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A B S T R A C T   

In the present work, Zn complexed on hybrid manganese doped cobalt ferrite nanoparticles 
covered by silica were synthesized. These MNPs were characterized using different techniques 
including Fourier-transform infrared spectroscopy (FT-IR), X-ray diffraction analysis (XRD), Field 
emission-scanning electron micro-scope (FE-SEM), Energy-dispersive X-ray spectroscopy (EDS), 
Vibration sample magnetometer (VSM), Inductively coupled plasma atomic emission spectros
copy (ICP), Zeta potential and Thermogravimetric analysis (TGA). FE-SEM Images showed uni
form spherical shape with rough surfaces and an aggregation in structure of MNPs. A decrease in 
Ms is visible in VSM analysis due to the increase in particle diameter as a result of loading the 
organic coating on the surface of the magnetic nanoparticles. According to TGA analysis, the 
synthesized MNPs have good stability up to 125 ◦C. The ICP analysis indicates the presence of 
0.13 mmol/g zinc on the surface of loaded MNPs. The effect of these prepared MNPs as a catalyst 
was studied in the synthesis of 2-amino-4H-pyran and N- arylquinoline derivatives. This method 
provides excellent yield of products with short reaction time, simple purification and easy sep
aration of the catalyst. Furthermore, the reusability of the catalyst during five periods was not 
associated with a significant decrease in its activity.   

1. Introduction 

2-Amino-4H-pyran and N- arylquinoline derivatives have exhibited diverse biological and pharmaceutical actions such as anti
tumor [1,2], antibacterial [3,4], anticoagulant [5], anticancer [2,6], etc. Multicomponent reactions (MCR) are known as a simple and 
very valuable method for the synthesis of a variety of complex organic molecules including pyran derivatives. Atomic economy, less 
use of solvents and chemicals, low cost, energy saving and short reaction time are some benefis of these reactions [7–9]. The easy and 
green preparation of 2-amino-4H-pyran and N- arylquinoline derivatives is extremely important due to their many applications. 
Several methods have been represented in the literature for the synthesis of 2-amino-4H-pyrans [10–13] and also N- arylquinolines 
[10,11]. But, some of these methods, despite having some advantages, have limitations including long reaction time, employing of 
toxic and costly solvents. Therefore, the synthesis of 2-amino-4H-pyran and N- arylquinoline derivatives using a cheap and green 
method is still extremely important for chemists. A literature search confirms the efforts of chemists in the synthesis of 
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2-amino-4H-pyran and N- arylquinoline in the presence of green and environmentally friendly conditions [12–14]. 
Recently, significant advances in the field of nanotechnology have led to progress and revolution in various fields, including the 

synthesis of organic compounds, drug delivery [15], adsorption [16], biomedical [17], engineering [18], and catalysis [19]. Among 
normal nanoparticles, magnetic nanoparticle have been the subject of a wide range of researches in recent years due to their distinctive 
characteristics, which enable their potential use in biomedicine [20], catalysis [21], and agriculture [22]. The modifying of nano
particles and increasing their superparamagnetic property makes them easily separated from the reaction mixture by an external 
magnet [21]. Also, extensive surface area, thermal stability, eco-friendly and low cost, excellent recyclability and stabilization of 
various functional groups are among the factors that provide the design and preparation of magnetic nanoparticles as a catalyst [23]. 

Following our interest towards the development of new and more efficient synthetic methods for synthesis of various heterocyles 
using modified MNPs [24–27], we are going to offer the synthesize of a novel Zn complexed on hybrid manganese doped cobalt ferrite 
nanoparticles covered by silica and their usages in the synthesis of 2-amino-4H-pyran and N- arylquinoline derivatives. 

2. Experimental 

2.1. Material and methods 

All chemicals and solvents were purchased from Merk, Fluka, and Aldrich chemical companies and used without further purifi
cation. The digital electrothermal system was utilized to determine the melting point of compounds. The progress of chemical reactions 
was monitored by thin-layer chromatography on UV-active aluminum-backed plates of silica gel 60 F 254. The Fourier-transform 
infrared spectroscopy (FT-IR spectra) were obtained on the Brucker alpha series in the 400-4000 cm− 1 using KBr pellets. 1H and 
13C NMR spectra were recorded on the Brucker Avence spectrometer at 300 and 75 MHz, respectively using DMSO‑d6 or CDCl3 as a 
solvent. Amount of Zn loaded on MNPs was measured by the inductively coupled plasma atomic emission spectroscopy (ICP spec
trometer) (analytikjena 9100 model). The crystal structure of MCF@SiO2-Pr-ABT@ZnCl2 MNPs was investigated by the Philips Xpert 
Xray powder diffraction (XRD) diffract meter via Cu Kα radiation (λ = 0.15406 nm) in the range of Bragg angle 2θ = 10◦–80◦. The 
magnetic properties of MCF and MCF@SiO2-Pr-ABT@ZnCl2 MNPs were evaluated using a vibrating sample magnetometer (model 730 
VSM) at room temperature with applied field in the range of ±8000 Oe. The thermogravimetric analysis (TGA) of MCF@SiO2-Pr- 
ABT@ZnCl2 MNPs was carried out using a matter TA4000 system under Ar atmosphere in the range of 25–700 ◦C at a heating speed of 
10 ◦C per min. Also, the morphology and the size of nanoparticles were measured on a Tescan mira П field emission-scanning electron 
micro-scope (FE-SEM). The chemical elements of the MCF@SiO2-Pr-ABT@ZnCl2 MNPs were recognized with Elemental chemical 
analysis [energy-dispersive X-ray spectroscopy (EDS)] coupled with SEM. The zeta MCF@SiO2-Pr-ABT@ZnCl2 MNPs was determined 
by Zeta Potential Analyzer (CAD) at pH = 5.5. 

2.1.1. Preparation of MnCoFe2O4 (MCF MNPs) 
MnCoFe2O4 MNPs were prepared according to the literature [28]. A mixture of Mn+2:Co+2:Fe+3 with a molar ratio (1:1:4) was 

resolved in deionized water (100 mL) and heated at 95 ◦C for 2 h. The pH of the solution was controlled with the ammonium hydroxide 
(25 %) (pH = 12) and heated for another 2 h under the same conditions. The obtained precipitate was isolated by an external magnetic 
field, washed several times with warm deionized water (200 mL) and ethanol (10 mL), and dried in the oven at 70 ◦C. 

2.1.2. Preparation of silica-coated MNPs (MnCoFe2O4@SiO2 MNPs) (MCF@SiO2 MNPs) 
MnCoFe2O4@SiO2 MNPs were synthesized by the Stöber method [29]. A mixture of MnCoFe2O4 (0.5 g), deionized water (1.5 mL), 

ethanol (10 mL), and ammonium hydroxide (25 %) (0.4 mL) was sonicated by ultrasonic irradiation for 30 min. Subsequently, tet
raethylortosilicate (TEOS, 0.4 mL) was added to the mixture and stirred for 24 h at room temperature. The magnetic residue was 
removed from the mixture by a magnetic field, washed with deionized water (50 mL) and ethanol (10 mL), and dried at 70 ◦C. 

2.1.3. Preparation of MnCoFe2O4@SiO2-Pr-Cl MNPs (MCF@SiO2-Pr-Cl) 
MnCoFe2O4@SiO2-Pr-Cl MNPs (MCF@SiO2-Pr-Cl) were synthesized according to our earlier report [30]. MnCoFe2O4@SiO2 MNPs 

(0.5 g) was poured in a round-bottom flask (25 mL) and dispersed in 20 mL of toluene under ultrasound waves for 30 min. CPTS (1 g) 
was added to the mixture and refluxed for 24 h at 110 ◦C. The magnetic nanoparticles were isolated using an external magnetic field, 
washed with toluene (15 mL, three times) and dried at 70 ◦C without vacuum condition. 

2.1.4. Modification of MnCoFe2O4@SiO2-Pr-Cl by 2-aminobenzothiazole (MnCoFe2O4@SiO2-Pr-Benzotiazol (MCF@SiO2-Pr-ABT) MNPs 
MnCoFe2O4@SiO2-PrCl MNPs (0.5 g) were dispersed in DMF (20 mL) under ultrasound waves for 20 min. 2-Aminobenzothiazole 

(ABT) (2 mmol, 0.3 g) and trimethylamine (2 mmol, 0.3 mL) were added and the mixture refluxed for 48 h. The obtained preparation 
was then filtered by an external magnetic field, washed with DMF until it became colorless and dried in an oven at 70 ◦C. 

2.1.5. Preparation of Zn complexed on MCF MNPs (MCF@SiO2-Pr-ABT@ZnCl2 MNPs) 
MCF@SiO2-Pr-ABT nanoparticles (0.5 g) were exposed to ultrasound in ethanol (99 %, 20 mL) for 20 min, ZnCl2⋅4H2O (2 mmol, 

0.42 g) was added and refluxed for 24 h. MCF@SiO2-Pr-ABT@ZnCl2 MNPs were isolated by a magnet and washed with 20 mL ethanol 
and dried in oven at 70 ◦C. 
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2.1.6. Preparation of 2-amino-4H-pyran and N- arylquinoline derivatives 
To a well stirred mixture of aromatic aldehyde (1 mmol) (1), malononitrile (2) (1 mmol), and β-ketoester (4-hydroxycumarin (3) or 

barbituric acid (4) or dimedone (5) or 5,5-dimethyl-3-(phenylamino)cyclohex-2-en-1-one (6) (1 mmol)) in EtOH:H2O (1:1) were 
added MCF@SiO2-Pr-ABT@ZnCl2 MNPs (15 mg). The mixture was refluxed and the progress of the reaction controlled by TLC. The 
solvent was evaporated and the mixture diluted with 10 mL of ethanol so that the catalyst could be well separated by magnet. The 
isolated catalyst was washed several time with EtOH, dried in oven and reused in next reaction. Then, the solution was cooled at room 
temperature to give crystals of 2-amino-4H-pyran and N- arylquinoline derivatives. 

2.1.7. Selected data 
2-Amino-4-(4-chlorophenyl)-5-oxo-4H,5H-pyrano [3,2-c]chromene-3-carbonitrile (7b): IR (KBr) (vmax, cm− 1): 3373, 3323, 

3168, 2979, 2933, 2212, 1725, 1658, 1591, 1282, 763.1H NMR (300 MHz, DMSO‑d6₆): δH = 4.59 (s, 1H, CH), 7.62–7.45 (m, 6H, HAr, 
NH2), 7.80–7.69 (m, 4H, HAr) ppm. 

2-Amino-4-(4-nitrophenyl)-5-oxo-4H,5H-pyrano [3,2-c]chromene-3-carbonitrile (7c): IR (KBr) (vmax, cm− 1): 3398, 3323, 3189, 
3088, 2195, 1700, 1675, 1530, 1379.1H NMR (300 MHz, DMSO‑d6₆): δH = 4.67 (s, 1H, CH), 7.45–7.60 (m, 4H, HAr), 7.53 (s, 2H, NH2), 
7.89–7.92 (d, J=8.0 Hz, 2H, HAr), 8.16–8.18 (d, J= 8.0 Hz, 2H, HAr) ppm. 

2′-Amino-2,5′-dioxo-5′H-spiro[indoline-3,4′-pyrano [3,2-c]chromene]-3′-carbonitrile: (7h) IR (KBr) (ῡmax, cm− 1): 3358, 3308, 
3199, 2204, 1730, 1672, 1609, 1474, 1359.1H NMR (300 MHz, DMSO‑d6): δH = 6.91 (d, J= 8.0 Hz, 1H, HAr), 6.98 (d, J= 7.0 Hz, 1H, 
HAr), 7.29–7.24 (m, 3H, HAr), 7.62–7.47 (m, 3H, HAr), 7.78 (s, 2H, NH2), 8.02 (d, J= 8.0 Hz, 1H, HAr), 10.79 (s, 1H, NH). 

7-Amino-2,4-dioxo-5-phenyl-1,3,4,5-tetrahydro-2H-pyrano [2,3-d]pyrimidine-6-carbonitrile (8a): IR (KBr) (ῡmax, cm− 1): 3385, 
3305, 3183, 3073, 2838, 2195, 1720, 1676, 1637, 1601, 1522, 1278.1H NMR (300 MHz, DMSO‑d6): δH = 4.20 (s, 1H, CH), 7.12–7.26 
(m, 7H, HAr and NH2), 11.07 (s, 1H, NH), 12.08 (s, 1H, NH) ppm. 

7-Amino-5-(4-chlorophenyl)-2,4-dioxo-1,3,4,5-tetrahydro-2H-pyrano [2,3-d]pyrimidine-6-carbonitrile (8b): IR (KBr) (ῡmax, 
cm− 1): 3391, 3306, 3214, 3089, 2953, 2196, 1717, 1676, 1638, 1584, 1489, 1281, 828.1H NMR (300 MHz, DMSO‑d6): δH = 4.23 (s, 
1H, CH), 7.26 (d, J= 7.0 Hz, 2H, HAr), 7.72 (d, J= 7.0 Hz, 2H, HAr), 8.55 (s, 2H, NH2), 11.14 (s, 1H, NH), 11.68 (s, 1H, NH) ppm. 

2-Amino-4-(3-hydroxyphenyl)-7,7-dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile (9c): IR (KBr) (vmax, cm− 1): 
3456, 3314, 2965, 2198, 1680, 1642, 1595, 1481, 1215. 1H NMR (300 MHz, DMSO-d6): δH = 0.95 (s, 3H, CH3), 1.03 (s, 3H, CH3), 2.10 
(d, J 16.0 Hz, 1H, CH), 2.25 (d, J = 17.0 Hz, 1H, CH), 2.45 (d, J = 17.0 Hz, 2H, CH2), 4.06 (s, 1H, CH), 6.53–7.05 (m, 6H, HAr & NH2), 
8.90 (s, 1H, OH) ppm. 

4,4’-(1,4-Phenylene)bis(2-amino-7,7-dimethyl-5-oxo-5,6,7,8-tetrahydro-4H-chromene-3-carbonitrile) (9f): IR (KBr) (vmax, 
cm− 1): 3452, 3332, 3174, 2960, 2194, 1665, 1598, 1213.1H NMR (300 MHz, DMSO-d6): δH = 0.92–1.02) m, 12H, 4CH3), 1.90–2.22 
(m, 8H, 4CH2), 4.12 (s, 2H, 2CH), 7.00 (d, J = 10.1 Hz, 8H, HAr & NH2) ppm. 

2-Amino-7,7-dimethyl-5-oxo-1-phenyl-4-(p-tolyl)-1,4,5,6,7,8-hexahydroquinoline-3-carbonitrile (10d): IR (KBr) (νmax, cm− 1): 
3458, 3333, 3217, 2956, 2926, 2178, 1654.1H NMR (300 MHz, DMSO‑d6): δH = 1.00 (s, 3H, CH3), 1.14 (s, 3H, CH3), 1.94 (d, J= 10.5 
Hz, 1H, CH), 2.26 (d, J= 14.7 Hz, 1H, CH), 2.43 (s, 2H, CH2), 2.77 (s, 3H, CH3), 4.69 (s, 1H, CH), 5.60 (s, 2H, NH2), 7.42–7.86 (m, 9H, 

Scheme 1. The synthetic steps of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  
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HAr) ppm. 
2-Amino-4-(4-hydroxy-3-nitrophenyl)-7,7-dimethyl-5-oxo-1-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-carbonitrile (10e): IR 

(KBr) (νmax, cm− 1): 3464, 3324, 3215, 2958, 2890, 2179, 1652.1H NMR (300 MHz, DMSO‑d6): δH = 0.99 (s, 3H, CH3), 1.16 (s, 3H, 
CH3), 1.96 (d, J= 17.4 Hz, 1H, CH2), 2.27 (d, J= 15.1 Hz, 1H, CH2), 2.46 (s, 2H, CH2), 4.75 (s, 1H, CH), 5.76 (s, 2H, NH2), 7.42–8.01 
(m, 8H, HAr), 10.12 (brs, 1H, OH) ppm. 

2-Amino-4-(4-(2-amino-3-cyano-6,6-dimethyl-8-oxo-4-phenyl-1,4,5,6,7,8-hexahydronaphthalen-1-yl)phenyl)-7,7-dimethyl- 
5-oxo-1-phenyl-1,4,5,6,7,8-hexahydroquinoline-3-carbonitrile (10f): IR (KBr) (νmax, cm− 1): 3468, 3236, 3061, 2957, 2181, 
1644.1H NMR (300 MHz, DMSO‑d6): δH = 0.74 (s, 3H, CH3), 0.88 (s, 3H, CH3), 1.02 (s, 6H, 2CH3), 1.74 (d, J= 16.0 Hz, 2H, CH2), 2.04 
(s, 2H), 2.16 (d, J= 16.0 Hz, 2H, CH2), 2.38 (s, 2H, CH2), 4.48 (s, 2H, 2CH), 5.4 (s, 4H, 2NH2), 7.16–7.57 (m, 14H, HAr). 

3. Results and discussion 

The synthetic steps of MCF@SiO2-Pr-ABT@ZnCl2 MNPs are presented in Scheme 1. MCF MNPs were prepared by the co-preprition 
method (Mn+2:Co+2:Fe+3 with a molar ratio (1:1:4) and under basic condition) [28]. These nanoparticles were coated with silica 
(MCF@SiO2 MNPs) using Stöber method [29]. Then, surface of MCF@SiO2 MNPs was functionalized by the CPTS and 2-ABT [30]. 
Finally, ZnCl2 was loaded on the surface of MCF@SiO2-Pr-ABT MNPs to prepare MCF@SiO2-Pr-ABT@ZnCl2 MNPs. 

Characterization of MCF@SiO2-Pr-ABT@ZnCl2 MNPs was carried out by techniques such as FT-IR, FE-SEM, EDS, XRD, ICP, TGA, 
and VSM. 

3.1. FT-IR spectra 

FT-IR spectra of MCF (a), MCF@SiO2 (b), MCF@SiO2-Pr-Cl (c), MCF@SiO2-Pr-ABT (d) and MCF@SiO2-Pr-ABT@ZnCl2 (e) MNPs 
are presented in Fig. 1. The appeared adsorption bands at 3412-3423 cm− 1 and 1627-1645 cm− 1 are due to OH stretching and OH 
twisting, respectively (Fig. 1a–e). The observed bands at 602-630 cm− 1 can prove the presence of Fe–O stretching vibrations 
(Fig. 1a–e). The presence of Si–O–Si stretching, Si–O bending, and Si–O rocking verify by the adsorption bands at (1080-1063 cm− 1), 
[(973 cm− 1), (801-808 cm− 1)], and (461-467 cm− 1), respectively (Fig. 1b–e). The observed weak bands at 2957 and 2931 cm− 1 

confirm the presence of C–H aliphatic of CPTS in the structure of the nanocatalyst (Fig. 1c–e). The adsorption band at 1653 cm− 1 in 
Fig. 1d is belong to N–H bending of ABT in the structure of nanoparticles. In addition, the vibrations of C–N and C]C groups are 
observed at 1441 and 1388 cm− 1, respectively (Fig. 1d). The vibration frequency shifts from 1653 cm− 1 (Fig. 1d) to 1645 cm− 1 

Fig. 1. FT-IR spectra of MnCoFe2O4 (MCF) (a), silica-coated MCF MNPs (MCF@SiO2) (b), Functionalized MCF@SiO2 by CPTS (MCF@SiO2-Pr-Cl (c), 
Modification of MnCoFe2O4@SiO2-Pr-Cl by 2-aminobenzothiazole (MCF@SiO2-Pr-ABT) (d) and Zn complexed on MCF MNPs (MCF@SiO2-Pr- 
ABT@ZnCl2) (e) MNPs in range of 400–4000 cm− 1.. 

Fig. 2. XRD pattern of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  
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(Fig. 1e) can be attributed to the successful immobilization of ZnCl2 on MNPs. Also, the changing vibration frequency for Fe–O, 
Si–O–Si, and Si–O adsorption bands is due to the interaction between MCF and TEOS, TEOS with CPTS, and CPTS with ABT. 

3.2. XRD pattern 

The XRD pattern of MCF@SiO2-Pr-ABT@ZnCl2 MNPs (Fig. 2) shows a peak at about 2θ = 18◦, which confirms the loading of the 
amorphous SiO2 layer onto the surface of MCF MNPs. Also, the loading of ZnCl2 onto the surface of MCF@SiO2-Pr-ABT MNPs can be 
verified by the diffraction peaks at 2θ = 39◦ [31]. The presence of peaks at 2θ = 32◦, 35◦, 42◦, 52◦, 59◦ and 63◦ is in support of 
crystalline structure of the MCF MNPs, which is according to JCPDS No. 22–1086 standard reported by Datt and colleagues [32]. Also, 
the presence of a peak at 2θ = 50◦ confirms α-Fe2O3 MNPs in the structure [33]. The crystal size of MNPs was calculated to be about 23 
nm by Scherrer’s equation. The crystal size is according to the value obtained by the FE-SEM analysis data. 

3.3. FE-SEM analysis 

FE-SEM technique was utilized to evaluate the size and the morphology of MCF@SiO2-Pr-ABT@ZnCl2 MNPs (Fig. 3). The images 
confirm the uniform cauliflower structure with uneven surfaces, which increases the surface-to-volume ratio and improves the cat
alytic activity of nanoparticles [7]. Also, the FE-SEM images (Fig. 3a–c) show different size distributions of NPs, which can confirm the 
aggregation in MNP structures. The histogram chart (Fig. 3d) shows an average size of in the range 10–20 nm for NPs. 

Fig. 3. FE-SEM images of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  

Fig. 4. EDX analysis of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  
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3.4. EDX and mapping analyses 

EDX analysis of MCF@SiO2-Pr-ABT@ZnCl2 MNPs is displayed in Fig. 4. The EDX spectrum of MCF@SiO2-Pr-ABT@ZnCl2 MNPs and 
related data show the presence of Mn, Co, Fe, Si, O, C, Cl, N, S and Zn elements. The presence of Cl element in structure MNPs can be for 
two reasons. One of the reasons is that the modification of the nanoparticle surface has not occurred completely and only parts of the 
nanoparticle surface, not the whole, are modified by ABT. Another important reason is the loading of zinc chloride on the surface of 
nanoparticles. Fig. 5 was utilized for mapping analysis to validate the findings of EDX analysis. Furthermore, the results of ICP analysis 

Fig. 5. Mapping analysis of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  

Fig. 6. Zeta potential analysis of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  

Fig. 7. VSM analysis of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  
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show that 0.13 mmol/g Zn is loaded on the surface of MNPs. 

3.5. The zeta potential analysis 

The zeta potential analysis showed that the surface charge of MCF@SiO2-Pr-ABT@ZnCl2 MNPs was negative (Zeta mean: − 1.19 
mV) (Fig. 6). The low value of the zeta potential of MNPs confirms a poor stability for MNPs in aqueous solutions. The low zeta 
potential values improve van der Waals interparticle attractions and lead to the aggregation of NPs [34]. The FE-SEM images can 
confirm the aggregation in the MNP structures and are consistent with the zeta potential analysis. This poor stability can be a result of 
the steric hindrance of alkyl silanes. Alkyl silanes can prevent proton diffusion to the MNPs by creating a strong hydrophobic layer and 
produce the lower zeta potential of MNPs. Therefore, the zeta potential of the MNPs can be decreased after coating with compounds 
such as alkyl silanes [35,36]. 

3.6. VSM analysis 

The VSM analysis was obtained for MCF (a), and MCF@SiO2-Pr-ABT@ZnCl2 MNPs (b) at room temperature in the range of ±8000 
Oe (Fig. 7) to investigate the effect of modification on magnetic properties of MCF@SiO2-Pr-ABT@ZnCl2 MNPs. The hysterics loops 
indicates a decreasing of the magnetization saturation value (Ms) from 44 (MCF) to 20 (MCF@SiO2-Pr-ABT@ZnCl2) emug− 1. This 
demagnetization (Ms) is caused by larger particles, which happens when organic coatings are added to the magnetic nanoparticles 

Fig. 8. The in vestigation of thermal stability of MnCoFe2O4 (MCF) (a), functionalized MCF@SiO2 by CPTS (MCF@SiO2-Pr-Cl) (b), and Zn com
plexed on MCF MNPs (MCF@SiO2-Pr-ABT@ZnCl2) (c) MNPs by TGA analysis at 25 ◦C–700 ◦C. 

Table 1 
Optimization of reaction conditions for the synthesis of 2-amino-4H-pyran in the presence of MCF@SiO2-Pr-ABT@ZnCl2  

Entry Catalyst (mg) Solvent Temperature (◦C) Time (h) Yielda (%) 

1 MCF@SiO2-Pr-ABT@ZnCl2 (10) H2O 75 5 h 70 
2 MCF@SiO2-Pr-ABT@ZnCl2 (10) EtOH:H2O(1:1) 75 2 85 
3 MCF@SiO2-Pr-ABT@ZnCl2 (10) EtOH 75 4.20 72 
4 MCF@SiO2-Pr-ABT@ZnCl2 (10) DMF 75 8 Trace 
5 MCF@SiO2-Pr-ABT@ZnCl2 (10) CH3CN reflux 8 Trace 
6 MCF@SiO2-Pr-ABT@ZnCl2 (10) Solvent free 75 4.50 73 
7 – EtOH:H2O(1:1) 75 24 Trace 
8 MCF@SiO2-Pr-ABT@ZnCl2 (5) EtOH:H2O(1:1) 75 3.25 80 
9 MCF@SiO2-Pr-ABT@ZnCl2 (15) EtOH:H2O(1:1) 75 1 93 
10 MCF@SiO2-Pr-ABT@ZnCl2 (18) EtOH:H2O(1:1) 75 1 93 
11 MCF@SiO2-Pr-ABT@ZnCl2 (15) EtOH:H2O(1:1) r.t 12 60 
12 MCF@SiO2-Pr-ABT@ZnCl2 (15) EtOH:H2O(1:1) 50 3.55 70 
13 MCF (15) EtOH:H2O(1:1) 75 2.10 80 
14 MCF@SiO2-Pr-ABT (15) EtOH:H2O(1:1) 75 3.15 80  

a Isolated yield. condition: 4-hydroxycumarin (1 mmol, 0.16 g), 4-chloro benzaldehyde (1 mmol, 0.14 g) and malononitrile (1 mmol, 0.06 g). 
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Table 2 
The synthesis of 2-amino-4H-pyran and N- arylquinoline derivatives in the presence of MCF@SiO2-Pr-ABT@ZnCl2 catalyst under optimized 
conditions.  

Entry Ar or carbonyl group 1,3-dicarbonyl product Time (min) Yield (%) Mp (◦C) Ref 

found Reported 

1 C6H5CHO 3 7a 45 93 255–258 257–258 [39] 
2 4-ClC5H4CHO 3 7b 40 92 247–250 249–251 [40] 
3 4-NO2C6H4CHO 3 7c 40 87 249–252 256–257 [39] 
4 3-NO2C6H4CHO 3 7d 55 80 257–258 257–259 [40] 
5 2,4-Cl2C6H3CHO 3 7e 56 84 247–249 253–255 [40] 
6 3-OCH3C6H4CHO 3 7f 65 80 240–243 248–250 [41] 
7 4-OHC6H4CHO 3 7g 76 81 270–272 263–265 [40] 
8 Isatin 3 7h 70 82 257–263 280–282 [42] 
9 C6H6CHO 4 8a 48 93 201–202 206–208 [43] 
10 4-ClC6H4CHO 4 8b 48 92 227–228 223–225 [43] 
11 4-OCH3C6H4CHO 4 8c 75 82 270–271 278–280 [44] 
12 Isatin 4 8d 68 82 278–280 280–282 [42] 
13 C6H5CHO 5 9a 25 90 235–236 236–238 [45] 
14 4-ClC6H4CHO 5 9b 20 95 210–212 215–216 [11] 
15 3-OHC6H4CHO 5 9c 23 83 235–238 236–237 [28] 
16 Terphetaldehydeta 5 9f 45 86 263–264 266–269 [28] 
17 4-Cl- C7H5O 6 10a 25 90 268–270 268–269 [46] 
18 4-CH3-C7H5O 6 10d 55 91 240–241 244–245 [11] 
19 4-OH,3-NO2-C7H4O 6 10e 25 90 271–272 272–274 [27] 
20 Terphetaldehydeb 6 10f 50 83 233–236 237–238 [27]  

a Isolated yields, Aromatic aldehyde (1 mmol) (1), malononitrile (2) (1 mmol), and β-ketoester (4-hydroxycumarin (3) or barbituric acid (4) or 
dimedone (5) or 5,5-dimethyl-3-(phenylamino)cyclohex-2-en-1-one (6) (1 mmol)) in the presence of MCF@SiO2-Pr-ABT@ZnCl2 (15 mg) as catalyst, 
EtOH:H2O (5 mL) under reflux conditions. 

b Aromatic aldehyde (0.5 mmol) (1), malononitrile (2) (1 mmol), and β-ketoester (4-hydroxycumarin (3) or barbituric acid (4) or dimedone (5) or 
5,5-dimethyl-3-(phenylamino)cyclohex-2-en-1-one (6) (1 mmol)) in the presence of MCF@SiO2-Pr-ABT@ZnCl2 (15 mg) as catalyst, EtOH:H2O (5 mL) 
under reflux conditions. 

Scheme 2. The synthesis of 2-amino-4H-pyrans under optimal conditions.  

N. Ahadi et al.                                                                                                                                                                                                          



Heliyon 10 (2024) e30620

9

[37]. 

3.7. TGA analysis 

The weight loss of MCF (a), MCF@SiO2-Pr-Cl (b), and MCF@SiO2-Pr-ABT@ZnCl2 (c) was studied using TGA analis by increasing 
the reaction temperature from room temperature to 700 ◦C (Fig. 8). The TGA analyses of MCF (a), MCF@SiO2-Pr-Cl (b), and 
MCF@SiO2-Pr-ABT@ZnCl2 (c) MNPs showed 5.5 %, 8.8 %, and 13 % weight loss, respectively. The first step of TGA analyses for three 
samples show a weight loss for MNPs at T < 110 ◦C (0.4 % weight loss for MCF, 1.2 % weight loss for MCF@SiO2-Pr-Cl, and 2 % weight 
loss for MCF@SiO2-Pr-ABT@ZnCl2). In the first stage of diagram, the weight loss in three samples is due to the removal of water and 
organic solvents from the surface of MNPs. In the second step for MCF (Fig. 8a), and for MCF@SiO2-Pr-Cl (Fig. 8b) the weigt losses are 
about 5.1 % (at 110 ◦C < T < 400 ◦C) and 4.2 % (at 110 ◦C < T < 600 ◦C, respectively. The weight loss about 4.1 % of MCF@SiO2-Pr-Cl 
is corresponded to the decomposition of the organic layer in MCF@SiO2-Pr-Cl (Fig. 8b). The 5.1 % weight loss of MCF can be related to 
disruption of the MNPs structure (Fig. 8a). Also, In the second step for MCF@SiO2-Pr-ABT@ZnCl2 (Fig. 8c), the observed weight loss of 
about 7.5 % in the range of 110 ◦C < T < 575 ◦C is corresponded to the decomposition of the organic layer in the MNPs. These results 
support the synthesis of MCF@SiO2-Pr-ABT@ZnCl2 MNPs. 

3.8. The catalytic activity of MCF@SiO2-Pr-ABT@ZnCl2 MNPs for the synthesis of 2-amino-4H-pyran and N- arylquinoline derivatives 

The catalytic activity of MCF@SiO2-Pr-ABT@ZnCl2 MNPs was investigated for the synthesis of 2-amino-4H-pyran and N- aryl
quinoline derivatives. For this purpose, the reaction of 4-hydroxycumarin (1 mmol), malononitrile (1.1 mmol), and 4-chloro benz
aldehyde was selected as a model reaction and investigated by considering parameters including type of solvent, temperatures, and 
amount of catalysts (Table 1). The highest yield of product (93 %) was achieved in EtOH:H2O (1:1) as a solvent, 15 mg of catalyst under 
reflux condition (Table 1, Entry 9). Also for comparison, the catalytic activity of MCF, MCF@SiO2-Pr-ABT and MCF@SiO2-Pr- 
ABT@ZnCl2 MNPs was investigated under optimal condition. MCF@SiO2-Pr-ABT@ZnCl2 MNPs provided a more favorable result 
(Table 1, Entry 13, and 14) and confirms that ZnCl2 has an essential role in the reaction progress. Also, MnCoFe2O4 nanoparticles were 
chosen as the catalyst base due to their chemical stability and having two active sites of cobalt and manganese [38]. Under the 
optimized reaction conditions, the protocol was evaluated for the synthesis of different 2-amino-4H-pyrans and N- arylquinolines by 
using different types of aldehydes, malononitrile, and ethyl acetate. The results are summarized Table 2 and Scheme 2. As the findings 
show, this process is possible for the synthesis of desired compounds using aromatic aldehydes, with both electron-donating and 
electron-withdrawing groups, with high efficiency. Also, the results of this research were compared with those reported in the liter
ature for model reaction (Table 3). 

Table 3 
Comparison of the catalytic activity of MCF@SiO2-Pr-ABT@ZnCl2 and other known catalysts for model reaction (synthesis of 7b).  

Compound Entry Catalyst Conditions Time (min) Yield (%) Ref. 

1 Fe3O4 @SiO2@BenzIm-Fc[Cl]/NiCl2 nanocatalyst EtOH:H2O (4:2), r.t 15 95 [7] 
2 polyanline/SiO2 EtOH:H2O (1:1), reflux 15 90 [47] 
3 β-CD H2O, 60–65 ◦C 120 72 [48] 
4 Ca9⋅5Mg0⋅5(PO4)5⋅5(SiO4)0⋅5F1.5 EtOH:H2O (1:1), reflux 60 90 [39] 
5 Sodium Dodecyl Sulfate H2O, reflux 180 88 [49] 
6 MgO nanoplates H2O, reflux 120 84 [50] 
7 MCF@SiO2-Pr-ABT@ZnCl2 EtOH:H2O (1:1), 75 ◦C 40 92 This work  

Fig. 9. Reusability and recyclability of the MCF@SiO2-Pr-ABT@ZnCl2 MNPs during four runs.  
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3.9. Reusability and recyclability of the MCF@SiO2-Pr-ABT@ZnCl2 MNPs 

The reusability of MCF@SiO2-Pr-ABT@ZnCl2 MNPs was investigated for 7b compound. After completion of the reaction, the 
catalyst was isolated by a magnet, washed with EtOH several times, and reused for the synthesis of 7b. Using the catalyst after five runs 
shows that the effectiveness of MCF@SiO2-Pr-ABT@ZnCl2 MNPs has decreased slightly. Also, the leaching rate of zinc from the 
MCF@SiO2-Pr-ABT@ZnCl2 nanoparticles was quantified through ICP analysis after each cycle. It was observed that only 6 % Zn 
leached after the fifth runs. These findings showed a little change in the percentage of Zn into the organic solution and the hetero
geneous nature of the system, which confirms the stability of the framework under reaction conditions (Fig. 9). 

The hot filtration test was performed during the model reaction under optimal conditions. The reaction was refluxed to achieve 50 
% yield within 20 min. MNPs were then rapidly separated from the reaction mixture by a magnet, followed by stirring for another 20 
min. After removing the catalyst, no increase was observed in reaction yield, confirming the absence of any catalyst in the filter 
(Fig. 10). 

Structure of fresh and reused catalyst were compared by the FT-IR spectra (Fig. 11a), FE-SEM analysis (Fig. 11b), and histogram 
chart (Fig. 11c). This comparison confirmed that the structure of catalyst is preserved during five runs. The amount of Zn leaching on 
the MNPs for the fresh and reused catalysts was evaluated thought ICP analysis, revealing a quanity of about 0.130 mmol/g and 0.123 
mmol/g, respectively. Also, Fig. 11d shows magnetic property of reused catalyst is preserved after five runs. 

Fig. 10. Hot filtration test for the MCF@SiO2-Pr-ABT@ZnCl2 MNPs catalyzed the model reaction (t = 40 min).  

Fig. 11. FT-IR spectra (a) for fresh and reused catalyst (after five runs) (which is mentioned in the figure of spectra), FE-SEM image (b), histogram 
chart (c) and magnetic property (d) for reused catalyst after five runs. 
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3.10. The proposed mechanism for synthesis of the 2-amino-4H-pyrans in the presence of MCF@SiO2-Pr-ABT@ZnCl2 

The mechanism proposed for the synthesis of 2-amino-4H-pyrans by MCF@SiO2-Pr-ABT@ZnCl2 as a catalyst is outlined in Scheme 
3. This process is initiated by a Knoevenagel condensation reaction between malononitrile and activated aldehyde with Lewis acid sites 
of MNPs (zinc groups), which gives intermediate (I) after the removal H2O. A Michael addition is then carry out between intermediate 
(I) and the enolized C–H activated of 4-hydroxycumarin. Subsequently, a cyclization process is performed by attack of the enolized 
C–H active acid on the nitrile group to produce intermediate (II). Finally, the imine-enamine tautomerization leads to the desired 
product [51]. Also, a similar mechanism is suggested for the synthesis of N- arylquinoline derivatives in the presence of 
MCF@SiO2-Pr-ABT@ZnCl2 MNPs as catalyst and using the corresponding reactants (Scheme 4.) [27]. 

4. Conclusion 

In this study Zn complexed on hybrid manganese doped cobalt ferrite nanoparticles covered by silica were synthesized via a simple 
method. The structure of these uniform spherical shape MNPs was identified by FT-IR, XRD, FE-SEM, EDS, VSM, ICP, Zeta potential 
and TGA techniques. The FE-SEM images showed different size distributions of NPs, which confirmes the precence of aggregation in 
MNP structures. Also, The zeta potential analysis showed that the surface charge of MCF@SiO2-Pr-ABT@ZnCl2 MNPs is negative 

Scheme 3. The suggested mechanism for the synthesis of the 2-amino-4H-pyran derivatives in the presence of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  

Scheme 4. The suggested mechanism for the synthesis of the N- arylquinoline derivatives in the presence of MCF@SiO2-Pr-ABT@ZnCl2 MNPs.  
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(about − 1.19 mV). The MCF@SiO2-Pr-ABT@ZnCl2 MNPs showed a magnetic properties about 20 emug− 1. These MNPs were used as 
catalyst in the synthesis of 2-amino-4H-pyran and N- arylquinoline derivatives under optimal conditions. Some prominent advantages 
of this method include high yield of product, short reaction time, green conditions, easy workup, simple separation of nanocatalyst 
using the magnet, and reusability of NPs during five runs. 
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