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The primary focus of this study involved the fabrication of a novel nanocatalyst Fe3O4-supported 
asparagine functionalized graphene oxide Fe3O4@GO-N-(Asparagine). The catalyst was synthesized 
through a four-step procedure. The chemical composition of Fe3O4@GO-N-(Asparagine) was examined 
using various analytical methods, including scanning electron microscopy (SEM), energy-dispersive 
X-ray (EDX), Fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) 
and a Raman. The Fe3O4@GO-N-(Asparagine) catalyst demonstrated remarkable catalytic action 
in the synthesis of 5-oxo-dihydropyrano[3,2-c]chromenes as well as dihydropyrano[2,3-c]pyrazole 
derivatives. The protocol offered several benefits, including short reaction times, the utilization of 
green solvents, outstanding product yields, and a straightforward work-up procedure. Eventually, 
density functional theory (DFT) computations were utilized to calculate several parameters, including 
energy levels, electrostatic potential, and chemical reactivity descriptors based on highest occupied 
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies. Based on the 
calculations obtained from DFT, it was determined that the type and position of functional groups on 
the synthesized compounds had the most significant impact on the calculations.
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In recent decades, increasing health and environmental concerns have driven the development of eco-friendly 
industrial processes and sustainable chemical reactions1. Meanwhile, multicomponent reactions (MCRs) have 
emerged as a valuable method for the efficient, one-pot synthesis of complex molecules. Therefore, MCRs offer 
several advantages, including waste reduction, enhanced energy efficiency, improved yields, and shorter reaction 
times2.

In recent years, heterogeneous catalysts have gained widespread application as environmentally friendly 
materials, attracting significant interest for their use in various industrial processes, organic transformations, 
and synthetic applications3. Among the extensively studied nanomaterials, carbon nanomaterials have garnered 
significant attention as environmentally friendly and efficient catalysts for various chemical and industrial 
processes. This interest stems from their remarkable properties, including high corrosion resistance, air stability, 
and cost-effectiveness3. Carbon nanomaterials have garnered attention for their exceptional properties and 
diverse applications in materials science, energy, and catalysts4,5.
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Among carbon nanomaterials, Graphene oxide (GO) is air-stable carbocatalyst widely utilized as a 
heterogeneous, metal-free oxidative catalyst in various chemical transformations1,6. The chemical structure of 
GO is of considerable importance due to the presence of various functional groups, including hydroxyl, epoxy, 
and carboxyl groups. Notably, the presence of functional groups makes GO an exceptionally convenient starting 
material for a wide range of chemical reactions7.

A major challenge in industrial catalysis and the synthesis of chemical and pharmaceutical materials 
is the separation of catalysts at the end of the reaction. In order to overcome this issue, nowadays, magnetic 
heterogeneous catalysts are effectively and efficiently used for the synthesis of organic compounds, particularly 
heterocycles in multi-component reactions8. Magnetic nanoparticles are widely used for the preparation of 
various heterogeneous catalysts due to their unique features such as high surface area, environmentally friendly 
characteristics, magnetic susceptibility, catalytic activity, and easy separability3.

Among the various heterocyclic compounds, 4  H-chromenes, also known as coumarins, are organic 
compounds with a benzopyran structure9. These compounds have a wide range of biological activities, 
including antimicrobial, antithrombotic, antipsychotic, anti-inflammatory, and anticancer properties10. Due 
to their diverse biological effects, 4  H-chromenes have generated interest in pharmaceutical research10. The 
most common and important methods reported for the synthesis of 4 H-chromenes use a three-component 
condensation reaction involving aldehydes, malononitrile, and 1,3-diketones3. Different catalytic systems were 
used in the previously mentioned reactions, including CeCl3·7H2O11, and proline12, under various reaction 
conditions, each with its drawbacks. Some of these drawbacks include high cost, environmental unfriendliness, 
manufacturing complexity, and other associated challenges9.

Furthermore, Pyrano[2,3-c]pyrazoles, due to their unique and unparalleled characteristics in the 
pharmaceutical and biotechnological industries, have captured the attention of scientists13. One of the common 
and significant methods for its synthesis and derivatives is the use of three-component reactions between 
aldehydes, 3-methyl‐1‐phenylpyrazolin‐5‐one, and malononitrile3. Various catalysts have been employed for the 
synthesis of this category of compounds, such as piperidine14, triethylammonium acetate (TEAA) ionic liquid15, 
γ‐Fe2O3@Cu3Al‐LDH16, and cupreine17. In addition, we have recently delineated a straightforward, productive, 
single-step synthesis of pyrano[2,3-c]pyrazole derivatives by employing Fe3O4@GOQD-O-(propane-1-sulfonic 
acid)18 as highly effective, sustainable nanocatalysts with magnetic properties.

Herein, novel and green nanocatalysts are currently being developed for the catalysis of MCRs to synthesize 
heterocyclic compounds. In this paper, the fabrication and characterization of Fe3O4@GO-N-(Asparagine) are 
described. Furthermore, its ability to serve as a green, effective, and reusable catalyst in the one-pot synthesis 
of 4 H-chromenes (4a-i) and dihydropyrano[2,3-c]pyrazoles (5a-h) (Fig. 1) is investigated. In addition, density 
functional theory (DFT) calculations were used to determine the various parameters of synthesized production 
(4a-i) and (5a-h). These parameters encompass energy levels, electrostatic potential, chemical reactivity 
descriptors, etc. These values were determined through the analysis of EHOMO and ELUMO. Furthermore, the 
B3LYP/6-31G** level was incorporated by the Orca package. This allows us to conduct ground-state geometry 
optimizations and assess the electronic features of the molecules under investigation.

Materials and methods
Hierarchical catalyst synthesis process
The synthesis procedure was initiated by fabricating GO using a previously mentioned modified version of the 
Hummers method3,19. Hummer’s method is particularly suitable for the oxidation of graphite to produce GO 

Fig. 1.  Synthesis of compounds 4a–i, and 5a–h under the catalysis of Fe3O4@GO-N-(Asparagine).
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because it efficiently introduces oxygen-containing functional groups onto the graphite surface while being 
relatively simple and scalable. In the next step, the Fe3O4-supported N-Asparagine-grafted GO was synthesized 
through a stepwise process: (i) covalent modification of GO with N-Asparagine, and (ii) magnetization of 
Asparagine-functionalized GO.

Firstly, modification of GO is initiated by mixing the 0.6 g of the obtained GO with 120 mL of thionyl chloride 
and stirring for 24 h at 70 °C under an inert atmosphere (Ar), resulting in the acyl-chlorination of GO. Then, it 
was separated from the reaction mixture through centrifugation, washed three times with tetrahydrofuran (THF) 
to remove impurities, and dried in a vacuum oven to obtain a solid residue. In the next step, the acyl-chlorinated 
GO was mixed with 0.3 g Asparagine and refluxed at 120 °C for 72 h beneath argon to graft N-Asparagine on 
the GO structure. Eventually, the dark solid GO-N-(Asparagine) was obtained after three times washing with 
deionized water.

Secondly, in order to magnetization process, the resultant GO-N-Asparagine was magnetized with the Fe3O4 
according to the Kassaee et al. method20. To achieve this goal, FeCl2·4H2O and FeCl3·6H2O were co-precipitated 
in water with a molar ratio of 2:1, in the presence of GO-N-Asparagine, as detailed in the following. The process 
was initiated after sonication (2200 ETH-SONICA ultrasound cleaner) of 0.02 g of GO-N-Asparagine with a 
frequency of 45 kHz for 25 min in 20 mL of deionized water. Then, a 25 mL aqueous solution of FeCl3 (0.4 g) 
and FeCl2 (0.15 g) was added to the mixture. The pH was raised to 11 with the dropwise addition of ammonia, 
and stirred at 75 °C for 30 min. After cooling to ambient temperature, centrifugation removed the precipitate, 
which was then repeatedly washed with deionized water. The final step involved drying at 75 °C, yielding the 
pure Fe3O4@GO-N-(Asparagine) nanomagnetic composite.

The synthesis of (dihydropyrano [3,2‑c] chromen‑2‑one) derivatives
The obtained Fe3O4@GO-N-(Asparagine) nanomagnetic composite can catalyse the synthesis process of 
dihydropyrano [3,2‑c] chromen‑2‑one derivatives, as detailed in the following. The 0.01  g of the obtained 
catalyst Fe3O4@GO-N-(Asparagine) was added to the 5 mL of aqueous mixture comprising aldehyde (1mmol), 
malononitrile (0.08 g), and 4-hydroxycoumarin (0.16 g). The advancement of the reactions was tracked using 
thin-layer chromatography (TLC) on Silica Gel PolyGram SIL G/UV 254 plates. After refluxing the mixture for a 
certain period (as indicated in Table S2) and determining the completion of the reaction by TLC, it was diluted 
with 5 mL of hot ethanol while stirring for 10 min. The magnetic properties of the synthesized catalyst make it 
easy to work with and facilitate separation from the reactive mixture. After separating the catalyst, the remaining 
mixture was diluted with 50 mL of deionized water while vigorously stirring. The synthesized derivatives were 
acquired through filtration of the mixture, followed by drying and recrystallization of the remaining product. 
The identities of the resulting products (4a–i) were determined by analyzing their physical properties and 
spectroscopic data, including FT-IR, 1H NMR, and 13C NMR spectra (Supplementary material).

The synthesis of (1,4-dihydropyrano [2,3-c] pyrazole) derivatives
The given reaction procedure involved the preparation of a 5 mL aqueous mixture containing aldehyde (1 
mmol), malononitrile (66 mg), and 3-methyl-1-phenyl-1 H-pyrazol-5(4 H)-one (0.174 g). The 0.01 g Fe3O4@
GO-N-(Asparagine) synthesized nanocatalyst was then added to the mixture, which was stirred under reflux 
for a specific duration as indicated in Table S3. TLC was used to monitor the progression of the reaction. After 
refluxing the mixture for a certain period (as indicated in Table S3) and determining the completion of the 
reaction by TLC, it was diluted with 15 mL of hot ethanol while stirring for 5 min. After separating the catalyst 
from the mixture with an external magnet, the remaining mixture was evaporated, leaving behind the complex. 
This product was further purified through re-crystallization using absolute ethanol. The synthesized products 
(5a–h), identified as known compounds, underwent different characterizations, including FT-IR, 1H NMR, and 
13C NMR spectra (Supplementary material). The obtained data were then compared with the corresponding 
information in Table 1.

Entry Catalyst Product Conditions Yield/ (%) Time References

1 S-proline A H2O/EtOH-reflux (72–78%) 3 h 31

2 NMNS-GO A H2O-reflux (90–97%) 5–15 min 1

3 (CH2)6N4 A EtOH-reflux (89–95%) 7–80 min 32

4 Diammonium hydrogen phosphate A EtOH, r.t. (80–95%) 2 h 31

5 Fe3O4@GO-N-(Asparagine) A EtOH-reflux (90–98%) 10–25 min Present work

6 γ-Fe2O3@Cu3AlLDH B Solvent-free − 100 °C (68–94%) 12–45 min 16

7 BS-2G-Ti B H2O; 70 °C (45–96%) 90 min 33

8 BF3/MNPs-450 B EtOH; reflux EtOH- (84–96%) 5–60 min 34

9 Silica-bonded-N-propylpiperazine sodium n-propionate B H2O/EtOH-reflux (88–95%) 15–25 min 35

10 Fe3O4@GO-N-(Asparagine) B H2O/EtOH-reflux (92–97%) 12–40 min Present work

Table 1.  A comparison of the current procedure with other procedures published for the synthesis of 
dihydropyrano[2,3-c]pyrazole derivatives and 5-oxo-dihydropyrano[3,2-c]chromenes.
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Characterization
The newly synthesized nanocatalyst was characterized using a comprehensive suite of analytical techniques 
to provide a thorough understanding of its structural and functional attributes. Fourier transform infrared 
spectroscopy (FTIR) (NICOLET IZ10, Thermo Scientific, USA) spectroscopy served as a primary tool for 
elucidating the specific functional groups present within the synthesized catalyst and its derivatives, while also 
identifying the covalent bonds that contribute to its molecular structure. Raman analysis was conducted using a 
Thermo Fisher Scientific DXR Raman microscope. Scanning electron microscopy (SEM) (Tescan model: Mira 
3) was employed for a detailed examination of the morphology and surface characteristics of the specimens. 
Energy-dispersive X-ray (EDX) analysis was conducted using a VG ESCALAB-200R spectrometer (Thermo 
Scientific, Evanston, IL, USA), equipped with a hemispherical electron analyzer for X-ray detection. This 
technique facilitated an elemental composition analysis, offering valuable insights into the distribution and 
concentration of individual elements within the nanocatalyst.

In addition, a thermogravimetric analysis (TGA), a thermogravimetric analyzer Q500 (TA Instruments, New 
Castle, DE, USA) instrument covering temperatures from 0 to 800 °C was used for TGA under a nitrogen flow. 
Overall, the application of these analytical techniques provided a multifaceted characterization of the newly 
synthesized nanocatalyst, encompassing its structural, functional, morphological, and elemental properties, 
thereby laying a solid foundation for the analysis of the results derived from the computational method and 
also its potential applications in catalytic processes. Nuclear magnetic resonance (NMR) analyses (BRUKER 
spectrometers 90, 300, and 400 MHz) played a pivotal role in the comprehensive characterization of all samples, 
which were recorded in CDCl3 or DMSO-d6 using Me4Si as an internal standard (supplementary file).

Computational method
DFT analysis is a widely employed scientific approach utilized to optimize molecules to their lowest ground 
state energy while also probing their electronic propertie21,22. In our current research, the B3LYP functional has 
been chosen as it is a coherent method for determining ground-state geometries of a diverse array of molecules. 
The B3LYP/6-31G** level has been implemented using the Orca package to conduct ground-state geometry 
optimizations. This involves refining the molecular structures to their most energetically stable configurations. 
Furthermore, the electronic characteristics of the molecules under investigation are calculated, providing 
valuable insights into their electronic behavior. The application of DFT analysis with the specified computational 
settings using the Orca package ensures a comprehensive exploration of molecular structures and electronic 
features in our research endeavors23.

Results and discussion
Synthesis procedures of Fe3O4@GO-N-(Asparagine)
Figure 2 illustrates the modified procedure employed for synthesizing the Fe3O4@GO-N-(Asparagine) 
nanocomposite catalyst. The principle of the synthesis of the nanocatalyst was based on the following steps; 
(1) fabrication of GO nanosheets using the modified Hummers method; (2) acyl-chlorination of GO using 
thionyl chloride; (3) functionalization with L-asparagine through a simple covalent modification process; and 
(4) magnetization through the co-precipitation of Fe2+ and Fe3+ ions made by FeCl2.4H2O and FeCl3.6H2O, in 
the presence of GO-N-(Asparagine).

Characterization
The FTIR spectra of the GO and Fe3O4@GO-N-(Asparagine) are illustrated in Fig.  3a. The FTIR analysis 
revealed distinctive features in the spectra of GO and the synthesized nanocatalyst. For GO, the O-H stretching 
vibration of the carboxylic acid is not visible due to the low oxygen percentage of GO in the range of 2500–
3600 cm-1. However, peaks at 1722, 1570, and 1020 cm-1 in the GO spectrum were assigned to the stretching 
vibrations of carbonyl (C = O), carbon-carbon double bonds (C = C), in the GO framework, and C–O bonds, 
respectively1. The characteristic peak at 1260 cm-1 in pure GO spectra was attributed to the asymmetric stretch 
of the C-O-C bonds, which signifies the presence of epoxide functional groups24. In the spectrum of the Fe3O4@
GO-N-(Asparagine) nanostructure, stretching vibrations of the Fe–O bond could be seen at 590 and 633 cm-1 
(Fig.  3a). The peak at 1209  cm-1 was assigned to the vibration of the amino C–N bond formed during the 
amino introduction of GO films with asparagine. Furthermore, the distinctive stretching vibrations at 2850 
and 3544 cm-1 in the Fe3O4@GO-N-(Asparagine) spectra are ascribed to the N-H bond overlain by the O–H 
bond. Notably, the carboxylic group’s stretching frequency, which is at 1718 cm-1 for GO in the Fe3O4@GO-N-
(Asparagine)3,25. These findings signify the successful grafting of asparagine onto GO, further supported by the 
presence of the Fe3O4 group.

The successful grafting of asparagine on the surface of GO, as indicated by the FTIR spectra, significantly 
enhances the catalytic properties of the material by introducing reactive functional groups such as amine. 
These groups facilitate improved interaction with reactants, thereby increasing the catalytic efficiency26. The 
incorporation of Fe3O4 further contributes to the catalyst’s magnetic properties, allowing for easy recovery and 
enhancing its practical application in heterogeneous catalysis1. The combination of these modifications not 
only improves the material’s catalytic activity but also promotes its stability, recyclability, and environmental 
sustainability, making it an effective and green nanocatalyst for the synthesis of 5-oxo-dihydropyrano[3,2-c]
chromenes as well as dihydropyrano[2,3-c]pyrazole derivatives.

The Raman spectra of GO, GO-N-(Asparagine), and Fe3O4@GO-N-(Asparagine) are depicted in Fig. 3b. In 
the Raman spectra of GO, the D band and G band appear at 1300 and 1556 cm-1, respectively. Additionally, in the 
Raman spectra of GO-N-(Asparagine), the D and G bands appear at 1292 and 1544 cm-1, respectively. Raman 
spectra of carbonaceous materials typically feature three main bands: The D-band, G-band, and 2D-band. The 
D-band is attributed to carbon with defects, while the G-band corresponds to graphitic carbon defects27.
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Furthermore, the Raman spectrum of Fe3O4@GO-N-(Asparagine) shows the presence of five active peaks 
at wave numbers below 1000  cm-1, including 129, 195, 312, 408, and 608  cm-1 which are the characteristic 
Raman signature of Fe3O4. The observation that the G band (1554 cm-1) in the Raman spectrum of Fe3O4@
GO-N-(Asparagine) is shorter than that of GO further confirms the successful fabrication of the nanocatalyst. 
Additionally, a lower D band (1238 cm-1) is observed compared to the GO sample due to the increased degree of 
disorder caused by the formation of magnetite particles on the surfaces of the GO layers28,29.

The TGA diagrams of the synthesized GO, GO-N-(Asparagine), and Fe3O4@GO-N-(Asparagine) are depicted 
in Fig. 3c. Based on the TGA diagram of GO, three weight loss stages are observable. The first stage of weight 
loss in the GO diagram occurred in the range of 100–110 °C due to the evaporation of water molecules in the 
synthesized GO sample, resulting in a weight loss of approximately 10% by weight. The second stage of weight loss, 
one of the most significant weight losses in the GO TGA diagram, took place in the temperature range between 
190 and 200 °C, attributed to the decomposition of oxygen-containing functional groups, including hydroxyl, 
epoxy, and carboxyl groups. The recorded weight loss for the second stage was approximately 20 wt%. Finally, 
the last stage of weight loss in the GO diagram occurred in the temperature range of 250 to 600 °C, following the 
weight loss of the second stage and attributed to the decomposition of oxygen-containing functional groups. Its 
weight loss amount was also about 22 wt%.

Observing the TGA diagram of GO-N-(Asparagine), three distinct weight loss stages are evident. The initial 
stage of weight loss in the GO-N-(Asparagine) diagram took place within the temperature range of 98–110 °C, 
which was related to the evaporation of water molecules from the fabricated GO-N-(Asparagine) sample, 
resulting in a weight loss of approximately 10% by weight. The second stage of weight loss, occurring between 
180 and 250 °C, represents one of the most substantial weight reductions in the GO TGA plot. This stage is 
attributed to the decomposition of oxygen-containing functional groups in GO and Asparagine functional 
groups, including amide, amine, and carboxylic acid, with a recorded weight loss of approximately 20%. Finally, 
the last stage of weight loss in the GO-N-(Asparagine) TGA, taking place between 250 and 700 °C, follows the 
weight loss observed in the second stage, with the weight loss for this stage also approximately 22 wt%. TGA 

Fig. 2.  Synthetic route of nanocatalyst Fe3O4@GO-N-(Asparagine).
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of Fe3O4@GO-N-(Asparagine) indicated a 5% decrease in weight at 100 °C, followed by a 20% decrease in the 
150–750 °C range. This latter loss was attributed to the decomposition of oxygen-containing functional groups, 
amide, and amine of GO-N-(Asparagine). The remaining weight at 750 °C was approximately 15%. The disparity 
between the TGA curves of the produced materials and the TGA results confirms the successful synthesis of GO, 
GO-N-(Asparagine), and Fe3O4@GO-N-(Asparagine)30.

The SEM analysis served as a pivotal tool for a comprehensive examination of the morphology and size 
distribution of GO. The SEM images presented in Fig. 4a reveal that GO is composed of thin sheets that are 
randomly aggregated and wrinkled, closely interacting with one another to form disordered solids1. Contrastingly, 
the SEM image of the Fe3O4@GO-N-(Asparagine), presented in Fig. 4b, displayed a distinct morphology. In 
comparison to the relatively smooth surface of GO, the Fe3O4 nanoparticles added to GO appeared as bright dots, 
which were evenly distributed across the surface of the Fe3O4@GO-N-(Asparagine)20. As depicted in Fig. 4c and 
Table S1, the EDX and mapping analysis reveal the presence of carbon, oxygen, nitrogen, and iron, providing 
evidence of the successful grafting of GO with asparagine and the incorporation of Fe3O4. This underscores the 
integrity and composition of the synthesized nanocatalyst, affirming the effectiveness of the employed synthesis 
process.

Catalytic activity
The performance assessment of the engineered Fe3O4@GO-N-(Asparagine) nanocatalysts as a heterogeneous 
catalyst was conducted by subjecting them to testing in the synthesis of 2-amino-3-cyano and 5-oxodihydropyrano 
[3,2-c] chromenes as well as dihydropyrano [2,3-c] pyrazole derivatives. The procedure entailed the 
execution of multi-component one-pot cyclization reactions involving malononitrile, aromatic aldehyde, and 
4-hydroxycoumarin/3-methyl-1-phenyl-1 H-pyrazol-5(4 H)-one, as exemplified in Fig. 1.

Initially, an experimental procedure was conducted to evaluate the viability of product formation and 
reaction conditions. This involved utilizing 4-nitrobenzaldehyde, malononitrile, and 4-hydroxycoumarin, 
and the outcomes were meticulously documented in Fig. S1 and Table S2. Subsequently, various solvents, 

Fig. 3.  The characterization of GO, GO-N-(Asparagine), and Fe3O4@GO-N-(Asparagine) (a) FTIR, (b) Raman 
spectra, (c) TGA curves.
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catalyst loadings, and temperatures were meticulously fine-tuned. To examine the impact of the solvent on the 
reaction, the reaction was carried out with different solvents, namely H2O, EtOH, CH3CN, and THF, while 
maintaining a consistent amount (20 mg) of catalyst at ambient temperature. Based on the findings presented 
in Table S2, the optimal outcomes in terms of reaction rate and yield of the products 2-amino-5-oxo-4-
phenyl-4 H,5 H-pyrano[3,2-c]chromene-3-carbonitrile were observed when the reaction was executed in EtOH 
solvent with a catalyst loading of 20 mg at ambient temperature (entry 2). To corroborate the significance of the 
Fe3O4@GO-N-(Asparagine) catalyst in the reaction, a control experiment was conducted in the absence of the 
catalyst, resulting in negligible formation of the desired product (entry 14).

The experiment employed Fe3O4@GO-N-(Asparagine) as a catalyst to investigate the reaction between 
4-nitrobenzaldehyde, malononitrile, and 3-methyl-1-phenyl-1  H-pyrazol-5(4  H)-one (Fig. S2 and Table S3). 
Various factors, such as temperature, catalyst loading, and solvents (H2O, EtOH, CH3CN, and THF), were 
examined to determine their influence on the reaction. Analysis of the data presented in Table S3 demonstrated 
that the optimal conditions for achieving the highest yield and rate of the product dihydropyrano[2,3-c]pyrazole 
were conducting the reaction at room temperature in EtOH solvent with a catalyst loading of 20 mg (entry 2). 
Furthermore, the catalytic activity of Fe3O4@GO-N-(Asparagine) was confirmed by conducting the reaction 
without the catalyst, which resulted in no detectable amount of the product even after an extended reaction 
period (entry 14).

In the next step, after optimizing reaction conditions such as temperature, solvent type, catalyst amount, 
and time, the synthesis reaction of products was investigated under optimal reaction conditions using different 
derivatives of aldehydes (Figs. S3 and S4). The results of the experimental tests were summarized in Tables 
S4 and S5 and indicated that all reactions, regardless of the nature of the derivatives, were carried out with 
high efficiency and suitable timing to synthesize the products. The obtained results demonstrate that aldehydes, 
whether substituted with electron-donating or electron-withdrawing groups react smoothly to afford desired 
products (Tables S4 and S5). Table 1 presents an overview of the experimental data obtained from this protocol, 
which is compared to data reported by other groups in the catalytic synthesis of 5-oxo-dihydropyrano[3,2-c]
chromenes and dihydropyrano[2,3-c]pyrazole derivatives. This comparison clarified that Fe3O4@GO-N-
(Asparagine) is a more efficient, environmentally friendly, and straightforward heterogeneous catalyst compared 
to other catalysts.

This phenomenon can be attributed to the remarkable catalytic efficiency of the graphene oxide-supported 
catalyst, which features highly active sites, strong magnetic properties, and a diverse range of functional groups 
such as epoxy, hydroxyl, carboxyl, and asparagine. These functional groups exhibit dual Lewis acid and Lewis 
base behaviors, facilitating the activation of aromatic aldehydes irrespective of the nature of their substituent 
groups.

Fig. 4.  (a) SEM images of GO, (b) SEM images of Fe3O4@GO-N-(Asparagine), (c) EDX images of Fe3O4@GO-
N-(Asparagine), and (d) mapping images of Fe3O4@GO-N-(Asparagine).
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Catalytic reaction mechanism
Fe3O4@GO-N-(Asparagine) is a multifunctional catalyst for the synthesis of 2-amino-4-aryl-7,7-dimethyl-5-
oxo-5,6,7,8-tetrahydro-4  H-chromene-3-carbonitrile and 1,4-dihydropyrano[2,3‐c]pyrazole derivatives. Its 
functions include catalysis, support for GO, Lewis acid-base interactions, reaction intermediate stabilization, 
magnetic separation for catalyst recovery, improved dispersion in reaction media, and the introduction of specific 
functional groups to influence reaction pathways. The composite material has synergistic effects, leveraging its 
magnetic properties, large surface area, and functional groups to assist with the targeted synthesis process.

In the first stage possible mechanism, the catalyst Fe3O4@GO-N-(Asparagine), due to the presence of 
nitrogen with free electron pairs in the Asparagine, acts as a Lewis acid, facilitating proton abstraction from 
malononitrile (Fig. 5). In the subsequent step, the reaction between the aldehyde and the malononitrile anion 
formed in the previous stage takes place, leading to the formation of an intermediate (I) (α-cyanocinnamonitrile). 
Following this, the asparagine functional group attached to the Fe3O4@GO induces the formation of an enol 
form resulting from the enolization of dimedone. After the formation of the enol nucleophile, an increasing 
nucleophilic addition reaction occurs between the enol form derived from 4-hydroxy-2 H-chromen-2-one and 
the intermediate (I), resulting in the formation of an intermediate (II). The intermediate (II) is incorporated 
into the intramolecular cycle by the constructed catalyst in the molecular interior, yielding the final product 
4 H-chromenes 4a–h1.

Figure 6 depicts the synthesis mechanism of 1,4-dihydropyrano[2,3-c]pyrazole derivatives using a three-
component reaction between malononitrile, 3-methyl-1-phenyl-2-pyrazolin-5-one, and aldehyde in the 
presence of catalyst Fe3O4@GO-N-(Asparagine). In the first stage of this reaction, the presence of asparagine 
groups on GO lead to deprotonation from malononitrile, resulting in the formation of a malononitrile anion. 
In the subsequent stage, the formed anion acts as a nucleophile, participating in an increasing nucleophilic 
reaction with the targeted aldehyde, forming an intermediate (I). It is worth noting that the presence of the 
protonated catalyst resulting from the reaction with malononitrile facilitates the reaction between the aldehyde 
and enol malononitrile. The intermediate (α-cyanocinnamonitrile) in the previous stage reacts with the enolized 
compound from 5-methyl-2-phenyl-2,4-dihydro-3 H-pyrazol-3-one, giving rise to intermediate (II). In the last 
stage of the mechanism, the intermediate intermediate (II) enters a cyclization loop between molecules in the 
presence of the protonated catalyst, leading to the synthesis of products 5a-h3.

Catalyst recyclability
The study investigated how the catalytic performance of Fe3O4@GO-N-(Asparagine) changed concerning the 
yield across multiple reaction cycles, as depicted in Fig. S5. The catalyst’s recyclability was examined for the 

Fig. 5.  A potential mechanism for synthesizing compounds 4a-h, catalyzed by Fe3O4@GO-N-(Asparagine).
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pattern reaction, involving 4-nitrobenzaldehyde, malononitrile, and 4-hydroxy-2  H-chromen-2-one. Upon 
reaction completion, the catalyst could be effortlessly isolated from the reaction mixture with an external 
magnet. Following the catalyst’s separation, it was washed with a hot ethanol solution. Subsequently, through 
several cycles, the catalyst demonstrated effective and recyclable catalytic activity in the reaction environment. 
It was found that using the catalyst in consecutive reactions resulted in only a minor decrease in performance. 
These findings suggest that the synthesized catalyst could function as a green and separable catalyst in another 
heterocycle synthesis.

Computational results
The highest occupied and lowest unoccupied molecular orbitals (HOMOs and LUMOs) of all synthesized 
molecules are calculated by DFT simulations.

The energies of FMOs, such as EHOMO and ELUMO, and HOMO-LUMO energy gaps (Eg), are the key parameters 
to examine the electronic properties of molecules. The calculated EHOMO, ELUMO, and HOMO-LUMO energy 
gaps of all synthesized molecules are shown in Table 2.

The assessment of various molecular properties presented in the tables reveals distinct trends and variations 
across different compounds labelled 4a, 4b, and 5 h in Table S3 and Table S4. Notably, the EHOMO and the ELUMO 
energies showcase intriguing disparities. For instance, compounds 4b and 5c boast the highest EHOMO values at 
− 6.378 and − 6.193 eV, while compounds 4c and 5e exhibit the lowest EHOMO values at − 5.767 and − 5.670 eV, 
respectively. The presence of various functional groups in organic compounds can affect EHOMO. Compounds 
4e and 5e have the lowest ELUMO (− 1.896 and − 0.712 eV), while compounds 4b and 5 g have the highest ELUMO 
(− 2.375 and − 2.567 eV). The presence and type of functional groups in a molecule can influence ELUMO. In the 
case of compounds 4e and 5e, electron-donating groups such as methyl and methoxy typically reduce ELUMO, 
whereas in compounds 4b and 5g, electron-withdrawing groups such as nitro increase it.

In organic compounds, the Eg is the difference between the HOMO and the lowest LUMO. This parameter 
is critical for understanding the electronic structure, reactivity, and other properties of organic molecules. The 
interpretation of a compound with a higher Eg is context-dependent. In some cases, a higher Eg may indicate 
lower reactivity, implying a higher energy requirement for electronic transitions and possibly increased stability. 
However, the interpretation varies depending on the field of study; in pharmaceuticals, a higher Eg can have 
subtle effects on both reactivity and biological activity. For example, compounds 4c and 5g have the lowest Eg 
with a value of 3.870 and 3.227, compared to the highest Eg found in compounds 4d and 5b at 4.141 and 5.160.

Fig. 6.  A potential synthesis mechanism for compounds 5a-h, catalyzed by Fe3O4@GO-N-(Asparagine).
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Furthermore, the vertical ionization energy (IP) (formula 1) and vertical electron affinity (EA) (formula 
2) provide insights into the electron behaviour of these molecules. The IP is the amount of energy required to 
remove an electron from a single, gaseous atom or molecule in its ground state. The highest IP indicates that 
electrons in the compound are tightly bound, making it less likely to donate electrons readily. In contrast, the 
lowest IP indicates that electrons are loosely bound, making the compound more reactive in terms of electron 
donation. Compounds 4b and 5c exhibit the highest IP at 6.378 and 6.193, while compounds 4c and 5e display 
the lowest IP at 5.767 and 5.67, respectively. Functional groups influence a molecule’s IP. In compounds 4b 
and 5c, the presence of an electron-withdrawing group (EWG), such as nitro, boosts ionisation energy by 
reducing electron density. In contrast, the presence of electron-donating groups (EDG) such as hydroxyl and 
methoxy groups in compounds 4b and 5c reduces ionisation energy by increasing electron density. Conversely, 
compounds 4b and 5g show the highest EA at 2.375 and 2.567, while the lowest EA is evident in compounds 4e 
and 5e at 1.896 and 0.712.

The chemical hardness (η) (formula 4), representing the gap between ELUMO and EHOMO, is most pronounced 
in compounds 4d and 5b at (2.071 and 2.58), whereas compounds 4c and 5g have the lowest η at (1.935 and 
1.614). The chemical hardness of a molecule, which measures its resistance to changes in electron density, 
is influenced by the functional groups present. The EWG groups, such as nitro (NO2)  groups, are known to 
increase chemical hardness by stabilising electron density. In contrast, the EDG groups, such as OH groups, 
frequently reduce η by increasing electron density.

The chemical potential (µ), calculated as the average of IP and EA energies (formula 5), is highest in 
compounds 4b and 5c at (− 4.377 and − 4.252) and lowest in compounds 4c and 5e at (− 3.83 and 3.191). The 
softness (S) (formula 6), a measure related to hardness, reaches its peak in compounds 4c and 5g at 0.258 and 
0.31, while the lowest softness is observed in compounds 4d and 5a at 0.241 and 0.194. Electronegativity (χ) 
(formula 7), calculated as the average of IP and EA energies, is highest in compounds 4b and 5c at (4.377 and 
4.252) and lowest in compounds 4c and 5e at (3.832 and 3.191). Lastly, the electrophilicity index (ω) (formula 8), 
derived from the chemical potential and hardness, is highest in compounds 4b and 5g at (4.785 and 5.416), and 
the lowest electrophilicity is found in compounds 4c and 5e at (3.734 and 2.054).

Evaluating global chemical reactivity descriptors (GCRD) holds significant importance in gauging the activity 
of a molecule. The utilization of HOMO and LUMO energies provides a versatile approach to estimating various 
GCRD characteristics, including but not limited to electronegativity (χ), molecular softness (S), electrophilicity 
index (ω), chemical potential (µ), and chemical hardness (η). The comprehensive analysis of these descriptors 
through the examination of HOMO and LUMO energies enables a deeper understanding of the molecular 
behaviour and responsiveness, thereby facilitating a more insightful assessment of its overall activity. The IP 
(formula 1) and EA (formula 2) can be determined by utilizing EHOMO and ELUMO as follows36:

	 IP = −EHOMO � (1)

	 EA = −ELUMO � (2)

The following formula can be utilized as an estimate for absolute hardness36:

	
η = IP − EA

2
� (3)

EHOMO (eV) ELUMO (eV) Egap IP EA η µ S χ ω HIE (Au) EIE (Au) HIE (Al) EIE (Al)

4a − 6.045 − 1.927 4.118 6.045 1.927 2.059 − 3.986 0.243 3.986 3.858 − 11.145 7.027 − 10.125 6.007

4b − 6.378 − 2.375 4.003 6.378 2.375 2.002 − 4.377 0.250 4.377 4.785 − 11.478 7.475 − 10.458 6.455

4c − 5.767 − 1.897 3.870 5.767 1.897 1.935 − 3.832 0.258 3.832 3.794 − 10.867 6.997 − 9.847 5.977

4d − 6.234 − 2.093 4.141 6.234 2.093 2.071 − 4.164 0.241 4.164 4.186 − 11.334 7.193 − 10.314 6.173

4e − 5.984 − 1.896 4.088 5.984 1.896 2.044 − 3.940 0.245 3.940 3.797 − 11.084 6.996 − 10.064 5.976

4f − 6.348 − 2.211 4.137 6.348 2.211 2.069 − 4.280 0.242 4.280 4.427 − 11.448 7.311 − 10.428 6.291

4g − 6.178 − 2.062 4.116 6.178 2.062 2.058 − 4.120 0.243 4.120 4.124 − 11.278 7.162 − 10.258 6.142

4h − 6.171 − 2.051 4.120 6.171 2.051 2.060 − 4.111 0.243 4.111 4.102 − 11.271 7.151 − 10.251 6.131

4i − 6.120 − 1.983 4.137 6.120 1.983 2.069 − 4.052 0.242 4.052 3.968 − 11.220 7.083 − 10.200 6.063

5a − 5.902 − 0.751 5.151 5.902 0.751 2.576 − 3.327 0.194 3.327 2.148 − 11.002 5.851 − 9.982 4.831

5b − 5.977 − 0.817 5.160 5.977 0.817 2.580 − 3.397 0.194 3.397 2.236 − 11.077 5.917 − 10.057 4.897

5c − 6.193 − 2.310 3.883 6.193 2.310 1.942 − 4.252 0.258 4.252 4.655 − 11.293 7.410 − 10.273 6.390

5d − 6.025 − 0.877 5.148 6.025 0.877 2.574 − 3.451 0.194 3.451 2.313 − 11.125 5.977 − 10.105 4.957

5e − 5.670 − 0.712 4.958 5.670 0.712 2.479 − 3.191 0.202 3.191 2.054 − 10.770 5.812 − 9.750 4.792

5f − 5.960 − 0.831 5.129 5.960 0.831 2.565 − 3.396 0.195 3.396 2.248 − 11.060 5.931 − 10.040 4.911

5g − 5.794 − 2.567 3.227 5.794 2.567 1.614 − 4.181 0.310 4.181 5.416 − 10.894 7.667 − 9.874 6.647

5h − 6.035 − 0.893 5.142 6.035 0.893 2.571 − 3.464 0.194 3.464 2.334 − 11.135 5.993 − 10.115 4.973

Table 2.  The frontier molecular orbitals (EHOMO and ELUMO), Eg, and a variety of other molecular descriptors 
all synthesized molecules calculated at B3LYP/6-31G** level.
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The chemical hardness of the molecule can be defined by the determination of the gap between the HOMO and 
LUMO orbitals as below36:

	
η = 1

2 (ELUMO−EHOMO) � (4)

The electronic chemical potential (µ) of a molecule is calculated by the below equation36:

	
µ = −

(
IP + EA

2

)
� (5)

Molecular softness can be determined through the below equation36:

	
S = 1

2η
� (6)

The molecular electronegativity can be calculated by the below equation36:

	
χ =

(
IP + EA

2

)
� (7)

The molecular electrophilicity index can be calculated by the below equation36:

	
ω = µ 2

2η
� (8)

Apart from the mentioned parameters, the assessment also extended to determining the strength of the molecules’ 
holes and electron injection barriers, denoted as HIE and EIE, respectively, at the Al and Au electrodes, which 
these values were reported in Table 2. The calculation of the molecules’ EIE involves subtracting the negative value 
of the LUMO energy from the work function as − ELUMO− (− W), while the HIE is calculated by subtracting the 
work function from the negative value of the HOMO energy as − W−(− EHOMO), where W represents the work 
function of the respective electrode, with values of 5.1 eV for Au and 4.08 eV for Al21.

In general, the HOMO density tends to localize in regions of the molecule where lone pairs of electrons, 
pi (π) bonds, or functional groups capable of donating electrons are present. These regions typically include 
heteroatoms such as nitrogen, or oxygen, as well as double or triple bonds and aromatic rings. Conversely, 
the LUMO density tends to localize in regions where vacant orbitals capable of accepting electrons are found. 
These regions often include π* anti-bonding orbitals present in double or triple bonds, as well as areas near 
electronegative atoms or functional groups capable of withdrawing electron density. As depicted in Fig. 7, in 
all derivatives of 5-oxo-dihydropyrano[3,2-c]chromenes (4a-4i), the HOMO density primarily resides on the 
amine (NH2) and carbonitrile (–C ≡ N) groups, while the LUMO density predominantly distributes across 
the chroman-2-one ring. Additionally, in the case of dihydropyrano[2,3-c]pyrazole derivatives (5a-5  h), the 
HOMO density mainly concentrates on the amine (NH2) and carbonitrile (–C ≡ N) groups, and the pyrazole 
ring, particularly on the N-N bond, while the LUMO density is mainly dispersed over the phenyl, pyrazole, and 
1,4-dihydropyrano rings.

Conclusions
In conclusion, the novel Fe3O4@GO-N-(Asparagine) has been successfully fabricated and fully characterized 
via several analytical techniques. The catalyst’s potential for sustainable industrial and laboratory applications 
is highlighted by its effectiveness, environmental friendliness, and simplicity of use, including the ability for 
easy separation and reuse. The fabricated novel catalyst supports the increasing need for ecologically friendly 
methods in organic synthesis by providing high yields, reduced reaction times, and a green methodology. 
Additionally, the findings from DFT calculations combined with the catalyst’s versatility in a wide range of 
organic reactions develop novel potential for its application in a variety of chemical transformations. According 
to DFT calculations, the EHOMO and ELUMO were raised by electron-withdrawing groups, including nitro, 
and decreased by electron-donating groups such as hydroxyl and methyl.
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Fig. 7.  Ground state charge density of FMOs of studied molecules (contour value = 0.05). The purple colour 
represented the negative charge, and the yellow colour represented the positive charge.
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Fig. 7.  (continued)
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Fig. 7.  (continued)
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Fig. 7.  (continued)
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Data availability
The data for this study is available from the corresponding author upon on a reasonable request and online from 
Zenodo repository at https://doi.org/10.5281/zenodo.12625167.
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