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Abstract: One-pot efficient synthesis of some 1,4-dihydropyridines is described by a condensation reaction of some aldehyde derivatives, ethyl acetoacetate, and ammonium acetate in the presence of superparamagnetic manganese ferrite nanoparticles at 80 oC. The benefit of this protocol includes selectivity, high purity of products, excellent yields, short reaction times, easy work-up, and environmentally benign conditions to the synthesis of 1,4-dihydropyridines. Also, the catalyst can be recovered and reused several runs without a significant loss of yield of the products.
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1. Introduction
Multicomponent reactions (MCRs) are a very attractive approach, as well as efficient and powerful tools to synthesize novel compounds and drug discovery. 1-6 In MCRs, three or more flexible and simple compounds are reacted to the synthesis of complex organic molecules from commercially available initial precursors. The Hantzsch reaction is one of the most popular MCRs and produces 1,4-dihydropyridine derivatives (1,4-DHP). This reaction which has gained significant attention in modern synthetic organic chemistry was the first time reported by A. Hantzsch in 1882. 7 The Hantzsch reaction is a practical and useful synthetic tool for the synthesis of 1,4-dihydropyridines via condensation of ethyl acetoacetate, an aldehyde, and a source of ammonia in the presence of alcohol solvent. 8 In modern synthetic organic chemistry, 1,4-dihydropyridines (DHP’s) are an important group of drugs, 9, 10 and calcium-channel modulators for the hypertension treatment, 11 tumor, 12, 13 HIV, 14 cancer, 15 diabetic, 16 convulsant. 17 As an example, Amlodipine 4, Nicardipine 5, Diludine 3, Nisodipine 6, Felodipine 2, Nifedipine 1, Nimodipine 7, are synthesized and used worldwide (Figure 1).
Recently, the reported methods involving the using of different types of catalysts such as CeCl3·7H2O, 18 ionic liquids, 19, 20 TBAB, 21 visible light, 22 HClO4·SiO2, 23 microwave-assisted, 24 PW/SiO2, 25 solar thermal energy, 26 I2, 27 sulfonic acid, 28 Fe3O4@SiO2@OSO3H, 29 heteropoly acids, 30 silica gel/NaHSO4, 31 organocatalysis, 32 AlCl3.6H2O, 33 metal triflates. 34 Although many of these methods are effective it's essential to search for a more satisfying catalyst for the preparation of 1,4-DHP. Metal oxide nanocrystals, especially superparamagnetic ones have recently been used as effective catalysts due to their ready availability, and environmentally friendly qualities. 35 Due to the benefits of magnetic nanoparticles such as: economically synthesized in large-scale, readily separated and reused using external magnet, and applicable to industrial processes, the use of them as a catalyst in various organic reactions has been developed. 36-42 In this research, we describe a useful and facile method for the preparation of DHPs from the condensation of ethyl acetoacetate, different aldehydes, and ammonium acetate as a source of ammonia using magnetic MnFe2O4 nanoparticles as catalyst and ethanol solvent.



Fig. 1 Some biologically active 1,4-dihydropyridines.

2. Experimental Section
2.1. Apparatus
The chemicals reagents and solvents were purchased commercially from Aldrich and Fluka Chemical Companies and were used without further purification. A Bruker DRX-400 spectrometer was used to recorded 1H NMR spectra in deuterated chloroform as solvent. Infrared (IR) spectra were recorded as KBr pellets on impact 400 Nicolet FT-IR spectrophotometer. A Philips-X'PertPro X-ray diffractometer was used to recorded XRD patterns of samples with 1.54 °A X-ray wavelengths and Cu anode material, at a scanning speed of 2°/min over the range 10° to 80° (2ϴ). The powder morphology of the catalyst was determined by Hitachi S4160 as field emission scanning electron microscope (FE-SEM). The magnetic properties of nanoparticles were determined using measurements of vibrating sample magnetometry (VSM, PPMS-9T) at 300 K in Iran (University of Kashan, Iran). Melting points were taken with a Yanagimoto micro melting point apparatus. The progress of the reaction was checked by thin layer chromatography (TLC) technique on silica-gel polygram SILG/UV 254 plates.
2.2. General procedure for the synthesis of MnFe2O4 NPs
The nanoparticles of MnFe2O4 were synthesized by simple co-precipitation of FeCl3/MnCl2 in alkaline NaOH media. Firstly, 100 mL solution from both salts of FeCl3.6H2O and MnCl2.4H2O were prepared in a way that Mn2+: Fe3+ molar ratios to be 2:1. For this purpose, 0.02 mol of Fe(III) salt and 0.01 mol of Mn (II) salt were dissolved in distilled water and the volume of the solution was reach 100 mL. Then desired solution was added dropwise into solution of NaOH (100 mL, 3 mol L-1) at 95 oC with continuous stirring for 2 h. After the end of the desired time, the solid collected using an external magnetic field, washed with ethanol (320 mL) and deionized water (530 mL), then dried at 60 oC for 12 h. MnFe2O4 nanoparticles was identified by physical and spectroscopic data.
2.3. A General method for the synthesis of 1,4-dihydropyridines
A mixture of ethyl acetoacetate (2.4 mmol), selected aldehyde (1 mmol), NH4OAc (1.2 mmol), and MnFe2O4 (5 mol %) in ethanol (5 mL) as solvent was stirred at 80 oC for an appropriate time. Thin-layer chromatography (TLC) was used to monitor the progress of the reaction. After completion of the reaction, the mixture diluted in ethyl acetate and the solid catalyst was separated and collected using magnetic field. The desired product was extracted with ethyl acetate and water then purified by recrystallization from ethanol/water (5:1) to yield pure 1,4-dihydropyridines. The solid magnetic MnFe2O4 catalyst was carefully washed with acetone (310 mL), distilled water (310 mL), and dried at room temperature in desiccator. The structure of new compounds was identified based on physical and spectroscopic data.
2.4. Spectral data for 1,4-dihydropyridine derivatives
Diethyl-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl) pyridine-3,5-dicarboxylate; Yellow solid.m.p= 162-167°C; IR (KBr)/ ν (cm-1):3344 (NH), 3093 (=CH2), 2987 (-CH, sp3), 1706 (C=O), 1645 (C=C), 1213 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.23 (t, J=7.2 Hz,6H, 2CH3), 2.36 (s, 6H, 2CH3), 4.08 (q, 4H, 2CH2), 5.08 (s, 1H), 5.86 (s, 1H, NH), 7.37 (t, J=8 Hz,1H, ArH), 7.64 (d, J=7.6 Hz,1H, ArH), 7.99 (d, J=7.2 Hz,1H, ArH), 8.12 (s, 1H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-phenyl pyridine-3,5-dicarboxylate; Yellow solid. m.p = 150-155 °C; IR (KBr)/ ν (cm-1):3342 (NH), 3061 (=CH2), 2980 (-CH, sp3), 1690 (C=O), 1651 (C=C), 1211 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.22 (t,J=7.2 Hz, 6H, 2CH3), 2.33 (s, 6H, 2CH3), 4.10 (q, 4H, 2CH2), 4.98 (s, 1H), 5.66 (s, 1H, NH), 7.10-7.27 (m, 5H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(4-nitrophenyl) pyridine-3,5-dicarboxylate; Light yellow solid.m.p=125-128 °C; IR (KBr)/ ν (cm-1): 3320 (NH), 3101 (=CH2), 2980 (-CH, sp3), 1701 (C=O), 1646 (C=C), 1214 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.21 (t, J=7.2 Hz,6H, 2CH3), 2.36 (s, 6H, 2CH3), 4.06 (q, 4H, 2CH2), 5.09 (s, 1H), 5.74 (s, 1H, NH), 7.44 (d, J=8.8 Hz,2H, ArH), 8.07 (d,J=8.8 Hz, 2H, ArH).
Diethyl-4-(4-Chlorophenyl)-1,4-dihydro-2,6-dimethyl pyridine-3,5-dicarboxylate; Yellow solid. m.p = 140-145 °C; IR (KBr)/ ν (cm-1): 3356 (NH), 3091 (=CH2), 2988 (-CH, sp3), 1696 (C=O), 1651 (C=C alkene), 1213 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.22 (t, J=6.8 Hz,6H, 2CH3), 2.32 (s, 6H, 2CH3), 4.08 (q, 4H, 2CH2), 4.95 (s, 1H), 5.70 (s, 1H, NH), 7.16 (d, J=8.8 Hz, 2H, ArH), 7.21 (d, J=8.4 Hz, 2H, ArH).
Diethyl-4-(2-Chlorophenyl)-1,4-dihydro-2,6-dimethyl pyridine-3,5-dicarboxylate; White solid. m.p = 118-120 °C; IR (KBr)/ ν (cm-1): 3325 (NH), 3060 (=CH2), 2978 (-CH, sp3), 1699 (C=O), 1671 (C=C), 1613 و 1491 (C=C, Ar), 1206 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.20 (t, J=7.2 Hz,6H, 2CH3), 2.31 (s, 6H, 2CH3), 4.07 (q, 4H, 2CH2), 5.39 (s, 1H), 5.65 (s, 1H, NH), 7.04 (t, J=7.6 Hz,1H, ArH), 7.12 (t, J=7.6 Hz,1H, ArH), 7.22 (d, J=8 Hz, 1H, ArH), 7.37 (d, J=1.6 Hz, 1H, ArH).
Diethyl-4-(2,4-Chlorophenyl)-1,4-dihydro-2,6-dimethyl pyridine-3,5-dicarboxylate; Yellow solid. m.p = 140-142 °C; IR (KBr)/ ν (cm-1) :3378 (NH), 3087 (=CH2), 2980 (-CH, sp3), 1699 (C=O), 1679 (C=C), 1617و 1494 (C=C, Ar), 1201 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.20 (t, J=7.2 Hz, 6H, 2CH3), 2.31 (s,  6H, 2CH3), 4.07 (q, 4H, 2CH2), 5.35 (s, 1H), 5.61 (s, 1H, NH), 7.10(d, J=7.6 Hz,1H, ArH), 7.25 (s, 1H, ArH), 7.31 (d, J=8.0 Hz,1H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(3-methoxyphenyl) pyridine-3,5-dicarboxylate; Yellow solid. m.p = 119-123 °C; IR (KBr)/ ν (cm-1): 3342 (NH), 3095 (=CH2), 2983 (-CH, sp3), 1699 (C=O), 1649 (C=C), 1605 و 1487 (C=C, Ar), 1215 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.23 (t, J=7.2 Hz,6H, 2CH3), 2.32 (s, 6H, 2CH3), 3.76 (s, 3H, CH3), 4.11 (q, 4H, 2CH2), 4.98 (s, 1H), 5.72 (s, 1H, NH), 6.67 (d, J=8.8 Hz,1H, ArH), 6.84 (s, 1H, ArH), 6.89 (d, J=6.8 Hz, 1H, ArH), 7.13 (t, J=8.0 Hz,1H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(4-methoxyphenyl) pyridine-3,5-dicarboxylate; White solid. m.p = 150-155 °C; IR (KBr)/ ν (cm-1): 3343 (NH), 2983 (-CH, sp3), 1689 (C=O), 1650 (C=C), 1210 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.23 (t, J=7.2 Hz,6H, 2CH3), 2.32 (s, 6H, 2CH3), 3.75 (s, 3H, CH3), 4.09 (q, 4H, 2CH2), 4.93 (s, 1H), 5.60 (s, 1H, NH), 6.75 (d, J=8.8 Hz, 2H, ArH), 7.20 (d, J=8.4 Hz, 2H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(4-fluorophenyl) pyridine-3,5-dicarboxylate; Yellow solid. m.p = 145-147 °C; IR (KBr)/ ν (cm-1 :(3343 (NH), 3068 (=CH2), 2983(-CH, sp3), 1688 (C=O), 1652 (C=C), 1210 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.21 (t, J=7.2 Hz,6H, 2CH3), 2.33 (s, 6H, 2CH3), 4.04 (q, 4H, 2CH2), 4.95 (s, 1H), 5.67 (s, 1H, NH), 6.88 (t, J=8.4 Hz, 2H, ArH), 7.23 (t, J=5.6 Hz, 2H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(2-boromophenyl) pyridine-3,5-dicarboxylate; Yellow solid. m.p = 128-131 °C; IR (KBr)/ ν (cm-1) :3325 (NH), 3058 (=CH2), 2978 (-CH, sp3), 1698 (C=O), 1673 (C=C), 1613 , 1490 (C=C, Ar),1208 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.20 (t, J=7.2 Hz, 6H, 2CH3), 2.30 (s, 6H, 2CH3), 4.08 (q, 4H, 2CH2), 5.36 (s, 1H), 5.62 (s, 1H, NH), 6.96 (t, J=8.8 Hz,1H, ArH), 7.17 (t, J=7.2 Hz,1H, ArH), 7.38 (d, J=1.6 Hz,1H, ArH), 7.42 (d, J=8.0 Hz,1H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(4-(dimethylamine)phenyl) pyridine-3,5-dicarboxylate; Yellow solid. m.p = 195-200 °C; IR (KBr)/ ν (cm-1) :3321 (NH), 3094(=CH2), 2978 (-CH, sp3), 1695 (C=O), 1674 (C=C), 1492 و 1613 (C=C, Ar), 1203 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.24 (t, J=7.2 Hz,6H, 2CH3), 2.32 (s, 6H, 2CH3), 2.89 (s, 6H, CH3), 4.08 (q, 4H, 2CH2), 4.88 (s, 1H), 5.65 (s, 1H, NH), 6.61 (d, J=8.4 Hz,2H, ArH), 7.17 (d, J=7.2 Hz, 2H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-para-tolylpyridine-3,5-dicarboxylate; White solid. m.p = 139-140 °C; IR (KBr)/ ν (cm-1(: 3358 (NH), 2986 (-CH, sp3), 1695 (C=O), 1652 (C=C), 1203 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.23 (t, J=7.2 Hz,6H, 2CH3), 2.27 (s, 3H, CH3), 2.32 (s, 6H, 2CH3), 4.08 (q, 4H, 2CH2), 4.95 (s, 1H), 5.62 (s, 1H, NH), 7.01 (d, J=7.6 Hz, 2H, ArH), 7.17 (d, J=8.0 Hz, 2H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(2-fluorophenyl) pyridine-3,5-dicarboxylate; Yellow solid. m.p = 155-157 °C; IR (KBr)/ ν (cm-1(: 3332 (NH), 3104 (=CH2), 2982 (-CH, sp3), 1694 (C=O), 1651 (C=C), 1215 (C-O);1H NMR (CDCl3, 400 MHz, δ / ppm): 1.19 (t, J=7.2 Hz, 6H, 2CH3), 2.31 (s, 6H, 2CH3), 4.03 (q, 4H, 2CH2), 5.24 (s, 1H), 5.70 (s, 1H, NH), 6.92(t, J=9.6 Hz,1H, ArH), 6.99 (t, J=7.6 Hz,1H, ArH), 7.08 (t, J=7.2 Hz,1H, ArH), 7.30 (t, J=7.2 Hz,1H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-(2,4-bipyridine)-3,5-dicarboxylate; Brown solid.m.p = 188-1191 °C; IR (KBr)/ ν (cm-1(: 3172 (NH), 2982 (-CH, sp3), 1695 (C=O), 1670 (C=C), 1478, 1639 (C=C, Ar), 1212 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.20 (t, J=7.2 Hz, 6H, 2CH3), 2.26 (s, 6H, 2CH3), 4.05 (q, 4H, 2CH2), 5.20 (s, 1H), 7.17 (d, J=5.2 Hz,1H, ArH), 7.43(d, J=6.8 Hz, 1H, ArH), 7.62(t, J=7.2 Hz, 1H, ArH), 8.51 (d, J=4.4 Hz, 1H, ArH), 8.71(s, 1H, NH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(3-hydroxyphenyl) pyridine-3,5-dicarboxylate; White solid. m.p = 168-170 °C; IR (KBr)/ ν (cm-1(: 3351 (NH), 2978 (-CH, sp3), 1651 (C=O), 1593 (C=C), 1217 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.23 (t, J=7.2 Hz 6H, 2CH3), 2.32 (s, 6H, 2CH3), 4.10 (q, 4H, 2CH2), 4.97 (s, 1H), 5.71 (s, 1H, NH), 6.62(d, J=7.2 Hz, 1H, ArH), 6.78(s, 1H, ArH), 6.87 (d, J=7.2 Hz, 1H, ArH), 7.07(t, J=7.6 Hz,1H, ArH).
Diethyl-1,4-dihydro-2,6-dimethyl-4-(9,10-dihydroanthracene-2-yl) pyridine-3,5-dicarboxylate; Brown solid. m.p = 195-200 °C; IR (KBr)/ ν (cm-1(: 3293 (NH), 2983 (-CH, sp3), 1670 (C=O), 1637 (C=C), 1214 (C-O); 1H NMR (CDCl3, 400 MHz, δ / ppm): 1.20 (t, J=7.2 Hz, 6H, 2CH3), 2.32 (s, 6H, 2CH3), 4.05 (q, 4H, 2CH2), 5.33 (s, 1H), 6.17 (s, 1H, NH),7.74(m, 4H, ArH), 8.01(d, J=8.0 Hz,1H, ArH), 8.21 (m, 2H, ArH).

3. Results and discussion
3.1. Characterization of the MnFe2O4 nanocrystals
Research for new efficient strategies for the synthesis of organic compounds is a crucial approach directed toward the expansion of science and technology. In this research, we employed a nanoparticle catalyst in the Hantzsch reaction to preparation 1,4-dihydropyridine derivatives (DHP’s)with high yield. Superparamagnetic MnFe2O4 nanocrystals prepared via a co-precipitation rout from MnCl2 and FeCl3 were confirmed and characterized by a vibrating sample magnetometer (VSM), scanning electron microscope (SEM), Fourier-transform infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). Figure 2 displays the FT-IR spectra of MnFe2O4 magnetic nanoparticles. The FT-IR spectrum shows an absorption band at approximately 550 cm-1 related to Fe–O stretching vibration. Also, shows a band at 1621 cm-1 due to the O–H deformation vibration, and a band at 3403 cm-1 from O–H stretching vibration related to surface hydroxyl groups as well as physisorbed water.
[image: D:\1399-01-13Desktop\گفت و شنید\ir.jpg]
Fig. 2 FT-IR spectra of MnFe2O4 nanoparticles

The intensity and position of all peaks were matched well with the standard pattern of MnFe2O4 XRD diffractions (JCPDS card No. 73-1964), the particle size of about 33 nm, estimated from the line broadening at half the maximum intensity (FWHM), at 2 = 35.31 using Debye–Scherrer’s equation; D = 0.9/βCos (Figure 3).
[image: ]
Fig. 3 The X-ray diffraction patterns of the prepared MnFe2O4 NPs

The size of the micro and nano-scale and morphology of MnFe2O4 were studied using scanning electron microscopy (SEM). In accordance to Figure4, the MnFe2O4 NPs represented globular particles and average size was determined to be in range of 33-35 nm.
VSM measures the magnetic properties of MnFe2O4 nanoclusters; we checked the hysteresis loops of MnFe2O4 nanoparticles employing a vibrating sample magnetometer (VSM). According to Figure 5, the magnetization loop of MNPs confirmed superparamagnetic property with a magnetization saturation 57 emu g-1. Superparamagnetism of MNPs is highly beneficial because particles become magnetized in the present external magnetic field but in the absence of a magnet don't show any magnetization, so it is highly dispersed in the reaction media to permit fast penetration of reactants to the surface of the nanoparticle as an efficient catalyst.
[image: ]
Figu.4 SEM image of MnFe2O4 nanoparticles.


Fig. 5 Magnetization curves of the prepared MnFe2O4 nanoparticles

3.2. Optimization and generalization of reaction conditions
To study the effect of MnFe2O4 MNPs as catalyst, we studied its catalytic performance using the reaction of ethyl acetoacetate (1), 3-nitrobenzaldehyde (2) and ammonium acetate (3), as shown in Scheme 1.



Scheme 1 Model reaction for the synthesis of diethyl-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl)pyridine-3,5-dicarboxylate

Firstly, for the initial optimization of the reaction, we examined the impact of various polar solvents that were screened for the preparation of diethyl-1,4-dihydro-2,6-dimethyl-4-(3-nitrophenyl) pyridine-3,5-dicarboxylate. From the examined solvents, such as acetonitrile (CH3CN), ethanol, THF, and H2O, according to data given in Table 1, entries 5-7, EtOH is the best for this reaction because it is polar and protic (Table 1, entry 3).

Table 1 Optimization of the reaction conditions a
	Entry
	Catalyst (mol%)
	Solvent
	T (oC)
	Time (min)
	Yield (%)b

	1
	2
	EtOH
	78
	120
	75

	2
	4
	EtOH
	78
	80
	85

	3
	5
	EtOH
	78
	45
	95

	4
	8
	EtOH
	78
	45
	95

	5
	5
	H2O
	80
	45
	80

	6
	5
	THF
	60
	130
	55

	7
	5
	CH3CN
	80
	150
	45

	8
	5
	EtOH
	60
	80
	80

	9
	5
	EtOH
	70
	60
	85

	10
	5
	EtOH
	78
	45
	95

	11
	5
	EtOH
	78
	50
	95

	a Reaction conditions: aldehyde (1 mmol), ethyl acetoacetate (2.4 mmol), ammonium acetate (1.2 mmol)



To optimize the catalyst amount, we used different amounts (2 mol%, 4mol%, 5mol%, and 8 mol %). It was observed that 5 mol %lo adding of the catalyst provides the most yields in the shortest possible time (Table 1, entries 1-4). Therefore, the optimum amounts of catalyst were selected as 5 mol % of MnFe2O4 NPs.
To determine the optimum temperature of the reaction, the selected reaction was carried out at ranging from 60 to 90 oC (Table 1, entries 8-11). From the results, it was concluded that the maximum yield in minimum possible time for the synthesis of the product was obtained at reflux temperature 78 °C (Table 1, entry 10).
In this research, to development of the scope and generality of the method by considering the optimum reaction conditions, the reaction toward the synthesis of different 1,4-dihydropyridines using MnFe2O4 nanoparticles as heterogeneous catalyst was examined. In this step, some of the aromatic functionalized derivatives of aldehydes with both electron-donating and electron-withdrawing ones were used to the reaction and the results were summarized in Table 4. It is notable that the benzaldehyde derivatives with an electron-withdrawing functional groups such as; 3-nitrobenzaldehyde and 4-chlorobenzaldehyde, etc. afforded excellent yields of the related products (Table 2, entries 1, 3-9) in compare with an electron-donating group that has lower yield (Table 2, entries 10-13).
The structure of MnFe2O4 is mixed spinel that oxygen close packing of face-centered cubic lattices. The octahedral (Oh) and tetrahedral (Td) sites filled by Mn2+ and Fe3+ cations. The Oh sites are filled by Mnx2+Fe2−x3+ and metal ions have coordinated to six oxygen atoms, as well as the Td sites are filled by Mn1−x2+Fex3+(0 <x< 1) and metal ions have coordinated to four oxygen atoms. Because the Td sites have low steric hindrance in comparison with the Oh sites, the Mn atoms can act as more effective Lewis acidic sites. The interaction between Mn atoms of the nanocatalyst and active sites of the substrate is more favorable. 43, 44

Table 2 Synthesis of different 1,4-dihydropyridines from several aldehydes


	Ent.
	Aldehyde
	Product
	Time (min)
	Yield (%)b
	Ref.

	1
	

	

	45
	95
	45

	2
	

	

	40
	90
	46

	3
	

	

	45
	95
	46

	4
	

	

	40
	92
	45

	5
	

	

	50
	89
	45

	6
	

	

	40
	91
	47

	7
	

	

	40
	90
	47

	8
	

	

	45
	92
	48

	9
	

	

	40
	91
	47

	10
	

	

	70
	88
	46

	11
	

	

	60
	85
	45

	12
	

	

	70
	87
	30

	13
	

	

	50
	90
	45

	14
	

	

	45
	90
	49

	15
	

	

	80
	82
	49

	16
	

	

	50
	82
	-


a Reaction conditions: aldehyde (1 mmol), ethyl acetoacetate (2.4 mmol), ammonium acetate (1.2 mmol), and MnFe2O4 (5 mol%) in ethanol (5 ml) as solvent  and at 78 oC.

In accordance with the proposed mechanism by some research groups, 50-52 the role of nanocatalyst can be explained as followed. The activation of electrophilic components of carbonyl groups of aldehyde and acetoacetate adducts by Lewis acid moieties on the magnetic nanoparticles can be the driving force of the reaction. The first step involves condensation of benzaldehyde and the enol form of ethyl acetoacetate toward the formation of the Knoevenagel adduct. Concurrently, another intermediate is formed by the reaction of ammonia from ammonium acetate with the second equivalent of ethyl acetoacetate. The two formed intermediates in the above-mentioned steps reacted together and subsequent cyclocondensation and dehydration give the 1,4-dihydropyridine. 
The reusability of the MnFe2O4 magnetic nanocatalyst, as shown in Figure 6, was studied using the desired reaction under optimized conditions. The catalyst was isolated after each reaction through magnet, and then carefully washed 3-4 times with ethanol and acetone. The catalyst was dried at temperature 60 °C, was employed seven times without any significant loss in their catalytic activity. The weight percent recovery of the catalyst after reaction displaying a negligible weight loss of about 0.3 % and >99.7 % of the catalyst were recovered.
[image: ]
Fig. 6. Reusability of the MnFe2O4 nanoparticles as catalyst

4. Conclusion
In this protocol we have synthesized MnFe2O4 superparamagnetic nanoparticles and used as efficient catalyst in the synthesis of 1,4-dihydropyridines by one-pot condensation of aldehydes, ethyl acetoacetate, and ammonium acetate. This method advantages including high purity, good yields, easy work-up procedures, mild reaction conditions, short reaction times, magnetic separation of the catalyst using a permanent magnet and reusable catalyst for 5 times without major degradation in its activity.
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