Preparation and characterization of NiCoFe2O4 nanoparticles and using as an effective catalyst for synthesis of tri-substituted imidazole derivatives under solvent-free conditions
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Abstract In this research, NiCoFe2O4 nanoparticles were prepared and applied as a reactive catalyst for the synthesis of tri-substituted imidazoles. The multi-component reactions of aromatic aldehydes, benzil and ammonium acetate were carried out under solvent-free and conventional heating conditions. In this reaction, some imidazole derivatives obtained in highly purity, short reaction times and high yields. The prepared nanocatalyst was characterized by using FT-IR, XRD, EDX, VSM, and SEM techniques. Also, the organic products were identified by melting point, FT-IR and 1H NMR analyses.
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1. Introduction
Imidazoles are the largest and diverse of heterocyclic compounds that have been used for environmental and biological purposes. 1 In recent years, due to industrial and medicinal applications many researchers have specially received much attention. For examples, imidazoles are applied in the photography industry light-sensitive materials 2 and combustion  Some biochemical properties are histidine, histamine and biotin that are exist in drugs 3 Other medicinal uses include anti-allergic, 4 anti-parasite, 5 pain killer, 6 Enzyme kinase inhibitor, 7 slow enzyme activity, 8 cardiovascular system, 9,10 anti-tumor, 11 anti-cancer, 12 anti-fungal, 13 anti-bacterial and anti viral, 14 enzyme inhibitors. 15-17 The imidazoles have been synthesized by several methods and diverse catalysts. 
They have been synthesized by Debus at 1858, but the low yield was one of the problems of the reaction that he proposed. 18 Other catalysts  that has been used for synthesis of  imidazole are  silica supported sulphuric acid, 19 InCl3.3H2O, 20 BaMnO4, 21 EtOH, reflux, 22 Al2O3-ZrCl4, NiCl2.6H2O Zeolte, 23,24 BF3SiO2, 25 L-Proline, 26 NaNO2, 27 ZrOCl2, 28 CH3CO2NH4/ CH3COOH reflux, 29,30 glutamic acid, 31 ZrCl4, 32 Fe3O4@SiO2, HM.SO3H, 33 K5CoW12O40, 34 n-Bu4NBr, 35 Acetic acid, 36 and Zr(acac). 37
In continuation of our works toward catalytic reactions 38-42 herein, we would like to report the preparation of the NiCoFe2O4 NPs as a nanocatalyst for four-component synthesis of tri-substituted imidazoles from benzil and aromatic aldehydes with ammonium acetate under solvent-free conditions.

2. Experimental section
2.1 Apparatus
The chemicals were purchased from Fluka and Merck Chemical Companies and used without purification. IR spectra were obtained as KBr pellets on a Perkin Elmer 781 spectrophotometer and on an Impact 400 Nicolet FT-IR spectrophotometer. The 1H NMR spectra were recorded in DMSO and CDCl3 solvents on a Broker DRX-400 spectrometer with tetramethylsilane (TMS) as internal reference. The elemental analyses (C.H.N) were obtained from a Carlo ERBA Model EA108 analyzer. Nanostructures were characterized using Holland Philips Xpert X-ray powder diffraction (XRD) diffractometer (Cuk, radiation, k = 0.154056 nm), at a scanning speed of 20/min from 100 to 1000 (2 Ø). Electron dispersive X-Ray (EDX) of nanoparticles was performed on a Zeiss Pl GMa vp. The magnetic properties of nanoparticles were measured by a vibrating sample magnetometer (VSM, PPMS-9T) at 300 k in Iran (University of Kashan). Scanning electron microscopy (SEM) of nanoparticles was performed on a KYKYEM-3200. Melting point of products was obtained with a Yanagimoto micro melting point and uncorrected. Determination of the substrate and reaction monitoring were accomplished by TLC on silica-gel polygram SILG UV 254 plates (from Merck Company).
2.2. General Procedure for preparation of NiCoFe2O4 nanoparticles
FeCl3.6H2O (1 mmol), NiCl2 (0.025 mmol) and CoCl2 (0.025 mmol) added to 100 ml HCl (1.2 M) in the presence of ultrasonic irradiation on 30 min and added 150 ml NaOH (1.25 M) and exposed to nitrogen gas for 5 minutes. Then, it heated at 80 oC for 2 hours. Then, black precipitate was washed with water for several times and dried in the oven at 80 oC. 
2.3. General procedure for synthesis of Imidazoles
Aromatic aldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol) mixed together as powder and NiCoFe2O4 (0.004 g) nanoparticles was added and stirred in paraffin bath at 110 oC, under solvent-free condition for appropriate times. The progress of the reaction was followed by TLC (Thin Layer chromatography) upon completion of the reaction. The mixture of reaction was cooled to room temperature and the acetone added and nanoparticles were separated by an external magnet and washed by acetone and dried in oven at 100 oC for 5 hours for few times. Then a few drops of water was added and cooled in ice. After filtering the solution the products were purified by recrystallization from ethanol and water. The pure products were characterized by spectroscopic data such as; IR, 1H NMR and the melting point of known compounds are compared with authentic samples.
2.4. Spectral data for imidazole derivatives

2,4,5-Triphenyl-1H-imidazole (4a); White solid, m.p. 272-273 oC (lit. 43 275); IR(KBr)/ v(cm-1): 3444 (NH), 3061 (C=C–H), 1487 (CN), 1451, 1592 (C=C aromatic). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.37- 8.09 (m, 15 H, Ar-H), 12.76 (s, 1H, NH). 
2-(3-Methoxyphenyl)-4,5-diphenyl-1H-imidazole (4b); White solid, m.p. 250-251 oC (lit. 33 253-256); IR(KBr)/ v(cm-1): 3448 (NH), 3063 (C=C–H), 2924 (C-C-H), 1487 (CN), 1451, 1592 (C=C aromatic), 1211 (C–O). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 3.51 (s, 3H, OMe), 7.50 (s, 1H, ArH), 7.60-7.97 (m, 13H, ArH), 12.75 (s, 1H, NH).

2-(4-methoxyphenyl-4,5-Diphenyl-1H-imidazole (4c); Yellow solid, m.p. 226-228 oC (lit.44 230-232), IR(KBr)/ v (cm-1): 3464 (NH), 3060 (C=C–H), 2932 (C–C–H), 1502 (C=N), 1446, 1657 (C=C aromatic), 1255 (C=O). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 3.84 (s, 3H, OCH3), 7.13-7.15 (d, 2H, J=8.0 Hz, Ar), 71.38-7.61 (m, 10 H, Ar), 7.92-8.07 (d, 2H, J=8.0 Hz, Ar), 12.85 (s, 1H, NH).
2-(2,3-Di-methoxy phenyl)-4,5-diphenyl-1H-imidazole (4d); White solid, m.p. 322-323 oC (lit.45 325-326) IR(KBr)/ v(cm-1): 3241(NH), 3063 (C=C–H), 2837 (C–C–H), 1473 (C=N), 1447, 1591 (C=C aromatic), 1298 (C=O). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 3.53 (s, 3H, OMe), 3.99 (s, 3H, OMe), 7.30-7.99 (m, 13H, Ar), 12.49 (s, 1H, NH). 
2-(4-Methylphenyl phenyl)-4,5-diphenyl-1H-imidazole (4e); White solid, m.p. 230-231 oC (lit.46 232-235); IR (KBr)/ v(cm-1): 3447 (NH), 3032 (C=C–H), 2854 (C–C–H), 1493 (C=N), 1446, 1596(C=C aromatic). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm):  2.83 (s, 3H, Me), 7.27-7.29 (d, 2H, J=8.0 Hz, ArH), 7.30-7.58 (d, 2H, J=8.0 Hz, ArH), 12.64 (s, 1H, NH). 
2-(2-Hydroxyphenyl)-4,5-diphenyl-1H-imidazole (2f); White solid, m.p. 112-114 oC (lit.47 117-119); IR(KBr)/ v(cm-1): 3316 (NH), 3063 (C=C–H), 3023 (OH) 2331(C–C–H), 1489 (C=N), 1448, 1592 (C=C aromatic).  1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.1-7.81(m, 14H, Ar) 11.96 (s, 1H, OH), 12.36 (s, 1H, NH).
2-(4-Hydroxyphenyl)-4,5-diphenyl-1H-imidazole (4g); Yellow solid, m.p. 231-232 oC (lit.48 233); IR(KBr)/ v(cm-1): 3134 (NH), 3005 (C=C–H), 2924 (OH) 2790 (C–C–H ), 1508 (C=N), 1447, 1608 ( C=C aromatic), 1238 (C–O). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm):  7.26-7.28 (d, 2H, J=8.3 Hz), 7.65-7.67.96 (d, 2H, J=8.3 Hz), 7.87-7.99 (m, 10H, ArH), (s, 1H, NH), 9.73 (s, 1H, OH), 12.39 (s, 1H, NH).
 2-(2,3 Di-Chlorophenyl)-4,5-diphenyl-1H-imidazole (4h); White solid, m.p. 192-193 oC (lit.33194-197); IR(KBr)/ v (cm-1): 3433 (NH), 3062 (C=C–H), 1593 (C=N), 1448, 1661 (C=C aromatic), 1048 (C–Cl). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.32-7,54 (m, 12H, ArH), 12.76 (s, 1H, NH).
2-(4-Chlorophenyl)-4,5-diphenyl-1H-imidazole (4i); White solid, m.p. 260-261 oC (lit.49 260-262); IR(KBr)/ v(cm-1): 3316 (NH), 3063 (C=C–H), 1482 (C=N), 1447, 1592 (C=C aromatic), 1091 (C–Cl). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.04-7.91 (m, 12H, ArH), 7.65-7.81 (m, 2H, Ar), 12.76 (s, 1H, NH).
2-(2,4-Di-chlorophenyl)-4,5-diphenyl-1H-imidazole (4j); Yellow solid, m.p. 170-172 oC (lit.50 176-177); IR(KBr)/ v (cm-1): 3430 (NH), 3062 (C=C–H), 2966 (C–C–H), 1475 (C=N), 1447, 1668 (C=C aromatic). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.40-8.08 (m, 13H, ArH), 11.56 (s, 1H, NH). 
2-(3-Chlorophenyl)-4,5-diphenyl-1H-imidazole (4k); Yellow solid, m.p. 283-284 0C (lit.50 285-287); IR(KBr)/ v (cm-1): 3429 (NH), 3062 (C=C–H), 2968 (C–C–H), 1503 (C=N), 1447, 1650 (C=C aromatic), 1029 (C–Cl). 1H NMR (DMSO-d6, 400 MHz) )/ δ (ppm): 7.26-7.52 (m, 12H, ArH), 7.91 (d, 1H, J=7.0 Hz, ArH), 12.78 (s, 1H, NH).
2-(4-Bromophenyl)-4,5-diphenyl-1H-imidazole (4l); White solid, m.p. 240-242 oC (lit.49 242-244); IR(KBr)/ v(cm-1): 3443 (NH), 3063 (C=C–H) 1592 (C=N), 1447, 1661(C=C aromatic), 1069(C–Br). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.27-7.47 (m, 12H, ArH), 7.74-7.76 (m, 2H, ArH), 11.59 (s, 1H, NH).
2-(4-Fluorophenyl)-4,5-diphenyl-1H-imidazole (4m); White solid, m.p. 193-194 oC (lit.51190); IR(KBr)/ v(cm-1): 3379 (NH ), 3064 (C=C–H) 1517 (C=N), 1448, 1665 (C=C aromatic), 1173(C–F). 1H NMR (DMSO- d6, 400 MHz)/ δ (ppm): 7.08-7.28 (m, 12H, ArH), 7.97-7.99 (m, 2H, ArH), 12.76 (s, 1H, NH). 
2-(4-Nitrophenyl)-4,5-diphenyl-1H-imidazole (4n); White solid, m.p. 202-204 oC (lit.52 199-201): IR(KBr)/ v(cm-1): 3379 ( NH ), 3064 (C=C–H) 1599 (C=N), 1448, 1665 (C=C aromatic), 1517 (N=O), 1336 (N–O). 1H NMR (DMSO-d6, 400 MHz)/ δ (ppm): 7.65-7.87 (m, 12H, ArH), 8.23-8.25 (m, 2H, ArH), 11.59 (s, 1H, NH).
3. Results and discussion
3.1. Preparation and characterization of catalyst

 The NiCoFe2O4 NPs was prepared according to the procedure of previously reported work 32 from the reaction of FeCl3.6H2O, NiCl2 and CoCl2 in the presence of NaOH and HCl under N2 atmosphere condition (Fig. 1). The prepared nanocatalyst recognized with different analyses such as; FT-IR, XRD, SEM, EDX and VSM.
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Fig. 1. Preparation of NiCoFe2O4 NPs
The FT-IR spectrum of NiCoFe2O4 is shown in Fig 2. Generally, the stretching vibration of the O-H bond corresponding to the hydroxyl group was observed at the 3200-3600 cm-1. In the IR spectrum of NiCoFe2O4 catalyst, the bending vibration of OH appeared at 3358 cm-1. Two very weak peaks related to the metal bond of Fe-O and Co-O were shown broad bands in the region of 669 and 580 cm-1.    
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Fig. 2. The FT-IR spectrum of NiCoFe2O4 catalyst
The XRD patterns of NiCoFe2O4 nanoparticles are shown in Fig 3. The position and relative intensities of peaks confirmed with the standard XRD pattern of NiCoFe2O4. The average of crystallite size was calculated by Scherer's equation that obtained 34 nm. 
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Fig. 3. The XRD patterns of NiCoFe2O4 catalyst
The morphology of the NiCoFe2O4 NPs was determined by Scanning electron microscopy (SEM) analysis (Fig. 4). The average size of as-coprecipitated spherical-like particles was about 35 nm. 
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Fig. 4. The SEM of NiCoFe2O4 catalyst
The Electron diffraction X-ray (EDX) analysis of the NiCoFe2O4 NPs was provided and shown in Fig. 5 and it appeared and confirmed the preparation of catalyst.
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Fig. 5. Electron diffraction X-ray (EDX) analysis of NiCoFe2O4
The results of the vibration of magnetization (VSM) for the NiCoFe2O4 NPs is provided and shown in Fig. 6. The picture indicates that the magnetization increased after put it in oven.
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Fig. 6. The vibration of magnetization (VSM) for NiCoFe2O4 NPs
3.2. Investigation of catalytic activity 

3.2.1. Optimization of the catalyst amount 

In order to obtain amount of the catalyst, the reaction was carried out with benzil, 4-methoxybenzaldehyde and ammonium acetate in the presence of various amounts of the catalyst under solvent-free conditions as a model reaction (Scheme 1). The results are indicated in Table 1.
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Scheme 1. Synthesis of 2-(4-methoxyphenyl)-4,5-Diphenyl-1H-imidazole
 Table 1. Effect of different amounts of the catalyst on the reaction a
	Yield (%) b
	Time (min)
	(g) Catalyst loading
	Entry

	65
	15
	0.001
	1

	80
	10
	0.002
	2

	90
	10
	0.003
	3

	95
	5
	0.004
	4

	95
	5
	0.005
	5


a) General reaction conditions: 4-methoxybenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol) at 110 oC under solvent-free condition.
b) Isolated yield

As can be seen in Table 1, the reaction was done by using 4 mg of the catalyst under solvent-free condition; the product was obtained in high yield and short reaction time (Table 1, entry 4). Then, the effect of the various temperatures on the reaction was investigated (Table 2). As can be seen in this Table, the reaction at the 110 oC was produced the product in highest yields and the lowest reaction time among the used various temperatures in the reaction (Table 2, entry 5).
Table 2. Influence of the various temperatures on the reaction a
	Yield (%) b
	Temperature (oC)
	Time (min)
	Entry

	55
	60
	35
	1

	65
	70
	25
	2

	72
	80
	15
	3

	85
	90
	15
	4

	95
	110
	5
	5

	70
	120
	5
	6


a) General reaction conditions: 4-methoxybenzaldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol) with .004 g catalyst under solvent-free condition
b) Isolated yield

The progress of the reaction was investigated under previously reported works using different catalysts and compared with the present work (Table 3). It was found from this Table, our work by using NiCoFe2O4 NPs as nanocatalyst was the best catalyst on the basis of product yield and reaction times among the other used catalysts in other works (Table 3, entry 6 vs. entries 1-5). 
Table 3. The synthesis of tri-substituted imidazoles catalyzed by different catalysts

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

	23
	87
	9
	L-Proline
	1

	26
	76
	8.2
	InCl3. H2O
	2

	33
	85
	0.5
	Fe3O4@SiO2,HM.SO3H
	3

	32
	81-92
	7200
	DEP
	4

	53
54
55
56
	92
70

75

87
	720
4

600

90
	DABCO
 [EMMOAc] 

CAN

Zeolite-Hy
	5
6

7

8

	This work
	95
	5
	NiCoFe2O4 NPs, Solvent-free
	9


After optimization of the reaction conditions with different catalyst amounts and temperatures, the optimum condition of a reaction was determined (Scheme 2). The NiCoFe2O4 NPs (4 mg) selected as a catalyst for the synthesis of tri-substituted imidazoles from aromatic aldehyde (1 mmol), benzil (1 mmol) and ammonium acetate (2 mmol) under solvent-free condition. Therefore, the different derivatives of imidazoles were synthesized at the temperature of 110 oC in the yields about 73-95 % and the reaction times about 5-25 min. The corresponding results are summarized in Table 4. 
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Scheme 2. Synthesis of triaryl imidazoles catalyzed by NiCoFe2O4 NPs
Table 4. Synthesis of different triaryl imidazoles using NiCoFe2O4 NPs as a nanocatalyst a
	Mp. Lit.  Mp Found 
	Time(min)Yield(%)b 
   
	Product
	Aldehyde
	Entry

	275              270-273
	8                85
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	250-252       245-247
	5              95
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	7              91
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	17              85
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	262              260-264
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a) General reaction conditions: Aromatic aldehyde (1 mmol), benzil (1 mmol), ammonium acetate (2 mmol) in the presence of 4 mg catalyst at 110 oC under solvent-free conditions
b) Isolated yield

As shown in Table 4, the different aromatic aldehydes with electron-withdrawing and electron-donating groups reacted well to give the corresponding products in high yields and short reaction times. These results demonstrated that this method is an efficient approach for one pot four-component synthesis of triaryl imidazole derivatives. However, the structure of products was characterized by spectroscopic data such as; IR, 1H NMR, and melting point and these were consistent with those of authentic samples. 20,32, 38-45
In FT-IR spectrum of 2(4-methoxyphenyl)-4,5-diphenyl-1-H-imidazol, the peak that observed at 3464 cm-1 is related to the amine group N-H stretching band. The peak of C=N with average intensity is appeared at 1503 cm-1 region. The peak that observed in frequency at 1408-1608 cm-1 is related to the C=C bond and the C–O stretching band is appeared at 1073 cm-1 frequency. The strong absorption band at 697 cm-1 is related to the bending vibration out of plane (=C–H). The relatively weak absorption at 769 cm-1 indicated the =C–H bending vibration in para position of the aromatic ring. The aliphatic absorption is appeared at 240 cm-1 and the stretching peak appeared at =C–H. In 1H NMR spectrum, the peak relative to N–H is appeared at δ=12.73 ppm. The peak related to OCH3 observed at δ=3.90 ppm. The aromatic hydrogens are appeared at δ=7.13 ppm and δ =7.92 ppm. The hydrogen in ortho position related to methoxy group observed at δ= 8.07 ppm and δ=8.09 ppm. In 13C NMR spectrum, the peak appeared in region 20-60 ppm is related to saturated carbon atoms and the peak detected in 120-170 ppm is related to the aromatic carbon atoms.
3.2.2. Proposed reaction mechanism
In a suggested reaction mechanism for the formation of imidazoles, at first, the aldehyde and benzil are activated by nanocatalyst and then via the reaction with ammonia, the I and II intermediates are formed, respectively. In the next step, the imine I attacked to carbonyl group of II to produce the III intermediate. Then, the intramolecular nucleophilic attack of III and follow the cyclization to form IV intermediate. Finally, the elimination of one H2O molecule to form the V intermediate that via tautomerization to obtain VI as a target product (Scheme 3).
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Scheme 3. Proposed mechanism of the reaction
3.2.3. Reusability of the catalyst

To investigate the reusability of the catalyst, after completion of the model reaction, NiCoFe2O4 catalyst was easily separated from the reaction media by an external magnetic ﬁeld. The separated catalyst was washed with ethanol and acetone several times, dried at 50 oC for 8 h and reused for the next run. It was found that the catalyst could be reused at least for six runs without a remarkable decrease in its catalytic performance (Fig. 7). 
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Fig. 7. Reusability of catalyst for synthesis of triaryl imidazoles
4. Conclusion
In the present work, the NiCoFe2O4 nanoparticles were prepared and characterized by several techniques and applied for synthesis of imidazole derivatives. It was obtained pure products with high yield and short reaction times. The catalyst was separated easily from the reaction and recovered few times without loss of its activity.
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