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Abstract

:

The direct synthesis of benzimidazoles from 2-nitroaniline and ethanol over Cu-Pd/γ-Al2O3 catalysts has the advantages of requiring easily available starting materials, having high efficiency, and a simple procedure. The modification by Mg of the Cu-Pd/γ-Al2O3 catalyst could improve the catalytic activity significantly. The addition of Mg to the Cu-Pd/γ-Al2O3 catalyst could maintain and promote the formation of CuPd alloy active sites. Meanwhile, the basicity of the support was enhanced appropriately by Mg, which generated more basic sites (Al-Oδ−) to accelerate the dehydrogenation of alcohol and increased the rate of the whole coupled reaction. The 2-nitroaniline was completely converted over Cu-Pd/(Mg)γ-Al2O3 after reacting for six hours, and the yield of 2-methylbenzimidazole was 98.8%. The results of this work provide a simple method to develop a more efficient catalyst for the “alcohol-dehydrogenation, hydrogen transfer and hydrogenation” coupled reaction system.
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1. Introduction


Benzimidazoles are important organic intermediates which can be used as the key structural units of many drugs such as antibacterials, antimicrobials, antifungals, antituberculars, and anti-inflammatories [1,2,3,4,5,6]. Thus numerous methods for the synthesis of benzimidazoles from o-phenylenediamine and carbonyl derivatives promoted by inorganic acids and various oxidants have been reported, such as HCl [7], PPA [8], Na2S2O5 [9], molecular iodine [10], oxone [11], SnCl2·H2O [12], In(OTf)3 [13], Yb(OTf)3 [14], BF3·OEt2 [15], (Pd(dppf)Cl2 [16], etc. Although the above reactions were reported to be efficient, there were still many shortcomings in these methods, such as a high demand for equipment and large amounts of waste water due to the use of inorganic acids, difficulty in the separation and recycling of the homogeneous catalysts, many by-products and so on.



In order to find an environmentally friendly, high efficiency, low cost, high atomic and economic method for the synthesis of benzimidazoles, various heterogeneous catalytic systems such as heteropolyacid catalysts [17], modified zeolite catalysts [18], complex metal oxide catalysts [19,20], supported noble metal catalysts [21,22,23], Cu-PMO catalysts [24] and photocatalytic systems over Pt-TiO2 [25] were recently reported. In our recent work, the direct synthesis of benzimidazoles from 2-nitroaniline and alcohol in aqueous media catalyzed by Cu-Pd/γ-Al2O3 solid catalyst was studied [26]. We reported a successfully coupled multi-step reaction including dehydrogenation (Scheme 1. I), transfer hydrogenation (Scheme 1. II) and molecular nucleophilic cyclization, (Scheme 1. III) over a multifunctional heterogeneous catalyst (Scheme 1). The method used a cheaper and more readily available nitroaniline compound as a raw material for the reaction to achieve a simpler process and a substantial enhancement in the yields of desired products [26]. However, the activity of the catalyst was still low and the reaction took at least 12 h to ensure 100% conversion of 2-nitroaniline. It should be the most important factor to limit the reaction rate and the dehydrogenation of alcohol was difficult to achieve, even at 453 K over a Cu-Pd/γ-Al2O3 catalyst.



For the supported Ni catalysts, the nature of support has an important role in dehydrogenation of alcohols [27,28], in which the bifunctional support with both acidity-basicity is superior to the single acid or base support. Shimizu et al. [28] proposed that alcohol was converted to an alkoxide group on Lewis acid sites (Alδ+) and a proton on Lewis basic sites (Al-Oδ−) respectively over alumina. Alkoxide was then reacted with Ni0 to form ketone or aldehyde and Ni-H hydrides, followed by the protolysis of Ni-H hydrides and a neighboring proton to generate H2 and regenerate Ni0 and Al-Oδ− sites. Based on the mechanism presented above, it was suggested that the base sites of support were necessary to abstract the proton from alcohol. Thus, the appropriate amount of acid-base sites on the γ-Al2O3 surface is advantageous to accelerate the dehydrogenation of alcohol, which is the rate-determining step of the direct synthesis process of benzimidazoles from 2-nitroaniline and alcohol.



Therefore, we have reasons to believe that the adjusting of the acidity and basicity of the Cu-Pd/γ-Al2O3 catalyst surface has an important influence on the rate of this complex reaction. Inspired by previous researchers, Mg was selected as the secondary additive to add to the Pd-based catalyst in this paper. The effect of an addition of Mg to the Cu-Pd/γ-Al2O3 bimetallic catalyst in the hydrogenation of 2-Nitroaniline was also investigated. The results of this work can contribute to improving performance of catalysts for coupling of “dehydrogenation-hydrogen transfer-hydrogenation” multi-step reactions.




2. Results and Discussion


2.1. Synthesis of Benzimidazoles Over Pd-Cu/γ-Al2O3 Based Catalysts


The reaction of o-nitroaniline with ethanol over the catalysts was performed, and the results are listed in Table 1. 2-Methylbenzimidazole was the main product while 2-propylbenzimidazole was formed as a byproduct. 2-Propylbenzimidazole might be formed through self-aldolization of acetaldehyde to crotonaldehyde [29]. The Pd/γ-Al2O3 catalyst gave low conversion of o-nitroaniline and a low yield of benzimidazole, whereas the Cu/γ-Al2O3 catalyst showed no activity (entries 1-2). When blending Cu/γ-Al2O3 and Pd/γ-Al2O3 physically as the catalyst, the conversion of o-nitroaniline was only 67.3%, and the yield of 2-methylbenzimidazole was 64.7% within 12 h (entry 3). The yield of 2-methylbenzimidazole reached 89.2% within 6 h using Cu-Pd/γ-Al2O3 as the catalyst (entry 4). From these results, it might be deduced that Cu-Pd bimetallic catalysts could effectively catalyze the formation of benzimidazoles from o-nitroaniline with ethanol. The higher activity of the Cu-Pd catalyst was attributed to the accompanying synergistic interaction between Pd and Cu by forming CuPd alloy compound [26]. Surprisingly the addition of alkali metal and alkaline earth metal could effectively promote the reaction and enhance the selectivity. Also, the modification by different alkali additives can affect the activity of Cu-Pd/γ-Al2O3 catalysts. The conversion of ο-nitroaniline was significantly increased by doping Mg, K and Sr (entries 5, 7, 10), and the highest benzimidazole yield was obtained over the Cu-Pd/(Mg)γ-Al2O3 catalyst. The effect on the catalytic activity of the Ca, Cs, Ba, and La-modified catalysts were relatively weak in comparison with that of the Mg-modified catalyst.




2.2. Effect of Mg Modification on the Formation of CuPd Alloy


According to reported literature, Pd-Cu bimetallic catalysts were used in various reactions to improve the selectivity of target products such as the degradation of nitrates [30] and the steam reforming of methanol [31]. In our previous work [26], the superior catalytic performance of Cu-Pd/γ-Al2O3 catalysts was attributed to the formation of the CuPd compound: The active component Cu promoted the dehydrogenation of alcohol to aldehyde, and at the same time, Pd promoted transfer hydrogenation of o-nitroaniline to o-phenylendiamine, the synergistic interaction between Pd and Cu makes the reaction proceed smoothly. Therefore, the enhancement of catalytic performance of the Mg-doped catalysts in this work might be related to the stimulative formation of the CuPd alloy.



The HRTEM analysis of Cu-Pd/(Mg)γ-Al2O3 catalysts were performed and the results are shown in Figure 1A,B. Lattice fringe images of monometallic Pd particles show the lattice spacings at 2.27 Å, 1.97 Å, and 1.40 Å corresponding to (111), (200), (220) planes of Pd. Fourier transforms analysis (FFT) of high resolution images of Cu-Pd bimetallic catalyst particles show the lattice spacings at 2.18 Å, 1.89 Å, and 1.38 Å corresponding to (111), (200), (220) planes of CuPd, which are lower than the Pd metallic spacing. It could suggest the existence of the CuPd alloy structure in the bimetallic catalysts. The mean size of metal particles for Cu-Pd/(Mg)γ-Al2O3 is about 7.2 nm (Figure 1C). These results suggested that the CuPd alloy was the primary active component in the Cu-Pd/(Mg)γ-Al2O3 catalyst, and that the CuPd alloy was highly dispersed on the surface of the support.



Figure 2 shows the TPR profiles of the calcined samples. The PdO/γ-Al2O3 sample showed a negative peak at 361 K, corresponding to liberated hydrogen during the decomposition of Pd hydride [32,33,34], which indicated that PdO was already reduced to Pd0 at room temperature. The CuO/γ-Al2O3 sample displayed a reduction peak with two maxima at 477 K and 528 K. The reduction peak at low temperature might be attributed to the reduction of superficial Cu2O to Cu0 and the reduction peak at high temperature might be assigned to the reduction of CuO to Cu0 [35]. However, for the Cu-Pd-based samples, the negative peak at 361 K completely disappeared, and only a hydrogen desorption peak was shown at around 406 K, indicating that the formation of Pd hydride is inhibited with the addition of Cu [33]. The displacement of reduction peak in the TPR profiles of (c) and (d) also indicate that the Cu oxides could be reduced at a much lower temperature in the presence of Pd, resulting from the hydrogen spillover from Pd0 to Cu oxides [34]. Thus, it could be seen that there was an interaction between Pd and Cu species in the Cu-Pd-bimetallic catalysts which generated the CuPd alloy formation. Furthermore, by comparing the TPR profiles of (c) and (d), it indicated that the addition of Mg had negligible influence on the position of reduction peak, but the reduction peak area of CuPd alloy increased obviously.



Figure 3 shows the XRD patterns of the reduced catalyst samples. All catalyst samples exhibited diffraction peaks at 2θ = 66.7°, 45.8° and 37.6° corresponding to a γ-Al2O3 structure. Diffraction peaks of the Pd/γ-Al2O3 catalyst and pure γ-Al2O3 carrier were basically identical. The peaks at 43.3°, 50.4° and 74.1° corresponding to Cu were observed with the Cu/γ-Al2O3 catalyst. For the Cu-Pd/γ-Al2O3 and Cu-Pd/(Mg)γ-Al2O3 catalysts, no Cu diffraction peak was found, but the diffraction peaks at 2θ = 41.6°, 48.3° and 70.8° which are characteristic of (111), (200) and (220) planes for CuPd alloy respectively [31,36], were observed. The intensity of the CuPd alloy diffraction peaks of Cu-Pd/(Mg)γ-Al2O3 was much higher than that of Cu-Pd/γ-Al2O3. Besides, the peak of MgO phase was not found in the XRD patterns of the Cu-Pd/(Mg)γ-Al2O3 catalyst and the characteristic peaks of γ-Al2O3 had no obvious change. The content of Mg was low, and Mg was well dispersed in the γ-Al2O3 rather than assembled in grains. Both of the TPR and XRD results indicated that the addition of Mg might promote the formation of the CuPd alloy.




2.3. Effect of Mg Modification on the Surface Acidity and Basicity of Catalysts


Besides the effect on the formation of CuPd alloy, the modification of Mg could influence the surface chemical properties of the Cu-Pd/γ-Al2O3 catalyst significantly. The CO2-TPD analysis was examined to investigate the effect on the surface basicity of the Cu-Pd/γ-Al2O3 catalyst with the addition of Mg, and the results are shown in Figure 4. Both the Cu-Pd/γ-Al2O3 and Cu-Pd/(Mg)γ-Al2O3 catalysts showed the desorption peak of CO2 at 385–395 K, which should be attributed to the low basicity sites on catalyst surface formed by Brønsted OH groups [37,38]. Both of two catalyst samples showed a desorption peak over 573 K, which corresponded to the high basicity sites resulting from low coordination oxygen anions (O2−) [37,38]. However, the concentrations of high and low basicity sites in the Cu-Pd/(Mg)γ-Al2O3 catalyst were higher than that in the Cu-Pd/γ-Al2O3 catalyst, and the peak for high basicity sites shifted to a high temperature range in the Cu-Pd/(Mg)γ-Al2O3 catalyst. Moreover, another desorption peak at 430 K corresponding to medium basicity sites generated from metal-oxygen pairs (M-Oδ− pairs) [37,38] was observed in the Cu-Pd/(Mg)γ-Al2O3 catalyst but not found in the Cu-Pd/γ-Al2O3 catalyst. These CO2-TPD results suggested that the basicity intensity and concentration especially the medium and strong basic sites of the Cu-Pd/γ-Al2O3 catalyst could be promoted by the doping of Mg.



Figure 5 shows the FTIR spectra of adsorbed pyridine (Py-FTIR) at different temperatures for various catalysts. The spectrum of the Cu-Pd/γ-Al2O3 catalyst contained three main peaks at 1448, 1488, 1598 cm−1, which are responsible for Lewis acid sites [39], after being evacuated at 303 K. However, the intensity of the three peaks was much higher than that of Cu-Pd/(Mg)γ-Al2O3. The spectrum of the Cu-Pd/γ-Al2O3 catalyst after being evacuated at 473 K contained two peaks at 1449 and 1608 cm−1, which indicated the presence of strong Lewis acid sites. Furthermore, the peak at 1549 cm−1, that is responsible for Brønsted acid sites [40], was detected in the Cu-Pd/γ-Al2O3 catalyst but disappeared with the addition of Mg, indicating a deactivation of acid sites through Mg doping.



The CO2-TPD and Py-FTIR results suggested that the strong Lewis and Brønsted acid sites on the Cu-Pd/γ-Al2O3 catalyst surface were reduced by the doping of Mg. Meanwhile, the basic Al-Oδ− groups of Cu-Pd/(Mg)γ-Al2O3 catalyst were increased, which made Lewis acid (Alδ+)-base (Al-Oδ−) equilibrium of the catalyst. The Cu-Pd/(Mg)γ-Al2O3 catalyst was most likely to follow a multifunctional mechanism in the dehydrogenation of alcohols which was similar to previous reports [28]. Both the Cu0 and the acid-basic sites on the (Mg)γ-Al2O3 support were responsible for promoting dehydrogenation of alcohol to aldehyde, resulting in the acceleration of the whole reaction system.



Finally, the fascinating applicability of the method towards diversified 4,4’-Diamino-3,3’-dinitrobiphenyl and alcohol prompted us to design some more complex benzimidazole derivatives that can serve as lead compounds in pharmaceutical research. To our delight, we were able to synthesize a bisbenzimidazole (3) through a reaction between 4,4’-Diamino-3,3’-dinitrobipheny (1) and alcohol (2) at an excellent yield (Scheme 2). As experimental results showed, 4,4’-Diamino-3,3’-dinitrobiphenyl was almost completely converted to bisbenzimidazole over the Cu-Pd/(Mg)γ-Al2O3 catalyst within 6 h, and bisbenzimidazole was obtained an a 98% yield.





3. Materials and Methods


3.1. Catalyst Preparation


The (M)γ-Al2O3 supports (M = Na, K, Cs, Mg, Ca, Sr, Ba, La) were prepared by an incipient wetness method. All supports were prepared by the impregnation of γ-Al2O3 with an aqueous solution of alkaline or alkaline earth nitrate (5 wt. % content for M). After impregnation, the sample was dried in the oven at 383 K for 12 h and then was calcined at 673 K for 4 h in air. The Cu-Pd/(M)γ-Al2O3 catalysts were prepared by a deposition-precipitation method. Sufficient amounts of H2PdCl4 and Cu (NO3)2·3H2O aqueous solutions were mixed together (to produce a catalyst containing 5 wt. % Pd and 5 wt. % Cu). This mixture was added dropwise to a 10 wt. % slurry of γ-Al2O3 (or (M)γ-Al2O3) and deionized water, with constant stirring by a magnetic stirring apparatus. The temperature was increased to 353 K and kept at this temperature for 5 h. After impregnation, the NaHCO3 solution (1 M) was used to adjust the pH value of the solution to 8–9, and stirring continued for 30 min. Then, the solid was filtered, washed, dried at 383 K for 4 h and calcined in air at 533 K for 4 h. Finally, the samples were reduced in H2 at 533 K for 2 h.




3.2. Catalyst Characterization


The X-ray diffraction (XRD) of catalysts was carried out with an X’ Pert PRO diffractometer (PNAlytical Co., Almelo, Netherlands) at 45 kV and 40 mA using a Cu Kα radiation source with a scanning rate of 2°/min and a step of 0.02°. TEM measurements were performed on a JEOL JEM-200CX instrument (Tokyo, Japan) operating at 160 kV. We randomly selected 300 particles of the catalyst in the TEM images to determine the mean particle size. Temperature programmed reduction under H2 (TPR) was carried out with a BELCAT instrument (BELL Japan Inc., Osaka, Japan). The calcined sample (0.1 g of CuO-PdO/γ-Al2O3 or CuO-PdO/(M)γ-Al2O3) was heated from 303 K to 1073 K at a rate of 10 K/min in a flow of 5% (V/V) H2/Ar (25 mL/min), and the hydrogen consumption was obtained by a thermal conductivity detector. Temperature-programmed desorption (TPD) of CO2 was conducted on a BELCAT (Osaka, Japan). For example, 0.075 g of catalyst was heated to 533 K in a flow of He (30 mL/min) and maintained for 40 min. Then the catalyst was cooled to 303 K under He flow, and followed by exposing it to a flow of 100% CO2 for 30 min. Subsequently, the catalyst was purged in He at 303 K for 60 min. Finally, the catalyst was heated to 923 K at a rate of 10 K/min in a flow of He, and CO2 (m/e = 44), the outlet gas was detected by the mass spectrometer (BELMASS, Osaka, Japan). The Py-FTIR spectra was obtained on a Nicolet 6700 spectrometer (Madison, WI, USA). The sample was heated to 533 K and kept at this temperature for 1 h in a vacuum (1 × 10−2 MPa), and then cooled down to 303 K, followed by exposure to the vapor of pyridine. The Py-IR spectra was recorded at 303 K, 373 K and 473 K respectively, in a vacuum for 30 min.




3.3. Catalytic Tests


In the experiment, the mixture, composed of 8 g of the nitroaromatic compound, 0.8 g of catalyst, 120 mL of alcohol and 80 mL of deionized water, was placed in a 500 mL stainless steel autoclave. The reactor was sealed and purged by high purity N2 five times. Then the pressure in the reactor was raised to 3.5 MPa using N2 after the reactor was heated to the desired temperature, at a stirring rate of 1000 rpm. The temperature, pressure and stirring rate were kept constant during the reaction. After the specified reaction time, the reactor was cooled down to room temperature and the pressure in the reaction system was released. The catalyst was filtered from the mixture and the liquid product was qualitatively analyzed using gas chromatography-mass spectrometry (GC-MS, Agilent 5973N, Palo Alto, CA, USA) and quantitatively analyzed by GC (Agilent 7890A, Shanghai, China) equipped with a flame ionization detector (FID) and a DB-1 capillary column (30 m × 0.32 mm × 3 μm) using the area-normalization method.





4. Conclusions


We efficiently synthesized benzimidazole from low-cost alcohol and o-nitroaniline over a Cu-Pd/(Mg)γ-Al2O3 heterogeneous catalyst. The Cu-Pd bimetallic catalyst had better catalytic activity than that of monometallic Cu or Pd catalyst in the reaction system. It was mainly attributed to the formation of the CuPd alloy and the synergistic effect between Pd and Cu. Moreover, the catalytic activity of the Cu-Pd/(Mg)γ-Al2O3 catalyst with the addition of Mg was superior to Cu-Pd/γ-Al2O3, because of the addition of Mg. The formation of the CuPd alloy was promoted and the surface acid sites of Cu-Pd/γ-Al2O3 catalyst were neutralized, which improved the basicity of the support, as well as enhanced the rate of ethanol dehydrogenation, and finally accelerated the whole reaction system.
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Scheme 1. The mechanism of one-pot synthesis of benzimidazoles from o-nitrophenol and alcohols. 
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Figure 1. (A,B) TEM images and (C) particle size distribution profiles of Cu-Pd/(Mg)γ-Al2O3 catalysts. 
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Figure 2. TPR profiles of catalysts: (a) PdO/γ-Al2O3; (b) CuO/γ-Al2O3; (c) CuO-PdO/γ-Al2O3; (d) CuO-PdO/(Mg)γ-Al2O3.
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Figure 3. X-ray diffraction patterns of the reduced catalysts (a) γ-Al2O3; (b) Pd/γ-Al2O3; (c) Cu/γ-Al2O3; (d) Cu-Pd/γ-Al2O3; (e) Cu-Pd/(Mg)γ-Al2O3.
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Figure 4. CO2-TPD profiles for catalyst samples: (a) Cu-Pd/γ-Al2O3; (b) Cu-Pd/(Mg)γ-Al2O3.
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Figure 5. FTIR spectra of pyridine adsorbed of the samples: (a) Cu-Pd/γ-Al2O3 measured after heating at (1) 303 K, (2) 373 K, (3)473 K; (b) Cu-Pd/(Mg)γ-Al2O3 measured after heating at (1) 303 K, (2) 373 K, (3) 473 K. 
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Scheme 2. Synthesis of bisbenzimidazole from 4,4’-diamino-3,3’-dinitrobipheny and alcohol. Reaction conditions: 3,3'-Dinitrobenzidine (2 g), H2O (20 mL), ethanol (50 mL), Cat (0.2 g), 453 K, 3.5 MPa, N2 atmosphere, Yield: 98% (6 h). 
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Table 1. Evaluation of the catalytic activity of various catalysts.
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Entry

	
Catalyst a

	
Reaction Time (h)

	
Conv. (%)

	
Yield (%) b






	
1

	
Cu/γ-Al2O3

	
12

	
0

	
0




	
2

	
Pd/γ-Al2O3

	
12

	
6.5

	
6.5




	
3

	
Cu/Al2O3+Pd/γ-Al2O3

	
12

	
67.3

	
64.7




	
4

	
Cu-Pd/γ-Al2O3

	
6

	
89.5

	
89.2




	
5

	
Cu-Pd/(Mg)γ-Al2O3

	
6

	
100

	
98.8




	
6

	
Cu-Pd/(Ca)γ-Al2O3

	
6

	
83.5

	
82.9




	
7

	
Cu-Pd/(Sr)γ-Al2O3

	
6

	
99.1

	
98.2




	
8

	
Cu-Pd/(Ba)γ-Al2O3

	
6

	
95.7

	
95.0




	
9

	
Cu-Pd/(Na)γ-Al2O3

	
6

	
95.5

	
96.6




	
10

	
Cu-Pd/(K)γ-Al2O3

	
6

	
100

	
98.3




	
11

	
Cu-Pd/(Cs)γ-Al2O3

	
6

	
98.4

	
97.8




	
12

	
Cu-Pd/(La)γ-Al2O3

	
6

	
96.8

	
94.2








Reaction conditions: Catalyst 0.8 g, o-nitroaniline 8 g, ethanol 120 mL, H2O 80 mL, 453 K, N2 3.5 MPa. (a) 5 wt. % content for each metal including Cu, Pd and (M). (b) Yield of 2-methylbenzimidazole (1) as determined by GC analysis.
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