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A B S T R A C T

In response to the growing demand for sustainable catalysis in organic synthesis, this study introduces a novel, 
eco-friendly core-shell Fe₃O₄@SiO₂@GPTMS/2-aminophenol-Cu(II) magnetic nanocatalyst. The catalyst was 
synthesized via a straightforward procedure and thoroughly characterized using FT-IR, FE-SEM, TEM, EDX, TGA, 
VSM, XRD, and ICP techniques. TEM analysis confirmed a particle size distribution of 10–26 nm (average 31 
nm), while TGA demonstrated excellent thermal stability, with 39.5% weight retention up to 800 ◦C. The 
nanocatalyst exhibited superior activity in the one-pot Knoevenagel–Michael Cyclocondensation of aromatic 
aldehydes, malononitrile, and dimedone under solvent-free, room-temperature mortar-pestle grinding condi
tions, yielding 2-amino-4H-benzo[b]pyran derivatives with excellent purity and yields (>90% in most cases). 
This method aligns with green chemistry principles through minimal waste, mild conditions, and low catalyst 
loading (1.3 mol%). Furthermore, its superparamagnetic properties facilitate easy magnetic recovery and reuse 
for at least five cycles with negligible loss in activity. This approach offers a versatile, efficient platform for 
heterocycle synthesis, emphasizing sustainability and recyclability.

1. Introduction

Industrial growth and the extensive production and use of various 
organic substances, while considered essential for the advancement of 
modern civilization, have led to a significant accumulation of persistent 
organic pollutants (POPs) in the environment. This has resulted in 
numerous environmental issues such as soil erosion, forest destruction, 
depletion of the ozone layer, climate change, and air and water 
contamination, all of which have serious impacts on human health and 
wildlife, leading to the decline of biodiversity [1–6]. Consequently, 
various regulatory agencies have urged the chemical industry to adopt 
synthetic strategies that align with the principles of green chemistry, 
rather than relying on conventional synthetic methods [7–9]. Recently, 

the application of green chemistry principles has emerged as a prom
ising field. This approach aims to reduce energy consumption, use non- 
toxic materials and safer solvents, improve atom economy, and apply 
advanced catalytic methods [10].

Mechanochemical methods offer an efficient and eco-friendly alter
native widely adopted in academia and industry. Mechanochemistry 
involves chemical reactions and structural transformations driven by 
mechanical energy [11]. This technique typically employs external 
mechanical forces to grind solid reactants, using devices such as shakers, 
ball mills, or mortar and pestle [12]. Grinding synthesis has garnered 
significant attention within green chemistry due to its solvent-free na
ture, particularly the avoidance of volatile organic solvents [13]. This 
approach not only reduces the generation of harmful byproducts but 
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also lowers overall costs [14,15], contributing to more sustainable 
chemical processes. When mechanochemical synthesis is combined with 
other methodologies, such as multicomponent reactions (MCRs), a 
synergistic effect arises. This integration leverages the advantages of 
both approaches, resulting in enhanced synthetic efficiency, minimized 
solvent waste and pollution, the ability to utilize insoluble starting 
materials, improved yields and product selectivity, and reduced reaction 
times [16].

Multicomponent reactions (MCRs) are synthetic processes that 
convert three or more readily available starting materials into a single 
product in a one-pot operation, making them among the most important 
reactions for the efficient formation of new C–C and carbon-heteroatom 
bonds in a single step [17]. MCRs, as a successful and rapidly expanding 
method for synthesizing complex molecules and increasing product di
versity, are regarded as one of the most powerful approaches in the 
synthesis of natural products, organic materials, biologically active 
molecules, as well as pharmaceutical and agrochemical compounds. 
MCRs have gained significant attention due to their unique properties, 
including lower costs, simple operation, excellent selectivity, high 
atomic economy, high convergence, impressive yields, least waste pro
duction, and environmental friendliness [18–26]. One significant chal
lenge in green chemistry is the development of catalysts with diverse 
features, such as high stability, eco-friendliness, recyclability, and 
reusability, particularly in synthetic organic processes like MCRs. In this 
context, the design, synthesis, and advancement of nanoparticles (NPs) 
have emerged as promising strategies [27,28].

Magnetic nanoparticles (MNPs) are becoming more important in 
many technological applications. Fe₃O₄-based MNPs have many bene
fits, including environmental safety, non-toxicity, superparamagnetic 
behavior, narrow size distribution, stability, high surface area, cost- 
effective production, dispersibility, and easy separation from reaction 
mixtures using an external magnetic field [29–31]. These nanoparticles 
also work well in several organic reactions [32–39]. Notably, silica 
improves reactivity, derivatization, and surface strength while being 
flexible. Silica-encapsulated Fe3O4 nanoparticles are popular due to 
their chemical inertness, low toxicity, mechanical and thermal stability, 
ease of functionalization, optical clarity, and easy production [40–43]. 
Researchers have focused on silica-coated Fe3O4 nanoparticles, espe
cially for novel methods. Compared to bulk magnetic nanoparticles, 
their size and shape affect their performance, allowing them to perform 
better. The size and shape of magnetic nanoparticles greatly affect their 
properties. Adjusting reactant concentrations, capping agents, reaction 
time, and temperature to optimize nanoparticle dimensions is necessary 
to achieve desired characteristics. These nanoparticles' small nanoscale 
size improves surface-to-volume ratios and chemical potentials, making 
them crucial for catalysis.

Considerable efforts in both industry and academia have focused on 
creating innovative and efficient methods for synthesizing heterocyclic 
compounds [44–46]. Among these, benzopyrans (BZPs) and their de
rivatives stand out as a significant class synthesized via multicomponent 
reactions. The BZP framework is a vital natural scaffold present in 
plants, microorganisms, and animals, widely found in natural and edible 
sources, and exhibiting diverse pharmacological properties [47]. 
Although primarily produced synthetically for commercial use, BZPs are 
extensively applied across various industries including pharmacology, 
medical biochemistry, agriculture, and materials manufacturing. They 
are also used in perfumes, cosmetics, pigments, and as flavoring agents 
in food products like chocolate and baked goods [48–50]. Their greatest 
impact lies in medicinal chemistry, where they show promising phar
macological effects [51] such as anti-cancer, antimicrobial, anti- 
inflammatory, and potential treatment for neurodegenerative diseases 
like Parkinson's and Alzheimer's [52–56]. A notable compound, 2- 
amino-3-cyano-4H-pyran, is prized for its biological activities and can 
be efficiently synthesized via a one-pot, three-component reaction 
involving an aldehyde, 1,3-dicarbonyl compounds, and malononitrile in 
the presence of a catalyst [57,58]. Due to the importance of these 

compounds, various catalysts such as Fe3O4@SiO2@GPTMS@guanidine 
[59], GO-Fc@Fe3O4 [60], nano-SnO2 [61], [PEG(mim)2][OH]2 [62], 
EDA/(CH2)3@SiO2@Fe3O4 [63], and Fe3O4@NH2@TCT@HOProCu 
[64] have been employed for this conversion. Despite the advantages of 
these methods, several suffer from drawbacks including extended re
action times, non-benign conditions, Substantial catalyst loading, High 
temperatures, utilization of volatile organic solvents, toxic catalysts, and 
non-recyclable catalysts.

Consequently, there is a need to develop a simple and recyclable 
catalyst for the synthesis of 2-amino-4H-benzo[b]pyran derivatives 
under mild and green reaction conditions. Herein, we have reported the 
development of Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) as an 
efficient heterogeneous magnetic nanocatalyst for the synthesis of 2- 
amino-4H-benzo[b]pyran derivatives via a solvent-free grinding reac
tion (Scheme 1).

2. Result and discussion

The catalyst was synthesized following the procedure outlined in 
Scheme 2 through a series of steps: First, Fe3O4 nanoparticles were 
generated using a coprecipitation method involving FeCl3 and FeS
O4⋅7H2O. This was followed by the addition of TEOS to form the silica 
coating. Subsequently, GPTMS was employed as a linker and grafted 
onto Fe3O4@SiO2, resulting in Fe3O4@SiO2@GPTMS. This compound 
then facilitated the attachment of 2-aminophenol, producing Fe3O4@
SiO2@GPTMS/2-aminophenol. Finally, the resulting materials were 
treated with Cu species, leading to the formation of the super
paramagnetic Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) via the co
ordination of NH2 or OH ligands with Cu. The synthesized materials at 
each stage were analyzed using several methods, such as FT-IR, FE-SEM, 
TEM, EDX, TGA, VSM, XRD, and ICP.

FT-IR spectroscopic analyses were performed to determine the 
functional groups in the nanomaterials and to monitor and confirm the 
progressive alterations throughout the synthesis, surface modification of 
Fe₃O₄, and effective immobilization of SiO2, GPTMS, 2-aminophenol, 
and Cu shells onto the Fe3O4 NPs (Fig. 1). The FT-IR analysis of the 
synthesized magnetite nanoparticles reveals a clear absorption peak at 
580 cm− 1, which is linked to the Fe–O stretching vibration typical of 
the spinel structure associated with magnetite [65,66]. This absorption 
peak corresponds closely with earlier documented values for Fe₃O₄ 
nanoparticles, thus confirming the effective creation of nanoscale 
magnetite (Fig. 1a). Fig. 1b illustrates the FT-IR spectrum of silica- 
coated Fe₃O₄ nanoparticles, showing a broad absorption band at 
approximately 1166 cm− 1, indicative of the Si–O stretching vibration 
[65,66]. Subsequently, functionalization of Fe₃O₄@SiO2 with GPTMS 

Scheme 1. Schematic representation of the synthesis of 2-amino-4H-benzo[b] 
pyrans derivatives
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yielded GPTMS@SiO₂@Fe₃O₄, as shown in Fig. 1c. In the FT-IR spec
trum, a new absorption band at 2933 cm− 1 was observed, corresponding 
to the stretching vibration of the -CH₂ groups [65,67]. Additionally, an 
absorption band around 1210 cm− 1, attributable to the C–O bond of the 
epoxy group and overlapping with the strong silica absorption, was 
detected. The presence of these absorption bands confirms the successful 
incorporation of epoxy functionalities into the catalyst structure 
[65,67]. Upon finishing the fourth stage of the reaction, which involves 
the incorporation of 2-aminophenol, a peak indicative of the N–H 
stretching vibration of a primary amine emerges in the 3400–3500 cm− 1 

range. Furthermore, a peak at 1589 cm− 1 is recognized as the N–H 

bending vibration. Peaks detected at 1460, 1509, and 1616 cm− 1 are 
linked to the C––C stretching vibrations of the aromatic ring (Fig. 1d). 
Following the coordination of copper with 2-aminophenol, the stretch
ing vibrations of the O–H bonds shift to a lower wavenumber (3322 
cm− 1), while the N–H bending vibration moves to a higher wave
number (1597 cm− 1) [65,66] (Fig. 1e). The changes and advancements 
noted in the IR spectrum from the initial magnetite to the end nano
catalyst distinctly illustrate the stepwise functionalization process, 
where each adjustment adds new vibrational bands yet preserves the 
fundamental structure of magnetite. The results and observations from 
this comprehensive spectroscopic investigation validate the successful 
creation of the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) nano
catalytic system.

EDX analysis verified the presence of SiO2, GPTMS, 2-aminophenol, 
and Cu shells on the Fe3O4 NPs, indicating the presence of N, C, O, Si, Fe, 
and Cu, with mass percentages of 0.95, 3.77, 25.47, 6.69, 60.63, and 
2.49, respectively, as depicted in Fig. 2a. Moreover, elemental mapping 
analysis was utilized to acquire qualitative data on the distribution of 
components present in the synthesized catalyst (Fig. 2b). The resulting 
maps distinctly illustrate a homogeneous distribution of Cu species 
throughout the matrix. Additionally, the associated data confirms the 
steady presence of N, C, O, Si, and Fe in the nanocatalyst, indicating that 
the targeted catalyst is formed consistently. Overall, these findings 
indicate the successful immobilization of SiO2, GPTMS, 2-aminophenol, 
and Cu shell nanoparticles, leading to the effective creation of the 
nanocatalytic system. In addition, the precise Cu concentration in the 
final nanocatalyst was assessed using the ICP method. The ICP results 
revealed that the true amount of Cu in the nanocatalyst was measured at 
2.7 wt% (w%).

P-XRD analysis was conducted to explore the crystalline structure of 
the Fe3O4, Fe3O4@SiO2, and Fe3O4@SiO2@GPTMS/2-aminophenol-Cu 
(II) nanocatalyst (Fig. 3). The P-XRD pattern of the nanocatalyst reveals 
diffraction peaks at approximately 2θ = 18.3◦, 30.3◦, 35.8◦, 43.5◦, 53.9◦, 
57.5◦, and 62.9◦, which are associated with the (111), (220), (311), 
(400), (422), (511), and (440) crystal planes. The sharp peaks reflect the 
highly crystalline structure of the nanoparticles. Because of the 

Scheme 2. Schematic representation of the synthetic route for Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II)

Fig. 1. FT-IR spectra of a) Fe3O4, b) Fe3O4@SiO2, c) Fe3O4@SiO2@GPTMS, d) 
Fe3O4@SiO2@GPTMS/2-aminophenol, and e) Fe3O4@SiO2@GPTMS/2-amino
phenol-Cu(II) nanoparticles.
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amorphous nature of SiO2, the peak associated with SiO2 was absent in 
the P-XRD pattern of the Fe3O4@SiO2 and prepared (Fig. 3b and c). As 
per JCPDS 19–0629 [66], the synthesized nanoparticles exhibit a cubic 
morphology, with an average particle size of 15.87 nm, determined 
using the Scherrer equation. To further investigate the P-XRD data and 
Miller indices (hkl), the inter-planar distance of the final catalyst was 
examined. The Bragg equation [dhkl = k/(2sinθ)] allows for the calcu
lation of this inter-planar distance, which was found to be 0.3225 nm. 

Fig. 2. a) EDX analysis and b) elemental distribution for the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II).

Fig. 3. P-XRD pattern for the a) Fe3O4, b) Fe3O4@SiO2, and c) Fe3O4@
SiO2@GPTMS/2-aminophenol-Cu(II).

Table 1 
P-XRD data for the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II).

Number Pos. 
[◦2Th.]

FWHM Left 
[◦2Th.]

d-spacing 
[Å]

Crystallite size 
(nm)

1 18.3 0.7872 4.83935 10.2
2 30.3 0.6888 2.94337 11.9
3 35.7 0.1968 2.50845 42.4
4 43.5 0.5904 2.07737 14.5
5 53.9 0.4920 1.69917 18.1
6 57.5 0.8856 1.60246 10.2
7 62.9 0.9840 1.47675 9.5
8 74.6 0.9840 1.27077 10.2

S. Rezayati et al.                                                                                                                                                                                                                                Inorganic Chemistry Communications 188 (2026) 116456 

4 



The corresponding Miller indices for this distance are detailed in 
Table 1.

The FE-SEM images and size distribution of the Fe3O4@
SiO2@GPTMS/2-aminophenol-Cu(II) nanoparticles, shown in Fig. 4a 
and b, reveal that the nanoparticles form spherical and uniform particles 
with an average size of about 35 nm, as indicated by the histogram. 
These results strongly suggest effective integration of the nanocatalyst 
onto the nanoparticles, which exhibit some irregular aggregation. 
Complementary TEM images and size distribution, presented in Fig. 4c 

and d, further confirm that the nanoparticles possess a clear core–shell 
structure with sizes ranging approximately from 10 to 26 nm. The darker 
core corresponds to Fe3O4, while the brighter shell represents the SiO2 
layer, demonstrating successful coating of Fe3O4 with silica. Together, 
these microscopic analyses validate the uniform morphology and cor
e–shell architecture of the synthesized Fe3O4@SiO2@GPTMS/2-amino
phenol-Cu(II) nanocatalytic system.

In Fig. 5, the magnetic characteristics of Fe3O4 and Fe3O4@
SiO2@GPTMS/2-aminophenol-Cu(II) were analyzed with VSM. The 
VSM findings show that every sample demonstrates typical 

Fig. 4. a) SEM image and b) size distributions, c) TEM image and d) size distributions of the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II).

Fig. 5. VSM analysis for the a) Fe3O4 and b) Fe3O4@SiO2@GPTMS/2-amino
phenol-Cu(II).

Fig. 6. TGA curve of the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II).
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paramagnetic properties. The graph indicates a magnetization value of 
50.5 emu/g for Fe3O4. For the prepared nanocatalyst, the magnetization 
is recorded at 13.4 emu/g, reflecting its magnetization. The decrease in 
the emu/g value confirms the deposition of nonmagnetic coatings, 
including SiO2, GPTMS, 2-aminophenol, and Cu shells on Fe3O4 nano
particles. Moreover, the synthesized nanocatalyst could be readily iso
lated from the reaction mixture with a strong external magnet, 
indicating that the sample exhibits superparamagnetic.

To assess the thermal stability and identify the organic and inorganic 
component content, TGA of Fe3O4 (Fig. S1, supporting information) and 
Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) (Fig. 6). TGA-DTA anal
ysis of Fe3O4 conducted from 25 to 800 ◦C in air (at a rate of 10 ◦C/min) 
indicates a 16.95% weight decrease until approximately 400 ◦C: around 
1–2% up to 100 ◦C due to the evaporation of surface moisture (attrib
uted to its high surface area), and roughly 15% between 100 and 400 ◦C 
resulting from minor organic impurities or hydrates such as Fe(OH)₂. 
The weight stabilizes at 83%, suggesting a stable iron core (either pure 
Fe or its oxide) with no further oxidation. The DTA reveals endothermic 
peaks at approximately 39 ◦C and 60 ◦C related to the loss of volatiles, 
along with a broad endothermic peak for decomposition, with no 
exothermic reactions detected-this indicates high purity, thermal sta
bility, and potential applicability in magnetic and catalytic fields. The 
Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) shows three steps to 
weight loss: (i) A preliminary slight weight reduction (approximately 
7.73%) takes place under 110 ◦C as a result of the desorption of physi
cally attached water molecules and surface humidity. (ii) Within the 
temperature interval of around 150–500 ◦C, a notable weight loss (i.e., 
26.2%) is observed, likely resulting from the thermal breakdown of 
GPTMS and the 2-aminophenol coating, alongside the continued 
decomposition of leftover organic components. This finding suggests 
that the core− shell structure has been effectively stabilized with 
different organic compounds. (iii) The third stage of weight loss occurs 
at elevated temperatures ranging from 500 to 650 ◦C. Approximately 
26.4% of the weight is lost during this stage. This reduction is attributed 
to the partial breakdown of molecules like silanol groups. Significantly, 
given that around 39.5% of the nanocatalyst's mass persists at 800 ◦C, 
we can deduce that roughly 60.5% weight loss transpires within this 
temperature range. This loss is primarily attributed to the decomposition 
and evaporation of the organic and volatile constituents in the nano
catalyst's framework, while the inorganic component remains predom
inantly stable.

Porosimetry assessments were performed on the Fe3O4 and 
Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) catalyst to evaluate their 
surface characteristics (Fig. 7). The N2 adsorption-desorption isotherm 

for both Fe3O4 and Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) reveals 
a typical type-IV curve with a mesoporous configuration, demonstrating 
significant sorption hysteresis and pore compression. The surface area of 
Fe3O4 is significantly greater (162.5 m2 g− 1) in comparison to 
Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) (79 m2 g− 1). This in
dicates that the surface of Fe3O4 has been effectively coated with SiO2, 
GPTMS, 2-aminophenol, and Cu layers. As shown by curve b, the pore 
structure of Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) appears cy
lindrical in shape. Nonetheless, the surface area of Fe3O4@
SiO2@GPTMS/2-aminophenol-Cu(II) is adequate for performing the 
intended functions.

Following an extensive characterization of the catalyst, its catalytic 
efficacy was investigated for the synthesis of 2-amino-4H-benzo[b]pyran 
derivatives using grinding conditions. Initially, the catalyst's perfor
mance was tested in a reaction comprising 4-chlorobenzaldehyde (1 
mmol), dimedone (1 mmol), and malononitrile (1.2 mmol) to establish 
the best reaction conditions (Table 2). This involved a thorough evalu
ation of multiple factors, including reaction conditions, solvent choice 
and duration, as well as the amount of catalyst utilized. Without a 
catalyst under grinding conditions, the yield of 4b was trace after 60 min 
(Table 2, entry 1). The reaction took place with 0.01 g of the catalyst 
under grinding conditions at ambient temperature. The findings indi
cated that the product yield steadily increased with longer reaction 
times, achieving a peak yield of 81% after 15 min (Table 2, entry 2). 
Given these findings, we chose to investigate the reaction using a larger 
quantity of catalyst under the same conditions to achieve improved 
yields (Table 2, entries 3–6). After conducting several tests, we noted 
that the optimal conditions for the reaction resulted in a yield of 94% 
when utilizing 0.03 g of the catalyst (Table 2, entry 4). Additionally, we 
raised the catalyst loading to 0.04 and 0.05 g, yet it did not influence the 
reaction efficiency (Table 2, entries 5 and 6). In the following research, 
we examined how various solvents influenced the reaction (Table 2, 
entries 7–11). Remarkably, utilizing ethanol as the solvent led to a 
substantial yield of around 90%, albeit over an extended duration of 
180 min. In contrast, for all other solvents tested, there was no signifi
cant enhancement in either the reaction progress or yield during the 
same period. Furthermore, these results emphasize that the grinding 
conditions produced superior outcomes in contrast to solvent usage. 
This technique improved the reaction by augmenting the contact surface 
area and enhancing material dispersion, which in turn speeded up the 
reaction and greatly enhanced its efficiency.

In the subsequent section, we carried out a series of control experi
ments to assess the genuine active site and the true effectiveness of our 
developed catalyst system. For this purpose, we executed the reaction to 
synthesize 2-amino-4H-benzo[b]pyran derivatives using 4-chloroben
zaldehyde (1 mmol), dimedone (1 mmol), and malononitrile (1.2 
mmol) under optimal conditions, employing materials produced at each 

Fig. 7. Nitrogen adsorption–desorption of a) Fe3O4 and Fe3O4@SiO2@GPTMS/ 
2-aminophenol-Cu(II).

Table 2 
Optimization of the synthesis of 4b using Fe3O4@SiO2@GPTMS/2-amino
phenol-Cu(II)a.

Entry Catalyst (g) Conditions Solvent Time (min) Yield (%)b

1 – Grinding – 60 trace
2 0.01 Grinding – 15 81
3 0.02 Grinding – 15 92
4 0.03 Grinding – 10 94
5 0.04 Grinding – 10 90
6 0.05 Grinding – 10 90
7 0.03 – H2O 60 41
8 0.03 – EtOH 180 90
9 0.03 – EtOH: H2O 160 87
10 0.03 – CH3OH 150 73
11 0.03 – CH3CN 180 39

a Reaction conditions: 4-chlorobenzaldehyde (1 mmol), dimedone (1 mmol), 
and malononitrile (1.2 mmol), various solvents (2 mL), and various amount of 
catalyst.

b Isolated yield.
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stage of the catalyst development process (Table 3). As indicated in 
Table 3, the reactions involving Fe3O4 and Fe3O4@SiO2 proceeded 
effectively, yielding only 53% and 40% of 4a, respectively (Table 3, 
entries 1 and 2). When Fe3O4@SiO2@GPTMS was used, it resulted in a 
low yield of merely 11%, showing no significant enhancement (Table 3, 
entry 3). In contrast, the catalyst Fe3O4@SiO2@GPTMS/2-aminophenol 
produced a yield of 61% of 4b under same reaction conditions (Table 3, 
entry 4). A yield of 42% was obtained when the reaction utilized 
CuCl2⋅2H2O (Table 2, entry 5). These results highlight two crucial 
points: firstly, the copper species acts as the key active site within this 
catalytic system, primarily accounting for the elevated yield of the ester; 
secondly, the leaching of iron species from the core support into the 
solution is minimal and thus cannot operate as a Lewis acid catalyst.

Under optimal conditions, the synthesis of 2-amino-4H-benzo[b] 
pyran derivatives was investigated by reacting diverse aromatic 

aldehydes with dimedone and malononitrile. The results demonstrated 
that the reaction yielded excellent results for aromatic aldehydes 
featuring both electron-donating groups (like alkyl and alkoxy sub
stituents) and electron-withdrawing groups (including nitro, halogen, 
and cyano), with product yields varying from 86% to 95%.

The capability of heterogeneous catalysts to be recovered and recy
cled using efficient and simple methods, along with their stability during 
repeated use, are essential aspects in the development and creation of 
these catalysts. Consequently, the subsequent stage of this research 
aimed at assessing the catalyst's stability and its recovery while reacting 
4-chlorobenzaldehyde, dimedone, and malononitrile under optimized 
conditions (Fig. 8). Following each run, the catalyst was extracted from 
the reaction vessel with a magnetic bar and was subsequently rinsed 
with ethyl acetate to eliminate any products or leftover reactants. The 
catalyst was then used for the next run. Data showed that the catalyst 
exhibited outstanding dispersibility across multiple reactions after being 
separated from each run. Through this efficient and straightforward 
recycling method, our catalyst proved to be reusable in the reaction for 
as many as five cycles. While there was a minor decline in reaction yield, 
from 94% to 88%, this decrease was not substantial enough to 
compromise the catalyst's overall performance (Fig. 8a). In order to 
thoroughly assess the durability and structural integrity of the catalyst, a 
stringent series of analyses was performed following five consecutive 
reaction cycles. The retrieved catalyst was subjected to advanced char
acterization techniques such as FT-IR, SEM, and XRD (Fig. 8b-d). The 
SEM image illustrates that the catalyst preserves a consistent 
morphology and overall network integrity, indicating exceptional 
resilience against physical degradation (Fig. 8b). Supporting this, the 
FT-IR spectrum reveals minimal differences compared to the fresh 
catalyst, confirming that almost all functional groups and chemical 
stability are retained during reuse (Fig. 8c). Additionally, the XRD 

Table 3 
Experiments designed to verify the true function of each catalyst component.

Entry Catalyst Conditions Yield 
(%)

1 Fe3O4 Grinding/no 
solvent

50

2 Fe3O4@SiO2 Grinding/no 
solvent

40

3 Fe3O4@SiO2@GPTMS Grinding/no 
solvent

9

4 Fe3O4@SiO2@GPTMS/2-aminophenol Grinding/no 
solvent

61

5 CuCl2.2H2O Grinding/no 
solvent

42

6 Fe3O4@SiO2@GPTMS/2-aminophenol- 
Cu(II)

Grinding/no 
solvent

94

Fig. 8. a) Recovery of Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) catalyst for the synthesis of 4b; b) SEM image, c) FT-IR spectrum, and d) PXRD pattern of the 
recovered material.
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pattern displays no substantial alterations, indicating that the crystalline 

structure of the catalyst remains unchanged throughout the recycling 
process (Fig. 8d). Collectively, these evaluations clearly underscore the 
catalyst's longevity and strong performance over several cycles.

The leaching test was conducted to evaluate the heterogeneous na
ture of the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II) catalyst uti
lized in the synthesis of 2-amino-4H-benzo[b]pyran derivatives (Fig. 9). 
Initially, the model reaction was carried out under optimized conditions. 
Midway through the reaction, the catalyst was removed from the reac
tion mixture using an external magnet, and the reaction was allowed to 
proceed in the absence of the catalyst for an additional half of the total 
reaction time. At the end of this period, no significant further conversion 
was observed. This strongly confirms the heterogeneity of the catalyst 
and indicates that no leaching of copper ions into the solution occurred. 
These findings underscore the stability and recyclability of the catalyst 
system in this synthetic process.

The proposed pathway for the synthesis of 2-amino-4H-benzo[b] 
pyran derivatives using the Fe3O4@SiO2@GP/2-aminophenol-Cu(II) 
nanocatalyst is depicted in Scheme 3. First, the nanocatalyst interacts 
with the carbonyl group of aromatic aldehydes (1) and malononitrile 
(2́). This interaction promotes the Knoevenagel condensation between 
the aldehyde and malononitrile, resulting in the loss of a water molecule 
and yielding the arylidene malononitrile intermediate (4). Moreover, 
the nanocatalyst enhances the reactivity of the methylene group in 

Fig. 9. Leaching test under optimized conditions for the synthesis of the 4b.

Scheme 3. Suggested catalytic route for producing 2-amino-4H-benzo[b]pyran
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dimedone (5) for keto-enol tautomerization (5́), which subsequently 
aids the Michael addition of intermediate (4) to dimedone, forming in
termediate (6). Ultimately, cyclization reaction of intermediate 6 and 
hydrogen shift produced the 2-amino-4H-benzo[b]pyran derivatives 9.

To demonstrate the effectiveness of the new catalyst, a comparative 
study was performed, evaluating it alongside other catalysts in the 
multicomponent synthesis of 2-amino-4H-chromenes. The detailed re
sults are presented in Table 5. These results underscore the significant 
enhancements provided by our catalyst in optimizing reaction condi
tions. Specifically, using the Fe3O4@SiO2@GPTMS/2-Aminophenol-Cu 
(II) catalyst resulted in shorter reaction times and lower temperatures 
while producing greater yields, showcasing its exceptional performance. 
Additionally, the reaction was conducted under grinding conditions, 
which improved its practicality and efficiency. In contrast, other pre
viously reported methods required more stringent conditions, such as 
higher temperatures or extended reaction durations, highlighting the 
benefits of our methodology.

3. Experimental

3.1. Synthesis of Fe3O4@SiO2

Fe3O4 nanoparticles were produced using a co-precipitation tech
nique by mixing FeSO4⋅7H2O and FeCl3 in water at 80 ◦C and gradually 
adding ammonia, resulting in black Fe3O4 formation. The mixture was 
stirred under a nitrogen atmosphere for 30 min and then allowed to sit at 
room temperature for 2.5 h. The magnetic Fe3O4 was then collected, 
cleaned, and dried. To create a SiO2 coating, 1 g of Fe3O4 was dispersed 
in an ethanol-water solution through sonication, after which TEOS and 
an ammonia solution were introduced, and the mixture was stirred 
under nitrogen for 12 h. The resulting Fe3O4@SiO2 core-shell particles 
were magnetically isolated, washed, and dried at 40 ◦C. A detailed 
description of the SiO2@Fe3O4 synthesis can be found in the electronic 
Supporting Information (ESI) [65,66].

3.2. Synthesis Fe3O4@SiO2@GPTMS

Li and colleagues introduced a simple approach to functionalize 
Fe3O4@SiO2 nanoparticles with GPTMS, forming Fe3O4@
SiO2@GPTMS. In their method, 1 g of Fe3O4@SiO2 was initially 
dispersed in 100 mL of dry toluene and sonicated for 20 min. After
wards, 10 mmol of GPTMS was added gradually to the mixture, which 
was then refluxed under a nitrogen atmosphere at 80 ◦C for 8 h. Upon 
completion, the modified nanoparticles were separated magnetically, 
thoroughly washed twice with toluene (2 × 30 mL), and dried at room 
temperature overnight [67].

3.3. Synthesis Fe3O4@SiO2@GPTMS/2-aminophenol

1 g of Fe3O4@SiO2@GPTMS was initially dispersed in 30 mL of EtOH 
and sonicated for 20 min. Afterwards, 10 mmol of 2-aminophenol was 
added gradually to the mixture, which was then refluxed under a ni
trogen atmosphere at 80 ◦C for 24 h. Upon completion, the modified 
nanoparticles were separated magnetically, thoroughly washed third 
with EtOH (3 × 20 mL), and dried at room temperature overnight.

3.4. Synthesis of the Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II)

1 g of Fe3O4@SiO2@GPTMS/2-aminophenol was dispersed in 30 mL 
of ethanol and placed in an ultrasonic bath for 20 min. Meanwhile, 0.43 
g (2.5 mmol) of CuCl2⋅2H2O was separately dissolved in 20 mL of 
ethanol and quickly added to the catalyst mixture under vigorous stir
ring. The reaction was then carried out under nitrogen reflux for 24 h. 
After completion, the product was collected using an external magnet, 
washed several times with water and ethanol, and dried at room tem
perature to obtain Fe3O4@SiO2@GPTMS/2-aminophenol-Cu(II).

Table 4 
Reaction scopea.

Entry Products Time 
(min)

Yield (%)b M.p (◦C)

Found Reported

1

 
4a 

4a

18 87 231–234 233–235 
[68]

2

4b

4b

10 94 213–216 214–216 
[68]

3

4c

4c

10 91 217–220 221–223 
[68]

4

4d

4d

10 95 228–230 224–227 
[68]

5

4e

4e

10 92 180–182 179–181 
[68]

6

4f

4f

20 86 219–221 218–220 
[68]

(continued on next page)
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3.5. General mechanochemical synthesis of 2-amino-4H-benzo[b]pyrans 
derivatives

A variety of aromatic aldehydes (1 mmol), dimedone (1 mmol), 
malononitrile (1.2 mmol), and catalyst (0.03 g, 1.3 mol%) were com
bined in a mortar at room temperature for specified durations (see 
Table 4). Progress of the reaction was monitored by TLC. Once the re
action concluded, 5 mL of 95% ethanol was added to the mixture to 
dissolve the thick paste formed. The catalyst was conveniently removed 
using a magnet, then washed and dried for future use. Pure products 
were isolated from the reaction mixture by recrystallization in ethanol, 
and the melting points of the synthetic compounds were determined and 
compared to standard reference samples.

4. Conclusion

In this study, a novel eco-friendly magnetic nanocatalyst with a core- 
shell structure, Fe₃O₄@SiO₂@GPTMS/2-aminophenol-Cu(II), was suc
cessfully synthesized via a simple, green method. Comprehensive char
acterization using FT-IR, FE-SEM, TEM, EDX, TGA, VSM, XRD, and ICP 
confirmed its well-defined structure, uniform morphology, high thermal 
stability, and superparamagnetic properties. The nanocatalyst demon
strated exceptional activity in the one-pot Knoevenagel–Michael 
Cyclocondensation of diverse aromatic aldehydes, malononitrile, and 
dimedone under solvent-free grinding conditions at room temperature. 
This afforded the corresponding 4H-pyran derivatives in excellent yields 
(86–95%) and high purity within short reaction times (10–20 min), 
using minimal catalyst loading (0.03 g). Its superparamagnetic nature 
enabled facile magnetic separation and reuse for at least five cycles with 
minimal leaching and negligible activity loss (<6%), highlighting su
perior durability. The protocol aligns with green chemistry tenets by 
eliminating hazardous solvents, operating under mild conditions, and 
generating minimal waste. Overall, this hybrid organic-inorganic 
nanocatalyst emerges as a sustainable platform for synthesizing bioac
tive heterocycles, offering broad prospects in green organic synthesis 
applications.

Table 4 (continued )

Entry Products Time 
(min) 

Yield (%)b M.p (◦C)

Found Reported

7

4g

4g

20 90 199–202 200–202 
[68]

8

4h

4h

10 88 185–188 187–188 
[68]

9

4i

4i

15 92 215–218 225–228 
[68]

10

4j

4j

12 93 213–216 212–213 
[68]

11

4n

4n

10 93 220–222 222–223 
[68]

12

4o

4o

15 93
179–180 177–178 
[68]

13

4p

4p

15 92 249–251 249–251 
[68]

a All reactions were conducted using different aldehydes (1 mmol), malono
nitrile (1.2 mmol), and dimedone (1 mmol) in the presence of Fe3O4@
SiO2@GPTMS/2-aminophenol-Cu(II) (0.03 g, 1.3 mol%) under grinding 
conditions at ambient temperature.

b Isolated yield.

Table 5 
Evaluating the performance of the Fe3O4@SiO2@GPTMS/2-Aminophenol-Cu(II) 
catalyst in synthesizing 2-amino-4H-chromenes derivatives compared to alter
native catalysts.

Entry Reaction conditions Time 
(h)

Yield 
(%)

Ref.

1 LDH@PTRMS@NDBD@CuI (0.05 g), 
solvent-free, 40 ◦C

5–23 
min

86–96 [69]

2 Mg/Al: 5.0 hydrotalcite (HT) (15 w%), H2O, 
80 ◦C

3–6 75–95 [70]

3 POPINO (5 mol%), H2O, reflux 10–60 
min

87–98 [71]

4 Sodium carbonate (5 mmol%), EtOH/H2O, 
25 ◦C

2 60–96 [72]

5 TPOP-2 (40 mg), solvent-free, 80 ◦C 4–6 82–88 [73]
6 Tungstic acid functionalized mesoporous 

SBA-15 (TAFMC-1) (30 mg), H2O, reflux
11–15 77–86 [74]

7 Amino-appended β-cyclodextrin (a3) (0.05 
mol), H2O, r.t

5–24 82–95 [75]

8 Fe(HSO4)3 (0.1 mmol), refluxed in MeCN 3–5 82–94 [76]
9 PdRu@GO, H2O:EtOH (2:1), 80 ◦C 12 min 88–95 [77]
10 solid base SiO2-OK (0.09 mmol), solvent- 

free, 80 ◦C
1–8 
min

79–95 [78]

11 Fe3O4@SiO2@GPTMS/2-Aminophenol-Cu 
(II) (0.03 g), grinding, r.t

10–20 
min

86–95 –
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[17] I. Ugi, A. Dömling, W. Hörl, Multicomponent reactions in organic chemistry, 
Endeavour 18 (3) (1994) 115–122.
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