anti-inflammatory, antifungal, antimicro-
bial, anticancer, antiviral, antitumor, antioxidant, and antidia-
betic properties.***” (Scheme 1) These compounds have
immense potential for therapeutic applications in various fields
of medicine and research.?”*® One particular class of coumarin
derivatives, chromenol[4,3-d]pyrido[1,2-a]pyrimidin-6-ones,
stands out due to its distinctive fused ring system. The fusion
of chromene, pyridine, and pyrimidine rings results in a three-
dimensional structure that confers specific chemical and bio-
logical activities. These compounds exhibit remarkable poten-
tial for various applications in the fields of medicine and
biology.**-**

Water, as a green solvent, offers several advantages in
organic synthesis. First, it is abundant, inexpensive, and readily
available, making it a sustainable choice for large-scale reac-
tions.*®* Additionally, water is non-toxic and non-flammable,
ensuring the safety of both researchers and the environ-
ment.**** The ability of water to form hydrogen bonds with
substrates plays a crucial role in accelerating organic reactions.
Hydrogen bonding facilitates the dissolution of reactants and
enhances their reactivity by stabilizing transition states.***” The
development of environmentally friendly and sustainable
synthetic methodologies has gained significant attention in
recent years.”*** In line with this, a new organic-inorganic
hybrid nanostructure  (Fe;0,@SiO,@Mn-complex)  was
prepared by immobilizing manganese onto the surface of
magnetic Fe;0,@Si0, nanoparticles through a layer-by-layer
assembly technique. This hybrid nanostructure efficiently cat-
alysed the green synthesis of pharmaceutically interesting
chromeno pyridopyrimidines under aqueous conditions
(Scheme 2).

Experimental

All chemicals were purchased from Merck Chemical Company.
Melting points were determined using ElectroThermal 9100
apparatus. The progress of the reaction was followed by thin-
layer chromatography (TLC) on UV active aluminum backed
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Scheme 1 Biologically active fused coumarin derivatives.
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Scheme 2 Synthesis of chromeno[4,3-dlpyridol[l,2-alpyrimidin-6-
ones in the presence of Fez0,4@SiO,@Mn-complex.

plates of silica gel (TLC Silica gel 60 F254). "H and *C NMR
spectra were recorded on a Bruker Advance spectrometer at 300
and 75 MHz, respectively in DMSO-d with TMS as an internal
standard. IR spectra were reported using a Bruker Alpha using
KBr pellets in the range of 400-4000 cm'. X-ray diffraction
(XRD) was carried out on an X Pert Pro Cu-Ka radiation (A =
0.15406 nm) in the range of Bragg angle 10-80°. The field
emission-scanning electron microscopy (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDS) analyses were performed
on a Sigma system, Zeiss Company, Germany. Thermal stability
of Fe;0,@Si0,@Mn-complex (Fe;0,@Si0,@Mn-complex)
MNPs was studied by thermogravimetric analysis (TGA) on
a TGA2 system, Mettler Toledo Company under an N, atmo-
sphere at a heating rate of 10 °C min~". The magnetic properties
of MNPs were studied using a vibration sample magnetometer
(VSM) with the model of an LBKFB instrument (Meghnatis
Daghigh Kavir).

Preparation of the magnetic Fe;0, nanoparticles

Fe;O, MNPs were prepared by the co-preparation method.™ A
mixture of FeCl,-4H,O (5 mmol, 0.99 g), and FeCl;-6H,0
(10 mmol, 2.7 g) and deionized water (50 mL) in a round bottom
flask (100 mL) was heated for 1 h at 95 °C under a N, atmo-
sphere. Then pH of the reaction was adjusted on pH = 10 using
ammonium hydroxide (25%) and heated for another 1 h. The
reaction mixture was cooled to room temperature and the ob-
tained black precipitate was separated using a magnet. The
precipitate was washed several times with warm deionized
water and ethanol (20 mL) and dried in a vacuum oven at 70 °C.

Synthesis of silica-coated MNPs (Fe;0,@Si0O, MNPs)

Fe;O, MNPs were coated with a silica layer using the Stober
method.*® A mixture of Fe;0, MNPs (1 g), EtOH (99%, 4 mL) and
deionized water (6 mL) was poured in a round bottom flask (100
mL) and sonicated for 20 minutes. Ammonium hydroxide (25%,
1.5 mL) was added to the solution and sonicated for 20 minutes
again. Tetraethyl orthosilicate (TEOS) (1.4 mL) was added to
solution and stirred for 12 h under a N, atmosphere at room
temperature. The black sediment was separated from the
reaction using a magnet and washed with deionized water and
ethanol several times and dried in a vacuum oven at 70 °C.

Synthesis of Fe;0,@Si0,-PrNH, nanoparticles

Fe;0,@Si0, MNPs (1 g) were dispersed under sonication in dry
toluene (10 mL) for 20 minutes. Then, 3-
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aminopropyltrimethoxysilane (APTMS) (0.6 mL) was added and
refluxed for 24 h under a N, atmosphere. Finally, the precipitate
was separated using a magnet, washed with toluene (10 mL),
and dried in a vacuum oven at 50 °C.**

Preparation of Fe;0,@Si0,@20H-1NAP nanoparticles

A mixture of Fe;0,@Si0,-PrNH, MNPs (1 g) and EtOH (10 mL)
was sonicated for 20 minutes. Then, 2-hydroxy-1-
naphthaldehyde (0.3 g, 1.75 mmol) and triethylamine as base
(0.8 mL) were added to the solution and refluxed for 24 h under
a N, atmosphere. The reaction mixture was cooled to room
temperature. The sediment was isolated using an external
magnet and washed with ethanol three times (15 mL) and dried
in a vacuum oven at 50 °C.

Preparation of the hybrid magnetic nanostructure
(Fe;0,@Si0,@Mn-complex)

Fe;0,@Si0,@20H-1NAP MNPs (0.5 g) were dispersed in EtOH
(10 mL) for 20 minutes. Then, MnCl, -4H,O solution (2 M, 5 mL)
was added to the mixture slowly for 1 hour and stirred for 24 h
under a N, atmosphere at room temperature. The precipitate
was separated using a magnet, washed with EtOH and H,0, and
dried in a vacuum oven at 50 °C.

General procedure for the synthesis of chromeno[4,3-d]pyrido
[1,2-a]pyrimidin-6-one derivatives

Fe;0,@Si0,@Mn-complex MNPs (15 mg) were added to
a mixture of aromatic aldehydes (1 mmol), 2-aminopyridine (1
mmol) and 4-hydroxycoumarin (1 mmol) in EtOH : H,O (1:1) (6
mL). The mixture was stirred under ultrasonic waves at room
temperature and the progress of the reaction was monitored by
thin layer chromatography (TLC). After completion of the
reaction, the catalyst was separated from the reaction using
a magnet. 5 mL of water was added to the solution to form the
product. The obtained precipitate was filtered and dried at
room temperature.

Selected spectral data

7-(4-Chlorophenyl)-6H,7H-chromenol[4,3-d|pyrido[1,2-a]
pyrimidin-6-one (4a, Fig. S1 and S2t). White powder, mp 230-
232 °C;* "H NMR (300 MHz, DMSO-d,): o (ppm) = 8.23-6.66 (m,
12H, HAr), 5.33 (s, 1H, CH). "*C NMR (75 MHz, DMSO-d,): ¢
(ppm) = 168.2, 165.5, 152.9, 149.3, 142.3, 141.8, 141.3, 139.7,
131.4, 129.7, 128.9, 128.0, 124.5, 123.3, 120.1, 115.9, 112.7,
103.7, 36.2.

7-(3,4-Dimethoxyphenyl)-6H,7 H-chromeno[4,3-d]|pyrido[1,2-
a]pyrimidin-6-one (4h, Fig. S5 and S67). Light purple, mp 210-
212 °C;** 'H NMR (300 MHz, DMSO-dy): o (ppm) = 3.44 (s, 3H, -
OCHj), 3.61 (s, 3H, -OCH3), 6.11 (s, 1H, CH), 6.55-6.59 (m, 2H,
HAr), 6.68 (d, 1H, J = 8.22 Hz, aromatic), 7.14-7.20 (m, 5H, HAr),
7.44 (t, 1H, J = 8.6 Hz, aromatic), 7.74 (d, 1H, J = 7.74 Hz, HAr).
3C-NMR (75 MHz, DMSO-dg): ¢ (ppm) = 168.9, 166.9, 156.5,
152.9, 150.4, 143.6, 141.2, 134.8, 134.6, 133.8, 131.6, 130.9,
129.4, 128.7, 122.9, 121.7, 121.1, 113.1, 110.7, 105.7, 58.1, 54.7,
36.9.
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7-(4-Hydroxy-3-methoxyphenyl)-6 H,7 H-chromeno[4,3-d]pyr-
ido[1,2-a]pyrimidin-6-one (4j, Fig. S7 and S87). Light yellow, mp
175-177 °C;* '"H NMR (300 MHz, DMSO-d,): o (ppm) = 3.77 (s,
3H,-OCHj,), 6.17 (s, 1H, CH), 6.50 (s, 1H, HAr), 6.59 (s, 1H, HAr),
6.97-7.49 (m, 7H, HAr), 7.81 (s, 2H, HAr), 8.46 (brs, 1H, OH).
3C-NMR (75 MHz, DMSO-d¢): ¢ (ppm) = 168.1, 166.3, 153.7,
152.9, 147.7, 146.4, 144.9, 133.5, 131.3, 129.2, 126.3, 124.5,
123.3, 120.5, 119.8, 115.9, 115.4, 113.8, 112.3, 104.3, 64.3, 36.1.

7-(2-Hydroxyphenyl)-6H,7 H-chromeno[4,3-d]pyrido[1,2-a]
pyrimidin-6-one (41, Fig. S9 and S107). Yellow, mp 165-166 °C;
'H NMR (300 MHz, DMSO-d,): ¢ (ppm) = 6.17 (s, 1H, CH), 6.59
(d, 1H, J = 7.59 Hz, HAr), 6.76 (d, 1H, J = 8.39 Hz, HAr), 7.14 (d,
1H,J = 7.41 Hz, HAr), 7.22 (d, 4H, ] = 7.68 Hz, HAr), 7.43 (t, 3H, ]
= 7.23 Hz, HAr), 7.67 (t, 1H, ] = 7.32 Hz, HAr), 7.81 (d, 1H, J =
7.68 Hz, HAr), 8.35 (brs, 1H, OH). "*C-NMR (75 MHz, DMSO-d,):
o (ppm) = 167.6, 164.7, 155.5, 152.8, 149.8, 147.1, 141.4, 130.9,
129.6, 129.4, 126.4, 124.4, 123.1, 120.7, 118.2, 115.7, 115.1,
112.5, 111.5, 104.2, 33.3.

7-(3-Nitrophenyl)-6H,7 H-chromeno[4,3-d|pyrido[1,2-a]
pyrimidin-6-one (4m, Fig. S11 and S12%). Light yellow, mp 275-
277 °C; '"H NMR (300 MHz, DMSO-de): ¢ (ppm) = 6.35 (s, 1H,
CH), 6.55-6.82 (m, 2H, HAr), 7.27 (s, 2H, HAr), 7.54 (s, 2H, HAr),
7.82-7.98 (m, 3H, HAr), 8.34-8.83 (m, 2H, HAr). ">C-NMR (75
MHz, DMSO-d¢): o (ppm) = 168.5, 164.9, 153.0, 148.7, 148.2,
145.5, 137.7, 135.6, 134.3, 131.9, 129.9, 129.1, 124.7, 124.5,
123.7, 121.5, 120.9, 120.1, 116.1, 103.1, 36.7.

Results and discussion

Preparation and characterization of the magnetic hybrid
nanostructure (Fe;0,@SiO,@Mn-complex)

Fe;0,@Si0,@Mn-complex was constructed following the
procedure outlined in Scheme 3. Initially, Fe;O, magnetic
nanoparticles (MNPs) were prepared using the co-precipitation
method. Subsequently, these particles were coated with a layer
of silica using the Stober method, resulting in the formation of
Fe;0,@Si0, MNPs. The Fe;0,@Si0,-PrNH, nanoparticles were
fabricated by functionalization of Fe;0,@SiO, nanoparticles
with APTMS. In continuation, a Schiff base ligand was con-
structed on the surface of MNPs via the condensation of NH,
groups with 2-hydroxynaphthaldehyde. Finally, Mn was stabi-
lized and immobilized on modified MNPs through the

APTMS

FeCly.6H0  Np, 1,0 . EtOH, H,0
+ Sk Fe;0, _—
FeCLAH,0  90°C rt 12h Toulene,
O reflux, 24 h | |
o op
\V/
Si
J
J
Q w
[ | CHO
o) O
\/ PN
Si g i

EtOH, MnCl,.4H,0
rt,24h \l A 3

|\ XN EtOH, Et;N
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ey
. OH

Scheme 3 The pathway for preparation of hybrid MNPs (FesO,@-
SiO,@Mn-complex).
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coordination of nitrogen and oxygen atoms. The resulting
precipitate was washed with ethanol and dried in a vacuum
oven to obtain the final hybrid nanomaterial (Fe;0,@SiO,@-
Mn-complex). Various characterization techniques including
FT-IR spectroscopy, X-ray diffraction (XRD), field emission
scanning electron microscopy (FE-SEM), energy dispersive X-ray
spectroscopy (EDS), thermogravimetric analysis (TGA),
vibrating sample magnetometry (VSM), and inductively coupled
plasma-optical emission spectrometry (ICP-OES) were used to
identify and characterize the prepared nanostructure.

FT-IR spectra of Fe;0, (a), Fe;0,@Si0, (b), Fe;0,@Si0,@-
PrNH, (c), Fe;0,@Si0,~PrNH@20H-1NAP (d), and Fe;0,@-
SiO,@Mn-complex (e) are presented in Fig. 1. A broad
absorption band is observed in the range of 3000 and
3500 cm ', which can be related to the stretching vibrations of
the OH and NH groups (Fig. 1a-d). In addition, the absorption
band at 1623 cm ™ is related to the OH twisting vibration band
(Fig. 1a), which is shifted to 1634 cm ™" due to the modification
of NPs (Fig. 1e). The Fe-O vibration bands appeared at 628 and
588 cm ! (Fig. 1a-d). The appearance of absorption bands at
1078, 969, 803 and 448 cm™ ' is attributed to the asymmetric
stretching, symmetric stretching, in plane bending and rocking
modes of the Si-O-Si group, respectively, that confirm the
formation of a SiO, shell (Fig. 1b). Weak absorption bands are
observed at around 2970 cm ™, which confirm the presence of
aliphatic hydrogens after modification using APTMS (Fig. 1c). In
addition, a new band at 1558 cm ™' proves the existence of
bending NH (Fig. 1c). The appearance of new absorption bands
in the range of 1356-1545 cm ™' can confirm the C=N and C=C
bonds in the nanostructure (Fig. 1d and e). Finally, in Fig. 1e, no
significant change was observed, and therefore the presence of
manganese in the nanoparticle structure was considered by
other techniques. In general, the results prove that the surface
of nanoparticles has been successfully modified.

The XRD pattern of Fe;0,@SiO,@Mn-complex NPs is shown
in Fig. 2. The sample was well ground using a rotary motion
with a mortar and pestle to obtain a finer powder and better
data. The diffraction peaks in Bragg's angles 20 = 30.25°,
35.68°, 43.32°, 55.05°, 57.31°, 62.89°, and 74.99° correspond to
the 220, 311, 400, 422, 511, 440 and 533 planes of Fe;O,,

OH& NH stretching

OH twisting Fe-0

0-5i-O stretching
= ® A~ M

\/ | (V| ff
\/

5i-0'bending |
r’/ \

S \J

— |
P | /

(d) C=C&C=N

{e)

3800 3300 2800 2300 1800 1300 800 300
Wavenumber (cm™)

Fig. 1 FT-IR spectra of FezO4 (a), Fezs04@SIO; (b), Fes0,@SiO.@-
PrNH, (c), Fe30,4@SiO,—PrNH@20OH-1NAP (d), and Fez04@SiO,@Mn-
complex (e) MNPs.
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Fig.2 The XRD pattern of the Fez0,@SiO,@Mn-complex nanostructure.

respectively. These data indicate that the obtained Fez;O,
nanoparticles have a spinel structure and are according to the
standard JCPDS (file no. 0629-19).%* Also, the formation of peaks
at 26 = 70.10° and 53.55° can confirm the presence of MnO, in
the nanostructure.*

The peak of SiO, is observed in the range of 26 = 17-20°.>*
The XRD patterns prove that the structure of Fe;O, nano-
particles has been preserved during the functionalization steps.
The crystal size was calculated using Scherer's equation (D =
0.9/ cos 6). In this equation, A is the wavelength of copper
(0.154 nm), 6 is the Bragg's angle of the peak with the highest
intensity (35.68°), and @ is half the height of the peak with the
highest intensity. The crystallite size of MNPs calculated from
the width of the peak at 26 = 35.68°(311) is 15 nm, which is
smaller than the range determined using FE-SEM analysis
(Fig. 3).

Scanning electron microscopy (FE-SEM) was applied to
check the morphology and size of nanoparticles (Fig. 3a). As can
be seen, the prepared nanoparticles have average diameters of
25-35 nm and spherical shapes. The size of nanoparticles ob-
tained from FE-SEM images is larger than that obtained from
the XRD patterns, which can be attributed to some accumula-
tion of nanoparticles. The EDX analysis shows the presence of
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Fig. 3 FE-SEM images (a) and EDX analysis (b) of the Fez0,4@SiO,@-
Mn-complex nanostructure.
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iron (Fe), silicon (Si), oxygen (O), carbon (C), nitrogen (N) and
manganese (Mn) elements in the Fe;0,@SiO,@Mn-complex
nanostructure (Fig. 3b). Furthermore, the higher intensity of
the Si peak compared to the Fe peaks shows that the Fe;0,
nanoparticles have been trapped by the SiO, layer. The black
spots and grey parts in the TEM image correspond to the Fe;O,
core and silica layer (Fig. 4). Based on the TEM images, the sizes
of the catalyst particles were found to be less than 40 nm. The
typical thickness of the silica shell was evaluated to be in the
range of 5-20 nm. The SEM and TEM images reveal that the size
of the catalyst particles falls within the nanometer range.

The thermogravimetric analysis (TGA) was used to study the
thermal stability of Fe;0,@SiO,@Mn-complex at 50-600 °C
(Fig. 5). The magnetic catalyst shows 14% weight loss in two
main steps over the temperature range. The first stage shows 2%
weight loss at T'< 150 °C, which can be related to the removal of
physically adsorbed water and organic solvents. The second stage
shows 9% weight loss in the range of 150 < T'< 600 °C, which is
attributed to the decomposition of the organic moieties grafted
on the nanostructure. The exact amount of manganese in Fe;-
0,@Si0,@Mn-complex was measured using the ICP-OES tech-
nique. Based on ICP-OES analysis, the amount of manganese in
the hybrid nanocatalyst was 1.93 x 10> mol g~ .

Vibrating sample magnetometry was carried out to investi-
gate the magnetic properties of the prepared NPs in a £15 000
Oe range at room temperature (Fig. 6). The hysteresis loop is S
like and shows superparamagnetic behavior for magnetic
nanoparticles and no hysteresis phenomenon was observed.
The histogram curve provides the main information about
saturation magnetization (M;). As can be seen, the nano-
particles have shown a saturation magnetization (M;) of about
42 emu g’1 that confirms that Fe;0,@SiO,@Mn-complex MNPs
have a suitable My after modification during four steps yet. So,
this heterogeneous catalyst can be separated easily from the
solution by using an external magnet.

Catalytic activity of Fe;0,@SiO,@Mn-complex in the
synthesis of chromeno[4,3-d]pyrido[1,2-a]pyrimidin-6-ones
After synthesis and characterization of the Fe;0,@SiO,@Mn-
complex nanostructure, its catalytic activity was investigated

R

Mode: BF

HT: 150kV 30nm

Fi

g.4 TEM image of the Fez0,@SIiO,@Mn-complex nanostructure.

Nanoscale Adv., 2024, 6, 2713-2721 | 2717


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00131a

Open Access Article. Published on 04 April 2024. Downloaded on 3/12/2026 3:47:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

102

100 ~ 4

weight loss (%)
£
/

i ‘ 8.5%

0 100 200 300 400 500 600 700
Temperature (°C)

Fig. 5 TGA analysis of Fes0,@SiO,@Mn-complex MNPs.

in the synthesis of chromeno[4,3-d]|pyrido[1,2-a]pyrimidin-6-
one derivatives. The condensation reaction of 4-hydrox-
ycoumarin isatin, 4-chlorobenzaldehyde, and 2-aminopyridine
was selected as the model reaction. Three important parame-
ters: solvents, catalyst amount, and temperature were optimized
and the results are summarized in Table 1. First, the model
reaction was carried out in several solvents such as EtOH, H,O,
EtOH : H,O, CH;CN, and DMF and under solvent-free condi-
tions. It was found that EtOH : H,O (1: 1) is the best solvent for
this reaction (Table 1, entry 4). As can be seen in Table 1,
increasing the amount of catalyst from 5 to 15 mg improved the
reaction time and efficiency, but, increasing the amount of
catalyst to 20 mg did not have a significant effect on the reaction
time and efficiency (Table 1, entries 7-9). Finally, the reaction
was examined at temperatures ranging from room temperature
to 70 °C (Table 1, entries 3, 10, 11). The use of 15 mg of Fe;-
0,@Si0,@Mn-complex as a catalyst in EtOH:H,O (1:1) as
a solvent under ultrasound sonication serves as the best
condition with respect to the green nature, clean workup
procedure, and high yield for this synthesis. To consider the
role of Fe;0,@SiO,@Mn-complex as a catalyst, the model
reaction was performed under the same conditions with Fe;0y,,
Fe;0,@Si0,@PrNH@20H-1NAP and without any catalyst
(Table 1, entries 11-13). The findings confirm that the catalytic
activity of Fe;0,@SiO,@Mn-complex was improved in
comparison to Fe;04, and Fe;0,@Si0O,@PrNH@20H-1NAP.
Immobilizing Mn metal on the nanostructure improves the
reaction rate and product yield.

The heterogeneity of the solid nanocatalyst was assessed by
passing the model reaction mixture through a preheated filter

50
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Fig. 6 VSM analysis of Fes0,4,@SiO,@Mn-complex MNPs.
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pad during the hot filtration test. The catalytically active
nanoparticles were separated from the reaction by filtration
after 20 minutes. The filtered reaction solution was then
allowed to react for 60 minutes under optimal conditions.
Reaction analysis and metal measurement in solution indicated
minimal manganese leaching during the reaction and a signif-
icant decrease in the reaction rate following the hot filtration
process.

After optimizing the reaction conditions, various aromatic
aldehydes with electron-withdrawing or electron-donating
substituents were applied under the optimized reaction condi-
tions to determine the efficacy of the catalyst (Scheme 2 and
Table 2). For all substrates, the reaction proceeded efficiently to
produce the desired chromeno|[4,3-d]pyrido[1,2-a]pyrimidin-6-
one derivatives in high to excellent yields with short reaction
times without the formation of side products. The catalytic
activity of Fe;0,@SiO,@Mn-complex MNPs for the model
reaction was also compared with that reported in the literature
(Table 3). These data confirm that the Fe;0,@SiO,@Mn-
complex nanostructure is a suitable catalyst for synthesizing
the desired corresponding product.

A plausible mechanism for the reaction is proposed in
Scheme 4. The process is initiated by the Lewis acid sites of the
nanostructure activating the carbonyl group of the aldehyde.
This activation leads to the formation of intermediate (I)
through a condensation reaction between 4-hydroxycoumarin
(1) and the aldehyde (2), resulting in the elimination of a water
molecule. Next, 2-aminopyridine (3) performs a nucleophilic
attack on intermediate (I), which then undergoes a keto-enol
tautomerization to form intermediate (II). To complete the
reaction, intermediate (II) undergoes a simple intramolecular
ring closure. The desired product resulted from the removal of
a water molecule.*® The nanostructure (Fe;0,@SiO,@Mn-
complex) possesses high porosity and surface area, which
enhances the adsorption and activation of reactant molecules
and provides a suitable support for this chemical reaction.
Moreover, the presence of Lewis acid sites within the nano-
structure can also activate certain bonds within the reactant
molecules, making them more susceptible to breaking or rear-
ranging during the reaction process. These activation steps
effectively lower the energy barrier for the reactions to occur,
accelerating the reaction rates.

The recyclability and reusability properties of the Fe;0,@-
SiO,@Mn-complex nanostructure were investigated under
optimal conditions in the model reaction. After completion of
each reaction, the catalyst was easily separated using an
external magnet, washed with ethanol, dried in a vacuum oven,
and reused in subsequent reactions. As shown in Fig. 7, the
recycled catalyst could be reused at least four times without any
additional treatment or appreciable reduction in catalytic
activity and without any change in its morphology. The product
yield decreased by only 4% after four runs, indicating the high
performance of the catalyst. Nearly, quantitative recovery of the
catalyst (up to 95%) could be obtained from each run. The
consistent structure and activity of the recovered catalyst (Fes-
0,@Si0,@Mn-complex) confirm that the reused nanocatalyst
exhibits excellent performance in the synthesis of chromeno

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The optimization of reaction conditions for synthesis of chromenol4,3-d]pyridol[l1,2-alpyrimidin-6-one derivatives ¢

Entry Catalyst Solvent Temp. (°C) Time (min) Yield” (%)
1 MNPs@Mn-complex (5 mg) — r.t 320 60
2 MNPs@Mn-complex (5 mg) H,0 r.t 120 75
3 MNPs@Mn-complex (5 mg) EtOH r.t 100 78
4 MNPs@Mn-complex (5 mg) H,O/EtOH (1:1) r.t 90 80
5 MNPs@Mn-complex (5 mg) CH;CN r.t 480 —
6 MNPs@Mn-complex (5 mg) DMF r.t 480 —
7 MNPs@Mn-complex (10 mg) H,O/EtOH (1:1) r.t 70 83
8 MNPs@Mn-complex (15 mg) H,O/EtOH (1:1) r.t 40 95
9 MNPs@Mn-complex (20 mg) H,O/EtOH (1:1) r.t 40 95
10 MNPs@Mn-complex (15 mg) H,O/EtOH (1:1) 50 40 93
11 MNPs@Mn-complex (15 mg) H,O/EtOH (1:1) 70 40 94
12 Fe;0, (15 mg) H,O/EtOH (1:1) r.t 60 65
13 MNPs@PrNH@20H-1NAP (15 mg) H,O/EtOH (1:1) r.t 60 40
14 — H,O/EtOH (1:1) r.t 120 10

“ 4-Hydroxycoumarin (1 mmol), 4-chlorobenzaldehyde (1 mmol) and 2-aminopyridine (1 mmol), and Fe;0,@Si0,@Mn-complex. ” Isolated yield.

Table 2 Synthesis of chromenol4,3-d]pyrido[1,2-alpyrimidin-6-one derivatives under optimal conditions®

Mp (°C)

Entry ArCHO Product Time (min) Yield® (%) Obtained Reported?® ™!
1 4-Cl-C¢H,CHO 4a 40 95 233-235 236-238
2 CeH;CHO 4b 40 93 203-204 206-208
3 4-CH,;-CgH,CHO 4c 40 91 228-230 231-233
4 4-NO,-CcH,CHO 4d 30 95 221-222 225-226
5 4-Br-CcH,CHO 4e 30 94 237-238 240-242
6 4-N(CH3),-C¢H,CHO af 40 87 190-192 182-183
7 4-OCH3-C¢H,CHO 4g 40 90 211-212 206-207
8 3,4-(OCHj3),-CcH3CHO 4h 45 89 210-212 215-216
9 2,4-Cl,-C¢H;CHO 4 30 93 144-146 136-138
10 3-OCH;-4-OH-C¢H;CHO 4j 40 87 181-182 189-190
11 2-Cl-C¢H,CHO 4k 40 85 235-237 238-240
12 2-OH-C¢H,CHO 41 50 81 165-166 New

13 3-NO,-C4H,CHO 4m 50 91 275-277 New

14 3-Cl-C¢H4,CHO 4n 40 93 177-178 179-181

¢ 4-Hydroxycoumarin (1 mmol), 4-chlorobenzaldehyde (1 mmol) and 2-aminopyridine (1 mmol), Fe;0,@SiO,@Mn-complex (15 mg) under
ultrasound waves, EtOH : H,O (1 : 1) at room temperature. ? Isolated yield.

Table 3 Comparison of catalytic activity of Fes0,@SiO,@Mn-complex with those in reported studies for 4a

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

1 NH,SO;H r.t, EtOH : H,0 (1:1) 35 min 91 39

2 [CMMIM][BF, "] r.t, EtOH : H,0 (1:1) 3.5h 92 40

3 NiFe,0,@8Si0, grafted di(3-propylsulfonic acid) EtOH (50%), reflux, 80 °C 5h 89 41

4 Fe;0,@Si0,@Mn-complex r.t, EEOH: H,0 (1:1) 40 min 95 This work

[4,3-d]pyrido[1,2-a]pyrimidin-6-one derivatives. We attribute nanocatalyst can be reused many times with only a slight
this success to the complexation of Mn with organic ligands and  decrease in performance.

immobilization on an inorganic support that effectively limits ICP-OES analysis was used to measure the potential Mn
the leaching and particle growth of Mn. This unique hybrid leaching into the reaction mixture after four runs. After four

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv, 2024, 6, 2713-2721 | 2719
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Intramolecular
ring-closure

)

Scheme 4 A plausible mechanism for the synthesis of chromenol4,3-
dlpyrido[1,2-alpyrimidin-6-ones in the presence of the FesO,@-
SiO,@Mn-complex nanostructure.

Fig. 7
reaction during four
nanocatalyst.

(@) Recyclability of Fez04@SiO,@Mn-complex in the model
runs. (b) FE-SEM image of the reused

cycles, the manganese content was determined to be 1.87 x
10 mol g '. The manganese content in Fe;0,@Si0,@Mn-
complex after four runs was comparable to that in the fresh
catalyst (1.93 x 10> mol g ), confirming the negligible
leaching of manganese into the reaction mixture. Therefore, the
prepared hybrid nanocatalyst has good reusability and stability.
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Conclusions

In this study, we have successfully synthesized an organic-
inorganic hybrid nanostructure by immobilizing a Schiff base
ligand onto an inorganic support material, followed by the
immobilization of manganese (Fe;0,@SiO,@Mn-complex).
The prepared hybrid nanostructure was thoroughly character-
ized. The utilization of this nanostructure allows for the effi-
cient and selective synthesis of pharmaceutically interesting
functionalized 7-arylchromeno[4,3-d|pyrido[1,2-a]pyrimidin-6-
ones through a one-pot three-component reaction involving 4-
hydroxycoumarin, substituted aromatic aldehydes, and 2-ami-
nopyridine in aqueous ethanol under ambient conditions. The
desired products were obtained in high yields and within short
reaction times. This hybrid nanostructure exhibits high cata-
Iytic activity due to the synergistic effects among the organic
ligand, Lewis acid, and porosity of the inorganic support. The
notable advantages of this protocol include the use of aqueous
ethanol as a green solvent, operational simplicity, energy effi-
ciency, short reaction times, high to excellent yields, high atom-
economy, easy separation of the catalyst, reusability, and
elimination of the need for tedious column chromatography
during product isolation and purification. These aspects align
with the principles of green and sustainable chemistry. The
interaction between the organic ligand and the inorganic
support material creates a distinct microenvironment that
enhances catalytic efficiency and selectivity.
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