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ABSTRACT 
 

CHEMICAL SYNTHESIS AND BIOLOGICAL EVALUATION OF 

BENZIMIDAZOLES AS CHEMOTHERAPEUTICS 

 
                                                                                  Leonard Barasa  

 
 

 Nitrogen-containing heterocycles are among the most important structural motifs 

of chemical substances, which are well represented among natural products, and 

pharmaceuticals. The presence of nitrogen in heterocycles help to modulates 

physicochemical properties and the pKa profile of therapeutic leads. 

Benzimidazole is a heterocyclic structure and a privileged scaffold that is routinely 

used during drug discovery efforts. The benzimidazole scaffold has structural similarity to 

purine which makes it a useful structural motif for the development of pharmaceutical or 

biological interesting molecules. Benzimidazole derivatives possess a wide variety of 

biological activities, including anti-bacterial, anti-cancer, and anti-inflammatory activities. 

Development of synthetic methods to access benzimidazoles have become a focus of 

synthetic organic chemists, as they are useful building blocks for drug discovery efforts. 

We have developed two new synthetic methodologies to access benzimidazoles and one 

new method to chemo-selectively alkylate indole-benzimidazole scaffold. We used these 

synthetic methodologies to synthesize new, drug-like benzimidazole compounds and 

evaluated their anticancer activity, and their ability to modulate Bone Morphogenetic 

Proteins (BMPs).  

Our results indicate that several indole-based, lipid-based, and bis- benzimidazoles 

exhibit promising anticancer activity against several cancer cell lines. A new class of bis-



benzimidazoles, show topoisomerase II inhibitory activity. In addition, substituted aryl 

benzimidazoles have been identified as new class of small molecules with promising BMP 

receptor agonistic activity, where they stimulated downstream cascade canonical Smad-

signaling pathways in C2C12 cells. Our findings suggest that further development of these 

scaffolds could provide drug leads towards new chemotherapeutic agents and a new class 

of small molecule activators of BMP signaling pathway for the treatment of bone-fracture. 
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CHAPTER I. INTRODUCTION 

1.1 Nitrogen-Containing Heterocycles 

Nitrogen-containing heterocycles are the building blocks of life. They are the key 

constituents of both DNA and RNA.1 Nitrogen-containing heterocycles are among the most 

important structural motifs of chemical substances, which are well represented among 

natural products, key component of biologically active structures and among the most 

significant structural components of pharmaceuticals.2–8 The presence of nitrogen in 

heterocyclic motifs help to modulates the physicochemical properties and the pKa profile   

of therapeutic leads.7,9 Nitrogen-containing heterocycles (Figure 1.1), in light of their 

importance, have drawn considerable attention of researchers and their synthesis has 

always been a topic of interest to organic and medicinal chemists. 

 

Figure 1.1 Structures of common nitrogen-containing heterocycles. 

 

1.2 Benzimidazole: A Privileged Pharmacophore 

Benzimidazole is a heterocyclic aromatic organic compound. It is an important scaffold 

and a privileged structure that is routinely used in drug discovery.10 Benzimidazole core 
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(5, Figure 1.1) is bicyclic in nature that consists of a fused benzene and an imidazole rings. 

The heterocyclic benzimidazole scaffold has structural similarity to purine (7, Figure 1.1) 

which makes it a useful structural motif for the development of molecules of 

pharmaceutical or biological interest.2,3 Benzimidazole derivatives possess a wide variety 

of biological activities,10–29 including anti-bacterial,30–40 anti-HIV,41 anti-cancer,42–54 

analgesic,55 anti-inflammatory activities,56 anti-ulcer,57 acetylcholinesterase inhibitors,58 

anti-tubercular,59 anti-viral agent,60 anthelmintic,61–64 anti-malarial agent,65 and anti-

hypertensive activities.66 In addition, chemotherapeutic leads containing benzimidazole 

core are known to target several biological molecules, including topoisomerases, nucleic 

acids (DNA), polyADP ribose polymerase (PARP), microtubule, epidermal growth factor 

receptors (EGFR), protein tyrosine kinases, and protein tyrosine phosphatases.12,67–70 The 

benzimidazole nucleus is used as a drug lead and many benzimidazole drugs are in the  

market domain with Triclabendazole71 (12) being the latest benzimidazole derivative drug 

to be approved by the FDA in the year 2019 for the treatment of fascioliasis (Figure 1.2). 

 

Figure 1.2 Marketed drugs with benzimidazole scaffold. 
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1.3 Synthetic limitations to access benzimidazoles 

Development of synthetic methods to access benzimidazoles have become a focus of 

synthetic organic chemists, as they are useful building blocks for drug discovery efforts.72 

Various synthetic approaches are employed to generate structurally diverse benzimidazoles 

to better understand SAR and optimize the desired medicinal properties of drug leads.73–90 

One of the common synthetic approaches employed to access benzimidazoles involves 

condensation-dehydration sequence of an o-phenylenediamine with an aldehyde 

substrate72,87,91,92 in the presence of a catalyst or a promoter. Another classical approach 

involves reaction of an o-phenylenediamine with a carboxylic acid substrate under forcing 

conditions, in the presence of a mineral acid or acetic acid, and under refluxing 

temperatures.93 Other recent methods for the preparation of benzimidazole derivatives have 

focused on the use of transition metal-catalysts.91,92,94–108  

 

The classically used approach (Phillip's method)109 involves the condensation of an o-

phenylenediamine with carboxylic acids or its derivatives, including heating the reagents 

together in the presence of aqueous hydrochloric acid (Scheme 1.1). Although effective, 

this method is limited to structurally simple substrates that can withstand the acidic medium 

at high temperatures. 

 

Scheme 1.1 A most commonly used synthetic method of benzimidazoles. 
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Due to the harsh reaction condition, the classical method shows very limited substrate 

scope, and cannot tolerate sensitive functional groups. In addition, limited availability of 

aldehyde substrates often hinders the application other available methods during medicinal 

chemistry efforts. Owing to the limited synthetic utility of existing methods, we envisioned 

developing a mild, functional group tolerant method for accessing diverse class of 

benzimidazole synthons (Scheme 1.2). In our proposed strategy, the substrates containing 

carboxylic acid are coupled with 1,2-diaminobenzene derivatives using standard 

carbodiimide-based coupling conditions and then the amide precursor is converted into the 

benzimidazoles via a dehydrative cyclization step under a mild reaction condition.  

 

 

Scheme 1.2. Proposed one-pot, two step synthesis of benzimidazole derivatives 

 

1.4 Synthetic limitation to N-alkylated 2-indolylbenzimidazoles 

 Indolylbenzimidazole, a hybrid benzimidazole derivative has emerged as an important 

scaffold during drug discovery efforts. N-alkylated indolylbenzimidazole scaffolds with 

different N-alkylation pattern have been found to be promising anticancer agents,110 anti-

bacteria agents,38 and highly effective reversible inhibitors of protein arginine deiminase 4 

(PAD4, Figure 1.3).111–113 PAD4 enzyme mediates the transformation of protein arginine 

into citrulline.112 Citrullination of proteins has normal roles in gene regulation and 

pathological roles in immunological and inflammatory diseases. 
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Figure 1.3 Structures of PAD4 inhibitors. 

N-alkylation of indoles or benzimidazoles is typically carried out with strong bases, such 

as potassium hydroxide. Such reagents that cannot differentiate the reactivity of an indole, 

benzimidazole or any other reactive functional groups within a complex molecule.37,110,114 

This reactivity profile makes it nearly impossible to chemo-selectively alkylate indolyl-

benzimidazole hybrids. N-alkylation of indolyl-benzimidazoles generally involves the 

separate N-alkylation of an indole’s or benzimidazole’s nitrogen prior to joining the two 

nuclei to form indolyl-benzimidazole hybrid structures (Scheme 1.3).37,110 Such strategies 

require a series of protecting group manipulations and are deemed less economical. Other 

available methods for N-alkylation of heterocycles have typically focused on the use of 

ionic-liquids, other surfactant-type additives or metal catalyzed construction of 

heterocycles.115–118  
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Scheme 1.3. Separate N-alkylation of indole (20) and benzimidazole (21) motifs. 

We envision developing a simple chemical method to chemo-selectively alkylate the 

indolylbenzimidazole scaffold. The method is a late-stage alkylation and takes advantage 

of the pKa differences between the indolyl-nitrogen and the benzimidazole nitrogen. 

 

1.5 Benzimidazoles as Anti-Cancer Agents 

1.5.1 Cancer and Current Treatment Options 

Cancer is a major public health problem worldwide and is the second leading cause of 

death in the United States.119 Cancer is a group of diseases characterized by the 

uncontrolled growth and spread of abnormal cells, with the ability to spread to other parts 

of the body. If the spread is not controlled, it can lead to death.120 According to the 

American Cancer Society, approximately 21.7 million new cancer cases are expected by 

2030.121 The mainstream treatment modalities,122 chemotherapy, radiotherapy, surgery and 

immunotherapy have experienced set-backs in the hard fought battle against cancer, with 

toxicity and multidrug resistance (MDR) being the greatest stumbling blocks.123–125 
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Therefore, there is an urgent need for the development of new anti-cancer agents that 

exhibit improved efficacy and low adverse effects.  

Many different types of drugs are used to treat cancer – either alone or in combination with 

other drugs or treatment options.126 These drugs are very different in their chemical 

composition, how they are administered, how useful they are in treating certain types of 

cancer, and the side effects they exhibit.127 Chlorambucil, an alkylating agent that works 

by disrupting DNA replication process.128,129 Side effects include bone marrow 

suppression, nausea, mouth irritation, vomiting, skin reactions, hair loss, infertility, and 

diarrhea. Chlorambucil resistance in tumor cells has been reported to be secondary to: 

alterations in the transport of this agent, alterations in the kinetics of the DNA cross-links 

formed by this agent; cytoplasmic metabolism of the chloroethyl alkylating moiety to the 

inactive hydroxyethyl derivative via GSH/GST; and overexpression of metallothionein, 

which confers resistance to cis-platinum and cross-resistance to melphalan.130 5-

Fluorouracil is an antimetabolite that interfere with DNA and RNA by acting as a substitute 

for the normal building blocks of RNA and DNA.131 Side effects include nausea, vomiting, 

hair loss, persistent hiccups, mucositis, and headache. Resistance to fluoropyrimidines is a 

multifactorial event,132 which includes transport mechanisms, metabolism, molecular 

mechanisms, protection from apoptosis, and resistance via cell cycle kinetics. Etoposide is 

a topoisomerase II inhibitor,133 forms a ternary complex with DNA and the topoisomerase 

II enzyme, prevents re-ligation of the DNA strands, and by doing so causes DNA strands 

to break. Side effects include hair loss, low blood pressure, bone marrow suppression, and 

metallic food taste. Drug resistance towards Etoposide in human melanoma cells is 

associated with drug-dependent apoptosis deficiency.134 
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1.5.2 Benzimidazole-based Anti-Cancer Drugs 

Nitrogen-containing heterocyclic ring systems are employed to treat different types of 

cancer, and benzimidazole is one of them as exemplified by benzimidazole based anti-

cancer drugs135,136 such as bendamustine (22)137, is used for treatment of chronic 

lymphocytic leukemia (CLL), veliparib (23)138 is an anti-cancer PARP inhibitor, 

selumetinib (24)139 is an ATP-independent inhibitor of mitogen-activated protein kinase 

(MEK or MAPK/ERK kinase) 1 and 2,  galeterone (25)140 is a steroidal anti-androgen 

which is used for the treatment of prostate cancer, and nocodazole (26)141 is a synthetic 

tubulin-binding agent that disrupts microtubule dynamics and this prevents mitosis and 

induces apoptosis in tumor cells (Figure 1.4).  

 

   

Figure 1.4 Benzimidazole-based anti-cancer drugs. 

 

In an attempt to overcome adverse toxicity, drug-resistance and cancer-type based 

specificity, scientists are striving to find new and better anti-cancer agents.135 Since potent 
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anticancer activity is associated with benzimidazole pharmacophore, it serves as a 

promising template for the design of new anti-cancer leads. Current research efforts have 

been heavily focused on the development of 2-substituted benzimidazoles, such as 2-aryl- 

and 2-heteroaryl benzimidazoles as drug leads.12,38 Moreover, 2-substituted bis-

benzimidazoles have been reported to exhibit remarkable cytotoxicity against various 

cancer cell lines as well.12,16,142,143  

 

1.6 Benzimidazoles as Bone Morphogenetic Proteins (BMP) Modulators 

1.6.1 Bone Morphogenetic Proteins 

Bone Morphogenetic Proteins (BMPs) are a group of signaling molecules, which belong 

to the TGF-β superfamily.144,145 The bone morphogenetic protein (BMP) family of ligands 

plays important roles in a multitude of processes during embryonic development and adult 

homeostasis by regulating cellular lineage commitment, morphogenesis, differentiation, 

proliferation, and apoptosis of various types of cells throughout the body.146–148 BMPs are 

promising molecules for tissue engineering and bone therapy.149,150 Alternative strategy to 

enhance BMP signaling by use of small molecules such as benzimidazoles151 have been 

reported. The use of small molecules which are simpler to synthesize and more cost-

effective is preferred alternative to clinical use of recombinant BMPs. The recombinant 

BMPs require harmful doses to achieve efficacy and is costly to synthesize the complex 

BMPs proteins. 

Initially discovered for their ability to induce bone formation, BMPs are now known to 

play crucial roles in all organ systems.152 BMPs are important morphogens in 
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embryogenesis and development, and in maintenance of adult tissue homeostasis. Many 

processes in early development are dependent on BMP signaling for cell growth, apoptosis, 

and differentiation.153 Due to their ubiquitous expression and importance as regulators 

throughout the body, deficiency in BMP production or functionality usually leads to 

marked defects or severe pathologies.145 BMPs signal through cell surface receptor 

complexes that consist of two distinct transmembrane serine/threonine kinase receptors, 

type I (BMPRI) and type II (BMPRII) which activate downstream signaling cascades 

(Figure 1.5) in many developmental, physiological, and pathophysiological processes.154  

Intracellular signals for bone morphogenetic proteins (BMPs) and other members in the 

transforming growth factor (TGF)-β superfamily are mediated by Smad proteins.155 

Receptor-regulated Smads (R-Smads) are activated by serine/threonine kinase receptors 

upon ligand binding. R-Smads then form hetero-oligomeric complexes with a common-

mediator Smad 4 (co-Smad).156 This complex is then translocated into the nucleus to 

regulate the transcription of genes, broadly influencing growth and differentiation. Smads 

1, 5, and 8 are R-Smads activated by BMP receptors, whereas Smads 2 and 3 are activated 

by TGF-β and activin receptors.153 Smad 4 is the only co-Smad isolated in mammals and 

is shared by BMP and TGF-β/activin signaling pathways. Smads 6 and 7 are anti-Smads, 

which block signals by preventing the activation of R-Smads by serine/threonine kinase 

receptors. Anti-Smads are induced by ligand stimulation, suggesting that they constitute a 

negative feedback loop in the signal transduction pathways of the TGF-β 

superfamily.152,155–159 
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Figure 1.5. The canonical Smad-mediated and Smad-independent p38 MAPK pathways for BMP 

signal transduction are shown [Image adapted from Chenard K. E et al., J. Biomed. Biotechnol. 

2012].153 

 

1.6.2 Bone Morphogenetic Proteins in Fracture Repair 

Osteoporosis is a systemic disorder characterized as the depletion of bone mass with 

structural deterioration of bone tissue.161 This results in a decrease in bone mineral density 

(BMD) and a predisposition to fragility fractures. It is a widespread chronic metabolic 

disease of the bone162 and has been suggested to influence populations with different ethnic 

backgrounds, and the elderly are a high-risk group.163 Osteoporotic fracture presents 

biomechanically impaired healing and seriously threatens human health as the global 

population ages.164 It is reported that about 21 million males and 137 million females age 
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50 years and older around the world are at high risk of osteoporotic fracture and these 

numbers are predicted to double by 2040.165 Moreover, the World Health Organization 

predicted that half of global osteoporotic hip fractures will occur in Asia by 2050.166 

Bisphosphonates167 are the most widely used drugs for the prevention and treatment of 

osteoporosis but the main concerns limiting their use are the rare side-effects, such as a 

typical femur fractures and osteonecrosis of the jaw, and unproven efficacy after 5 years 

of treatment. Therefore, determining reasonable and effective approaches for diagnosis and 

treatment for osteoporotic fracture is of great significance. 

BMPs are unique growth factors that can induce the formation of bone tissue individually, 

and can induce the differentiation of bone marrow mesenchymal stem cells into 

osteoblastic lineage and promote the proliferation of osteoblasts and chondrocytes.168 

BMPs stimulate the target cells by specific membrane-bound receptors and signal 

transduced through mothers against decapentaplegic (Smads) and mitogen-activated 

protein kinase (MAPK) pathways. It has been demonstrated that BMP-2, BMP-4, BMP-6, 

BMP-7, and BMP-9 play an important role in bone formation and healing.179–182 However, 

BMP-based therapy for fracture healing require high doses, costly to produce, and major 

side-effects have been reported and their therapeutic use have been recently revisited.172 

 

1.6.3 Small Molecules as Inhibitors of BMPs and their Therapeutic Application 

Synthetic small molecules have been widely used to control developmental signaling 

pathways, as functional agonists or antagonists.173 Compared to recombinant proteins, 

synthetic small molecules can be more stable, easier to quantify for reproducible activity 
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and dose-response, and far less expensive to produce.173,174 To date, most of the small 

molecules discovered to regulate BMP signaling are antagonists.175 Recent work suggests 

a role for BMP signals in regulating expression of hepcidin, a peptide hormone and central 

regulator of systemic iron balance.176–178 Hepcidin binds and promotes degradation of 

ferroportin, the sole iron exporter in vertebrates. Loss of ferroportin activity prevents 

mobilization of iron to the bloodstream from intracellular stores in enterocytes, 

macrophages and hepatocytes.179 Dorsomorphin (27, Figure 1.6) is the first known small-

molecule inhibitor of BMP signaling, which inhibits BMP signals required for embryogenesis 

and iron metabolism.175,180 Dorsomorphin selectively inhibits the BMP type I receptors 

ALK2, ALK3 and ALK6 and thus blocks BMP-mediated SMAD1/5/8 phosphorylation, 

target gene transcription and osteogenic differentiation.181 The role of dorsomorphin in 

BMP signaling in iron homeostasis has been examined.175,182 In vitro, dorsomorphin 

inhibits BMP-, hemojuvelin- and interleukin 6-, stimulated expression of the systemic iron 

regulator hepcidin, which suggests that BMP receptors regulate hepcidin induction by all 

of these stimuli. In vivo, systemic challenge with iron rapidly induced SMAD1/5/8 

phosphorylation and hepcidin expression in the liver, whereas treatment with 

dorsomorphin blocked SMAD1/5/8 phosphorylation, normalized hepcidin expression and 

increased serum iron levels. These findings suggest an essential physiological role for 

hepatic BMP signaling in iron-hepcidin homeostasis. 
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Figure 1.6 BMP signaling inhibitors of SMAD 1/5/8 phosphorylation. 

 

1.6.4 Small Molecules as Activators of BMPs and their Therapeutic Application 

Recently, several small molecules have been identified as activators of the BMP pathway 

(Figure 1.7). PD407824 (30) is a BMP sensitizer for human  embryonic stem 

differentiation.173 Quinoline derivative KM11073 (31) enhances BMP-2-dependent 

osteogenic differentiation of C2C12 cells via activation of p38 signaling and exhibits in 

vivo bone forming activity.183 A01 (32) increases BMP-2 responsiveness by inhibiting 

Smurf1-mediated Smad1/5 degradation.184 SJ000063181 (33), SJ000291942 (34) and 

SJ000370178 (35) are activators of the canonical BMP signaling pathway.147 Sb 4 (36), Sb 

5 (37), and Sb 6 (38) have been recently identified as agonists of BMP signaling 

pathways.151 However, most of the reported compounds show relatively low activity and 

fail to induce the generation of mature osteoblasts, which limits their therapeutic potential. 

Thus, we screened an in-house library of small molecules to discovery more effective BMP 

activators. During the same time, we found a paper that reported a class of benzimidazole-
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based  BMP agonists151 (37 and 38) that are similar to the aryl-benzimidazoles we 

identified. Based on this literature validity, we focused our efforts in designing and 

synthesizing 2-substituted aryl benzimidazoles as potential agonists of BMPs signaling 

pathways. 

    

Figure 1.7. BMPs activators or sensitizers in stem cell differentiation. 
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CHAPTER II. DESIGN RATIONALE 

Benzimidazoles have revolutionized the drug discovery process by their diverse range of 

biological activities, which makes this scaffold an indispensable anchor for innovative drug 

discovery efforts. Therapeutic potential of benzimidazoles has attracted researchers to 

design and synthesize more potent derivatives with a wide range of pharmacological 

activities. We have used benzimidazole nucleus in designing different classes of 

benzimidazole derivatives as drug leads with the aim of exploring their biological activities 

with regards to structure activity relationships (SAR) and if possible, deciphering their 

mode of action. 

2.1 Benzimidazole derivatives as potential anti-cancer agents. 

In our effort to address the challenges related to anti-cancer drug development, 2-

substituted and bis-benzimidazole derivatives have been reported as remarkable 

cytotoxicity against various cancer cell lines.12,16 With this understanding, we have 

designed two classes of benzimidazole derivatives as potential anti-cancer leads. 

2.1.1 2-substituted benzimidazole derivatives as potential anti-cancer agents 

Indole-based benzimidazoles have attracted the attention of  medicinal chemists,185,186 and 

our focus was to design this type of molecules as potential drug leads (Figure 2.1). 
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Figure 2.1. 2-aryl and alkyl substituted benzimidazoles. 

In addition to indolyl-benzimidazoles derivatives, we also designed lipid-based 

benzimidazoles (Figure 2.1) with the aim of studying the effect of lipid chain on the 

activity of the benzimidazole scaffold. Lipid based benzimidazole derivatives is a new area 

of research that is yet to be explored. 

2.1.2 Bis-benzimidazole derivatives as potential topoisomerase II inhibitors 

Development of new anti-cancer Topo II inhibitors is necessary for improving cancer 

treatment.187 Several benzimidazole derivatives are reported as novel Topo II 

inhibitors188,189 and based on this information, we designed and synthesized a series of bis-

benzimidazoles  as potential topoisomerase II inhibitors (Figure 2.2).   
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Figure 2.2. Design strategy for bis-benzimidazole derivatives as potential Topo II 

inhibitors. 

 

2.2 Benzimidazole derivatives as BMPs agonists  

Following a screening of a small set of aryl-benzimidazoles from an in-house library, we 

identified 2-substituted aryl-benzimidazoles as promising agonists of BMP signaling 

pathway. During the same time, benzimidazoles Sb 5 (37) and Sb 6 (38) (Figure 2.3) were 

reported as potential BMP agonists. However, these compounds are characterized by low 

activity and failed to induce the generation of mature osteoblasts, which limits their 

application to activate BMP signaling. We designed and synthesized a focused library of 



 

 19 

[Gr

ab 

yo

ur 

rea

der

’s 

att

ent

ion 

wit

h a 

gre

at 

qu

ote 

fro

m 

the 

do

cu

me

nt 

or 

use 

thi

s 

spa

ce 

to 

em

ph

asi

ze 

[Grab your 

reader’s 

attention with a 

great quote from 

the document or 

use this space to 

emphasize a key 

point. To place 

this text box 

anywhere on the 

page, just drag 

it.] 

2-arylbenzimidazole derivatives (Figure 2.3) to identify more effective agonists of BMP 

signaling pathway. 

      

Figure 2.3. Design strategy for aryl-benzimidazole derivatives as potential BMPs agonists. 
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CHAPTER III. EXPERIMENTAL 

3. 1 Chemical Synthesis. 

3.1.1 Materials and Instrumentation. 

All chemicals were procured from VWR International (Radnor, PA), Fisher Scientific 

(Hampton, NH), AK Scientific, Inc. (CA), Acros Organics (Geel, Belgium), Aldrich 

Chemical Co. (Milwaukee, WI), Alfa Aesar (Ward Hill, MA), Arkpharm, Inc. (Arlington 

Heights, IL), Chem-Impex Int. Inc. (Wood Dale, IL), and were used without additional 

purification. Qualitative analysis of reactions was performed by thin layer chromatography 

(TLC) with silica gel G as the adsorbent (250 microns) on aluminum backed plates (Agela 

Technologies) and Ultraviolet (UV) light at 254 nm or 365 nm for visualization purposes. 

1H NMR experiments were performed using a Bruker 400 UltrashieldTM spectrometer (at 

400 MHz) equipped with a z-axis gradient probe. 1H NMR chemical shifts were reported 

downfield from tetramethylsilane (TMS, an internal standard) in parts per million (δ ppm) 

for majority of the intermediates and all the target compounds. The 1H NMR data are 

depicted as: chemical shift (multiplicity s (singlet), bs (broad singlet), d (doublet), t 

(triplet), dd (doublet of doublets), dt (doublet of triplets), tt (triplet of triplets), m 

(multiplet), H (number of protons) and J (coupling constant). Column chromatography 

purifications were performed using silica gel (40-63 µm) purchased from Silicycle Inc. 

(Quebec City, CANADA). LR-LC/MS analyses were performed on single quadrupole an 

Agilent Technologies 1260 infinity series LC. The following method was used for 

verifying exact masses of compounds: Column = Agilent Poroshell 120 EC-C18 2.7 µm, 

4.6 x 50 mm.; temperature = 300 K; solvent acetonitrile/water 70:30 (0.1% formic acid): 
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flow rate 0.5 mL/min; isocratic; 3 µL injection and each single run lasted for 5 min. 

Accurate mass measurements/high resolution mass spectra (HRMS) were obtained from 

the Columbia University Chemistry Department Mass Spectrometry Facility on a Waters 

Xevo G2-XS QToF mass spectrometer equipped with a H-Class UPLC inlet and a 

LockSpray ESI source. 

3.1.2 General procedure for the synthesis of 41a – 41g, 43a – 43f, 45a – 45n, 46 – 50, 

79a – 79f, 80a – 80f and 84a – 84n benzimidazole analogs 

To a solution of commercially available carboxylic acid substrate (1.0 equiv) in 30 mL of 

toluene or DMF was added N-Diisopropylethylamine (1.9 equiv) and the solution was 

stirred for 10 min at room temperature. To the stirring solution, HBTU (2 equiv) was added 

and the reaction mixture stirred for another 10 min. To the stirring reaction mixture, O-

phenylenediamine (1.0 equiv) was added and stirred for 3-4 hours. Thereafter, the reaction 

was heated under reflux for 3-4 hours. The reaction was cooled to room temperature. The 

solvent was removed in vacuo in the case of toluene, but for DMF, the reaction mixture 

was diluted with water and products were extracted using ethyl acetate (EtOAc). The 

organic layer was dried over anhydrous sodium sulfate, filtered and concentrated in vacuo. 

The crude product was purified using column chromatography using hexanes/EtOAc in an 

increasing polarity up to 1:1 mixture. The fractions containing the desired product were 

concentrated and crystallized in hexanes/EtOAc (1:1) to yield the product as a white solid. 

Tert-butyl (1H-benzo[d]imidazol-2-yl)methylcarbamate (41a), 

White solid, 0.47 g, 91%; Rf  0.22 (9:1/CH2Cl2:MeOH); IR: 3343.8, 2923.9, 1939.1, 

1738.9, 1683.4, 1527.6 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.21 (s, 1H, NH), 8.33 
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(s, 1H, NH), 7.48 (m, 2H, Ar-H), 7.14 (m, 2H, Ar-H), 4.37 (d, J=5.9Hz, 2H, CH2), 1.35 (s, 

9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 156.2, 153.2, 79.7, 78.7, 28.7. LC-MS: 

(ESI) m/z calculated for C13H17N3O2  [M+H]+ 248.14, observed 248.20. 

Tert-butyl (S)-1-(methoxycarbonyl)-2-(1H-benzo[d]imidazol-2-yl)ethylcarbamate (41b), 

White solid, 0.40 g, 92%; Rf  0.41 (9:1/CH2Cl2:MeOH); IR: 3300.1, 2979.8, 2618.5, 

1888.4, 1676.4, 1650.9cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.21 (s, 1H, NH), 8.33 

(s, 1H, NH), 7.49 (m, 2H, Ar-H), 7.27 (d, J=8.3Hz, 1H, Ar-H), 7.13 (m, 2H, Ar-H), 5.20 

(q, J=6.4Hz, 1H, CH), 3.11 (dd, J=6.4, 6.4Hz, 1H, CH2), 3.06 (s, 3H, OCH3), 2.91 (dd, 

J=6.4, 6.4Hz, 1H, CH2), 1.39 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 169.8, 

155.9, 155.4, 125.3, 122.1, 79.7, 78.7, 60.2, 46.7, 37.4, 37.1, 35.3, 28.7, 21.2. LC-MS: 

(ESI) m/z calculated for C16H22N3O4 [M+H]+ 320.16, observed 320.20. 

2-nonyl-1H-benzo[d]imidazole (41c), 

White solid, 0.24 g, 90%; Rf  0.47 (9:1/CH2Cl2:MeOH); IR: 2937.4, 2894.1, 2857.2, 

2562.8, 1949.0, 1926.9, 1886.9, 1739.9cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.17 

(s, 1H, NH), 7.45 (m, 2H, Ar-H), 7.10 (m, 2H, Ar-H), 2.79 (t, 2H, CH2),  1.75 (t, 2H, CH2), 

1.24 (s, 12H, CH2), 0.85 (t, 3H, CH3); 13C NMR (DMSO-d6, 100 MHz) δ 155.6, 121.4, 

31.8, 29.4, 29.2, 29.1, 29.0, 28.0, 22.6, 14.4. LC-MS: (ESI) m/z calculated for C16H25N2 

[M+H]+ 245.20, observed 245.20. 

2-undecyl-1H-benzo[d]imidazole (41d), 

White solid, 0.449 g, 92%; Rf 0.24 (9:1/CH2Cl2:MeOH); IR: 3296.9, 2952.9, 2921.1, 

2848.8, 2775.9, 1935.9, 1738.8cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.18 (s, 1H, 

NH), 7.45 (m, 2H, Ar-H), 7.09 (m, 2H, Ar-H), 2.79 (t, 2H, CH2), 1.75 (t, 2H, CH2), 1.22 
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(s, 16H, CH2), 0.84 (t, 3H, CH3); 13C NMR (DMSO-d6, 100 MHz) δ 155.6, 122.1, 31.9, 

29.7, 29.7, 29.7, 29.5, 29.4, 29.4, 29.4, 22.7, 14.1. LC-MS: (ESI) m/z calculated for 

C18H29N2  [M+H]+ 273.23, observed 273.20. 

2-tridecyl-1H-benzo[d]imidazole (41e), 

White solid, 0.46 g, 90%; Rf  0.26 (9:1/CH2Cl2:MeOH); IR: 3048.6, 2952.9, 2919.5, 

2849.0, 1897.4, 1778.9cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.15 (s, 1H, NH), 7.45 

(m, 2H, Ar-H), 7.10 (m, 2H, Ar-H),  2.78 (t, 2H, CH2), 1.75 (t, 2H, CH2), 1.26 (s, 21H, 

CH2), 0.85 (t, 3H, CH3); 13C NMR (DMSO-d6, 100 MHz) δ 155.6, 122.1, 31.9, 29.7, 29.7, 

29.7, 29.5, 29.4, 29.4, 29.4, 22.7, 14.1. LC-MS: (ESI) m/z calculated for C20H33N2  [M+H]+ 

301.26, observed 301.30. 

2-phenethyl-1H-benzo[d]imidazole (41f), 

White solid, 1.1 g, %; Rf 0.24 (9:1/CH2Cl2:MeOH); IR: 3028.9, 2677.1, 1928.2, 1644.1, 

1623.9, 1591.2cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.26 (s, 1H, NH), 7.48 (m, 2H, 

Ar-H), 7.28 (m, 2H, Ar-H), 7.20 (m, 2H, Ar-H), 7.11 (m, 2H, Ar-H), 3.12 (s, 4H, (-CH2)2); 

13C NMR (DMSO-d6, 100 MHz) δ 154.8, 141.5, 128.8, 128.8, 126.5, 33.8, 30.9. LC-MS: 

(ESI) m/z calculated for C15H15N2  [M+H]+ 223.12, observed 223.10.  

Benzyl 1-((1H-benzo[d]imidazol-2-yl)methylcarbamoyl)-2-phenylethylcarbamate (41g), 

White solid, 0.22 g, 68%; Rf  0.38 (9:1/CH2Cl2:MeOH); IR: 3280.7, 1691.9, 1648.3, 

1539.5, 1439.8cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.21 (s, 1H, NH), 8.77 (d, 

J=5.0Hz, 1H, NH), 8.33 (s, 1H, NH), 7.52 (m, J=8.2, 3H, Ar-H), 7.22 (m, 14H, Ar-H), 

4.93 (m, 2H, CH2), 4.45 (s, 2H, CH2), 4.33 (m, 1H, CH), 3.095 (dd, J=3.4, 3.8Hz, 1H, CH2), 

2.84 (dd, J=3.4, 3.8 Hz, 1H, -CH2); 13C NMR (DMSO-d6, 100 MHz) δ 172.3, 156.4, 152.3, 
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138.6, 137.5, 129.7, 128.7, 128.5, 127.9, 126.7, 122.0, 79.7, 65.7, 49.1, 37.9, 37.7. LC-

MS: (ESI) m/z calculated for C25H25N4O3  [M+H]+ 429.19, observed 429.20. 

2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (43a), 

White solid, 0.46 g, 92%; Rf  0.47 (9:1/CH2Cl2:MeOH); IR: 2991.5, 2829.5, 1705.8, 

1674.6, 1623.9, 1602.3cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.93 (s, 1H, NH), 11.86 

(s, 1H, NH), 7.67 (d, J=7.2Hz, 1H, Ar-H), 7.56 (d, 1H, Ar-H), 7.34 (dd, J=8.8, 8.8Hz, 1H, 

Ar-H),  7.23 (m, 2H, Ar-H), 6.83 (dd, J=8.8, 8.8Hz, 1H, Ar-H), 3.79 (s, 3H, OCH3); 13C 

NMR (DMSO-d6, 100 MHz) δ 154.3, 146.7, 144.2, 135.2, 132.9, 129.4, 128.7, 122.9, 

122.1, 118.9, 114.9, 114.1, 113.3, 113.2, 111.6, 102.2, 101.9, 55.7. LC-MS: (ESI) m/z 

calculated for C16H14N3O  [M+H]+ 264.11, observed 264.10. 

5-fluoro-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (43b), 

White solid, 0.19 g, 53%; Rf 0.38 (1:1/hexanes:EtOAc); IR: 3437.4, 3036.9, 1866.5, 

1620.4, 1605.2, 1576.2 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 13.06 (s, 1H, NH), 11.86 

(s, 1H, NH), 7.59 (s, 1H, Ar-H), 7.41 (s, 1H, Ar-H), 7.35 (d, J=8.8Hz, 1H, Ar-H),  7.15 (s, 

1H, Ar-H), 7.06 (t, J=7.9Hz, 2H, Ar-H), 6.84 (dd, J=2.4, 2.4Hz, 1H, Ar-H), 3.78 (s, 3H, 

OCH3); 13C NMR (DMSO-d6, 100 MHz) δ 154.3, 132.9, 129.1, 128.6, 114.2, 113.2, 102.2, 

102.1, 55.7. LC-MS: (ESI) m/z calculated for C16H13FN3O  [M+H]+ 282.10, observed 

282.10. 

5-chloro-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (43c), 

White solid, 0.21 g, 59%; Rf 0.47 (1:1/hexanes:EtOAc); IR: 3445.4, 2993.3, 2836.7, 

1870.7, 1618.2, 1576.3 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 13.14 (s, 1H, NH), 11.91 

(s, 1H, NH), 7.69 (s, 1H, Ar-H), 7.65 (dd, J=8.6, 8.6Hz, 1H, Ar-H), 7.55 (dd, J=8.6, 8.6Hz, 
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1H, Ar-H), 7.34 (d, J=8.8Hz, 1H, Ar-H), 7.23 (m, 2H, Ar-H), 6.84 (dd, J=2.4, 2.4Hz, 1H, 

Ar-H), 3.78 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100 MHz) δ 154.3, 133.0, 128.8, 128.6, 

114.4, 113.2, 102.4, 102.2, 79.7, 55.7. LC-MS: (ESI) m/z calculated for C16H13ClN3O   

[M+H]+ 298.07, observed 298.10. 

5-bromo-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (43d), 

White solid, 0.25 g, 70%; Rf 0.42 (1:1/hexanes:EtOAc); IR: 3315.3, 2938.2, 2832.4, 

1738.1, 1628.0, 1569.4 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 13.14 (s, 1H, NH), 11.90 

(s, 1H, NH), 7.8 (s, 1H, Ar-H), 7.71 (s, 1H, Ar-H), 7.60 (dd, J=8.6, 8.4Hz, 1H, Ar-H), 7.50 

(dd, J=8.6, 8.4 Hz, 1H, Ar-H),  7.35 (m, 2H, Ar-H), 7.15 (dd, J=2.4, 1.7Hz, 2H, Ar-H), 

6.83 (dd, J=2.4, 2.4Hz, 1H, Ar-H), 3.79 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100 MHz) 

δ 154.3, 148.0, 147.7, 145.7, 143.3, 136.5, 134,4, 133.0, 128.7, 125.6, 125.1, 121.1, 120.4, 

115.1, 114.4, 113.2, 102.4, 102.2, 55.7. LC-MS: (ESI) m/z calculated for C16H13BrN3O 

[M+H]+ 342.02, observed 342.10. 

2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole-5-carbonitrile (43e), 

White solid, 0.25 g, 70%; Rf 0.40 (1:1/hexanes:EtOAc); IR: 3453.1, 3387.2, 3240.1, 

2970.2, 2218.1, 1738.0, 1623.1, 1595.9 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 13.49 

(s, 1H, NH), 11.97 (s, 1H, NH), 8.13 (s, 1H, Ar-H), 7.73 (d, J=7.1 Hz, 1H, Ar-H), 7.61 (d, 

J=8.2 Hz, 1H, Ar-H), 7.34 (d, J=8.8 Hz, 1H, Ar-H),  7.23 (s, 1H, Ar-H), 7.15 (s, 1H, Ar-

H),  6.85 (dd, J=2.4, 2.4Hz, 1H, Ar-H), 3.79 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100 

MHz) δ 154.3, 133.3, 128.6, 128.2, 120.5, 114.9, 113.4, 104.3, 103.4, 102.3, 55.7. LC-

MS: (ESI) m/z calculated for C17H13N4O  [M+H]+ 289.11, observed 289.10. 
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2-(5-methoxy-1H-indol-2-yl)-5-methyl-1H-benzo[d]imidazole (43f), 

White solid, 0.32 g, 89%; Rf  0.42 (9:1/CH2Cl2:MeOH); IR: 3461.6, 3009.7, 2970.5, 

1738.0, 1626.7, 1572.2 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.75 (s, 1H, NH), 11.79 

(s, 1H, NH), 7.52 (dd, J=8.2, 8.2Hz, 1H, Ar-H), 7.45 (s, 1H, Ar-H), 7.41 (dd, J=8.2, 8.2Hz, 

1H, Ar-H), 7.33 (s, 1H, Ar-H), 7.13 (d, J=2.2Hz, 1H, Ar-H), 7.07 (s, 1H, Ar-H), 7.02 (m, 

1H, Ar-H), 6.81 (dd, J=2.4, 2.4Hz, 1H, Ar-H), 3.78 (s, 3H, OCH3), 2.45 (s, 3H, -CH3); 13C 

NMR (DMSO-d6, 100 MHz) δ 154.3, 146.6, 144.5, 133.2, 132.8, 131.0, 129.6, 124.4, 

123.6, 118.6, 113.9, 111.3, 102.2, 101.6,  79.7, 55.7. LC-MS: (ESI) m/z calculated for 

C17H16N3O  [M+H]+ 278.13, observed 278.10. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-3-methylbutylcarbamate (45a), White solid, 

0.48 g, 96%; Rf  0.40 (1:1/hexanes:EtOAc); IR: 3345.2, 2958.5, 1680.1, 1524.6, 1443.6, 

1365.3, 1316.2 cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.16 (s, 1H, NH), 7.50 (m, 2H, 

Ar-H), 7.30 (d, 1H, J=8.1Hz, Ar-H), 7.14 (m, 2H, Ar-H), 4.84 (m, 1H, CH), 3.37 (s, 1H, 

NH), 1.74 (m, 2H, CH2), 1.60 (m, 1H, CH), 1.34 (s, 9H, C(CH3)3), 0.92 (s, 6H, C(CH3)2); 

13C NMR (DMSO-d6, 100 MHz) δ 156.6, 155.8, 143.5, 134.5, 122.1, 121.4, 118.9, 111.7, 

78.5, 48.1, 43.5, 28.7, 24.8, 23.2, 22.3. LC-MS: (ESI) m/z calculated for C17H26N3O2 

[M+H]+ 304.20, observed 304.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-methylbutylcarbamate (45b), White solid, 

0.48 g, 96%; Rf  0.56 (1:1/hexanes:EtOAc); IR: 3323.4, 2965.7, 1681.3, 1526.9, 1443.3, 

1364.9, 1331.9cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.17 (s, 1H, NH), 7.51 (m, 2H, 

Ar-H), 7.21 (d, 1H, J=8.8Hz, Ar-H), 7.15 (m, 2H, Ar-H), 4.64 (t, 1H, J=8.2Hz,  CH), 3.39 

(s, 1H, NH), 1.74 (m, 2H, CH2), 1.60 (m, 1H, CH), 1.34 (s, 9H, C(CH3)3), 0.86 (d, 3H, 
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J=2.2Hz, C(CH3)), 0.74 (d, 3H, J=6.7Hz, C(CH3)); 13C NMR (DMSO-d6, 100 MHz) δ 

156.0, 155.8, 155.5, 121.9, 118.9,111.8, 78.5, 54.4, 53.8, 38.8, 28.6, 26.2, 25.3, 16.0, 15.4, 

11.8, 11.5. LC-MS: (ESI) m/z calculated for C17H26N3O2  [M+H]+ 304.20, observed 

304.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-methylpropylcarbamate (45c), White solid, 

0.48 g, 94%; Rf 0.56 (1:1/hexanes:EtOAc); IR: 3325.7, 2964.0, 1681.4, 1529.7, 1443.3, 

1365.3, 1302.5cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.16 (s, 1H, NH), 7.51 (m, 2H, 

Ar-H), 7.19 (d, 1H, J=8.8Hz, Ar-H), 7.14 (m, 2H, Ar-H), 4.57 (t, 1H, J=7.8Hz,  CH), 3.37 

(s, 1H, NH), 2.21 (m, 1H, C(CH)), 1.38 (s, 9H, C(CH3)3), 0.92 (d, 3H, J=5.4Hz, C(CH3)), 

0.79 (d, 3H, J=5.2Hz, C(CH3); 13C NMR (DMSO-d6, 100 MHz) δ 155.9, 155.5, 121.6, 

118.9, 111.7, 78.5, 55.7, 32.6, 28.6, 19.7, 19.1. LC-MS: (ESI) m/z calculated for 

C16H24N3O2  [M+H]+ 290.19, observed 290.20.  

Tert-butyl 2-(1H-benzo[d]imidazol-2-yl)pyrrolidine-1-carboxylate (45d), White solid, 1.0 

g, 98%; Rf  0.38 (1:1/hexanes:EtOAc); IR: 2976.3, 1696.1, 1660.9, 1428.3, 1383.9, 1360.1, 

1322.9, 1307.7cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 8.34 (s, 1H, NH), 7.49 (m, 2H,  

Ar-H), 7.13 (m, 2H, Ar-H), 4.95 (dd, 1H, J=6.7, 3.6Hz,  CH), 3.61 (m, 1H, CH2), 3.41 (m, 

1H, CH2), 2.29 (m, 2H, CH2), 1.94 (m, 2H, CH2), 1.39 (s, 9H, C(CH3)3); 13C NMR (DMSO-

d6, 100 MHz) δ 157.5, 156.9, 154.3, 153.8, 121.7, 115.2, 79.7, 79.2, 78.8, 56.2, 55.7, 47.2, 

46.9, 38.7, 33.7, 32.4, 28.6, 28.2, 24.3, 23.6. LC-MS: (ESI) m/z calculated for C16H22N3O2  

[M+H]+ 288.17, observed 288.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-(4-(benzyloxy)phenyl)ethylcarbamate (45e), 

White solid, 0.42 g, 84%; Rf 0.40 (1:1/hexanes:EtOAc); IR: 3325.7, 2982.9, 1676.9, 
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1511.5, 1447.4, 1367.3, 1309.9, 1277.7, 1240.9, 1170.7, 1071.1, 1017.7, 962.1, 863.3, 

813.8, 738.6cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.22 (s, 1H, NH), 7.41 (m, 8H, 

Ar-H), 7.16 (m, 4H, Ar-H), 6.90 (d, 2H, J=7.7Hz, Ar-H), 5.04 (s, 2H, CH2), 4.95 (q, 1H, 

J=6.4Hz, CH2), 3.40 (s, 1H, NH), 3.29 (m, 1H, CH2), 3.02 (t, 1H, J=12.9Hz, CH), 1.32 (s, 

9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 157.4, 155.8, 155.6, 137.7, 130.7, 128.9, 

128.2, 128.1, 114.9, 78.5, 69.6, 51.5, 28.6. LC-MS: (ESI) m/z calculated for C27H30N3O3 

[M+H]+ 444.23, observed 444.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-(benzyloxy)ethylcarbamate (45f), White 

solid, 0.42 g, 84%; Rf 0.34 (1:1/hexanes:EtOAc); IR: 3295.8, 2869.7, 1687.7, 1532.4, 

1454.2, 1366.6, 1309.5cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.29 (s, 1H, NH), 7.52 

(m, 2H, Ar-H), 7.37 (d, 2H, J=8.2Hz, Ar-H), 7.29 (m, 4H, 7.4Hz, Ar-H), 7.16 (m, 2H, Ar-

H), 5.08 (m, 1H, CH), 4.53 (s, 1H, NH), 3.86 (m, 2H, CH2), 3.38 (s, 2H, CH2), 1.41 (s, 9H, 

C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 155.8, 153.8, 138.7, 128.6, 127.9, 78.8, 72.4, 

71.4, 49.7, 28.7.  LC-MS: (ESI) m/z calculated for C21H26N3O3 [M+H]+ 368.20, observed 

368.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-(benzylthio)ethylcarbamate (45g), White 

solid, 1.0 g, 98 %; Rf  0.45 (1:1/hexanes:EtOAc); IR: 3316.1, 2980.9, 1672.6, 1515.4, 

1441.1cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.32 (s, 1H, NH), 7.58 (d, 1H, J=7.4Hz, 

Ar-H), 7.48 (m, 2H, Ar-H), 7.44 (m, 4H, Ar-H), 7.22 (m, 1H, Ar-H), 7.18 (m, 2H, Ar-H), 

5.01 (q, 1H, J=6.6Hz, CH), 3.75 (s, 2H, CH2), 3.11 (dd, 1H, J=6.2, 6.1Hz, CH2), 2.85 (dd, 

1H, J=8.3, 8.3Hz, CH2), 1.43 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 155.8, 

154.7, 143.4, 138.8, 134.6,129.4, 128.8, 127.3, 122.5, 121.7, 119.1, 111.9, 78.9, 49.4, 35.7, 
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35.4, 28.7. LC-MS: (ESI) m/z calculated for C21H26N3O2S  [M+H]+ 384.17, observed 

384.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-3-(benzyloxy)butylcarbamate (45h), White 

solid, 0.47 g, 94%; Rf  0.40 (1:1/hexanes:EtOAc); IR: 3324.3, 2977.1, 1678.7, 1528.7cm-

1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.25 (s, 1H, NH), 7.49 (m, 2H, Ar-H), 7.30 (d, 1H, 

J=9.4Hz, Ar-H), 7.18 (m, 6H, Ar-H), 7.03 (d, 1H, J=8.9Hz, Ar-H), 5.02 (m, 1H, CH), 4.94 

(m, 1H, CH), 4.47 (m, 2H, CH2), 4.01 (m, 1H, NH), 3.37 (m, 2H, CH2), 1.34 (s, 9H, 

C(CH3)3), 1.13 (d, 3H, J=5.6Hz, CH3); 13C NMR (DMSO-d6, 100 MHz) δ 155.9, 154.1, 

139.1, 138.9, 128.5, 127.9, 127.8, 127.7, 79.6, 78.9, 76.5, 76.4, 70.7, 70.5, 53.4, 28.6, 17.0, 

16.6. LC-MS: (ESI) m/z calculated for C22H28N3O3 [M+H]+ 382.21, observed 382.20. 

Compound (45i), White solid, 1.00 g, 96%; Rf 0.29 (1:1/hexanes:EtOAc); IR: 3317.9, 

1693.9, 1677.2, 1530.9, 1439.8, 1393.0, 1364.3cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 

12.15 (s, 1H, NH), 7.50 (m, 2H, Ar-H), 7.28 (d, 1H, J=7.3Hz, Ar-H), 7.14 (m, 2H, Ar-H), 

6.79 (s, 1H, NH),  4.73 (m, 1H, CH), 3.37 (s, 1H, NH), 2.90 (m, 2H, CH2), 1.84, (m, 2H, 

CH2), 1.38 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 156.3, 156.0, 155.8, 121.8, 

78.6, 77.8, 49.9, 34.1, 29.6, 28.7, 28.7, 23.3. LC-MS: (ESI) m/z calculated for C22H35N4O4 

[M+H]+ 419.27, observed 419.30. 

Tert-butyl 2-(phenoxycarbonyl)-1-(1H-benzo[d]imidazol-2-yl)ethylcarbamate (45j), 

White solid, 0.45 g, 90%; Rf 0.46 (1:1/hexanes:EtOAc); IR: 3320.1, 2980.3, 1737.4, 

1679.4, 1524.8, 1440.8, 1391.5, 1367.3, 1337.2cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 

12.30 (s, 1H, NH), 7.56 (d, 1H, J=8.00Hz, Ar-H), 7.47 (m, 2H, Ar-H), 7.31 (m, 5H, Ar-

H), 7.16 (m, 2H, Ar-H), 5.21 (q, 1H, J=7.4Hz, CH), 5.10 (s, 2H, CH2), 3.40 (s, 1H, NH), 
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3.22 (m, 1H, CH2), 2.95 (m, 1H, CH2), 1.41 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 

MHz) δ 170.6, 155.5, 154.6, 136.6, 134.9, 128.8, 128.3, 128.1, 121.6, 119.1, 111.9, 79.7, 

78.9, 65.9, 46.6, 38.6, 28.7.  LC-MS: (ESI) m/z calculated for C22H26N3O4 [M+H]+ 396.19, 

observed 396.20. 

Tert-butyl 3-((benzyloxy)carbonyl)-1-(1H-benzo[d]imidazol-2-yl)propylcarbamate 

(45k), White solid, 0.40 g, 80%; Rf 0.33 (1:1/hexanes:EtOAc); IR: 3312.3, 2977.1, 1737.5, 

1677.3, 1525.8, 1453.8, 1391.4, 1366.9cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.22 

(s, 1H, NH), 7.57 (dd, 1H, J=6.9, 6.9Hz, Ar-H), 7.46 (dd, 1H, J=6.9, 6.9Hz, Ar-H), 7.39 

(m, 5H, Ar-H), 7.15 (m, 2H, Ar-H), 5.08 (s, 2H, CH2), 4.85 (m, 1H, CH), 3.38 (s, 1H, NH), 

2.49 (d, 2H, J=12.0Hz, CH2), 2.29 (m, 1H, CH2), 2.09 (m, 1H, CH2), 1.40 (s, 9H, C(CH3)3); 

13C NMR (DMSO-d6, 100 MHz) δ 172.7, 155.8, 155.5, 143.4, 136.6, 134.7, 128.9, 128.4, 

128.4, 122.3, 121.5, 119.0, 111.8, 79.7, 78.7, 65.9, 49.0, 30.6, 29.3, 28.7. LC-MS: (ESI) 

m/z calculated for C23H28N3O4 [M+H]+ 410.21, observed 410.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-carbamoylethylcarbamate (45l), White solid, 

0.48 g, 96%; Rf 0.41 (1:1/hexanes:EtOAc); IR: 3296.2, 2983.9, 1728.0, 1676.4, 1526.9, 

1446.2, 1394.7, 1371.1, 1303.5cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.43 (s, 1H, 

NH), 8.32 (d, 1H, J=1.2Hz, NH), 7.79 (d, 1H, J=8.3Hz, Ar-H), 7.60 (dd, 1H, J=7.2, 7.4Hz, 

Ar-H), 7.48 (dd, 1H, J=7.2, 7.4Hz, Ar-H), 7.19 (t, 1H, J=7.6Hz, Ar-H), 5.19 (m, 1H, CH), 

3.39 (s, 2H, NH2), 3.13 (m, 1H, CH2), 1.44 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 

MHz) δ 155.5, 152.9, 143.1, 134.9, 122.8, 121.8, 119.2, 118.8, 112.0, 79.6, 79.3, 46.5, 

28.6, 22.5. LC-MS: (ESI) m/z calculated for C15H21N4O3 [M-NH+
4] 305.16, observed 

287.20. 
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1,2,3,4-Tetrahydro-1-oxo-pyrido[1,2a]benzimidazole (45m), White solid, 0.48 g, 96%; Rf 

0.53 (1:1/hexanes:EtOAc); IR: 3376.1, 2973.6, 1738.1, 1682.0, 1610.6, 1548.1, 1514.3, 

1445.9, 1356.8, 1330.4, 1303.4cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 8.14 (m, 1H, Ar-

H), 7.71 (m, 1H, Ar-H), 7.56 (d, 1H, J=8.5Hz, Ar-H), 7.39 (m, 2H, Ar-H), 5.12 (m, 1H, 

CH), 3.04 (m, 1H, NH), 2.88 (m, 1H, CH), 2.17 (m, 2H, CH2), 1.45 (s, 9H, C(CH3)3), 0.92 

(s, 6H, C(CH3)2); 13C NMR (DMSO-d6, 100 MHz) δ 169.6, 155.6, 155.5, 142.7, 131.6, 

125.4, 125.3, 119.9, 115.2, 78.9, 45.9, 31.8, 28.7, 27.6. LC-MS: (ESI) m/z calculated for 

C16H19N3O3  [M+H]+ 302.15, observed 334.20. 

Tert-butyl 1-(1H-benzo[d]imidazol-2-yl)-2-phenylethylcarbamate (45n), White solid, 1.0 

g, 99%; Rf  0.40 (1:1/hexanes:EtOAc); IR: 3307.6, 1681.9, 1531.8, 1457.6, 1433.8, 1367.1, 

1335.5, 1311.8cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.22 (s, 1H, NH), 7.51 (m, 1H, 

Ar-H), 7.40 (d, 1H, J=8.3Hz, Ar-H), 7.20 (m, 7H, Ar-H), 4.99 (m, 1H, CH), 3.36 (s, 1H, 

NH), 3.07 (t, 1H, J=11.6Hz, CH2), 1.21 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) 

δ 155.8, 155.6, 138.6, 138.9, 129.7, 128.5, 126.7, 78.5, 51.3, 28.6. LC-MS: (ESI) m/z 

calculated for C20H24N3O2 [M+H]+ 338.19, observed 338.20. 

Tert-butyl 2-(4-(benzyloxy)phenyl)-1-(5-chloro-1H-benzo[d]imidazol-2-yl) 

ethylcarbamate (46), White solid, 0.45 g, 90%; Rf  0.47 (7:3/hexanes:EtOAc); IR: 3318.2, 

2930.1, 1675.5, 1607.9, 1510.4, 1445.3, 1371.1cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 

12.41 (s, 1H, NH), 8.15 (s, 1H, Ar-H), 7.82 (m, 1H, Ar-H), 7.71 (m, 1H, Ar-H), 7.48 (m, 

9H, Ar-H), 7.11 (m, 4H, Ar-H),  5.05 (m, 1H, CH), 3.37 (s, 2H, CH2), 3.27 (m, 1H, CH2), 

3.01 (m, 1H, CH2), 1.31 (s, 9H, C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 157.4, 137.7, 
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130.7, 128.9, 128.2, 128.1, 118.4, 114.9, 78.6, 69.6, 28.6. LC-MS: (ESI) m/z calculated 

for C27H29ClN3O3  [M+H]+ 478.19, observed 478.20.  

Tert-butyl 2-(4-(benzyloxy)phenyl)-1-(5-bromo-1H-benzo[d]imidazol-2-

yl)ethylcarbamate (47), White solid, 0.46 g, 92%; Rf 0.47 (7:3/hexanes:EtOAc); IR: 

3314.6, 2914.3, 1675.6, 1613.5, 1512.9, 1443.4, 1371.9cm-1; 1H NMR (DMSO-d6, 400 

MHz): δ = 12.44 (s, 1H, NH), 7.77 (s, 1H, Ar-H), 7.60 (d, J=8.3Hz, 1H, Ar-H), 7.48 (m, 

7H, Ar-H), 7.15 (dd, J=8.1, 8.2Hz, 2H, Ar-H),  6.89 (dd, J=8.1, 8.2Hz, 2H, Ar-H),  5.05 

(m, 1H, CH), 3.37 (s, 2H, CH2), 3.27 (m, 1H, CH2), 3.01 (m, 1H, CH2), 1.31 (s, 9H, 

C(CH3)3); 13C NMR (DMSO-d6, 100 MHz) δ 157.4, 155.7, 144.9, 137.7, 130.7, 133.7, 

129.4, 128.9, 128.2, 128.1, 124.9, 121.4, 120.7, 114.9, 114.5, 78.6, 69.6, 51.5, 38.9, 28.6. 

LC-MS: (ESI) m/z calculated for C27H29BrN3O3  [M+H]+ 522.14, observed 522.10.  

Benzyl 1-(1H-benzo[d]imidazol-2-yl)-2-carbamoylethylcarbamate (48), White solid, 0.41 

g, 82%; Rf  0.40 (1:1/hexanes:EtOAc); IR: 3303.1, 1693.3, 1528.7, 1440.3, 1328.9cm-1; 1H 

NMR (DMSO-d6, 400 MHz): δ = 12.52 (s, 1H, NH), 8.31 (d, 1H, J=9.2Hz, NH), 7.61 (dd, 

1H, J=7.6, 7.6Hz, Ar-H), 7.49 (dd, 1H, J=7.6, 7.6Hz, Ar-H), 7.33 (m, 5H, Ar-H), 7.23 (m, 

1H, Ar-H), 7.18(m, 2H, Ar-H), 5.27 (q, 1H,  J=7.4Hz, CH), 5.13 (q, 2H, J=12.7Hz, CH2), 

3.38 (s, 4H, NH2, CH2), 3.33 (d, 1H, J=5.0Hz, CH), 3.18 (m, 1H); 13C NMR (DMSO-d6, 

100 MHz) δ 156.3, 152.6, 143.0, 137.2, 135.0, 128.9, 128.4, 128.3, 122.9, 121.9, 119.2, 

118.8, 112.0, 66.4, 47.0, 22.4. LC-MS: (ESI) m/z calculated for C18H19N4O3  [M+H]+ 

339.15, observed 321.10.  
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Benzyl 1-(1H-benzo[d]imidazol-2-yl)-2-phenylethylcarbamate (49),  White solid, 1.0 g, 

98%; Rf  0.54 (1:1/hexanes: EtOAc); IR: 3303.2, 1685.8, 1524.9, 1454.9, 1429.8, 

1335.8cm-1; 1H NMR (DMSO-d6, 400 MHz): δ = 12.33 (s, 1H, NH), 7.99 (d, 1H, J=8.2Hz, 

Ar-H), 7.53 (m, 2H, Ar-H), 7.25 (m, 13H, Ar-H), 5.00 (q, 2H, J=12.7Hz, CH), 3.40 (s, 4H, 

CH2), 3.11 (t, 1H, J=12.0Hz, NH); 13C NMR (DMSO-d6, 100 MHz) δ 156.3, 155.5, 138.6, 

137.5, 129.7, 128.8, 128.6, 128.1, 127.9, 126.8, 65.7, 51.9. LC-MS: (ESI) m/z calculated 

for C23H22N3O2  [M+H]+ 372.17, observed 372.20.  

Benzyl 1-(1H-benzo[d]imidazol-2-yl)-3-methylbutylcarbamate (50), White solid, 0.45 g, 

90%; Rf 0.40 (1:1/hexanes: EtOAc); IR: 3255.3, 1693.1, 1530.7, 1326.9cm-1; 1H NMR 

(DMSO-d6, 400 MHz): δ = 12.25 (s, 1H, NH), 7.83 (d, 1H, J=8.2Hz, Ar-H), 7.41 (m, 6H, 

Ar-H), 7.15 (m, 2H, Ar-H), 5.06 (q, 2H, J=12.6Hz, CH2), 4.89 (q, 1H, J=7.7Hz, NH), 3.37 

(s, 2H, CH2), 1.79 (m, 1H, CH), 1.63 (m, 1H, CH), 0.92 (s, 6H, C(CH3)2); 13C NMR 

(DMSO-d6, 100 MHz) δ 156.5, 156.4, 137.5, 128.8, 128.3, 128.2, 66.0, 48.6, 43.1, 24.8, 

23.2, 22.2. LC-MS: (ESI) m/z calculated for C20H24N3O2 [M+H]+ 338.19, observed 338.20. 

2,6-di(1H-benzo[d]imidazol-2-yl)pyridin-4(1H)-one (79a), a white solid, 0.16 g, 92 %; 1H 

NMR (DMSO-d6, 400MHz): δ = 8.09 (s, 1H, Ar-H), 7.88 ( d, J=6.2 Hz, 2H, Ar-H), 7.56 

(d, J=6.2 Hz, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ = 167.4, 148.0, 134.0,126.2, 

115.2, 112.7 . HRMS (ESI) m/z calculated for C19H14N5O [M+H]+ 328.1193, observed  

328.1207. 

2,6-bis(5-fluoro-1H-benzo[d]imidazol-2-yl)pyridin-4(1H)-one (79b), a white solid, 0.20 

g, 93 %; 1H NMR (DMSO-d6, 400MHz): δ = 7.91 (s, 1H, Ar-H), 7.82 ( s, 1H, Ar-H), 7.65 

(d, J=8.6 Hz, 1H, Ar-H), 7.52 (d, J=8.6 Hz, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 
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= 167.2, 149.2, 145.6, 136.1, 133.9, 128.5, 117.7, 116.9, 112.3. HRMS (ESI) m/z 

calculated for C19H12F2N5O [M+H]+ 364.1004, observed  364.1012. 

 

2,6-bis(5-chloro-1H-benzo[d]imidazol-2-yl)pyridin-4(1H)-one (79c), a white solid, 0.15 

g, 89 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.24 (s, 1H, Ar-H), 7.88 ( d, J=8.2 Hz, 1H, 

Ar-H), 7.80 (s, 1H, Ar-H), 7.69 (d, J=8.2 Hz, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) 

δ = 162.4, 150.2, 150.0, 149.4, 144.7, 140.6, 136.2, 134.1, 129.7, 129.6, 125.8, 124.6, 

116.8, 114.9. HRMS (ESI) m/z calculated for C19H12Cl2N5O [M+H]+ 396.0413, observed  

396.0420. 

2,6-bis(5-bromo-1H-benzo[d]imidazol-2-yl)pyridin-4(1H)-one (79d), a white solid, 0.10 

g, 90 %; 1H NMR (DMSO-d6, 400MHz): δ = 7.91 (s, 1H, Ar-H), 7.82 ( s, 1H, Ar-H), 7.65 

(d, J=8.6 Hz, 1H, Ar-H), 7.52 (d, J=8.6 Hz, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 

= 167.2, 149.2, 145.6, 136.1, 133.9, 128.5, 117.7, 116.9, 112.3. HRMS (ESI) m/z 

calculated for C19H12Br2N5O [M+H]+ 483.9403, observed  483.9420, 487.9384. 

Compound (79e), a white solid, 0.13 g, 85 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.24 (s, 

1H, Ar-H), 7.88 ( d, J=8.2 Hz, 1H, Ar-H), 7.80 (s, 1H, Ar-H), 7.69 (d, J=8.2 Hz, 1H, Ar-

H); 13C NMR (DMSO-d6, 100MHz) δ = 166.8, 153.2, 148.2, 127.1, 120.1, 110.9, 105.5. 

HRMS (ESI) m/z calculated for C21H12N7O [M+H]+ 378.1098, observed  378.1096. 

Compound (79f), a white solid, 0.2 g, 90 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.24 (s, 

1H, Ar-H), 7.88 ( d, J=8.2 Hz, 1H, Ar-H), 7.80 (s, 1H, Ar-H), 7.69 (d, J=8.2 Hz, 1H, Ar-

H), 3.87 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100MHz) δ = 167.2, 166.1, 150.4, 150.0, 
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145.6, 127.9, 126.4, 126.1, 125.8, 116.8, 115.2, 112.5, 112.4, 52.7, 52.7. HRMS (ESI) m/z 

calculated for C23H18N5O5 [M+H]+ 444.1302, observed  444.1312. 

2-(6-(1H-benzo[d]imidazol-2-yl)pyridin-2-yl)-1H-benzo[d]imidazole (80a), a white solid, 

0.2 g, 95 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.77 ( d, J=7.8,  Hz, 1H, Ar-H), 8.38 (t, 

J=7.8, 7.8 Hz, 1H, Ar-H), 7.85 (m, 2H, Ar-H), 7.56 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 

100MHz) δ = 165.3, 148.8, 147.4, 143.2, 140.6, 133.3, 127.5, 126.8, 126.6, 125.5, 115.2. 

HRMS (ESI) m/z calculated for C19H14N5 [M+H]+ 312.1244, observed  312.1257. 

5-fluoro-2-(6-(5-fluoro-1H-benzo[d]imidazol-2-yl)pyridin-2-yl)-1H-benzo[d]imidazole 

(80b), a white solid, 0.18 g, 84 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.54 (d, J=7.9 Hz, 

1H, Ar-H), 8.35 (t, J=7.8, 8.0 Hz, 1H, Ar-H), 7.81 (dd, J=2.3, 4.6 Hz, 1H, Ar-H), 7.56 (d, 

J=8.7 Hz, 1H, Ar-H), 7.34 (t, J=9.4, 9.2 Hz, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 

= 161.5,159.1, 149.7, 145.0, 140.6, 124.2, 116.8, 114.2, 113.9, 101.6, 101.4. HRMS (ESI) 

m/z calculated for C19H12F2N5 [M+H]+ 348.1055, observed  348.1056. 

5-chloro-2-(6-(5-chloro-1H-benzo[d]imidazol-2-yl)pyridin-2-yl)-1H-benzo[d]imidazole 

(80c), a white solid, 0.17 g, 89 %; 1H NMR (DMSO-d6, 400MHz): δ = 11.00 (s, 1H, NH), 

8.54 (d, J=7.9 Hz, 1H, Ar-H), 8.35 (t, J=7.8, 8.0 Hz, 1H, Ar-H), 7.81 (dd, J=2.3, 4.6 Hz, 

1H, Ar-H), 7.56 (d, J=8.7 Hz, 1H, Ar-H), 7.34 (t, J=9.4, 9.2 Hz, 1H, Ar-H); 13C NMR 

(DMSO-d6, 100MHz) δ = 161.5,159.1, 149.7, 145.0, 140.6, 124.2, 116.8, 114.2, 113.9, 

101.6, 101.4. HRMS (ESI) m/z calculated for C19H12Cl2N5 [M+H]+ 380.0464, observed  

380.0464. 

5-bromo-2-(6-(5-bromo-1H-benzo[d]imidazol-2-yl)pyridin-2-yl)-1H-benzo[d]imidazole 

(80d), a white solid, 0.18 g, 88 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.54 (d, J=7.9 Hz, 
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1H, Ar-H), 8.35 (t, J=7.8, 8.0 Hz, 1H, Ar-H), 7.81 (dd, J=2.3, 4.6 Hz, 1H, Ar-H), 7.56 (d, 

J=8.7 Hz, 1H, Ar-H), 7.34 (t, J=9.4, 9.2 Hz, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 

= 161.5,159.1, 149.7, 145.0, 140.6, 124.2, 116.8, 114.2, 113.9, 101.6, 101.4. HRMS (ESI) 

m/z calculated for C19H12Br2N5 [M+H]+ 467.9454, observed  467.9480, 471.9442. 

Compound (80e), a white solid, 0.14 g, 88 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.54 (d, 

J=7.9 Hz, 1H, Ar-H), 8.35 (t, J=7.8, 8.0 Hz, 1H, Ar-H), 7.81 (dd, J=2.3, 4.6 Hz, 1H, Ar-

H), 7.56 (d, J=8.7 Hz, 1H, Ar-H), 7.34 (t, J=9.4, 9.2 Hz, 1H, Ar-H); 13C NMR (DMSO-d6, 

100MHz) δ = 161.5,159.1, 149.7, 145.0, 140.6, 124.2, 116.8, 114.2, 113.9, 101.6, 101.4. 

HRMS (ESI) m/z calculated for C21H12N7 [M+H]+ 362.1149, observed  362.1150. 

Compound (80f), a white solid, 0.12 g, 91 %; 1H NMR (DMSO-d6, 400MHz): δ = 8.77 ( d, 

J=7.8,  Hz, 1H, Ar-H), 8.38 (t, J=7.8, 7.8 Hz, 1H, Ar-H), 7.85 (m, 2H, Ar-H), 7.56 (m, 2H, 

Ar-H), 3.92 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100MHz) δ = 168.1, 167.1, 152.9, 147.8, 

147.7, 1140.0, 125.9, 122.9, 122.9, 52.0. HRMS (ESI) m/z calculated for C23H18N5O4 

[M+H]+ 428.1353, observed   428.1363. 

3-(1H-benzo[d]imidazol-2-yl)phenol (84a), White solid, 0.85 g, 92%; Rf 0.40 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.85 (s, 1H, NH), 9.78 (s, 1H, 

OH), 7.61 (m, 4H, Ar-H), 7.33 (m, 3H, Ar-H), 6.9 (d, J=7.3 Hz, 1H, Ar-H); 13C NMR 

(DMSO-d6, 100MHz) δ 158.2, 151.8, 131.9, 130.5, 117.7, 117.4, 113.8. HRMS: (ESI) m/z 

calculated for C13H11N2O [M+H]+ 211.0866, observed  211.0867. 

2-(3-bromophenyl)-1H-benzo[d]imidazole (84b), White solid, 1.2 g, 95%; Rf 0.61 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.06 (s, 1H, NH), 8.39 (s, 1H, 

Ar-H), 8.20 (d, J=7.8 Hz, 1H, Ar-H), 7.55 (m, 4H, Ar-H), 7.23 (m, 2H, Ar-H); 13C NMR 
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(DMSO-d6, 100MHz) δ 150.1, 132.9, 132.9, 131.7, 129.4, 125.8, 122.7. HRMS: (ESI) m/z 

calculated for C13H11BrN2 [M+H]+ 273.0022, observed 273.0033, 275.0015. 

3-(1H-benzo[d]imidazol-2-yl)benzonitrile (84c), White solid, 2.1 g, 96%; Rf 0.49 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.15 (s, 1H, NH), 8.56 (s, 1H, 

Ar-H), 8.50 (d, J=7.8 Hz, 1H, Ar-H), 7.96 (d, J=7.6 Hz, 1H, Ar-H), 7.70 (m, 3H, Ar-H), 

7.25 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 149.7, 133.5, 131.8, 131.4, 130.8, 

130.2, 118.9, 112.6. HRMS: (ESI) m/z calculated for C14H10N3 [M+H]+ 220.0869, 

observed  220.0874. 

2-m-tolyl-1H-benzo[d]imidazole (84d), White solid, 0.8 g, 89%; Rf 0.51 (7:3/Hexanes: 

EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.91 (s, 1H, NH), 8.05 (s, 1H, Ar-H), 8.00 

(d, J=7.8 Hz, 1H, Ar-H), 7.55 (m, 3H, Ar-H), 7.30 (d, J=7.5 Hz, 1H, Ar-H), 7.20 (m, 2H, 

Ar-H), 2.42 (s, 3H, CH3); 13C NMR (DMSO-d6, 100MHz) δ 151.8, 138.6, 130.9, 130.6, 

129.3, 127.5, 124.1, 21.5. HRMS: (ESI) m/z calculated for C14H13N2 [M+H]+ 209.1073, 

observed  209.1084. 

 

2-(3-nitrophenyl)-1H-benzo[d]imidazole (84e), White solid, 2.1 g, 82%; Rf 0.34 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.33 (s, 1H, NH), 9.02 (s, 1H, 

Ar-H), 8.60 (d, J=7.8 Hz, 1H, Ar-H), 8.30 (d, J=8.1 Hz, 1H, Ar-H), 7.85 (m, 4H, Ar-H), 

7.25 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 149.5, 148.8, 132.9, 132.2, 131.1, 

124.7, 121.3. HRMS: (ESI) m/z calculated for C13H10N3O2 [M+H]+ 240.0768, observed  

240.0768. 
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2-(3-fluorophenyl)-1H-benzo[d]imidazole (84f), White solid, 0.21 g, 78%; Rf 0.45 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.05 (s, 1H, NH), 8.03 (d, 

J=7.9 Hz, 1H, Ar-H), 7.96 (m, 1H, Ar-H), 7.60 (m, 3H, Ar-H), 7.35 (m, 1H, Ar-H), 7.23 

(m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 150.4, 150.4, 133.0, 132.9, 131.7, 131.7, 

123.0, 122.9. HRMS: (ESI) m/z calculated for C13H10FN2 [M+H]+ 213.0823, observed  

213.0824. 

 

2-(3-chlorophenyl)-1H-benzo[d]imidazole (84g), White solid, 0.21 g, 78%; Rf 0.45 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.06 (s, 1H, NH), 8.24 (s, 1H, 

Ar-H), 8.15 (d, J=7.2 Hz, 1H, Ar-H), 7.60 (m, 4H, Ar-H), 7.23 (m, 2H, Ar-H); 13C NMR 

(DMSO-d6, 100MHz) δ 150.2, 134.2, 132.7, 131.4, 130.0, 126.5, 125.5, 122.9. HRMS: 

(ESI) m/z calculated for C13H10ClN2 [M+H]+ 229.0527, observed  229.0535. 

2-(3-(methylthio)phenyl)-1H-benzo[d]imidazole (84h), White solid, 0.32 g, 85%; Rf 0.47 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.98 (s, 1H, NH), 8.07 (s, 1H, 

Ar-H), 7.96 (d, J=7.8 Hz, 1H, Ar-H), 7.50 (m, 3H, Ar-H), 7.37 (d, J =7.8 Hz, 1H, Ar-H), 

7.21 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 151.2, 139.7, 131.3, 129.9, 127.5, 

123.5, 123.4, 15.1. HRMS: (ESI) m/z calculated for C14H13N2S [M+H]+ 241.0794, 

observed  241.0786. 

2-(3-methoxyphenyl)-1H-benzo[d]imidazole (84i), White solid, 0.22 g, 94%; Rf 0.53 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.92 (s, 1H, NH), 7.79 (s, 1H, 

Ar-H), 7.66 (m, 2H, Ar-H), 7.45 (m, 2H, Ar-H), 7.21 (m, 2H, Ar-H), 7.05 (d, J=7.7 Hz, 

1H, Ar-H), 3.87 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100MHz) δ 160.1, 151.5, 131.9, 
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130.6, 119.2, 116.3, 111.9, 55.8. HRMS: (ESI) m/z calculated for C14H13N2O[M+H]+ 

225.1022, observed  225.1032. 

2-(3-(trifluoromethyl)phenyl)-1H-benzo[d]imidazole (84j), White solid, 0.22 g, 82%; Rf 

0.50 (7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.18 (s, 1H, NH), 8.54 

(s, 1H, Ar-H), 8.50 (d, J=7.8 Hz, 1H, Ar-H), 7.80 (m, 4H, Ar-H), 7.24 (m, 2H, Ar-H); 13C 

NMR (DMSO-d6, 100MHz) δ 150.1, 131.6, 130.6, 130.1, 126.7, 126.6, 125.9, 123.3, 

123.2. HRMS: (ESI) m/z calculated for C14H10F3N2 [M+H]+ 263.0791, observed 263.0784. 

2-(3-isopropylphenyl)-1H-benzo[d]imidazole (84k), White solid, 0.35 g, 90%; Rf 0.42 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.92 (s, 1H, NH), 8.11 (s, 1H, 

Ar-H), 8.01 (d, J=7.8 Hz, 1H, Ar-H), 7.50 (m, 3H, Ar-H), 7.34 (d, J=7.8 Hz, 1H, Ar-H), 

7.21 (m, 2H, Ar-H), 3.00 (m, 1H, -CH-), 1.27 (s, 6H, (CH3)2); 13C NMR (DMSO-d6, 

100MHz) δ 151.9, 149.6, 130.6, 129.4, 128.5, 124.8, 124.5, 49.1, 33.9, 24.3. HRMS: (ESI) 

m/z calculated for C16H17N2 [M+H]+ 237.1386, observed 237.1389. 

Methyl 3-(1H-benzo[d]imidazol-2-yl)benzoate (84l), White solid, 0.35 g, 90%; Rf 0.42 

(7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.17 (s, 1H, NH), 8.82 (s, 1H, 

Ar-H), 8.45 (d, J=8.2 Hz, 1H, Ar-H), 8.06 (d, J=8.0 Hz, 1H, Ar-H), 7.70 (m, 3H, Ar-H), 

7.24 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 166.3, 150.6, 131.3, 131.2, 130.9, 

130.7, 130.0, 127.5, 52.8. HRMS: (ESI) m/z calculated for C15H13N2O2 [M+H]+ 253.0972, 

observed  253.1028. 

2-(3-(methylsulfonyl)phenyl)-1H-benzo[d]imidazole (84m), White solid, 0.3 g, 96%; Rf 

0.23 (7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.25 (s, 1H, NH), 8.74 
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(s, 1H, Ar-H), 8.51 (d, J=7.9 Hz, 1H, Ar-H), 8.05 (d, J= 8.0 Hz, 1H, Ar-H), 7.86 (t, J= 7.8, 

7.8 Hz, 1H, Ar-H), 7.72 (d, J=7.6 Hz, 1H, Ar-H), 7.58 (d, J=7.4 Hz, 1H, Ar-H), 7.25 (m, 

2H, Ar-H), 3.38 (s, 3H, SO2CH3); 13C NMR (DMSO-d6, 100MHz) δ 150.0, 144.1, 142.3, 

135.6, 131.8, 131.5, 130.8, 128.4, 125.2, 123.6, 122.5, 119.6, 112.1, 44.0. HRMS: (ESI) 

m/z calculated for C14H13N2O2S [M+H]+ 273.0692, observed  273.0692. 

2-(3-(1H-pyrrol-1-yl)phenyl)-1H-benzo[d]imidazole (84n), White solid, 0.4 g, 91%; Rf 

0.45 (7:3/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.00 (s, 1H, NH), 8.34 

(s, 1H, Ar-H), 8.06 (d, J=7.7 Hz, 1H, Ar-H), 7.72 (m, 3H, Ar-H), 7.45 (m, 3H, Ar-H), 7.24 

(m, 2H, Ar-H), 6.35 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 151.1, 140.9, 132.0, 

130.9, 123.7, 120.9, 119.5, 117.4, 111.3. HRMS: (ESI) m/z calculated for C17H14N3 

[M+H]+ 260.1182, observed  260.1193. 

3.1.3 General procedure for the synthesis of 64a – 64r, 66a – 66e, and 68a – 68k 

benzimidazole analogs. 

The amide substrates were semi-synthetically prepared using carbodiimide-based coupling 

conditions. The amide substrate was dissolved in 30 mL of toluene or DMF, and added 

N,N-diisopropylethylamine (1.0 equiv), HBTU (1.0 equiv), and heated to reflux for 6 

hours. The reaction was cooled to room temperature. The solvent was removed in vacuo in 

the case of toluene, but for DMF, the reaction mixture was diluted with water and products 

were extracted using ethyl acetate (EtOAc). The organic layer was dried over anhydrous 

sodium sulfate, filtered and concentrated in vacuo. The crude product was purified using 

column chromatography using hexanes/EtOAc in an increasing polarity up to 1:1 mixture. 

The impure fractions containing the desired product were concentrated and crystallized in 
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hexanes/EtOAc 1:1 to yield the product as a white solid. All the products were 

characterized by 1D (1H and 13C) NMR, and HRMS. 

2-phenyl-1H-benzo[d]imidazole (64a), White solid, 0.23 g, 96%; Rf 0.61 (1:1/Hexanes: 

EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.94 (s, 1H, NH), 8.20 (d, 2H, J=7.4Hz, Ar-

H), 7.54 (m, 5H, Ar-H), 7.21 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 151.7, 

130.7, 130.3, 129.4, 126.9. HRMS: (ESI) m/z calculated for C13H11N2 [M+H]+ 195.0917, 

observed 195.0918. 

2-p-tolyl-1H-benzo[d]imidazole (64b), White solid, 0.21 g, 94%; Rf 0.56 (1:1/Hexanes: 

EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.84 (s, 1H, NH), 8.08 (d, 2H, J=8.1 Hz, 

Ar-H), 7.59 (m, 2H, Ar-H), 7.35 (d, 2H, J=8.1 Hz, Ar-H), 7.20 (m, 2H, Ar-H), 2.38 (s, 3H, 

CH3); 13C NMR (DMSO-d6, 100MHz) δ 151.9, 140.0, 129.9, 127.9, 126.9, 21.4. HRMS: 

(ESI) m/z calculated for C14H13N2 [M+H]+ 209.1073, observed 209.1074. 

2-(4-ethylphenyl)-1H-benzo[d]imidazole (64c), White solid, 0.23 g, 88%; Rf 0.26 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.85 (s, 1H, NH), 8.11 (d, 

2H, J=8.0 Hz, Ar-H), 7.59 (m, 2H, Ar-H), 7.38 (d, 2H, J=8.0 Hz, Ar-H), 7.20 (m, 2H, Ar-

H), 2.65 (q, 2H, J=12, 4 Hz CH2), 1.22 (t, 3H, J=12, 4 Hz, CH3); 13C NMR (DMSO-d6, 

100MHz) δ 151.9, 146.2, 128.8, 128.2, 126.9, 28.5, 15.8. HRMS: (ESI) m/z calculated for 

C15H15N2 [M+H]+ 223.1230, observed 223.1238. 

2-(3,4-dimethoxyphenyl)-1H-benzo[d]imidazole (64d), White solid, 0.32 g, 86%; Rf 0.57 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.69 (s, 1H, NH), 7.76 (m, 

2H, Ar-H), 7.57 (m, Ar-H), 7.17 (m, 3H, Ar-H), 3.88 (s, 3H, OCH3), 3.84 (s, 3H, OCH3); 

13C NMR (DMSO-d6, 100MHz) δ 152.0, 150.7, 149.4, 123.3, 122.2, 119.7, 112.3, 110.2, 
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56.1, 56.0. HRMS: (ESI) m/z calculated for C15H15N2O2 [M+H]+ 255.1128, observed 

255.1129. 

2-(1H-benzo[d]imidazol-2-yl)-5-methoxyphenol (64e), White solid, 0.12g, 47%; Rf 0.23 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.39 (s, 1H, NH), 7.96 (d, 

1H, J=8.6 Hz, Ar-H), 7.60 (m, 2H, Ar-H), 7.25 (m, 2H, Ar-H), 6.62 (m, 2H, Ar-H), 3.81 

(s, 3H, OCH3), 3.37 (s, 1H, OH); 13C NMR (DMSO-d6, 100MHz) δ 162.7, 160.4, 152.6, 

127.7, 106.9, 106.2, 101.9, 55.8. HRMS: (ESI) m/z calculated for C14H13N2O2 [M+H]+ 

241.0972, observed 241.0988. 

2-(3,4,5-trimethoxyphenyl)-1H-benzo[d]imidazole (64f), White solid, 0.11g, 82%; Rf 0.27 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.86 (s, 1H, NH), 7.67 (d, 

1H, J=7.5 Hz, Ar-H), 7.54 (m, 2H, Ar-H), 7.21 (m, 2H, Ar-H), 3.91 (s, 6H, OCH3), 3.38 

(s, 3H, OCH3); 13C NMR (DMSO-d6, 100MHz) δ 153.7, 151.7, 144.2, 139.4, 135.4, 125.9, 

122.9, 122.1, 119.2, 111.6, 104.3, 60.6, 56.5. HRMS: (ESI) m/z calculated for C16H17N2O3 

[M+H]+ 285.1234, observed 285.1236. 

2-(4-fluorophenyl)-1H-benzo[d]imidazole (64g), White solid, 0.15 g, 80%; Rf 0.34 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.94 (s, 1H, NH), 8.25 (m, 

2H, Ar-H), 7.65 (m, 2H, Ar-H), 7.42 (m, 2H, Ar-H), 7.20 (m, 2H, Ar-H); 13C NMR 

(DMSO-d6, 100MHz) δ 164.8, 162.3, 150.7, 144.3, 135.5, 131.8, 130.8, 130.7, 129.2, 

129.1, 127.3, 127.3, 123.0, 122.2, 119.3, 116.6, 116.4, 116.1, 115.9, 111.8. HRMS: (ESI) 

m/z calculated for C13H10FN2 [M+H]+ 213.0823, observed 213.0829. 

2-(4-nitrophenyl)-1H-benzo[d]imidazole (64h), White solid, 0.17 g, 79%; Rf 0.61 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.29 (s, 1H, NH), 8.42 (m, 
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4H, Ar-H), 7.72 (d, 1H, J=7.6 Hz, Ar-H), 7.60 (d, 1H, J=7.6 Hz, Ar-H), 7.23 (m, 2H, Ar-

H); 13C NMR (DMSO-d6, 100MHz) δ 149.5, 148.3, 144.3, 136.5, 135.7, 127.8, 124.7, 

124.0, 122.8, 119.9, 112.3. LC-MS: (ESI) m/z calculated for C13H10N3O2 [M+H]+ 

240.0768, observed 240.0771. 

2-(4-bromophenyl)-1H-benzo[d]imidazole (64i), White solid, 0.30 g, 94%; Rf 0.51 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.01 (s, 1H, NH), 8.14 (d, 

2H, J=9.1 Hz, Ar-H), 7.61 (m, 2H, Ar-H), 7.22 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 

100MHz) δ 150.7, 132.4, 129.9, 128.8, 123.7, 123.3, 122.4, 119.4, 111.9. HRMS: (ESI) 

m/z calculated for C13H10BrN2 [M+H]+ 273.0022, observed 273.0016, 274.9995. 

2-(4-methoxyphenyl)-1H-benzo[d]imidazole (64j), White solid, 0.54 g, 90%; Rf 0.63 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.77 (s, 1H, NH), 8.14 (d, 

2H, J=6.8 Hz, Ar-H), 7.57 (m, 2H, Ar-H), 7.18 (m, 2H, Ar-H), 7.11 (d, 2H, J=6.8 Hz, Ar-

H), 3.84 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100MHz) δ 161.1, 151.8, 128.5, 123.2, 

114.8, 55.8. HRMS: (ESI) m/z calculated for C14H13N2O[M+H]+ 225.1022, observed 

225.1025. 

2-(3,5-dimethoxy-4-methylphenyl)-1H-benzo[d]imidazole (64k), White solid, 0.61 g, 88 

%; Rf 0.701 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.90 (s, 1H, NH), 

7.66 (d, 2H, J=7.4 Hz, Ar-H), 7.55 (d, 2H, J=7.4 Hz, Ar-H), 7.49 (s, 2H, Ar-H), 7.20 (m, 

2H, Ar-H), 3.91 (s, 6H, OCH3), 2.07 (s, 3H, CH3); 13C NMR (DMSO-d6, 100MHz) δ 158.5, 

152.0, 144.2, 135.4, 129.0, 122.9, 122.1, 119.2, 115.4, 111.6, 102.3, 56.2, 8.9. HRMS: 

(ESI) m/z calculated for C16H17N2O2[M+H]+ 269.1285, observed 269.1298. 
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2-(3-iodo-4-methylphenyl)-1H-benzo[d]imidazole (64l), White solid, 0.71 g, 86 %; Rf  

0.67 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.96 (s, 1H, NH), 8.64 

(s,1H, Ar-H), 8.10 (d, 2H, J=7.9 Hz, Ar-H), 7.66 (d, 1H, J=7.4 Hz, Ar-H), 7.52 (d, 1H, 

J=7.4 Hz, Ar-H), 7.49 (d, 1H, j=7.9 Hz, Ar-H), 7.20 (m, 2H, Ar-H), 2.43 (s, 3H, CH3); 13C 

NMR (DMSO-d6, 100MHz) δ 150.0, 144.1, 143.0, 136.6, 135.4, 130.8, 130.0, 129.9, 

126.9, 126.7, 123.2, 122.3, 119.3, 111.8, 102.2, 27.9. HRMS: (ESI) m/z calculated for 

C14H12IN2[M+H]+ 335.0040, observed 335.0065. 

2-(3-bromo-4-methylphenyl)-1H-benzo[d]imidazole (64m), White solid, 0.93 g, 82 %; Rf 

0.58 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.98 (s, 1H, NH), 8.40 

(s,1H, Ar-H), 8.10 (d, 2H, J=7.9 Hz, Ar-H), 7.66 (d, 1H, J=7.4 Hz, Ar-H), 7.52 (d, 1H, 

J=7.4 Hz, Ar-H), 7.49 (d, 1H, j=7.9 Hz, Ar-H), 7.20 (m, 2H, Ar-H), 2.43 (s, 3H, CH3); 13C 

NMR (DMSO-d6, 100MHz) δ 150.0, 144.1, 139.5, 132.1, 130.3, 130.1, 126.0, 125.1, 

123.2, 122.3, 119.4, 111.9, 22.8. HRMS: (ESI) m/z calculated for C14H12BrN2[M+H]+ 

287.0178, observed 287.0201, 289.0182. 

2-(2,3-dimethoxyphenyl)-1H-benzo[d]imidazole (64n), White solid, 0.22 g, 91%; Rf 0.51 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.23 (s, 1H, NH), 7.85(m,1H, 

Ar-H), 7.64 (m, 2H, Ar-H), 7.21 (m, 4H, Ar-H), 3.85 (s, 6H, OCH3); 13C NMR (DMSO-

d6, 100MHz) δ 152.4, 149.0, 148.8, 119.2, 118.1, 114.4, 112.9, 56.2. HRMS: (ESI) m/z 

calculated for C15H15N2O2[M+H]+ 255.1128, observed 255.1144. 

2-(6-chloropyridin-2-yl)-1H-benzo[d]imidazole (64o), White solid, 0.16 g, 87%; Rf 0.49 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.53 (s, 1H, NH), 7.63 (m, 

4H, Ar-H), 7.22 (m, 2H, Ar-H), 6.72 (d, 1H, J=8.0Hz, Ar-H); 13C NMR (DMSO-d6, 
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100MHz) δ 159.1, 151.9, 146.7, 144.5, 141.5, 138.6, 135.1, 125.6, 123.2, 122.1, 120.9, 

119.5, 112.4, 109.3, 107.3. HRMS: (ESI) m/z calculated for C12H9ClN3[M+H]+ 230.0480, 

observed 230.0499. 

2-(3,5-dimethoxyphenyl)-1H-benzo[d]imidazole (64p), White solid, 0.32 g, 84%; Rf 0.51 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.90 (s, 1H, NH), 7.44 (m, 

4H, Ar-H), 7.21 (m, 3H, Ar-H), 3.85 (s, 6H, OCH3); 13C NMR (DMSO-d6, 100MHz) δ 

161.3, 151.5, 132.4, 104.7, 102.5, 56.0. HRMS: (ESI) m/z calculated for 

C15H15N2O2[M+H]+ 255.1128, observed 255.1128. 

4-(1H-benzo[d]imidazol-2-yl)benzene-1,3-diol (64q), White solid, 0.12g, 47%; Rf 0.23 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.39 (s, 1H, NH), 7.96 (d, 

1H, J=8.6 Hz, Ar-H), 7.60 (m, 2H, Ar-H), 7.25 (m, 2H, Ar-H), 6.62 (m, 2H, Ar-H), 3.81 

(s, 3H, OCH3), 3.37 (s, 1H, OH); 13C NMR (DMSO-d6, 100MHz) δ 162.7, 160.4, 152.6, 

127.7, 106.9, 106.2, 101.9, 55.8. HRMS: (ESI) m/z calculated for C13H11N2O2 [M+H]+ 

227.0815, observed 227.0827. 

2-(1H-benzo[d]imidazol-2-yl)benzene-1,3-diol (64r), White solid, 0.12g, 47%; Rf 0.23 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.39 (s, 1H, NH), 7.96 (d, 

1H, J=8.6 Hz, Ar-H), 7.60 (m, 2H, Ar-H), 7.25 (m, 2H, Ar-H), 6.62 (m, 2H, Ar-H), 3.81 

(s, 3H, OCH3), 3.37 (s, 1H, OH); 13C NMR (DMSO-d6, 100MHz) δ 162.7, 160.4, 152.6, 

127.7, 106.9, 106.2, 101.9, 55.8. LC-MS: (ESI) m/z calculated for C13H11N2O2 [M+H]+ 

227.0815, observed 227.0827. 

2-(1H-indol-2-yl)-1H-benzo[d]imidazole (66a), White solid, 0.19g, 96 %; Rf 0.203 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.98 (s, 1H, NH), 12.03 (s, 



 

 46 

[Gr

ab 

yo

ur 

rea

der

’s 

att

ent

ion 

wit

h a 

gre

at 

qu

ote 

fro

m 

the 

do

cu

me

nt 

or 

use 

thi

s 

spa

ce 

to 

em

ph

asi

ze 

[Grab your 

reader’s 

attention with a 

great quote from 

the document or 

use this space to 

emphasize a key 

point. To place 

this text box 

anywhere on the 

page, just drag 

it.] 

1H, NH), 7.66 (m, 2H, Ar-H), 7.56 ( d, J=7.4 Hz, 1H, Ar-H), 7.48 (m, 1H, Ar-H), 7.24 (m, 

4H, Ar-H), 7.05 (m, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 146.6, 144.2, 137.7, 

135.2, 129.1, 128.3, 123.3, 123.1, 122.2, 121.3, 120.2, 118.9, 112.4, 111.6, 102.1. HRMS: 

(ESI) m/z calculated for C15H12N3[M+H]+ 234.1026, observed 234.1039. 

2-(1H-indol-3-yl)-1H-benzo[d]imidazole (66b), White solid, 0.2 g, 84%; Rf 0.201 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.07 (s, 1H, NH), 12.04 (s, 

1H, NH), 8.53 (m, 1H, Ar-H), 8.15 ( s, 1H, Ar-H), 7.52 (m, 2H, Ar-H), 7.15 (m, 3H, Ar-

H); 13C NMR (DMSO-d6, 100MHz) δ 150.0, 136.9, 126.5, 125.7, 122.7, 121.9, 121.6, 

120.7, 112.4, 107.1. HRMS: (ESI) m/z calculated for C15H12N3[M+H]+ 234.1026, 

observed 234.1028. 

2-(1H-indol-5-yl)-1H-benzo[d]imidazole (66c), White solid, 0.19g, 94 %; Rf 0.302 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.75 (s, 1H, NH), 11.37 (s, 

1H, NH), 8.42 (s, 1H, Ar-H), 8.00 (d, 1H, J=8.6 Hz, Ar-H), 7.52 ( m, 4H, Ar-H), 7.16 (m, 

2H, Ar-H), 6.58 (t, 1H, J=7.4, 2.2 Hz, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 153.6, 

137.3, 128.2, 127.2, 121.9, 121.7, 120.5, 119.2, 112.3, 102.4. HRMS: (ESI) m/z calculated 

for C15H12N3[M+H]+ 234.1026, observed 234.1040. 

2-(1H-indol-6-yl)-1H-benzo[d]imidazole (66d), White solid, 0.41 g, 96%; Rf 0.20 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.81 (s, 1H, NH), 11.47 (s, 

1H, NH), 8.11 (d, 2H, J=8.0 Hz, Ar-H), 7.59 (m, 2H, Ar-H), 7.38 (d, 2H, J=8.0 Hz, Ar-H), 

7.20 (m, 2H, Ar-H), 6.52 (m, 2H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 153.4, 143.5, 

136.3, 135.7, 130.5, 129.5, 127.9, 126.9, 124.6, 123.5, 120.8, 119.9, 119.0, 118.2, 116.9, 
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116.8, 112.3, 110.4, 101.9, 101.8, 79.7. HRMS: (ESI) m/z calculated for C15H12N3 [M+H]+ 

234.1026, observed 234.1026. 

2-(1H-indol-7-yl)-1H-benzo[d]imidazole (66e), White solid, 0.5g, 90%; Rf 0.302 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 13.07 (s, 1H, NH), 11.47 (s, 

1H, NH), 7.95 (d, 1H, J=7.4 Hz, Ar-H), 7.76 ( m, 2H, Ar-H), 7.55 (m, 2H, Ar-H), 7.24 (m, 

3H, Ar-H), 6.58 (t, 1H, J=7.4, 2.2 Hz, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 151.8, 

133.5, 129.3, 127.2, 123.1, 122.9, 122.1, 119.4, 119.1, 113.3, 111.7, 101.9. HRMS: (ESI) 

m/z calculated for C15H12N3[M+H]+ 234.1026, observed 234.1033. 

2-heptadecyl-1H-benzo[d]imidazole (68a), White solid, 1.5 g, 96 %; Rf 0.62 

(9:1/CH2CL2:MeOH);  1H NMR (CDCl3, 400MHz): δ = 7.55 (m, 2H, Ar-H), 7.23 (m, 2H, 

Ar-H),  2.91 (t, 2H, J=15.2, 7.2Hz, CH2), 1.84 (m, 2H, CH2), 1.26 (s, 28H, CH2), 0.89 (t, 

3H, J=12.6, 5.8Hz, CH3); 13C NMR (CDCl3, 100MHz) δ 155.6, 122.1, 31.9, 29.7, 29.7, 

29.7, 29.5, 29.4, 29.4, 29.4, 22.7, 14.1. HRMS: (ESI) m/z calculated for C24H41N2  [M+H]+ 

357.3264, observed 357.3277. 

2-pentadecyl-1H-benzo[d]imidazole (68b), White solid, 1.2 g, 92 %; Rf 0.56 

(9:1/CH2CL2:MeOH);  1H NMR (CDCl3, 400MHz): δ = 7.55 (m, 2H, Ar-H), 7.23 (m, 2H, 

Ar-H),  2.91 (t, 2H, J=15.2, 7.2Hz, CH2), 1.84 (m, 2H, CH2), 1.26 (s, 28H, CH2), 0.89 (t, 

3H, J=12.6, 5.8Hz, CH3); 13C NMR (CDCl3, 100MHz) δ 155.6, 138.3, 122.1, 114.6, 31.9, 

29.7, 29.7, 29.7, 29.5, 29.4, 29.4, 29.4, 22.7, 14.1. HRMS: (ESI) m/z calculated for 

C22H37N2  [M+H]+ 329.2951, observed 329.2958. 

2-heptyl-1H-benzo[d]imidazole (68c), White solid, 0.92 g, 94 %; Rf 0.61 

(9:1/CH2CL2:MeOH);  1H NMR (DMSO-d6, 400MHz): δ = 12.18 (s, 1H, NH), 7.45 (m, 
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2H, Ar-H), 7.10 (m, 2H, Ar-H),  2.78 (t, 2H, J=15.2, 7.2Hz, CH2), 1.75 (m, 2H, CH2), 1.26 

(s, 8H, CH2), 0.85 (t, 3H, J=12.6, 5.8Hz, CH3); 13C NMR (DMSO-d6, 100MHz) δ 155.6, 

122.1, 31.9, 29.7, 29.7, 29.7, 29.5, 29.4, 29.4, 29.4, 22.7, 14.1. LC-MS: (ESI) m/z 

calculated for C14H21N2  [M+H]+ 217.1699, observed 217.1698. 

Tert-butyl 2-(1H-benzo[d]imidazol-2-yl)ethylcarbamate (68d), White solid, 0.36 g, 92 %; 

Rf  0.67 (9:1/CH2CL2:MeOH);  1H NMR (DMSO-d6, 400MHz): δ = 12.24 (s, 1H, NH), 

7.45 (m, 2H, Ar-H), 7.10 (m, 3H, Ar-H),  3.38 (m, 2H, CH2), 2.94 (t, 2H, J=7.6, 14.8Hz, 

CH2), 1.38 (s, 9H, CH3); 13C NMR (DMSO-d6, 100MHz) δ 162.8, 155.9, 153.2, 134.3, 

127.7, 121.6, 120.8, 117.1, 112.3, 102.9, 94.3, 78.2, 29.8, 28.7. HRMS: (ESI) m/z 

calculated for C14H20N3O2  [M+H]+ 262.1550, observed 262.1552. 

2-(but-3-enyl)-1H-benzo[d]imidazole (68e), White solid, 0.75 g, 92 %; Rf 0.44 

(9:1/CH2CL2:MeOH);  1H NMR (DMSO-d6, 400MHz): δ = 12.23 (s, 1H, NH), 7.47 (m, 

2H, Ar-H), 7.10 (m, 2H, Ar-H),  5.88 (m, 1H, CH), 5.11 (dd, 1H, J=4.0, 17.0Hz, CH), 5.00 

(dd, 1H, J=4.0, 17.0Hz, CH), 2.90 (t, 2H, J=7.2, 15.2Hz, CH2), 2.52 (m, 2H, CH2); 13C 

NMR (DMSO-d6, 100MHz) δ 154.9, 137.9, 121.6, 115.9, 32.0, 28.4. HRMS: (ESI) m/z 

calculated for C11H13N2  [M+H]+ 173.1073, observed 173.1075. 

2-(3-phenylpropyl)-1H-benzo[d]imidazole (68f), White solid, 0.28 g, 95%; Rf 0.410 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.24 (s, 2H, NH), 7.45 (m, 

2H, Ar-H), 7.21 (m, 8H, Ar-H), 2.82 (t, J=15.0, 7.4Hz, 2H, CH2), 2.66 (t, J=15.0, 7.4Hz, 

2H, CH2), 2.10 (p, J=15.0, 7.4Hz, 2H, CH2); 13C NMR (DMSO-d6, 100MHz) δ 155.3, 

142.1, 128.9, 128.8, 126.3, 121.5, 35.1, 29.7, 28.5. HRMS: (ESI) m/z calculated for 

C16H17N2[M+H]+ 237.1386, observed 237.1387. 
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2-(4-nitrobenzyl)-1H-benzo[d]imidazole (68g), White solid, 0.21 g, 90%; Rf 0.57 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.42 (s, 2H, NH), 8.20 (d, 

2H, J=6.8Hz, Ar-H), 7.62 (d, 2H, J=6.8Hz, Ar-H), 7.50 (m, 2H, Ar-H), 7.13 (m, 2H, Ar-

H), 4.3 (s, 2H, CH2); 13C NMR (DMSO-d6, 100MHz) δ 152.7, 146.8, 146.1, 130.7, 124.1, 

122.0, 35.0. HRMS: (ESI) m/z calculated for C14H12N3O2[M+H]+ 254.0924, observed 

254.0936. 

2-(4-bromobenzyl)-1H-benzo[d]imidazole (68h), White solid, 0.8 g, 92%; Rf 0.64 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.31 (s, 2H, NH), 7.50 (m, 

4H, Ar-H), 7.21 (m, 4H, Ar-H), 4.17 (s, 2H, CH2); 13C NMR (DMSO-d6, 100MHz) δ 153.5, 

137.5, 131.5, 121.8, 120.2, 34.7. HRMS: (ESI) m/z calculated for C14H12BrN2[M+H]+ 

287.0178, observed 287.0177, 289.0158. 

2-(2-bromobenzyl)-1H-benzo[d]imidazole (68i), White solid, 1.2 g, 94%; Rf 0.51 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.30 (s, 2H, NH), 7.64 (d, 

1H, J=8.0Hz, Ar-H), 7.44 (m, 2H, Ar-H), 7.34 (d, 1H, J=8.0Hz, Ar-H), 7.21 (m, 3H, Ar-

H), 4.32 (s, 2H, CH2); 13C NMR (DMSO-d6, 100MHz) δ 152.6, 137.3, 133.0, 132.0, 129.3, 

128.4, 124.5, 35.8. HRMS: (ESI) m/z calculated for C14H12BrN2 [M+H]+ 287.0178, 

observed 287.0182, 289.0165. 

2-(2-(1H-indol-3-yl)ethyl)-1H-benzo[d]imidazole (68j), White solid, 0.36 g, 93%; Rf 0.70 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.28 (s, 1H, NH), 10.81 (s, 

1H, NH), 7.57 (d, 1H, J=7.8 Hz, Ar-H), 7.47 ( m, 2H, Ar-H), 7.60 (d, 1H, J=7.8 Hz, Ar-

H), 7.10 (m, 4H, Ar-H), 6.97 (t, 1H, J=7.4, 14.8Hz, Ar-H), 3.21 (m, 4H, CH2); 13C NMR 

(DMSO-d6, 100MHz) δ 155.4, 136.7, 127.5, 122.7, 121.6, 121.4, 118.7, 118.7, 114.0, 
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111.8, 30.1, 23.9. HRMS: (ESI) m/z calculated for C17H16N3[M+H]+ 262.1339, observed 

262.1339. 

2-(2-(1H-indol-3-yl)propyl)-1H-benzo[d]imidazole (68k), White solid, 0.21g, 92%; Rf  

0.52 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.25 (s, 1H, NH), 10.83 

(s, 1H, NH), 7.53 (d, 1H, J=7.9 Hz, Ar-H), 7.48 ( m, 1H, Ar-H), 7.360 (d, 1H, J=8.0 Hz, 

Ar-H), 7.10 (m, 4H, Ar-H), 6.97 (t, 1H, J=7.4, 14.8Hz, Ar-H), 2.89 (t, 2H, J=7.4, 15.2Hz, 

CH2), 2.79 (t, 2H, J=7.4, 15.2Hz, CH2), 2.17 (p, 2H, J=7.7, 15.1Hz, CH2); 13C NMR 

(DMSO-d6, 100MHz) δ 155.6, 136.8, 127.7, 122.9, 121.5, 121.3, 118.8, 114.4, 111.8, 28.9, 

28.9, 24.8. HRMS: (ESI) m/z calculated for C18H18N3[M+H]+ 276.1495, observed 

276.1519. 

3.1.4 General Procedure for the selective mono-alkylation of 2-indolyl-benzimidazoles 

71a – 71j, 72a – 72f and 73a – 73e. 

 A solution of 2-indolylbenzimidazole derivative 66a (1.0 equiv.) in acetonitrile (3 mL) 

was cooled to 0 ˚C in ice/water bath. To the solution was added potassium carbonate 

powder (3 equiv.) and allowed to stir for 20 min. Then, alkyl or benzyl bromide (1 equiv) 

was added and the reaction mixture allowed to stir for another 20 minutes at 0 ˚C before 

brought to room temperature. The reaction stirred for another 3 h. Upon the reaction 

completion, (as per TLC analysis), the reaction mixture was diluted with water and 

extracted using ethyl acetate (3 x 100 mL). The combined organic layer was dried over 

anhydrous sodium sulfate, filtered and concentrated in vacuo. The crude product was 

purified using column chromatography using hexanes/EtOAc in increasing polarity up to 
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7:3 mixture. The fractions containing the desired product were concentrated and 

crystallized in hexanes/EtOAc (7:3) to yield the desired products as off-white solid. 

1-benzyl-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71a), a white solid, 0.10 g, 90%; Rf 

0.50 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.03 (s, 1H, NH), 7.66 

(m, 1H, Ar-H), 7.56 ( m, 3H, Ar-H), 7.25 (m, 5H, Ar-H), 7.05 (m, 5H, Ar-H), 5.83 (s, 2H, 

-CH2); 13C NMR (DMSO-d6, 100MHz) δ 146.7, 143.0, 137.2, 136.8, 134.2, 128.4, 127.3, 

126.4, 126.3, 126.1, 123.6, 123.3, 122.9, 121.4, 120.2, 119.3, 112.4, 111.2, 102.9, 79.7, 

46.7. HRMS: (ESI) m/z calculated for C22H18N3[M+H]+ 324.1495, observed 324.1501. 

Compound (71b), a white solid, 0.19 g, 92%; Rf 0.60 (1:1/Hexanes: EtOAc); 1H NMR 

(DMSO-d6, 400MHz): δ = 12.14 (s, 1H, NH), 7.80 (m, 2H, Ar-H), 7.66 ( m, 1H, Ar-H), 

7.25 (m, 10H, Ar-H), 6.88 (s, 1H, Ar-H), 5.78 (s, 2H, -CH2), 2.41 (s, 3H, -CH3); 13C NMR 

(DMSO-d6, 100MHz) δ 147.3, 142.7, 137.7, 137.1, 136.5, 132.9,129.9, 128.5, 126.7, 

126.0, 123.8, 123.3, 123.1, 121.3, 120.2, 119.4, 111.9, 110.1, 103.5, 48.3, 21.2. HRMS: 

(ESI) m/z calculated for C23H20N3[M+H]+ 338.1652, observed 338.1656. 

1-(4-tert-butylbenzyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71c), a white solid, 0.2 g, 

84%; Rf  0.64 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.03 (s, 1H, 

NH), 7.66 (m, 1H, Ar-H), 7.56 ( m, 3H, Ar-H), 7.25 (m, 5H, Ar-H), 7.05 (m, 5H, Ar-H), 

5.83 (s, 2H, -CH2), 1.20 (s, 9H, (-CH3)3); 13C NMR (DMSO-d6, 100MHz) δ 150.3, 146.9, 

143.0, 137.2, 136.8, 134.2, 128.4, 127.3, 126.4, 126.3, 126.1, 123.6, 123.3, 122.9, 121.4, 

120.2, 119.3, 112.4, 111.2, 102.9, 79.7, 47.4, 34.6, 31.5, 22.6. HRMS: (ESI) m/z calculated 

for C26H26N3[M+H]+ 380.2121, observed 380.2121. 
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1-(4-(trifluoromethoxy)benzyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71d), a white 

solid, 0.3 g, 89%; Rf 0.70 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.68 

(s, 1H, NH), 7.80 (m, 2H, Ar-H), 7.66 ( m, 1H, Ar-H), 7.25 (m, 10H, Ar-H), 6.88 (s, 1H, 

Ar-H), 5.81 (s, 2H, -CH2); 13C NMR (DMSO-d6, 100MHz) δ 148.9, 148.9, 148.9, 147.4, 

142.7, 137.3, 136.2, 134.6, 128.4, 127.6, 126.4, 124.3, 124.0, 123.5, 123.4, 121.8, 121.3, 

120.4, 119.4. 119.2, 116.7, 112.1, 109.9, 103.4, 47.8. HRMS: (ESI) m/z calculated for 

C23H17F3N3O[M+H]+ 480.1318, observed 408.1319. 

1-(4-(trifluoromethylthio)benzyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71e), a white 

solid, 0.5 g, 90%; Rf  0.60 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 

12.06 (s, 1H, NH), 7.77 (m, 8H, Ar-H), 7.25 ( m, 8H, Ar-H), 6.95 (s, 1H, Ar-H), 6.50 (m, 

2H, -CH2); 13C NMR (DMSO-d6, 100MHz) δ 146.8, 142.9, 141.2, 137.3, 137.2, 136.8, 

128.5, 128.4, 128.1, 127.0, 123.7, 123.5, 123.2, 122.4, 121.4, 120.2, 119.4, 112.4, 111.1, 

103.0, 47.3. HRMS: (ESI) m/z calculated for C23H17F3N3S[M+H]+ 424.1090, observed 

424.1090. 

4-((2-(1H-indol-2-yl)-1H-benzo[d]imidazol-1-yl)methyl)benzonitrile (71f), a white solid, 

0.4 g, 84%; Rf  0.50 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.06 (s, 

1H, NH), 7.75 (m, 9H, Ar-H), 7.31 (m, 9H, Ar-H), 7.00 (s, 1H, Ar-H), 5.84 (s, 2H, -CH2); 

13C NMR (DMSO-d6, 100MHz) δ 146.8, 145.8, 144.6, 143.1, 142.9, 142.9, 138.1, 137.2, 

136.7, 133.3, 133.2, 132.8, 128.4, 127.7, 127.6, 127.5, 127.5, 127.3, 126.9, 123.7, 123.5, 

123.2, 121.9, 121.4, 120.2, 119.4, 119.0, 112.4, 111.6, 111.4, 111.0, 110.8, 110.3, 106.3, 

103.0, 79.7, 47.5. HRMS: (ESI) m/z calculated for C23H17N4[M+H]+ 349.1448, observed 

349.1451. 
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1-(4-nitrobenzyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71g), a yellow solid, 0.7 g, 

86%; Rf  0.43 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.08 (s, 1H, 

NH), 8.20 (d, J=8.8 Hz, 2H, Ar-H), 7.56 ( m, 5H, Ar-H), 7.25 (m, 6H, Ar-H), 7.00 (m, 2H, 

Ar-H), 6.06 (s, 2H, -CH2); 13C NMR (DMSO-d6, 100MHz) δ 147.3, 146.8, 145.2, 142.9, 

137.3, 136.7, 128.3, 127.8, 126.9, 124.6, 123.7, 123.6, 123.3, 121.4, 120.2, 119.4, 112.4, 

111.0, 103.1, 47.4. HRMS: (ESI) m/z calculated for C22H17N4O2 [M+H]+ 369.1346, 

observed 369.1348. 

1-(4-(methylsulfonyl)benzyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71h), a white 

solid, 0.6 g, 86%; Rf  0.19 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 

12.14 (s, 1H, NH), 7.97 (m, 2H, Ar-H), 7.66 ( m, 1H, Ar-H), 7.25 (m, 8H, Ar-H), 6.72 (s, 

1H, Ar-H), 5.87 (s, 2H, -CH2), 3.09 (s, 3H, -CH3); 13C NMR (DMSO-d6, 100MHz) δ 147.1, 

142.7, 142.3, 140.4, 136.9, 136.1, 128.5, 128.3, 127.0, 126.2, 124.2, 123.7, 123.5, 121.3, 

120.6, 119.6, 111.9, 109.7, 103.3, 48.0, 44.5. HRMS: (ESI) m/z calculated for 

C23H20N3O2S[M+H]+ 402.1271, observed 402.1280. 

Methyl 4-((2-(1H-indol-2-yl)-1H-benzo[d]imidazol-1-yl)methyl)benzoate (71i), a white 

solid, 0.9 g, 87%; Rf  0.45 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 

12.01 (s, 1H, NH), 7.97 (m, 2H, Ar-H), 7.66 ( m, 1H, Ar-H), 7.25 (m, 9H, Ar-H), 6.84 (s, 

1H, Ar-H), 5.98 (s, 2H, -CH2), 3.80 (s, 3H, -CH3); 13C NMR (DMSO-d6, 100MHz) δ 166.3, 

146.9, 142.9, 142.9, 137.2, 136.8, 130.3, 129.3, 128.3, 127.0, 126.8, 123.7, 123.5, 123.2, 

121.4, 120.2, 119.4, 112.4, 111.1, 103.1, 79.7, 52.6. HRMS: (ESI) m/z calculated for 

C24H20N3O2[M+H]+ 382.1550, observed 382.1556. 
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1-(4-(trifluoromethyl)benzyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (71j), a white 

solid, 0.2 g, 79%; Rf  0.60 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 

12.06 (s, 1H, NH), 7.75 (m, 3H, Ar-H), 7.56 ( m, 2H, Ar-H), 7.31 (m, 4H, Ar-H), 7.17 (m, 

1H, Ar-H), 7.02 (m, 1H, Ar-H), 6.89 (m, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 

146.8, 142.9, 142.2, 137.2, 136.8, 128.4, 128.4, 127.3, 126.9, 126.3, 126.3, 125.9, 123.7, 

123.5, 123.2, 123.2, 121.4, 120.2, 119.4, 112.4, 111.1, 103.0, 47.4. HRMS: (ESI) m/z 

calculated for C26H26N3[M+H]+ 392.1369, observed 392.1369. 

1-(cyclopropylmethyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (72a), a white solid, 0.3 

g, 92%; Rf  0.53 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.00 (s, 1H, 

NH), 7.66 (m, 3H, Ar-H), 7.30 ( m, 1H, Ar-H), 7.20 (m, 4H, Ar-H), 7.05 (m, 2H, Ar-H), 

4.53 (d, J=6.6 Hz, 2H, -CH2) 1.33 (m, 1H, -CH), 0.45 (m, 4H, (CH2)2); 13C NMR (DMSO-

d6, 100MHz) δ 146.4, 142.9, 137.2, 136.8, 128.6, 127.6, 123.5, 123.0, 122.7, 121.5, 120.2, 

119.1, 112.4, 111.4, 102.9, 79.7, 48.1, 11.6, 4.0. HRMS: (ESI) m/z calculated for 

C19H18N3[M+H]+ 288.1495, observed 288.1495. 

1-(cyclohexylmethyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (72b), a white solid, 0.20 

g, 89%; Rf  0.68 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 11.94 (s, 1H, 

NH), 7.66 (m, 3H, Ar-H), 7.50 ( m, 1H, Ar-H), 7.25 (m, 3H, Ar-H), 7.05 (m, 2H, Ar-H), 

4.43 (d, J=7.4 Hz, 2H, -CH2) 1.92 (m, 1H, -CH), 1.54 (m, 5H, (-CH)5), 1.09 (m, 5H, (-

CH)5); 13C NMR (DMSO-d6, 100MHz) δ 146.4, 142.9, 137.2, 137.1, 128.6, 127.7, 123.5, 

122.9, 122.6, 121.5, 120.1, 119.1, 112.4, 111.6, 102.7, 79.7, 50.2, 30.6, 26.2, 25.7. HRMS: 

(ESI) m/z calculated for C22H24N3[M+H]+ 330.1965, observed 330.1965. 
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1-(cyclobutylmethyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (72c), a white solid, 0.40 

g, 90%; Rf  0.62 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.00 (s, 1H, 

NH), 7.66 (m, 3H, Ar-H), 7.30 ( m, 1H, Ar-H), 7.20 (m, 6H, Ar-H), 7.00 (s, 1H, Ar-H), 

4.53 (d, J=6.6 Hz, 2H, -CH2) 3.10 (m, 1H, -CH), 2.15 (m, 2H, -CH2), 1.95 (m, 4H, (-CH2)2); 

13C NMR (DMSO-d6, 100MHz) δ 146.7, 142.4, 136.8, 136.6, 128.6, 127.3, 123.7, 122.9, 

122.7, 121.2, 120.2, 119.3, 111.9, 110.2, 102.9, 49.5, 36.1, 26.7, 18.5. HRMS: (ESI) m/z 

calculated for C20H20N3[M+H]+ 302.1652, observed 302.1652. 

1-allyl-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (72d), a white solid, 0.20 g, 94%; Rf  0.55 

(1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 12.98 (s, 1H, NH), 12.03 (s, 

1H, NH), 7.66 (m, 2H, Ar-H), 7.56 ( d, J=7.4 Hz, 1H, Ar-H), 7.48 (m, 1H, Ar-H), 7.24 (m, 

4H, Ar-H), 7.05 (m, 1H, Ar-H); 13C NMR (DMSO-d6, 100MHz) δ 146.9, 144.2, 137.7, 

135.2, 129.1, 128.3, 123.3, 123.1, 122.2, 121.3, 120.2, 118.9, 112.4, 111.6, 102.1, 79.9, 

47.7. HRMS: (ESI) m/z calculated for C18H16N3[M+H]+ 274.1339, observed 274.1339. 

2-(1H-indol-2-yl)-1-phenethyl-1H-benzo[d]imidazole (72e), a white solid, 0.31 g, 88%; 

Rf 0.47 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 11.97 (s, 1H, NH), 

7.66 (m, 4H, Ar-H), 7.48 (m, 10H, Ar-H), 4.77 (t, J= 7.5, 15.1 Hz, 2H, -CH2), 3.16 (t, J= 

7.6, 15.1 Hz, 2H, -CH2); 13C NMR (DMSO-d6, 100MHz) δ 146.4, 142.8, 138.3, 137.2, 

136.4, 129.4, 128.9, 128.5, 127.5, 127.1, 123.6, 122.9, 122.7, 121.5, 120.2, 120.1, 119.1, 

112.4, 111.1, 102.9, 102.7, 45.9, 35.6. HRMS: (ESI) m/z calculated for C23H20N3[M+H]+ 

338.1652, observed 338.1652. 

1-(3-(benzyloxy)propyl)-2-(1H-indol-2-yl)-1H-benzo[d]imidazole (72f), a white solid, 

0.15 g, 90%; Rf  0.49 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 11.59 (s, 
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1H, NH), 7.66 (m, 3H, Ar-H), 7.48 (m, 12H, Ar-H), 4.75 (t, J= 7.2, 14.44 Hz, 2H, -CH2), 

4.59 (s, 2H, -CH2), 3.66 (t, J= 5.4, 10.96 Hz, 2H, -CH2), 2.38 (p, J= 7.0, 12.96 Hz, 2H, -

CH2); 13C NMR (DMSO-d6, 100MHz) δ 146.5, 142.5, 138.1, 136.8, 136.4, 128.7, 128.6, 

127.8, 127.7, 127.0, 123.8, 122.9, 122.8, 121.3, 120.2, 119.3, 111.7, 109.8, 103.2, 66.8, 

41.9, 30.1. HRMS: (ESI) m/z calculated for C25H24N3O[M+H]+ 382.1914, observed 

382.1916. 

1-benzyl-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (73a), a white solid, 0.6 g, 

92%; Rf 0.60 (1:1/hexanes:EtOAc); 1H NMR (DMSO-d6, 400 MHz): δ = 11.91 (s, 1H, 

NH), 7.76 (d, J=7.2Hz, 1H, Ar-H), 7.57 (d, J=7.4Hz, 1H, Ar-H), 7.36 (m, 6H, Ar-H), 7.34 

(dd, J=8.8, 8.8Hz, 1H, Ar-H),  7.23 (m, 2H, Ar-H), 6.83 (dd, J=8.8, 8.8Hz, 1H, Ar-H), 5.86 

(s, 2H, -CH2-), 3.74 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100 MHz) δ 154.3, 147.0, 142.9, 

137.3, 136.8, 132.5, 129.4, 128.7, 127.9, 127.4, 126.5, 123.3, 122.9, 119.2, 114.6, 113.2, 

111.1, 102.8, 102.1, 79.7, 55.7, 47.7. HRMS: (ESI) m/z calculated for C23H20N3O [M+H]+ 

354.1601, observed 354.1601. 

1-(4-(trifluoromethyl)benzyl)-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole 

(73b), a white solid, 0.35 g, 90%; Rf  0.60 (1:1/hexanes:EtOAc); 1H NMR (DMSO-d6, 400 

MHz): δ = 11.91 (s, 1H, NH), 7.76 (d, J=7.2Hz, 1H, Ar-H), 7.57 (d, J=7.4Hz, 1H, Ar-H), 

7.36 (m, 6H, Ar-H), 7.34 (dd, J=8.8, 8.8Hz, 1H, Ar-H),  7.23 (m, 2H, Ar-H), 6.83 (dd, 

J=8.8, 8.8Hz, 1H, Ar-H), 5.86 (s, 2H, -CH2-), 3.74 (s, 3H, OCH3); 13C NMR (DMSO-d6, 

100 MHz) δ 154.3, 147.0, 142.9, 137.3, 136.8, 132.5, 129.4, 128.7, 127.9, 127.4, 126.5, 

123.3, 122.9, 119.2, 114.6, 113.2, 111.1, 102.8, 102.1, 79.7, 55.7, 47.7. HRMS: (ESI) m/z 

calculated for C24H19F3N3O [M+H]+ 422.1475, observed 422.1482. 
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1-(cyclohexylmethyl)-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (73c), a white 

solid, 0.6 g, 78%; Rf  0.68 (1:1/hexanes:EtOAc); 1H NMR (DMSO-d6, 400 MHz): δ = 11.86 

(s, 1H, NH), 7.67 (d, J=7.2Hz, 1H, Ar-H), 7.56 (d, 1H, Ar-H), 7.34 (dd, J=8.8, 8.8Hz, 1H, 

Ar-H),  7.23 (m, 2H, Ar-H), 6.83 (dd, J=8.8, 8.8Hz, 1H, Ar-H), 4.41 (d, J=6.6Hz, 2H, -

CH2-), 3.79 (s, 3H, OCH3), 1.7 (m, 1H, -CH-), 1.55 (m, 5H, -CH-), 1.1 (m, 5H, -CH-); 13C 

NMR (DMSO-d6, 100 MHz) δ 154.3, 146.7, 144.2, 135.2, 132.9, 129.4, 128.7, 122.9, 

122.1, 118.9, 114.9, 114.1, 113.3, 113.2, 111.6, 102.2, 101.9, 55.7, 50.2, 38.5, 30.6, 26.2, 

25.7. HRMS: (ESI) m/z calculated for C23H26N3O [M+H]+ 360.2070, observed 360.2070. 

1-(cyclopropylmethyl)-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (73d), a 

white solid, 0.46 g, 82%; Rf 0.53 (1:1/hexanes:EtOAc); 1H NMR (DMSO-d6, 400 MHz): 

δ = 12.93 (s, 1H, NH), 11.86 (s, 1H, NH), 7.67 (d, J=7.2Hz, 1H, Ar-H), 7.56 (d, 1H, Ar-

H), 7.34 (dd, J=8.8, 8.8Hz, 1H, Ar-H),  7.23 (m, 2H, Ar-H), 6.83 (dd, J=8.8, 8.8Hz, 1H, 

Ar-H), 4.50 (d, J=6.6Hz, 2H, -CH2-), 3.78 (s, 3H, OCH3), 1.33 (m, 1H, -CH-), 0.48 (m. 

4H, 2[ -CH2-]); 13C NMR (DMSO-d6, 100 MHz) δ 154.3, 146.7, 144.2, 135.2, 132.9, 129.4, 

128.7, 122.9, 122.1, 118.9, 114.9, 114.1, 113.3, 113.2, 111.6, 102.2, 101.9, 79.8, 55.7, 48.1, 

11.6, 4.0. HRMS: (ESI) m/z calculated for C20H20N3O [M+H]+ 318.1601, observed 

318.1601. 

1-allyl-2-(5-methoxy-1H-indol-2-yl)-1H-benzo[d]imidazole (73e), a white solid, 0.25 g, 

96%; Rf 0.56 (1:1/hexanes:EtOAc); 1H NMR (DMSO-d6, 400 MHz): δ = 11.86 (s, 1H, 

NH), 7.67 (d, J=7.2Hz, 1H, Ar-H), 7.56 (d, 1H, Ar-H), 7.34 (dd, J=8.8, 8.8Hz, 1H, Ar-H),  

7.23 (m, 2H, Ar-H), 6.83 (dd, J=8.8, 8.8Hz, 1H, Ar-H), 6.21 (m, 1H, -CH-), 5.21 (m, 2H, 

-CH2-), 4.88 (m, 1H, -CH-), 3.79 (s, 3H, OCH3); 13C NMR (DMSO-d6, 100 MHz) δ 154.3, 
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146.7, 144.2, 135.2, 132.9, 129.4, 128.7, 122.9, 122.1, 118.9, 114.9, 114.1, 113.3, 113.2, 

111.6, 102.2, 101.9, 55.7, 46.8. HRMS: (ESI) m/z calculated for C19H18N3O [M+H]+ 

304.1444, observed 304.1444. 

 

3.1.5 General procedure for the synthesis of symmetrically or asymmetrically bis-

alkylated 2-indolylbenzimidazoles 75a – 75c and 77a – 77d. 

There were two steps. Step 1, a solution of 2-indolylbenzimidazole 66a (1 equiv.) in 3 mL 

of CH3CN was cooled to 0 ˚C in ice/water bath, potassium hydroxide powder (1 equiv.) 

was added and the reaction mixture was left to stir for 20 min. Thereafter, alkyl or benzyl 

bromide (1 equiv.) was added and the reaction mixture was stirred for 4 h at 0 ˚C. For the 

benzylation, the reaction was done at 0 ˚C for 4 h. For the cyclopropylmethylation reaction, 

the reaction was allowed to warm to rt and continued at rt for 6 h. Step 2, Once the mono-

alkylation was complete, second equivalence of potassium hydroxide powder was added 

to the reaction mixture and stirred at 0 ˚C for 20 min. Then, alkyl bromide (1 equiv.) was 

added and the reaction mixture was stirred at 0 ˚C for another 20 min, and subsequently 

allowed to warm to rt and stirred for 7 h. Once the reaction was complete, crude reaction 

mixture was diluted with water and extracted using ethyl acetate (3 x 100 mL). The 

combined organic layer was dried over anhydrous sodium sulfate, filtered and concentrated 

in vacuo. The crude product was purified using column chromatography using 

hexanes/EtOAc in increasing polarity up to 7:3 mixture. The fractions containing the 

desired product were concentrated and crystallized in hexanes/EtOAc (7:3) to yield the 

desired products as off-white solid. 
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1-benzyl-2-(1-benzyl-1H-indol-2-yl)-1H-benzo[d]imidazole (75a), a white solid, 0. 11g, 

68%; Rf  0.71 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 7.78 (m, 1H, 

Ar-H), 7.66 ( m, 1H, Ar-H), 7.25 (m, 2H, Ar-H), 7.12 (m, 6H, Ar-H), 7.03 (m, 6H, Ar-H), 

5.92 (s, 2H, -CH2), 5.45 (s, 2H, -CH2); 13C NMR (DMSO-d6, 100MHz) δ 163.0, 162.8, 

160.6, 160.4, 145.9, 142.9, 138.1, 135.6, 134.9, 134.9, 133.4, 133.4, 129.0, 128.9, 128.8, 

128.7, 127.8, 127.3, 123.9, 123.8, 123.1, 121.8, 120.9, 120.0, 116.1, 116.0, 115.7, 115.5, 

111.7, 111.5, 106.1, 79.7, 47.3, 46.7. HRMS: (ESI) m/z calculated for C29H22N3[M+H]+ 

414.1965, observed 414.1966. 

2-(1-benzyl-1H-indol-2-yl)-1-(cyclopropylmethyl)-1H-benzo[d]imidazole (77a), a white 

solid, 0.14 g, 62%; Rf 0.81 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 

7.66 (m, 2H, Ar-H), 7.30 ( m, 7H, Ar-H), 7.10 (m, 6H, Ar-H), 5.81 (s, 2H, -CH2), 4.05 (d, 

J=6.6 Hz, 2H, -CH2) 1.33 (m, 1H, -CH), 0.45 (m, 4H, (CH2)2); 13C NMR (DMSO-d6, 

100MHz) δ 146.4, 142.9, 137.2, 136.8, 128.6, 127.6, 123.5, 123.0, 122.7, 121.5, 120.2, 

119.1, 112.4, 111.4, 106.7, 49.1, 47.7, 29.7, 11.3, 4.4. HRMS: (ESI) m/z calculated for 

C26H24N3[M+H]+ 378.1965, observed 378.1968. 

2-(1-(cyclopropylmethyl)-1H-indol-2-yl)-1-methyl-1H-benzo[d]imidazole (77b), a white 

solid, 0.16 g, 66 %; Rf  0.53 (1:1/Hexanes: EtOAc); 1H NMR (CDCl3, 400MHz): δ = 7.66 

(m, 2H, Ar-H), 7.56 ( d, J=7.4 Hz, 1H, Ar-H), 7.48 (m, 1H, Ar-H), 7.24 (m, 4H, Ar-H), 

7.05 (m, 1H, Ar-H), 6.86 (s,1H, Ar-H), 4.53 (d, J=6.6 Hz, 2H, -CH2), 3.97 (s, 3H, N-CH3), 

1.33 (m, 1H, -CH), 0.35 (m, 4H, (CH2)2); 13C NMR (CDCl3, 100MHz) δ 146.6, 142.9, 

137.9, 135.8, 127.6, 127.4, 123.1, 123.1, 122.6, 121.3, 120.2, 120.1, 110.5, 109.8, 106.2, 
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48.3, 31.4, 11.8, 3.6. HRMS (ESI) m/z calculated for C20H20N3[M+H]+ 302.1652, observed 

302.1652. 

1-methyl-2-(1-(prop-2-ynyl)-1H-indol-2-yl)-1H-benzo[d]imidazole (77c), a white solid, 

0.11 g, 84 %; Rf  0.71 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 7.66 (m, 

2H, Ar-H), 7.56 ( d, J=7.4 Hz, 1H, Ar-H), 7.48 (m, 1H, Ar-H), 7.24 (m, 4H, Ar-H), 7.05 

(m, 1H, Ar-H), 6.86 (s,1H, Ar-H), 5.56 (s, 2H, -CH2), 4.00 (s, 3H, N-CH3), 2.21 (s, 1H, -

CCH); 13C NMR (DMSO-d6, 100MHz) δ 145.9, 142.9, 137.8, 135.9, 127.5, 127.2, 123.8, 

123.3, 122.7, 121.5, 120.9, 120.1, 110.7, 109.8, 106.9, 78.8, 72.3, 33.9, 31.7. HRMS (ESI) 

m/z calculated for C19H16N3[M+H]+ 286.1339, observed 286.1352. 

2-(1-methyl-1H-indol-2-yl)-1-(prop-2-ynyl)-1H-benzo[d]imidazole (77d), a white solid, 

0.11 g, 71 %; Rf  0.73 (1:1/Hexanes: EtOAc); 1H NMR (DMSO-d6, 400MHz): δ = 7.66 (m, 

2H, Ar-H), 7.56 ( d, J=7.4 Hz, 1H, Ar-H), 7.48 (m, 1H, Ar-H), 7.24 (m, 4H, Ar-H), 7.05 

(m, 1H, Ar-H), 6.86 (s,1H, Ar-H), 5.27 (s, 2H, -CH2), 4.01 (s, 3H, N-CH3), 3.57 (s, 1H, -

CCH); 13C NMR (DMSO-d6, 100 MHz) δ 145.6, 142.9, 142.9, 138.7, 135.1, 127.9, 127.1, 

123.7, 123.2, 121.6, 120.7, 119.9, 111.4, 111.0, 105.3, 79.2, 76.6, 34.8, 31.9. HRMS (ESI) 

m/z calculated for C19H16N3 [M+H]+ 286.1339, observed 286.1352. 

 3.2 Cell culture 

HeLa (cervical cancer), A549 (lung cancer), HepG2(liver cancer), MCF-7 (human breast 

cancer), and MDAMB231 (triple negative breast cancer) cell lines in which were cultured 

in air-jacketed humidified incubator at 37 °C with 5% CO2 in DMEM high glucose media 

supplemented with 10% FBS, 1% penicillin-streptomycin. 1000 cells per well in 96-well 
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plates were plated and then compounds were added to each well at indicated concentrations 

with carrier DMSO and incubated for 72 hours followed by MTT assay. 

3.3. Cell viability determination (MTT assay) 

The effect of the synthesized compounds on cellular viability was evaluated using the 

tetrazolium based calorimetric assay using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Acros Organics) dye on five different cancer cell lines 

HepG2, HeLa, MCF-7, MDA-MB231 and A549. MTT assay measures the activity of 

cellular NAD(P)H-dependent oxidoreductase enzymes reflecting the number of viable 

cells 190. Briefly, cells were plated in sterile 96-well cell culture plates and allowed to reach 

~70% confluency. Cells were then treated with benzimidazole derivatives. After 48 or 72 

h of treatment, 0.05% v/v MTT dye was added and cells were incubated at 37 °C for 3-4 

h. Formazan crystals formed from the reduction of MTT dye were dissolved in DMSO and 

the absorbance 191,192 was measured at 570 nm using the SpectraMax M5e plate reader 

(Molecular Devices). 

3.4. Apoptosis / necrosis assay 

A fluorescence dye-based apoptosis / necrosis assay was used to assess the mechanism of 

benzimidazole-induced cell death. This assay employs HO-33342 (HO), a DNA-binding 

dye that permeates healthy cells and propidium iodide (PI), a dye that can only penetrate 

cells with damaged membranes (necrotic cells). At the end of drug treatments for 24 h, 

HeLa cells were incubated with PI (25 µg/mL) for 10 min in the dark. Next, cells were 

washed with PBS and incubated with HO dye (11.25 µg/mL). Images were taken 

immediately using the EVOS FL Auto Imaging System (Thermo Fisher Scientific). The 
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percentage of apoptotic cells were determined by the number of bright HO-stained cells as 

a fraction of total HO-stained cells whereas PI-stained cells represent total necrotic cells. 

3.5 Western blot analysis 

HeLa cells treated with benzimidazole derivatives for 48 h were lysed in modified RIPA 

buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1% v/v NP40, 0.5% w/v deoxycholate, 0.1% 

w/v SDS, 10 % v/v glycerol, 10 mM NaF, 0.4 mM EDTA) with protease inhibitors (Sigma-

Aldrich). Lysates were collected using a scraper, transferred to microcentrifuge tubes, and 

cleared by centrifugation at 10,000g for 10 min. Next, Laemmli sample buffer containing 

SDS and b-mercaptoethanol was added and the samples were denatured by heating them 

at 95 °C for 10 min. Subsequently, samples were separated on polyacrylamide gels and 

transferred to PVDF membrane and processed for Western blot analysis with 

chemiluminescence detection. Images were obtained using Azure biosystems c500 imager 

and analyzed using ImageJ 1.8.0 software. 

3.6 Human topoisomerase II assay 

Human Topoisomerase II (topo II) activity assay was performed according to the protocol 

provided by the manufacturer (TopoGen). Briefly, the total reaction volume was fixed at 

20 µL. For preparation of one complete reaction, 4 µL of a 1:1 mixture of buffer A (0.5 M 

Tris-HCl, pH 8, 1.5 M NaCl, 0.1M MgCl2, 5 mM dithiothreitol, 300 µg/mL BSA) and 

Buffer B (20 mM ATP) were added to 14.75 µL of dH2O and 1 µL of kinetoplast DNA 

substrate. Finally, 1 µL of benzimidazoles was added followed by topo II (2 units). After 

45 min of incubation at 37 °C in a water bath, the reactions were stopped by the addition 

of 4 µL of stop buffer (5% sarkosyl, 0.0025% bromophenol blue, 25% glycerol). Next, 
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12.5 µL of a 125 µg/mL solution of proteinase K from Tritirachium album (Sigma 

Aldrich) was added to degrade the topoisomerase II from the decatenated DNA products. 

After an additional 15 min of incubation at 37 °C in a water bath, the reactions were 

analyzed on a 1% agarose gel by running at 120 V for 30 min in TAE buffer (40 mM Tris 

base, 1.1% glacial acetic acid, 20 mM disodium EDTA dihydrate). Gels were stained with 

SYBR Safe DNA gel stain (Invitrogen) and photographed under UV illumination using a 

c500 Azure Biosystems reader. 

3.7 Materials for the BMP project 

C2C12 mouse myoblast cells were obtained from American Type Culture Collection 

(ATCC®, Manassas, VA, USA; ATCC® CRL-1772).  Dulbecco’s Modified Eagle’s 

Medium (DMEM), Penicillin/Streptomycin/Glutamine solution (PSG), 

Penicillin/Streptomycin solution (PS), 0.25% Trypsin-EDTA were purchased from Gibco 

by Life Technologies (Gaithersburg, MD, USA). Fetal Bovine Serum (FBS) was obtained 

from Atlanta Biologicals (Flowery Branch, GA, USA). Vascular Cell Basal medium, 

Endothelial Cell Growth Kit – BBE, Trypsin/ EDTA solution for Primary cells, Trypsin 

Neutralizing Solution were obtained from ATCC (Manassas, VA, USA). Acridine 

Orange/Propidium Iodide stain was purchased from Logos Biosystem (Annandale, VA, 

USA). Recombinant BMP7 was purchased from R&D Systems (Minneapolis, MN, USA). 

TGX Fast Cast Acrylamide gel kit (12%), 4X Laemmli Sample Buffer, 10X 

Tris/Glycine/SDS buffer (Running Buffer) and Precision Plus Protein Standard were 

obtained from Bio-Rad Laboratories (Hercules, California, USA). Amersham™ Protran™ 

0.2 µm Nitrocellulose membrane was obtained from GE Healthcare Life Sciences 

(Pittsburgh, PA, USA). Bovine Serum Albumin (30% BSA solution) was from Alfa Aesar 



 

 64 

[Gr

ab 

yo

ur 

rea

der

’s 

att

ent

ion 

wit

h a 

gre

at 

qu

ote 

fro

m 

the 

do

cu

me

nt 

or 

use 

thi

s 

spa

ce 

to 

em

ph

asi

ze 

[Grab your 

reader’s 

attention with a 

great quote from 

the document or 

use this space to 

emphasize a key 

point. To place 

this text box 

anywhere on the 

page, just drag 

it.] 

(Ward Hill, MA, USA). Non-fat dry milk and Goat anti-rabbit IgG-HRP: sc-2004 were 

obtained from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). GeneTex Trident Pico 

Western HRP Substrate solutions for western blot imaging were bought from GeneTex 

(Irvine, CA, USA). Ponceau S solution, Poly-D-Lysine hydrobromide (PDL) and Tris-

EDTA buffer solution were procured from Sigma Aldrich (St. Louis, MO, USA). 

Paraformaldehyde stock solution (16%) was from Electron Microscopy Sciences (Hatfield, 

PA, USA). Cy3-goat anti-rabbit IgG was obtained from Jackson ImmunoResearch 

Laboratories (West Grove, PA, USA). Vectashield Mounting Medium with DAPI was 

purchased from Vector Laboratories, Inc. (Burlingame, CA, USA). RealTime-Glo™ MT 

cell Viability Assay kit was purchased from Promega Corporation (Madison, WI, USA). 

Phospho-Smad1/ 5(S463/465)/ 9(S465/467) rabbit monoclonal antibody (#13820S), 

Smad1 (D5907) XP® rabbit monoclonal antibody (#6944), Phospho-Akt (Ser473) (D9E) 

XP® rabbit monoclonal antibody (#4060), Akt (pan) (C67E7) rabbit monoclonal antibody 

(#4691), and Cell lysis Buffer (10X) were obtained from Cell Signaling Technology 

(Danvers, MA, USA). The phospho-Smad 1/5/8 antibody, CU503AB rabbit polyclonal 

antibody was generously provided by the Thomas Jessell Laboratory; HHMI (Columbia 

University, NY, USA). 

3.8 Cell culture maintenance – C2C12 cells 

C2C12 cells were cryopreserved in liquid nitrogen in Freezing Medium (Gibco by Life 

Technologies, city, state, co). When required, cells were thawed and maintained in 

Complete Growth Media (CGM) which consists of DMEM/ 10% FBS/ 1X PSG in T-75 

flasks, incubated at 37°C in 5% CO2. C2C12 cells were sub-cultured every second day by 

the following protocol: a) cells were removed from the cell culture incubator and observed 
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under a microscope to note the confluency of cells and cellular structure; b) the growth 

medium was aspirated and the cells were washed with room temperature 1X PBS; c) 

Trypsin-EDTA (5 mL, 0.25%) was added to the flask, incubated for 3 minutes at 37°C to 

detach the cells and then the flask was examined under the microscope to ensure complete 

trypsinization of the cells; d) an equal volume of CGM was added to neutralize the trypsin; 

e) the cell suspension was collected, transferred to a 15 mL conical tube and the cells were 

pelleted at 1000 rpm for 3 minutes at room temperature; f) the supernatant was aspirated 

and the cell pellet was resuspended in CGM; g) the concentration of cells was determined 

using the Luna-FL™ Dual Fluorescence Cell Counter from Logos Biosystem (Annandale, 

VA, USA); and, finally, h) the cells were seeded at a 1:5 dilution into a fresh T-75 flask 

and incubated at 37°C in 5% CO2. 

3.9 Determination of cell concentration – C2C12 cells 

At the time of the cell pellet resuspension (step (f)), a drop of the cell suspension was 

transferred to a fresh micro-centrifuge tube to serve as a representative sample. To 

determine the cell concentration a sample of the cells (18 μL) was mixed with 2 μL acridine 

orange/propidium iodide stain and 10 μL of this mixture was loaded onto a LUNA cell 

counting slide. The slide was inserted into the cell counter and the cell concentration and 

viability was recorded. 

3.10 Determining cell viability using MT-Glo assay 

C2C12 cells were seeded in a 96-well plate, 100 μL at 5 x 105 cells/mL, and incubated 

overnight in CGM to achieve 80-90% confluence. The medium was replaced with Serum 

Starvation Medium (SSM) containing DMEM/ 1X PS and the cultures were serum starved 
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for at least 16 h. The test compounds were prepared in DMEM/PS at the following 

concentrations: 1 mM, 100 μM, 10 μM, 1 μM, 0.1 μM, 0.01 μM. Cells incubated in the 

presence of DMEM/PS alone served as a positive control and treatment with 78 ppm Triton 

X-100 was used as negative control. Following the serum starvation period, the cells were 

treated with controls or test compounds for 24 h. Next, the MT Glo Cell Viability substrate 

and NanoLuc® enzyme were diluted in DMEM/PS according to manufacturer’s protocol 

and added to the cells. The plate was then incubated for 30-40 minutes at 37ᵒC, 5% CO2. 

Cellular luminescence was measured using the FilterMax F5 Multi-mode Microplate 

Reader (Molecular Devices, San Jose, CA, USA). Cell viability from three independent 

experiments with individual experiments carried out in triplet was determined and reported 

as a percentage of control. 

3.11 Treatment of C2C12 cells and preparation of whole cell lysates 

C2C12 cells were seeded in 35 mm dishes at 7.5 x 104 cells/mL (3 mL) in CGM and 

incubated overnight at 37°C in 5% CO2 to reach 70-80% confluence. Next, culture medium 

was replaced with SSM and incubated for 16-18 hours. After serum starvation, cells were 

treated with 50 ng/mL BMP7 (positive control) and the indicated concentrations of test 

compounds for 30 minutes. All samples were diluted in SSM. Following stimulation, the 

treatment medium was removed, and cultures were washed with ice cold 1X TBS for 2 

minutes. The 1X TBS was replaced with 1X Lysis Buffer supplemented with 1vmM PMSF 

(phenylmethylsulfonyl fluoride) and incubated on ice for 10 minutes. The cells were 

scraped, collected into microcentrifuge tubes and incubated on ice for an additional 15 

minutes to ensure complete cell lysis. The lysed cells were centrifuged at 15,000 rpm for 
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20 minutes at 4ᵒC. The supernatant (whole cell lysate) was transferred to a fresh 

microcentrifuge tube and stored at -80°C. 

3.12 Determination of Total Protein Concentration: Protein Assays  

The Amido Schwarz TCA precipitation method was used to estimate the amount of total 

protein in the whole cell lysates. First, whole cell lysates were diluted 1:100 in dH2O and 

total soluble protein was precipitated using 60% TCA (Trichloroacetic acid) and 1 M 

Tris/1% SDS. Precipitated protein was collected on nitrocellulose membranes (Millipore) 

and stained with Amido Black (Sigma) reagent. Stained protein was eluted from the 

membranes using Elution Buffer (1 M NaOH/0.5 M EDTA/Absolute ethanol). Absorbance 

of the eluted samples was measured at 630 nm using the Eppendorf BioSpectrometer (Lake 

Forest, CA, USA). The protein concentration in the whole cell lysates was determined 

using a BSA standard curve. 

3.13 Western Blotting to determine Smad phosphorylation  

The samples for Western blot analysis were prepared using 10 μg whole cell lysate in 1X 

Laemmli sample buffer. Samples were heated at 100ᵒC for 5 minutes, immediately placed 

on ice for 5 minutes and centrifuged at 9500 rpm for 2 minutes at room temperature. The 

protein samples along with Precision Plus Protein Standard (5 µL) were loaded on 12% 

TGX Fast Cast Acrylamide gels. Protein was separated by SDS-PAGE using the Gel 

Electrophoresis System from Bio-Rad (Hercules, CA, USA) at 200 V. The nitrocellulose 

membrane (GE Healthcare Life Sciences, Pittsburgh, PA, USA) was pre-incubated in cold 

1X Transfer Buffer (10 mM Tris, 2.5 mM glycine, 20% Methanol) for 30 minutes. Next, 

the separated proteins were transferred at 100 V onto the pre-equilibrated nitrocellulose 
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membranes. To ensure equal loading of proteins in every lane, the membrane was stained 

with Ponceau S and subsequently washed out with 1X TBS (3X). Non-specific binding 

sites were blocked by incubation of the membranes in BSA blocking buffer (5% BSA, 

0.1% Tween 20, 1X TBS) for 30 minutes followed by incubation overnight at 4ᵒC with the 

desired primary antibody diluted in BSA blocking buffer. Next, the membranes were 

washed with 1X TBST (0.1% Tween 20/TBS) for 15 minutes (3X). Membranes were then 

probed with a HRP-conjugated secondary antibody diluted in milk blocking buffer (5% 

non-fat milk, 0.1% Tween20, 1X TBS) for 1 hour at room temperature. The blots were then 

washed again with 1X TBST for 15 minutes (3X). The blots were developed using Trident 

Pico Western HRP substrate solutions and analysed by capturing the chemiluminescent 

signal using the Omega Lum™ G Imaging System (San Francisco, CA, USA). 

Quantification of the western blots was carried out using ImageJ (Image Processing and 

Analysis in Java 1.8.0_112) developed at NIH. 
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CHAPTER IV. RESULTS AND DISCUSSION  

4.1 O-(benzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium 

hexafluorophosphate (HBTU) Promoted Synthesis of Benzimidazoles 

Our goal is to develop a simple and functional group tolerant method to synthesize 

benzimidazoles. As the first step, we synthesized a valine derived amide precursor (15) to 

explore a suitable mild reaction condition for the synthesis of benzimidazoles. Compound 

15 was synthesized using commercially available Boc-Val-OH and o-diaminobenzene via 

a standard peptide coupling protocol. Then, we proceeded to screen various mild conditions 

to perform a dehydrative cyclization of the amide 15 into the corresponding benzimidazole 

(Table 4.1). Our initial attempts to perform the dehydrative cyclization under a mild basic 

or acidic condition (Table 4.1, entry 2 – 4) failed to yield the desired product.  We then 

realized that carbodiimides are known for their ability to promote oxidation or 

dehydration.99,193 Based on this knowledge, we selected several commonly used 

carbodiimide-based coupling agents, including N,N’-diisopropylcarbodiimide (DIC), 1-

ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDCI), O-(1H-6-chlorobenzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU) and HBTU to assess the 

dehydrative cyclization (Table 4.1, entry 5 – 9). We discovered that HBTU (1 equiv.) 

yielded the best conversion of 15 into the corresponding benzimidazole 15a (Table 4.1, 

entry 7). As part of the exploration, we found that catalytic amount of HBTU (0.3 equiv.) 

is ineffective in providing the desired product in high yield. This finding suggests that 

HBTU is promoting the dehydrative cyclization and less likely to be acting as a catalyst. 

Although DIC, EDCI and HCTU are useful carbodiimide agents for amide formation, these 
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agents did not afford the desired product. This is perhaps due to the reduced reactivity of 

these coupling agents towards activating an amide bond. 

Table 4.1. Optimization of conditions for the conversion of aryl-amide into 

benzimidazole. 

   
Entry Reagent Yield 

1 No additives No reaction 

2 DIPEA No reaction 

3 DBU No reaction 

4 HCl No reaction 

5 DIC No reaction 

6 EDCI No reaction 

7 HBTU 94% 

8 HCTU 5% 

9 PyBOP 94% 

10 DIPEA/HCl No reaction 

11 Tetramethylurea No reaction 

 

We also discovered that (benzotriazol-1-yloxy)-tripyrrolidinophosphonium 

hexafluorophosphate (PyBOP), a more reactive coupling agent compared to DIC and 

EDCI, indeed exhibited desirable reactivity towards the dehydrative cyclization. 

Phosphonium-based coupling agents are useful activating reagents for amide formation and 

cyclization of thioureas.194 
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4.1.1 One-pot, HBTU promoted strategy for the synthesis of benzimidazoles 

With the successful discovery of HBTU as a suitable promotor of benzimidazole synthesis, 

we quickly realized that the amide precursor was synthesized via an HBTU activated 

process as well. Hence, we attempted a one-pot strategy to form the amide precursor from 

the parent carboxylic acid and perform the subsequent benzimidazole formation by using 

2 equivalents of HBTU. This strategy worked extremely well as a simple one-pot process. 

Initial formation of aryl-amide occurred with high conversion within 4 hours at room 

temperature, and then a one-pot HBTU promoted cyclization yielded the desired product 

in less than 3 hours at refluxing temperature. The two-step, one-pot synthesis worked 

extremely well, yielding the products in 80 - 99% isolated yield (Scheme 4.1). 

   

Scheme 4.1 Two-step, one-pot synthesis of benzimidazole derivative.  

To further confirm the role of HBTU in this process, we performed a series of control 

reactions. We observed that none of the components that is part of the reaction mixture, 

either reagents or by-products from the amidation step promoted the benzimidazole 

synthesis (Table 4.1, entries 10 and 11). These observations led us to conclude that HBTU 

is in fact the promoter of benzimidazole synthesis, and it is presumably activating the amide 

bond. 
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To investigate the versatility of solvents, we performed the benzimidazole synthesis in 1,4-

dioxane, dimethylformamide (DMF) or toluene. The coupling was performed in one of 

these solvents, and subsequently the crude reaction mixture was subjected to cyclization 

under refluxing temperature in the same solvent. Based on the high yield obtained, all three 

solvents were suitable for this operation, providing great flexibility with the choice of 

solvents. 

4.1.2 Advantages of HBTU promoted approach in the synthesis of benzimidazoles 

In comparison to reported methods for benzimidazole syntheses, HBTU promoted 

cyclization approach highlights several important improvements and advantages. First, the 

benzimidazole synthesis is a one pot process and high yielding, where current methods 

require isolation of the aryl-amide prior to dehydrative cyclization. Second, there is no need 

to perform the cyclization in the presence of an acid as a co-solvent, which greatly broadens 

the substrate scope and the functional group tolerability, including various protecting 

groups found in amino acids and peptides. Third, the reaction works extremely well in three 

different solvents enabling synthetic flexibility for substrates with limited solubility. 

4.1.3 Substrate scope of our HBTU promoted approach 

We proceeded to investigate the substrate scope using a small library of commercially 

available carboxylic acids (Scheme 4.2). Boc-Asp-OMe (40b) was successfully converted 

to the beta-benzimidazole derivative (41b) in 92% yield, providing a unique non-protein 

amino acid that is useful for medicinal chemistry. In addition, four different alkyl 

carboxylic acids (40c–40f) were converted into the corresponding benzimidazoles (41c – 

41f) in high yield. As peptide substrates are of prime interest to medicinal chemists, a Cbz-
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protected dipeptide (40g) was successfully transformed into the C-terminal benzimidazole 

derivative (41g) in good yield as well. This demonstrates the utility of HBTU promoted 

method for the synthesis of peptide-based benzimidazoles for drug discovery. 

  

Scheme 4.2 Synthesis of alkyl benzimidazoles. 

 During our investigation, we realized that indole-2-carboxylic acid is a privileged motif 

and the corresponding benzimidazole is widely used in drug discovery efforts.25,195 We 

successfully synthesized various indole-2-benzimidazoles (43a–43f), where the aryl ring 

of the benzimidazole is substituted with different functional groups (Scheme 4.3). We 

envisioned that having halogen substitution on the aryl-ring provides a useful chemical 

handle for further structure diversification via metal-catalyzed cross-coupling reactions. 

We also observed that electron rich 1,2-diaminobenzene derivatives yielded better yield 
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than those that are electron deficient. This may be due to change in nucleophilicity of the 

diaminobenzene. 

 

    

Scheme 4.3. Synthesis of indole-2-carboxylic acid derived benzimidazoles 

 

To further validate the HBTU promoted method, we proceeded to synthesize an extensive 

library of alpha-amino acid derived benzimidazoles. There are two reasons for this 

endeavor: (i) we wanted to access a structurally diverse collection of alpha-amino 

benzimidazoles from commercially available amino acids with suitable protecting groups; 

and (ii) we envisioned accessing alpha-amino acids precursors for the synthesis of peptide-

based benzimidazoles. This library includes thirteen Boc-protected amino acids (44a – 44n, 
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Table 4.2) and three Cbz-protected amino acids (48 – 50, Figure 4.1). We reacted all Boc-

amino acids with 1,2-diaminobenzene under optimized, one-pot reaction condition, and 

isolated the desired benzimidazoles (45a – 45n) in excellent yield. We also learned that 

many side chains protecting groups, including benzyl ether, benzyl thioether, and benzyl 

esters are stable to the reaction condition. Additionally, the side chain of Boc-Asn-OH (44l) 

required no protecting group to generate the Boc-Asn derived benzimidazole 45l. It is also 

interesting to note that compound 45d is structurally similar to veliparib, a poly(ADP-

ribose)polymerase (PARP) inhibitor that is in clinical trials.138 

Table 4.2 Investigation of substrate scope for the synthesis of amino acid based 

benzimidazoles. 

  

Entry Amino acid Product Yield 

1 Boc-Leu-OH (44a)  

  

96%  

2 Boc-Ileu-OH (44b)  

  

95% 

3 Boc-Val-OH (44c)  

  

96% 
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Entry Amino acid Product Yield 

4 Boc-Pro-OH (44d)  

  

99%  

5 Boc-Tyr(OBn)-OH (44e)  

 

84%  

6 Boc-Ser(OBn)-OH (44f)  

  

84% 

7 Boc-Cys(SBn)-OH (44g)  

  

99% 

8 Boc-Thr(OBn)-OH (44h)  

  

94% 

9 Boc-Lys(OBn)-OH (44i)  

  

99%  
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Entry Amino acid Product Yield 

10 Boc-Asp(OBn)-OH (44j)  

  

90% 

11 Boc-Glu(OBn)-OH (44k)  

  

80% 

12 Boc-Asn-OH (44l)  

  

96% 

13 Boc-Gln-OH (44m)  

  

96% 

14 Boc-Phe-OH (44n)  

  

99% 

  

One interesting observation was made when Boc-Gln-OH (44m) was reacted to form the 

corresponding benzimidazole. Absence of protecting group on the side chain yielded an 

interesting tricyclic structure (45m). Based on a literature precedent,196 we propose that the 

side chain amide underwent a transamidation reaction with the benzimidazole nitrogen, 
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generating the unique tricyclic product 45m. Since compound 45m has an amine handle, 

and a conformationally distinct tricyclic structure, it could be a useful synthon for 

medicinal chemistry efforts. We plan to explore the medicinal chemistry potential of 

benzimidazole 45m. 

We also utilized the HBTU promoted approach for the synthesis of two halogenated 

analogues of Boc-tyrosine derived benzimidazoles (46 and 47), and three N-Cbz protected 

amino acid derived benzimidazoles (48 – 50). Using these substrates, we demonstrated that 

both Boc and Cbz carbamates are tolerated. Additionally, having a halogen handle on the 

aryl ring of benzimidazole provides a new venue to diversify the benzimidazole core for 

medicinal chemistry purposes (Figure 4.1). 

 

   

Figure 4.1 Structures of halogenated and N-Cbz protected amino acid based 

benzimidazoles. 

It is reported that amino acid derived thiazoles have shown to be potent modulators of P-

glycoprotein, which contributes to drug resistance in cancer cells.197 Since the amino acid 

benzimidazoles we have generated, including 46, 47, 48 and 50 are isosteres of reported 
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thiazole derivatives, these compounds can be evaluated for potential P-glycoprotein 

binding affinity, and reversal of anti-cancer drug resistance. The proposed synthetic 

approach provides convenient entry to prepare and evaluate potentially bioactive P-

glycoprotein modulators. 

4.1.4 A plausible mechanism for the HBTU promoted synthesis of benzimidazoles 

In addition to HBTU (52) being an effective coupling agent, we believe that HBTU is 

playing a very important role in the cyclization process. We propose a plausible 

mechanistic pathway, which may explain the HBTU-promoted formation of the 

benzimidazole (Scheme 4.4). The intermediate aryl-amide (51) is relatively stable, and for 

it to undergo dehydration, it needs to be activated. We propose that HBTU helps in the 

activation of amide, where the oxygen atom of the amide reacts with the carbodiimide 

motif first. Following the attack of the amide oxygen, a molecule of 1-

hydroxybenzotriazole (HOBt, 55) is lost from HBTU. In the subsequent step, the second 

aryl-amine motif (54) reacts to kick-out a molecule of tetramethylurea (56) and forms the 

desired benzimidazole (14). Based on LC-MS and 1H-NMR analyses, we confirmed the 

formation of the key by-products, HOBt (55) and tetramethylurea (56) during the 

conversation of amide substrate into benzimidazole. This finding provides experimental 

support for this mechanistic proposal. 



 

 80 

[Gr

ab 

yo

ur 

rea

der

’s 

att

ent

ion 

wit

h a 

gre

at 

qu

ote 

fro

m 

the 

do

cu

me

nt 

or 

use 

thi

s 

spa

ce 

to 

em

ph

asi

ze 

[Grab your 

reader’s 

attention with a 

great quote from 

the document or 

use this space to 

emphasize a key 

point. To place 

this text box 

anywhere on the 

page, just drag 

it.] 

  

 Scheme 4.4 Plausible mechanism of HBTU promoted cyclization. 

4.2 A second library of aryl-benzimidazoles synthesized using the synthetic 

methodology developed in our lab 

Using our new synthetic method, we synthesized a second library of benzimidazoles that 

are highly useful for our medicinal chemistry efforts. During this effort, we utilized the 

ability of HBTU to perform the dehydrative cyclization of the amide precursor to access 

the benzimidazoles. Using simple aryl carboxylic acid derived amide precursor 63a-63r 

under an optimized condition, we successfully synthesized eighteen structurally distinct 

benzimidazoles 64a-64r in high yields (Figure 4.2). The presence of electron withdrawing 

or electron donating groups on the aryl ring didn’t have effect on the yield. Nowadays 
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much  attention has been focused on substituted 2-aryl benzimidazoles as therapeutic 

agents,198 and with the use of this synthetic methodology, this type of aryl benzimidazoles 

would be easily accessible. 

  

Figure 4.2 Synthesis of aryl-benzimidazoles. 
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Since indole based benzimidazoles is of great interest to medicinal chemists,110,199,200 we 

proceeded to explore substrate scope for the synthesis of this motifs from indole amides. 

The synthesis of indole based benzimidazoles from indole amide o-phenylenediamine 

substrates (Figure 4.3) went on to afford excellent yields, 66a – 66e. The amide positions 

were varied on the indole core structure and these positions didn’t influence the yields in 

the transformation of amide substrates to indole benzimidazoles. 

  

Figure 4.3 Synthesis of indole-based benzimidazoles. 

 

2-substituted benzimidazoles are reported to be pharmacologically active, we investigated 

the substrate scope for alkyl carboxylic acid derived amide substrates (Figure 4.4). The 

conversion of these substrates to benzimidazoles afforded high yields (68a – 68k). Alkyl 

chains with various substituents were explored with future investigation of the synthesized 

compounds as potential therapeutic leads. 
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Figure 4.4 Synthesis of benzimidazoles from alkyl-amides. 

4.3 A Mild N-Alkylation Methodology for the Structure Diversification of 

Indolyl-Benzimidazoles 

We envisioned achieving selective reactivity for the N-alkylation based on the pKa 

differences between the indole and benzimidazole nitrogen in indole-benzimidazole hybrid 

molecule (66a). Our investigation began with identifying a suitable base for the alkylation 

process. N-benzylation was performed to determine the reactivity of 2-indolyl-

benzimidazole 66a (Table 4.3). We selected three commonly used organic bases (1,8-

Diazabicyclo[5.4.0]undec-7-ene (DBU), triethylamine (TEA) and N,N-
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Diisopropylethylamine (DIPEA)) and four commonly used inorganic bases (potassium 

carbonate (K2CO3), cesium carbonate (Cs2CO3), Sodium bicarbonate (NaHCO3), and 

potassium bicarbonate (KHCO3)) for our study. Our initial screening shows that all 

inorganic bases screened (Table 4.3, entries 5 – 8) are highly effective in selectively 

promoting the N-alkylation of indolyl-benzimidazoles. Under these conditions the 

alkylation occurred exclusively at the benzimidazole core. From the screening, we 

observed that all the organic bases (Table 4.3, entries 2 – 4) yielded no conversion to 71a, 

perhaps due to their inability to deprotonate the benzimidazole or their reactivity towards 

benzyl bromide. As an additional component of screening, we also found that the reaction 

worked well in dimethylformamide (DMF) or acetonitrile (CH3CN). 

Table 4.3 Screening of different conditions for the N-alkylation. 

  

Entry Base Yield (%) 

1 No base No reaction 

2 DBU No reaction 

3 TEA No reaction 

4 DIPEA No reaction 

5 K2CO3 90 

6 Cs2CO3 92 

7 NaHCO3 86 

8 KHCO3 85 
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4.3.1 Substrate scope evaluation of selective N-alkylation strategy 

Upon identifying a method to selectively alkylate the benzimidazole motif within the 

indolyl-benzimidazole scaffold, we evaluated the substrate scope of this selective N-

alkylation strategy. Our initial exploration yielded a small library of N-benzyl 

benzimidazole derivatives (Scheme 4.5). Nine different commercially available benzyl 

bromides were reacted with indolyl-benzimidazole 66a in the presence of K2CO3 (3 equiv.) 

in CH3CN. Since a non-aqueous condition is used for this chemistry, we have used 3 

equivalents of the base to ensure enough amount is dissolved in the reaction medium for 

the alkylation chemistry to proceed to completion. It is worthwhile to highlight that even 

with 3 equivalents of K2CO3, the alkylation is highly selective towards the benzimidazole 

motif, providing preferential reactivity. The benzyl bromides used in this study have either 

electron withdrawing or electron donating groups at the para-position. We were delighted 

to see that all benzyl bromides yielded the desired products (71a – 71j) in very high yield 

(79-92%), and the electronic nature of the aryl ring had little effect on the reactivity. 
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Scheme 4.5 Synthesis of N-benzylated derivatives of indolyl-benzimidazole using benzyl 

bromides. 

As a next step, we further evaluated the utility of this method by alkylating 66a with five 

different aliphatic bromides (Scheme 4.6). Despite their reduced reactivity compared to 

benzyl halides, we were pleasantly surprised that the alkylation reaction went smoothly to 

afford the desired products (72a – 72f) in excellent yield (88% - 94%). The alkyl donors 

vary from a simple allyl group (72d) to structurally complex cycloalkyl groups (72a, 72b 
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and 72c) and a long aliphatic ether (72f). The allylated product (72d) is a useful synthon 

for further derivatization via olefin chemistry to generate new analogs for medicinal 

chemistry. 

  

Scheme 4.6 Synthesis of N-alkylated derivatives indolyl-benzimidazole using aliphatic 

bromides. 

To study the effect of substitution on the indole-motif, we synthesized a series of alkylated 

analogs using 5-methoxyindolylbenzimidazole (43a) as substrate (Scheme 4.7). 

Modification of the benzimidazole nitrogen of 43a went smoothly under the optimized 

condition. Both benzyl-derivatives (73a and 73b) and aliphatic derivatives (73c, 73d and 

73e) afforded the desired product in excellent yield (78-96%). Although the 5-

methoxyindole unit is electronically activated in comparison to the unsubstituted indole 

ring, we did not observe any trace of alkylation of the 5-methoxyindole nitrogen under the 
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reported condition. This further validates that K2CO3 is a very mild and highly selective 

base for the alkylation of the benzimidazole nitrogen. 

 

Scheme 4.7 Synthesis of N-alkylated derivatives of 5-methoxyindolylbenzimidazole. 

4.3.2 Synthesis of symmetrical bis-N,N-alkylated 2-indolyl-benzimidazole 

With the successful establishment of selective N-alkylation of indolyl-benzimidazole, we 

proceeded to explore a method to alkylate the indole nitrogen. We evaluated the ability of 

potassium hydroxide (KOH) to assist with the alkylation of 66a. Since KOH is a relatively 

stronger base than the carbonate or bicarbonate, the benzylation of 66a is tested at 0 ˚C to 

give us a mild reaction condition. With this modified protocol, we successfully alkylated 
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66a using KOH and alkyl donors in a stepwise fashion (Scheme 4.8), and obtained the 

symmetric, bis-alkylated indolylbenzimidazoles 75a, 75b, and 75c in good yield (68-88%). 

 

Scheme 4.8 Synthesis of a symmetrically bis-N,N-alkylated 2-indolylbenzimidazoles. 

To advance the synthetic utility of this strategy, we developed a stepwise, one-pot, selective 

method to alkylate 66a using two different alkyl bromide donors. The benzimidazole 

nitrogen in compound 66a was successfully alkylated first with an alkyl bromide, and 

subsequently the indole nitrogen in 66a was alkylated with a different alkyl bromide, in a 
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stepwise fashion and one-pot operation (Scheme 4.9). Using this strategy, we achieved the 

selectivity and synthesized asymmetrically alkylated 2-indolylbenzimidazoles 77a – 77d. 

From a medicinal chemistry stance, this approach enables one to quickly diversify the 

indolyl-benzimidazole core to generate novel analogs for drug discovery efforts. 

 
 Scheme 4.9 Synthesis of asymmetrically bis-N,N-alkylated 2-indolylbenzimidazoles. 
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4.4 Synthesis of Bis-Benzimidazole derivatives 

We used our reported HBTU promoted methodology to synthesize a series of bis-

benzimidazoles (Scheme 4.10). We used commercially available bis-carboxylic acid 

containing substrate linkers (78a and 78b) which underwent one pot synthesis to give the 

corresponding bis-benzimidazole products in good yields (85-93%). 

 

Scheme 4.10 Synthesis of bis-benzimidazole derivatives from different type of bis-dicarboxylic 

acid linkers and o-phenylenediamine derivatives. 

 

We started our first strategy of synthesizing bis-benzimidazole derivatives by taking 

commercially available chelidamic acid monohydrate 78a (Scheme 4.10), which 

underwent condensation-dehydration reaction with substituted o-phenylenediamine to 

yield the corresponding bis-benzimidazole derivatives 79a - 79f (Figure 4.5) in higher 

yields of 80 – 95%. Having substitution on the benzene rings was to help us in 
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understanding the effect of these diverse substituent groups in modulating the 

pharmacological properties of bis-benzimidazole derivatives. It is reported that having 

substitution on the benzene rings improves the pharmacological activities,201 and in 

addition, the substituents used are potential handles for further modifications. 

 

Figure 4.5 Synthesized bis-benzimidazole derivatives using chelidamic acid monohydrate linker. 

 

We proceeded to carry out the second strategy by using 2,6-pyridine dicarboxylic acid 78b 

(Scheme 4.10) to synthesize substituted bis-benzimidazole derivatives 80a – 80f (Figure 
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4.6). The only difference between the first and second strategy is the linker used and the 

aim was to evaluate the effect of the linkers in modulating physicochemical and 

pharmacological properties. In addition, the bis-benzimidazole derivatives 80a – 80f and 

their metal complexes are reported as potassium ion channel modulators202, as light 

emitting materials,203–205 pestivirus inhibitors,206 and apoptosis inducers in cancer cell 

lines.207,208  

 

Figure 4.6 Synthesized bis-benzimidazole derivatives using 2,6-pyridine dicarboxylic acid 

linker. 
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4.5 Synthesis of substituted phenylbenzimidazoles 

We used our reported HBTU promoted methodology to synthesize a library of substituted 

phenylbenzimidazoles (Scheme 4.11 and Scheme 4.12). Commercially available benzoic 

acids with varying substitution patterns at 3, 4 and/or 5 positions were coupled with 1,2-

diaminobenzene and cyclized to form substituted phenyl benzimidazoles. 

   

Scheme 4.11 Synthesis of substituted phenyl benzimidazoles 
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Scheme 4.12 Synthesis of 3-substituted phenyl benzimidazoles 

4.6 Biological Evaluation of benzimidazoles 

4.6.1 Evaluation of indole-based benzimidazoles for anti-cancer activity 

MTT assay was done to evaluate the effect of selected indole-based benzimidazoles on cell 

viability. There has been limited exploration of 2-indolylbenzimidazole derivatives as 

potential chemotherapeutic leads. Our results indicate that 43a (unsubstituted on the 
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benzimidazole ring), 43b, 43c, and 43d (halogenated on the benzimidazole ring), and 43e 

(cyano group on the benzimidazole ring) showed excellent cytotoxicity with IC50 values 

between 1.8 – 34 µM (Table 4.4). HepG2 cells are known to express drug metabolizing 

enzymes in high amount.209 Thus, higher IC50 values observed for 43d, 43e, and 43f in 

HepG2 cells could be explained by their metabolic sensitivity. Based on the IC50 values, 

all indolylbenzimidazoles showed slight selectivity towards the lung cancer cell line 

(A549), compared to other cell lines tested. 

Table 4.4 Data of Inhibition of Cancer Cell Proliferation for 2-indolylbenzimidazole 

derivatives 43a – 43f. 

  IC50 (µM) 

Compound Structure HeLa A549 HepG2 

43a 

 

25.4 ± 6.1 3.8 ± 1.1 8.7 ± 3.4 

43b 

 

18.1 ± 4.6 15.6±4.6 23.8 ±5.7 

43c 

 

11.1 ± 2.0  4.0 ± 2.4 9.1 ± 1.0  

43d 

 

5.8 ± 0.9 1.8 ± 0.6  19.0 ±5.3 

43e 

 

11.8 ± 4.5 5.9 ± 2.8 34.0±10.1 

43f 

 

31.0±13.0 29.6±5.0 80.0±30.6  
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4.6.2 Evaluation of lipid-based benzimidazoles as potential anti-cancer agents 

Addition of lipid motifs to drug leads improves their activity, hence we investigated 

different chain length containing lipid-based benzimidazoles.210,211 Lipid-based 

benzimidazole derivatives 41c - 41e were potent in cancer cells with the lowest IC50 value 

of 1.5 µM (Table 4.5). The results indicate that the long lipid motif increases the anti-

cancer activity as compounds 41c (C10), 41d (C12), and 41e (C14) showed high anti-cancer 

activity whereas compound 68c (C8) was inactive. Compounds 68a and 68b were not tested 

because they were too hydrophobic and could not be solubilized in DMSO (Table 4.5). 

Table 4.5 Data of Inhibition of Cancer Cell Proliferation for lipid-based 

benzimidazoles  

  IC50 (µM) 

Compound Structure HeLa A549 HepG2 

41c 

 

12.7 ± 2.5 6.5 ± 2.5 14.7 ± 2.7 

41d 

 

12.5 ± 2.9 1.5 ± 0.4 7.3 ± 1.1 

41e 

 

16.0 ± 5.7 1.7 ± 1.0 5.0 ± 1.7 

68a 

 

NT NT NT 

68b 

 

NT NT NT 

68c 

 

>100 >100 >100 
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4.6.3 HO-PI Assay 

Based on the MTT cell viability assay results, experiments were performed to determine 

the cell death mechanism for selected compounds from our library, representing each class 

of synthesized benzimidazoles at their IC50 values such as indole based 43c, 43e, and alkyl-

based 68c, 41c. Many anti-cancer drugs and experimental benzimidazole compounds are 

known to cause apoptosis.212,213 Apoptosis was assayed using the double staining of 

Hoechst 33342 (HO) and propidium iodide (PI) dye and observation by fluorescence 

microscope. The blue fluorescent HO is a cell permeable nucleic acid dye that shows bright 

fluorescence in apoptotic cells due to chromatin condensation. The red-fluorescent 

propidium iodide is a cell impermeable DNA-binding dye, which can only stain the cells 

in situations where there is loss of plasma membrane integrity such as necrosis. Etoposide, 

an anticancer agent known to cause apoptosis, was used as a positive control in the assay 

214. The control cells appeared to be intact and the nuclei were stained with a less bright 

blue fluorescence, and the absence of red fluorescence also indicated regular, intact cells. 

Cells treated with select benzimidazole compounds exhibited bright blue fluorescence 

denoting apoptotic cells (white arrows, Figure 4.7). Necrotic cells show bright red nuclei. 

We found that most of the selected compounds induced apoptotic cell death from the HO-

PI assay data (Figure 4.7). Compounds 43e, 68c, and 41c showed significant apoptosis 

which correlates to the cell viability assay. Thus, apoptosis was observed as a primary 

mechanism of cell death for the majority of benzimidazole compounds tested. 



 

 99 

[Gr

ab 

yo

ur 

rea

der

’s 

att

ent

ion 

wit

h a 

gre

at 

qu

ote 

fro

m 

the 

do

cu

me

nt 

or 

use 

thi

s 

spa

ce 

to 

em

ph

asi

ze 

[Grab your 

reader’s 

attention with a 

great quote from 

the document or 

use this space to 

emphasize a key 

point. To place 

this text box 

anywhere on the 

page, just drag 

it.] 

 

Figure 4.7 Apoptosis/necrosis assay using fluorescence microscopy. Representative images of 

HeLa cells stained with HO33342 and PI dyes after 24h of treatment with benzimidazole 

derivatives obtained by fluorescence microscopy (200X magnification). White arrows indicate 

bright blue apoptotic cells. 
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4.6.4 Evaluation of bis-benzimidazole derivatives for anti-cancer activity 

The synthesized bis-benzimidazole derivatives 79a – 79f and 80a – 80e were evaluated for 

anti-cancer activity against HeLa, and MDA-MB231 cancer cell lines (Table 4.6, Figure 

4.8) in order to determine their cytotoxicity. Doxorubicin was used as a positive control. 

Bis-benzimidazole 80e was not tested since it was insoluble in DMSO. Overall the results 

indicated that bis-benzimidazole derivatives 79a – 79d, and 80a – 80d were promising 

anti-proliferative agents with IC50 values between 2.72 – 28.53 µM (Table 4.6). Bis-

benzimidazoles 79e, 79f and 80f were inactive which may be attributed to the effect of 

substituent groups on the benzene rings (Table 4.6). Compound 79a had better activity 

compared to its analogs, 79b -79c, implying that having substitution on the benzine rings 

has little effect in improving the activity, except for 79d whose activity was within the 

range with 79a. Having fluorine and chlorine substitution on 80a, improves the activity. 

Compounds 80b and 80c showed improved activity against the cancer cell line tested 

compared to 80a. Compound 80d had comparable activity with 80a, hence having bromine 

as a substituent on the benzene ring has little effect in improving the activity. 
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Table 4.6 Data of Inhibition of Cancer Cell Proliferation for bis-benzimidazole 

derivatives 

 IC50 (µM) 

Compound HeLa MDA-MB231 

79a 4.80 ± 0.98 6.38 ± 0.61 

79b 28.53 ± 9.64 40.57 ± 3.07 

79c 23.52 ± 3.48 17.44 ± 2.38 

79d 8.89 ± 2.02 10.25 ± 2.52 

79e NA NA 

79f NA NA 

80a 24.51 ± 3.54 18.74 ± 4.70 

80b 2.72 ± 0.50 4.62 ± 0.91 

80c 6.97 ± 0.87 8.84 ± 0.36 

80d 18.80 ± 2.53 24.66 ± 3.21 

80f NA NA 

Doxorubicin 0.08 ± 0.01 0.11 ± 0.02 
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Figure 4.8 Cell viability graphs of 79a, 80b and 80c against HeLa and MDA-MB231 tumor cell 

lines. 

 

4.6.5 Evaluation of bis-benzimidazole derivatives as topoisomerase II inhibitors 

Human DNA topoisomerases has been recognized as an attractive target for developing 

anti-cancer drugs.188 Two types of topoisomerase exist, namely, type I topoisomerase 

(Topo I) and type II topoisomerase (Topo II).215 Topo I, introduces single-strand breaks in 

DNA, whereas Topo II introduces double-strand breaks and requires ATP for full 

activity.188 Both isomers are nuclear enzymes that are crucial in resolving topological 

challenges that occur during DNA transcription, replication, and chromosome 

segregation.216 
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Topo II is the specific target of some of the most active anti-cancer drugs such as  etoposide, 

doxorubicin, mitoxantrone, amonafide, and amsacrine.217 However, Topo II inhibitors have 

some therapeutic limitations because of their serious side effects during cancer 

chemotherapy.218 Thus, development of new anti-cancer Topo II inhibitors is necessary for 

improving cancer treatment.187 Several benzimidazole derivatives are reported as novel 

Topo II inhibitors.188,189  Topo II-mediated DNA relaxation assay was performed for bis-

benzimidazole 79a. The work is done in collaboration with the Low lab and performed 

with the assistance of Shilpa. To determine Topo II inhibitory activity of bis-benzimidazole 

79a, doxorubicin was used as a positive control and the assay done at different 

concentration of 10, 20 and 30 µM for both bis-benzimidazole 79a (Figure 4.9A and 4.9B) 

and doxorubicin. 

    
A          B 

Figure 4.9A Topo II agarose gel assay results. Lane 1 is decatenated DNA (control), Lane 2 is Linear DNA 

(control), Lane 3 is kinetoplast DNA (kDNA-control), Lane 4 is kDNA with Topo II enzyme, Lane 5 is 

kDNA with enzyme and DMSO (negative control), Lane 6 is kDNA with enzyme and doxorubicin (10 µM) 

positive control, Lane 7 corresponds to kDNA with enzyme and bis-benzimidazole 79a (30 µM), Lane 8 

corresponds to kDNA with enzyme and bis-benzimidazole 79a (20 µM) and Lane 9 corresponds to kDNA 

with enzyme and bis-benzimidazole 79a (10 µM). Figure 4.9B Topo II agarose gel assay results for bis-

benzimidazole 79a and doxorubicin at 20 µM. Lane 1 is decatenated DNA (control), lane 2 is linear DNA 

(control), lane 3 is kinetoplast DNA (kDNA-control), lane 4 is kDNA with Topo II enzyme, lane 5 is kDNA 

with enzyme and DMSO (negative control), lane 6 is kDNA with enzyme and doxorubicin (20 µM)-positive 

control and lane 7 corresponds to kDNA with enzyme and bis-benzimidazole 79a (20 µM). 
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After performing Topo II assay, at 10 µM, there was slight inhibition by doxorubicin but 

not bis-benzimidazole 79a. At 20 µM, there was complete inhibition for both bis-

benzimidazole 79a and doxorubicin (Figure 4.9A and 4.9B). Top II assay was repeated at 

20 µM to ascertain the results (Figure 4.9B). We hypothesize that since bis-benzimidazole 

derivatives 79d, 80b and 80c are analogs of compound 79a, have similar Topo II inhibition 

potential properties.  Bis-benzimidazole derivatives are reported to mediate Topo I and II 

activity219,220,220–228 and their ability to interact with DNA,229,230 have made them an 

effective precursors for a wide range of drugs targeting DNA and DNA related processes. 

Bis-benzimidazole derivative 80a is reported to have a wide range of properties such as 

binding to DNA,231–234 an efficient anion receptor,235 as a luminescent complex 

ligand,203,236 a receptor for urea recognition237,238, a chemo-sensor for ions,239–241 a 

coordinating ligand,204,242–247 induces cancer cell apoptosis,207,248 detects toxic benzene 

metabolites,249 as a potent and selective inhibitor of small conductance calcium-activated 

potassium channels (SK),202 and as a potent transmembrane anion transporter.250 

4.6.6 Evaluation of aryl benzimidazoles as BMPs agonists. 

4.6.6.1 MT-Glo Assay 

The synthesized aryl benzimidazole derivatives (Scheme 4.11 and 4.12) were evaluated 

for cell cytotoxicity using MT-Glo assay in C2C12 cell lines (Table 4.7 and Table 4.8). 

Compounds targeting BMPs pathways are supposed to be non-toxic to the cells and this 

explains why carrying out cell cytotoxicity test is important. MT-Glo assay results indicates 

that majority of the compounds were non-toxic to cells. Compounds 84l and 84n (Table 

4.8) were cytotoxic to the cells and there deemed not good to be evaluated for further BMP 



 

 105 

[Gr

ab 

yo

ur 

rea

der

’s 

att

ent

ion 

wit

h a 

gre

at 

qu

ote 

fro

m 

the 

do

cu

me

nt 

or 

use 

thi

s 

spa

ce 

to 

em

ph

asi

ze 

[Grab your 

reader’s 

attention with a 

great quote from 

the document or 

use this space to 

emphasize a key 

point. To place 

this text box 

anywhere on the 

page, just drag 

it.] 

tests. Compounds 82c, 84a, 84h, and 84i had IC50 values in the range of 29 – 40 µM (Table 

4.7 and Table 4.8), not too toxic to prevent them from further BMP testing. 

Table 4.7 MT-Glo analysis for cell cytotoxicity of the screened compounds against 

C2C12 cell lines  

Compound  Structure  IC50 (µM)  

82a 

  
>100 

82b 

  
>100 

82c 

  

29.24 

82d 

  

>100 

82e 

  

70.2 

82f 

  

>100 

82g 

  

66.85 

82h 

  

>100 
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Table 4.8 MT Glo cell cytotoxicity test for 3-substituted phenyl benzimidazoles 

Compound  Structure  IC50 (µM)  

84a 

  
40.14  

84b 

  
93.29  

84c 

  
>500 

84d 

  
>500 

84e 

  
34.58  

84f 

  
>500  

84g 

  
>1000 
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Compound Structure IC50 (µM)  

84h 

  

36.53  

84i 

  

38.09  

84j 

  

>100 

84k 

  

>500 

84l 

  

4.38  

84m 

  

>100  

84n 

  

13.23  

  

4.6.6.2 Smad-Phosphorylation Assay 

After performing cell cytotoxicity assay, compounds were selected for smad-

phosphorylation experiments to determine their contribution to BMPs signaling pathways. 

The expression of smads were assessed using Immunofluorescent labelling and Western 

blotting experiments. The work is done in collaboration with the Perron lab and performed 
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by Dr. Perron. BMP7 was used as a positive control. Treatments of 82c, 82e, 84a, and 84h 

in the immunofluorescence labelling assay (Figure 4.10 and Figure 4.11) caused 

translocation of pSmads into the nucleus. Compounds 82c and compounds 82e showed the 

most increased Smads phosphorylation compared to the positive control BMP7 (Figure 

4.11). Among the 3-substituted phenyl benzimidazoles, 82g, 82h, 84a, 84b and 84i, only 

compounds 82h and 84a showed to some extend Smad phosphorylation but lower than that 

of compounds 82c and 82e (Figure 4.10). Compound 82a had no substitution (Scheme 

4.11) and didn’t cause phosphorylation of Smads. Likewise, compound 82b with a 

substitution at para position (Scheme 4.11) didn’t cause phosphorylation of smads (Figure 

4.10). Di-substitution methoxy’s (82c and 82e) on aryl ring at positions 3 and 4 or at 3 and 

5 is crucial for pSmad activity than mono-substitution (82b and 84i, Scheme 4.11). We 

took one of the most active compounds, 82e, and performed western blot analysis. 

Compound 82e increased the expression of pSmad in a concentration dependent manner 

and the results validates immunoblotting observations. Overall our results suggest that di-

methoxy-benzimidazoles 82c and 82e from a library of small molecules aryl 

benzimidazoles were identified as promising compounds for further evaluation. 
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Figure 4.10 Fluorescence Imaging Immunoblotting Assay. Treatment of 82a, 82b, 82c, 

82e, 82h, 82g, 84a, 84b, and 84i in C2C12 cells. 
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Figure 4.11 Fluorescence imaging. Treatment of 82c and 82e in C2C12 cells caused 

translocation of pSmad into the nucleus. 
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CONCLUSIONS 

Benzimidazole is a privileged, and routinely used pharmacophore lead in the drug 

discovery process. We have reported two convenient and mild methodologies for the 

synthesis of benzimidazoles: (a) a dehydrative cyclization strategy for the synthesis of 

benzimidazoles using HBTU promoted approach from aryl/alkyl amide substrates and (b) 

an efficient one-pot conversion of carboxylic acids into benzimidazoles using HBTU 

promoted approach. These synthetic approaches are high yielding, acid free and tolerates 

various common functional groups. We have also reported a simple and highly effective 

synthetic method to chemo-selectively alkylate the indolyl-benzimidazole scaffold using a 

wide range of benzyl and alkyl aliphatic bromides. These reported methods are more 

convenient for the synthesis and structural diversification of benzimidazole derivatives and 

will enable medicinal chemists to explore the SAR of benzimidazole-based drug leads. 

We successfully used the reported synthetic methodologies to synthesize different classes 

of benzimidazoles and selected a representative of each class for bioassay evaluation. 

Indole-based and lipid-based benzimidazoles were tested for cell viability and results 

revealed that they are potential anticancer agents. The primary mechanism for cancer cell 

death induced by the tested compounds is apoptosis. Bis-benzimidazole derivatives were 

also evaluated for anti-cancer and topoisomerase II inhibition properties.  Bis-

benzimidazoles 79a, 79b, 80a, and 80c showed promising anti-cancer activities against the 

cell line tested. Compound 79a is a potential Topo II inhibitor. 

We also tested aryl benzimidazoles against bone morphogenetic proteins (BMPs) signaling 

pathways. Our results suggest that bis disubstituted methoxy compounds 82c and 82e from 
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a library of small molecules aryl benzimidazoles are promising BMP receptor agonist 

where they stimulated downstream cascade canonical pSmad-signaling pathways in 

C2C12 cells. The reported benzimidazole derivatives possess anti-cancer and bone 

morphogenetic protein (BMPs) agonist properties. Our findings suggest that further 

development of these scaffolds could provide drug leads towards new chemotherapeutics 

and agonists for BMP signaling pathway. 
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