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3.1. Introduction 

The biologically active benzimidazole and its derivatives have also a significant importance to 

various industrial applications, including the production of drugs, pigments, and chemical 

UVB filters.[1],[2],[3] Benzimidazoles play a crucial role as the foundational components in 

natural products, pharmaceuticals, and organic/polymeric materials.[4],[5],[6] The use of 

benzimidazoles for antibacterial, antifungal, antiinflammatory, antiulcer, anticancer, and anti-

HIV activities is well established.[7],[8],[9],[10],[11] Traditionally, benzimidazoles are synthesized 

by the condensation of 1,2-diaminobenzene with carboxylic acids or their derivatives (such as 

acyl chlorides, acids, anhydrides, amides, and nitriles) under highly acidic conditions at 

elevated temperatures.[5],[4],[12] 

In the past few decades, transition metal-based (Pd,[13],[14],[15] Pt,[16] Ru,[3],[17],[18] Ir,[19],[20] 

etc.)[21],[22] homogeneous catalysts have been used for benzimidazole synthesis.[23],[24],[25] These 

catalysts provide excellent activity and selectivity for the reaction.[22],[26],[27] However, 

homogeneous catalysts have many disadvantages such as high-cost, poor recyclability, and use 

of expensive additive ligands.[28],[29],[30]  In recent years, 3d transition metal (Ni,[31],[32] 

Co,[33],[34] Cu,[35] Zn,[36],[37] Fe,[38] etc.)[29]-based heterogeneous catalysts have been 

demonstrated for the benzimidazole synthesis.[39],[40] These catalysts offer high catalytic 

activity and selectivity towards benzimidazole formation.[41],[42]   

In recent years, metal nitrogen-doped carbon (M−N−C@NC) nanocatalysts have been 

explored in different fields such as electrochemistry and organic transformation 

reactions.[43],[44],[45] The M−N−C@NC nanocatalysts provided excellent catalytic activity for 

the organic reactions. In chapter 1 and chapter 2, we have already discussed the importance of 

the MOF-derived M−N−C@NC catalyst for the organic transformation reactions.[46,47,48,49,50,51]  
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In this chapter, we have explored the Co−N−C@NC catalyst for the benzimidazole 

formation by the reaction of o-phenylenediamine with alcohols (Scheme 3.1). The 

Co−N−C@NC catalyst provided excellent catalytic activity for the benzimidazole formation. 

The N−doped carbon and N−doped CNTs support enhanced the catalytic stability and electron 

transfer in Co−N−C@NC catalyst and also improved the yield (>90%) of benzimidazole 

formation. The Co−N−C@NC works as a hydrogen transfer via coupling for the benzimidazole 

reactions. Furthermore, the catalyst demonstrated enough stability for five consecutive 

catalytic cycles, maintaining its catalytic activity and selectivity.  

 

Scheme 3.1: Schematic representation for the synthesis of Co−N−C@NC catalyst. 

 

3.2. Chemicals 

o-phenylenediamine derivatives were purchased from various chemical companies (Sigma 

Aldrich, Avra, Alfa Aesar, and SRL Pvt. Ltd. India), and the rest of the chemicals were 

mentioned in chapter 2, section 2.2.  

3.3. Instruments 

The same instruments were used for the spectroscopic, microscopic and NMR 

characterization of the catalysts and products as mentioned in chapter 2, section 2.3. 
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3.4. Experimental 

3.4.1. Synthesis of ZIF-67[52] 

Co(NO3)2.6H2O (1 mmol) was dissolved in 20 mL methanol solution and stirred 10 minutes to 

form dispersion A. 2-methylimidazole (4 mmol) was separately dissolved in 20 mL methanol 

and stirred for 10 minutes to form dispersion B. Then, dispersion B was added to A at a time 

and stirred for 30 minutes and then stayed for 24 h. The precipitate was collected by 

centrifugation (14000) and washed three times with methanol and dried overnight at 60 ºC. 

And it was denoted as ZIF-67.   

3.4.2. Synthesis of Co−N−C@NC[53] 

300 mg of ZIF-67 was ground in a mortar pestle to get a fine powder. The powder was placed 

in a crucible boat and heated at 800 °C in the presence of N2 for 3 h (in a tubular furnace with 

a heating rate: 5 °C/min from 35 °C). The furnace was allowed to cool down to room 

temperature. The black powder was collected and denoted as Co−N−C@NC. Similarly, the 

synthesis of Co−N−C@NC−1 and Co−N−C@NC− 

3.4.3. Synthesis of Co@C 

The synthesis of Co@C is mentioned in chapter 2 section 2.3.3. 

 3.5. Results and discussion 

3.5.1. Characterizations of the catalysts 

The precursor ZIF-67 was prepared through the reaction of cobalt(II) nitrate and 2-

methylimidazole (Scheme 3.1). The Powder X-ray diffraction (PXRD) analysis revealed the 

characteristic crystal planes of ZIF-67 (JCPDS: 08-60-513, shown in Figure 3.1a).[52] The 

SEM images showed the dodecahedron morphology of ZIF-67 (Figure 3.1b).[54] The EDX of 

ZIF-67 confirmed the presence of Co, N, and C. The elemental mapping of the ZIF-67 
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confirmed that the elements were homogeneously distributed (Figure 3.1c-g).  

The precursor material ZIF-67 was pyrolyzed in an inert atmosphere at various temperatures 

(at 700, 800, and 900 oC) to produce Co−N−C@NC. The PXRD pattern of Co−N−C@NC 

nanoparticles revealed the face-centered cubic (fcc) crystal structure of cobalt (JCPDS: No.15-

0806, Figure 3.1c).[52] The graphitic carbon peaks were observed at 2 theta value 25.8o 

showing the corresponding plane (002). In Co−N−C@NC, the (111) peak of cubic cobalt 

showed a slight rightward shift (2 = 0.2o) due to nitrogen coordination (JCPDS: 08-60-513). 

 Further, Raman spectroscopy was carried out to realize the degree of graphitization of N-

doped carbon (NC) in Co−N−C@NC. The Raman spectrum showed two characteristic bands 

for D and G at 1326.0 and 1588.6 cm-1, respectively (Figure. 3.1d). The ID/IG ratio of 1.44 

indicates a defect-rich structure of graphene. The classical A1g vibronic modes of metallic Co 

were detected at 674.4 cm-1.[55]  

 

Figure 3.1: (a) The PXRD pattern of ZIF-67. (b) The SEM image shows the dodecahedron morphology of ZIF-

67 and (c-f) images shows the elemental mapping, (g) EDX spectra of ZIF-67. (h) PXRD of Co−N−C@NC, (i) 

Raman spectrum of Co−N−C@NC catalyst. 
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 The nature of carbon further confirmed by the XPS spectra of the Co−N−C@NC (Figure 

3.2).  The C 1s XPS spectrum was deconvoluted into four peaks for C=C and C=N with the 

corresponding binding energy 284.2 eV and 285.6 eV of the sp2 hybridized carbon and sp3 

hybridized carbon peaks of C−C (284.7 eV) and C−N (287.7 eV). The ratio of graphitic carbon 

to the other carbon is 1.39 and it is close to the peak ratio obtained from the Raman spectrum 

of Co−N−C@NC (Figure 3.2a).[56] 

 The N 1s XPS spectrum was fitted into four peaks for pyridinic, Co−N, pyrrolic, and 

graphitic nitrogen with binding energies 398.4, 399.0, 399.9, and 400.8 eV, respectively. This 

result shows that the Co−N bond was present in Co−N−C@NC. The Co was strongly bonded 

with the different N-moieties (pyridinic−N, pyrollic−N, and graphitic−N, Figure 3.2b).[57],[58] 

 The Co 2p XPS was deconvoluted into two peaks Co 2p3/2 and Co 2p1/2 with corresponding 

binding energy 779.4 and 795.0 eV. Further, Co 2p3/2 XPS peak was deconvoluted into three 

peaks with corresponding Co(0) (779.1 eV), Co(II) (780.1 eV), and Co-N (781.5 eV). The Co 

2p1/2 peak was fitted into two peaks for Co0 (794.1 eV) and Co2+ (795.8 eV) respectively. The 

satellite peaks of the Co 2p XPS was observed at 784.5, 788.2 and 803.0 eV (Figure 3.2c).[59] 

The SEM image showed the dodecahedron morphology of the Co−N−C@NC (Figure 

3.2d). The EDX spectrum Co−N−C@NC confirmed Co, N, and C elements, and the elemental 

mapping confirmed that the elements Co, N, and C were homogeneously distributed.  

 Furthermore, the morphological details were confirmed by TEM (Figure 3.2e). The TEM 

image confirmed that the Co nanoparticles supported on carbon nanotubes (CNTs) and N- 

doped carbon (NC) (Figure 3.2f-g). The SAED pattern of Co−N−C@NC revealed diffraction 

rings for the crystal planes (111), (200), and (220) of fcc cobalt (Figure 3.2g-inset). The HR- 

TEM detected d-spacing of 0.207 nm- corresponding to plane (111) of fcc cobalt center and 
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0.36 nm- corresponding to (002) plane of graphene (Figure 3.2h). The TEM images of 

Co−N−C@NC illustrated the distribution of cobalt nanoparticles of various sizes (2-10 nm)  

within the nitrogen-doped carbon frameworks (Figure 3.2i). 

 

 

Figure 3.2: (a) The C 1s spectrum of Co−N−C@NC was deconvoluted into four peaks for C=C, C−C, C=N, and 

C−N species. (b) The N 1s spectrum was fitted into four peaks- corresponding to pyridinic, Co−N, pyrrolic, and 

graphitic nitrogen. (c) Co 2p XPS was fitted into peaks for Co(0), Co−N, and Co(II) species. The * marked peaks 

originated as the satellite peaks of Co(II). (d) The SEM image of the Co−N−C@NC shows the dodecahedron-

type morphology. (e) The TEM images of the Co−N−C@NC catalyst shows the nanoparticle nature with a 

different type of support such as CNT and NC in the image (f) and (g). (h) HR-TEM image of the Co−N−C@NC 

with d-spacing 0.207 and 0.340 nm of the cubic plane (111) and graphene (002). (i) The image shows the 

nanoparticle size between 2-10 nm. 
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3.6. Optimization of reaction conditions 

The benzimidazole reaction of amines with alcohols was carried out in a 15 mL pressure-sealed  

tube. In a typical experiment, the sealed tube was filled with 1 mmol benzyl alcohol, 0.5 mmol 

o-phenylenediamine, 10 mg catalyst (Co−N−C@NC) and toluene (2 mL) was used as a 

solvent. Then, the nitrogen gas was purged in the tube, then tube was capped and placed in the 

oil bath preheated at 140 °C and the reaction was continued for 12 h with stirring (500 rpm) 

and monitored by TLC. After the reaction, the sealed tube was cooled down to room 

temperature and the mixture was centrifuged to separate the solid catalyst. The liquid part was 

collected and worked up. The % of conversion and product yield was analyzed using 1H NMR.  

The ZIF-67 derived Co−N−C@NC catalyst was used to optimized for the benzimidazole 

reaction from the o-phenylenediamine with benzyl alcohol (Table 3.1). The reaction of o-

phenylenediamine and benzyl alcohol to produce 2-phenyl-1H-benzo[d]imidazole (3a) as the 

major products. The production of 3a derived product was very useful in the industrial 

applications. The catalytic performance of Co−N−C@NC catalyst was produced high yield of 

benzimidazole products. Interestingly, the Co−N−C@NC was found very effective for the 

benzimidazole reactions. In the Co−N−C@NC catalyst the Co with N coordination improved 

the catalytic activity for the reactions. Therefore, the Co−N−C@NC catalyst was produced 

high yield 90% of 3a product (Entry 1, Table 3.1). 

The pyrolysis temperature was also affected the product yield. From the comparison 

purposes the pyrolysis temperature (700-900 oC), it was found that Co−N−C@NC (prepared 

at 800 oC) produced the best activity and selectivity for 3a (Entries 1-3, Table 3.1). The Co@C 

catalyst was produced 54% selective product 3a and when the benzimidazole reaction was 

carried out without catalyst to produced poor yield (Entries 4-6, Table 3.1). In the 
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Co−N−C@NC catalyst the Co with N coordination was found important role for the catalytic 

activity of the benzimidazole reaction. 

Table 3.1 Optimization of the reaction condition 

 

Entry           Catalyst                                                      Base Solvent Temp. 

(oC) 

Conv. 

(%)   

Yield 

3a 

(%) 

Variation of catalysts 

1. Co-N-C@NC tert-BuOK Toluene 140 100 90 

2. Co-N-C@NC -1 tert-BuOK Toluene 140 93 82 

3. Co-N-C@NC -2 tert-BuOK Toluene 140 100 86 

4. Co@C tert-BuOK Toluene 140 65 54 

5. ZIF-67 tert-BuOK Toluene 140 32 15 

6. - tert-BuOK Toluene 140 25 13 

Variation of base 

7. Co-N-C@NC - Toluene 140 60 45 

8. Co-N-C@NC K2CO3 Toluene 140 66 52 

9. Co-N-C@NC Cs2CO3 Toluene 140 80 66 

10. Co-N-C@NC KOH Toluene 140 88 71 

11. Co-N-C@NC tert-BuOK Toluene 140 100 90 

12. Co-N-C@NC tert-BuOK(0.1 mmol) Toluene 140 64 50 

13. Co-N-C@NC tert-BuOK(0.3 mmol) Toluene 140 86 75 

14. Co-N-C@NC tert-BuOK(0.5 mmol) Toluene 140 100 90 

Variation of solvent 

15. Co-N-C@NC tert-BuOK CH3CN 140 63 48 

16. Co-N-C@NC tert-BuOK Dioxane 140 75 61 

17. Co-N-C@NC tert-BuOK THF 140 86 72 

18. Co-N-C@NC tert-BuOK Toluene 140 100 90 

Variation of Temperature 

19. Co-N-C@NC tert-BuOK Toluene 100 54 40 

20. Co-N-C@NC tert-BuOK Toluene 120 77 64 

21. Co-N-C@NC tert-BuOK Toluene 140 100 90 

Reaction conditions: 0.75 mmol benzyl alcohol, 0.5 mmol of o-phenylenediamine, 0.5 mmol of tert-BuOK, 

toluene (2 mL), 140 oC, for 12 h. 
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The reaction condition was also optimized with the various bases K2CO3, KOH, Cs2CO3, 

and test-BuOK, the test-BuOK to produced high yield of 3a product. And the amount of base 

also improved the product yield (Entries 7-14, Table 3.1). Further, we have optimized with 

various solvents CH3CN, dioxane, THF and toluene and we found that an excellent yield was 

obtained with toluene solvent (Entries 15-18, Table 3.1). The reaction temperature was 

affected the 3a product yield, it was optimized at 140 oC temperature produced high yield 

(Entries 19-21, Table 3.1).  

3.7. Scope of alcohols 

As the N-containing heterocyclic benzimidazole compounds are an important component in  

anticancer, antibacterial, antitumor, anti-HIV, and anthelmintic-related drugs. Inspired by the 

importance of the benzimidazole reactions and catalytic performance of the Co−N−C@NC 

catalyst, we have performed the substrate scope for the synthesis of various substituted 

benzimidazole products was investigated. By using this catalyst, the hydrogen transfer-

dehydrogenative cyclization of benzyl alcohol with o-phenylenediamine derivatives was 

developed for the preparation of benzimidazole derivative products. 

With the optimized reaction condition, we have studied different substituted 

benzimidazole reactions with the benzyl alcohol and o-phenylenediamine to obtain the yields 

90-75% (Scheme 3.3, 3a-3j and Table 3.1). The strong electron-donating group of the 

substrates provides high yield of the product and electron crowding decrease yield of products 

(Scheme 3.3, 3b-3e and Table 3.1). The electron-withdrawing group and alkyl substituted 

group decreases the yield of the product (Scheme 3.3, 3f-3j and Table 3.1). 
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Scheme 3.2: The cyclization of benzimidazole reaction with Co−N−C@NC catalyst. Reaction conditions: 1 

mmol benzyl alcohol, 0.5 mmol of o-phenylenediamine, 0.5 mmol of tert-BuOK, toluene (2 mL), 140 oC, for 12 

h. 

 

3.8. Reaction mechanism and recyclability  

Thus, a plausible mechanism for the cyclization of benzyl alcohol and o-phenylenediamine to  

form 2-benzylbenzimidazole is proposed. First of all, benzyl-alcohol is adsorbed on the 

Co−N−C@NC catalyst and oxidized to benzaldehyde, at the same time, cobalt species with 

small particle sizes are easily activated to generate [Co]−H intermediate. Subsequently, on the 

surface of the Co−N−C@NC catalyst o-phenylenediamine couples with benzaldehyde via a 

condensation reaction to form imine intermediate. The imine intermediate undergoes 

intramolecular oxidative cyclization reaction under the action of Co−N−C@NC catalyst to 

form a cyclic intermediate, and then further it was dehydrogenated to form the corresponding 

product 3a. Moreover, the dispersed Co nanoparticles on the surface of the NC and N−doped 

CNTs support can expedite the dissociation of [Co]−H intermediate into the active hydrogen  



Chapter 3 

 

Department of Chemistry, IIT (BHU)  61 

 

 

Scheme 3.3: Reaction mechanism of benzimidazole reaction with Co−N−C@NC catalyst. 

 

(−[H]) on the surface of Co−N−C@NC catalyst, and rapidly re-oxidation dehydrogenation to 

form a cycle for the cyclization reaction and is called benzimidazole product.[47],[48a-b]   

 Recyclability is considered a crucial standard to assess catalysts in heterogeneous 

catalytic reactions. Hence, the recoverability of the Co−N−C@NC catalyst for cyclization 

reaction between o-phenylenediamine and benzyl-alcohol was conducted. After each 

cyclization reaction of the benzimidazole test, the catalyst was washed with acetone and 

ethanol separated by centrifugation several times, and dried overnight for further testing of the 

recyclability of the catalyst. The catalyst exhibits no significant loss throughout the six cycles. 

After, the recyclability of the catalyst, the catalyst was leached out 0.47% during the reaction. 

 3.9. Conclusions 

In summary, the Co−N−C@NC catalyst was synthesized as a novel effective catalytic system 

for a wide variety of benzimidazole syntheses by hydrogen transfer-dehydrogenative 
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cyclization coupling of o-phenylenediamine substrates with benzyl alcohol. And achieved high 

yield (90%) of benzimidazole product and it was used as a biologically active compound for 

different diseases. In addition, the NC and N-doped CNT improved the charge transfer and 

electron density through the Co-N coordination and provided high catalytic active center for 

the benzimidazole reactions. The Co−N−C@NC catalysts are robust and recyclable more than 

five times with low loss of activity and selectivity for the benzimidazole reactions. 

 

Table 3.2. Characterization of the products by 1H NMR and 13C NMR 

3a: 2-phenyl-1H-

benzo[d]imidazole 

 

 

1H NMR (500 MHz, DMSO-D6) δ 12.95 (brs, 1H), 8.21 (d, J = 7.1 Hz, 

2H), 7.73 – 7.47 (m, 5H), 7.22 (d, 2H). 

13C NMR (125 MHz, DMSO-D6) δ 151.72, 144.27, 135.44, 130.67, 

130.30, 129.41, 126.92, 122.72, 122.20, 119.29, 111.82. 

Yield of product: 90%. 

3b: 2-(p-tolyl)-1H-

benzo[d]imidazole 

 

 

1H NMR (500 MHz, DMSO-D6) δ 12.71 (s, 1H), 8.05 (d, 2H), 7.62 (d, 

1H), 7.56–7.43 (m, 1H), 7.31 (d, 2H), 7.23 – 7.07 (m, 2H), 2.32 (s, 3H); 

13C NMR (125 MHz, DMSO-D6) δ 151.94, 140.10, 130.06, 127.99, 

126.93, 122.88, 111.75, 21.50. 

Yield of product: 87%. 

3c: 2-(4-methoxyphenyl)-1H-

benzo[d]imidazole 

 

 

1H NMR (500 MHz, DMSO-D6) δ 12.78 (brs, 1H), 8.17 (d, J = 8.1 Hz, 

2H), 7.60 (d, 2H), 7.21 (m, 2H), 7.15 (d, 2H), 3.88 (s, 3H). 

13C NMR (125 MHz, DMSO-D6) δ 160.71, 151.25, 128.09, 122.40, 

121.91, 114.40, 55.36. 

Yield of product: 88%. 

3d: 2-mesityl-1H-

benzo[d]imidazole 

 

 

1H NMR (500 MHz, DMSO-D6) δ 12.73 (s, 1H), 7.93-7.73 (d, 2H), 7.53 

(s, 1H), 7.45 (d, 2H), 7.23-7.15 (m, 2H), 2.45-2.41 (s, 6H), 2.38-2.34 (s, 

3H). 

13C NMR (125 MHz, DMSO-D6) δ 152.18, 145.69, 141.50, 138.10, 

137.13, 135.13, 133.70, 132.85, 130.85, 128.62, 126.33, 123.49, 119.12, 

21.81, 20.73, 20.73. 

Yield of product: 78%. 
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3e: 2-(4-(tert-butyl)phenyl)-

1H-benzo[d]imidazole 

 

 

1H NMR (500 MHz, DMSO-D6) δ 12.74 (s, 1H), 8.12 (d, 2H), 7.63 – 

7.56 (m, 4H), 7.21 (dd, 2H), 1.34 (s, 9H).  

13C NMR (125 MHz, DMSO-D6) δ 152.55,151.27, 143.84, 134.95, 

127.44, 126.22, 125.72, 122.31, 121.53, 118.72, 111.19, 34.58, 30.98. 

Yield of product: 77%. 

3f: 2-(4-fluorophenyl)-1H-

benzo[d]imidazole 

 

1H NMR (500 MHz, DMSO-D6) δ 12.75 (brs, 1H), 8.13 (d, J = 8.7 Hz, 

2H), 7.56 – 7.53 (m, 2H), 7.25 (d, 2H), 7.20 (d, 2H). 

13C NMR (125 MHz, DMSO-D6) δ 163.11, 161.49, 160.06, 151.74, 

133.48, 130.59, 130.53 128.48, 123.44, 115.84, 115.67. 

Yield of product: 86%,  

3g: 2-(4-chlorophenyl)-1H-

benzo[d]imidazole 

 

1H NMR (500 MHz, DMSO-D6) δ 12.85 (s, 1H), 8.15 (d, J = 8.5 Hz, 

2H), 7.66 –7.55 (m, 4H), 7.25–7.20 (m, 2H). 

13C NMR (125 MHz, DMSO-D6) δ 163.11, 161.49, 160.06, 151.74, 

133.48, 130.59, 130.53 128.48, 123.44, 115.84, 115.67. 

Yield of product: 84%,  

3h: 2-(3-nitrophenyl)-1H-

benzo[d]imidazole 

 

1H NMR (500 MHz, DMSO- D6) δ 12.95 (s, 1H), 9.03 (s, 1H), 8.61 (d, 

1H), 8.37 (d, 1H), 7.89 (t, 1H), 7.70 (dd, , 2H), 7.33 (dd, J = 6.0, 3.1, 2H). 

Yield of product: 80%, 

3i: 2-(pyridine-2-yl)-1H-

benzo[d]imidazole 

 

1H NMR (500 MHz, DMSO-D6) δ 13.02 (s, 1H), 8.65 (d, 1H), 8.30 (d, 

1H), 8.05 (td, 1H), 7.70 (d, 1H), 7.54-7.45 (m, 2H), 7.25-7.20 (m, 2H). 

Yield of product: 78%, 

3j: 1H-benzo[d]imidazole 

 

 

1H NMR (500 MHz, DMSO-D6) δ 8.9 (s, 1H), 7.98-7.74 (m, 2H), 7.52 

(d, 2H), 7.23 (s, 1H). 

13C NMR (125 MHz, DMSO-D6) δ 162.34, 152.25, 147.02, 132.45, 

129.71, 123.85, 120.01. 

Yield of product: 79%. 
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3.10. 1H NMR and 13C NMR spectra of product 

 

 

 

Figure 3.3. 1H NMR and 13C NMR spectra of the product 3a. 
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