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An environmentally benign and highly catalyst-substrate controlled synthesis of 1,2-disubstituted and 

2-substituited benzimidazoles with outstanding selectivity has been developed through grinding a 

mixture of o-phenylenediamines, suitable aldehydes and catalyst imidazolium trifluoroacetate protic 

ionic liquid. The newly developed metal-free catalysis approach produced 1,2-disubstituted 

benzimidazoles from aromatic aldehydes bearing electron donating group, whereas aromatic 

aldehydes possessing electron withdrawing groups and aldehydes bearing 2-alkoxy substitution 

selectively furnished 2-substituted benzimidazoles and their chiral analogues. Low energy 

consumption, short reaction time and solvent-free synthesis make this methodology green and provide 

useful contribution to the existing procedures available for the synthesis of benzimidazole derivatives.  

 

The growing public sentiment in support of our environment, the focus of the academy and 

industry has shifted to reduce or eliminate the use of volatile organic solvents during manufacturing 

and processing. The scope of green chemistry considers the environmental, health and safety problems 

associated with modern chemical manufacturing processes and legal instruments. It also considers 

some of the underlined principles and concepts that should underpin chemistry and chemical 

manufacturing in the future. To meet such demands at present day organic synthesis has been driven to 

reduce or eliminate the toxic and volatile organic solvents that are widely used in huge quantity in 

organic synthesis because they are posed serious threat to the environment. Therefore, to keep our 

mother nature clean and sustainable for future generation, the development of efficient and 

environmentally benign synthetic strategies is the prime task to the organic chemists of academic and 

industrial settings. Thus, over the last few decades tremendous efforts have been devoted towards the 

exploration of eco-friendly methodology both in academia and industry. Volatile, toxic and hazardous 

organic and inorganic reagents are continuously being replaced either the use of solvent-free 

techniques,1 ionic liquids,2 water media,3 phase transfer catalysts,4 microwave irradiations5 or ball-

milling process.6 Consequently solvent-free as well as metal-free catalytic reactions have tremendous 

potential and received considerable attention in the area of green synthesis. Thus use of grindstone 

chemistry7 is desirable for synthesis of desired functional molecules through simple mixing of the 
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precursors and nonmetallic catalyst with much faster reaction rate and selectivity under benign 

reaction conditions. In recent times much attention has been focussed on organic transformation 

promoted by ionic liquids at ambient temperature because of their potential advantages to operate 

under environmentally benign conditions. We and others have reported several strategies for organic 

synthesis catalyzed by protic ionic liquids (PILs) with high performance.8 

Heterocycles are predominant among all types of pharmaceuticals, agrochemicals, veterinary 

products, sensors and materials.9 For instance benzimidazole is one of the fundamental structural units 

of pharmaceutical industry, agricultural, electronic, polymer science and technology.10 Owing to the 

immense importance and wide range of bioactivities of compounds-bearing benzimidazole motif, 

efforts have been made to synthesize libraries of compounds and screened them for potential 

pharmaceutical properties. Thus benzimidazole has been considered as one of the most important and 

privileged structure in medicinal chemistry, encompassing a plethora of useful biological activities.11 

Benzimidazoles play a unique role in drug discovery programs because of their wide spectrum of 

bioactivities, such as anticancer, antihypertensive, anthelmenthic, antiprotozoal, antimicrobial, 

antioxidant, antiinflammatory and analgesic activity.12 The benzimidazole ring containing molecules 

are also exhibited significant activity against several viruses13 such as HIV, influenza and human 

cytomegalovirus. In addition they are important intermediates in many organic reactions9 and acts as 

ligand to transition metals for modeling biological systems.14 These impressive biological and physical 

properties of the privileged benzimidazole nucleus has prompted us to develop a new selective 

approach for preparing these important compounds. Presently the design, development, and utilization 

of efficient and environmentally benign synthetic processes have become the conscientious choice of 

synthetic chemists due to tight legislation and environmental issues. An attractive metal-free strategy 

is desirable to design and develop that can also simplify reaction procedure, product purification, 

improves synthetic efficiency, and reduces consumption of toxic solvents as well as their disposal. 

Consequently the potential harmful impact of various chemicals and metals on the environment is 

minimized and sustainability is improved.  

Usually two protocols for the synthesis of benzimidazoles are commonly used: one of them is 

the coupling of o-phenylenediamines (OPDs) with carboxylic acids or their activated derivatives16 and 

the second route involves the oxidative cyclocondensation of o-phenylenediamine with aldehydes.17 In 

addition, 1,2-disubstituted benzimidazoles can also be accessed by direct one-step condensation of 

OPDs with aldehydes under the influence of different acid catalysts.18 Although some of these 
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methods are quite satisfactory, many of these processes suffer from serious limitations, such as drastic 

reaction conditions, low yields, tedious work up and co-occurrence of several side-reactions and 

disposal issues. Moreover, several of these reactions were carried out with high energy consumption 

and employed costly reagents. Recent synthesis of 2-aryl-1-arylmethyl-1H-benzimidazoles was 

developed by the condensation of aromatic aldehydes and OPDs using 1-butyl-imidazolium 

tetrafluoroborate as promoter19 and 2-aryl-1H-benzimidazole using 1-methyl-3-pentylimidazolium 

tetrafluoroborate, [pmim]BF4,17b but these reactions work at high temperature with large amount of 

ionic liquid (2 mL/mmol of substrate!), which was difficult to recycled. Moreover preparation of 

tetrafluoroborate based protic ionic liquid is difficult since HBF4 is available only as 40-50% aqueous 

solution that creates problems in isolation and purification process.  Ranu et al. showed17b that small 

differences in the structure of ionic liquids have great influence in the outcome of the selectivity of the 

reaction.17b As a part of our ongoing programme to design and develop solvent-free and metal-free 

strategy for organic synthesis, 8a-d we were interested to observe the effect of PILs as catalyst for 

synthesis of both the 1,2-disubstituted (3, path a, Scheme 1) and 2-substituted benzimidazoles (4, path 

b, Scheme 1) with high selectivity. Herein direct syntheses of the two classes of benzimidazoles were 

investigated by the reaction of o-phenylenediamines and suitable aldehydes in presence of 

imidazolium trifluoroacetate PIL catalysts (2-10 mol%) under solvent-free grindstone approach. 

 

 

       Scheme1: PIL catalysed selective synthesis of benzimidazoles with varied precursors  

 

We have synthesized three PILs namely 1-butylimidazolium trifluroacetate (I), 1-butyl-2-

methyl limidazolium trifluroacetate (II) and 1-butyl benzimidazolium trifluoroacetate (III) by adding 

trifluoroacetic acid to the corresponding N-butylated imidazole/benzimidazole derivative8d,20 in 

dichloromethane (Figure 1) for investigating the selective cyclocondensation catalysis. The potential 

catalysts were dried under vacuum in order to remove any traces of trifluoroacetic acid present in it 

and fully characterized by spectroscopic techniques. The PILs have shown tremendous ability 
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activating various functional groups8 including aldehydes for highly selective organic transformations 

under metal-free conditions.  
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 Figure 1: Synthesized protic ionic liquids for catalysis   

Initially one experiment was conducted in absence of PIL using OPD and benzaldehyde of one 

mmol each at ambient temperature under inert atmosphere. After 48 h of stirring a thick mass (Table 

1, entry 1) was obtained showing a complex mixture of products, which was detected in thin layer 

chromatography (TLC). The column chromatographic separation of the mass has shown formation of 

none of the desired products (3a, 4a, Table 1). Next the reaction was carried out with 10 mol% of PIL-

I taken in a mortar pestle with occasional grinding. The 1,2-disubstituted product 3a (1-benzyl-2-

phenylbenzimidazole) was obtained in 41% yield along with the unreacted starting material OPD 

(~33%) after 2 h (entry 2). However the other precursor benzaldehyde was consumed completely 

(TLC) in this experiment. On treatment of 2.2 mmol of benzaldehyde with 1.0 mmol of o-

phenylediamine (OPD) the cyclocondensation reaction was complete in 2 h and the yield was 

improved to 85% (entry 3). The di-substituted product 3a was found as a sole product, which is in very 

good agreement with the results obtained by Wang and colleagues19 using imidazolium 

tetrafluoroborate ionic liquid in large excess under heating conditions (70 oC). Surprisingly it was 

found that there is no influence of molecular oxygen on the cyclocondensation process because it 

smoothly produced desired product in presence or absence of oxygen (entries 3, 4). On use of the PIL-

II and PIL-III (Figure 1) under the similar reaction conditions the heterocycle 3a (entries 5, 6) was 

produced in comparable yields (87% and 80% respectively). We continued optimization of the 

reaction with the most efficient catalyst PIL-II. Gratifyingly the reaction was successfully optimized 

(entries 7-10) with only 2 mol% of the PIL-II producing the 1,2-disubstituted product 3a with 85% 

yield (entry 9).   
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    Table 1: Comparison of reaction results using different PIL 

 

Entry OPD : PhCHO 
(mmol) 

PIL catalyst         
(mol%) 

Time (h) Conversion 
(%) 

Yield (%)a 

(3a) 
1 1:1 Nil 48 75  Mixturec 

2 1:1 I (10) 2 100 41b,c 
3 1:2.2 I (10) 2 100 83c 
4 1:2.2 I (10) 2 100 83d 
5 1:2.2 II (10) 2 100 87c 
6 1:2.2 III (10) 2 100 80c 
7 1:2.2 II (5) 2 100 87c 
8 1:2.2 II (3) 2 100 86c 
9 1:2.2 II (2) 4 100 85

c
 

10 1:2.2 II (1) 24 90 75c 
         a yield was calculated on the basis of isolated pure product; breaction was performed  
      in open air using mortar and pestle; c33% starting material recovered; dstirring carried  
      out under inert argon atmosphere. 

 

The scope of the cyclization process was successfully investigated by using large varieties of 

aromatic aldehydes-bearing electron releasing and highly sensitive functionalities such as -OH, -OMe, 

and -NMe2 under solvent-free grindstone conditions (Scheme 2). In all cases the nonmetallic catalyst 

efficiently furnished 1-arylmethyl-2-aryl substituted benzimidazoles (3b-i) as exclusive products at 

ambient temperature with high yield (70-90%) and fast reaction rate (0.5-2.0 h). The OPD possessing 

–COOH (R1, Scheme 1, path a) functional group also reacted in the same fashion with benzaldehyde 

to afford corresponding 1,2-disubstituted benzimidazole (3f)  in 2 h with high yield (75%), whereas 

the reaction was unsuccessful with o-phenylenediamine bearing strongly electron withdrawing 4-nitro 

substituent. The reaction of strongly electron releasing indole-3-carboxaldehyde with OPD is not 

addressed by most of the existing methods. In our protocol it smoothly produced the desired 1,2-

disubstitute benzimidazole 3i in 90% yield after purification by crystallization from methanol-water.     

Surprisingly on use of aldehydes bearing electron withdrawing substituents such as halogen 

and nitro groups the powerful catalyst guided the reaction towards formation of the other possible 

product 2-arylbenzimidazoles (4, Table 2, entries1-5) in excellent yield (72-85%). Next we turned our 
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attention to use sugar-based aldehydes for synthesis of valuable chiral benzimidazoles.21 On treatment 

of 3-O-benzyl-1,2-O-isopropylidenexylose-5-carboxaldehyde or O-allyl-1,2-O-isopropylidenexylose-

5-carboxaldehyde only corresponding 2-substituted benzimidazoles  were furnished in 77% and 65% 

yield respectively (4f, g, entries 6, 7). Surprisingly no 1,2-disubstituted benzimidazoles were detected 

in both the cases. Herein alkoxy substituents present at β-position might play a vital role along with 

the catalyst PIL-II for controlling selectivity towards construction of the outcome. Thus we have 

synthesized different alkoxy aldehydes using salicylaldehyde through alkylation under basic 

conditions and successfully used for synthesis of the functionalized benzimidazoles. In each case, 2-

substituted benzimidazole derivatives were accomplished exclusively in very good yield even if excess 

aldehyde is employed (4h-j, entries 8-10). There was almost no discrimination in reaction rate and 

yield using aldehydes possessing 2-allyloxy, 2-benzyloxy and 2-butyloxy substituents using the 

powerful catalyst PIL-II. 
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        Scheme 2: Highly selective synthesis of 2-aryl-1-arylmethyl-1H-1,3-benzimidazoles 
 

Literature search reveals that in a similar reaction presence or absence of oxygen sometimes 

makes the difference.17b, 19 Usually presence of oxygen favours formation of 2-substituted 

benzimidazole and absence of oxygen leading to 1,2-disubstituted benzimidazole using excess 

aldehydes. It was speculated22 that both the -NH2 groups of OPD react with aldehydes to form 
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dibenzimidine A, which on cyclisation generates intermediate C, and subsequent 1,3-hydride shift 

produces 1,2-disubstituted benzimidazoles. In our experiments PIL-II is expected to activate aldehyde 

first and rapidly performs condensation with one of the –NH2 groups of OPD to form A, which on ring  

 

Table 2: Selective synthesis of 2-substituted benzimidazoles 

Entry Aldehyde Product Time (h) Yield (%) 
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closing followed by hydride shift furnished 3 as the sole product (eq. 1, Scheme 3). Indeed we have 

recorded FTIR spectrum of an equimolar mixture of p-methoxy benzaldehyde and PIL-II, immediate 

lowering of carbonyl stretching frequencies (~21cm-1) was observed. It supports our hypothesis 

regarding first role of PIL-II as an activator to the carbonyl functionality of aldehydes. 

      Under the reaction conditions bis-imine (A, eq. 1) formation with aromatic aldehydes possessing 

electron with-drawing group might be disrupted by the powerful PIL-II catalyst and the second amino 

group of monoimine (B, eq. 2) is allowed for ring closing to construct dihydrobenzimidazole-PIL-II 

intermediate (D).23 Subsequent release of PIL-II.H leading to synthesis of 2-substituted 

benzimidazoles (4). We performed another experiment using 2-chlorobenzaldehyde and OPD in the 

presence of 5 mol% of PIL-II under N2 atmosphere, we were pleased to observe that only 2-(2-

chlorophenyl) benzimidazole (4a) was formed after 1 h at room temperature in 72% yield (Table 2, 

entry 1). A possible mechanism to explain the exclusive formation of the 2-disubstituted 

benzimidazoles from the reaction between OPD and 2-alkoxy aldehyde is depicted in eq. 3 (Scheme 

3). Presumably, -NH2 group of OPD attack PIL-II activated aldehyde forming imine (E), which is 

arrested immediately after its formation via hydrogen bonding and immediately undergoes ring closing 

to dihydrobenzimidazole F followed by aromatization to afford 2-substituted benzimidazoles (4).  

 

     Scheme 3: Mechanistic rationale of PIL-substrate controlled selectivity to benzimidazoles  
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Herein disfavouring to bis-imine formation (like A, eq. 1) due to steric congestion (E and F, eq. 3) 

could not be avoided.  Our attempts to capture E and/or F intermediate were failed. However the 

crystal structure of compound 4j24 (entry 10, Table 2) clearly indicated the presence of strong 

hydrogen bond between benzimidazole NH and side chain oxygen atom (panel a, Figure 2). The 

reaction of either imine (E) or aminal (F) with second molecule of aldehyde is rather impossible due 

the participation of hydrogen bond with alkoxy oxygen at the 2-position. The hydrogen bonding leads 

to formation of an assembly of 4j (panel b), which is an important property of the molecule towards 

generation of valuable self-aggregated organic material.    

 

 

 

                Figure 2: Single crystal structure and crystal packing of 4j 

 

In conclusion, the present procedure provides a very simple, fast and eco-compatible 

methodology for cyclocondensation of aromatic-1,2-diamines and suitable aldehydes using grindstone 

chemistrythe towards synthesis of 2-aryl-1-arylmethyl benzimidazoles and 2-aryl benzimidazoles with 

outstanding selectivity. Herein we have demonstrated that the aromatic aldehydes bearing ‘no’ or 

‘electron releasing substituents’ favour 1,2-disubstituted benzidazoles whereas aromatic aldehydes 

a 

b 
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with ‘electron withdrawing substituents’ or 2-alkoxy aldehydes favour 2-substituted benzimidazoles . 

Easy accessibility of protic ionic liquid catalyst (II), shorter reaction time, solvent-free medium and 

high yield of the products makes this method very green. To the best of our knowledge this is the first 

report for the substrate-PIL controlled highly selective annulation of aldehydes and o-

phenylenediamines to valuable 1,2-disubstituted and 2-substituted benzimidazoles and their chiral 

analogues at ambient temperature using grindstone chemistry. 

 

General experimental procedure: A mixture of o-phenylenediamine (10 mmol), aromatic aldehyde 

(22 mmol), and protic ionic liquid (5 mol%) was grinded by means of mortar and pastel at room 

temperature. The reaction was monitored by TLC. After completion of the reaction the residue was 

poured on crushed ice and the solid was filtered washed thoroughly with water. The product was re-

crystallized from ethanol-water to obtain the pure product. For the products displayed in Table 2, 1.2 

mmols of aldehyde were used with respect to o-phenylenediamine. The structures of the products were 

confirmed through analysis of FTIR, NMR spectral data and were compared with the melting point 

reported in literature. All new compounds were fully characterised by FTIR, 1H and 13C NMR and 

HRMS spectral data (ESI). 

 

Acknowledgement 

One of the authors M. C. is thankful to Council of Scientific & Industrial Research (CSIR), Govt. 

of India for providing fellowship.  

References:  

1. K. Tanaka, Solvent-Free Organic Synthesis. Weinheim, Germany, Wiley-VCH Verlag GmbH & 

Co., 2003. 

2. V. I. Parvulescu and C. Hardcare, Chem. Rev., 2007, 107, 2615. 

3. U. Lindström, Chem. Rev., 2002, 102, 2751. 

4. V. N. Vasudevan and V. S. Rajender, Green Chem., 2001, 3, 146. 

5. (a) C. O. Kappe, Angew. Chem. Int. Ed. 2004, 43, 6250; (b) A. Loupy in Microwaves in organic 

synthesis, 2nd edition, 2006, Wiley-VCH ;  (c) A Hoz de la, A. Dfaz, A. Moreno, Chem. Soc. Rev., 

2005, 34, 164; (d) R. S. Varma, Green Chem., 1999, 1, 43. 

Page 10 of 13RSC Advances



11 

 

6. (a) In Ball Milling Towards Green Synthesis: Applications, Projects, Challenges, ed. A. Stolle and 

B. C.  Ranu; RSC Green Chemistry book series, 2014, DOI: 10.1039/9781782621980-00001; (b) 

G. Kaupp,; M. R. Naimi-Jamal, V. Stepanenko, Chem. Eur. J. 2003, 9, 4156; (c) J. Z, Gao; J.-J. 

Xia, G.-W. Wang, Org. Biomol. Chem. 2005, 3, 1617; (d) V. P. Balema, J. W. Wiench, M. Pruski, 

V. K. Pecharsky, J. Am. Chem. Soc. 2002, 124, 6244; (e) E. Tullberg, F. Schacher, D. Peters and T. 

Frejd, Synthesis. 2006, 1183; (f) N. Mukherjee, T. Chatterjee, B. C. Ranu, J. Org. Chem. 2013, 78, 

11110. 

7. (a) F. Toda, Acc. Chem. Res., 1995, 28, 480; (b) Rateb, M.  Nora, H.  F.  Zohdi, Synth. Commun., 

2009, 39, 2789; (c) A. Khaskel,   P. Gogoi,  P. Barman and  B. Bandyopadhyay, RSC Adv., 2014, 4, 

35559. (d) A. K. Bose, S. Pednekar, S. N. Ganguly, G. Chakraborty and M. S. Manhas, 

Tetrahedron Letts., 2004, 45, 35559; (e) L. Saikia, J. M. Baruah, A. J. Thakur, Org. Med. Chem. 

Lett. 2011, 1:12. 

8. (a) A. R. Hajipour and F. Rafiee, Org. Prep. Proc. Int., 2010, 42, 285; (b) S. Sahoo, T. Joseph and 

S. B. Halligudi, J. Mol. Catal. A: Chem., 2006, 244, 179; (c) J.-P. Belieres and C. A. Angell, J. 

Phys. Chem. B, 2007, 111, 4926; (d) S. Majumdar, M. Chakraborty, D. K. Maiti, S. Chowdhury and 

J. Hossain, RSC Adv., 2014, 4, 16497; (e) S. Majumdar, J. De, J. Hossain and A. Basak, 

Tetrahedron Lett., 2013, 54, 262; (f) S. Majumdar, J. De. A. Chakraborty and D. K. Maiti, RSC 

Adv., 2014, 4, 24544; (g) S. Majumdar, J. De, A. Pal, I. Ghosh, R. K. Nath,  S. Chowdhury, D. Roy 

and D. K. Maiti, RSC Adv., 2015, 5, 24681.  

9. In Fundamental of heterocyclic compounds, ed. L. D. Quin and J. Tyrell, 1st Edition, 2010, Wiley-

Interscience; (b) in The chemistry of heterocycles, eds. T. Eicher and S. Hauptmann, 2nd edition 

2003, Willey-VCH. 

10. (a) P. C. Tway and L. J. C. Love, J. Phys. Chem. 1982, 86, 5223; (b) P. Choudhury, S. Panja, A. 

Chatterjee, P. Bhattacharya and S. J. Chakravorti, Photochem. Photobiol. A 2005, 173, 106; (c) Y. 

Wu, P. V. Lawson, M. M. Henary, K. Schmidt, J.-L. C. J. Bredas, Fahrni, J. Phys. Chem. A 2007, 

111, 4584; (d) P. Chaudhuri, B. Ganguly and S. Bhattacharya, J. Org. Chem. 2007, 72, 1912; (e) A. 

Sannigrahi, D. Arunbabu, R. M. Sankar, T. Jana, Macromolecules 2007, 40, 2844; (f) W. H. Wong, 

M. S. Vickers, A. R. Cowley, R. L. Paul and P. D. Beer, Org. Biomol. Chem. 2005, 3, 4201; (g) N. 

Singh and D. O. Jang, Org. Lett. 2007, 9, 1991.  

11. (a) J. E. Payne, C. Bonnefous, K. T. Symons, P. M. Nguyen, M. Sablad, N. Rozenkrants, Y. Zhang, 

L. Wang, N. Yazdani, A. Shiau, S. A. Noble, P. Rix, T. S. Rao, C. A. Hassig and N. D. Smith, J. 

Page 11 of 13 RSC Advances



12 

 

Med. Chem., 2010, 53, 7739; (b) H. Al Muhaimeed, J. Int. Med. Res. 1997, 25, 175; (c) L. J. Scott, 

C. J. Dunn, G. Mallarkey, M. Sharpe, M. Drugs 2002, 62, 1503; (d)  H. Nakano, T. Inoue,  N. 

Kawasaki, H. Miyataka, H. Matsumoto, T. Taguchi, N. Inagaki, H. Nagai and T. Satoh, Bioorg. 

Med. Chem. 2000, 8, 373. 

12. (a) M. L. L. Rodriguez, B. Benhamu, A. Viso, M. J. Morcillo, M. Murcia, L. Orensanz, M. J.  

Alfaro and M. I. Martin, Bioorg. Med. Chem., 1999, 7, 2271; (b) D. A. Horton, G. T. Bourne and 

M. L. Sinythe, Chem. Rev. 2003, 103, 893; (c) M. Alamgir, St. C. D. Black and N. Kumar, Top. 

Heterocycl. Chem. 2007, 9, 87; (d) H. Goker, G. Kus, D. W. Boykin, S. Yildiz and N. Altanlar, 

Bioorg. Med. Chem., 2002, 10, 2589; (e) D. Kumar, M. R. Jacob, M.B. Reynolds and S. M. 

Kerwin, Bioorg. Med. Chem., 2002, 10, 3997; (f) H. Göker, S. Özden, S. Yõldõz and D. W. 

Boykin, Eur. J. Med. Chem. 2005, 40, 1062. 

13.  (a) A. R. Porcari, R. V. Devivar, L. S. Kucera, J. C. Drach and L. B. Townsend, J. Med. Chem., 

1998, 41, 1252; (b) Z. Zhu, B. Lippa, J. C. Drach and L. B. Townsend, J. Med. Chem. 2000, 43, 

2430; (c) T. Rath, M. L. Morningstar, P. L. Boyer, S. M. Hughes, R. W. Buckheitjr and C. J. 

Michejda, J. Med. Chem. 1997, 40, 4199; (d) M. T. Migawa, J. L. Girardet, J. A. Walker, G. W. 

Koszalka, S. D. Chamberlain, J. C. Drach and L. B. Townsend, J. Med. Chem. 1998, 41, 1242; (e) 

J. Mann, A. Baron, Y. Opoku-Boahen, E. Johansson, G. Parkinson, L. R. Kelland and S. Neidle, J. 

Med. Chem. 2001, 44, 138. 

14. (a) X. Wang, Z. Quan, F. Wang, M. Wang, Z. Zhang and Z. Li,  Synth. Commun. 2006, 36, 451; (b) 

J. P. Kilburn, J. Lau and R. C. F. Jones, Tetrahedron Lett. 2000, 41, 5419; (c) D. Tumelty, K. Cao 

and C. P. Holmes, Org. Lett. 2001, 3, 83; (d) D. Vourloumis, M. Takahashi, K. B. Simonsen,  B. K. 

Ayida, S. Barluenga, G. C. Winters and T. Hermann, Tetrahedron Lett. 2003, 44, 2807; (e) A. 

Mazurov, Bioorg. Med. Chem. Lett., 2000, 10, 67; (f) Z. Wu, P. Rea and G. Wickham, Tetrahedron 

Lett. 2000, 41, 9871. 

15. T. D. Penning, G-D. Zhu, V. B. Gandhi, J. Gong, X. Liu, Y. Shi, V. Klinghofer, E. F. Johnson, C. 

K. Donawho, D. J. Frost, V. Bontcheva-Diaz, J. J. Bouska, D. J. Osterling, A. M. Olson, K. C.  

Marsh, Y. Luo and V. L. Giranda, J. Med. Chem., 2009, 52, 514. 

16. (a) M. M. Heravi, S. Sadjadi, H. Oskooie, R. H. Shoar and F. F. Bamoharram, Catal. Commun. 

2008, 9, 504; (b) M. Dudd, E. Venardou, E. Garcia-Verdugo, P. Licence, A. J. Blake, C. Wilson 

and M. Poliakoff,  Green Chem., 2003, 5, 187. 

Page 12 of 13RSC Advances



13 

 

17. (a) L. Allen and J. M. J. Williams, Chem. Soc. Rev., 2011, 40, 3405; (b) D. Saha, A. Saha and B. C. 

Ranu, Green Chem. 2009, 11, 733.  

18. (a) A. Pramanik, R. Roy, S. Khan, A. Ghatak and S. Bhar, Tetrahedron Lett. 2014, 55, 1777; (b) K. 

Bahrami, M. M. Khodaei and F. Naali, Synlett, 2009, 569. (c) P. Sun and Z. Hu, J. Heter. Chem., 

2006, 43, 2006, 773; (d) C. Mukhopadhyay and P. K. Tapaswi, Tetrahedron Lett., 2008, 49, 6237; 

(e) S. Senthilkumar and M. Kumarraja, Tetrahedron lett., 2014, 55, 1971; (f) K. Bahrami, M. M. 

Khodaei and A. Nejatia, Green Chem., 2010, 12, 1237.  

19. H. Ma, Y. Wang, J. Li and J. Wang, Heterocycles 2007, 71, 135. 

20.  (a) G. Zhao, T. Jiang, H. Gao, B. Han, J. Huang and D. Sun, Green. Chem., 2004, 6, 75; (b) S-H, 

Chen, Q. Zhao and X-W, Xu, J. Chem. Sci., 2008, 120, 481; (c) S. Sunitha, S. Kanjilal, P. S. Reddy 

and R. B. N. Prasad, Tetrahedron Lett., 2008, 49, 2527. 

21. D. K. Maiti, S. Halder, P. Pandit, N. Chatterjee, D. De Joarder, N. Pramanik, Y. Saima, A. Patra 

and P. K. Maiti,  J. Org. Chem. 2009, 74, 8086. 

22. (a) R. G. Jacob, L. G. Dutra, C. S. Radatz, S. R. Mendes, G. Perin and E. J. Lenardão, Tetrahedron 

Lett., 2009, 50, 1495; (b) H. A. Oskooie, M. M. Heravi, A. Sadnia, F. K.  Behbahani and F. Jannati, 

Chin. Chem. Lett., 2007, 18, 1357; (c) V. Ravi, E. Ramu, K. Vijay and A. S. Rao, Chem. Pharm. 

Bull., 2007, 55, 1254; (d) R. Varala, A. Nasreen, R. Enugala and S. R. Adapa, Tetrahedron Lett., 

2007, 48, 69. 

23. K. N. Zelenin, I. V. Ukraintsev and V. V. Alekseev, Chem. Heter. Comp. 1998, 34, 329. 

24. Crystallographic data for 4j reported in this communication have been deposited with the 

Cambridge Crystallographic Data Centre (CCDC no. 1062843). 

 

 

Page 13 of 13 RSC Advances


