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nol–formaldehyde supported
isatin-Schiff-base/Fe as a green and reusable
nanocatalyst for the synthesis of pyrano[2,3-d]
pyrimidines

Fatemeh Kiani, Dawood Elhamifar * and Shiva Kargar

Herein, a novel magnetic resorcinol–formaldehyde-supported isatin-Schiff-base/Fe complex (Fe3O4@RF-

ISB/Fe) is prepared and characterized and its catalytic performance is investigated in the synthesis of pyrano

[2,3-d]pyrimidines. The Fe3O4@RF-ISB nanomaterial was prepared through the chemical immobilization of

(3-aminopropyl)trimethoxysilane over the Fe3O4@RF composite, followed by treatment with isatin. The

Fe3O4@RF-ISB was then reacted with FeCl3$6H2O to afford the Fe3O4@RF-ISB/Fe nanocatalyst.

Characterization through FT-IR, EDX, PXRD, VSM, SEM and ICP techniques confirmed that the magnetite

surface was successfully modified with RF/ISB-Fe while preserving its crystalline structure. The SEM

image revealed spherical particles with an average size of 44 nm for the designed nanocomposite.

Various aromatic aldehydes were used as substrates in the presence of 0.01 g of Fe3O4@RF-ISB/Fe to

give the corresponding pyranopyrimidines in high yields (88–95%) within short reaction times (30–55

minutes) at RT. The designed magnetic catalyst maintained its activity for nine runs.
1. Introduction

Magnetic nanocomposites play a vital role in numerous elds,
such as catalysis, drug delivery, energy harvesting, plasmonics,
and magnetic resonance imaging (MRI).1–6 In these nano-
composites, the high chemical reactivity of magnetic nano-
particles (MNPs) can be effectively controlled by a chemically
inert shell which may consist of materials such as silica,
alumina, polymers, or carbon. Recent developments in this area
include Mag@mSiO2/IL-Cu,7 Fe3O4@C–TiO2–Ag,8 Fe3O4@-
SiO2@La2O3,9 Mo72V30@Fe3O4/C10 and Fe3O4/ZIF-8/TiO2.11

Among the different types of shells, resorcinol–formaldehyde
(RF) resin has gained signicant interest due to its distinctive
properties. These include a hydrophobic inner framework,
a surface rich in phenolic hydroxyl groups that facilitates the
accumulation of reactants near the catalytic active sites, and
advantages such as high biocompatibility, non-toxicity, and
cost-effectiveness.12–16 Therefore, coating magnetic nano-
particles with an RF shell not only enhances their chemical
stability and prevents aggregation but also utilizes the distinc-
tive hydrophobic and biocompatible properties of RF, thereby
making these nanocomposites particularly effective for catalytic
applications.

Meanwhile, Schiff-base ligands have garnered signicant
attention in the chemical and materials sciences due to their
y, Yasouj, 75918-74831, Iran. E-mail: d.

–1560
efficient complexation with a wide variety of transition metal
ions, excellent solubility, and superior catalytic performance.
Furthermore, Schiff-base ligands are used to improve catalytic
efficiency by linking the catalytic centers to solid supports.17–23

Recent studies in this area include reports such as Fe3O4@-
BOS@SB/In,24 Cu/SB–Fe3O4,25 and [MII(L)(Cl)(H2O)2]$H2O,26

BPMO@ISB/Mn(II).27

Recently, multicomponent reactions (MCRs) owing to their
simple operation, atom economy and high efficiency, have
become a crucial tool in organic synthesis and medicinal
chemistry, attracting signicant attention from chemists.28,29

Pyrano[2,3-d]pyrimidines, prepared through multicomponent
reactions, exhibit notable biological activities, including anti-
cancer, antispasmodic, antianaphylactic, and anticoagulant
properties. Therefore, the advancement of methods for their
effective synthesis remains a highly signicant area among
chemists. Despite the establishment of various methods for
synthesizing pyrano[2,3-d]pyrimidines, these techniques have
signicant limitations, such as high catalyst loadings, low
yields, the use of expensive ligands, complex work-ups, diffi-
culties in separating products from catalysts, and the use of
hazardous solvents.30–32 Hence, there is a critical need for the
development of a more environmentally friendly, efficient,
straightforward, and cost-effective method for synthesizing
pyrano[2,3-d]pyrimidines.

Considering all these aspects, in this work, a novel, and
environmentally friendly magnetic nanocatalyst supported isa-
tin Schiff-base/Fe complex, denoted as Fe3O4@RF-ISB/Fe, is
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
prepared, characterized and applied as a effective catalyst for
the green synthesis of pyrano[2,3-d]pyrimidines.
2. Experimental section
2.1 Synthesis of Fe3O4@RF

Initially, Fe3O4 nanoparticles (NPs) were synthesized using
amethod described in our previous work.33 Aer that, 150 mL of
deionised (DI) water was used to disperse the 1 g of Fe3O4 NPs.
Scheme 1 Preparation of the Fe3O4@RF-ISB/Fe nanocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
Following 10 minutes of ultrasonic treatment, ammonia (0.3
mL, 25 wt%) and resorcinol (0.4 g) were introduced into the
solution, which was then was agitated at 30 °C for 1 hour.
Following a dropwise addition of 0.6 mL of formaldehyde, the
mixture was constantly stirred for 6 hours. Aer that, the
mixture was heated for ve hours at 80 °C to complete the
procedure. Aer collecting the magnetic material, it was thor-
oughly rinsed with EtOH and deionized (DI) water and dried at
70 °C for 6 h.34
Nanoscale Adv., 2025, 7, 1552–1560 | 1553
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Fig. 1 The FTIR spectra of Fe3O4@RF (a), Fe3O4@RF/Pr-NH2 (b),
Fe3O4@RF-ISB (c), and Fe3O4@RF-ISB/Fe (d).

Fig. 2 The PXRD pattern of the Fe3O4@RF-ISB/Fe.
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2.2 Synthesis of Fe3O4@RF/Pr-NH2

To achieve this, 1 g of Fe3O4@RF nanoparticles was dispersed in
25 mL of toluene at 25 °C for 20 minutes. Aer adding 0.26 g of
(3-aminopropyl)trimethoxysilane (APTMS), the mixture was
reuxed at 100 °C for 24 hours. The resulting magnetic material
was subsequently collected, rinsed with ethanol and DI water,
and dried at 70 °C for 6 hours.

2.3 Synthesis of Fe3O4@RF-ISB

For this, 1 g of Fe3O4@RF/Pr-NH2 was fully dispersed in 20 mL
of toluene for 20 minutes. Subsequently, 0.6 g of isatin was
introduced into the reaction vessel, and the mixture was
agitated and reuxed for 24 hours. The resulting product was
further subjected to magnetic separation, rinsed with ethanol
and DI water, and dried in an oven at 60 °C for 12 hours.

2.4 Synthesis of Fe3O4@RF-ISB/Fe

Initially, 1 g of Fe3O4@RF-ISB was fully dispersed in 20 mL of
DMSO for 20 minutes. Then, the reaction vessel was agitated at
room temperature for 24 hours aer adding 0.2 g of FeCl3-
$6H2O. Aer being separated using a magnet, the nal product
was washed with ethanol and DI water and then dried for 12
hours at 60 °C. The ICP analysis was performed on both
Fe3O4@RF-ISB and Fe3O4@RF-ISB/Fe. The results indicated
that the Fe loading onto the material framework was 0.14 mmol
Fe per g.

2.5 Procedure for the synthesis of pyrano[2,3-d]pyrimidines
using the Fe3O4@RF-ISB/Fe nanocatalyst

To carry out the reaction, aldehyde (1 mmol), malononitrile (1
mmol), barbituric acid (1 mmol), and 0.01 g of Fe3O4@RF-ISB/
Fe were added to a reaction vessel containing EtOH (10 mL)
and stirred at RT. Upon completion, monitored by TLC, the
Fe3O4@RF-ISB/Fe catalyst was removed using an external
magnet. The pure products were obtained by recrystallization
from EtOH.

3. Results and discussion
3.1 Characterization of Fe3O4@RF-ISB/Fe

Scheme 1 illustrates the synthesis pathway for the Fe3O4@RF-
ISB/Fe nanocomposite. Initially, Fe3O4@RF NPs were synthe-
sized via the interface polymerization of resorcinol and form-
aldehyde on Fe3O4 NPs under alkaline conditions. The RF shell
was then chemically modied with (3-aminopropyl)trimethox-
ysilane (APTMS), resulting in Fe3O4@RF/Pr-NH2. This nano-
material was subsequently reacted with isatin to afford
Fe3O4@RF-ISB. Finally, the Fe3O4@RF-ISB support was treated
with FeCl3$6H2O to yield the Fe3O4@RF-ISB/Fe nanocomposite.

Fig. 1 displays the FTIR spectra of the synthesized materials,
including Fe3O4@RF (a), Fe3O4@RF/Pr-NH2 (b), Fe3O4@RF-ISB
(c), and Fe3O4@RF-ISB/Fe (d). For all samples, the FTIR anal-
ysis revealed a characteristic absorption peak for the Fe–O bond
at 588 cm−1 and a stretching vibration of the O–H bond at
3419 cm−1. The absorption bonds appeared at 2857–2932 and
1554 | Nanoscale Adv., 2025, 7, 1552–1560
1450 cm−1, corresponding to the aliphatic C–H stretching and
bending vibrations of the propyl amines and RF resin, respec-
tively. Additionally, the signals at 1021 and 1110 cm−1 are
attributed to the C–O–C methylene ether bridges between
resorcinol units.35,36 The presence of the Si–O–Si signals at 806
and 1029 cm−1 supported the successful surface modication of
Fe3O4@RF with (3-aminopropyl)trimethoxysilane (Fig. 1b–d).
Furthermore, the peak at 1621 cm−1 is attributed to the C]N
bond, indicating that the isatin-Schiff-base (ISB) ligand was
successfully formed on the material surface (Fig. 1c and d).37

Powder X-ray diffraction (PXRD) analysis was conducted to
examine the crystallinity of the Fe3O4@RF-ISB/Fe nano-
composite. As shown in Fig. 2, the wide-angle PXRD pattern
reveals six peaks at 2q values of 30.4°, 35.82°, 43.03°, 54.22°,
57.36°, and 62.98°, corresponding to the (220), (311), (400),
(422), (511), and (440) crystal planes, respectively. These
observations are consistent with the PXRD pattern of Fe3O4,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The EDX spectrum of Fe3O4@RF-ISB/Fe.
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indicating that these NPs retain high stability throughout the
modication processes.38,39

Fig. 3 shows the EDX spectrum of the Fe3O4@RF-ISB/Fe
catalyst. The EDX spectrum conrms the presence of C, N, O,
Si, and Fe in the sample. This result is in accordance with the
FTIR analysis, conrming the effective incorporation and
immobilization of the expected species in the Fe3O4@RF-ISB/Fe
nanocomposite.

Themagnetic properties of Fe3O4@RF and Fe3O4@RF-ISB/Fe
nanomaterials were investigated using a vibrating sample
magnetometer (VSM, Fig. 4). The saturation magnetization
values obtained were 50 and 39.8 emu g−1, respectively, for
Fe3O4@RF and Fe3O4@RF-ISB/Fe. The observed decrease in
magnetic properties aer modication is attributed to the
successful immobilization of the isatin-Schiff-base/Fe complex
on the Fe3O4@RF NPs.
Fig. 4 The VSM diagrams of Fe3O4@RF (a) and Fe3O4@RF-ISB/Fe (b)
nanocomposites.

© 2025 The Author(s). Published by the Royal Society of Chemistry
The SEM analysis was conducted to examine the morphology
of the Fe3O4@RF-ISB/Fe nanocomposite (Fig. 5). The analysis
revealed that the catalyst exhibits a spherical morphology with
an average particle size of approximately 44 nm.
3.2 Catalytic activity of the Fe3O4@RF-ISB/Fe
nanocomposite

Aer characterization, the performance of the Fe3O4@RF-ISB/
Fe catalyst was investigated in the synthesis of pyrano[2,3-d]
pyrimidines. The condensation between barbituric acid, benz-
aldehyde and malononitrile at room temperature (RT) was
selected as a test model to optimize the reaction conditions. By
evaluating the effect of several parameters, such as catalyst
amount and solvent, the optimal conditions were determined
(Table 1). Initially, the effect of solvent-free conditions, as well
as the use of H2O and EtOH solvents, was investigated (Table 1,
entries 1–3). The results demonstrated that the highest yield of
95% was observed with EtOH (Table 1, entry 3). The reaction
progress was also affected by the amount of catalyst, and 0.01 g
of Fe3O4@RF-ISB/Fe provided the best result (Table 1, entry 3).
Interestingly, there was no noticeable difference in the product
yield when the catalyst amount increased to 0.015 g (Table 1,
entry 5). It should be noted that no product was observed in the
absence of the catalyst (Table 1, entry 6). To demonstrate the
role of supported-Fe centers in the catalytic process, the reac-
tion was performed in the presence of Fe-free Fe3O4@RF and
Fe3O4@RF-ISB materials under identical reaction conditions
(Table 1, entries 7 and 8). Interestingly, only a low yield of the
desired product was obtained in the latter cases. These ndings
indicate that the supported-Fe species play a major role in
catalyzing the reaction. In addition, the catalytic activity of
Fe3O4@RF-ISB/Fe was compared with that of FeCl3$6H2O salt
(Table 1, entry 3 vs. entry 9). The result indicates that the
reaction achieves a satisfactory conversion using FeCl3$6H2O.
This result conrms that the catalytic activity of Fe3O4@RF-ISB/
Fe is comparable to that of the homogeneous FeCl3$6H2O
catalyst, as both systems achieve similar yields. This nding
Nanoscale Adv., 2025, 7, 1552–1560 | 1555
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Fig. 5 The SEM image of the Fe3O4@RF-ISB/Fe nanocomposite.

Table 1 Effect of different parameters in the synthesis of pyranopyrimidines

Entry Solvent Catalyst Catalyst loading (g) Yield (%)

1 — Fe3O4@RF-ISB/Fe 0.01 86
2 H2O Fe3O4@RF-ISB/Fe 0.01 76
3 EtOH Fe3O4@RF-ISB/Fe 0.01 95
4 EtOH Fe3O4@RF-ISB/Fe 0.005 75
5 EtOH Fe3O4@RF-ISB/Fe 0.015 96
6 EtOH — — —
7 EtOH Fe3O4@RF 0.01 15
8 EtOH Fe3O4@RF-ISB 0.01 14
9 EtOH FeCl3$6H2O 0.004 96
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clearly demonstrates that the supported Fe(III) species exhibit
high efficiency, closely resembling the catalytic behavior of free
Fe(III) ions, while also providing signicant advantages in terms
of recoverability and reusability. Accordingly, the following
1556 | Nanoscale Adv., 2025, 7, 1552–1560
optimal parameters were chosen: room temperature, EtOH as
the solvent, and 0.01 g of the Fe3O4@RF-ISB/Fe catalyst.

Following condition optimization (Table 1, entry 3), various
aldehyde derivatives were employed as substrates. As illustrated
in Table 2, the corresponding pyranopyrimidines were formed
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Synthesis of pyranopyrimidines using Fe3O4@RF-ISB/Fe

Entry Aldehyde Time (min) Yield (%) Mp found (°C) Mp reported (°C)

1 PhCHO 40 95 219–221 222–224 (ref. 40)
2 4-Cl–PhCHO 35 91 240–242 242–244 (ref. 41)
3 4-Me–PhCHO 50 88 227–229 226–227 (ref. 42)
4 4-MeO–PhCHO 55 90 268–270 268–271 (ref. 40)
5 3-NO2–PhCHO 35 94 265–267 265 (ref. 41)
6 4-Br–PhCHO 30 93 230–232 235–236 (ref. 42)
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in high yields from all types of aldehydes. The remarkable
performance of the Fe3O4@RF-ISB/Fe catalyst in the synthesis
of various derivatives of pharmacologically active pyranopyr-
imidines was conrmed by the fact that electronic characteris-
tics and the substituent positions had a little effect on this
process.

In the following investigation, the recoverability and reus-
ability of the Fe3O4@RF-ISB/Fe catalyst were evaluated. Aer
completing the reaction, the Fe3O4@RF-ISB/Fe catalyst was
magnetically separated and reused under the same conditions
as the initial run. The results indicated that the Fe3O4@RF-ISB/
Fe catalyst retained its effectiveness for at least nine cycles,
highlighting its remarkable durability under the optimized
conditions (Fig. 6).

A leaching test was performed to investigate the nature of the
Fe3O4@RF-ISB/Fe catalyst under the applied conditions. During
the test, the catalyst was removed from the reaction mixture
aer reaching a 50% conversion. The reaction of the residue
Fig. 6 Recoverability and reusability of the Fe3O4@RF-ISB/Fe
nanocatalyst.

© 2025 The Author(s). Published by the Royal Society of Chemistry
was then allowed to continue for 60 min. The result demon-
strated no signicant increase in conversion, conrming the
heterogeneous nature of the designed catalyst. Additionally, the
ICP analysis proved the absence of Fe species in the reaction
vessel conrming no leaching of the active Fe catalyst under the
applied conditions. These results demonstrate the successful
immobilization and high stability of the active Fe species, which
is attributed to the Schiff-base ligand, preventing Fe-leaching
during the reaction.

The PXRD analysis of the recovered Fe3O4@RF-ISB/Fe
revealed six peaks at 2q = 30.48°, 35.75°, 43.2°, 54.2°, 57.32°,
and 63.05° (Fig. 7), which aligns well with the PXRD pattern of
the fresh nanocatalyst. This conrms the exceptional stability of
the crystalline structure of magnetite nanoparticles even aer
nine cycles of recovery and reuse.

A proposed mechanism for the synthesis of pyrano[3,2-d]
pyrimidine derivatives catalyzed by Fe3O4@RF-ISB/Fe is pre-
sented in Scheme 2. The initial step involves forming interme-
diate 1 through a Knoevenagel condensation between
malononitrile and the Fe-activated aldehyde. Subsequently, as
Fig. 7 The PXRD pattern of the recovered Fe3O4@RF-ISB/Fe
nanocatalyst.

Nanoscale Adv., 2025, 7, 1552–1560 | 1557
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Scheme 2 A plausible mechanism for the synthesis of pyrano[2,3-d]pyrimidines using Fe3O4@RF-ISB/Fe.

Table 3 Comparative study of the efficiency of Fe3O4@RF-ISB/Fe with the former catalysts in the synthesis of pyrano[2,3-d]pyrimidines

Entry Catalyst Conditions Time Recovery times Ref.

1 [BMIm]BF4 Cat. (1.5 g), solvent-free, 90 °C 180 min 4 43
2 Fe3O4@cellulose Cat. (5 mg), H2O, 25 °C 35 min 5 30
3 L-Proline Cat. (5 mol%), EtOH, 25 °C 40 min — 43
4 Fe3O4@RF-ISB/Fe Cat. (0.01 g), EtOH, 25 °C 40 min 9 This work
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a Michael acceptor, this intermediate reacts with the enol form
of barbituric acid to produce intermediate 2. Next, intermediate
2 undergoes an intramolecular cyclization to form intermediate
3. Finally, the desired product 4 is obtained through a tauto-
merization process.

The performance of the Fe3O4@RF-ISB/Fe catalyst was
compared with that of various catalytic systems previously re-
ported for the synthesis of pyrano[2,3-d]pyrimidines (Table 3).
1558 | Nanoscale Adv., 2025, 7, 1552–1560
The study showed that the present catalyst outperforms previ-
ously reported catalytic systems in terms of mild reaction
conditions, reaction rates, and recovery times.
4. Conclusion

In summary, a novel magnetic RF modied with an isatin-
Schiff-base/Fe (Fe3O4@RF-ISB/Fe) complex was successfully
© 2025 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
designed, prepared, characterized and applied as a powerful
catalyst. The FT-IR and EDX analyses clearly indicated that the
RF moieties were successfully coated/immobilized on the
magnetic NPs. The PXRD analysis further conrmed that the
crystalline structure of the Fe3O4 NPs remains highly stable
throughout the modication process. Additionally, the SEM
image of Fe3O4@RF-ISB/Fe revealed well-dened spherical
particles of the nanomaterial. The Fe3O4@RF-ISB/Fe nano-
composite was effectively employed as a robust and highly
recoverable catalyst for the synthesis of pyrano[2,3-d]pyrimi-
dines, providing the desired products in high yields and short
reaction times under mild conditions. Due to the advantages of
the Fe3O4@RF-ISB/Fe nanocatalyst, including simple prepara-
tion, high stability, and ease of recovery and separation, this
catalyst exhibits signicant potential for use in various impor-
tant organic reactions, such as other multicomponent
processes, C–H activation, nucleophilic substitution of benzylic
C–X bonds, C–N bond formation, and so on.
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