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pyrimido[2,1-b]benzimidazoles
catalyzed by a Schiff base cobalt(II) complex
supported on cobalt ferrite magnetite
nanoparticles†

Ahmad Reza Moosavi-Zare, *ab Zahra Darvishi,b Hamid Goudarziafsharb

and Abedien Zabardastic

Nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2] was designed and reported with the Schiff

base cobalt(II) complex anchored onto cobalt ferrite magnetite nanoparticles. The resulting

nanomagnetite Schiff base cobalt(II) complex was employed as a recoverable catalyst for the

condensation reaction of aryl aldehyde, 2-aminobenzimidazole and ethyl acetoacetate at 90 °C to

synthesize 4H-pyrimido[2,1-b]benzimidazoles under solvent-free condition. According to the proposed

mechanism, the cobalt complex can accelerate the reaction via a structural rearrangement from

a tetrahedral to a square planar geometry.
1. Introduction

4H-Pyrimido[2,1-b]benzimidazoles are important heterocycles
that have attracted the attention of chemists due to their
signicant medicinal properties. Antitumor,1 anti-inamma-
tory,2 antifungal3 and antibacterial activities4 are among the
notable biological properties observed in this class of
compounds.

The multicomponent synthesis of 4H-pyrimido[2,1-b]benz-
imidazoles through the condensation of a b-keto ester with 2-
aminobenzimidazole and various aldehydes is one of the most
common protocols for preparing this class of compounds.5

Multicomponent condensation reactions are signicant in
green chemistry, as they allow the synthesis of the desired
product in a single step without the need to isolate reaction
intermediates. Savings in raw materials and solvents, compli-
ance with atom economy and reduced waste generation are
important advantages of this protocol. Additional benets
include reduced reaction time, increased product yield, fewer
synthesis steps and a shortened purication process.6–17

The synthesis of 4H-pyrimido[2,1-b]benzimidazoles has
previously been reported via a one-pot, three-component
condensation reaction of various aryl aldehydes with a b-keto
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ester and 2-aminobenzimidazole, using different catalysts such
as H3PO4–Al2O3,18 TMGT,19 TiCl2/cellulose,20 GO@PSA-Cu,21

nano-acetic acid,22 [bmim]BF4,23 1,3-disulfonic acid imidazo-
lium triuoroacetate,24 poly(vinylpyrrolidonium) perchlorate,25

thiamine hydrochloride (VB1),26 TiO2/porous carbon,27 poly(N-
bromo-N-ethylbenzene-1,3-disulfonamide),28 nano-[Co–4CSP]
Cl2,29 [NSPy]ZnCl3,30 Na+–MMT–[pmim]HSO4,31 Na+-montmo-
rillonite perchloric acid,32 Fe3O4@SiO2@L-glutamine NPs33 and
sodium acetate.34 Considering the medicinal importance of
these compounds, it is important to introduce new protocols
and design efficient catalysts for their synthesis.

In the present work, a nanomagnetic heterogeneous catalyst
was designed and introduced for the preparation of 4H-pyr-
imido[2,1-b]benzimidazoles. Reducing the catalyst size to the
nanoscale induced signicant qualitative changes in its struc-
ture and catalytic performance.35,36 Producing a catalyst at the
nanoscale increased its contact surface with the reactants,
thereby enhancing the reaction efficiency. One of the most
important advantages of heterogeneous catalysts is their ease of
separation from the reaction medium.37–40

The use of magnetic nanoparticles in chemical reactions,
and the design of catalysts of this size with magnetic properties,
such as core–shell and supported catalysts, have received much
attention. Designing catalysts with magnetic components
facilitates easier recovery and reuse, resulting in signicant
savings in chemical consumption. In addition to their catalytic
ability, magnetic nanoparticles have been widely used in other
applications such as drug delivery and removal of inorganic and
organic pollutants from the environment.41–45

Building on the above facts and the continued use of Schiff
base complexes as catalysts in organic synthesis,46–48 a novel Schiff
RSC Adv., 2025, 15, 17503–17515 | 17503
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Scheme 1 Preparation of 4H-pyrimido[2,1-b]benzimidazoles using a nanomagnetite catalyst.
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base cobalt(II) complex was designed and immobilized on cobalt
ferritemagnetite nanoparticles to be used as a recoverable catalyst
for the three-component synthesis of 4H-pyrimido[2,1-b]benz-
imidazoles at 90 °C under solvent-free conditions (Scheme 1).

2. Experimental section

All materials were purchased from Merck and used without
further purication, and their purity was checked by thin-layer
chromatography (TLC). The melting point of the products were
measured using an Electrothermal 9100 instrument. Nuclear
magnetic resonance (1H NMR and 13C NMR) spectra were
recorded on a Bruker DRX-250 Avance spectrometer with
deuterated DMSO as a solvent. Infrared spectra of the products
were recorded on a PerkinElmer PE-1600-FTIR instrument.

2.1. Synthesis of nano [CoFe2O4@SiO2/propyl-1-(o-
vanillinaldimine)][CoCl2]

3-Aminopropyltriethoxysilane (1.0 mmol) was added to ortho-
vanillin (1.0 mmol) in a round bottom ask connected to
Scheme 2 Preparation of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinald

17504 | RSC Adv., 2025, 15, 17503–17515
a reux condenser at room temperature, in the absence of
solvent, and stirred for 24 h to prepare (OEt)3Si/propyl-1-(o-
vanillinaldimine). To metallise the Schiff base ligand in the
previous step, (OEt)3Si/propyl-1-(o-vanillinaldimine) (2 mmol)
was added to amixture of CoCl2$6H2O (1mmol) and toluene (10
mL) in a round bottom-ask connected to a reux condenser,
and the mixture was stirred under reux for 24 h to afford the
cobalt(II) Schiff base complex. Then, the obtained cobalt(II)
complex (1mmol) was added to a round-bottom ask connected
to a reux condenser containing toluene (20 mL) and CoFe2-
O4@SiO2 nanoparticles (2 g), which were prepared according
a previous report,49 and stirred under reux for 24 h to prepare
the nanomagnetite complex as the main catalyst. Finally, for
further purication, the catalyst was washed twice with ethanol
and dried in a thermal oven at 60 °C.

2.2. General procedure for the preparation of 4H-pyrimido
[2,1-b]benzimidazole derivatives

An aromatic aldehyde (1 mmol), 2-aminobenzimidazole
(1 mmol, 0.133 g), ethyl acetoacetate (1 mmol, 0.13 g) and
imine)][CoCl2].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectrum of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2] in comparison with other species in the structure of the
catalyst: (a) CoFe2O4, (b) CoFe2O4@SiO2, (c) Schiff base ligand, (d) Schiff base complex, (e) main catalyst.
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[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2] (3 mg) as
a catalyst were added to a 25 mL round-bottomed ask con-
nected to a reux condenser and stirred at 90 °C in the absence
of solvent. Aer completion of the reaction, as monitored by
TLC, warm ethanol (10 mL) was added to extract the product,
and the catalyst was separated from the reaction mixture using
an external magnet. Lastly, the expected product was puried by
recrystallization from ethanol (90%).
Fig. 2 EDX analysis of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimin

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.3. Spectral data of compounds

2.3.1 Compound (2).White solid; IR (KBr), n: 479, 742, 757,
795, 1085, 1255, 1460, 1520, 1576, 1699, 2925, 3101, 3432 cm−1;
1H NMR (250 MHz, DMSO-d6), dppm: 1.06 (t, J = 7.50 Hz, 3H,
CH3), 2.45 (s, 3H, CH3), 3.96 (d, J = 7.5o Hz, 2H, CH2), 6.73 (s,
1H, CH), 6.94 (d, J = 7.50 Hz, 1H, ArH), 7.01 (d, J = 5.00 Hz, 1H,
ArH), 7.16–7.23 (m, 3H, ArH), 7.23–7.31–7.34 (m, 2H, ArH), 7.41
(s, 1H, ArH), 10.89 (s, 1H, NH); 13C NMR (62.5 MHz, DMSO-d6):
e)][CoCl2].

RSC Adv., 2025, 15, 17503–17515 | 17505
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dppm 14.4, 19.0, 54.2, 59.7, 96.7, 109.6, 117.3, 120.8, 122.4, 128.2,
129.9, 130.1, 130.9, 132.1, 139.1, 142.5, 145.6, 147.7, 165.4.

2.3.2 Compound (4). Yellow solid; IR (KBr), n: 728, 845,
1088, 1246, 1457, 1515, 1573, 1618, 1656, 1698, 2856, 2973,
3236, 3429 cm−1; 1H NMR (250 MHz, DMSO-d6), dppm: 1.08 (s,
3H, CH3), 2.06 (s, 3H, CH3), 3.98 (d, 2H, J = 6.50 Hz, aliphatic),
6.71 (s, 1H, CH), 6.95–7.04 (m, 2H), 7.13 (d, 1H, J = 7.50 Hz,
ArH), 7.36–7.54 (m, 4H), 10.97 (s, 1H, NH); 13C NMR (62.5 MHz,
DMSO-d6), dppm: 14.5, 19.1, 53.8, 59.8, 109.6, 117.4, 120.9, 22.5,
128.5, 129.3, 132.4, 133.6, 142.5, 145.5, 148.

2.3.3 Compound (6). Yellow solid; IR (KBr), n: 425, 507, 750,
823, 1010, 1160, 1245, 1458, 1571, 1696, 1731, 1908, 2980, 3382;
Fig. 3 SEM coupled with EDX (SEM mapping) of nano-[CoFe2O4@-
SiO2/propyl-1-(o-vanillinaldimine)][CoCl2].

17506 | RSC Adv., 2025, 15, 17503–17515
1H NMR (250 MHz, DMSO-d6), dppm: 1.12 (s, 3H, CH3), 2.44 (s,
2H, CH2), 3.99 (s, 2H, CH2), 6.40 (s, 1H, CH), 6.99 (s, 2H, Ar–H),
7.30 (s, 4H, Ar–H), 7.41 (s, 2H, Ar–H), 10.85 (s, 1H, NH); 13C
NMR (62.5 MHz, DMSO-d6), dppm: 14.5, 19.0, 55.7, 59.8, 97.8,
110.2, 117.3, 120.7, 121.3, 122.3, 129.7, 131.7, 141.8, 142.7,
145.8, 147.2, 165.5.

2.3.4 Compound (9).White solid; IR (KBr), n : 501, 763, 872,
1087, 1253, 1340, 1520, 1570, 1600, 1707, 2837, 2928, 2974,
3098, 3432 cm−1; 1H NMR (250 MHz, DMSO-d6), dppm: 1.12 (s,
3H, CH3), 2.45 (s, 2H, CH3), 3.98 (s, 2H, CH2), 6.57 (s, 1H, CH),
6.98 (m, 2H, ArH), 7.28 (m, 2H, ArH), 7.62 (s, 2H, ArH), 8.10 (s,
2H, ArH), 10.95 (s, 1H, NH); 13C NMR (62.5 MHz, DMSO-d6),
dppm: 14.5, 19.2, 55.7, 59.9, 97.2, 110.2, 117.4, 120.9, 122.50,
124.1, 128.9, 131.8, 142.7, 145.7, 147.4, 147.9, 149.4, 165.4.

2.3.5 Compound (11). Yellow solid; IR (KBr), n: 417, 742,
1079, 1526, 1576, 1618, 1664, 1702, 2930, 3242, 3444 cm−1; 1H
NMR (250MHz, DMSO-d6), dppm: 1.26 (s, CH3), 2.48 (s, 3H, CH3),
3.93 (s, 2H, CH2), 6.56 (s, 1H, CH), 7.09, (s, 2H, ArH), 7.25 (d, J =
5.00 Hz, 1H, ArH), 7.40, (s, 3H, ArH), 7.55, (s, 1H, ArH), 7.89 (d, J
= 7.50, Hz, 1H, ArH), 11.04 (s, 1H, NH); 13C NMR (62.5 MHz,
DMSO-d6), dppm: 14.4, 19.4, 51.0, 60.0, 97.8, 110.0, 117.5, 121.2,
122.6, 124.4, 129.6, 132.0, 134.6, 137.2, 145.8, 147.7, 148.2,
165.3.

2.3.6 Compound (13). White solid; IR (KBr), n: 488, 742,
859, 1030, 1088, 1250, 1460, 1521, 1575, 1661, 1698, 2838, 2979,
3236; 1H NMR (250 MHz, DMSO-d6), dppm: 1.05 (t, J = 7.50 Hz,
3H, CH3), 2.48 (s, 3H, CH3), 3.79 (s, 3H, O–CH3), 3.94 (t, J =
7.50 Hz, 2H, CH2), 6.64 (s, 1H, CH), 6.80–6.99 (m, 4H, ArH), 7.15
(d, J = 5.00 Hz, 2H, ArH), 7.28 (d, J = 7.50 Hz, 2H, ArH), 10.69 (s,
1H, NH); 13C NMR (62.5 MHz, DMSO-d6), dppm: 14.3, 18.9, 51.4,
Fig. 4 FESEM analysis of nano-[CoFe2O4@SiO2/propyl-1-(o-vanilli-
naldimine)][CoCl2].

© 2025 The Author(s). Published by the Royal Society of Chemistry
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55.9, 59.5, 97.0, 109.6, 111.7, 117.0, 120.4, 120.8, 121.9, 129.6,
146.3, 147.4, 146.7.

2.3.7 Compound (14). White solid; IR (KBr), n: 743, 819,
1048, 1258, 1574, 1619, 1660, 1701, 2835, 2930, 3103 cm−1; 1H
NMR (250 MHz, DMSO-d6), dppm: 0.85 (s, 1H, CH3), 1.06 (t, 1H, J
= 7.5 Hz, CH3), 2.42 (s, 1H, CH2), 2.48 (s, 1H, CH2), 3.61 (s, 3H,
CH3–O), 3.70 (s, 3H, CH3–O), 3.94 (q, J = 7.5 Hz, 2H, CH2), 6.64
(s, 1H, CH), 6.93 (s, 1H, Ar–H), 7.01 (d, J = 7.5 Hz, 1H, Ar–H),
7.30 (s, 1H, Ar–H), 7.55 (s, 1H, Ar–H), 7.72 (s, 1H, Ar–H), 8.03 (s,
1H, Ar–H), 8.25 (s, 1H, Ar–H), 10.93 (s, 1H, NH); 13C NMR (62.5
MHz, DMSO-d6), dppm: 14.4, 19.0, 51.7, 55.6, 56.4, 59.5, 96.8,
109.7, 112.8, 113.5, 116.0, 117.0, 120.4, 122.0, 130.8, 132.2,
142.5, 146.2, 147.4, 151.1, 153.3, 165.
3. Results and discussion

In the present work, to design novel cobalt(II) Schiff base
complex and immobilize it on a magnetic surface for use as
a recoverable catalyst in organic reactions, a Schiff base ligand
was rst synthesized by reacting ortho-vanillin with 3-amino-
propyltriethoxysilane. In the next step, the cobalt(II) Schiff base
complex was formed by the metalation of the synthesized Schiff
base ligand with cobalt(II) chloride. Finally, the cobalt(II) Schiff
base complex was immobilized on CoFe2O4@SiO2 nano-
particles to prepare the magnetite cobalt(II) Schiff base complex
as a reusable catalyst (Scheme 2).

Aer the preparation of the supported nanomagnetite
cobalt(II) Schiff base complex, FT-IR analysis of nano-[CoFe2-
O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2] was conducted
to identify the key bonds in the structure, in comparison with
other components of the catalyst (Fig. 1). The analysis demon-
strated that the vibrations at 1095 and 596 cm−1 corresponded
Fig. 5 TEM image of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine

© 2025 The Author(s). Published by the Royal Society of Chemistry
to the Si–O–Si and Fe–O bonds, respectively. The vibration at
2925 cm−1 was associated with C–H bond vibration. Addition-
ally, the peak corresponding to the C]N bond of the Schiff base
ligand appeared at approximately 1606 cm−1, indicating inter-
action with cobalt chloride in the prepared complex. This
analysis conrmed the presence of the key and desired bonds in
the structure of the nal catalyst.

In another study, to identify the elements present in the
nanomagnetite Schiff base complex, energy-dispersive X-ray
spectroscopy (EDX) analysis of nano-[CoFe2O4@SiO2/propyl-1-
(o-vanillinaldimine)][CoCl2] was performed. The analysis indi-
cated that the expected elements, including cobalt, iron,
nitrogen, oxygen, carbon, silicon and chlorine were detected in
the designed complex (Fig. 2).

To determine the distribution of elements in the designed
catalyst structure, SEM coupled with EDX (SEM mapping)
analysis was conducted. The study revealed that the expected
elements, namely, cobalt, iron, nitrogen, oxygen, silicon, carbon
and chlorine, were appropriately distributed within the catalyst
structure (Fig. 3).

To determine the contact surface and particle size of the
catalyst, eld emission scanning electron microscopy (FESEM)
analysis of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)]
[CoCl2] was performed. The images obtained showed that the
particle size of the designed nanomagnetite cobalt(II) Schiff
base complex was less than 100 nm (Fig. 4).

The particle size of the presented nanomagnetite cobalt(II)
Schiff base complex was also investigated using transmission
electron microscopy (TEM). The TEM images revealed that the
particles of the prepared catalyst were smaller than 100 nm
(Fig. 5). The creation of nano-sized particles enhanced the
)][CoCl2].

RSC Adv., 2025, 15, 17503–17515 | 17507
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Fig. 6 Atomic force microscopy (AFM) analysis of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2].
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catalytic reaction by increasing the contact surface between the
catalyst and the starting materials.

Atomic force microscopy (AFM) analysis is a crucial tech-
nique for characterizing nanoparticles, as it provides informa-
tion on surface topography, nanoparticle size and particle
dispersion through atomic force measurements. In this study,
the nanoparticles were imaged in both two-dimensional and
17508 | RSC Adv., 2025, 15, 17503–17515
three-dimensional surface topographies, with a size of 2
microns. Considering the mentioned topographies, a nano-
particle size of 75 nm was observed in the surface topographies,
similar to the results from another test conducted. It should be
noted that the color changes from blue to red indicated an
increase in particle size for the obtained particles (Fig. 6).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Thermogravimetric analysis (TGA) of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2].

Fig. 8 Vibrating sample magnetometer (VSM) analysis of nano-
[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2]. Fig. 9 XRD pattern of nano-[CoFe2O4@SiO2/propyl-1-(o-vanilli-

naldimine)][CoCl2].
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To assess the thermal stability of the presented magnetite
complex and its thermal capacity for use in various reactions,
thermogravimetric analysis (TGA) was performed on the nano-
magnetite Schiff base complex. The results obtained from this
analysis indicated that the prepared catalyst could be used up to
a temperature of approximately 300 °C (Fig. 7). As a result, the
TGA analysis indicated that this nanomagnetite complex
exhibited acceptable thermal tolerance in various organic
transformations.

The magnetic activity of [CoFe2O4@SiO2/propyl-1-(o-vanilli-
naldimine)][CoCl2] was studied using a vibrating sample
magnetometer (VSM) at room temperature to evaluate its
separation capability under an external magnetic eld. The
analysis revealed that the saturation magnetization of [CoFe2-
O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2] was approxi-
mately 12 emu g−1. The saturation magnetization of the
prepared nanomagnetite complex is shown in Fig. 8. Based on
© 2025 The Author(s). Published by the Royal Society of Chemistry
this analysis, the designed magnetic complex can be effectively
used as a recoverable catalyst in various organic
transformations.

The X-ray diffraction (XRD) pattern of nano-[CoFe2O4@SiO2/
propyl-1-(o-vanillinaldimine)][CoCl2] was also investigated in
the 2q range of 20–80° (Fig. 9). As shown in Fig. 9, the XRD
patterns of the nanomagnetite heterogeneous catalyst exhibited
peaks at 2q z 29.55°, 35.65°, 43.30°, 51.30°, 53.10°, 57.20°,
62.75°, 74.85° and 76.15°.

Aer the design and characterization of the nanomagnetite
cobalt(II) Schiff base complex through various analyses, its
catalytic application was studied in the preparation of several
4H-pyrimido[2,1-b]benzimidazole derivatives. For this purpose,
the condensation reaction of 4-nitrobenzaldehyde, 2-amino-
benzimidazole and ethyl acetoacetate was selected as a model
reaction. Various conditions, including catalyst amount,
temperature and solvent types, were tested for the reaction. The
RSC Adv., 2025, 15, 17503–17515 | 17509
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Table 1 Optimization of the reaction conditions for the model reaction

Entry Solvent Catalyst amount (mg) Temp. (°C) Time (min) Yielda (%)

1 — — 90 120 27
2 — 1 90 20 38
3 — 2 90 20 54
4 — 3 90 20 95
5 — 6 90 20 95
6 — 3 50 20 30
7 — 3 70 20 72
8 — 3 110 20 90
9 Ethyl acetate 3 Reux 20 60
10 CHCl3 3 Reux 20 87
11 EtOH 3 Reux 20 59
12 CH2Cl2 3 Reux 20 75
13 n-Hexane 3 Reux 20 39
14 DMF 3 Reux 20 48

a Isolated yield.
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mentioned reaction was tested in the presence of the designed
catalyst, varying from 1 to 6 mg, and at temperatures ranging
from 50 to 110 °C. The best results were obtained using 3 mg of
catalyst at 90 °C in the absence of solvent. Furthermore, the
reaction was studied in different solvents, including ethyl
acetate, CHCl3, CH2Cl2, n-hexane and DMF, and compared with
the solvent-free condition. The results were not superior to
those obtained under solvent-free conditions (Table 1). Since
the catalyst was heterogeneous, the presence of a solvent
hindered the contact between the starting materials and the
catalyst, leading to a slower reaction and a reduced product
yield.

To compare the catalytic activity of the designed nano-
magnetite Schiff base complex with its constituent components,
the selected reaction was investigated in the presence of each
catalyst component individually. The results of this investiga-
tion revealed that the catalytic activity of these components was
not as effective as that of nano-[CoFe2O4@SiO2/propyl-1-(o-
vanillinaldimine)][CoCl2] (Table 2).

Aer determining the optimal reaction conditions in the
previous study, different aromatic aldehydes, including those
with electron-withdrawing groups, electron-donating groups
and halogens on their aromatic rings, were used in the reaction
with ethyl acetoacetate and 2-aminobenzimidazole to prepare
4H-pyrimido[2,1-b]benzimidazole derivatives. The
Table 2 Catalytic activity of various components of the catalyst in comp
carried out using 3 mg of the catalyst at 90 °C under solvent-free cond

Entry Catalyst Catalyst amount (mg)

1 CoCl2$6H2O 3
2 CoFe2O4@SiO2 3
3 Schiff base ligand 3
4 Schiff base complex 3
5 Main catalyst 3

a Isolated yield.

17510 | RSC Adv., 2025, 15, 17503–17515
corresponding products were obtained with acceptable results
(Scheme 3). All reactions were carried out by reacting various
aromatic aldehydes with ethyl acetoacetate and 2-amino-
benzimidazole in the presence of 3 mg of the nanomagnetite
catalyst at 90 °C under solvent-free conditions.

Based on the structure of the prepared complex, the presence
of bulky groups on the nitrogen atoms in the cobalt(II) Schiff
base ligand structure can lead to a reduction in repulsion. As
a result, the cobalt complex may undergo a structural rear-
rangement, shiing from a tetrahedral form to a square-planar
conguration. Based on the calculations, the energy difference
between these two structures is not signicant, with the tetra-
hedral arrangement being only 18 kcal more stable than the
square-planar arrangement. Therefore, these two structures can
exist in equilibrium with each other. The complex adopting
a square-planar arrangement could serve as a precursor for the
cobalt to achieve a coordination number of six, enabling it to
interact with the starting materials and catalyze the reaction
(Scheme 4).
3.1. Computational methods

Calculations were performed using the Gaussian 09 system50

with the B3LYP/6-31G(d) method and basis set.51,52 Frequency
calculations were performed at the same computational level to
arison with the main catalyst for the model reaction. All reactions were
itions

Temp. (°C) Time (min) Yielda (%)

90 20 32
90 20 60
90 20 75
90 20 87
90 20 95

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Synthesis of 4H-pyrimido[2,1-b]benzimidazoles. All reactions were carried out using 3 mg of nanomagnetite catalyst at 90 °C under
solvent-free conditions.
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conrm that the obtained structures corresponded to energy
minima.

The internal energies of the tetrahedral and square-planar
structures were −3917.848479 and −3917.819183 hartree,
respectively. Based on the calculated internal energies in the gas
phase, the tetrahedral geometry was slightlymore stable (by about
−18 kcal mol−1) than the square-planar structure. It appeared
that the two geometries were in equilibrium, with a slight pref-
erence for the tetrahedral geometry (Fig. 10).

In the proposed mechanism, the cobalt complex in its tetra-
hedral form rearranged to a square-planar structure, and alde-
hyde and ethyl acetoacetate in their enol form were added to this
complex, allowing cobalt to achieve six coordination. According
to the calculations, the transition from tetrahedral to square-
© 2025 The Author(s). Published by the Royal Society of Chemistry
planar arrangement required minimum energy. In the next step
of the reaction, the nucleophilic attack of ethyl acetoacetate in its
enol form occurred on the activated aldehyde, forming interme-
diate (I). Additionally, the chloride anion generated from the
cobalt complex served as a base, reacting with the acidic
hydrogen in the structure of ethyl acetoacetate to facilitate the
Knoevenagel reaction. Subsequently, 2-aminobenzimidazole
could replace the aldehyde in the empty coordination site of the
cobalt complex and react with intermediate (I) as a Michael
acceptor, forming intermediate (II), which then underwent tau-
tomerization to yield the keto form (III). Through the intra-
molecular nucleophilic attack of the imine group on the carbonyl
group of intermediate (III), which was activated by the cobalt
complex, intermediate (IV) was formed. Finally, by the removal of
RSC Adv., 2025, 15, 17503–17515 | 17511
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Scheme 4 Conversion from tetrahedral to square-planer arrangement for the cobalt complex.

Fig. 10 Structure of the nanomagnetite cobalt complex in tetrahedral and square-planar forms.

17512 | RSC Adv., 2025, 15, 17503–17515 © 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Proposed mechanism for the synthesis of 4H-pyrimido[2,1-b]benzimidazoles.

Fig. 11 Recovery of nano-[CoFe2O4@SiO2/propyl-1-(o-vanillinaldi-
mine)][CoCl2].
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one molecule of H2O, a process activated by the cobalt complex
and accelerated by the chloride anion generated from the cobalt
complex, the main product was obtained (Scheme 5). According
to the proposed mechanism, the rearrangement of the cobalt
complex from a tetrahedral to a square-planar form increased the
© 2025 The Author(s). Published by the Royal Society of Chemistry
coordination number of cobalt. This rearrangement activated the
cobalt complex, allowing the starting materials to bind as ligands
and position themselves in close proximity, facilitating their
reaction in the correct orientation.

Placing the Schiff base cobalt(II) complex on the nano-
magnetite substrate allowed for the easy separation of the catalyst
from the reaction mixture. To assess this, the recovery of the
catalyst was investigated in the reaction of 4-nitrobenzaldehyde,
2-aminobenzimidazole and ethyl acetoacetate. At the end of the
reaction, the mixture was extracted with warm ethanol, and the
catalyst was separated from the reaction mixture using an
external magnet. The isolated catalyst was recovered and used in
subsequent reactions aer being washed with acetone. Catalyst
recovery was performed three times without a notable decrease in
reaction yield or any change in reaction time. The results of this
study are presented in Fig. 11. The recovery and reuse of the
catalyst not only save raw materials but also help prevent envi-
ronmental pollution, which is one of the important advantages of
using the designed catalyst.

To demonstrate the accuracy, the structure of the reused
catalyst was investigated by FT-IR analysis and compared with
that of the fresh catalyst (Fig. 12). According to Fig. 12, the FT-IR
RSC Adv., 2025, 15, 17503–17515 | 17513
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Fig. 12 FT-IR spectra of the reused catalyst in comparison with the fresh catalyst.

Table 3 Comparison of bond vibrations in the reused and fresh
catalysts

Reused catalyst Fresh catalyst

Bond
Wavenumber
(cm−1) Bond

Wavenumber
(cm−1)

Co–O 450 Co–O 468
Fe–O 595 Fe–O 596
Si–O–Si 1095 Si–O–Si 1095
C]N 1703 C]N 1606
C–H 2928 C–H 2925
O–H 3409 O–H 3373
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spectrum of the reused catalyst matched that of the fresh
catalyst. The bond vibrations for various bonds in the reused
catalyst were compared with those in the fresh catalyst and are
presented in Table 3.

To investigate the reason for the decrease in product yield with
the reused catalyst, the leaching of cobalt from the surface of the
catalyst was investigated using atomic absorption spectroscopy.
The investigation revealed that the fresh catalyst contained
12.89% cobalt, while the recovered catalyst, aer being used four
times, contained 11.01% cobalt. As a result, leaching of cobalt
from the magnetically supported cobalt(II) Schiff base complex
can lead to a reduction in the product yield.
4. Conclusions

In summary, we have synthesized and fully characterized nano-
[CoFe2O4@SiO2/propyl-1-(o-vanillinaldimine)][CoCl2] through
17514 | RSC Adv., 2025, 15, 17503–17515
various analyses, introducing it as a magnetically supported
Schiff base cobalt(II) complex. This complex served as an effec-
tive catalyst for the three-component preparation of 4H-pyr-
imido[2,1-b]benzimidazoles, via the reaction of 2-
aminobenzimidazole with ethyl acetoacetate and various
aromatic aldehydes, yielding high product yields and suitable
reaction times at 90 °C under solvent-free conditions.
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