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Abstract 
 
 
In the current study, the NiFe2O4@SiO2-AP-SO3H heterogeneous nanocatalyst demonstrated high 

efficiency in catalyzing the synthesis of pyridine derivatives. This prepared nanocatalyst proved 

to be a robust and environmentally friendly nano-reactor for the production of pyridine derivatives. 

The eco-conscious heterogeneous catalyst was thoroughly characterized using various techniques, 

including Fourier transform infrared spectroscopy, transmission and scanning electron 

microscopies, energy-dispersive X-ray spectroscopy, inductively coupled plasma optical emission 

spectroscopy, X-ray diffraction, and thermal gravimetric analysis. Key advantages of this method 

include the use of a green medium, straightforward separation and workup procedures, exceptional 

reusability of the nanocatalyst, and significantly reduced reaction time. 
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1. Introduction    

Developing efficient and innovative nanomaterials for catalyst support is a significant challenge 

in modern organic synthesis research1–3. Recently, nanostructured materials, particularly magnetic 

nanoparticles, have gained recognition as exceptional supports due to their large surface area, 

straightforward preparation and functionalization, and easy recovery with a magnetic field4–6. This 

leads to reduced operational costs and enhanced product purity5,7. One of the most notable 

advantages of magnetic nanoparticles is their effortless separation from the reaction mixture using 

a simple bar magnet8–10. Among heterogeneous catalysts, NiFe2O4 has become highly favored 

because of its facile synthesis and ability to be modified with a magnet11. These NiFe2O4 

nanoparticles can support a variety of catalysts, facilitating easy separation even after multiple 

reaction cycles9,12–14. 

The synthesis of pyridine has garnered significant attention due to its extensive applications in the 

fields of biology and pharmaceuticals15–19. These compounds are highly valued as organic 

materials, especially for their function as photoactive agents and cosmetic colorants20,21. In recent 

years, their remarkable versatility and efficiency have led to the exploration of different catalysts 

aimed at enhancing the synthesis process22–27. This study emphasizes the design and structural 

analysis of an innovative, environmentally friendly catalyst tailored to stabilize SO3H ligands. The 

research seeks to assess its effectiveness and sustainability as a catalyst for the efficient production 

of pyridine derivatives. 

 

2.  EXPERIMENTAL 



2.1. Preparation of NiFe2O4@SiO2-AP-SO3H 

For the synthesis of NiFe2O4@SiO2-AP-SO3H nanocatalyst, first NiFe2O4@SiO2@n-Pr-Cl were 

synthesized by co-precipitation method28,29. To synthesize the NiFe2O4@SiO2-AP-SO3H complex, 

2 g of the prepared NiFe2O4@SiO2@n-Pr-Cl was dispersed in 35 mL toluene by sonication for 55 

minutes. Next, 5 mmol of AP (3-aminopyridine) was introduced into the flask and agitated at 60˚C 

for 24 hours. Once the reaction concluded, the resulting NiFe2O4@SiO2-AP compound was 

isolated using magnetic decantation, cleansed with hexane and EtOAc, and subsequently dried at 

75 °C in an oven for 24 hours. To prepare the NiFe2O4@SiO2-AP-SO3H catalyst, a combination 

of 2.0 g NiFe2O4@SiO2-AP was dispersed in 75 ml of n-hexane in a round-bottomed flask. Next, 

0.4 g of chlorosulfonic acid was slowly introduced into the reaction vessel and stirred at 25 °C for 

24 hours. After the reaction was complete, the resulting NiFe2O4@SiO2-AP-SO3H catalyst was 

isolated, washed with H2O and ethanol, and dried under vacuum at 55 ºC (Scheme 1). 

 

Scheme 1 Synthesis of NiFe2O4@SiO2-AP-SO3H 



 

2.3. General procedure for the synthesis of pyridine derivatives 

A reaction mixture was created using aryl aldehyde (1 mmol), malononitrile (1 mmol), acetophenone (1 

mmol), ammonium acetate (1 mmol), and the NiFe2O4@SiO2-AP-SO3H catalyst (20 mg). The mixture was 

stirred at 80 °C for a suitable period while monitoring the reaction progress with thin-layer chromatography 

(TLC), utilizing a solvent system of hexane and ethyl acetate in a 7:3 ratio. After completion, the mixture 

was diluted with hot ethanol, allowing for the separation of the catalyst, which was meticulously washed 

with hot ethanol and acetone before drying. The solvent was evaporated to yield a residue, which underwent 

purification through recrystallization in ethanol as outlined in Scheme 2. 

 

Scheme 2. Synthesis of pyridine derivatives over the catalysis of NiFe2O4@SiO2-AP-SO3H 

 

2.3 Selected NMR data 

 

2-Amino-4,6-diphenylnicotinonitrile:1H NMR (DMSO, 400 MHz): δ= 7.7 (m, 1H), 7.6 (m, 2H), 7.6 (m, 
4H), 7.5 (m, 1H), 7.4 (m, 2H), 7.4(s, 1H), 6.5 (m, 2H) ppm. 

2-Amino-4-(3-nitrophenyl)-6-phenylnicotinonitrile:1H NMR (DMSO, 400 MHz): δ= 8.0 (s, 1H), 7.7 
(m, 1H), 7.7 (m, 1H), 7.6 (m, 7H), 6.5 (m, 2H) ppm. 

2-Amino-4-(4-chlorophenyl)-6-phenylnicotinonitrile:1H NMR (DMSO, 400 MHz): δ= 8.0 (s, 1H), 7.4 
(m, 2H), 7.3 (m, 3H), 7.1 (m, 4H), 4.9 (s, 2H) ppm. 

2-Amino-6-phenyl-4-(p-tolyl)nicotinonitrile:1H NMR (DMSO, 400 MHz): δ= 7.9 (s, 1H), 7.6 (m, 4H), 
7.5 (m, 3H), 7.3 (m, 2H), 4.7 (s, 2H), 1.2 (s, 3H) ppm. 

 

3. Catalyst characterizations 



FTIR spectra of NiFe2O4 (a), NiFe2O4@SiO2 (b), NiFe2O4@SiO2@n-Pr (c) NiFe2O4@SiO2-AP 

(d) and NiFe2O4@SiO2-AP-SO3H (e) nanocatalyst is shown in Figure. 1. The FTIR spectrum of 

NiFe2O4 nanoparticles exhibits two bands at around 670 cm-1, which are attributed to the stretching 

vibrations of the iron-oxygen bonds (Figure 1a). Furthermore, in Figure 1b, the presence of a 

stretching vibration band at 1033 cm-1 indicates the existence of Si-O bonds, providing evidence 

for the presence of SiO2 on the surface of the NiFe2O4 nanoparticles. In Figure 1c, the C-H 

stretching vibration bands at 2809-3889 cm-1 confirm the presence of 3- 

chloropropyltriethoxysilane on the surface of NiFe2O4@SiO2 NPs. In the spectrum of 3-

aminopyridine ligand supported on NiFe2O4@SiO2, the two broad bands at 3660 and 3490 cm−1 

cans be ascribed to the N–H stretching vibration free NH2 groups, respectively. In the spectrum of 

NiFe2O4@SiO2-AP, the bands at 1572, and 1642 cm-1 are related to the C=N stretching of the 

ligand, which confirms the successful functionalization of NiFe2O4@SiO2 with the ligand (Figure 

1d). The incorporation of –SO3H groups onto NiFe2O4@SiO2-AP was confirmed by observing the 

absorption of OH stretching bands of the –SO3H moiety at 2500–3500 cm-1 in the FTIR spectrum 

(Figure 1e) 30. 



 



Figure 1. Comparative study of FTIR spectra of a) NiFe2O4, b) NiFe2O4@SiO2, c) NiFe2O4@SiO2@n-Pr 

d) NiFe2O4@SiO2-AP, and e) NiFe2O4@SiO2-AP-SO3H 

To validate the crystalline phase of the synthesized NiFe2O4 and NiFe2O4@SiO2-AP-SO3H 

nanostructures, the indexed XRD patterns are presented in Figure 2. The NiFe2O4 spectrum reveals 

clear, distinct peaks corresponding to the (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 0 0) planes 

at 2θ angles of 30.3, 37.6, 43.4, 54.3, 57.8, and 64.4, respectively. From the XRD data, it can be 

deduced that the particles possess a face-centered cubic crystal structure.  

 

Figure 2. XRD spectrum of a) NiFe2O4@SiO2-AP-SO3H 

 

The TGA was used to quantitatively determine the amount of ligand (AP-SO3H) supported on the 

surface of NiFe2O4 magnetic nanoparticles. A minor weight loss of 6% below 250 °C was 

attributed to the removal of adsorbed solvents (Figure 3). In Figure 3, it is evident that 

NiFe2O4@SiO2-AP-SO3H exhibited a 25% weight loss between 250 and 700 °C, indicating the 

decomposition of the NiFe2O4@SiO2-AP-SO3H moieties. The TGA analysis results confirmed the 

successful support of AP-SO3H on the surface of NiFe2O4. 



 

Figure 3. TGA curve of NiFe2O4@SiO2-AP-SO3H magnetic catalyst 

The EDX image of the NiFe2O4@SiO2-AP-SO3H catalyst (Figure 4) reveals the presence of N, C, O, Si, 

Fe, S, and Ni elements. This indicates the absence of any additional impurities associated with the solvents 

and materials utilized in the catalyst synthesis process. 
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 Figure 4. EDX images of NiFe2O4@SiO2-AP-SO3H. 

Scanning Electron Microscopy (SEM) analysis was employed to thoroughly examine the structural 

attributes, including the shape, size, and morphological characteristics, of the synthesized catalyst. The 

SEM images provided in Figure 5 reveal that the nanoparticles exhibit a predominantly spherical 

configuration. Furthermore, these particles appear to be evenly distributed throughout the sample and 

display a consistent size range, indicating a uniform synthesis process. 

  

Figure 5. SEM images of NiFe2O4@SiO2-AP-SO3H. 

The scanning electron microscopy images reveal that the nanocatalyst particles have a sphere-like 

structure and measure between 62 and 120 nanometers in size. These findings were corroborated 

by the data obtained from transmission electron microscopy images (Figure 6). 



 

Figure 6 TEM images of NiFe2O4@SiO2-AP-SO3H. 

The nanocatalyst's magnetic properties were examined through VSM analysis, with the findings 

presented in Figure 7. The saturation magnetization (Ms) value for the nanocatalyst is 36.51 emu/g, 

which is lower than that of the NiFe2O4 magnetic core. The functionalization of the NiFe2O4 NPs 

surface with AP-SO3H has led to a reduction in saturation magnetization. Nevertheless, the 

synthesized nanocatalyst could be readily isolated from the reaction mixture using an external 

magnet. 



 

Figure 7 VSM curves of (a) NiFe2O4 (b) NiFe2O4@SiO2-AP-SO3H. 

 

Catalytic studies: 

In the second phase of the catalysis study, the direct synthesis of pyridines was explored using 

NiFe2O4@SiO2-AP-SO3H as the catalyst, with detailed results summarized in Table 1. The 

reaction involving 4-chlorobenzaldehyde, malononitrile, acetophenone, and ammonium acetate 

was first examined under solvent-free conditions at 80 °C without the catalyst. Under these 

conditions, only trace amounts of the desired product were obtained after more than 12 hours, 

alongside the formation of numerous side products. To enhance the reaction, varying amounts of 

NiFe2O4@SiO2-AP-SO3H were introduced. A clear increase in reaction rate and product yield was 



observed as the catalyst loading increased from 10 mg to 25 mg, achieving an impressive 98% 

isolated yield of the target compound. Beyond this concentration, however, further increases in 

catalyst loading negatively affected the reaction’s efficiency. Additional optimization efforts 

involved testing different solvents, including ethanol (EtOH), water (H2O), dimethyl sulfoxide 

(DMSO), hexane, and dimethylformamide (DMF). All tested solvents led to a decline in 

performance when compared to the solvent-free approach. Consequently, a solvent-free system 

was determined to be optimal for further experimentation, with further adjustments focusing on 

reaction temperature. Through systematic testing, it was found that maintaining the reaction 

temperature at 80 °C yielded the best results, ensuring a maximum yield of 98%. Lower 

temperatures resulted in a marked decrease in reaction efficiency. Based on these findings, the 

optimal conditions for this transformation include using 20 mg of NiFe2O4@SiO2-AP-SO3H as a 

catalyst in a solvent-free medium at a temperature of 80 °C. 

Table 3 Evaluation of reaction parameter on the synthesis of 2–amino–3–cyanopyridines over the catalysis 

of NiFe2O4@SiO2-AP-SO3H 

 
Entry Catalyst(mg) Solvent Temperature(ºC)  Time(min) Yield (%) 

1  - Solvent Free 80 12 h -- 

2  10 Solvent Free 80 1 40 

3  15 Solvent Free 80 1 65 

4  20 Solvent Free 80 1 98 

5  25 Solvent Free 80 1 98 

6  20 H2O Reflux 1 Trace 

7  20 DMSO 100 1 83 



In the subsequent phase of synthesizing 2-amino-3-cyanopyridine derivatives, optimized reaction 

conditions were applied using a range of substituted aryl aldehydes for the specific durations listed 

in Table 2. Aldehydes containing both electron-withdrawing and electron-donating groups 

successfully produced the desired 2-amino-3-cyanopyridine compounds, yielding favorable results 

with efficiencies ranging from 81% to 98% within relatively short reaction times. Interestingly, 

aldehydes with electron-withdrawing substituents exhibited higher reactivity and achieved 

superior yields compared to those with electron-donating groups under identical experimental 

conditions. 

Table 2 Synthesis of pyridine derivatives over the catalysis of NiFe2O4@SiO2-AP-SO3H 

 
Entry Aldehyde Product Time (h) Yield (%) 

1 

 

 

1 96 

8  20 Hexane Reflux 1 Trace 

9  20 PEG-400 100 1 76 

10  20 DMF 100 1 89 

11  20 Ethanol  Reflux 1 51 

12  20 Solvent Free 90 1 98 

13  20 Solvent Free 50 1 60 

14  20 Solvent Free r.t 1 Trace  



2 

 

 

1 98 

3 

 

 

45 min 81 

4 

 

 

45 min 90 

5 

 

 

30 min 96 

6 

 

 

1 91 



7 

 

 

40 94 

8 

 

 

30 min 94 

9 

 

 

1.5 94 

10 

 

 

20 min 89 

Scheme 3 illustrates the synthesis mechanism for 2-amino-3-cyanopyridine derivatives using the 

NiFe2O4@SiO2-AP-SO3H catalyst. The process initiates with the catalyst facilitating the activation 

of the carbonyl group in an aldehyde, which then reacts with malononitrile to produce a 

Knoevenagel product. Simultaneously, ammonia undergoes nucleophilic addition to 

acetophenone, forming an imine intermediate. These intermediates subsequently engage in a 1,4-

Michael addition, leading to their condensation and resulting in a new intermediate. This 

intermediate undergoes a Thorpe-Ziegler-type cyclization, producing a six-membered ring 

structure containing nitrogen. Within this ring, both the exocyclic and endocyclic anomeric 



nitrogen atoms align effectively to resonate with the C–C double bonds. This resonance facilitates 

hydride ion removal through a cooperative geminal-vinylogous anomeric-based oxidation 

mechanism, corroborated by conducting the reaction under a nitrogen atmosphere. The 

transformation is primarily driven by the enhanced stability of the aromatic pyridine product 

formed, as depicted in Scheme 3. 

 

Scheme 3. Plausible mechanism for the synthesis of 2-amino-3-cyanopyridines over the catalysis of 

NiFe2O4@SiO2-AP-SO3H 

Hot filtration  



Under optimal reaction conditions hot filtration experiment was conducted to assess the 

heterogeneous nature of the NiFe2O4@SiO2-AP-SO3H catalyst. In the absence of the catalyst, the 

maximum yield of 2-amino-3-cyanopyridines was only 3% after 1 hour, revealing the necessity of 

an acid catalyst for the progression of the reaction. Conversely, the introduction of the 

NiFe2O4@SiO2-AP-SO3H catalyst led to a remarkable increase in the 2-amino-3-cyanopyridines 

yield, reaching 96% within 1 hour. This clearly demonstrates the catalytic prowess in enhancing 

the reaction rate. 

4. Catalyst recyclability 

 In another examination to assess the recyclability of the magnetic catalyst, we conducted a test 

using benzaldehyde as a model reaction with 0.02 g of NiFe2O4@SiO2-AP-SO3H. After the 

reaction, the catalyst was retrieved from the mixture using a magnet, followed by multiple 

washings with H2O and EtOH. Remarkably, the catalyst maintained its activity over four 

consecutive runs without any significant loss (see Figure 8). 

 

Figure 8. Recyclability of NiFe2O4@SiO2-AP-SO3H in the synthesis of synthesis of 2-amino-3-cyanopyridines 
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5. Conclusion 

In this work, we have developed a reliable and straightforward method for producing 

NiFe2O4@SiO2-AP-SO3H as a magnetically retrievable nanocatalyst, characterized through 

diverse techniques. The developed catalyst, NiFe2O4@SiO2-AP-SO3H, underwent 

characterization through SEM, EDS, VSM, TGA, XRD, TEM, and FT-IR analyses. The 

NiFe2O4@SiO2-AP-SO3H materials exhibited excellent efficiency in synthesis of pyridine 

derivatives.  The method offers several advantages, including a straightforward work-up procedure, 

the use of nontoxic solvents, high yield, short reaction time, good tolerance of various functional 

groups, and the ability to recycle and reuse the catalyst using an external magnet for up to 4 runs, 

with only a notable decrease in product yields. 

Data availability 

All data generated or analyzed during this study are included in this published article [and its 

supplementary information files]. 
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