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INTRODUCTION 

 

Cancer is the most challenging disease globally and can be described as uncontrolled production 

of abnormal cells. Nearby 17 million patients were diagnosed with cancer and about 9.6 million 

deaths from cancer were reported in 2018 worldwide. According to the cancer research reports, 

about 27.5 million new cancer cases will be occurred every year by 2040 (Figure 1). Breast, lung, 

prostate and colorectal cancers are the most common type of cancers diagonised globally. There 

are many cancer inducing factors like age, obesity, overweight, genetics, smoking, alcohol, diet, 

physical inactivity etc. Due to increasing worldwide load, prevention and treatment of cancer is 

one of the major challenging health issues of 21st century.1  

 

Figure 1. Worldwide % of new cancer cases diagnosed in 20182 

At present, cancer therapy includes medication that mainly target some biological 

pathway.3 With the progress in the area of cancer therapy, there are still many problems persist 

with the existing anticancer medicines. Most of the available anticancer drugs are unable to 

overcome the resistance mechanism of cancer cells and are also incapable to distinguish cancer 

cells and normal cells of the body.4 Research has been committed for the discovery and 

development of an efficient anticancer candidate. Immense research has been focused for the 

identification of tumor specific therapies, which can enhance the sensitivity of cancer cells towards 
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anticancer drugs.5 Drugs, which are used in cancer chemotherapy, usually target the cell division 

or prompt cell death using various signaling pathways. Recently the interest is focused on the 

discovery of the cytotoxic agent that simultaneously affect multiple targets for cancer therapy.6,7 

Currently, hybrids of heterocycle moities are used to stimulate the multiple targets with a single 

drug for better therapeutic potential as well as to beat the side effects accompanying with a single 

drug. This approach for developing a hybrid drug inducing multiple targets is known as molecular 

hybridization (MH). Molecular hybridization is an efficient approach for the development of a 

more potent compound, which can simultaneously target two or more pathogenic pathways.8 This 

approach can be used to increase the efficacy and selectivity as well as to decrease the adverse 

effects of the drug.9,10 Molecular hybridization considered to be similar to the combination therapy 

besides, two or more drugs are present in a single entity attached with covalent linkage.11 Various 

well-known heterocyclic moieties are reported with their potential anticancer and antibacterial 

activity.12 On account of these heterocyclic moieties, a potent antitumor candidate could be 

designed by molecular hybridization. 

         Naphthalimide is a highly versatile functionalized moiety, that is receiving an increasing 

attention for the binding capacity towards DNA13 and established pronounced therapeutic 

importance in pharmaceutical and medicinal chemistry.14,15 Particularly for anticancer activities, 

some of the naphthalimides such as amonafide 1, mitonafide 2 and elinafide 3 show effective 

cytotoxicity towards the growth of various murine and human cancer cell lines (Figure 2). These 

naphthalimides exert their anticancer action by interacting with DNA and inhibit directly the 

function of DNA replication and transcription, and/or topoisomerase (TOPO-II) to stabilize the 

supramolecular TOPO-II and DNA complex and to avoid the alteration of molecular structure of 

DNA.16 

 

Figure 2. Naphthalimide based anticancer derivatives 
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          A large number of derivatives based on benzimidazole/benzothiazole moieties have also 

been designed and evaluated for antitumor activity. Amongst these compounds, nocodazole 4,17 a 

2-thienyl carbonyl benzimidazole; carbendazim 5,18 a benzimidazole carbamate and Veliparib 6,19 

a pyrrolidine-2-yl benzimidazole are used in the clinic while mebendazole 7 is currently 

undergoing clinical trials.20 The anticancer activity of these benzimidazoles appear to derive from 

their ability to form strong complexes with nucleic acids and thus induce DNA damage, and exert 

related effects such as topoisomerase poisoning, telomerase inhibition and inhibition of gene 

transcription (Figure 3). 21-23 

 

Figure 3. Benzimidazole/benzothiazole based anticancer derivatives 

           Imidazo[1,2-a]pyrazine is also an important heterocyclic entity and display cytotoxicity 

assisted by numerous changes at various positions of the scaffold.24 Imidazo[1,2-a]pyrazines (8-

10) exhibit significant cytotoxicity along with a broad range of inhibitory effect towards cyclin 

dependent kinase phosphoinositide-3-kinase, topoisomerase-II (Topo II) breast tumor kinase, 

Aurora kinase, spleen tyrosine kinase and check point kinase  (Figure 4).25-30
 

Figure 4. Imidazo[1,2-a]pyrazine based anticancer compounds  

Phenanthrene-imidazole also shows favourable properties such as stability, ease of 

synthesis, high extinction coefficient and tuneable absorption and emission properties,31 which is 

commonly utilized in optical sensors and probes. Only few literature reports are available for 

anticancer activity of phenanthrene-imidazole moieties (11-13) (Figure 5).31,33 
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Figure 5. Phenanthro[9,10-d]imidazole based anticancer derivatives 

          We have designed and synthesized various hybrids of well-known heterocyclic moieties and 

evaluated for antitumor activity against human cancer cell lines. Cytotoxicity of compounds were 

also investigated with normal cell lines. Additionally, the mode of action for anticancer activity 

was also evaluated through interaction with ct-DNA using various spectroscopic techniques. The 

transportation behaviour of most active derivatives with human serum albumin (HSA) and bovine 

serum albumin (BSA) has also been performed using UV-visible and fluorescence spectroscopy. 

Interactions between DNA and compounds were also explored by molecular modelling. In this 

dissertation the total accomplished work has been divided into following parts: 

Chapter 1: Review of Literature 

Chapter 2: Hybrids of Imidazo[1,2-a]pyrazine and Benzimidazole 

Chapter 3: Hybrids of Benzimidazole and Naphthalimide 

Chapter 4: Hybrids of Naphthalimide and Phenanthro[9,10-d]imidazole 

Chapter 5: Hybrids of Phenanthro[9,10-d]imidazole and other heterocyclic moieties  

Chapter 6: Hybrids of Naphthalimide, Benzothiazole and Indole 
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CHAPTER 1  
REVIEW OF LITERATURE 

 

Most of the available marketed heterocyclic drug molecules with incredible versatility and optimal 

physicochemical properties are the real pillars of medicinal chemistry. Amongst the numerous 

clinical uses, heterocyclic molecules containing naphthalimide,34 benzimidazole/benzothiazole,35 

indole,36 imidazopyrazine,37 phenanthroimidazole38 etc. play a significant role in cytotoxic drugs. 

Therefore, the synthesis and biological evaluation of new heterocyclic derivatives with potent 

biological activity are essential aspects in the field of medicinal chemistry.39 

1.1 Biological activity of naphthalimide based molecules 

Quintana-Espinoza and co-workers optimized a series of 5-ethynylarylnaphthalimides and 

examined their in vitro anticancer activity towards SK-Br-3, HEL and HL60 human cancer cells 

along with topoisomerase II inhibitory activity. Results showed that compounds 1a, 1h and 1i 

found most cytotoxic with IC50 values of 4.6 ± 0.1 µM, 4.6 ± 0.2 µM, 1.4 ± 0.06 µM for 1a, 9.6 ± 

0.4 µM, 3.5 ± 0.1 µM, 5.6 ± 0.3 µM for 1h and >10 µM, 5.4 ± 0.3 µM, 5.0 ± 0.08 µM for 1i, 

against SK-Br-3, HL60 and HEL cancer cell lines, respectively, along with strong inhibitory 

activity for topoisomerase II.34  

 

Tan and co-workers prepared three series of fused naphthalimide compounds and examined 

their cytotoxicity towards A549 and P388 cancer cell lines as well as LO2 normal cell lines. Sulfur-

containing derivatives (2a-c, 3a-c and 4a-c) showed excellent anticancer activity. Compounds 3a 

and 4a displayed cytotoxicity with IC50 values of 0.14 and 0.007 µM, respectively for A549 cancer 

cells, whereas, derivatives 3c and 4c showed excellent anticancer activity towards A549 and P388 

cancer cells. Compounds 3d, 4a and 4d showed potent topoisomerase II inhibitory activity as 

amonafide, while, all other synthesized derivatives showed a more potent activity than etoposide, 
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a well-known inhibitor of topoisomerase II. All derivatives also exhibited potent inhibitory activity 

against topoisomerase I.40 

 

Wang and co-workers synthesized N1-(2-aminoethyl)-N2,N2-dimethylethane-1,2-diamine  

substituted naphthalimide compounds and tested in vitro anticancer activity towards A549, MDA-

MB-231 and HL-60 cancer cell lines along with LO2 and GES-1 normal cell lines. Derivative 5d-

f revealed potent anticancer activity with IC50 values in micromolar range, which were comparable 

with amonafide, a standard anticancer agent. These compounds were also evaluated for inhibition 

of topoisomerase II as well as receptor tyrosine kinases (RTKs). Derivatives 5a, 5d-g showed 

significant Topo II inhibition comparable with amonafide. Furthermore, derivatives 5e and 5f 

showed moderate inhibitory activity against FGFR1, VEGFR2 and PDGFRα angiogenesis-related 

receptor tyrosine kinases.41 

 

Wang and co-workers synthesized 2-(2-(dimethylamino)ethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione compounds having piperazine and piperidine moieties. These derivatives were 

evaluated for antiproliferative activity and DNA binding affinity. It was found that compound 6c-

e containing piperidine moiety at 4-position showed significant cytotoxicity with IC50 values in 

the range of 0.73 µM-6.80 µM towards Hela, SGC-7901 and A549 tumor cell lines, whereas 
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compounds 6a and 6b containing piperazine moiety at 4-position showed strong DNA binding 

efficiency. Fluorescence images of derivative 6d using A549 cancer cells revealed that 

fluorescence mainly seemed to occur in the cytoplasm. These results suggested the compound 6c-

e as potential anticancer candidates along with cell imaging agents.42 

 

Rong and co-workers synthesized N1-(3-aminopropyl)-N1-methylpropane-1,3-diamine 

linked bis-naphthalimide compounds and tested against MCF-7, SGC-7901, A549, and Hela 

cancer cells for anticancer activity. All synthesized derivatives showed lower cytotoxicity towards 

MCF-7 human cancer cell line except derivative 7a. Compound 7a with substituted N-(2-

hydroxyethyl)piperazine revealed excellent cytotoxicity with IC50 values of 0.88 μM, 1.21 μM, 

2.31 μM, and 2.94 μM, towards  Hela, SGC-7901, A549 and MCF-7 cancer cells, respectively, 

and have been found better than amonafide. The DNA binding study of most potent compound 7a 

gave the higher binding constant 1.2 × 105 M-1 as a result of intercalation. Compound 7a gave 

significant enhancement in the florescence intensity after binding with DNA (Hela cells), 

suggested that it can be a potential agent in cell imaging.43 

 

Huang and co-workers synthesized compounds of diamine linked bis-naphthalimide. The 

DNA binding study with ct-DNA revealed that compound 8a with an ethylenediamine linker 

showed highest binding constant 3.40 × 104 M-1, which was decreased with increasing linker length 
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and rigidity. Derivative 8a-e were also examined for their cytotoxicity towards EC109 and 

BGC823 cancer cell lines with MTT assay. Anticancer results revealed that compound 8d with p-

xylylenediamine linker showed highest activity with IC50 values of 142.45 µM and 77.99 µM 

against EC109 and BGC823 cancer cells, respectively.44 

 

1.2 Biological activity of benzimidazole and benzothiazole based molecules 

Yurttas and co-workers synthesized compounds of 2-(2-(morpholine-4-carbonothioyl)-1H-

benzo[d]imidazol-1-yl)-1-phenylethan-1-one and examined for their cytotoxicity towards A549, 

MCF-7 and C6 cancer cells. These derivatives showed selectivity towards MCF-7 and C6 cancer 

cells. Compound 9d was found to be more potent than that of cisplatin and doxorubicin towards 

A549 cells with IC50 value of 15.66 µM. Furthermore, derivative 9d showed potency higher than 

cisplatin and equal to doxorubicin towards C6 cells with IC50 value of 9.33 µM. Results of 

inhibition of DNA synthesis studies suggested that, derivatives have shown concentration and 

time-dependent inhibitory activity. Compounds 9b and 9c inhibited synthesis of DNA in MCF-7 

and C6 cells, whereas derivative 9d inhibited synthesis of DNA in all tested A549, MCF-7 and C6 

cancer cells. Apoptosis induction study determined that derivatives 9b, 9c, and 9e induced 

apoptotic pathway, whereas derivative 9d induced necrotic pathway for cytotoxicity in C6 cancer 

cells. Moreover, derivatives 9b and 9d induced cytotoxicity in MCF-7 cancer cells by apoptosis.45 
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Shao and co-workers synthesized 2-(((4-phenylpyrimidin-2-yl)thio)methyl)-1H-

benzo[d]imidazole compounds and tested for antitumor activity towards MCF-7, SMMC-7721, 

EC-9706 and MGC-803 human cancer cells. Anticancer results revealed that derivatives showed 

highest sensitivity towards MGC-803 and MCF-7 cancer cells. Compounds 10c, 10d, 10e and 10f 

found as potent member of the series and shown more cytotoxicity than that of 5-florouracil against 

MCF-7, EC-9706 and MGC-803 cancer cells. Derivatives 10c and 10d have shown cytotoxicity 

with IC50 values of 1.33 µM and 2.03 µM, respectively towards MGC-803 cancer cells followed 

by MCF-7 cells with IC50 values of 1.43 µM and 2.90 µM, respectively. Compounds 10e and 10f 

exhibited cytotoxicity against MGC-803 cancer cells with IC50 values of 1.07 µM and 1.06 µM, 

respectively, whereas these compounds showed cytotoxicity against MCF-7 cancer cells with IC50 

values of 1.40 µM and 1.95 µM, respectively. Flow cytometry analysis revealed that derivative 

10e arrested the cell cycle in G2/M phase in MGC-803 cancer cells.46 

. 

Rahim and co-workers synthesized compounds of ethyl 2-phenyl-1H-benzo[d]imidazole-

5-carboxylate and examined for anticancer activity towards MDA-MB-231 and MCF-7 cancer cell 

lines. The results showed that all derivatives displayed selective cytotoxicity against MDA-MB-

231 cancer cells in micromolar range. Derivative 11a has been found as the most active candidature 

of the series with IC50 value of 29.7 μM towards MDA-MB-231 cancer cells. Derivative 11c was 

also exhibited good anticancer activity towards MDA-MB-231 cancer cells with IC50 value of 36.8 

μM followed by compound 11f with IC50 value of 47.6 μM. Derivatives 11b and 11e also showed 

promising anticancer activity.47 

 

Mortimer and co-workers optimized synthesis and in vitro cytotoxicity of substituted 2-

phenyl benzimidazoles towards MCF-7, MDA 468, KM 12 and HCC 2998 cancer cells. 
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Anticancer results shown that all compounds displayed potent cytotoxicity towards tested cancer 

cells and gave GI50 values in the range of nanomolar to micromolar. Derivative 12d was found as 

a most active candidate of the series with GI50 value of < 0.1 nM for MCF-7 and MDA 468 cancer 

cells. Derivative 12d also showed potent cytotoxicity against HCC 2998 and KM 12 cancer cells 

with GI50 values of 0.25 nM and 0.29 μM, respectively. Structure-activity relationships recognized 

that derivative 12d showed cytotoxicity with highest potency, and further any structural changes 

showed deactivating cytotoxic effect. Furthermore, derivative 12e also showed cytotoxicity in 

nanomolar range against MCF-7 cells with GI50 value of 0.7 nM. Derivative 12d was also capable 

for the induction to expression of CYP1A1 protein in a dose-dependent manner in MCF-7 and 

MDA 468 cells with inducible CYP1A1.48 

 

Osmaniye and co-workers synthesized derivatives of (E)-2-(benzo[d]thiazol-2-ylthio)-N'-

(4-cyclohexylbenzylidene)acetohydrazide and examined their cytotoxicity towards MCF-7, A549, 

HT-29 and C6 cancer cells along with NIH3T3 normal cells. Results of anticancer studies revealed 

that derivatives 13d, 13e and 13f exhibited potent cytotoxicity towards C6 cancer cell line. 

Additionally, these derivatives did not show cytotoxicity towards NIH3T3 normal cells. Derivative 

13d triggered a selective cytotoxicity towards C6 cells, equivalent to cisplatin. Derivative 13e gave 

the highest anticancer activity towards A549 cells with IC50 value of 0.03 mM which was two-fold 

fewer than that of cisplatin. Derivatives 13d, 13e, and 13f revealed inhibition of DNA synthesis in 

a dose-dependent manner in C6 cells. Additionally, derivatives 13d, 13e and 13f exhibited dose-

dependently induced apoptotic cell death.49 

 

1.3 Biological activity of imidazo[1,2-a]pyrazine based compounds 

Myadaraboina and co-workers designed and synthesized 2,3,6-tri-substituted imidazo[1,2-

a]pyrazine derivatives and studied in vitro for antiproliferative activity against MCF-7, SK-N-SH, 
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HepG-2 and MDA-MB-231 cancer cell lines. Derivative 14a displayed significant anti-

proliferative activity towards cancer cells with IC50 value of 12.9 µM and 13.8 µM towards MCF-

7 and SK-N-SH cancer cells, respectively. Substitution of p-fluoro at C3-phenyl ring (14c) 

enhanced ten-folds activity towards SK-N-SH, HepG-2 and MDAMB-231 cancer cells, whereas, 

in MCF-7 cancer cells only two-folds enhancement were observed.  Derivative 14c displayed the 

best anti-proliferative activity for all tested cancer cells with IC50 values of 1.0 µM, 6.2 µM, 15.2 

µM and 61.1 µM against SK-N-SH, MCF-7, MD-AMB-231 and HepG-2 cancer cells, 

respectively. Rest of the derivatives showed much lower anticancer activities.50  

 

Xu and co-workers studied on 8-morpholinoimidazo[1,2-a]pyrazine based compounds (15-

17) and tested towards MCF-7, A549 and PC-3 cancer cells for their anticancer activity. All 

synthesized derivatives showed moderate to good anticancer activity towards tested cancer cells 

with IC50 values in range of 6.39 µM - 74.92 µM. Compound 17b showed cytotoxicity with IC50 

value of 3.69 µM against MCF-7 cancer cells, whereas compound 17c found to be most active 

with IC50 value of 6.39 µM towards A549 cancer cells. Most potent derivatives 17b and 17c were 

further investigated for inhibitory activity towards PI3Kα kinase and found that compound 17c 

showed inhibition with IC50 value of 1.25 µM.51   

 

Demirayak and co-workers synthesized compounds of 6,8-diphenylimidazo[1,2-

a]pyrazine and examined for their anticancer activity at NCI against 60 cancer cell lines. 

Anticancer results showed that derivative 18b-f gave log10 GI50 values < –4, therefore, all 
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derivatives exhibited significant cytotoxicity against tested cancer cells. The value of meangraph 

midpoint for derivative 18d (-6.29) was found to be more than that of cisplatin (-6.20) and for 

derivative 18b-d (-5.10 to -6.29), the values are more than that of melphalan (-5.09). These results 

demonstrated that derivative 18b-d provided high levels of cytotoxicity. Detailed examination of 

anticancer results shown that all derivatives provided effective cytotoxicity in low doses towards 

leukemia. Derivative 18d was found as a most potent candidate, which provided even more 

cytotoxicity than that of melphalan towards leukemia.52    

 

1.4 Biological activity of phenanthroimidazole (imidazo-phenanthroline) based 

molecules 

Patel and co-workers synthesized compounds of 2-phenyl-1H-phenanthro[9,10-d]imidazole as 

well as 2-phenyl-1H-imidazo[4,5-f][1,10]phenanthroline and were examined for their antitumor 

activity towards HCT116, WM266.4 and MCF-7 cancer cell lines. Results of anticancer studies 

towards HCT116 cancer cells showed that all phenanthro[9,10-d]-imidazole derivatives gave 

potency comparable to apoptozole (GI50 = 7.0 μM), with GI50 values in the range from 3.5 μM to 

11.2 μM with derivative 19c having GI50 value of 3.0 μM, being two-folds more potent than 

apoptozole. Imidazo[4,5-f][1,10]phenanthroline 19g revealed 80-folds more potent activity than  

X

X N

N
R1

R2

R3

R3

19a X = CH, R1 = H,      R2 = H,        R3 = H

19b X = CH, R1 = F,      R2 = H,         R3 = H

19c X = CH, R1 = OMe, R2 = H,         R3 = H

19d X = CH, R1 = H,      R2 = H,         R3 = OMe

19e X = CH, R1 = H,      R2 = CH3,     R3 = H

19f  X = CH, R1 = H,      R2 = benzyl, R3 = H

19g X = N,   R1 = H,       R2 = H,         R3 = H

19h X = N,   R1 = H,       R2 = CH3,     R3 = H

19i X = N,    R1 = H,       R2 = benzyl, R3 = H

19

 

apoptozole, with  GI50 value of 0.09 μM against HCT116 cancer cells. Derivative 19g also 

exhibited desired action on depletion of client protein. All derivatives exhibited cellular biomarker 

inhibition of Hsc70 as well as depletion of Hsp90 client proteins.53     
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Wang and co-workers have synthesized derivatives of 2-phenyl-1H-phenanthro[9,10-

d]imidazole with variation in length of polyglycol side chain and were examined for their 

cytotoxicity as well as DNA binding. Derivative 20a displayed higher anticancer activity than 

cisplatin with IC50 values of 4.65 μM, 6.36 μM and 7.03 μM towards Bel-7402, BGC-823 and KB 

cancer cells, respectively. Compounds 21b and 21c have been found more potent than their 

corresponding derivatives 20b and 20c towards KB, BGC-823 and Bel-7402 tumor cell lines. 

Results suggested that anticancer activities of 20a-c were reduced with increasing length of 

polyglycol side chain, whereas the anticancer activities of 21a-c were improved with increasing 

side chain length. Derivatives 21a-c interacted with DNA through intercalation and compound 21a 

gave the highest binding constant of 1.68 × 106 M-1.54     

 

Liao and co-workers synthesized 2-(2,4-disubstitutedphenyl)-1H-imidazo[4,5-

f][1,10]phenanthroline derivatives and evaluated their antitumor activity. These compounds 

showed potent anticancer activity towards MDA-MB-231, Hela and MCF-7 cancer cells. 

Derivative 22e exhibited ten-folds more cytotoxicity than that of cisplatin towards MDA-MB-231 

cancer cell line with IC50 value of 3.6 μM, whereas derivative 22d found equally potent with 

cisplatin having IC50 value of 36.0 μM. Derivatives 22a, 22d and 22e have been found more potent 

than cisplatin against Hela cells with IC50 values of 5.1 μM, 7.9 μM and 8.5 μM, respectively. 

Further studies revealed that derivative 22e can effectively bound and stabilize c-myc G4 DNA 

structure.55     
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1.5 Biological activity of thiazolidine-2,4-dione based molecules 

Liu and co-workers synthesized thiazolidine-2,4-dione derivatives and 23d has been found as a 

representative member of the series with improved cytotoxicity against U937 human leukemia 

cancer cells with IC50 value of 3.4 μM. Derivatives 23a, 23b and 23c also showed good 

cytotoxicity against U937 cancer cells with IC50 values of 9.4 μM, 9.6 μM and 10.0 μM, 

respectively. The level of p-MEK, p-ERK and p-Akt expression was significantly suppressed by 

derivative 23d at 3 μM concentration in U937 cells. The results demonstrated that blockage of 

signals of Raf/MEK/ERK and PI3K/Akt cascades could be the reason of cytotoxicity of U937 

cells. Further studies showed that derivative 23d induced anticancer activity towards U937, 

DU145 and M12 cancer cell lines through apoptosis. Cell cycle analysis indicated that derivative 

23d arrested the cell cycle in S phase in U937 cancer cells.56      

 

Patil and co-workers synthesized 5-benzylidene-2,4-thiazolidinedione derivatives and 

examined for their cytotoxicity towards a panel of seven cancer cell lines consisting of K562, 

HOP62, GURAV, MCF7, HEPG2, PC3 and KB cancer cell lines. Results of anticancer study 

suggested that derivative 25d found as the most promising candidate with log10GI50 values in the 

range of -6.73 μM to -5.60 μM towards MCF 7, PC3, KB, GURAV and K562 cancer cells. In 

addition, derivatives 25a, 25b and 25e were also showed potent cytotoxicity against HOP62 cancer 

cells with log10GI50 values of -6.72 μM, -6.73 μM and -6.77 μM, respectively. Derivatives 25c and 

25d presented cytotoxicity comparable to that of doxorubicin towards GURAV cancer cells 

withlog10GI50 values of -6.71 μM and -6.73 μM, respectively. Whereas derivatives 25f and 25g 

displayed favorable anticancer activity towards GURAV cancer cells with log10GI50 values of -

4.50 μM and -4.41 μM, respectively. None of the derivatives exhibited anticancer activity towards 

HEPG2 liver cancer cells.57     
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1.6 Biological activity of indole based molecules 

Regina and co-workers synthesized compounds of 5, 6 or 7-substituted indole bearing 3,4,5-

trimethoxyphenyl connected by sulfur or ketone linkage. It has been observed that substitution of 

furan or thiophene moiety at 6 or 7 position of indole, exhibited significant inhibition towards 

tubulin polymerization, colchicine binding and MCF-7 cancer cell line. Derivatives 26a and 26b 

showed significant inhibition towards U87MG, HCT116, T98G, PC3, U343G, MV4-11, HT29, 

THP-1, A-549, HepG2 and multidrug resistant NCI/ADR-RES cell lines at nanomolar 

concentrations. Further, in the G2/M phase, derivatives 26a (20 nM) and 26b (100 nM) arrested 

77% and 71% cell cycle, respectively. Derivative 26a at concentration of 50 nM, significantly 

inhibited tubulin polymerization, which was comparable to the reference drug vinblastine, 

whereas, derivative 26b at the concentration of 100 nM affected only structural arrangement of 

mitotic spindle and was not able to fully inhibition of tubulin polymerization. Compounds 26a and 

26b inhibited HepG2 cancer cells with IC50 values of 20 nM and 80 nM, respectively. Derivative 

26a also showed potent intibition against U87MG glioblastoma human cells at nanomolar range.58    

 

Regina and co-workers synthesized derivatives of 2-phenylindole containing 3,4,5-

trimethoxyphenyl attached by sulfur, ketone or methylene linker. Inhibition of the tubulin 

polymerization was presented by most of the synthesized compounds with IC50 values of 1.0-2.0 

μM. Half of the synthesized derivatives presented cytotoxicity towards MCF-7 cancer cell line 
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with IC50 ≤ 50 nM. Derivatives 27a and 27b uniformly inhibited the panel of cancer cell lines at 

nanomolar concentration and were found superior than vinblastine and paclitaxel. Derivatives 27a 

and 27b showed excellent growth inhibition of multi-drug-resistant (MDR) cell lines namely 

NCI/ADR-RES as well as Messa/Dx5 at 10 nM. Further derivatives 27a and 27b exhibited the 

cytotoxicity against natural killer (NK) cells even at very low concentration i.e. 10 nM and showed 

more than 80% cell cycle arrest in G2/M phase of the  HeLa cells at 20 - 50 nM concentration.59     

 

Gaikwad et al. synthsiszed series of 2-phenylindole derivatives and examined in vitro for 

their cytotoxicity towards B16F10, A549 and MDA-MB-231 cancer cells. Derivatives revealed 

significant cytotoxicity against all tested cancer cells. Derivative 28a-k showed effective 

anticancer activity towards B16F10 cancer cells with IC50 values in range of 23.81 µM - 60.11 

µM. Compound 28b gave potent cytotoxicity towards A549 cancer cells with IC50 value of 29.12 

µM. Moreover, derivatives 28j and 28k have shown good antitumor activity with IC50 values of 

16.18 µM and 25.59 µM, respectively towards MDA-MB-231 human cancer cells. Molecular 

docking study revealed effective binding of these compounds with NEDD4-1 and EGFR receptor 

proteins.60     

 

1.7 Molecular hybridization approch 

Mixture of drugs, one of the strategies employed by clinicians to treat unresponsive patients, has 

further encouraged the researchers toward the design of ligands comprising two or more 

pharmacophores in a single biological molecule, modulating multiple targets. Hybrid drugs, 

designed by molecular hybridization approach, are the molecules having two or more potent 

pharmacophores connected by covalent bonding, which leads to a therapeutical potency superior 
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than individual scaffold. Hybrid drugs are basically designed to interact with multiple targets or to 

amplify its effect through action on another bio target as one single molecule or to counterbalance 

the known side effects associated with the other hybrid part.11,12 

Chen and co-workers synthesized three series of hybrids of chalcone and indole (29-31), 

and were examined for antitumor activity towards A549, HeLa, Bel-7402, PC-3 and K562 cell 

lines. These derivtives revealed moderately to very good antitumor activities. Derivative 29a, 

exhibited potent antitumor activity against tested five tumor cell lines with GI50 values in range of 

0.026 μM - 0.035 μM. Further studies exhibited that derivative 29a inhibited tubulin 

polymerization with IC50 value of 1.99 μM, which was comparable with reference combretastatin 

A-4. Moreover, derivative 29a showed disruption of microtubule in HeLa cells and arrested the 

cell cycle in G2/M phase and led to cell apoptosis.61  

O

R1
R2

R3

R4

N
R9

Indole

Chalcone

29 O

R1R2

R3

R4

N

R9

O

R1

R2

R3

R4

N

R8

31

31a  R1 = R2 = R3 = R5 = OCH3, R4 = R6 = R7 = R8 = H

31b  R1 = R2 = R3 = R5 = OCH3, R4 = R6 = R7 = H, R8 = CH3

31c  R1 = R2 = R3 = R6 = OCH3, R4 = R5 = R7 = R8 = H

R7

R6

R5

30

29a/30a  R1 = R2 = R3 = OCH3, R4 = R9 = H

29b/30b  R1 = R2 = R3 = OCH3, R4 = H, R9 = CH3

29c/30c  R2 = R3 = R4 = OCH3, R1 = R9 = H  

Wang and co-workers synthesized hybrids of chrysin-benzimidazole moieties and were 

examined for their cytotoxicity towards MGC-803, MCF-7, HepG2 and MFC cancer cell lines. 

Derivative 32a displayed potent antitumor activity towards MFC cancer cells with IC50 value of 

25.72 μM. Compound 32a induced apoptosis in a dose dependent manner in MFC cancer cells and 

caused cell cycle arrest in the G0/G1 phase. Derivative 32a was also evaluated in vivo in mice and 

showed significant inhibition in tumor growth.60 
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Li and co-workers synthesized derivatives of pyrazole-naphthalimide conjugates and 

evaluated in vitro anticancer activity towards MCF-7, Hela and A549 cancer cells. Derivatives 

33a-d displayed better antitumor activity than amonafide towards MCF-7 cancer cells with IC50 

values of 0.51 μM, 0.79 μM, 1.56 μM and 1.58 μM, respectively. Derivative 33a showed potent 

anticancer activity towards Hela and A549 cancer cells with IC50 values of 3.09 μM and 5.14 μM, 

respectively, which were 2.2-folds and 2.5-folds lesser than that of amonafide. DNA binding 

experiments of derivative 33a with ct-DNA revealed intercalation binding mode with binding 

constant (Kb) of 1.01 × 104 M-1.63 

 

Singla and co-workers synthesized isomeric series of triazine-benzimidazole conjugates. 

Synthesized derivatives were examined towards a panel of 60 malignant cell lines and mammalian  

 

dihydrofolate reductase. Derivatives 34a and 34b have been found as potent anticancer compounds 

with mean GI50 values of 1.77 μM and 1.94 μM, respectively, against nine panel of cancer cell 

lines. Derivative 34a was established as most active towards leukemia with GI50 value of 1.43 μM, 

while derivative 35b significantly inhibited dihydrofolate reductase in nanomolar concentration 

with IC50 value of 2.0 nM having ligand efficiency 0.3 M. The results of DNA binding experiments 

were shown strong interaction of ct-DNA with triazine - benzimidazole conjugates.64 
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CHAPTER 2  
HYBRIDS OF IMIDAZO[1,2-a]PYRAZINE AND BENZIMIDAZOLE 

 

2.1 Introduction 

DNA is one of the key targets for anti-proliferative activity. Generally, antitumor candidates 

damage DNA or block DNA synthesis indirectly through inhibition of nucleic acid precursor 

biosynthesis, or disrupt hormonal stimulation of cell growth.65 So, more efficient, less toxic, and 

target-specific non-covalently DNA binding anticancer drug needs to be developed. Extensive 

efforts have been currently centered on the development of new anticancer drugs based on 

combination of two active pharmacophores, particularly, planar moieties, that are effective for 

binding and cleavage of DNA under physiological conditions.66 The planar structures of 

benzimidazole and imidazo[1,2-a]pyrazine facilitate the compounds that bind strongly with DNA 

through intercalation and hence, affect the critical metabolic routes. A large number of derivatives 

based on these moieties has been designed and evaluated for antitumor activity.17-20 The anticancer 

activities of benzimidazoles appear to derive from their ability to form strong complexes with 

nucleic acids and thus induce DNA damage, and exert related effects such as topoisomerase 

poisoning, telomerase inhibition and inhibition of gene transcription.21-23 To regulate the 

interaction properties of drugs, different substituents as well as new rings (quinazoline, triazine, 

purine, naphthalimide etc) were introduced in the benzimidazole moiety. With these derivatives, 

maximum toxicity was obtained with compounds substituted at position -5 or -6 of benzimidazole, 

and in particularly with 2-chlorophenyl, 2-methoxyphenyl and pyrrolidine analogues.32,64,67,68  

Additionally, it has turned out that some of these compounds were also evaluated for cell lines 

which displayed positive activity on tumor cells. We anticipated that the proposed molecules with 

5- or 6-substituted benzimidazole would also intercalate in DNA, and favor the interaction with 

nucleophilic sites of nucleic acid bases.  

 To check these binding interactions and antitumor activity, this chapter discuss the 

chemical reactivity of two series of imidazo[1,2–a]pyrazines, with different orientations of 

benzimidazole possessing cyclohexyl ring. To elucidate the impact of variation of substitution at 

6- and 8- positions of imidazo[1,2-a]pyrazine, we have also prepared symmetrical and 

unsymmetrical benzimidazole substituted-imidazo[1,2-a]pyrazines whereby compounds showed 
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pronounced antitumor activity. It has been observed that the most promising compounds inhibited 

tumor growth, which were also related to their high DNA and BSA binding capacity.29,69  

2.2 Chemistry 

All compounds (9-23, 31-49 and 53-57) were prepared according to the Schemes 1-3 starting from 

1,3- and 1,4-dibromobenzene. 1,4-Dibromobenzene 1 was first nitrated with 1:4 ratio of nitric acid 

and sulphuric acid to yield 1,4-dibromo-2-nitrobenzene 2 in 93% yield. Compound 2 was subjected 

to regioselective nucleophilic substitution reaction with cyclohexylamine in the presence K2CO3 

in DMF to afford 4-bromo-N-cyclohexyl-2-nitroaniline 3 in 75% yield. Formation of intermediate 

3 was supported by NMR spectral analysis, the characteristic multiplet at δ 3.52-3.43 ppm for one 

proton and signals ranging from 2.14 to 1.25 for ten protons correspond to cyclohexyl ring. 

Boronation of 3 was then carried out using bis(pinacolato)diboron in the presence of Pd(PPh3)2Cl2 

and KOAc, afforded N-cyclohexyl-2-nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 

4 in 82% yield. Compound 4 was characterized by NMR with the help of characteristic signals of 

four methyl groups of boronate having singlet of 12 protons at δ 1.32 ppm. Suzuki-Miyaura cross 

coupling reaction of 4 with dibromo imidazo[1,2-a]pyrazine 5 (prepared in two steps from 

commercial available 2-aminopyrazine according to the literature method)26,70 has been proceeded 

using Pd(PPh3)4 and K2CO3 to yield 4-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-2-

nitroaniline 6 in 73% yield with traces of disubstituted product. Reduction of 6 was carried out 

using sodium dithionite to afford 4-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N1-cyclohexylbenzene-

1,2-diamine 7 which was subsequently cyclized with triethylorthoformate in acetic acid to afford 

the requisite 6-bromo-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine 8 in 

75% yield (Scheme 1). Compound 8 was confirmed by 1H NMR with shifting of multiplet to 

downfield at δ 4.26-4.18 ppm for one proton corresponding to CH of cyclohexane and absence of 

NH signal at δ 8.40 ppm. Initially, the Suzuki coupling of 8 and phenyl boronic acid was selected 

as a model reaction for optimization of reaction parameters, and the results have been displayed in 

Table 1. Optimization for reaction condition of Suzuki coupling was done by changes in catalyst, 

base and solvents. The best results were obtained with (entry 6). Compound 8 was further used for 

Suzuki reaction with substituted phenyl, thienyl and naphthyl boronates to give derivatives 9-23 

in 75-86% yields. 
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Table 1. Optimization of palladium catalysed Suzuki-Miyaura cross-coupling reactions 

Entry Time (h) Catalyst Base Solvent Yield (%) 

1 15 Pd(PPh3)2Cl Cs2CO3 CH3CN-H2O (9:1) 72 

2 18 Pd2(dba)3 Cs2CO3 CH3CN-H2O (9:1) 70 

3 12 Pd(PPh3)4 Cs2CO3 CH3CN-H2O (9:1) 80 

4 15 Pd(PPh3)4 K2CO3 Toluene 82 

5 14 Pd(PPh3)4 K2CO3 Toluene-H2O (9:1) 78 

6 12 Pd(PPh3)4 K2CO3 CH3CN-H2O (9:1) 85 

7 16 Pd(PPh3)4 DIPEA CH3CN-H2O (9:1) 65 

8 22 Pd(PPh3)4 K2PO3 CH3CN-H2O (9:1) 45 

9 13 Pd(PPh3)4 K2CO3 IPA 69 

10 18 Pd(PPh3)4 K2CO3 Acetone 73 

11 18 Pd(PPh3)4 K2CO3 DMF 72 

12 16 Pd(PPh3)4 K2CO3 THF 78 

Scheme 1. Synthesis of 6-substituted-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-

a]pyrazinea 

 
aReagents and conditions: (a) H2SO4, HNO3, DCM, 0 °C, 30 min., 93%; (b) Cyclohexyl amine, K2CO3, DMF, 100 

°C, 18 h, 75%; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, 1,4-dioxane, reflux, 10 h, 82%; (d) Pd(PPh3)4, 

K2CO3, CH3CN : water (9:1), N2, reflux, 12 h, 73%; (e) Na2S2O4, aq. NH3, THF : water, rt, 1 h; (f) 

Triethylorthoformate, AcOH, rt, 10 min., 75%; (g) ArB(OH)2, Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 

12-15 h, 75-86% 
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        The synthesis of intermediate 30a-b of imidazo[1,2-a]pyrazine and benzimidazole 

conjugates followed the similar procedure with 1,3-dibromobenzene as starting material (Scheme 

2). The commercial available 1,3-dibromobenzene 24 was nitrated to yield 25 in 95% yield which 

was regioselectively substituted with cyclohexylamine and benzylamine in DMF, afforded 26a and 

26b, respectively. Formation of 26a was confirmed with NMR spectral analysis having multiplet 

of eleven protons corresponding to cyclohexyl ring in the range of δ 3.46-1.22 ppm. Boronation 

of 26a and 26b using bis(pinacolato)diboron in the presence of Pd(PPh3)2Cl2and KOAc provided 

27a and 27b, respectively. Characteristic signal of twelve protons of four methyl groups of 

boronate at δ 1.35 ppm, confirmed the formation of 27a. Suzuki reaction of 27a-b with dibromo-

imidazo[1,2-a]pyrazine 5 and Pd(PPh3)4, afforded compound 28a-b alongwith traces of 

disubstituted products. Disappearance of singlet of methyl groups of boronate and appearance of 

aromatic protons of imidazopyrazine in the range of δ 8.69-7.77 ppm in proton NMR spectrum 

confirmed the formation of 28a. Reduction of derivatives with sodium dithionite in ammonia 

provided amines 29a-b followed by cyclization with triethylorthoformate in acetic acid to obtain 

intermediates 30a and 30b in 90% and 80% yields, respectively. Derivatives 26b-29b have not 

been separated from column chromatography and used further without purification. Suzuki 

reactions of intermediates with unsubstituted and substituted phenyl, thienyl and naphthyl 

boronates were carried out in CH3CN:H2O using Pd(PPh3)4 and K2CO3 afforded 31-49 in 75-85% 

yields. 

Interestingly, the scope of another benzimidazole at C-6 position of imidazo[1,2-a]pyrazine 

for Suzuki reaction was also explored with different synthetic route (Scheme 3). Reductions of 3 

and 26a were carried out with sodium dithionite in the presence of ammonia to afford 50a and 

50b, respectively, followed by cyclization with triethylorthoformate in acetic acid, produced 

respective benzimidazoles 51a and 51b. Boronation of these derivatives using 

bis(pinacolato)diboron in the presence of Pd(PPh3)2Cl2 and KOAc afforded 52a and 52b. Suzuki 

reactions of benzimidazole boronates 52a-b with 8 and 30a-b have been performed using 

Pd(PPh3)4 and K2CO3 to afford compounds 53-57 in 75-81% yields. 
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Scheme 2. Synthesis of 6-substituted-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-

a]pyrazineb 

 
bReagents and conditions: (a) H2SO4, HNO3, DCM, 0 °C, 30 min., 95%; (b) Cyclohexyl amine/benzyl amine, K2CO3, 

DMF, 100 °C, 18 h, 26a:74%; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, 1,4-dioxane, reflux, 10 h, 27a:78%; 

(d) Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 10-12 h, 28a:70%; (e) Na2S2O4, aq. NH3, THF : water, rt, 1 h; 

(f) Triethylorthoformate, AcOH, rt, 10 min., 80-90%; (g) ArB(OH)2, Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, 

reflux, 12-15 h, 75-85% 

Scheme 3. Synthesis of 6,8-bis(1-cyclohexyl-1H-benzo[d]imidazol-5/6-yl)imidazo[1,2-

a]pyrazinec 

 
cReagents and conditions: (a) Na2S2O4, aq. NH3, THF : water (3:2), rt, 1 h; (b) Triethylorthoformate, AcOH, rt, 10 

min.,; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, 1,4-dioxane, reflux, 12 h; (d) 8, 30a-b, Pd(PPh3)4, K2CO3, 

CH3CN : water (9:1), N2, reflux,  10-12 h, 75-81% 
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X-ray crystal structure. The molecular structure and the assignment of 31 were unambiguously 

confirmed by single-crystal X-ray diffraction study (Figure 1).  

 

Figure 1. X-ray crystal structure of compound 31 (CCDC No. 1828636)  

    Compound 31 consists of two planar fragments, benzimidazole and imidazo[1,2-a]pyrazine 

which are in conjugation with phenyl ring present at C6-position of imidazo[1,2-a]pyrazine. 

Compound 31 crystallizes with Z = 4 in the space group P2/n (Table 2). Torsion angles along C-

N and C-C of imidazo[1,2-a]pyrazine are 174.66 (13) Å and 5.0 (2) Å, respectively, while torsion 

angle along C-C bond of benzimidazole is 6.3 (2) Å. Moreover, the C-C bond length between 

imidazo[1,2-a]pyrazine and benzimidazole is shifted to double bond (1.48 Å). The six membered 

cyclohexyl ring present at benzimidazole ring is deviated from planarity that exist in chair 

conformation. Atom systems C2-C1-C14 and C3-C4-C15 having some angle strain, slightly 

deviated by 1.8º and 1.5º, respectively from the ideal tetrahedral value. The bond length of N5-

C25 (1.31 Å) of benzimidazole ring is shorter having double bond character than longer bond 

length of N1-C25 (1.36 Å), indicating the presence of cyclohexyl group at N1 position and 

imidazo[1,2-a]pyrazine attached at the 6-position of benzimidazole (C7). Similarly, phenyl ring 

present at 6-position of imidazo[1,2-a]pyrazine having the bond length of 1.48 Å, indicating 

conjugation of these two moieties. Indeed, C-C bond length of imidazo[1,2-a]pyrazine with 

benzimidazole and phenyl ring agrees well with the standard double bond length of sp2 hybridized 

carbon atoms in the rings. There is thus strong conjugation between these different planar moieties 

constitute the skeleton of molecule.  
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Table 2. Crystal data and structure refinement of compound 31 

Crystal Parameters Crystal Data 

Empirical formula  C25H23N5.2H2O  

Formula weight  429.52 

Temperature/K  298.15  

Crystal system  Monoclinic  

Space group  P2/n  

a/Å  12.4417(9)  

b/Å  9.8341(7)  

c/Å  17.2501(10)  

α/°  90  

β/°  90.390(2)  

γ/°  90  

Volume/Å3  2110.6(2)  

Z  4  

ρcalcg/cm3  1.295  

μ/mm-1  0.082  

F(000)  872.0  

Crystal size/mm3  0.28 × 0.24 × 0.22  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.722 to 54.418  

Index ranges  
-15 ≤ h ≤ 15, -12 ≤ k ≤ 12, -

21 ≤ l ≤ 22  

Reflections collected  57943  

Independent reflections  
4699 [Rint = 0.0443, Rsigma = 

0.0188]  

Data/restraints/parameters  4699/0/287  

Goodness-of-fit on F2  1.070  

Final R indexes [I>=2σ (I)]  R1 = 0.0503, wR2 = 0.1226  

Final R indexes [all data]  R1 = 0.0748, wR2 = 0.1357  

Largest diff. peak/hole / e Å-3  0.14/-0.28  

 

2.3 Biology 

2.3.1  Cytotoxicity 

2.3.1.1  Cytotoxicity against human cancer cell lines 

In a preliminary test, compounds were assayed at single dose concentration (10-5 M) in the full 

panel of NCI 60 cancer cell lines.71 The tested compounds showed diverse but strong cytotoxic 

effect on the evaluated panel of cell lines and most of the compounds exhibited more than 50% 
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inhibition of tumor growth at micromolar concentration. As revealed from results of 29 tested 

compounds, seven compounds with wide range of growth percentage displayed strong growth 

inhibitory activity (-98.48 to 99.61) at 10 µM concentration (Table 3). The bisbenzimidazole 

derivatives 53 and 57 demonstrated superior activity than mono benzimidazoles with cytotoxic 

effects towards 51 and 43 cell lines, respectively and among the monobenzimidazoles, 4-

methoxyphenyl at C6 position of imidazo[1,2-a]pyrazine 32 indicated better cytostatic activity 

than phenyl 31, 4-ethylphenyl 46 and 4-formylphenyl 48 derivatives in the same isomeric series 

of compounds. Such findings reveal that bisbenzimidazole moiety is more favorable for cytotoxic 

and mono benzimidazole for cytostatic activity. This superiority in the activity of bisbenzimidazole 

might be attributed to the corresponding increase in binding interactions through π bonding and 

therefore, permeability and penetration into cancer cells. On referring to the total number of 

sensitive cell lines for tested compounds, it has been found that most of the target compounds 

Table 3. Overview of the preliminary cytotoxic assay at single dose concentration of 10 µM 

Compd Mean 

growth 

percent 

aRange of 

growth 

inhibition 

The most 

sensitive 

cell lines 

bPositive 

cytostatic 

effect 

cPositive 

cytotoxic 

effect 

No. of sensitive 

cell lines/Total 

cell lines 

31 59.72 -11.09 to 81.25 T-47D 17/57 1/57 18/57 

32 20.32 -43.35 to 98.64 SF-539 42/57 9/57 51/57 

46 65.98 50.00 to 94.82 T-47D 14/59 0/59 14/59 

48 71.82 51.16 to 98.01 T-47D 9/59 0/59 9/59 

53 -44.92 -98.48 to 98.86 SK-MEL-5 8/59 51/59 59/59 

56 54.67 50.00 to 89.11 RPMI-8226 24/59 0/59 24/59 

57 -26.50 -88.03 to 99.61 HCC-2998 16/59 43/59 59/59 

aNegative (-) indicates the cell killed; bThe ratio between number of cell lines with percent growth from 0 to 50 and 

total number of cell lines; cThe ratio between number of cell lines with percent growth of <0 and total number of cell 

lines 

exhibited broad spectrum cytotoxicity covering different cancer subpanels. Amongst these 

sensitive cell lines to tumor, melanoma cell lines, SK-MEL-5 and colon cancer cell lines, HCC-

2998 were found to be highly sensitive with negative growth percentage value (lethal effect) for 

derivatives 53 and 57, respectively. Central nervous system (SF-539) and leukemia (RPMI-8226) 

cancer cell lines were noticed to be the most susceptible cell lines for derivatives 32 and 56, 

respectively. Moreover, T-47D (breast cancer) was also proved to be the most responsible cells to 



27 
 

compounds 31, 46 and 48. Compounds 32, 53 and 57 attributed pronounced cytotoxicity over the 

majority of tested cancer cell lines with mean GP values of 20.32, -44.92 and -26.50, respectively. 

The detailed anti-tumor activities on growth inhibition of NCI-60 human cancer cell lines at the 

single dose of 10 µM, are shown in Tables 4-7.   

Table 4. Percent growth inhibition of compounds 8-10, 12-13, 22 and 30-31 at 10 µM 

concentration 

Cell Panel 
 

Cell Line 8 9 10 12 13 22 30 31 

Leukemia CCRF-CEM -- 11.65 1.19 27.20 -- -- 7.68 81.25 

HL-60(TB) 10.51 19.35 23.32 49.91 5.28 0.87 18.00 67.08 

K-562 17.36 31.12 29.17 37.95 13.25 -- 18.01 70.64 

MOLT-4 17.45 39.68 34.21 51.01 11.45 12.36 26.33 67.72 

RPMI-8226 -- 18.32 14.67 38.23 6.16 -- 14.88 85.67 

SR 20.65 44.60 29.66 10.86 20.78 14.96 26.77 59.76 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC 4.80 9.00 7.33 36.17 8.95 1.63 9.36 33.28 

EXVX 10.34 2.51 7.85 29.58 -- 3.54 12.01 24.19 

HOP-62 12.98 12.94 3.33 13.19 13.25 0.44 21.74 NT 

HOP-92 21.90 10.87 17.39 NT 7.05 -- 30.67 53.67 

NCI-H226 3.73 -- -- 17.85 7.09 -- 22.47 33.93 

NCI-H23 8.76 -- -- 9.02 4.49 5.56 10.24 45.28 

NCI-H322M 10.94 2.91 -- 8.38 -- 0.45 18.08 5.25 

NCI-H460 3.26 -- 2.90 7.35 -- -- -- 37.76 

NCI-522 15.24 16.06 18.50 33.03 22.62 14.55 16.18 58.06 

Colon 

Cancer 

COLO 205 -- 0.28 -- -- -- -- -- 20.73 

HCC-2998 3.13 -- -- -- -- -- -- -- 

HCT-116 6.06 3.81 18.60 23.68 6.58 -- -- 59.49 

HCT-15 4.25 19.09 11.86 15.26 4.85 6.48 13.13 51.58 

HT29 4.48 9.21 -- 16.53 8.33 -- 5.21 48.30 

KM12 -- 5.70 2.27 8.69 7.30 6.84 67.74 48.98 

SW-620 -- -- -- 1.43 -- -- -- 9.15 

CNS 

Cancer 

SF-268 5.80 1.33 3.96 11.82 5.13 2.5 17.11 21.67 

SF-295 7.58 -- 12.47 7.88 -- -- -- 39.77 

SF-539 6.65 2.17 9.71 7.72 -- -- 10.04 27.79 

SNB-19 10.53 1.72 4.26 16.69 -- -- 8.09 22.89 

SNB-75 16.41 5.65 15.94 9.15 -- -- 21.25 44.38 

U251 -- 4.44 3.40 27.93 3.57 -- 1.50 37.27 

Melanoma LOX IMVI 9.14 4.86 7.86 11.39 0.76 1.01 15.19 39.56 

MALME-

3M -- -- -- -- -- -- -- NT 

M14 -- 1.61 9.96 0.39 0.73 -- -- 38.21 

MDA-MB-

435 -- 0.53 6.92 4.07 -- -- -- 28.68 
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SK-MEL-2 0.53 -- 9.88 20.60 6.30 13.14 10.17 16.52 

SK-MEL-28 -- -- 4.86 -- -- -- -- 17.96 

SK-MEL-5 8.35 5.71 5.95 2.13 2.90 1.16 13.44 36.46 

UACC-257 -- -- -- 35.53 -- -- -- 5.22 

UACC-62 16..41 2.01 1.25 20.96 2.44 0.23 19.82 65.65 

Ovarian 

Cancer 

IGROV1 8.45 -- 5.82 3.68 6.40 -- 6.60 11.95 

OVCAR-3 -- -- -- 4.29 -- 0.91 15.80 41.81 

OVCAR-4 9.25 -- 7.51 15.02 -- -- 9.15 34.54 

OVCAR-5 -- -- 1.45 -- -- -- 6.64 7.87 

OVCAR-8 3.55 -- 7.75 23.99 3.09 -- 4.92 63.92 

NCI/ADR-

RES 5.47 -- 1.93 11.83 2.36 6.79 8.82 50.49 

SK-OV-3 6.59 -- 5.37 -- -- -- -- 7.52 

Renal 

Cancer 

786-0 1.30 8.24 12.65 13.33 3.12 0.59 10.03 36.82 

A498 3.51 -- -- -- NT NT -- 26.12 

ACHN -- -- 10.91 8.22 -- -- 11.53 35.90 

CAKI-1 NT NT NT 20.67 -- -- NT NT 

RXF 393 -- 23.31 -- 0.15 35.96 -- 5.58 44.97 

SN12C -- 4.83 -- 13.57 -- -- 6.47 28.82 

TK-10 -- -- -- 5.82 -- -- 5.55 2.26 

UO-31 40.12 20.86 33.47 37.85 22.83 16.37 37.59 55.15 

Prostate 

Cancer 

PC-3 10.26 13.53 22.63 13.28 10.23 7.16 17.22 92.04 

DU-145 -- 2.64 -- 6.09 -- 3.63 6.20 29.28 

Breast 

Cancer 

MCF7 37.62 15.85 19.68 35.71 9.59 34.03 47.56 38.02 

MDA-MB-

231/ATCC 3.12 6.64 -- 18.16 -- 7.47 24.23 41.47 

HS 578T 2.68 -- 5.69 4.25 -- -- 16.09 23.79 

BT-549 6.38 0.43 8.55 1.57 -- -- 5.16 57.09 

T-47D 25.30 25.52 46.21 22.02 10.08 37.28 49.73 -11.09 

MDA-MB-

468 6.27 -- -- 5.23 -- 28.31 44.40 54.44 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition; lethal to cancer cells 

Table 5. Percent growth inhibition of compounds 32-36 and 39-41 at 10 µM concentration  

Cell Panel Cell Line 32 33 34 35 36 39 40 41 

Leukemia CCRF-CEM 93.27 77.93 17.47 33.42 29.22 1.10 11.41 NT 

HL-60(TB) 98.64 16.47 38.94 2.03 18.45 2.65 15.58 23.22 

K-562 92.04 NT 30.90 24.72 21.99 9.60 44.51 58.96 

MOLT-4 82.84 58.70 44.72 25.23 29.98 14.33 8.87 20.43 

RPMI-8226 95.63 82.52 22.94 50.14 37.86 20.80 18.96 32.05 

SR 91.73 47.52 6.92 20.43 14.27 23.63 18.51 60.65 

Non-Small 

Cell Lung 

A549/ATCC 68.62 -- NT 12.76 3.97 -- 11.56 15.26 

EXVX 56.65 20.88 13.25 10.54 -- -- 13.10 16.21 
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Cancer HOP-62 NT 23.82 19.57 NT -- 7.41 NT NT 

HOP-92 52.28 42.97 NT 35.24 27.83 24.98 30.53 34.08 

NCI-H226 35.85 0.53 9.45 23.27 6.34 -- 19.37 23.32 

NCI-H23 62.15 54.54 4.32 2.36 10.03 8.60 4.11 8.38 

NCI-H322M 31.50 11.21 4.74 0.01 -- 1.19 -- 4.21 

NCI-H460 91.09 37.81 3.61 6.12 -- 7.12 4.14 13.18 

NCI-H522 -20.93 25.25 19.28 15.51 10.25 10.40 19.78 35.46 

Colon 

Cancer 

COLO 205 -8.01 -- -- -- -- -- -- -- 

HCC-2998 62.60 -- 2.23 -- 2.18 -- -- -- 

HCT-116 91.28 92.56 17.88 18.02 13.35 15.85 7.34 31.24 

HCT-15 78.75 49.12 4.46 7.59 1.37 18.81 15.53 35.78 

HT29 92.51 17.54 4.11 -- 5.68 9.20 16.42 20.87 

KM12 83.19 3.69 11.05 3.49 15.40 11.72 10.58 23.29 

SW-620 77.84 4.21 5.34 8.38 -- -- 13.97 21.90 

CNS 

Cancer 

SF-268 49.94 27.12 7.84 10.67 -- 5.01 4.83 15.53 

SF-295 92.51 23.08 6.34 7.93 -- -- 14.51 41.27 

SF-539 -43.35 31.54 -- 17.29 6.29 2.82 6.30 24.39 

SNB-19 68.39 14.40 9.08 14.21 0.39 3.96 15.76 18.31 

SNB-75 -26.28 21.40 16.54 20.96 -- -- 31.15 34.55 

U251 80.94 32.00 NT 7.94 6.09 3.019 11.27 23.72 

Melanoma LOX IMVI 69.59 46.94 7.43 3.50 4.90 14.54 14.81 30.68 

MALME-3M NT -- -- NT -- 3.01 NT NT 

M14 89.16 23.02 -- 2.98 -- 3.43 10.01 26.88 

MDA-MB-

435 -18.64 13.03 -- 1.78 

 

-- 

 

6.00 36.69 

 

58.35 

SK-MEL-2 94.26 27.77 2.30 9.82 3.68 0.58 10.91 24.10 

SK-MEL-28 47.67 7.54 -- 2.67 -- -- 12.09 28.33 

SK-MEL-5 92.30 56.51 4.06 7.36 24.97 24.80 12.43 23.55 

UACC-257 26.34 -- NT -- -- -- 5.44 7.30 

UACC-62 65.20 37.07 16.72 31.01 18.40 18.51 30.53 46.86 

Ovarian 

Cancer 

IGROV1 53.36 21.29 -- -- 1.51 19.06 7.84 9.40 

OVCAR-3 -26.52 23.69 2.38 7.88 -- -- 10.85 26.34 

OVCAR-4 46.40 16.87 19.73 5.73 -- -- 4.57 10.48 

OVCAR-5 58.81 -- -- 10.32 -- -- 0.84 8.95 

OVCAR-8 71.19 43.99 NT 9.54 12.10 6.38 3.78 13.24 

NCI/ADR-

RES 87.21 37.35 4.43 0.69 

 

-- 

 

4.17 11.13 

 

30.48 

SK-OV-3 74.30 5.11 -- -- -- -- 6.14 6.44 

Renal 

Cancer 

786-0 83.19 46.68 6.33 11.15 6.35 -- 12.13 18.00 

A498 -12.27 11.18 13.97 -- 20.05 -- -- 20.69 

ACHN 60.97 11.64 6.49 9.02 5.76 4.32 5.45 21.43 

CAKI-1 NT 36.55 25.15 NT -- -- NT NT 

RXF 393 -8.48 25.01 -- 24.40 8.63 -- 6.73 34.03 

SN12C 63.63 20.74 11.69 3.97 -- 6.33 13.53 18.44 
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TK-10 18.49 0.75 -- -- 3.37 -- -- -- 

UO-31 61.54 82.20 23.00 37.81 23.05 23.08 36.12 42.91 

Prostate 

Cancer 

PC-3 95.22 19.03 36.52 53.60 19.85 17.92 24.55 42.43 

DU-145 81.76 24.32 5.10 1.17 1.36 -- -- 5.66 

Breast 

Cancer 

MCF7 80.23 47.80 13.01 9.17 -- 11.97 21.76 46.43 

MDA-MB-

231/ATCC 71.12 51.16 20.82 15.8 

 

1.35 

 

7.65 15.30 

 

22.78 

HS 578T 79.97 45.54 3.62 17.61 5.56 6.34 6.35 24.50 

BT-549 68.92 33.79 -- 20.30 -- 4.68 23.77 35.06 

T-47D -8.60 98.01 41.27 33.28 63.71 54.44 27.55 55.01 

MDA-MB-

468 97.41 -- 10.38 19.46 

 

21.83 

 

0.73 10.62 

 

33.72 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition; lethal to cancer cells 

Table 6. Percent growth inhibition of compounds 42-49 at 10 µM concentration 

Cell Panel Cell Line 42 43 44 45 46 47 48 49 

Leukemia CCRF-CEM 17.35 22.48 46.42 27.32 49.74 21.1 77.93 6.22 

HL-60(TB) 14.60 9.30 26.58 1.06 39.61 18.23 16.47 -- 

K-562 22.59 22.79 26.95 21.53 NT NT NT NT 

MOLT-4 22.40 22.48 30.76 32.92 54.23 36.93 58.70 22.34 

RPMI-8226 35.93 42.42 52.26 32.14 55.39 37.50 82.52 26.93 

SR 26.31 16.34 27.21 15.63 49.88 11.02 47.52 12.42 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC 13.88 9.10 5.33 5.15 45.39 14.91 -- 7.31 

EXVX 13.35 16.00 -- 4.79 39.66 22.28 20.88 24.55 

HOP-62 NT NT NT NT 17.90 9.68 23.82 13.96 

HOP-92 47.83 37.04 32.46 8.38 36.11 28.70 42.97 42.47 

NCI-H226 25.73 28.65 17.09 1.55 1.48 1.18 0.53 -- 

NCI-H23 2.79 4.16 5.95 -- 22.98 9.09 54.54 10.43 

NCI-H322M -- -- -- 5.83 0.89 -- 11.21 1.34 

NCI-H460 9.62 8.10 1.30 4.38 42.01 10.12 37.81 3.80 

NCI-522 22.18 17.79 13.17 10.67 45.92 28.36 25.25 29.27 

Colon 

Cancer 

COLO 205 -- -- -- -- 34.23 11.35 -- -- 

HCC-2998 -- -- -- -- 25.23 -- -- -- 

HCT-116 28.28 25.76 21.08 17.63 61.22 36.66 92.56 32.93 

HCT-15 33.62 6.18 2.33 0.36 74.71 35.22 49.12 8.20 

HT29 11.06 7.26 0.09 6.41 68.82 41.96 17.54 18.60 

KM12 3.58 2.45 4.89 1.25 45.67 22.05 3.69 10.98 

SW-620 3.40 9.53 -- -- 18.83 -- 4.21 -- 

CNS 

Cancer 

SF-268 8.04 6.04 -- 3.30 30.50 7.22 27.12 10.26 

SF-295 9.76 10.38 -- -- 51.20 14.30 23.08 8.22 

SF-539 8.07 4.51 -- -- 21.23 7.28 31.54 4.22 

SNB-19 11.11 7.56 -- 2.24 20.94 2.58 14.40 5.12 

SNB-75 34.95 29.74 8.13 4.58 29.32 21.71 21.40 16.17 
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U251 20.99 11.44 3.92 5.93 46.08 19.38 32.00 5.53 

Melanoma LOX IMVI 5.13 5.77 1.07 3.45 50.15 14.76 46.94 16.46 

MALME-3M NT NT NT NT -- -- -- -- 

M14 1.12 2.92 -- -- 36.41 -- 23.02 4.41 

MDA-MB-435 -- -- -- -- 50.93 0.94 13.03 -- 

SK-MEL-2 12.13 10.54 -- -- 14.80 6.34 27.77 16.95 

SK-MEL-28 -- -- -- -- 19.12 -- 7.54 -- 

SK-MEL-5 8.94 6.50 8.05 4.32 47.91 10.11 56.51 9.69 

UACC-257 -- -- -- -- -- -- -- -- 

UACC-62 25.06 38.16 24.84 4.33 24.93 2.46 37.07 12.92 

Ovarian 

Cancer 

IGROV1 -- -- -- -- 24.99 9.51 21.29 11.28 

OVCAR-3 6.57 0.17 -- -- 31.17 13.95 23.69 1.44 

OVCAR-4 13.15 4.51 -- -- 35.11 19.34 16.87 7.88 

OVCAR-5 6.61 6.64 -- -- 14.91 6.64 -- 1.83 

OVCAR-8 8.78 14.05 9.34 10.13 30.81 11.52 43.99 6.22 

NCI/ADR-RES 0.06 4.51 -- -- 41.17 12.13 37.35 5.83 

SK-OV-3 10.57 -- -- -- 0.55 -- 5.11 -- 

Renal 

Cancer 

786-0 12.28 2.94 4.10 -- 38.11 21.45 46.68 12.42 

A498 13.87 -- 24.96 -- -- 22.14 11.18 6.74 

ACHN 4.48 13.23 -- 0.30 44.71 12.38 11.64 12.35 

CAKI-1 NT NT NT NT 47.90 24.82 36.55 27.06 

RXF 393 0.95 12.27 -- -- 30.68 2.01 25.01 -- 

SN12C 7.73 10.12 2.84 8.30 22.52 4.72 20.74 5.62 

TK-10 -- -- -- -- 15.54 -- 0.75 -- 

UO-31 24.04 22.94 10.93 22.48 57.85 41.68 82.20 31.26 

Prostate 

Cancer 

PC-3 43.14 32.57 49.07 36.45 50.42 24.81 19.03 31.40 

DU-145 -- 0.96 5.07 -- 19.08 14.22 24.32 -- 

Breast 

Cancer 

MCF7 8.40 11.20 -- 19.86 57.98 22.19 47.80 29.19 

MDA-MB-

231/ATCC 15.92 21.34 10.76 21.83 43.20 28.44 51.16 28.74 

HS 578T 15.78 5.26 -- -- 21.80 8.47 45.54 5.98 

BT-549 -- 4.08 12.21 -- 15.88 -- 33.79 -- 

T-47D+ 36.60 77.20 70.32 52.15 94.82 86.05 98.01 73.84 

MDA-MB-468 14.64 27.62 15.13 -- 17.23 16.61 -- -- 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition 

Table 7. Percent growth inhibition of compounds 53-57 at 10 µM concentration  

Cell Panel 
 

Cell Line 53 54 55 56 57 

Leukemia CCRF-CEM 35.14 95.72 46.13 78.45 94.40 

HL-60(TB) 32.94 -42.22 29.98 51.00 -20.83 

K-562 47.19 -4.74 38.48 69.81 NT 

MOLT-4 43.65 -30.50 56.91 79.08 95.61 

RPMI-8226 52.18 -37.92 70.77 89.11 -41.18 
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SR 17.05 97.53 50.03 71.85 94.55 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC 4.93 -44.85 25.30 57.56 -5.05 

EXVX 9.56 -13.11 60.18 30.78 -12.25 

HOP-62 20.82 -55.40 16.77 42.60 -9.39 

HOP-92 NT NT NT NT -83.63 

NCI-H226 13.10 -56.37 18.76 46.73 -63.07 

NCI-H23 4.61 -41.51 20.50 28.23 -22.78 

NCI-H322M -- 98.77 -- 39.08 84.03 

NCI-H460 1.35 -48.51 11.89 53.01 -20.28 

NCI-522 17.66 -52.60 28.51 49.43 -35.21 

Colon 

Cancer 

COLO 205 -- -64.36 6.71 22.38 -29.86 

HCC-2998 -- -93.43 15.52 17.73 -88.03 

HCT-116 15.88 -61.35 29.07 80.25 -75.75 

HCT-15 26.01 -11.46 35.59 57.08 -9.03 

HT29 28.13 -26.16 58.23 71.86 -48.74 

KM12 56.20 -61.09 30.59 63.49 -39.42 

SW-620 -- -3.82 -- 35.56 97.83 

CNS 

Cancer 

SF-268 4.85 -67.02 18.44 41.70 -0.11 

SF-295 10.42 -86.52 50.60 44.03 -81.35 

SF-539 25.38 -82.05 35.73 16.67 -77.58 

SNB-19 5.02 93.37 10.63 41.17 80.43 

SNB-75 6.25 -89.61 24.84 25.38 -67.41 

U251 29.66 -83.28 38.66 69.00 -22.83 

Melanoma LOX IMVI 11.71 -87.39 25.89 66.95 -87.01 

MALME-3M 8.16 -14.31 5.14 7.04 -15.43 

M14 -- -50.79 6.98 40.56 -4.44 

MDA-MB-435 -- -72.96 7.38 60.20 -6.16 

SK-MEL-2 NT -65.61 13.70 31.74 -36.69 

SK-MEL-28 -- -19.48 -- 24.42 99.56 

SK-MEL-5 20.50 -98.42 36.80 55.74 -83.96 

UACC-257 5.79 -71.51 14.93 35.50 -32.69 

UACC-62 12.43 -47.66 29.26 51.86 -31.16 

Ovarian 

Cancer 

IGROV1 -- -41.94 8.51 60.78 94.19 

OVCAR-3 -- -85.15 3.05 40.35 -35.68 

OVCAR-4 -- 97.16 -- 22.80 83.16 

OVCAR-5 -- -24.00 1.44 7.18 -28.99 

OVCAR-8 11.57 -24.11 42.57 59.52 97.55 

NCI/ADR-RES 4.12 98.89 27.02 48.81 99.47 

SK-OV-3 11.77 -71.86 -- 14.79 -22.20 

Renal 

Cancer 

786-0 13.93 -47.08 25.84 34.27 -19.44 

A498 -- -88.07 16.30 26.23 -71.75 

ACHN 4.08 -58.83 5.48 45.07 80.06 

CAKI-1 9.21 82.80 15.90 54.57 56.69 

RXF 393 4.30 -89.06 37.41 16.76 -76.86 
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SN12C 13.88 -54.59 20.48 42.72 -35.43 

TK-10 -- -59.30 -- 14.39 94.80 

UO-31 26.76 -85.42 25.64 68.80 -51.36 

Prostate 

Cancer 

PC-3 27.87 -64.10 44.96 64.19 -39.52 

DU-145 6.22 -59.08 8.72 46.29 -28.20 

Breast 

Cancer 

MCF7 23.85 -3.78 19.13 44.96 97.97 

MDA-MB-

231/ATCC 16.80 -68.66 28.91 49.17 -70.08 

HS 578T 18.91 96.60 23.57 43.33 99.61 

BT-549 5.90 -48.93 27.67 38.31 -44.73 

T-47D 34.66 -17.65 44.66 54.88 -2.12 

MDA-MB-468 3.28 -20.24 14.94 31.38 -35.74 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition; lethal to cancer cells 

Compounds 32, 53 and 57 have shown interesting growth inhibitory activity in the preliminary 

single dose screen and were evaluated for the advance 5-dose (10-4-10-8 M) testing mode against 

the full panel. In five dose assay, the mono- and bis-benzimidazole derivatives seemed to  

Table 8. Median growth inhibitory (GI50, µM), total growth inhibitory (TGI, µM) and median 

lethal concentrations (LC50, µM) of in vitro evaluation of compounds 32, 53 and 57 against 

subpanel of human tumor cancer cell lines. 

Compd Activity 

(µM) 

I II III IV V VI VII VIII IX MIG-

MIDa 

32 GI50 1.60 1.65 1.24 1.18 6.95 3.04 1.30 0.84 1.11 2.10 

TGI 5.05 6.15 9.23 2.49 3.20 7.64 b b 19.23 7.57 

LC50 b b b b b b b b b b 

53 GI50 3.11 2.88 2.00 1.72 1.79 2.23 1.71 1.73 1.94 2.12 

TGI 4.96 3.74 4.05 3.52 3.41 11.4 3.34 3.60 4.54 4.73 

LC50 b 7.06 7.01 6.37 6.38 6.81 5.76 NT 7.07 6.63 

57 GI50 1.91 2.18 1.97 2.11 2.00 2.46 3.01 2.50 1.95 2.23 

TGI 5.57 4.56 3.74 2.82 4.04 5.92 3.62 4.82 3.6 4.30 

LC50 b 3.41 6.12 b b b b b b 4.76 

I, leukemia; II, non-small cell lung cancer; III, colon cancer; IV, CNS cancer; V, melanoma; VI, ovarian cancer; VII, 

renal cancer; VIII, prostate cancer; IX, breast cancer. 
a

Full panel mean-graph midpoint (MIG-MID) (µM). 
b

Compounds showed values > 100 µM. NT = Not tested 
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contribute equally toward the tumor growth inhibitory activities which is evident from the similar 

average GI50 of compounds 32 (2.10 µM), 53 (2.12 µM) and 57 (2.23 µM) (Table 8) as these 

values disguise significant cell selectivity. The mean GI50 graph of 4-methoxyphenyl (32) showed 

potent (compared to 53 and 57) activity in the leukemia, non-small cell lung, colon, CNS, ovarian, 

prostate and breast cancer subpanels. Compound 32 showed GI50 of 399 nM for HCT-116 and 383 

nM for HT29 cells of colon cancer, 361 nM for SF-295 of CNS cancer and 312 nM for MDA-MB-

435 cell lines of melanoma. Compound 53 exhibited GI50 of 806 nM for RPMI-8226 of leukemia 

while compound 57 showed GI50 of 799 nM for 786-0 cancer cell lines corresponding to renal. 

Higher LC50 values of compounds (usually > 100 µM) to most of the cell panels indicated their 

low toxicity profile. 

2.3.1.2 Cytotoxicity against human normal cell line  

To evaluate the safety, cytotoxicity effects of the two most potent compounds (32 and 53) were 

determined by means of colorimetric assay (MTT assay) against human kidney normal cell line 

(Hek293) at 10-4, 10-5, 10-6, 10-7 and 10-8 M concentrations. It has been observed that derivative 32 

showed only 19.05%, 16.51%, 15.07%, 14.79% and 13.96% cytotoxicity to Hek293 cells whereas 

compound 53 exhibited 18.05%, 14.53%, 14.11%, 13.60% and 12.08% cytotoxicity to Hek293 

cells at above said concentrations (Figure 2). Cytotoxicity data showed that compounds 32 and 53 

had low cytotoxicity against mammalian cells, indicating compounds were able to selectively kill 

cancer cells.  

 

Figure 2. Effect of cytotoxicity of compounds 32 and 53 on human normal cell line Hek293  
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2.3.2 DNA interaction studies  

The mode of anticancer activity of imidazo[1,2-a]pyrazine-benzimidazole conjugates might be 

grounded on DNA damage. Three most potent compounds 32, 53 and 57 were studied with ct-

DNA to investigate the effect on anticancer activity. X-ray crystal structure analysis of these 

derivatives showed the planarity of compounds and previous studies with planar heterocyclic 

derivatives had demonstrated the occurrence of an intercalative binding process upon 

complexation with DNA. Here, we have studied the capacity of binding of imidazo[1,2-

a]pyrazine-benzimidazole derivatives to DNA macromolecule with different spectroscopic 

methods viz. UV-visible, fluorescence and circular dichroism.  

2.3.2.1 UV-visible spectroscopy  

The absorption spectra of compounds 32, 53 and 57 (20 µM) showed intense band at 290 nm, 295 

nm and 295 nm, respectively. On addition of ct-DNA (0-15 μM), hypochromic shifts were 

observed in phosphate buffer at pH 7.4. The absorbance of compounds 32, 53 and 57 was 

decreased by 20.83%, 11.48% and 15.27%, respectively (Figure 3a-c). During the titration with 

DNA, an isosbestic point (32: 280 nm; 53: 290 nm; 57: 290 nm) was observed which suggested a 

single mode of binding. Hypochromic effect in absorption spectra of compounds in the presence 

of ct-DNA is characteristic of an intercalative binding.72 On the basis of interaction of compounds 

with DNA, the binding constants (Kb) for compound-DNA complexes have been determined from 

the Benesi-Hildebrand equation73 which were found to be 3.34 × 104 M-1 for 32, 1.25 × 104 M-1 

for 53 and 3.18 × 104 M-1 for 57 (Figure 3d). These binding constants conclude that compound 32 

has more affinity to bind with ct-DNA followed by compound 57, and 53.  

2.3.2.2 Thermal denaturation studies 

Thermal denaturation experiments were performed for further confirmation of intercalation of 

compounds with DNA. The ability of the drug to protect ct-DNA against thermal denaturation was 

used as an indication of their capacity to bind DNA and to stabilize the double strand.74 ΔTm values 

for 32, 53 and 57 have been found to be 22 ºC, 7 ºC and 12 ºC, respectively on complexation with 

ct-DNA. The trend of ΔTm of these three compounds suggested the order of 32 > 57 > 53 and found 

to be same as in stability constant. The ΔTm values indicated that compound 32 has a strong affinity 

to bind with DNA due to less steric hindrance and thus stabilized DNA against heat denaturation. 
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Figure 3. Effect of incremental addition of ct-DNA on absorption spectra of compounds (a) 32, 

(b) 53, (c) 57 in phosphate buffer (pH 7.4) at 298 K, (d) Benesi-Hildebrand plots for compounds 

32, 53 and 57  

2.3.2.3 Fluorescence spectroscopy  

Emission studies provide additional information regarding the interaction mode of compounds 

with DNA. The binding of compounds with DNA was studied by maintaining the concentration 

of compounds 32, 53 and 57 at 5 µM while varying the concentration of ct-DNA (32: 0-110 µM.; 

53: 0-50 µM; 57: 0-40 µM) in phosphate buffer (pH 7.4) at 298 K. On excitation of compounds 

32 at 280 nm, 53 at 290 nm and 57 at 290 nm, intense emission bands at respective 470, 445 and 

450 nm have been shown. On increasing the concentration of ct-DNA to compounds, gradual 

quenching of fluorescence intensities by 75%, 25% and 35%, for compounds 32, 53 and 57, 

respectively, were observed without any significant change in emission maxima (Figure 4a-c).  
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Figure 4. Effect of incremental addition of ct-DNA on emission spectra of compounds (a) 32, (b) 

53, (c) 57  in phosphate buffer  (pH 7.4) at 298 K, (d) Stern-Volmer plots and (e) Modified Stern-

Volmer plots for interaction of compounds 32, 53 and 57 with ct-DNA at 298K 
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Stern-Volmer equation75 was performed to know more about the quenching process and to 

differentiate the probable quenching mechanism. The Stern-Volmer quenching constants (KSV) 

was calculated from ratio of slope to intercept of Stern-Volmer plot (Figure 4d) and found to be 

in the range of 0.93-4.65 ×104 M-1 at 298 K (Table 9). Compound 32 had the highest KSV value, 

suggesting that compound 32 bound more strongly to ct-DNA followed by 57, and 53. 

        A linear Stern-Volmer plot was obtained with compounds 32, 53 and 57, suggesting the 

possibility of single sort of binding process, either static or dynamic interaction, which can be 

distinguished by bimolecular binding/quenching constant (Kq). The value of Kq was calculated 

using KSV, where the average fluorescence lifetime (τₒ)76 is 10−8 s in the absence of DNA (analyte). 

The values of Kq were observed in the range of 0.93-4.65 × 1012 M-1 s−1 for compounds 32, 53 and 

57 (Table 9), much greater than typically observed for dynamic enhancement (~1 × 1010 M−1 s−1).77 

The values of Kq indicated that interaction probably involved the static quenching with formation 

of complex at ground state.  

Table 9. Quenching and binding parameters of compounds upon interaction with ct-DNA  

Compd T (K) KSV (×104) (M-1) Kq (×1012) (M-1s-1) R2 Kb  (×104 M-1) n R2 

32 298 4.65 4.65 0.9567 36.52 1.29 0.9850 

308 1.68 1.68 0.9445 4.57 1.08 0.9614 

318 0.73 0.73 0.9669 0.02 0.58 0.9645 

53 298 0.93 0.93 0.9942 9.58 1.21 0.9630 

57 298 1.19 1.19 0.9921 22.58 1.33 0.9637 

R2 is the correlation coefficients 

      Modified Stern-Volmer equation78 is generally used to calculate the binding constant (Kb) 

and the number of binding sites (n) and in the present study, were found to be in the range of 9.58-

36.52 × 104 M-1 and 1.21-1.33, respectively at 298 K (Table 9, Figure 4e). Compound 32 showed 

4 and 1.5 times more binding interaction than 53 and 57, respectively, suggested that 32 bound 

strongly to ct-DNA. To determine the effect of temperature on DNA binding with compounds, 

emission spectra of compound 32 (the most potent derivative) was recorded at 308 K and 318 K. 

On increasing the concentration of ct-DNA (308 K: 0-115 µM.; 318 K: 0-95 µM) to compound 

32, there is gradual quenching of the fluorescence intensities by 65% and 60% at 308 K and 318 

K, respectively, without any significant change of wavelength in emission maxima (Figure 5a-b). 

The values of Stern-Volmer quenching constants (KSV; 1.68 × 104 M-1 and 0.73 × 104 M-1), 
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bimolecular quenching constants (Kq; 1.68 ×1012 M-1 s−1 and 0.73  ×1012 M-1 s−1), the binding 

constants (Kb; 4.57 × 104 M-1 and 0.02 × 104 M-1) and the average number of binding sites (n; 1.08 

and 0.58) were calculated at 308 K and 318 K (Table 9, Figure 5c-d). A decrease in binding 

constant is observed with increasing temperature, indicating a reduction in the stability of DNA-

compound adduct at higher temperature with exothermic nature of the binding process. 

  

  

 

Figure 5. Effect of incremental addition of ct-DNA on emission spectra of compound 32 (20 µM) 

at (a) 308 K, (b) 318 K, (c) Stern-Volmer, (d) Modified Stern-Volmer and (e) Van’t Hoff plots   
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       Thermodynamic parameters were calculated for compound 32 according to the van't Hoff 

equation, where enthalpy change (ΔH) and entropy change (ΔS) have been found to be        -69.28 

kcal M-1 and -205.95 cal M-1 K-1, respectively (Table 10, Figure 5e). The negative value of ΔH 

showed that binding process is exothermic. Accordingly, the negative values of ΔH and ΔS 

indicated that the hydrogen bonding and van der Waals contact played key roles in the binding of 

compound to DNA.79 Moreover, the negative values of ΔG obtained at different temperatures 

revealed the favorable spontaneous nature of the binding process. It is noteworthy that increase in 

ΔG value with temperature, indicating the influence of temperature for interaction of compound 

with DNA. 

Table 10. Thermodynamic parameters for the interaction of DNA with compound 32 at three 

different temperatures 

T (K) ΔH (Kcal M-1) ΔS (cal M-1 K-1) ΔG (Kcal M-1) R2 

298 -69.28 -205.94 -7.91 0.9305 

308 -5.85 

318 -3.79 

R2 is the correlation coefficient 

2.3.2.4 Ethidium bromide (EB) displacement 

To evaluate the intercalation properties of compounds 32, 53 and 57 with DNA, ethidium bromide 

(EB) displacement assay was performed. EB, a fluorescent probe, has a planar structure that simply 

binds with DNA by an intercalative binding mode.80 The emission spectra of ethidium bromide-ct 

DNA complex (3 µM : 30 µM) with varying concentration of compounds (0-85 µM) at excitation 

of 520 nm, showed an intense band at 606 nm. The fluorescence intensity of EB-DNA complex at 

606 nm decreased with increasing the concentration of compounds, indicated that some of the EB 

molecules, which were intercalated into DNA base pairs, have been replaced by compounds and 

released into the aqueous medium (Figure 6a-c). 

2.3.2.5 Circular dichroism (CD)  

In order to get insight into the conformation of ct-DNA on interaction with compounds, circular 

dichroism technique was used. These molecules can eventually acquire induced CD spectrum 

(ICD) upon binding to ct-DNA, from which mutual orientation of the molecule could be derived, 

consequently giving useful information about modes of interaction. It was obvious that DNA has 

characteristic CD signal in the UV-region, one negative band at 246 nm because of the right handed 
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Figure 6. (a) Effect of incremental addition of compounds (a) 32, (b) 53, (c) 57  on emission 

spectra of complex of EB (3 µM) with ct-DNA (30 µM); (d) CD spectra of free ct-DNA (40 µM) 

(blue line), 32/ct-DNA complex (red line), 53/ct-DNA complex (green line) and 57/ct-DNA 

complex (purple line) at ratio r[compound/ct-DNA] = 0.025 

B-form helicity, and one positive band at 278 nm because of the base stacking.81 Addition of 

compounds 32, 53 and 57 resulted in decrease in intensity of the CD band at (λ) 246 nm and 

increase of CD band at (λ) 278 nm (Figure 6d). These compounds yielded weak negative induced 

CD (ICD) band between (λ) 350 and 400 nm, thus excluding binding into the minor groove of ct-

DNA as a dominant interaction. The results obtained for compounds 32, 53 and 57 together with 

weak negative ICD band points toward intercalative mode of interaction with ct-DNA.82,83 

2.3.3 Bovine serum albumin (BSA) interactions  

Serum albumin (SA) is the most abundant protein in plasma which involves in the transport of 

drugs within body. Binding to these proteins may lead to loss or enhancement of biological 

properties of the original drug. The possible binding interactions of compounds 32, 53 and 57 with 
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BSA, structural homology of human serum albumin (HSA), have been investigated by absorption 

and emission experiments. 

2.3.3.1 UV-Visible spectroscopy  

Absorption spectrum is a simple and appropriate technique to discover the structural changes of 

protein and to investigate the protein-ligand complex formation. Absorption spectra of BSA (10 

µM) in phosphate buffer (pH 7.4) have been explored with incremental addition of compounds 

(32, 53 and 57) at 0-8 µM. The absorption band at 280 nm has been observed due to aromatic 

amino acids of BSA (Trp, Tyr, and Phe) which can be influenced by species that interact with this 

protein.84 The intensity of absorption peak of BSA has been increased with increasing 

concentration of the compounds (Figure 7a-c). These variations originated from changes in the 

conformation and polarity of the microenvironment around the aromatic residues of BSA. These, 

in turn, resulted from penetration of compounds into the structure of BSA.  

  

  

Figure 7. Effect of incremental addition of compounds (a) 32, (b) 53, (c) 57 on absorption spectra 

of BSA (10 µM), (d) Benesi-Hildebrand plots for interaction of BSA with compounds 32, 53 and 

57 
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The values of binding constant (Kb) for the interaction of compounds with BSA were used to 

compare the affinity of each derivative towards serum albumin. The binding constants (Kb) were 

calculated using Benesi-Hildebrand equation,73 to be 1.95 ×105 M-1 for 32, 3.79 ×104 M-1 for 53 

and 2.65 ×104 M-1 for 57. Since the value of Kb is directly related to the extent of BSA binding 

and provide relative affinities, in the present study, the BSA binding affinities follow the order of 

32 > 53 > 57, indicating that monobenzimidazole derivatives have more ability to penetrate into 

the cell than bisbenzimidazole moieties. 

2.3.3.2 Fluorescence spectroscopy  

The effect of 32, 53 and 57 on the emission of BSA has also been evaluated to gain more 

information on the interaction between compounds and protein. Upon excitation at 280 nm, BSA 

exhibited an intense fluorescent emission band at around 350 nm mainly due to the presence of 

tryptophan residues. On increasing the concentration of compounds 32 (0-10 µM), 53 (0-16 µM) 

and 57 (0-10 µM) to BSA (10 µM), quenching of emission bands (70% for 53 and 75% for 57) at 

350 nm were observed, however, 32 showed ratiometric response towards BSA (Figures 8a-c). 

The emission intensity ratio at 470/350 nm has been found to be changed from 0.08 to 1.08, clearly 

depicted the ~12-fold ratiometric response, indicating strong interaction of compound 32 with 

BSA. 

 A comparison has also been made for the binding affinity with the help of Stern-Volmer 

equation75 that showed the relation between the quenching extent for each compound and the 

strength of their interactions with BSA. The values of Stern-Volmer constant (KSV) and the 

apparent bimolecular quenching constant (Kq) were calculated to evaluate the efficiency of 

quenching and accessibility of fluorophores to quenchers (compounds) (Figure 8d). A linear 

Stern-Volmer plot was obtained with derivatives suggesting that single sort of binding process 

occurs either static or dynamic that can be distinguished by calculating bimolecular quenching 

constant (Kq) using the lifetime of the fluorophore (τo)
76 10-8 s in the absence of the quencher 

(compound).  

 The values of KSV for 32, 53 and 57 are in the range of 1.04-1.16 ×105 M-1. Compound 

32 showed slightly higher value of KSV than 53 and 57, indicating compound 32 has strong affinity 

to bind with BSA. As shown in Table 11, the values of Kq for 32, 53 and 57 have been found to 

be in the range of 1.04-1.16 ×1013 M-1s-1, which are significantly larger than the diffusion-
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controlled limit (~1 ×1010 M-1 s-1),77 indicating binding of the compounds to BSA probably 

involves static quenching with formation of complex at ground state. 

  

  

 

Figure 8. Effect of incremental addition of compounds (a) 32, (b) 53, (c) 57 on emission spectra 

of BSA (10 µM), (d) Stern-Volmer plots, (e) Modified Stern-Volmer plots for interaction of BSA 

with compounds (32, 53 and 57)  
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      The binding constants (Kb) and the average number of binding sites (n) of imidazo[1,2-

a]pyrazine-benzimidazole conjugates have been calculated using modified Stern-Volmer equation 

from plot of log (Fo-F)/F versus log [compound] (Figure 8e) and were found to be in the range of 

0.47-4.68 × 105 M-1 and 0.92-1.50 values, respectively (Table 11). These binding parameters for 

the interaction, suggested that serum albumin might acts as carrier protein for these compounds 

and their metabolites in delivering them to target tissues. 

Table 11. Quenching and binding parameters for interaction of BSA with compounds  

Compd KSV (×105)(M-1) Kq (×1013) (M-1s-1) R2 Kb  (×105 M-1) n R2 

32 1.16 1.16 0.9475 4.68 1.50 0.9700 

53 1.04 1.04 0.9825 0.47 0.92 0.9797 

57 1.14 1.14 0.9578 1.08 1.01 0.9771 

R2 is the correlation coefficients 

2.4 Molecular properties and drug-likeness 

Good bioavailability can be achieved with appropriate balance between solubility and partitioning 

properties. We have subjected a series of imidazol[1,2-a]pyrazine-benzimidazole derivatives (9-

23, 31-49 and 53-57) for the prediction of lipophilicity, solubility and Lipinski’s “Rule of Five”.85 

The results from the calculations (from molinspiration) revealed that all the derivatives fulfilled 

the Lipinski’s rule of five except compounds 53-57, in which violation was due to high molecular 

mass (Table 12). Experimental log P was determined by the octanol/water partition coefficient 

using UV-visible spectroscopy. All of the compounds showed log P values less than 5 indicating 

good lipophilicity to penetrate into the cell. Moreover, compounds possessed less number of 

rotatable bonds (3-5) and therefore, exhibited less conformational flexibility. These compounds 

showed topological polar surface area (TPSA) value of < 70 Å2 which is also supported the drug 

absorption in digestive tract as well as blood-brain barrier penetration.86,87 Calculation of 

percentage oral absorption (%ABS = 109 - 0.345 TPSA) concluded that all derivatives were likely 

to be absorbed well, having calculated oral absorption in the range of 86-92%. 

Table 12. Pharmacokinetic properties of compounds 9-23, 31-49 and 53-57 

Compd LogP TPSA(Å) natom MW nON nOHNH nviolat. nrot volume %Abs 

9 1.59 48.02 30 393 5 0 0 3 363.10 92.43 

10 1.44 57.26 32 423 6 0 0 4 388.65 89.24 
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11 0.23 65.10 32 421 6 0 0 4 382.09 86.54 

12 1.77 48.02 34 443 5 0 0 3 407.10 92.43 

13 1.26 48.02 31 411 5 0 0 3 368.04 92.43 

14 1.63 48.02 29 399 5 0 0 3 353.82 92.43 

15 1.54 48.02 31 407 5 0 0 3 379.67 92.43 

16 1.74 48.02 32 421 5 0 0 4 396.47 92.43 

17 1.41 65.10 33 435 6 0 0 4 398.65 86.54 

18 1.34 48.02 31 427 5 0 0 3 376.64 92.43 

19 2.05 48.02 31 472 5 0 0 3 380.99 92.43 

20 1.88 57.26 32 423 6 0 0 4 388.65 89.24 

21 1.77 48.02 31 411 5 0 0 3 368.04 92.43 

22 1.37 48.02 29 399 5 0 0 3 353.82 92.43 

23 1.67 48.02 34 461 5 0 0 4 394.40 92.43 

31 1.74 48.02 30 393 5 0 0 3 363.10 92.43 

32 1.41 57.26 32 423 6 0 0 4 388.65 89.24 

33 1.50 65.10 32 421 6 0 0 4 382.09 86.54 

34 1.44 48.02 34 443 5 0 0 3 407.10 92.43 

35 2.01 48.02 31 411 5 0 0 3 368.04 92.43 

36 1.81 48.02 29 399 5 0 0 3 353.82 92.43 

37 1.87 48.02 31 407 5 0 0 3 379.67 92.43 

38 1.66 48.02 32 421 5 0 0 4 396.47 92.43 

39 2.06 65.10 33 435 6 0 0 4 398.65 86.54 

40 1.51 48.02 31 427 5 0 0 3 376.64 92.43 

41 1.73 48.02 31 472 5 0 0 3 380.99 92.43 

42 1.72 57.26 32 423 6 0 0 4 388.65 89.24 

43 1.95 48.02 31 411 5 0 0 3 368.04 92.43 

44 1.38 48.02 29 399 5 0 0 3 353.82 92.43 

45 1.72 48.02 34 461 5 0 0 4 394.40 92.43 
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46 1.96 48.02 33 429 5 0 0 5 394.68 92.43 

47 2.16 48.02 32 415 5 0 0 4 377.88 92.43 

48 1.88 65.10 33 429 6 0 0 5 380.30 86.54 

49 2.00 48.02 35 451 5 0 0 4 405.31 92.43 

53 1.77 65.85 39 515 7 0 1 4 478.30 86.28 

54 2.16 65.85 39 515 7 0 1 4 478.30 86.28 

55 1.90 65.85 39 515 7 0 1 4 478.30 86.28 

56 1.19 65.85 39 515 7 0 1 4 478.30 86.28 

57 1.61 65.85 40 523 7 0 1 5 476.52 86.28 

 

2.5 Molecular docking 

Molecular docking is an important tool for researchers to speculate the interaction between 

potential drug (ligand) and biomolecules. Docking study has been carried out using AutoDock 

suite (vina)88 to confirm the mode of binding between compounds 32, 53 and 57 with DNA (pdb 

1BNA).89 The optimized cluster was ranked by energy levels in the best conformation of the 

ligand-DNA modeled structures, and the minimum binding energies of the DNA with compounds 

32, 53 and 57 have been found to be -9.3, -11.1 and -10.7 kcal/mol, respectively. It is evident from 

Figure 9 that compounds have been incorporated between two GC base pairs of DNA and aromatic 

moiety of compounds are aligned parallel to the base pairs of DNA due to planar structure of 

compounds. Such a parallel arrangement between ligand and DNA base pairs results in π -π 

stacking, thus responsible for interaction in DNA double helix. Methoxy group, in case of 32 and 

NH of benzimidazole, in case of 53 and 57 are also involved in the H-bonding with purine moiety 

of the guanidine group. Hydrogen bond has been formed between oxygen linked methoxy of 32 

and H-22 hydrogen atom association with N-2 of guanine (DG16 of the B chain). Similarly, 

compounds 53 and 57 formed two hydrogen bonds, NH of benzimidazole with H-3 hydrogen atom 

associated with N-3 of guanine (DG16 of B chain) and H-21 hydrogen atom associated with N-2 

of guanine (DG11 of A chain) (Table 13). Hence, because of the strong π -π stacking interaction 

and the hydrogen bonding between compounds and the nucleic acid base, the torsional motion of 

compounds reduced substantially in DNA solution, leading to change in its emission yield. Thus, 
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the molecular docking studies further supported the intercalative mode of binding between 

compounds and DNA. 

Table 13. H-bonding of compounds 32, 53 and 57 with DNA base pairs  

Compd              H-bonding within Bond Length (Å) 

Ligand DNA 

32 O of Methoxy DG-16 2.4 

53 NH of benzimidazole (hexyl) DG-16 2.6 

DG-11 2.6 

57 NH of benzimidazole (benzyl) DG-16 2.6 

DG-11 2.5 

 

(a) 

 

(b) 

 

(c) 

 

Figure 9. Molecular docking of DNA (1BNA) with compounds (a) 32, (b) 53 and (c) 57, obtained 

from Discovery Studio 

2.6 Conclusion                                                  

Derivatives of new conjugated ring systems, 6-substituted-8-(1-cyclohexyl-1H-benzo[d]imidazol-

5/6-yl) and 6,8-bis(1-cyclohexyl-1H-benzo[d]imidazol-5/6-yl) with imidazo[1,2-a]pyrazine, 

obtained in moderate yields from the key intermediate 6,8-dibromo-imidazo[1,2-a]pyrazine, 

exhibiting good cytotoxic activity against about 60 human tumor cell lines with GI50 values 

reaching nanomolar concentrations. A particular efficacy was observed with monobenzimidazole 

derivative 32 against leukemia, colon, CNS and melanoma subpanels (GI50 = 0.31-0.39 μM). The 

results with DNA interactions suggested that the fluorescence of compounds 32, 53 and 57 was 
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quenched significantly and the probable quenching mechanism was static process. The binding 

mode of these compounds to DNA was an intercalation binding in the order of 32 > 57 > 53, which 

was supported by the results from ethidium bromide assay, circular dichroism and DNA-melting 

measurements. Interestingly, a satisfactory correlation was observed between the extent of DNA 

interaction and the antiproliferative activity. Moreover, the interactions of compounds 32, 53 and 

57 with bovine serum albumin were studied through fluorescence emission spectroscopy that 

revealed the binding to BSA with relatively high stability constants (Kb = 0.47-4.68 × 105 M-1) 

which rely between optimum range to suggest binding, transfer and release upon arrival at their 

targets. Thus, novel imidazo[1,2-a]pyrazine-benzimidazole conjugates with superior bioactivity 

profile and their mode of interactions with DNA and BSA have been described, and the objective 

is thusfully reached. 

2.7 Experimental section 

All commercially available compounds (Aldrich, Merck, Spectrochem etc.) were used without 

further purification. All the recorded melting points were uncorrected and measured in open 

capillaries. All 1H and 13C NMR characterization were performed on Jeol ECS 400 NMR 

spectrometer, which was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking 

CDCl3 as solvent. Chemical shifts are reported in parts per million (ppm) and TMS was used as 

an internal reference. Coupling constants (J) were reported in hertz (Hz). Mass spectra were 

performed with Water Micromass-Q-T of Micro. Elemental analyses have been done with Thermo 

Scientific (Flash 2000) analyzer. Purification of synthesized compounds through column 

chromatography was done with the help of silica gel having mesh size of 60-120/100-200 using 

hexane/ethyl acetate and chloroform/methanol in various polarity systems. UV-Vis studies were 

carried out on a Shimadzu UV-2600 machine using slit width of 1.0 nm and matched quartz cells. 

Emission spectra were determined on a Varian Cary Eclipse fluorescence spectrometer. CD spectra 

were carried out on Applied Photophysics CD spectrophotometer. Absorption and fluorescence 

scans were saved as ACS II files and further processed in Excel™ to produce all graphs shown. 

1,4-Dibromo-2-nitrobenzene (2):90 1,4-Dibromobenzene (1) (5 gm, 21.18 mmol) in 

dichloromethane (15 ml) and sulphuric acid (10 ml) was treated with dropwise addition of cooled 

mixture of HNO3 and H2SO4 (4:1) at 0˚C and stirred for 30 min. Then, reaction was allowed to stir 

at room temperature.  The reaction mixture was quenched by pouring into ice. The precipitated 
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product was filtered and thoroughly washed with water. Air dried the crude to obtained the desired 

product (2) 5.53 gm, 93% yield; Rf  0.3 (hexane); mp 68-71 oC. 

4-Bromo-N-cyclohexyl-2-nitroaniline (3): 1,4-Dibromo-2-nitrobenzene (2) (3 gm, 10.71 mmol), 

cyclohexyl amine (1.27 gm, 12.85 mmol) and potassium carbonate (1.47 gm, 10.71 mmol) were 

taken in dry dimethylformamide (20 ml) in 100 ml dried round bottom flask and stirred the reaction 

mixture for 18 h at 100 ˚C. On completion of the reaction, 100 mL water was added to the reaction 

mixture at room temperature and extracted with ethyl acetate (3 × 50 mL). Extract was dried over 

anhydrous Na2SO4, filtered and evaporation of solvent to get crude product. Purification of the 

crude was done by column chromatography using hexane/ethyl acetate (20:1) as solvent system, 

to yield the desired product.  

 

Yellow solid; 2.40 gm, 75% yield; Rf  0.3 (hexane); mp 93-96 oC; 1H NMR 

(CDCl3, 400 MHz):  (ppm) 8.27 (d, J = 2.32 Hz, 1H, ArH), 8.12 (d, J = 7.36 

Hz, 1H, NH), 7.44 (dd, 2J = 9.16 Hz, 3J = 2.28 Hz, 1H, ArH), 6.79 (d, J = 9.16 

Hz, 1H, ArH), 3.52-3.43 (m, 1H, cyclohex-CH), 2.04-2.02 (m, 2H, cyclohex-  

CH2), 1.82-1.78 (m, 2H, cyclohex-CH2), 1.69-1.62 (m, 1H, cyclohex-CH2), 1.47-1.25 (m, 5H, 

cyclohex-CH2); 
13CNMR (CDCl3, 100 MHz): δ (ppm) 143.5, 138.6, 131.6, 128.8, 115.8, 105.6 

(ArC), 51.0 (CH), 32.4 (CH2), 25.3 (CH2), 24.3 (CH2). 

N-Cyclohexyl-2-nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4): 4-Bromo-N-

cyclohexyl-2-nitroaniline (3) (2 gm, 6.68 mmol), bis(pinacolato)diboron (2.03 gm, 8.01 mmol), 

potassium acetate (0.98 gm, 10.02 mmol), palladium(II)bis(triphenylphosphine)dichloride (1.0 

mol%) and 1,4-dioxane (20 mL) were charged in an oven dried RBF. The reaction mixture was 

stirred at reflux condition for 10 h until the aryl halide was completely consumed as determined 

by thin layer chromatography. Solvent was evaporated under reduced pressure followed by 

addition of 100 ml of water into it. The crude product was extracted using chloroform (3 × 50 mL). 

Extract was completely dried using anhydrous Na2SO4 and filtered to obtain the crude product. 

The product was purified via column chromatography using ethyl acetate and hexane as eluents to 

obtain desired product (4).  

Reddish yellow solid; 1.89 gm, 82% yield; Rf  0.4 (10% ethyl acetate in hexane); mp 125-127 oC; 

1H NMR (CDCl3, 400 MHz):  (ppm) 8.63 (d, J = 1.36 Hz, 1H, ArH), 8.29 (d, J = 6.88 Hz, 1H, 

NH), 7.75 (dd, 2J = 8.68 Hz, 3J = 0.92 Hz, 1H, ArH), 6.83 (d, J = 8.72 Hz, 1H, ArH), 3.58-3.51  
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(m, 1H, cyclohex-CH), 2.06-2.03 (m, 2H, cyclohex-CH2), 1.82-1.76 (m, 

2H, cyclohex-CH2), 1.67-1.63 (m, 1H, cyclohex-CH2), 1.48-1.23 (m, 

17H, cyclohex-CH2 & boronate-CH3); 
13C NMR (CDCl3, 100 MHz): δ 

(ppm) 146.1, 141.3, 134.5, 131.4, 113.2 (ArC), 83.7 (C), 50.8 (CH), 32.5 

(CH2), 25.4 (CH2), 24.7 (CH3), 24.4 (CH2). MS (ESI): m/z 347.2  

(M++1); Anal Calcd for C18H27BN2O4: C, 62.44; H, 7.86; N, 8.09; found C, 62.40; H, 7.65; N, 

8.23. 

4-(6-Bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-2-nitroaniline (6): 3,6-

Dibromoimidazo[1,2-a]pyrazine (5) (2 g, 7.22 mmol) in acetonitrile:water (9:1),  N-cyclohexyl-2-

nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4) (2.49 g, 7.22 mmol) and K2CO3 

(1.0 g, 7.22 mmol) were added under inert atmosphere. Then, Pd(PPh3)4 (5 mol%) was added with 

continued nitrogen purging and refluxed the reaction for 12 h. The solvent was evaporated under 

reduced pressure followed by 50 ml water was added and extracted with chloroform. Chloroform 

layer was dried over sodium sulphate. Purification of the crude product was obtained by column 

chromatography by adopting hexane:ethyl acetate (9:1) as eluents (6).  

 

Reddish solid; 2.18 gm, 73% yield; Rf  0.2 (10% ethyl acetate in 

hexane); mp 158-160 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.87 

(d, J = 2.28 Hz, 1H, ArH), 8.80 (dd, 2J = 9.16 Hz, 3J = 1.80 Hz, 1H, 

ArH), 8.43 (d, J = 7.32 Hz, 1H, NH), 8.14 (s, 1H, ArH), 7.80 (d, J = 

0.72 Hz, 1H, ArH), 7.68 (d, J = 0.92 Hz, 1H, ArH), 6.97 (d, J = 9.64 

Hz, 1H, ArH), 3.65-3.57 (m, 1H, cyclohex-CH), 2.11-2.06 (m, 2H,  

cyclohex-CH2), 1.85-1.79 (m, 2H, cyclohex-CH2), 1.70-1.65 (m, 1H, cyclohex-CH2), 1.51-1.24 

(m, 5H, cyclohex-CH2 ); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 146.4, 145.7, 137.8, 136.2, 

135.6, 131.3, 129.6, 122.3, 121.5, 117.1, 113.9, 113.8 (ArC), 51.1 (CH), 32.5 (CH2), 25.4 (CH2), 

24.3 (CH2).  

4-(6-Bromoimidazo[1,2-a]pyrazin-8-yl)-N1-cyclohexylbenzene-1,2-diamine (7): Round 

bottom flask was charged with 4-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-2-

nitroaniline (6) (2 gm, 4.80 mmol) and sodium dithionite (4.18 gm, 24.03 mmol) in THF:H2O (3:2) 

mixture. Ammonia solution (5 ml) was added to stirred reaction and further stirred at room 

temperature for 1h. The reaction mixture was extracted with ethyl acetate. Ethyl acetate layer was 
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dried over sodium sulphate. Crude brown product obtained was directly used for further reaction 

without purification. 

6-Bromo-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (8): 4-(6-

Bromoimidazo[1,2-a]pyrazin-8-yl)-N1-cyclohexylbenzene-1,2-diamine (7) (1 gm, 2.59 mmol) 

was stirred with triethylorthoformate (0.385 gm, 2.59 mmol) in acetic acid at room temperature 

for 10 min. Reaction was quenched in water and treated with NaHCO3 to basify the reaction and 

extracted using chloroform. Sodium sulphate was used to dry the chloroform layer. Purification of 

crude product was done through column chromatography using ethyl acetate and hexane (3:7) as 

eluents.  

 

Light brown solid; 0.76 gm, 75% yield; Rf  0.4 (40% ethyl acetate in 

hexane); mp 175-179 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.28 

(s, 1H, ArH), 8.67 (dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, ArH), 8.18 

(s, 1H, ArH), 8.09 (s, 1H, ArH), 7.82 (d, J = 0.92 Hz, 1H, ArH), 

7.69 (s, 1H, ArH), 7.53 (d, J = 8.72 Hz, 1H, ArH), 4.25-4.18 (m, 

1H, cyclohex-CH), 2.24-2.21 (m, 2H, cyclohex-CH2), 1.99-1.95 (m,  

2H, cyclohex-CH2), 1.85-1.75 (m, 1H, cyclohex-CH2), 1.57-1.25 (m, 5H, cyclohex-CH); 

13C{1H} NMR (CDCl3, 100 MHz): δ (ppm) 149.6, 143.5, 141.5, 138.5, 135.7, 135.2, 129.0, 

124.4, 122.9, 122.4, 117.3, 113.8, 109.8 (ArC), 55.4 (CH), 33.1 (CH2), 25.5 (CH2), 25.2 (CH2); 

MS (ESI): m/z 396.3 (M++1); Anal Calcd for C19H18BrN5: C, 57.59; H, 4.58; N, 17.67; found 

C, 57.49; H, 4.56; N, 17.53. 

6-Aryl-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (9-23): 6-Bromo-8-

(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (8) (150 mg, 0.378 mmol), 

arylboronic acid (0.378 mmol), K2CO3 (52.27 mg, 0.378 mmol) and Pd(PPh3)4 (5 mol%) were 

taken in a  mixture of acetonitrile : water (9:1). Reaction mixture was refluxed for 12-15 h under 

nitrogen until the completion of the reaction (checked by TLC). Solvents were evaporated under 

reduced pressure. Water (50 ml) was added to the mixture and extracted with chloroform.  

Chloroform layer was dried over sodium sulphate to get the crude product. Crude was further 

purified by column chromatography using hexane:ethyl acetate as eluents. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-phenylimidazo[1,2-a]pyrazine (9): Light green 

solid; 126.53 mg, 85% yield; Rf  0.4 (40% ethyl acetate in hexane); mp 195-198 oC; 1H NMR  
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(CDCl3, 400 MHz):  (ppm) 9.33 (d, J = 1.40 Hz, 1H, ArH), 8.92 

(dd, 2J = 8.72 Hz, 3J = 1.36 Hz, 1H, ArH), 8.43 (s, 1H, ArH), 8.10 

(d, J = 5.52 Hz, 3H, ArH), 7.85 (d, J = 0.96 Hz, 1H, ArH), 7.76 (d, 

J = 0.92 Hz, 1H, ArH), 7.58 (d, J = 8.28 Hz, 1H, ArH), 7.51 (t, J = 

7.32 Hz, 2H, ArH), 7.41 (t, J = 7.32 Hz, 1H, ArH), 4.29-4.21 (m,  

1H, cyclohex-CH), 2.28 (d, J = 13.28 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 13.72 Hz, 2H, 

cyclohex-CH2), 1.88-1.78 (m, 2H, cyclohex-CH2), 1.60-1.49 (m, 2H, cyclohex-CH2), 1.39-1.21 

(m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.3, 141.3, 138.9, 138.8, 

136.5, 135.1, 130.7, 128.8, 128.4, 126.2, 124.7, 122.1, 114.2, 113.4, 109.7 (ArC), 55.6 (CH), 

33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 394.3 (M++1); Anal. Calcd for C25H23N5: 

C, 76.31; H, 5.89; N, 17.80; found C, 76.21; H, 5.78; N, 17.83. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(4-methoxyphenyl)imidazo[1,2-a]pyrazine 

(10): Light green solid; 121.76 mg, 76% yield; Rf  0.5 (40% ethyl acetate in hexane); mp 196-199  

 

oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.30 (s, 1H, ArH), 

8.91 (d, J = 8.72 Hz, 1H, ArH), 8.34 (s, 1H, ArH), 8.15 (s, 1H, 

ArH), 8.03 (d, J = 8.24 Hz, 2H, ArH), 7.82 (s, 1H, ArH), 7.73 

(s, 1H, ArH), 7.58 (d, J = 8.72 Hz, 1H, ArH), 7.02 (d, J = 8.72 

Hz, 2H, ArH), 4.29-4.21 (m, 1H, cyclohex-CH), 3.87 (s, 3H, 

CH3), 2.27 (d, J = 11.44 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 12.84 Hz, 2H, cyclohex-CH2), 

1.88-1.77 (m, 2H, cyclohex-CH2), 1.59-1.49 (m, 2H, cyclohex-CH2), 1.42-1.25 (m, 2H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 160.0, 148.8, 143.2, 141.2, 138.7, 138.5, 

134.9, 134.7, 130.9, 129.2, 127.4, 124.7, 122.0, 114.1, 114.0, 112.4, 109.7 (ArC), 55.6 (OCH3), 

55.3 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 424.3 (M++1); Anal Calcd for 

C26H25N5O: C, 73.74; H, 5.95; N, 16.54; found C, 73.86; H, 5.65; N, 16.23. 

4-(8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde 

(11): Light green solid; 125.97 mg, 79% yield; Rf  0.3 (40% ethyl acetate in hexane); mp 201-203  

 

 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 10.06 (s, 1H, CHO), 

9.31 (d, J = 0.92 Hz, 1H, ArH), 8.91 (dd, 2J = 8.72 Hz, 3J = 1.40 

Hz, 1H, ArH), 8.51 (s, 1H, ArH), 8.26 (d, J = 8.24 Hz, 2H, ArH), 

8.08 (s, 1H, ArH), 7.98 (d, J = 8.24 Hz, 2H, ArH), 7.86 (s, 1H, 

ArH), 7.77 (s, 1H, ArH), 7.58 (d, J = 8.72 Hz, 1H, ArH), 4.29- 
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4.21 (m, 1H, cyclohex-CH), 2.28 (d, J = 11.0 Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.76 Hz, 

2H, cyclohex-CH2), 1.88-1.78 (m, 2H, cyclohex-CH2), 1.60-1.48 (m, 2H, cyclohex-CH2), 1.40-

1.24 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 191.8 (CO), 149.3, 143.8, 

142.4, 141.5, 138.7, 136.9, 135.9, 135.3, 135.1, 130.2, 130.1, 126.4, 124.5, 122.4, 114.6, 114.5, 

109.7 (ArC), 55.5 (CH), 33.2 (CH2), 25.5 (CH2), 25.3 (CH2); MS (ESI): m/z 422.5 (M++1); Anal 

Calcd for C26H23N5: C, 74.09; H, 5.50; N, 16.62; found C, 74.32; H, 5.62; N, 16.42. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(naphthalen-1-yl)imidazo[1,2-a]pyrazine (12): 

 

Light green solid; 134.24 mg, 80% yield; Rf  0.3 (40% ethyl 

acetate in hexane); mp 199-202 oC; 1H NMR (CDCl3, 400 

MHz):  (ppm) 9.32 (d, J = 0.92 Hz, 1H, ArH), 8.79 (dd, 2J = 

8.24 Hz, 3J = 0.92 Hz, 1H, ArH), 8.29-8.27 (m, 1H, ArH), 8.22 

(s, 1H, ArH), 8.03 (s, 1H, ArH), 7.93 (d, J = 6.88 Hz, 2H, ArH), 

7.88 (s, 1H, ArH), 7.75 (s, 1H, ArH), 7.65 (t, J = 7.80 Hz, 1H, ArH), 7.56-7.48 (m, 4H, ArH), 

4.22-4.16 (m, 1H, cyclohex-CH), 2.22 (d, J = 11.44 Hz, 2H, cyclohex-CH2), 1.97 (d, J = 13.28 

Hz, 2H, cyclohex-CH2), 1.83-1.73 (m, 2H, cyclohex-CH2), 1.55-1.43 (m, 2H, cyclohex-CH2), 

1.39-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.1, 143.7, 141.2, 

140.0, 138.5, 135.1, 135.0, 134.9, 133.9, 131.6, 130.4, 129.0, 128.2, 127.5, 126.4, 125.9, 125.7, 

125.1, 124.4, 122.6, 117.0, 114.0, 109.6 (ArC), 55.4 (CH), 33.1 (CH2), 25.5 (CH2), 25.2 (CH2); 

MS (ESI): m/z 444.5 (M++1); Anal Calcd for C29H25N5: C, 78.53; H, 5.68; N, 15.79; found C, 

78.51; H, 5.75; N, 15.68. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(4-fluorophenyl)imidazo[1,2-a]pyrazine (13):  

 

Light green solid; 126.09 mg, 81% yield; Rf  0.4 (40% ethyl 

acetate in hexane); mp 187-189 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 9.30 (s, 1H, ArH), 8.90 (d, J = 8.68 Hz, 1H, ArH), 8.39 

(s, 1H, ArH), 8.13 (s, 1H, ArH), 8.10-8.02 (m, 2H, ArH), 7.85 (s, 

1H, ArH), 7.76 (s, 1H, ArH), 7.58 (d, J = 8.72 Hz, 1H,  

ArH), 7.18 (t, J = 8.68 Hz, 2H, ArH), 4.29-4.22 (m, 1H, cyclohex-CH), 2.28 (d, J = 12.84 Hz, 

2H, cyclohex-CH2), 2.02 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.88-1.78 (m, 2H, cyclohex-

CH2), 1.60-1.49 (m, 2H, cyclohex-CH2), 1.42-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 149.1, 141.4, 138.7, 137.8, 135.2, 134.9, 132.7, 130.6, 127.9, 127.7, 124.7, 

122.2, 115.8, 115.4, 114.2, 113.1, 109.7 (ArC), 55.6 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 (CH2); 
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MS (ESI): m/z 412.3 (M++1); Anal Calcd for C25H22FN5: C, 72.97; H, 5.39; N, 17.02; found C, 

72.85; H, 5.20; N, 17.01. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(thien-3-yl)imidazo[1,2-a]pyrazine (14): 

 

Light green solid; 126.94 mg, 84% yield; Rf  0.3 (40% ethyl 

acetate in hexane); mp 185-188 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 9.28 (s, 1H, ArH), 8.90 (d, J = 8.72 Hz, 1H, ArH), 8.34 

(s, 1H, ArH), 8.23 (s, 1H, ArH), 8.04 (d, J = 1.84 Hz, 1H, ArH), 

7.83 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.62 (d, J = 4.12 Hz, 2H,  

ArH), 7.45 (dd, 2J = 4.56 Hz, 3J = 2.72 Hz, 1H, ArH),  4.32-4.26 (m, 1H, cyclohex-CH), 2.29 

(d, J = 11.88 Hz, 2H, cyclohex-CH2), 2.03 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.89-1.79 (m, 

2H, cyclohex-CH2), 1.60-1.50 (m, 2H, cyclohex-CH2), 1.42-1.25 (m, 2H, cyclohex-CH2); 
13C 

NMR (CDCl3, 100 MHz): δ (ppm) 149.1, 138.9, 138.7, 135.4, 135.0, 130.9, 126.6, 124.9, 122.8, 

122.0, 114.2, 112.9, 109.8 (ArC), 55.8 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): 

m/z 400.2 (M++1); Anal Calcd for C23H21N5S: C, 69.15; H, 5.30; N, 17.53; S, 8.02; found C, 

69.26; H, 5.34; N, 17.51; S, 8.13. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(m-tolyl)imidazo[1,2-a]pyrazine (15): Light  

 

green solid; 117.16 mg, 76% yield; Rf  0.5 (40% ethyl acetate in 

hexane); mp 183-186 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

9.32 (d, J = 0.88 Hz, 1H, ArH), 8.93 (dd, 2J = 8.68 Hz, 3J = 1.36 

Hz, 1H, ArH), 8.38 (s, 1H, ArH), 8.06 (s, 1H, ArH), 7.93 (s, 1H, 

ArH), 7.84 (d, J = 7.32 Hz, 2H, ArH), 7.73 (d, J = 0.92 Hz, 1H,  

ArH), 7.57 (d, J = 8.68 Hz, 1H, ArH), 7.36 (t, J = 7.32 Hz, 1H, ArH), 7.22 (d, J = 7.36 Hz, 1H, 

ArH), 4.27-4.19 (m, 1H, cyclohex-CH),  2.45 (s, 3H, CH3), 2.26 (d, J = 11.41 Hz, 2H, cyclohex-

CH2), 1.99 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.86-1.76 (m, 2H, cyclohex-CH2), 1.57-1.46 

(m, 2H, cyclohex-CH2), 1.38-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ 

(ppm) 149.0, 143.8, 141.3, 138.8, 138.6, 138.4, 136.5, 134.9, 130.5, 129.2, 128.5, 126.8, 124.5, 

123.0, 122.2, 114.1, 113.3, 109.5 (ArC), 55.4 (CH), 33.1 (CH2), 25.5 (CH2), 25.2 (CH2), 21.5 

(CH3); MS (ESI): m/z 408.6 (M++1); Anal Calcd for C26H25N5: C, 76.63; H, 6.18; N, 17.19; 

found C, 76.51; H, 6.10; N, 17.37. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(4-ethylphenyl)imidazo[1,2-a]pyrazine (16): 

Light green solid; 132.35 mg, 83% yield; Rf  0.5 (40% ethyl acetate in hexane); mp 182-185 oC; 
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1H NMR (CDCl3, 400 MHz):  (ppm) 9.33 (s, 1H, ArH), 8.93 

(dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, ArH), 8.37 (s, 1H, ArH), 

8.07 (s, 1H, ArH), 8.01 (d, J = 8.24 Hz, 2H, ArH), 7.82 (s, 

1H, ArH), 7.73 (s, 1H, ArH), 7.57 (d, J = 8.68 Hz, 1H, ArH), 

7.33 (d, J = 8.24 Hz, 2H, ArH), 4.27-4.19 (m, 1H, cyclohex- 

CH), 2.74 (q, J = 7.80 Hz, 2H, CH2), 2.26 (d, J = 11.48 Hz, 2H, cyclohex-CH2), 2.00 (d, J = 

13.76 Hz, 2H, cyclohex-CH2), 1.86-1.76 (m, 2H, cyclohex-CH2), 1.58-1.47 (m, 2H, cyclohex-

CH2), 1.38-1.25 (m, 5H, cyclohex-CH2, CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 148.9, 

144.7, 143.9, 141.3, 138.8, 138.6, 134.9, 134.0, 130.6, 128.2, 126.1, 124.5, 122.3, 114.1, 112.9, 

109.5 (ArC), 55.4 (CH), 33.1 (CH2), 28.5 (CH2), 25.5 (CH2), 25.3 (CH2), 15.5 (CH3); MS (ESI): 

m/z 422.5 (M++1); Anal Calcd for C27H27N5: C, 76.93; H, 6.46; N, 16.61; found C, 76.72; H, 

6.59; N, 16.50. 

1-(4-(8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazin-6-yl)phenyl)ethan-

1-one (17): Light green solid; 128.52 mg, 78% yield; Rf  0.6 (40% ethyl acetate in hexane); mp  

 

200-203 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.33 (s, 1H, 

ArH), 8.92 (dd, 2J = 8.72 Hz, 3J = 1.40 Hz, 1H, ArH), 8.52 (s, 

1H, ArH), 8.20 (d, J = 8.28 Hz, 2H, ArH), 8.13 (s, 1H, ArH), 

8.08 (d, J = 8.24 Hz, 2H, ArH), 7.87 (s, 1H, ArH), 7.79 (s, 1H, 

ArH), 7.59 (d, J = 8.72 Hz, 1H, ArH), 4.30-4.22 (m, 1H,  

cyclohex-CH), 2.66 (s, 3H, CH3), 2.29 (d, J = 11.92 Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.72 

Hz, 2H, cyclohex-CH2), 1.89-1.79 (m, 2H, cyclohex-CH2), 1.60-1.49 (m, 2H, cyclohex-CH2), 

1.40-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 197.7 (C=O), 149.3, 

143.5, 141.4, 141.1, 138.8, 137.2, 136.7, 135.3, 135.0, 130.4, 128.8, 126.1, 124.7, 122.3, 114.5, 

114.4, 109.7 (ArC), 55.6 (CH), 33.2 (CH2), 26.7 (CH3), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 

436.4 (M++1); Anal Calcd for C27H25N5O: C, 74.46; H, 5.79; N, 16.08; found C, 74.77; H, 5.72; 

N, 16.01. 

6-(4-Chlorophenyl)-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (18): 

Light green solid; 121.30 mg, 75% yield; Rf  0.5 (40% ethyl acetate in hexane); mp 193-196 oC; 

1H NMR (CDCl3, 400 MHz):  (ppm) 9.30 (s, 1H, ArH), 8.90 (d, J = 8.28 Hz, 1H, ArH), 8.41 (s, 

1H, ArH), 8.08 (s, 1H, ArH), 8.04 (d, J = 8.24 Hz, 2H, ArH), 7.85 (s, 1H, ArH), 7.76 (s, 1H, ArH),  
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7.58 (d, J = 8.72 Hz, 1H, ArH), 7.47 (d, J = 8.68 Hz, 2H, ArH), 

4.29-4.21 (m, 1H, cyclohex-CH), 2.28 (d, J = 11.44 Hz, 2H, 

cyclohex- CH2), 2.01 (d, J = 12.36 Hz, 2H, cyclohex-CH2), 1.88-

1.78 (m, 2H, cyclohex-CH2), 1.60-1.49 (m, 2H, cyclohex-CH2), 

1.43-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz):  

δ (ppm) 149.3, 143.8, 141.4, 138.8, 137.5, 135.2, 135.1, 135.0, 134.4, 130.4, 128.9, 127.3, 124.6, 

122.4, 114.3, 113.3, 109.6 (ArC), 55.5 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): 

m/z 428.4 (M++1); Anal Calcd for C25H22ClN5: C, 70.17; H, 5.18; N, 16.37; found C, 70.25; H, 

5.25; N, 16.34. 

6-(4-Bromophenyl)-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (19):  

 

Light green solid; 141.24 mg, 79% yield; Rf  0.5 (40% ethyl 

acetate in hexane); mp 195-198 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 9.30 (d, J = 0.92 Hz, 1H, ArH), 8.89 (dd, 2J = 8.68 Hz, 3J 

= 1.36 Hz, 1H, ArH), 8.40 (s, 1H, ArH), 8.09 (s, 1H, ArH), 7.96 

(d, J = 8.68 Hz, 2H, ArH), 7.84 (d, J = 0.92 Hz, 1H, ArH), 7.74  

 (d, J = 0.92 Hz, 1H, ArH), 7.61 (d, J = 8.68 Hz, 2H, ArH), 7.57 (s, 1H, ArH), 4.28-4.20 (m, 1H, 

cyclohex-CH), 2.27 (d, J = 9.64 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 11.92 Hz, 2H, cyclohex-

CH2), 1.87-1.77 (m, 2H, cyclohex-CH2), 1.58-1.49 (m, 2H, cyclohex-CH2), 1.42-1.25 (m, 2H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.2, 143.7, 141.4, 138.7, 137.5, 135.6, 

135.2, 135.0, 131.8, 130.4, 128.5, 127.6, 126.5, 124.6, 122.7, 122.3, 114.3, 113.3, 109.6 (ArC), 

55.5 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 472.1 (M++1); Anal Calcd for 

C25H22BrN5: C, 63.57; H, 4.69; N, 14.83; found C, 63.51; H, 4.74; N, 14.88.  

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazine 

(20): Light green solid; 128.18 mg, yield 80%; Rf  0.5 (40% ethyl acetate in hexane); mp 195-198  

 

oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.29 (s, 1H, ArH), 8.91 (dd, 

2J = 8.72 Hz, 3J = 1.40 Hz, 1H, ArH), 8.87 (s, 1H, ArH), 8.46 (dd, 2J 

= 7.80 Hz, 3J = 1.84 Hz, 1H, ArH), 8.06 (s, 1H, ArH), 7.83 (s, 1H, 

ArH), 7.74 (d, J =0.92 Hz, 1H, ArH), 7.57 (d, J = 8.68 Hz, 1H, ArH), 

7.39-7.35 (m, 1H, ArH), 7.16 (t, J = 7.36 Hz, 1H, ArH), 7.04 (d, J =  

8.24 Hz, 1H, ArH), 4.28-4.20 (m, 1H, cyclohex-CH), 3.96 (s, 3H, CH3), 2.27 (d, J = 11.48 Hz, 

2H, cyclohex-CH2), 2.00 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.87-1.76 (m, 2H, cyclohex-



58 
 

CH2), 1.58-1.47 (m, 2H, cyclohex-CH2), 1.37-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 156.7, 148.6, 143.8, 141.2, 138.6, 134.9, 134.8, 130.9, 130.8, 129.3, 125.1, 

124.5, 122.1, 121.1, 118.1, 114.1, 111.1, 109.5 (ArC), 55.5 (CH), 55.4 (OCH3), 33.2 (CH2), 25.5 

(CH2), 25.3 (CH2); MS (ESI): m/z 424.3 (M++1); Anal Calcd for C26H25N5O: C, 73.74; H, 5.95; 

N, 16.54; found C, 73.80; H, 5.90; N, 16.44. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(2-fluorophenyl)imidazo[1,2-a]pyrazine (21):  

 

Light green solid; 133.88 mg, 86% yield; Rf  0.4 (40% ethyl acetate in 

hexane); mp 190-193 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.30 

(s, 1H, ArH), 8.90 (d, J = 8.68 Hz, 1H, ArH), 8.39 (s, 1H, ArH), 8.13-

8.05 (m, 3H, ArH), 7.85 (s, 1H, ArH), 7.76 (s, 1H, ArH), 7.58 (d, J = 

8.72 Hz, 1H, ArH), 7.22-7.16 (m, 2H, ArH), 4.29-4.22 (m, 1H, 

cyclohex-CH), 2.28 (d, J = 12.84 Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.76 Hz, 2H, cyclohex-

CH2), 1.88-1.78 (m, 2H, cyclohex-CH2), 1.60-1.49 (m, 2H, cyclohex-CH2), 1.42-1.25 (m, 2H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.1, 141.4, 138.7, 137.8, 135.2, 134.9, 

132.7, 130.6, 127.9, 127.7, 124.7, 122.2, 115.8, 115.4, 114.2, 113.1, 109.7 (ArC), 55.6 (CH), 

33.2 (CH2), 25.6 (CH2), 25.3 (CH2). MS (ESI): m/z 412.3 (M++1); Anal Calcd for C25H22FN5: 

C, 72.97; H, 5.39; N, 17.02; found C, 72.95; H, 5.43; N, 17.08. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(thien-2-yl)imidazo[1,2-a]pyrazine (22):  

 

Light green solid; 120.90 mg, 80% yield; Rf  0.3 (40% ethyl acetate in 

hexane); mp 187-190 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.32 

(s, 1H, ArH), 8.89 (dd, 2J = 8.72 Hz, 3J = 0.92 Hz, 1H, ArH), 8.37 (s, 

1H, ArH), 8.08 (s, 1H, ArH), 7.84 (s, 1H, ArH), 7.74 (s, 1H, ArH), 

7.60-7.56 (m, 2H, ArH), 7.40 (d, J = 5.04 Hz, 1H, ArH), 7.15-7.13  

(dd, 2J = 3.68 Hz, 3J = 1.36 Hz, 1H, ArH), 4.29-4.22 (m, 1H, cyclohex-CH), 2.28 (d, J = 10.08 

Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.28 Hz, 2H, cyclohex-CH2), 1.89-1.78 (m, 2H, cyclohex-

CH2), 1.60-1.49 (m, 2H, cyclohex-CH2), 1.42-1.24 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 149.1, 138.9, 138.7, 135.4, 135.0, 130.9, 126.6, 124.9, 122.8, 122.0, 114.2, 

112.9, 109.8, (ArC), 55.8 (CH), 33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 400.2 

(M++1); Anal Calcd for C23H21N5S: C, 69.15; H, 5.30; N, 17.53; S, 8.02; found C, 69.17; H, 

5.26; N, 17.58; S, 8.08. 
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8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(3-(trifluoromethyl)phenyl)imidazo[1,2-

a]pyrazine (23): Light green solid; 141.44 mg, 81% yield; Rf  0.6 (40% ethyl acetate in hexane);  

 

mp 196-199 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.33 (s, 1H, 

ArH), 8.89 (dd, 2J = 8.68 Hz, 3J = 0.92 Hz, 1H, ArH), 8.50 (s, 1H, 

ArH), 8.32 (d, J = 6.44 Hz, 2H, ArH), 8.08 (s, 1H, ArH), 7.88 (s, 1H, 

ArH), 7.80 (s, 1H, ArH), 7.68-7.63 (m, 2H, ArH), 7.60 (d, J = 8.72 

Hz, 1H, ArH), 4.30-4.22 (m, 1H, cyclohex-CH), 2.29 (d, J = 11.48 

Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.89-1.79 (m, 2H, cyclohex-

CH2), 1.61-1.49 (m, 2H, cyclohex-CH2), 1.43-1.25 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 149.6, 143.9, 141.5, 138.9, 137.6, 137.2, 135.4, 135.1, 131.3, 131.0, 130.2, 

129.4, 129.3, 125.2, 125.1, 124.5, 122.8, 122.7, 122.5, 114.4, 113.8, 109.7 (ArC), 55.6 (CH), 

33.2 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 462.4 (M++1); Anal Calcd for C26H22F3N5: 

C, 67.67; H, 4.81; N, 15.18; found C, 67.73; H, 4.98; N, 15.35. 

2,4-Dibromo-1-nitrobenzene (25): Procedure for synthesis of 2,4-dibromo-1-nitrobenzene (25) 

is similar as that for the synthesis of 1,4-dibromo-2-nitrobenzene  (2) using 1,3-dibromobenzene 

(24).  

5-Bromo-N-cyclohexyl/benzyl-2-nitroaniline (26a-b): Procedure for synthesis of 5-bromo-N-

cyclohexyl-2-nitroaniline (26a) and N-benzyl-5-bromo-2-nitroaniline (26b) is similar as that for 

the synthesis of 4-bromo-N-cyclohexyl-2-nitroaniline (3) using 2,4-dibromo-1-nitrobenzene (25).  

5-Bromo-N-cyclohexyl-2-nitroaniline (26a): Yellow solid; 2.36 gm, 74% yield; Rf 0.3 (hexane);  

 

mp 90-93 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.13 (d, J = 6.88 Hz, 1H, 

NH), 8.00 (d, J = 9.16 Hz, 1H, ArH), 7.01 (d, J = 1.84 Hz, 1H, ArH), 6.69 

(dd, 2J = 9.16 Hz, 3J = 2.28 Hz, 1H, ArH), 3.49-3.42 (m, 1H, cyclohex-CH), 

2.05-2.02 (m, 2H, cyclohex-CH2), 1.82-1.74 (m, 2H, cyclohex-CH2), 1.68- 

 1.64 (m, 1H, cyclohex-CH2), 1.49-1.28 (m, 5H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): 

δ (ppm) 144.8, 131.4, 130.3, 128.1, 117.9, 116.4 (ArC), 50.9 (CH), 32.4 (CH2), 25.3 (CH2), 24.3 

(CH2). 

N-Cyclohexyl/benzyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (27a-b): 

Procedures for synthesis of N-cyclohexyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)aniline (27a) and N-benzyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline 

(27b) are similar as that for the synthesis of N-cyclohexyl-2-nitro-4-(4,4,5,5-tetramethyl-1,3,2-
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dioxaborolan-2-yl)aniline (4) from 5-bromo-N-cyclohexyl-2-nitroaniline (26a) and N-benzyl-5-

bromo-2-nitroaniline (26b), respectively. 

N-Cyclohexyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (27a): Reddish 

 

yellow solid; 1.80 gm, 78% yield; Rf  0.5 (10% ethyl acetate in hexane); 

mp 120-122 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.13 (d, J = 8.68 

Hz, 2H, NH & ArH), 7.28 (s, 1H, ArH), 6.96 (d, J = 8.72 Hz, 1H, ArH), 

3.71-3.63 (m, 1H, cyclohex-CH), 2.07-2.02 (m, 2H, cyclohex- CH2), 

1.83-1.76 (m, 2H, cyclohex-CH2), 1.67-1.63 (m, 1H, cyclohex-CH2), 1.53-1.28 (m, 17H, 

cyclohex-CH2 & boronate-CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 143.8, 135.5, 132.6, 

125.7, 120.8, 119.9 (ArC), 84.3 (C), 50.3 (CH), 32.7 (CH2), 25.5 (CH2), 24.7 (CH3), 24.3 (CH2). 

MS (ESI): m/z 346.2 (M++1); Anal Calcd for C18H27BN2O4: C, 62.44; H, 7.86; N, 8.09; found 

C, 62.40; H, 7.80; N, 8.13. 

 5-(6-Bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl/benzyl-2-nitroaniline (28a-b): 

Procedures for synthesis of 5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-2-nitroaniline 

(28a) and N-benzyl-5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-2-nitroaniline (28b) are similar as 

that for the synthesis of 4-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-2-nitroaniline (6) 

from  N-cyclohexyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (27a) and N-

benzyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (27b), respectively. 

5-(6-Bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-2-nitroaniline (28a): Reddish solid;  

 

2.09 gm, 70% yield; Rf  0.3 (10% ethyl acetate in hexane); mp 152-

154 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.69 (d, J = 1.68 Hz, 

1H, ArH), 8.32 (s, 1H, ArH), 8.29 (d, J = 8.68 Hz, 1H, ArH), 8.22 (d, 

J = 7.32 Hz, 1H, NH), 7.89 (d, J = 0.92 Hz, 1H, ArH), 7.82 (dd, 2J = 

9.16 Hz, 3J = 1.84 Hz, 1H, ArH), 7.77 (d, J = 0.92 Hz, 1H, ArH), 

3.79-3.70 (m, 1H, cyclohex-CH), 2.19-2.16 (m, 2H, cyclohex- CH2),  

2.06-2.01 (m, 2H, cyclohex-CH2), 1.87-1.77 (m, 1H, cyclohex-CH2), 1.70-1.25 (m, 5H,  

cyclohex-CH2 ); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 144.4, 141.1, 136.5, 126.8, 125.8, 122.4, 

120.8, 120.0, 119.1, 117.3, 115.1, 114.0 (ArC), 51.3 (CH), 32.7 (CH2), 25.5 (CH2), 24.3 (CH2). 

 5-(6-Bromoimidazo[1,2-a]pyrazin-8-yl)-N1-cyclohexyl/benzylbenzene-1,2-diamine (29a-b): 

Procedures for synthesis of 5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N1-cyclohexylbenzene-1,2-

diamine (29a) and N1-benzyl-5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)benzene-1,2-diamine (29b)  
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are similar as that for the synthesis of 4-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N1-

cyclohexylbenzene-1,2-diamine (7) from 5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N-cyclohexyl-

2-nitroaniline (28a) and N-benzyl-5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-2-nitroaniline (28b), 

respectively. Compounds 26b-29b were used further without purification. 

6-Bromo-8-(1-cyclohexyl/benzyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (30a-b): 

Procedures for synthesis of 6-bromo-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-

a]pyrazine (30a) and 8-(1-benzyl-1H-benzo[d]imidazol-6-yl)-6-bromoimidazo[1,2-a]pyrazine 

(30b) are similar as that for the synthesis of 6-bromo-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-

yl)imidazo[1,2-a]pyrazine (8) from 5-(6-bromoimidazo[1,2-a]pyrazin-8-yl)-N1-

cyclohexylbenzene-1,2-diamine (29a) and N1-benzyl-5-(6-bromoimidazo[1,2-a]pyrazin-8-

yl)benzene-1,2-diamine (29b), respectively. 

6-Bromo-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (30a): Light  

 

brown solid; 0.91 gm, 90% yield; Rf  0.5 (40% ethyl acetate in hexane); 

mp 175-178 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.00 (d, J = 1.36, 

1H, ArH), 8.72 (dd, 2J = 8.72 Hz, 3J = 1.84 Hz, 1H, ArH), 8.23 (s, 1H, 

ArH), 8.11 (s, 1H, ArH), 7.93 (d, J = 8.24 Hz, 1H, ArH), 7.88 (d, J = 1.36 

Hz, 1H, ArH), 7.72 (d, J = 1.36 Hz, 1H, ArH), 4.44-4.36 (m, 1H, 

cyclohex-CH), 2.30 (d, J = 11.48 Hz, 2H, cyclohex-CH2), 2.01 (d, J =  

13.76 Hz, 2H, cyclohex-CH2), 1.88-1.78 (m, 2H, cyclohex-CH2), 1.64-1.53 (m, 2H, cyclohex-

CH2), 1.43-1.24 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.5, 145.7, 

142.2, 138.6, 135.8, 133.3, 129.3, 124.0, 122.4, 119.8, 117.5, 113.8, 112.5 (ArC), 55.2 (CH), 

33.4 (CH2), 25.5 (CH2), 25.3 (CH2). MS (ESI): m/z 395.0 (M++1); Anal Calcd for C19H18BrN5: 

C, 57.59; H, 4.58; N, 17.67; found C, 57.48; H, 4.70; N, 17.93.  

 8-(1-Benzyl-1H-benzo[d]imidazol-6-yl)-6-bromoimidazo[1,2-a]pyrazine (30b): Light brown 

solid; 0.77 gm, 80% yield; Rf  0.4 (40% ethyl acetate in hexane); mp 182-185 oC; 1H NMR (CDCl3, 

 

400 MHz):  (ppm) 8.99 (d, J = 1.40 Hz, 1H, ArH), 8.71 (dd, 2J = 8.68 

Hz, 3J = 1.36 Hz,1H, ArH), 8.20 (s, 1H, ArH), 8.00 (s, 1H, ArH), 7.95 

(d, J = 8.72 Hz, 1H, ArH), 7.85 (d, J = 0.92 Hz, 1H, ArH), 7.70 (d, J = 

0.92 Hz, 1H, ArH), 7.37-7.28 (m, 5H, ArH), 5.48 (s, 2H, CH2-benzyl); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 149.4, 145.9, 144.9, 138.6, 135.9, 
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135.2, 134.0, 129.9, 129.0, 128.3, 127.5, 124.2, 122.5, 120.1, 117.5, 113.8, 112.5 (ArC), 48.9 

(CH2-benzyl). MS (ESI): m/z 403.0 (M++1); Anal Calcd for C20H14BrN5: C, 59.42; H, 3.49; N, 

17.32; found C, 59.48; H, 3.60; N, 17.13.  

 6-Aryl-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (31-49): 

Procedures for synthesis of 6-aryl-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-

a]pyrazine (31-49) are similar as that for the synthesis of 6-aryl-8-(1-cyclohexyl-1H-

benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (9-23) from 6-bromo-8-(1-cyclohexyl-1H-

benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (30a). 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-phenylimidazo[1,2-a]pyrazine (31): Light  

 

green solid;  111.64 mg, 75% yield; Rf  0.5 (40% ethyl acetate in hexane); 

mp 194-196 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.18 (s, 1H, ArH), 

8.79 (dd, 2J = 8.72 Hz, 3J = 1.84 Hz, 1H, ArH), 8.37 (s, 1H, ArH), 8.10 

(s, 1H, ArH), 8.05 (d, J = 8.24 Hz, 2H, ArH), 7.95 (d, J = 8.68 Hz, 1H, 

ArH), 7.83 (s, 1H, ArH), 7.73 (s, 1H, ArH), 7.49 (t, J = 7.32 Hz, 2H,  

ArH), 7.40 (t, J = 7.32 Hz, 1H, ArH), 4.42-4.34 (m, 1H, cyclohex-CH), 2.28 (d, J = 11.92 Hz, 

2H, cyclohex-CH2), 1.98 (d, J = 13.28 Hz, 2H, cyclohex-CH2), 1.87-1.77 (m, 2H, cyclohex-

CH2), 1.60-1.51 (m, 2H, cyclohex-CH2), 1.38-1.23 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 148.6, 145.1, 141.7, 138.6, 138.4, 136.5, 134.8, 133.2, 130.6, 128.6, 128.4, 

126.0, 123.6, 119.6, 114.2, 113.4, 112.4 (ArC), 55.1 (CH), 33.3 (CH2), 25.4 (CH2), 25.2 (CH2); 

MS (ESI): m/z 394.3 (M++1); Anal Calcd for C25H23N5: C, 76.31; H, 5.89; N, 17.80; found C, 

76.42; H, 5.87; N, 17.94. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(4-methoxyphenyl)imidazo[1,2-a]pyrazine 

(32): Light green solid; 121.76 mg, 76% yield; Rf  0.6 (40% ethyl acetate in hexane); mp 196-198 

oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.19 (d, J = 1.40, 1H, ArH), 8.78 (dd, 2J = 8.72 Hz, 3J 

= 1.36 Hz, 1H, ArH), 8.35 (s, 1H, ArH), 8.12 (s, 1H, ArH), 8.03 (d, J = 8.72 Hz, 2H, ArH), 7.96 

(d, J = 8.72 Hz, 1H, ArH), 7.85 (d, J = 0.92 Hz, 1H, ArH), 7.75 (d, J = 0.92 Hz, 1H, ArH), 7.05  

 

(d, J = 9.16 Hz, 2H, ArH), 4.45-4.37 (m, 1H, cyclohex-CH), 3.88 

(s, 3H, CH3), 2.32 (d, J = 11.88 Hz, 2H, cyclohex-CH2), 2.01 (d, J 

= 13.76 Hz, 2H, cyclohex-CH2), 1.90-1.80 (m, 2H, cyclohex-CH2), 

1.64-1.53 (m, 2H, cyclohex-CH2), 1.41-1.23 (m, 2H, cyclohex-

CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 160.1, 148.8, 145.2, 
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141.8, 138.7, 138.6, 134.9, 133.3, 130.9, 129.2, 127.4, 123.7, 119.8, 114.2, 114.1, 112.6, 112.5 

(ArC), 55.3 (CH), 55.2 (OCH3), 33.4 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 424.3 

(M++1); Anal Calcd for C26H25N5O: C, 73.74; H, 5.95; N, 16.54; found C, 73.67; H, 5.78; N, 

16.48. 

4-(8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde 

(33): Light green solid; 130.75 mg, 82% yield; Rf  0.4 (40% ethyl acetate in hexane); mp 198-201  

 

 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 10.09 (s, 1H, CHO), 9.23 

(s, 1H, ArH), 8.76 (dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, ArH), 8.56 (s, 

1H, ArH), 8.28 (d, J = 8.00 Hz, 2H, ArH), 8.12 (s, 1H, ArH), 8.04 (d, 

J = 8.24 Hz, 2H, ArH), 7.97 (d, J = 8.72 Hz, 1H, ArH), 7.91 (d, J = 

0.92 Hz, 1H, ArH), 7.83 (d, J = 0.92 Hz, 1H, ArH), 4.45-4.37 (m, 

1H, cyclohex-CH), 2.33 (d, J = 11.0 Hz, 2H, cyclohex-CH2), 2.03-1.99 (m, 2H, cyclohex-CH2), 

1.92-1.82 (m, 2H, cyclohex-CH2), 1.65-1.54 (m, 2H, cyclohex-CH2), 1.43-1.24 (m, 2H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 191.8 (CO), 149.3, 142.5, 142.1, 138.9, 

137.2, 136.1, 135.5, 133.4, 130.4, 130.2, 126.6, 123.6, 120.0, 114.7, 114.6, 112.7 (ArC), 55.4 

(CH), 33.4 (CH2), 25.6 (CH2), 25.4 (CH2); MS (ESI): m/z 422.5 (M++1); Anal Calcd for 

C26H23N5O: C, 74.09; H, 5.50; N, 16.62; found C, 74.42; H, 5.25; N, 16.57. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(naphthalen-1-yl)imidazo[1,2-a]pyrazine (34):  

 

Light green solid; 137.59 mg, 82% yield; Rf  0.4 (40% ethyl acetate 

in hexane); mp 200-203 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

9.09 (d, J = 1.36 Hz, 1H, ArH), 8.82 (dd, 2J = 8.24 Hz, 3J = 1.40 Hz, 

1H, ArH), 8.30 (s, 1H, ArH), 8.29 (s, 1H, ArH), 8.10 (s, 1H, ArH), 

7.98 (d, J = 6.88 Hz, 1H, ArH), 7.94 (s, 1H, ArH), 7.92 (d, J = 8.72  

Hz, 1H, ArH), 7.82 (d, J = 0.92 Hz, 1H, ArH), 7.72 (dd, 2J = 6.88 Hz, 3J = 0.92 Hz, 1H, ArH), 

7.60-7.57 (m, 2H, ArH), 7.55-7.49 (m, 2H, ArH), 4.40-4.32 (m, 1H, cyclohex-CH), 2.29 (d, J = 

11.48 Hz, 2H, cyclohex-CH2), 1.98 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.87-1.77 (m, 2H, 

cyclohex-CH2), 1.58-1.47 (m, 2H, cyclohex-CH2), 1.42-1.25 (m, 2H, cyclohex-CH2); 
13C NMR 

(CDCl3, 100 MHz): δ (ppm) 148.8, 145.3, 141.9, 140.2, 138.6, 135.1, 134.0, 133.4, 131.7, 130.7, 

129.2, 128.4, 127.6, 126.4, 126.0, 125.8, 125.2, 124.0, 119.8, 117.1, 114.1, 112.3 (ArC), 55.3 

(CH), 33.4 (CH2), 25.5 (CH2), 25.3 (CH2); MS (ESI): m/z 444.5 (M++1); Anal Calcd for 

C29H25N5: C, 78.53; H, 5.68; N, 15.79; found C, 78.23; H, 5.89; N, 15.49. 
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8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(4-fluorophenyl)imidazo[1,2-a]pyrazine (35):  

 

Light green solid; 121.42, 78% yield; Rf  0.5 (40% ethyl acetate in 

hexane); mp 186-188 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.20 

(d, J = 1.40 Hz, 1H, ArH), 8.76 (dd, 2J = 8.28 Hz, 3J = 1.40 Hz, 1H, 

ArH), 8.37 (s, 1H, ArH), 8.11 (s, 1H, ArH), 8.06 (d, J = 5.52 Hz, 1H, 

ArH), 8.04 (d, J = 5.48 Hz, 1H, ArH), 7.96 (d, J = 8.24 Hz, 1H, ArH), 

7.87 (d, J = 1.36 Hz, 1H, ArH), 7.77 (d, J = 0.92 Hz, 1H, ArH), 7.20 (t, J = 8.68 Hz, 2H, ArH), 

4.44-4.36 (m, 1H, cyclohex-CH), 2.31 (d, J = 11.44 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 13.76 

Hz, 2H, cyclohex-CH2), 1.90-1.80 (m, 2H, cyclohex-CH2), 1.64-1.52 (m, 2H, cyclohex-CH2), 

1.41-1.24 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.3, 161.9, 148.9, 

145.4, 141.9, 138.7, 137.8, 135.1, 133.3, 132.8, 130.6, 128.0, 127.9, 123.6, 119.9, 115.8, 115.6, 

114.2, 113.2, 112.5 (ArC), 55.2 (CH), 33.4 (CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 412.3 

(M++1); Anal Calcd for C25H22FN5: C, 72.97; H, 5.39; N, 17.02; found C, 72.72; H, 5.20; N, 

16.85. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(thiophen-3-yl)imidazo[1,2-a]pyrazine (36):  

 

Light green solid; 125.43 mg, 83% yield; Rf  0.4 (40% ethyl acetate in 

hexane); mp 180-183 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.15 

(d, J = 0.92 Hz, 1H, ArH), 8.75 (dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, 

ArH), 8.34 (s, 1H, ArH), 8.10 (s, 1H, ArH), 8.04 (d, J = 2.76 Hz, 1H, 

ArH), 7.96 (d, J = 8.72 Hz, 1H, ArH), 7.85 (d, J = 0.92 Hz, 1H, ArH),  

7.75 (d, J = 0.92 Hz, 1H, ArH), 7.62 (dd, 2J = 5.04 Hz, 3J = 1.36 Hz, 1H, ArH), 7.47 (dd, 2J = 

5.04 Hz, 3J = 3.36 Hz,  1H, ArH),  4.44-4.37 (m, 1H, cyclohex-CH), 2.32 (d, J = 13.28 Hz, 2H, 

cyclohex-CH2), 2.01 (d, J = 11.00 Hz, 2H, cyclohex-CH2), 1.90-1.80 (m, 2H, cyclohex-CH2), 

1.63-1.54 (m, 2H, cyclohex-CH2), 1.41-1.24 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 

MHz): δ (ppm) 149.3, 145.6, 142.0, 139.0, 138.9, 135.6, 135.1, 133.5, 130.7, 126.8, 125.1, 

123.8, 122.9, 120.0, 114.3, 113.1, 112.6 (ArC), 55.4 (CH), 33.6 (CH2), 25.7 (CH2), 25.5 (CH2); 

MS (ESI): m/z 400.2 (M++1); Anal Calcd for C23H21N5S: C, 69.15; H, 5.30; N, 17.53; S, 8.02; 

found C, 69.47; H, 5.59; N, 17.65; S, 8.40. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(m-tolyl)imidazo[1,2-a]pyrazine (37): Light  
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green solid; 121.78 mg, 79% yield; Rf  0.6 (40% ethyl acetate in hexane); 

mp 182-185 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.18 (d, J = 0.92 

Hz, 1H, ArH), 8.81 (dd, 2J = 8.72 Hz, 3J = 1.84 Hz, 1H, ArH), 8.43 (s, 

1H, ArH), 8.10 (s, 1H, ArH), 7.96 (d, J = 8.28 Hz, 1H, ArH), 7.92 (s, 

1H, ArH), 7.87 (s, 1H, ArH), 7.84 (s, 1H, ArH), 7.77 (s, 1H, ArH), 7.41 

 (t, J = 7.56 Hz, 2H, ArH), 4.45-4.37 (m, 1H, cyclohex-CH),  2.48 (s, 3H, CH3), 2.32 (d, J = 

11.48 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 13.28 Hz, 2H, cyclohex-CH2), 1.91-1.81 (m, 2H, 

cyclohex-CH2), 1.64-1.52 (m, 2H, cyclohex-CH2), 1.43-1.25 (m, 2H, cyclohex-CH2); 
13C NMR 

(CDCl3, 100 MHz): δ (ppm) 148.9, 145.4, 141.8, 138.9, 138.8, 138.5, 136.6, 135.0, 133.4, 130.8, 

129.4, 128.7, 127.0, 123.8, 123.2, 119.8, 114.2, 113.5, 112.5 (ArC), 55.3 (CH), 33.4 (CH2), 25.6 

(CH2), 25.4 (CH2), 21.6 (CH3); MS (ESI): m/z 408.6 (M++1); Anal Calcd for: C26H25N5: C, 

76.63; H, 6.18; N, 17.19; found C, 76.53; H, 6.14; N, 17.45. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(4-ethylphenyl)imidazo[1,2-a]pyrazine (38): 

 

Light green solid; 130.75 mg, 82% yield; Rf  0.6 (40% ethyl acetate 

in hexane); mp 184-186 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

9.18 (d, J = 0.88 Hz, 1H, ArH), 8.80 (dd, 2J = 8.24 Hz, 3J = 1.36 

Hz, 1H, ArH), 8.41 (s, 1H, ArH), 8.10 (s, 1H, ArH), 8.01 (d, J = 

8.24 Hz, 2H, ArH), 7.96 (d, J = 8.72 Hz, 1H, ArH), 7.86 (s, 1H,  

ArH), 7.77 (s, 1H, ArH), 7.37 (d, J = 8.24 Hz, 2H, ArH), 4.45-4.37 (m, 1H, cyclohex-CH), 2.76 

(q, J = 7.80 Hz, 2H, CH2), 2.32 (d, J = 11.44 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 13.76 Hz, 2H, 

cyclohex-CH2), 1.90-1.80 (m, 2H, cyclohex-CH2), 1.64-1.53 (m, 2H, cyclohex-CH2), 1.41-1.24 

(m, 5H, cyclohex-CH2, CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 148.9, 145.4, 144.9, 141.8, 

138.9, 135.0, 134.2, 133.4, 130.8, 128.4, 126.2, 123.7, 119.8, 114.1, 113.1, 112.4 (ArC), 55.2 

(CH), 33.5 (CH2), 28.6 (CH2), 25.6 (CH2), 25.4 (CH2), 15.5 (CH3); MS (ESI): m/z 422.5 (M++1); 

Anal Calcd for C27H27N5: C, 76.93; H, 6.46; N, 16.61; found C, 76.82; H, 6.31; N, 16.75. 

1-(4-(8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazin-6-yl)phenyl)ethan-

1-one (39): Light green solid; 131.81 mg, 80% yield; Rf  0.6 (40% ethyl acetate in hexane); mp 

201-204 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.23 (s, 1H, ArH), 8.80 (dd, 2J = 8.72 Hz, 3J =  
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1.40 Hz, 1H, ArH), 8.55 (s, 1H, ArH), 8.22 (d, J = 8.00 Hz, 2H, 

ArH), 8.16 (s, 1H, ArH), 8.12 (d, J = 8.00 Hz, 2H, ArH), 7.98 (d, J 

= 8.68 Hz, 1H, ArH), 7.91 (s, 1H, ArH), 7.83 (s, 1H, ArH),  4.47-

4.39 (m, 1H, cyclohex-CH), 2.68 (s, 3H, CH3), 2.34 (d, J = 12.36 

Hz, 2H, cyclohex-CH2), 2.03 (d, J = 14.20 Hz, 2H, cyclohex-CH2), 

1.92-1.82 (m, 2H, cyclohex-CH2), 1.65-1.55 (m, 2H, cyclohex-CH2), 1.42-1.21 (m, 2H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 197.7 (C=O), 149.0, 141.0, 138.8, 137.4, 

136.8, 135.4, 133.2, 130.7, 128.9, 126.2, 124.0, 123.9, 119.6, 114.6, 112.8 (ArC), 55.5 (CH), 

33.4 (CH2), 26.7 (CH3), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 436.4 (M++1); Anal Calcd for 

C27H25N5O: C, 74.46; H, 5.79; N, 16.08; found C, 74.36; H, 5.89; N, 16.40.  

6-(4-Chlorophenyl)-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (40): 

 

Light green solid; 126.15 mg, 78% yield; Rf  0.6 (40% ethyl acetate in 

hexane); mp 189-193 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.18 

(s, 1H, ArH), 8.74 (dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, ArH), 8.40 (s, 

1H, ArH), 8.11 (s, 1H, ArH), 8.01 (d, J = 8.24 Hz, 2H, ArH), 7.94 (d, 

J = 8.24 Hz, 1H, ArH), 7.86 (d, J = 0.92 Hz, 1H, ArH), 7.76 (d, J =  

1.08 Hz, 1H, ArH), 7.48 (s, 1H, ArH), 7.45 (s, 1H, ArH), 4.43-4.35 (m, 1H, cyclohex-CH), 2.30 

(d, J = 11.92 Hz, 2H, cyclohex-CH2), 2.00 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.89-1.78 (m, 

2H, cyclohex-CH2), 1.62-1.52 (m, 2H, Cyclohex-CH2), 1.40-1.19 (m, 2H, Cyclohex-CH2); 
13C 

NMR (CDCl3, 100 MHz): δ (ppm) 149.1, 145.4, 142.0, 138.9, 137.7, 135.4, 135.3, 134.7, 133.4, 

130.7, 129.1, 127.5, 123.8, 119.9, 114.5, 113.6, 112.7 (ArC), 55.5 (CH), 33.6 (CH2), 25.7 (CH2), 

25.5 (CH2); MS (ESI): m/z 428.4 (M++1); Anal Calcd for C25H22ClN5: C, 70.17; H, 5.18; N, 

16.37; found C, 70.25; H, 5.14; N, 16.32. 

6-(4-Bromophenyl)-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (41):  

 

Light green solid; 139.44 mg, 78% yield; Rf  0.6 (40% ethyl acetate in 

hexane); mp 197-200 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.20 

(s, 1H, ArH), 8.76 (dd, 2J = 8.24 Hz, 3J = 1.40 Hz, 1H, ArH), 8.41 (s, 

1H, ArH), 8.13 (s, 1H, ArH), 7.95 (d, J = 8.68 Hz, 3H, ArH), 7.87 (s, 

1H, ArH), 7.77 (s, 1H, ArH), 7.64 (d, J = 8.24 Hz, 2H, ArH), 4.44- 

4.35 (m, 1H, cyclohex-CH), 2.32 (d, J = 12.36 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 13.76 Hz, 

2H, cyclohex-CH2), 1.90-1.80 (m, 2H, cyclohex-CH2), 1.65-1.53 (m, 2H, cyclohex-CH2), 1.42-
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1.21 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.1, 142.0, 139.0, 137.7, 

135.7, 135.3, 132.0, 130.7, 128.6, 127.8, 127.4, 126.8, 123.8, 122.8, 119.9, 114.4, 113.6, 112.6 

(ArC), 55.5 (CH), 33.6 (CH2), 25.7 (CH2), 25.5 (CH2); MS (ESI): m/z 472.2 (M++1); Anal Calcd 

for C25H22BrN5: C, 63.57; H, 4.69; N, 14.83; found C, 63.27; H, 4.34; N, 14.95. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(2-methoxyphenyl)imidazo[1,2-a]pyrazine 

(42): Light green solid; 128.17 mg, 80% yield; Rf  0.5 (40% ethyl acetate in hexane); mp 191-194  

 

oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.16 (s, 1H, ArH), 8.88 (s, 1H, 

ArH), 8.78 (dd, 2J = 8.72 Hz, 3J = 1.40 Hz, 1H, ArH), 8.40 (dd, 2J = 7.80 

Hz, 3J = 1.84 Hz, 1H, ArH), 8.14 (s, 1H, ArH), 7.96 (d, J = 8.28 Hz, 1H, 

ArH), 7.87 (d, J = 1.40 Hz, 1H, ArH), 7.78 (d, J = 0.92 Hz, 1H, ArH), 

7.42-7.38 (m, 1H, ArH), 7.21-7.17 (m, 1H, ArH), 7.07 (d, J = 8.24 Hz,  

1H, ArH), 4.46-4.38 (m, 1H, cyclohex-CH), 3.99 (s, 3H, CH3), 2.32 (d, J = 13.72 Hz, 2H,  

cyclohex-CH2), 2.01 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.90-1.80 (m, 2H, cyclohex-CH2), 

1.64-1.53 (m, 2H, cyclohex-CH2), 1.42-1.21 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 100 

MHz): δ (ppm) 156.7, 148.5, 141.6, 138.7, 135.1, 134.9, 133.3, 131.1, 130.9, 129.5, 125.2, 

123.8, 121.2, 119.7, 118.3, 114.2, 112.3, 111.2 (ArC), 55.6 (CH), 55.3 (OCH3), 33.4 (CH2), 25.6 

(CH2), 25.4 (CH2); MS (ESI): m/z 424.3 (M++1); Anal Calcd for C26H25N5O: C, 73.74; H, 5.95; 

N, 16.54; found C, 73.77; H, 5.72; N, 16.36. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(2-fluorophenyl)imidazo[1,2-a]pyrazine (43): 

 

Light green solid; 127.64 mg, 82% yield; Rf  0.4 (40% ethyl acetate in 

hexane); mp 192-194 oC;  1H NMR (CDCl3, 400 MHz):  (ppm) 9.22 (d, 

J = 1.36 Hz, 1H, ArH), 8.76 (dd, 2J = 8.24 Hz, 3J = 1.36 Hz, 1H, ArH), 

8.69 (s, 1H, ArH), 8.48-8.43 (m, 1H, ArH), 8.15 (s, 1H, ArH), 7.97 (d, J 

= 8.68 Hz, 1H, ArH), 7.89 (s, 1H, ArH), 7.79 (s, 1H, ArH), 7.69-7.64  

(m, 1H, ArH), 7.37-7.35 (m, 1H, ArH), 7.23-7.18 (m, 1H, ArH), 4.46-4.38 (m, 1H, cyclohex-

CH), 2.33 (d, J = 11.92 Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.91-

1.81 (m, 2H, cyclohex-CH2), 1.64-1.53 (m, 2H, cyclohex-CH2), 1.42-1.21 (m, 2H, cyclohex-

CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 149.1, 141.9, 138.8, 135.3, 133.4, 132.2, 132.1, 

130.9, 130.8, 130.0, 129.9, 128.6, 128.5, 124.8, 123.8, 119.9, 117.9, 117.8, 116.3, 114.6, 112.8, 

(ArC), 55.5 (CH), 33.6 (CH2), 25.7 (CH2), 25.5 (CH2); MS (ESI): m/z 412.3 (M++1); Anal Calcd 

for C25H22FN5: C, 72.97; H, 5.39; N, 17.02; found C, 72.73; H, 5.42; N, 17.42. 
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8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(thiophen-2-yl)imidazo[1,2-a]pyrazine (44):  

 

Light green solid; 123.92 mg, 82% yield; Rf  0.4 (40% ethyl acetate in 

hexane); mp 188-191 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.18 (s, 

1H, ArH), 8.81 (dd, 2J = 8.72 Hz, 3J = 1.40 Hz, 1H, ArH), 8.36 (s, 1H, 

ArH), 8.12 (s, 1H, ArH), 7.95 (d, J = 8.72 Hz, 1H, ArH), 7.84 (s, 1H, 

ArH), 7.72 (s, 1H, ArH), 7.57 (d, J = 3.64 Hz, 1H, ArH), 7.40 (d, J = 5.04  

Hz, 1H, ArH), 7.14 (q, J = 3.68 Hz, 1H, ArH), 4.43-4.35 (m, 1H, cyclohex-CH), 2.32 (d, J = 

11.92 Hz, 2H, cyclohex-CH2), 2.01 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.91-1.81 (m, 2H, 

cyclohex-CH2), 1.64-1.52 (m, 2H, cyclohex-CH2), 1.41-1.23 (m, 2H, cyclohex-CH2); 
13C NMR 

(CDCl3, 100 MHz): δ (ppm) 148.9, 145.4, 142.1, 141.9, 138.8, 135.3, 134.8, 133.4, 130.5, 128.1, 

126.6, 124.0, 123.1, 119.8, 114.4, 112.7, 111.8 (ArC), 55.5 (CH), 33.5 (CH2), 25.7 (CH2), 25.5 

(CH2); MS (ESI): m/z 400.2 (M++1); Anal Calcd for C23H21N5S: C, 69.15; H, 5.30; N, 17.53; S, 

8.02; found C, 69.14; H, 5.33; N, 17.32; S, 8.24. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-6-(3-(trifluoromethyl)phenyl)imidazo[1,2-

a]pyrazine (45): Light green solid; 148.42 mg, 85% yield; Rf  0.6 (40% ethyl acetate in hexane);  

 

mp 198-201 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.19 (s, 1H, ArH), 

8.85 (dd, 2J = 8.72 Hz, 3J = 1.36 Hz, 1H, ArH), 8.52 (s, 1H, ArH), 8.39 

(s, 1H, ArH), 8.28 (d, J = 7.80 Hz, 1H, ArH), 8.13 (s, 1H, ArH), 7.98 (d, 

J = 8.24 Hz, 1H, ArH), 7.91 (s, 1H, ArH), 7.82 (s, 1H, ArH), 7.70-7.62 

(m, 2H, ArH), 4.45-4.37 (m, 1H, cyclohex-CH), 2.34 (d, J = 12.36 Hz,  

2H, cyclohex-CH2), 2.03 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.92-1.82 (m, 2H, cyclohex-

CH2), 1.64-1.54 (m, 2H, cyclohex-CH2), 1.42-1.21 (m, 2H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 149.1, 142.1, 138.9, 137.6, 137.2, 135.5, 133.4, 131.5, 131.2, 130.7, 129.4, 

129.3, 125.3, 124.1, 123.1, 119.7, 114.7, 114.1, 112.7 (ArC), 55.7 (CH), 33.5 (CH2), 25.7 (CH2), 

25.4 (CH2); MS (ESI): m/z 462.4 (M++1); Anal Calcd for C26H22F3N5: C, 67.67; H, 4.81; N, 

15.18; found C, 67.82; H, 4.99; N, 15.00. 

6-Aryl-8-(1-benzyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (46-49): Procedures for 

synthesis of 6-aryl-8-(1-benzyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (46-49) is 

similar as that for the synthesis of 6-aryl-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-

a]pyrazine (9-23) from 8-(1-benzyl-1H-benzo[d]imidazol-6-yl)-6-bromoimidazo[1,2-a]pyrazine 

(30b). 
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8-(1-Benzyl-1H-benzo[d]imidazol-6-yl)-6-(4-ethylphenyl)imidazo[1,2-a]pyrazine (46): Light  

 

brown solid; 132.20 mg, 83% yield; Rf  0.3 (40% ethyl acetate in 

hexane); mp 179-181 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

9.08 (s,  1H, ArH), 8.83 (dd, 2J = 8.24 Hz, 3J = 1.36 Hz, 1H, ArH), 

8.37 (s, 1H, ArH), 8.00 (s, 1H, ArH), 7.97-7.94 (m, 3H, ArH), 7.81  

(s, 1H, ArH), 7.73 (s, 1H, ArH), 7.36-7.28 (m, 7H, ArH), 5.48 (s, 2H, benzyl-CH2), 2.75 (q, J = 

7.80 Hz, 2H, ethyl-CH2), 1.31 (t, J = 7.80 Hz, 3H, ethyl-CH3); 
13C NMR (CDCl3, 100 MHz): δ 

(ppm) 148.5, 145.4, 144.9, 144.5, 138.7, 135.3, 134.9, 134.0, 131.3, 128.9, 128.3, 128.2, 127.5, 

126.1, 124.0, 119.8, 114.1, 113.1, 112.3 (ArC), 48.9 (benzyl-CH2), 28.6 (ethyl-CH2), 15.5 

(ethyl-CH3); MS (ESI): m/z 430.6 (M++1); Anal Calcd for C28H23N5: C, 78.30; H, 5.40; N, 

16.31; found C, 78.38; H, 5.28; N, 16.10. 

8-(1-Benzyl-1H-benzo[d]imidazol-6-yl)-6-(m-tolyl)imidazo[1,2-a]pyrazine (47): Light brown  

 

solid; 124.80 mg, 81% yield; Rf  0.3 (40% ethyl acetate in hexane); mp 

184-187 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.08 (d, J = 1.36 Hz, 

1H, ArH), 8.82 (dd, 2J = 8.72 Hz, 3J = 1.36 Hz, 1H, ArH), 8.40 (s, 1H, 

ArH), 8.01 (s, 1H, ArH), 7.98 (d, J = 8.72 Hz, 1H, ArH), 7.86 (s, 1H, 

ArH), 7.83 (s, 1H, ArH), 7.74 (s, 1H, ArH), 7.41-7.28 (m, 7H, ArH),  

7.25 (d, J = 7.80 Hz, 1H, ArH), 5.48 (s, 2H, benzyl-CH2), 2.47 (s, 3H, CH3); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 148.7, 145.5, 144.5, 138.8, 138.4, 136.5, 135.3, 135.0, 134.0, 131.3, 129.4, 

129.0, 128.7, 128.2, 127.5, 126.8, 124.0, 123.2, 119.9, 114.2, 113.5, 112.3 (ArC), 48.9 (benzyl-

CH2), 21.6 (CH3); MS (ESI): m/z 416.5 (M++1); Anal Calcd for: C27H21N5: C, 78.05; H, 5.09; 

N, 16.86; found C, 77.95; H, 5.02; N, 17.04. 

4-(8-(1-Benzyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazin-6-yl)benzaldehyde (48): 

 

Light brown solid; 125.83 mg, 79% yield; Rf  0.3 (40% ethyl acetate 

in hexane); mp 182-185 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

10.09 (s, 1H, CHO), 9.11 (s, 1H, ArH), 8.83 (d, J = 8.72 Hz, 1H, 

ArH), 8.53 (s, 1H, ArH), 8.23 (d, J = 8.24 Hz, 2H, ArH), 8.04-7.97  

(m, 4H, ArH), 7.87 (s, 1H, ArH), 7.79 (s, 1H, ArH), 7.38-7.30 (m, 5H, ArH), 5.50 (s, 2H, benzyl-

CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 191.8 (CO), 149, 145.7, 144.7, 142.3, 138.8, 137.1, 

136.0, 135.4, 135.3, 134.0, 130.9, 130.2, 129.0, 128.3, 127.5, 126.5, 123.9, 120.0, 114.8, 114.6, 
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112.5 (ArC), 49.0 (benzyl-CH2); MS (ESI): m/z 430.6 (M++1); Anal Calcd for C27H19N5O: C, 

75.51; H, 4.46; N, 16.31; found C, 75.58; H, 4.50; N, 16.30. 

8-(1-Benzyl-1H-benzo[d]imidazol-6-yl)-6-(naphthalen-1-yl)imidazo[1,2-a]pyrazine (49):  

 

Light brown solid; 137.30 mg, 82% yield; Rf  0.3 (40% ethyl acetate in 

hexane); mp 183-186 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.05 

(d, J = 1.36 Hz, 1H, ArH), 8.82 (dd, 2J = 8.72 Hz, 3J = 1.84 Hz, 1H, 

ArH), 8.26 (s, 1H, ArH), 8.23 (d, J = 8.24 Hz, 1H, ArH), 7.98-7.90 (m, 

6H, ArH), 7.78 (s, 1H, ArH), 7.67 (d, J = 6.88 Hz, 1H, ArH), 7.58- 

7.54 (m, 2H, ArH), 7.52-7.45 (m, 2H, ArH), 7.31-7.27 (m, 2H, ArH), 7.25-7.23 (m, 1H, ArH), 

5.43 (s, 2H, benzyl-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 148.7, 145.5, 144.5, 140.1, 

138.5, 135.3, 135.1, 135.0, 134.0, 133.9, 131.7, 131.2, 129.2, 128.9, 128.4, 128.2, 127.6, 127.5, 

126.4, 126.0, 125.7, 125.2, 124.1, 120.0, 117.1, 114.1, 112.2 (ArC), 48.8 (benzyl-CH2); MS 

(ESI): m/z 452.5 (M++1); Anal Calcd for C30H21N5: C, 79.80; H, 4.69; N, 15.51; found C, 79.65; 

H, 4.55; N, 15.76. 

4-bromo-N1-cyclohexylbenzene-1,2-diamine (50a): 4-Bromo-N-cyclohexyl-2-nitroaniline (3) (1 

g, 3.34 mmol) and sodium dithionite (2.9 g, 16.72 mmol) were charged in THF:water (3:2) 

mixture. Ammonia solution (3 ml) was added to the reaction mixture at room temperature and 

further stirred for 1h. The reaction mixture was extracted with ethyl acetate. Ethyl acetate was 

dried over Na2SO4. Crude brown product was directly used for further reaction without 

purification. 

5-Bromo-N1-cyclohexylbenzene-1,2-diamine (50b): Similar synthesis route has been adopted  

using 5-bromo-N-cyclohexyl-2-nitroaniline (26a). 

5-Bromo-1-cyclohexyl-1H-benzo[d]imidazole (51a): 4-Bromo-N1-cyclohexylbenzene-1,2-

diamine (50a) (1 g, 3.71 mmol) was stirred with triethylorthoformate (0.550 g, 3.71 mmol) in 

acetic acid at room temperature for 10 min. Reaction mixture was quenched in water and further 

treated with NaHCO3 to basify the reaction and extracted using chloroform. Sodium sulphate was 

used to dry the chloroform layer. Column chromatography was performed to purify the crude 

product with the help of hexane and ethyl acetate (3:7) as eluent. 

6-Bromo-1-cyclohexyl-1H-benzo[d]imidazole (51b): Similar synthesis route has been adopted 

using 5-bromo-N1-cyclohexylbenzene-1,2-diamine (50b). 
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1-Cyclohexyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-benzo[d]imidazole (52a): 

5-Bromo-1-cyclohexyl-1H-benzo[d]imidazole (51a) (2 gm, 7.16 mmol), bis(pinacolato)diboron 

(2.19 gm, 8.60 mmol), potassium acetate (1.05 gm, 10.75 mmol) and 

palladium(II)bis(triphenylphosphine) dichloride (5.0 mol%) were added in 1,4-dioxane (20 mL). 

The reaction mixture was refluxed for the period of 12 h until aryl halide got completely consumed 

as determined by thin layer chromatography. Solvent of reaction was evaporated under reduced 

pressure followed by addition of 100 ml water to the reaction mixture. The crude product was 

extracted using chloroform (3 × 50 mL). Extract was dried over anhydrous Na2SO4, filtered to 

obtain the crude product. Crude material was purified via column chromatography using ethyl 

acetate and hexane as solvent system to obtain desired reddish yellow product. 

1-Cyclohexyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-benzo[d]imidazole (52b): 

Similar synthesis route has been adopted using 6-bromo-1-cyclohexyl-1H-benzo[d]imidazole 

(51b). 

6,8-(Bisbenzimidazole)imidazo[1,2-a]pyrazine (53-57): 1-Cyclohexyl-5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-1H-benzo[d]imidazole (52a) or 1-cyclohexyl-6-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)-1H-benzo[d]imidazole (52b) (1.0 eq), 8/30a/30b (1.0 eq., 150 mg), 

K2CO3 (1.0 eq.) and Pd(PPh3)4 (5 mol%) were taken in a  mixture of acetonitrile : water (9:1). 

Reaction mixture was refluxed for 12-15 h under nitrogen until the completion of the reaction 

(checked by TLC). Solvents were evaporated under reduced pressure. Water (50 ml) was added to 

the mixture and extracted with chloroform.  Chloroform layer was dried over sodium sulphate to 

get the crude product. Crude was further purified by column chromatography using hexane:ethyl 

acetate as eluents. 

6,8-Bis(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-a]pyrazine (53): Light brown  

 

solid; 146.30 mg, 75% yield; Rf  0.5 (80% ethyl acetate in 

hexane); mp 205-209 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

8.44 (s, 1H, ArH), 8.24 (d, J = 1.36 Hz, 1H, ArH), 8.05 (s, 2H, 

ArH), 8.03 (s, 1H, ArH), 7.94 (dd, 2J = 8.72 Hz, 3J = 1.40 Hz, 

1H , ArH), 7.82 (s, 2H, ArH), 7.61 (dd, 2J = 8.24 Hz, 3J = 1.36  

Hz, 1H, ArH), 7.52 (d, J = 3.68 Hz, 1H, ArH), 7.50 (d, J = 3.20 Hz, 1H, ArH), 4.26-4.18 (m, 

2H, 2 x cyclohex-CH), 2.26 (d, J = 12.80 Hz, 4H, 2 x cyclohex-CH2), 2.01 (d, J = 13.28 Hz, 4H, 

2 x cyclohex-CH2), 1.87-1.76 (m, 4H, 2 x cyclohex-CH2), 1.57-1.47 (m, 4H, 2 x cyclohex-CH2), 
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1.39-1.25 (m, 4H, 2 x cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 144.2, 144.0, 

142.5, 141.4, 140.8, 139.4, 137.1, 136.3, 135.8, 134.0, 132.4, 129.3, 122.7, 121.5, 118.8, 117.7, 

115.9, 114.1, 110.5, 110.2 (ArC), 55.6 (CH), 55.5 (CH), 33.2 (CH2), 25.6 (CH2), 25.5 (CH2), 

25.3 (CH2), 25.2 (CH2); MS (ESI): m/z 516.6 (M++1); Anal Calcd for C32H33N7: C, 74.54; H, 

6.45; N, 19.01; found C, 74.92; H, 6.25; N, 19.11. 

8-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-6-(1-cyclohexyl-1H-benzo[d]imidazol-6-

yl)imidazo[1,2-a]pyrazine (54): Light brown solid; 158.0 mg, 81% yield; Rf  0.3 (80% ethyl  

 

acetate in hexane); mp 203-206 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 9.27 (d, J = 1.36 Hz, 1H, ArH), 8.89 (dd, 2J = 8.72 Hz, 3J 

= 1.36 Hz, 1H, ArH), 8.49 (s, 1H, ArH), 8.25 (s, 1H, ArH), 8.10 

(d, J = 7.80 Hz, 2H, ArH), 7.90-7.84 (m, 3H, ArH), 7.80 (d, J = 

0.92 Hz, 1H, ArH), 7.61 (d, J = 8.72 Hz, 1H, ArH),  4.40-4.33 (m,  

1H, cyclohex-CH), 4.31-4.23 (m, 1H, cyclohex-CH), 2.29 (d, J = 13.28 Hz, 4H, 2 x cyclohex-

CH2), 2.02-1.97 (m, 4H, 2 x cyclohex-CH2), 1.89-1.77 (m, 4H, 2 x cyclohex-CH2), 1.65-1.49 

(m, 4H, 2 x cyclohex-CH2), 1.41-1.25 (m, 4H, 2 x cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): 

δ (ppm) 149.4, 144.0, 143.8, 141.4, 141.2, 139.4, 138.8, 135.1, 134.0, 131.7, 130.6, 124.7, 122.3, 

120.4, 120.3, 114.2, 113.5, 109.6, 108.4 (ArC), 55.5 (CH), 55.0 (CH), 33.5 (CH2), 33.2 (CH2), 

25.6 (CH2), 25.5 (CH2), 25.3 (CH2); MS (ESI): m/z 516.6 (M++1); Anal Calcd for C32H33N7: C, 

74.54; H, 6.45; N, 19.01; found C, 74.48; H, 6.39; N, 19.26. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl) 

imidazo[1,2-a]pyrazine (55): Light brown solid; 146.30 mg, 75% yield; Rf  0.5 (80% ethyl acetate 

 

in hexane); mp 204-207 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.19 

(s, 1H, ArH), 8.82 (dd, 2J = 8.72 Hz, 3J = 1.36 Hz, 1H, ArH), 8.49 (s, 

1H, ArH), 8.47 (d, J = 0.92 Hz, 1H, ArH), 8.13-8.08 (m, 3H, ArH), 

7.97 (d, J = 8.28 Hz, 1H, ArH), 7.88 (d, J = 1.36 Hz, 1H, ArH), 7.81 

(d, J = 0.92 Hz, 1H, ArH), 7.58 (d, J =8.24 Hz, 1H, ArH), 4.47-4.35 

(m, 1H, cyclohex-CH), 4.30-4.22 (m, 1H, cyclohex-CH),  2.33 (t, J = 9.00 Hz, 4H, 2 x cyclohex-

CH2), 2.02-1.99 (m, 4H, 2 x cyclohex-CH2), 1.91-1.79 (m, 4H, 2 x cyclohex-CH2), 1.65-1.50 

(m, 4H, 2 x cyclohex-CH2), 1.41-1.25 (m, 4H, 2 x cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): 

δ (ppm) 148.9, 145.3, 142.0, 141.3, 139.5, 138.9, 135.0, 133.8, 133.4, 131.3, 130.8, 123.8, 121.6, 

119.8, 118.0, 114.2, 113.2, 112.4, 110.4, 108.6 (ArC), 55.6 (CH), 55.2 (CH), 33.5 (CH2), 33.3 
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(CH2), 25.7 (CH2), 25.6 (CH2), 25.4 (CH2), 25.3 (CH2); MS (ESI): m/z 516.6 (M++1); Anal 

Calcd for C32H33N7: C, 74.54; H, 6.45; N, 19.01; found C, 74.39; H, 6.38; N, 18.71. 

6,8-Bis(1-yclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-a]pyrazine (56): Light brown  

 

solid; 152.15 mg, 78% yield; Rf  0.5 (40% ethyl acetate in hexane); mp 

225-228 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 9.19 (d, J = 0.92 

Hz, 1H, ArH), 8.77 (dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, ArH), 8.50 (s, 

1H, ArH), 8.26 (s, 1H, ArH), 8.13 (s, 1H, ArH), 8.09 (s, 1H, ArH), 

7.99 (d, J = 8.72 Hz, 1H, ArH), 7.92-7.86 (m, 3H, ArH), 7.82 (d, J =  

0.92 Hz, 1H, ArH), 4.46-4.30 (m, 2H, 2 x cyclohex-CH), 2.32 (d, J = 12.36 Hz, 4H, 2 x 

cyclohex-CH2), 2.02 (d, J = 12.36 Hz, 4H, 2 x cyclohex-CH2), 1.91-1.82 (m, 4H, 2 x cyclohex-

CH2), 1.63-1.52 (m, 4H, 2 x cyclohex-CH2), 1.44-1.25 (m, 4H, 2 x cyclohex-CH2); 
13C NMR 

(CDCl3, 100 MHz): δ (ppm) 149.1, 145.3, 144.1, 141.9, 141.4, 139.4, 138.8, 135.1, 134.0, 133.4, 

131.7, 130.8, 127.5, 123.7, 120.4, 119.9, 114.2, 113.6, 112.6, 108.6 (ArC), 55.4 (CH), 55.3 

(CH), 33.4 (CH2), 25.7 (CH2), 25.6 (CH2), 25.4 (CH2), 25.3 (CH2); MS (ESI): m/z 516.6 (M++1); 

Anal Calcd for C32H33N7: C, 74.54; H, 6.45; N, 19.01; found C, 74.65; H, 6.71; N, 19.32. 

 8-(1-Benzyl-1H-benzo[d]imidazol-6-yl)-6-(1-cyclohexyl-1H-benzo[d]imidazol-5-

yl)imidazo[1,2-a]pyrazine (57): Light green solid; 157.28 mg, 81% yield; Rf  0.5 (90% ethyl  

 

acetate in hexane); mp 131-134 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 9.13 (d, J = 0.92 Hz, 1H, ArH), 8.87 (dd, 2J = 8.72 Hz, 3J 

= 1.36 Hz, 1H, ArH), 8.45 (s, 2H, ArH), 8.07 (s, 1H, ArH), 8.06 

(dd, 2J = 8.68 Hz, 3J = 1.84 Hz, 1H, ArH), 8.00 (s, 1H, ArH), 7.99 

(d, J = 8.72 Hz, 1H, ArH), 7.83 (d, J = 0.92 Hz, 1H, ArH), 7.77 (s,  

1H, ArH), 7.55 (d, J = 8.24 Hz, 1H, ArH),  7.35-7.30 (m, 5H, ArH), 5.50 (s, 2H, benzyl-CH2), 

4.27-4.20 (m, 1H, cyclohex-CH), 2.28 (d, J = 11.00 Hz, 2H, cyclohex-CH2), 2.02 (d, J = 13.76 

Hz, 2H, cyclohex-CH2), 1.88-1.78 (m, 3H, cyclohex-CH2), 1.59-1.48 (m, 2H, cyclohex-CH2), 

1.40-1.32 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 148.5, 145.4, 144.4, 

144.1, 141.3, 139.3, 138.7, 135.3, 134.9, 134.0, 133.7, 131.4, 131.1, 129.0, 128.2, 127.6, 124.0, 

121.4, 119.9, 117.9, 114.1, 113.2, 112.2, 110.4 (ArC), 55.6 (CH), 48.9 (benzyl-CH2), 33.2 

(CH2), 25.6 (CH2), 25.3 (CH2); MS (ESI): m/z 524.6 (M++1); Anal Calcd for C33H29N7: C, 

75.69; H, 5.58; N, 18.72; found C, 75.63; H, 5.63; N, 18.75. 
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CHAPTER 3  
HYBRIDS OF BENZIMIDAZOLE AND NAPHTHALIMIDE 

 

3.1 Introduction 

DNA-damaging agent constitutes a cornerstone of cancer therapy and contributes to the 

subsistence of cancer patients in binding with drugs having different mode of interaction. 

However, severe toxicity and drug resistance in clinic is the Achilles’ heel of DNA-damaging 

agents.91,92 Thus, by targeting DNA-associated processes, enhanced selectivity for cancer cells can 

be acquired. Naphthalimides are highly versatile functionalized moiety, and continuously 

receiving attention to bind with DNA,13 and establishing pronounced therapeutic importance in 

pharmaceutical and medicinal chemistry.14,15 Some of the naphthalimides such as mitonafide, 

amonafide, and aristolochic acid showed effective antitumor activity towards the growth of various 

murine and human cancer cell lines. These naphthalimides exerted their anticancer function by 

interacting with DNA and inhibiting directly the function of replication and transcription, and/or 

topoisomerase (TOPO-II) to stabilize the supramolecular TOPO-II and DNA complex.16 On 

account of limited efficacy and central neurotoxicity in solid tumors, the clinical developments of 

these compounds were regrettably terminated.93,94 To increase the efficiency and toxicological 

profile, significant efforts have been attempted for the development of more potent 

naphthalimides.95-98 and most of these efforts were concentrated on binding affinity with DNA.99 

On the other hand, benzimidazole is an important structural motif for bioactivity and widely 

present in broad range of therapeutic drugs100 having an electron-accepting group (C=N) and an 

electron-donating group (NH), that could rapidly interact with DNA and other useful 

biomacromolecules.101 The biological potential of benzimidazoles against cancer cells has been 

reported with different mechanism of action. The success of these drugs and many other clinical 

trial derivatives102 has provoked wide range of studies to construct more benzimidazole based 

bioactive molecules in the field of cancer. In view of these investigations, in this chapter, we have 

introduced benzimidazole fragment at C-4 position of naphthalimide ring to develop novel 

naphthalimide-benzimidazole conjugates (Figure 1). The antitumor screenings with 60 human 

cancer cell lines were executed to naphthalimide-benzimidazoles. Additionally, to study the effect 

of naphthalimide, the mode of action for anticancer activity was also evaluated through interaction 

with ct-DNA using different spectroscopic techniques. Cell cycle arrest was also checked to 
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investigate the effect of benzimidazole using flow cytometer. The transportation behaviour of 

bovine serum albumin (BSA) to most active derivatives has also been done using UV-visible and 

fluorescence spectroscopy.  

 

Figure 1. Design of novel naphthalimide-benzimidazole conjugates  

3.2 Chemistry  

Naphthalimide-benzimidazoles 11-26 have been synthesized via multistep reactions starting with 

commercial available 1,4- and 1,3-dibromobenzene according to Scheme 1. Nitration of 1,4- and 

1,3-dibromobenzene 1a-b with nitric acid and sulphuric acid in the ratio of 4:1, yielded 1,4-

dibromo-2-nitro-benzene 2a and 2,4-dibromo-1-nitro-benzene 2b in 90% and 95% yields, both of 

which were subjected to regioselective nucleophilic substitution with cyclohexylamine to afford 

3a-b. Boronation of 3a-b with bis(pinacolato)diboran in the presence of Pd(PPh3)2Cl2 and KOAc, 

afforded 4a-b. Suzuki-Miyaura cross-coupling of 4a-b was carried out with 6-bromo-1H,3H-

benzo[de]isochromene-1,3-dione 5 (obtained from bromination of acenaphthene followed by 

oxidation with potassium dichromate in glacial acetic acid) to obtain 6a-b. Compound 6a-b was 

further reduced with sodium dithionite in the presence of ammonia to afford mixture of 7a-b and 

8a-b which were subsequently cyclized with triethylorthoformate in acetic acid at room 

temperature to afford the requisite 9a-b and 10a-b, respectively. The yields of both the 

intermediates were depended upon the amount of ammonia used in reduction. On refluxing of 9a-

b with alkyl and aryl amines in ethanol, compounds 11-26 were achieved in the yields of 71-86%. 

These novel synthesized compounds were well characterized by NMR and mass spectrometry. 
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Scheme 1. Synthesis of 6-(1-cyclohexyl-1H-benzo[d]imidazol-5/6-yl)-2-substituted-1H-

benzo[de]isoquinoline-1,3(2H)-dione  

 

Reagents and conditions: (a) HNO3, H2SO4, DCM, 0 °C, 30 min., 90-95%; (b) Cyclohexyl amine, K2CO3, DMF, 100 

°C, 18 h, 70-75%; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, dioxane, reflux, 10 h, 78-82%; (d) Pd(PPh3)4, 

K2CO3, CH3CN : water (9:1), N2, reflux, 10-12 h, 70-73%; (e) Na2S2O4, aq. NH3, THF : water, 1 h, rt; (f) 

Triethylorthoformate, AcOH, 30 min., rt; (g) RNH2, ethanol, reflux, 12-15 h, 71-86% 

3.3 Biology  

3.3.1 Cytotoxicity 

We are now interested to find out the effect of alkyl/aryl groups on naphthalimides towards the 

cytotoxicity. National Cancer Institute (NCI)71 has selected eighteen naphthalimide-

benzimidazoles (9a-b, 10b, 11-23, 25 and 26) for one-dose screening in the panel of 60 human 

cancer cell lines (Tables 1-2). The results indicated that many of these naphthalimides exhibited 

equal or better cytotoxicity than amonafide or mitonafide (drugs used in clinical trials). A 

comparison of two isomers of benzimidazole with naphthalimide revealed that derivatives 
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substituted with aromatic rings were less active than the aliphatic groups. In fact, amongst these 

eighteen naphthalimide-benzimidazoles, five showed cytotoxic effect in a broad range of cell lines 

at 10-5 M level and two of them showed cytotoxicity with cytostatic and cytotoxic effects against 

all 58 tested cell lines (Table 3).  

Table 1. Percent growth inhibition of compounds 9a-b, 10b and 11-16 at 10-5 M concentration 

Cell Panel Cell Line 9a 9b 10b 11 12 13 14 15 16 

Leukemia CCRF-CEM 13.46 0.74 27.58 67.01 30.87 -- 63.33 88.63 20.98 
HL-60(TB) 20.74 5.71 27.38 74.51 14.08 0.33 33.55 -15.20 -- 
K-562 24.85 17.17 43.49 73.82 NT 14.04 NT -14.20 NT 
MOLT-4 11.56 8.40 65.32 94.60 27.66 5.30 82.74 -9.62 28.12 
RPMI-8226 24.63 9.04 42.76 70.46 48.67 -- 73.24 -32.97 33.73 
SR 22.34 20.64 56.83 60.25 15.27 8.94 61.09 -13.96 15.28 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC -- -- 38.72 41.74 2.94 9.19 53.16 81.16 4.44 
EXVX 2.02 2.93 14.96 47.08 21.36 0.22 33.42 84.37 23.65 
HOP-62 -- 4.65 30.45 32.86 10.23 14.77 46.10 91.28 18.08 
HOP-92 15.76 8.35 NT 67.59 63.12 5.42 75.13 -7.68 48.94 
NCI-H226 -- -- 19.55 55.15 6.56 -- 28.42 -29.93 23.01 
NCI-H23 5.81 11.12 12.04 49.48 8.94 4.03 45.36 79.81 21.39 
NCI-H322M 2.37 12.29 8.91 6.15 -- -- 36.99 56.83 8.19 
NCI-H460 13.35 -- 39.55 41.76 1.02 -- 79.49 -30.87 5.90 
NCI-H522 -- 20.09 51.23 48.04 15.71 30.43 43.63 78.66 26.26 

Colon 

Cancer 

COLO 205 -- -- 27.32 52.98 -- 5.97 50.74 -20.39 -- 
HCC-2998 12.39 3.46 9.15 24.83 6.52 -- 29.51 63.35 6.80 
HCT-116 6.03 5.54 25.47 68.04 23.21 8.30 75.47 -66.14 19.98 
HCT-15 -- -- 15.42 55.05 11.33 -- 64.12 91.39 1.55 
HT29 11.02 1.93 30.65 76.57 18.58 15.90 68.61 99.26 16.43 
KM12 2.53 3.75 19.23 50.64 12.87 7.86 38.54 75.70 13.32 
SW-620 -- -- 25.85 13.74 -- -- 65.74 88.83 -- 

CNS 

Cancer 

SF-268 7.89 0.48 16.42 27.64 9.39 -- 42.96 60.14 6.06 
SF-295 -- 0.39 12.41 55.45 11.32 3.27 50.25 -41.68 18.07 
SF-539 0.31 -- -- 28.57 1.95 -- 33.84 -76.24 0.98 
SNB-19 -- -- 11.93 23.87 4.39 -- 48.12 67.38 1.88 
SNB-75 11.09 12.43 9.95 49.76 14.48 7.72 33.11 95.59 13.35 
U251 -- -- 25.94 47.98 8.97 1.68 51.30 85.35 6.83 

Melanoma LOX IMVI 3.26 9.55 22.08 49.71 6.91 -- 52.55 -81.64 12.63 
MALME-3M 6.75 5.34 -- 44.04 1.20 4.63 23.30 -74.50 -- 
M14 -- 6.74 -- 49.98 3.94 7.88 25.18 -62.81 -- 
MDA-MB-

435 -- -- -- 60.60 -- -- 28.79 83.04 -- 
SK-MEL-2 -- -- 5.34 NT 6.16 NT 11.94 NT 10.51 
SK-MEL-28 -- -- -- 23.26 -- -- 27.18 -38.21 -- 
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SK-MEL-5 -- -- 19.41 -27.80 36.14 -- 41.73 -96.57 37.98 
UACC-257 -- -- 38.09 55.43 -- -- -- -14.97 5.54 
UACC-62 11.21 7.70 29.90 56.02 30.72 7.19 40.38 77.99 25.56 

Ovarian 

Cancer 

IGROV1 10.75 11.58 14.21 32.91 8.28 -- 49.80 71.62 3.80 
OVCAR-3 -- -- 1.67 37.57 3.33 -- 27.84 55.22 11.09 
OVCAR-4 1.33 -- 7.55 67.68 28.49 2.36 45.32 67.05 14.04 
OVCAR-5 4.90 -- -- 24.67 -- 1.74 38.57 63.60 -- 
OVCAR-8 0.40 -- 38.43 50.50 10.35 10.08 54.20 74.08 16.77 
NCI/ADR-

RES -- 0.57 16.94 60.37 10.84 7.54 58.13 78.15 10.94 
SK-OV-3 -- -- 4.00 25.59 -- 7.69 11.90 78.81 -- 

Renal 

Cancer 

786-0 0.33 -- 12.94 41.20 5.74 -- 69.97 -46.10 4.59 
A498 -- -- 22.15 23.10 -- -- 41.38 -11.58 -- 
ACHN -- 1.50 5.29 44.66 9.66 -- 72.71 89.96 5.27 
CAKI-1 NT NT 36.73 47.85 29.41 6.27 45.99 80.28 22.49 
RXF 393 -- -- 5.26 -- -- -- 34.74 -11.35 -- 
SN12C -- -- 18.07 38.55 10.17 -- 59.49 76.17 6.24 
TK-10 -- -- 6.54 30.14 -- -- 22.67 67.89 -- 
UO-31 21.04 25.37 43.11 65.55 37.72 17.88 69.74 -23.74 37.88 

Prostate 

Cancer 

PC-3 17.63 17.42 42.77 77.16 34.66 5.66 58.13 94.79 14.97 
DU-145 -- -- 10.35 27.43 6.17 -- 42.37 71.56 -- 

Breast 

Cancer 

MCF7 8.89 6.45 25.45 62.37 23.38 3.29 53.51 -7.00 2.17 
MDA-MB-

231/ATCC 2.53 -- 24.16 42.94 22.90 -- 31.86 88.24 28.85 
HS 578T -- -- 12.96 NT 2.02 NT 21.36 NT 5.27 
BT-549 -- -- 21.34 83.04 12.45 0.56 19.89 95.43 4.82 
T-47D 17.72 18.92 28.65 88.83 33.06 18.13 46.25 -9.17 32.03 
MDA-MB-

468 -- -- 14.16 65.41 3.90 -- 33.30 -6.34 21.10 
-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition; lethal to cancer cells 

Table 2. Percent growth inhibition of compounds 17-23 and 25-26 at 10-5 M concentration 

Cell Panel Cell Line 17 18 19 20 21 22 23 25 26 

Leukemia CCRF-CEM 4.95 0.16 7.54 14.97 17.00 25.61 84.59 39.35 20.26 
HL-60(TB) 2.08 2.72 -- 3.82 24.00 16.39 85.19 53.60 70.50 
K-562 NT NT NT NT NT 26.95 93.24 56.10 46.18 
MOLT-4 10.81 8.05 7.97 25.94 18.93 30.74 -18.71 88.92 48.79 
RPMI-8226 3.37 16.33 26.70 32.02 24.37 38.69 92.49 59.15 45.09 
SR 0.35 -- -- 20.80 19.01 28.69 96.41 54.67 20.35 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC 0.79 -- 0.79 3.03 -- 12.18 96.66 60.79 40.00 
EXVX 12.28 3.35 25.74 29.75 23.59 20.80 70.20 29.70 34.19 
HOP-62 13.18 8.80 18.24 12.10 18.05 2.81 76.57 37.54 29.29 
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HOP-92 11.28 28.53 33.20 47.45 23.98 49.90 NT NT NT 
NCI-H226 10.57 -- 11.23 19.94 15.86 35.19 74.94 16.59 9.16 
NCI-H23 4.89 -- 15.72 18.36 13.65 32.79 69.52 22.11 15.06 
NCI-H322M 10.07 0.05 0.04 -- 8.31 26.40 74.71 11.88 9.47 
NCI-H460 -- -- 2.54 4.16 5.19 19.27 98.60 59.47 11.87 
NCI-H522 16.09 20.04 16.67 11.80 21.82 30.99 95.35 35.20 48.90 

Colon 

Cancer 

COLO 205 -- -- -- 6.10 10.20 13.91 91.31 33.74 13.58 
HCC-2998 -- 2.74 5.93 9.09 7.02 6.60 60.24 10.99 2.02 
HCT-116 8.12 20.52 25.22 29.74 15.57 28.27 91.40 50.80 28.27 
HCT-15 -- 5.32 7.48 22.38 40.46 24.24 87.51 32.20 21.70 
HT29 2.49 16.40 21.18 29.13 16.01 40.51 92.55 39.29 26.71 
KM12 6.65 -- 8.80 16.84 16.22 24.64 75.15 29.92 19.54 
SW-620 2.01 -- -- -- -- 14.38 78.58 39.61 12.41 

CNS 

Cancer 

SF-268 6.67 5.51 0.97 7.67 5.91 10.90 64.20 32.93 14.82 
SF-295 -- -- 9.46 5.39 9.55 28.87 76.86 15.42 10.26 
SF-539 -- 5.38 -- 13.73 4.28 10.32 68.11 17.63 2.35 
SNB-19 -- 0.62 -- 6.20 5.35 8.67 76.65 30.38 11.24 
SNB-75 15.74 12.54 20.27 23.56 24.80 40.66 59.87 32.80 23.21 
U251 -- -- 11.97 17.60 23.07 11.26 87.37 33.09 30.89 

Melanoma LOX IMVI 7.66 0.57 5.17 11.88 15.16 17.80 86.23 26.02 10.30 
MALME-3M 1.08 -- 5.46 13.45 7.00 20.24 69.23 5.57 -- 
M14 -- 8.52 6.35 0.14 6.15 19.80 69.77 11.67 7.08 
MDA-MB-435 -- -- -- -- -- 1.57 60.14 14.93 8.51 
SK-MEL-2 8.37 4.67 4.33 -- 18.61 NT NT -- 23.47 
SK-MEL-28 -- -- -- -- 3.36 6.11 52.80 1.91 6.80 
SK-MEL-5 3.30 10.70 14.08 27.26 25.42 44.59 78.60 43.79 22.19 
UACC-257 -- -- -- 0.03 -- 17.42 76.93 49.57 43.09 
UACC-62 10.55 8.33 22.08 20.64 26.99 39.73 75.39 39.94 42.30 

Ovarian 

Cancer 

IGROV1 9.35 -- 4.77 -- 7.70 45.49 79.57 21.19 8.52 
OVCAR-3 -- -- 6.44 13.25 10.25 20.70 62.40 15.26 16.18 
OVCAR-4 -- 9.68 22.68 27.73 20.93 46.72 69.18 33.78 24.16 
OVCAR-5 -- -- -- 1.84 -- 29.11 64.20 10.42 5.45 
OVCAR-8 5.02 0.25 7.74 8.27 2.04 14.56 85.33 43.00 26.69 
NCI/ADR-

RES 0.96 -- 3.58 8.26 8.69 14.23 79.91 32.51 12.43 
SK-OV-3 -- -- -- -- 5.01 -- 76.95 17.48 11.79 

Renal 

Cancer 

786-0 0.23 4.92 7.31 12.09 7.03 4.72 80.95 26.75 8.67 
A498 -- 0.98 -- -- -- -- 95.31 36.51 9.45 
ACHN 0.04 1.52 12.26 3.26 15.33 24.82 86.22 48.22 11.18 
CAKI-1 22.50 8.36 32.50 20.67 27.23 28.99 74.97 46.36 38.54 
RXF 393 -- -- -- 0.92 -- -- 73.74 19.02 0.83 
SN12C 3.47 3.11 5.55 11.12 16.29 24.28 80.73 36.84 18.41 
TK-10 -- -- -- 4.81 0.38 0.34 73.27 19.03 4.27 
UO-31 35.03 25.88 37.47 48.32 43.79 48.52 97.58 62.22 40.14 
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Prostate 

Cancer 

PC-3 9.46 3.52 25.57 30.73 28.79 41.58 77.91 50.70 47.92 
DU-145 -- -- 1.05 2.42 -- 7.85 73.01 10.96 2.12 

Breast 

Cancer 

MCF7 1.69 10.51 3.49 24.10 31.03 60.66 87.91 23.87 22.20 
MDA-MB-

231/ATCC 14.52 9.39 7.73 21.89 26.04 44.24 66.43 27.06 36.94 
HS 578T 8.01 -- 5.70 6.06 7.08 NT 59.18 15.26 13.41 
BT-549 -- 15.15 12.58 13.81 4.18 24.15 43.49 22.61 11.11 
T-47D 18.55 11.03 33.98 36.81 27.38 62.90 72.21 41.44 35.45 
MDA-MB-468 7.66 -- 12.11 10.22 7.98 55.14 95.67 15.89 8.68 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition; lethal to cancer cells 

Table 3. Overview of the preliminary cytotoxic assay at single dose concentration of 10-5 M 

Compd Mean 

growth 

percent 

aRange of 

growth 

inhibition 

The most sensitive 

cell lines 

bPositive 

cytostatic 

effect 

cPositive 

cytotoxic 

effect 

No. of 

sensitive 

cell lines 

11 49.68 -27.80 to 94.60 SK-MEL-5 

(Melanoma) 

26/58 1/58 27/58 

14 46.00 50.25 to 83.74 MOLT-4 (Leukemia) 23/59 0/59 23/59 

15 78.83 -96.57 to 99.26 SK-MEL-5 

(Melanoma) 

33/58 25/58 58/58 

23 77.95 -18.71 to 98.60 MOLT-4 (Leukemia) 57/58 1/58 58/58 

25 32.52 50.70 to 88.92 MOLT-4 (Leukemia) 9/59 0/59 9/59 
aNegative (-) indicates the cell killed; bThe ratio between number of cell lines with percent growth from 0 to 50 and 

total number of cell lines; cThe ratio between number of cell lines with percent growth of <0 and total number of cell 

lines 

Compounds 15 and 23 fulfilled the selection criteria set by NCI for antiproliferative activity 

in this assay and thus, selected for further evaluation at the full panel of cancer cell lines at five 

dose concentrations (10-4–10-8 M). Three parameters for each cell lines viz. GI50, TGI and LC50 

have been reported for derivatives 15 and 23 towards cytotoxicity and average of mean graph 

midpoint (MG-MID) was determined for these parameters. In vitro evaluation of these compounds 

indicated that derivatives 15 and 23 exhibited cytotoxicity towards most of the human cell lines, 

showing MG-MID GI50 values of 1.43 and 1.83 µM, respectively (Table 4). Both the derivatives 

showed particular efficacy against colon and leukemia subpanels having GI50 values in the range 

of 0.42-1.03 µM. The most sensitive leukemia and colon cell lines are MOLT-4 (GI50 = 0.44-0.47 

µM) and HCT-116 (GI50 = 0.40-0.42 µM) for derivative 15, and SR (GI50 = 0.41-0.49 µM) and 
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HT-29 (GI50 = 0.54-0.93 µM) in case of compound 23, respectively. Moreover, derivative 15 

exhibited good selectivity towards HOP-92 (GI50 = 0.37 µM) of non-small cell lung cancer, UO-

31 (GI50 = 0.58 µM) of renal cancer and BT-549 (GI50 = 0.92 µM) of breast cancer while compound 

23 showed selectivity towards LOX IMVI (GI50 = 0.82 µM) of melanoma cancer and ACHN (GI50 

= 0.53 µM) of renal cancer. Thus, in 5-benzimidazole series, (diethylamino)ethyl (15) indicated 

the better cytotoxicity while in 6-benzimidazole series, (dimethylamino)ethyl (23) exhibited good 

activity. Overall, the naphthalimide substituted with 5-benzimidazole (15) led to more potency 

than the 6-benzimidazole analogue (23). These results were also compared with clinical trial drugs, 

amonafide (NSC: 308847), a naphthalimide derivative and marketed drug nocadozaole (NSC: 

238159), a benzimidazole analogue. It has been observed that compounds 15 and 23 are more 

active than amonafide but less potent than nocadozaole towards cancer cell lines.  

Table 4. GI50 (µM), TGI (µM) and LC50 (µM) of derivatives 15 and 23 in vitro tumor cell lines 

Compd Activiy 

(µM) 

I II III IV V VI VII VIII IX MG-

MIDa 

15 GI50 1.09 1.50 1.18 1.36 1.67 1.61 1.32 1.61 1.56 1.43 

TGI 4.94 3.39 3.07 2.89 3.15 4.14 3.39 3.93 3.97 3.65 

LC50 b 10.8 6.74 5.72 5.85 13.8 11.2 53.2 5.84 14.1 

23 GI50 1.21 1.63 1.29 2.02 1.98 1.92 1.39 2.38 2.68 1.83 

TGI 7.87 6.19 8.89 11.6 5.47 12.1 7.05 9.62 14.2 9.24 

LC50 b 44.6 58.5 55.3 35.6 67.2 29.5 53.1 66.4 51.3 

Amonafide GI50 2.09 3.35 2.93 4.15 3.43 4.24 2.76 2.57 3.96 3.32 

Nocodazole GI50 0.18
 

0.39 0.09 0.25 0.22 0.34 0.86 0.28 0.23 0.60 
Leukemia (I), non-small cell lung cancer (II), colon cancer (III), CNS cancer (IV), melanoma (V), ovarian cancer (VI), 

renal cancer (VII), prostate cancer (VIII), breast cancer (IX), a(MG_MID): The average sensitivity of all cell lines 

towards the test agent (µM), bCompounds showed values > 100 µM.  

3.3.2 DNA interaction studies 

The binding properties of DNA with compounds 15 and 23 as a model of naphthalimide-

benzimidazole conjugates have been studied with calf thymus (ct)-DNA using UV-visible and 

fluorescence spectroscopy as well as circular dichroism experiment.  
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3.3.2.1 UV-visible spectroscopic studies 

In order to provide evidence for the possibility of binding of naphthalimide-benzimidazoles to 

calf-thymus DNA, UV-visible titrations of solution of 15 and 23 with DNA were performed. The 

absorption spectra of compounds 15 and 23 exhibited absorption band at 370 nm in phosphate 

buffer (pH 7.4) at room temperature. The changes observed in the absorption spectra of compounds 

15 and 23 (20.0 µM) with incremental addition of ct-DNA (0-110 µM for 15; 0-85 µM for 23) 

showed hypochromism at 370 nm (29.92 % for 15 and 20% for 23), indicating the interaction of 

derivatives with double-helical ct-DNA (Figure 2a-b). The absorption intensity at 370 nm was 

decreased due to the fact that purine and pyrimidine bases of DNA are exposed because of binding 

of planar naphthalimide moiety with DNA. To access the stability of adduct formed between DNA 

and substrate, Benesi-Hildebrand equation73 has been used to calculate the intrinsic binding 

constant (Kb) for compounds 15 and 23 (Figure 2c) and were found to be 3.62 × 105 M-1 and 2.23 

× 105 M-1, respectively. The results indicated that compound 15 with (diethylamino)ethyl showed 

stronger interaction with ct-DNA than compound 23. 

  

  

Figure 2. Absorption spectra of compounds (a) 15, (b) 23, (c) Benesi-Hildebrand plot and (d) 

Thermal denaturation plots of ct-DNA in the absence and presence of compounds 15 and 23  



83 
 

3.3.2.2 Thermal denaturation studies  

Thermal behaviour of DNA in the presence of 15 and 23 might be given an insight into DNA 

conformation changes on rising the temperature, and thus offered information about the interaction 

strength of compounds with DNA. The thermal denaturation experiment was carried out for DNA 

in the absence of compounds that revealed melting temprature (Tm) value of 75.6 ± 0.2 ˚C under 

given experimental conditions, while the melting temperature of DNA in the presence of 

compounds 15 and 23 were successively increased to 89.8 ± 0.2 ˚C and 81.5 ± 0.3 ˚C, respectively 

(Figure 2d). The observed changes in UV-visible and Tm were consistent with antitumor activity, 

with potency improving from compound 23 to 15.  

3.3.2.3 Fluorescence studies 

Fluorescence emission of compounds 15 and 23 (5.0 µM) showed a band at around 530 nm, at the 

excitation of 370 nm. Quenching of fluorescent intensity of compounds 15 (56.16 % at 298 K, 

54.38 % at 308 K and 39.11 % at 318 K) and 23 (55.10 % at 298 K, 36.30 % at 308 K and 29.37 

% at 318 K) at three different temperatures has been observed while maximum emission 

wavelength was slightly blue shifted to 20 nm with increase in the concentration of ct-DNA 

(Figure 3). Quantitative estimation of quenching with DNA in terms of fluorescence quenching 

data was done by Stern-Volmer equation,75 where Ksv and Kq have been calculated at different 

temperatures (Table 5). It has been observed that Ksv and Kq were decreased on increasing the 

temperature, indicated that the mechanism of quenching might be a static process. Moreover, the 

Kq is much larger than diffusion controlled (1.0 × 1010 M-1 s-1),77 also suggested that interaction 

involved the stating quenching. To calculate the binding constant (Kb) and the average number of 

binding sites per DNA molecule (n) of compound-DNA interaction, fluorescence titrations were 

performed at different temperatures using modified Stern-Volmer equation.78 The values of Kb 

were observed to decrease with increasing temperature for compounds 15 and 23, indicating a 

reduction in the stability of DNA-compound adduct at higher temperatures. The values of n have 

been obtained for both the compounds from the slope, which were found to be close to one.  

       The non-covalent interactions between small molecule and ct-DNA are hydrogen bonding, 

electrostatic forces, hydrophobic interactions and van der Waals forces.79 To determine these 

binding forces, thermodynamic parameters such as entropy change (ΔS), enthalpy change (ΔH) 

and free energy change (ΔG) have been calculated using van't Hoff equation (Table 6). The 

observed negative values of ΔG for compounds revealed that the binding process is spontaneous  
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Figure 3. Emission spectra of compound 15 in the presence of ct-DNA at (a) 298 K, (b) 308 K 

and (c) 318 K; Emission spectra of compound 23 in the presence of ct-DNA at (d) 298 K, (e) 308 

K and (f) 318 K  

and favorable. The type of interaction between compound and DNA has been identified by 

evaluating the values of ΔH and ΔS and in the present study found to be -38.59 kcal M-1 and -

102.75 cal M-1 K-1 for compound 15, and -27.36 kcal M-1 and -67.40 cal M-1 K-1 for compound 23, 

respectively. The negative values of ΔH and ΔS for 15 and 23 indicated that the interaction with 
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DNA is mainly enthalpy driven by which hydrogen bonding and van der Waals contacts atributed 

towards the stability of complexes. 

Table 5. Quenching and binding parameters for the interaction of compounds 15 and 23 with ct-

DNA at three different temperatures 

Compd T (K) KSV (×104) (M-1) Kq (×1012) (M-1s-1) R2 Kb  (×105) (M-1) N R2 

15 298 4.72 4.72 0.9563 9.26 1.37 0.9856 

308 2.92 2.92 0.9597 0.49 1.06 0.9609 

318 1.72 1.72 0.9805 0.15 0.97 0.9686 

23 298 5.98 5.98 0.9479 2.83 1.18 0.9352 

308 2.26 2.26 0.9497 0.29 1.03 0.9770 

318 1.88 1.88 0.9894 0.15 0.98 0.9931 

R2 is the correlation coefficients 

Table 6. Thermodynamic parameters for the interaction of compounds 15 and 23 with ct-DNA at 

three different temperatures 

Compd T (K) ΔH (kcal M-1) ΔS (cal M-1 K-1) ΔG (kcal M-1) R2 

15 298 -38.59 

 

-102.75 

 

-7.97 0.9502 

308 -6.94 

318 -5.91 

23 298 -27.36 -67.40 -7.27 0.9178 

308 -6.60 

318 -5.92 

R2 is the correlation coefficients 

3.3.2.4 Competitive displacement assay 

To investigate the mode of binding of 15 and 23 to ct-DNA, a competitive binding experiment 

with ethidium bromide (EB) was performed. EB acts as one of the sensitive fluorescent probes 

having a planar structure that interacts with DNA by an intercalative mode.80 Ethidium bromide 

shows an emission maximum at 600 nm on excitation at 520 nm. Fluorescence spectra of fixed 

concentration of EB-DNA complex (3 µM : 30 µM) in the presence of increasing concentration of 

compounds (15: 0-150 µM; 23: 0-120 µM) in phosphate buffer (pH 7.4) were recorded (Figure 

4). On subsequent addition of compound, a decrease in fluorescence emission (15: 62.03% and 23: 

55.72%) at 600 nm of EB-DNA complex was observed, indicated that these compounds were 

effectively competing with EB for the occupation at the same binding sites on DNA through 

intercalation. 
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Figure 4. Emission spectra of EB-DNA complex in the absence and presence of the compounds 

(a) 15 and (b) 23 in phosphate buffer at pH 7.4 

3.3.2.5. Circular Dichroism (CD)  

In order to get insight into the variations of properties induced by small molecule binding, CD 

spectroscopy is helpful in analysing the changes in DNA structure during DNA-drug interactions. 

CD spectrum of DNA consists of a negative band at 247 nm because of helicity and a positive 

band at 277 nm due to base stacking, which are characteristics of DNA in the right handed B 

form.81 On the addition of compounds 15 and 23, the intensities of positive and negative bands of 

DNA increased significantly; this observation is a strong indicator of classical intercalation 

(Figure 5a). Moreover, these compounds did not yield any positive induced CD (ICD) band at the 

region of (λ) 350 and 400 nm, instead, a weak negative ICD band was observed, thus, excluding 

binding into the minor groove of ct-DNA.82,83 This data shows good agreement with increasing Tm 

and decreasing EB fluorescence intensity.  

3.3.3 Cell cycle analysis 

Numerous anticancer compounds exhibit their effect by blockade of cell cycle process at a 

particular phase.103 We hypothesized that naphthalimide-benzimidazole conjugates have the 

mechanism of action that they also arrest the process of mitosis due to the presence of 

benzimidazole moiety. To test this hypothesis, we performed the cell cycle distribution using flow 

cytometer with compounds 15 and 23 on MDA-MB-468 breast cancer cells. In our study, MDA-

MB-468 cells were treated with compounds 15 and 23 at 1 µM concentration for 24 h along with 

control (Figure 5b). The results indicated that compound 15 had no significant effect at cell cycle 

whereas compound 23 arrested the cell cycle at G2/M phase (Figure 5c-d, Table 7). In the vehicle 

150

0

120

0
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treated group, about 13.47% of MDA-MB-468 cells were distributed in G2/M phase. Only 

compound 23 increased the proportion of cells in G2/M phase. About 25.23% of cells were found 

in G2/M phase when treated with 1 µM of compound 23 for 24 h. 

 

 

  

Figure 5. (a) CD spectra of free ct-DNA (40 µM) (blue line), 15-DNA complex (red line) and 23-

DNA complex (green line) at ratio r[compound/ct-DNA] = 0.025 in Tris HCl buffer (pH 7.4); Flow 

cytometry analysis on cell cycle progression on MDA-MB-468 (breast cancer) cell line: (b) 

control, (c) compound 15 and (d) compound 23 

Table 7. Cell cycle distribution of MDA-MB-468 cell line treated with compounds 15 and 23. 

Compd Sub G1% G0/G1% S% G2/M% 

Control 1.88 51.98 32.67 13.47 

15 1.91 62.55 22.01 13.53 

23 1.88 44.05 28.84 25.23 

 

3.3.4 BSA binding studies  

Binding of a prospective drug to plasma protein is recognized as a crucial step in accessing its 

bioavailability,104 and the reports on plasma protein binding are required in screening potential 
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therapeutic agents.105 Albumin binding, in particular, plays a decisive role for in vivo 

bioavailability of any drug. Within this rationale, we examined the interaction of naphthalimide-

benzimidazoles with bovine serum albumin (BSA), structural homology with human serum 

albumin (HSA), using absorption and emission spectroscopy. 

3.3.4.1 UV-visible spectroscopic studies 

UV-visible spectrum of BSA showed an intense absorption band at about 279 nm in phosphate 

buffer at pH 7.4, mainly due to presence of tyrosine (Tyr), tryptophan (Trp) and phenylalanine 

(Phe) residues. On subsequent addition of compounds 15 and 23 (0-15 µM) to BSA solution (7.0 

µM), gradual increase in intensity of band at 279 nm along with enhancement of new band at 370 

nm was observed (Figure 6a-b). These variations originated from conformational changes and 

polarity of microenvironment around aromatic residues of BSA. Moreover, absorption maxima of 

BSA remains unchanged, suggested that interactions between compounds and BSA are non-

covalent in nature and likely to occur through π-π stacking between aromatics of naphthalimide-

benzimidazole and phenyl rings of Trp, Tyr and Phe residues located in the binding cavity of BSA. 

Binding constants (Kb) for the interaction of compounds with BSA have been calculated using 

Benesi-Hildebrand equation73 and were found to be 6.96 ×  104 M-1 for 15 and 5.64 × 104 M-1 for 

23, signifying better binding affinity of compound 15 with serum albumin than 23.  

 
 

Figure 6. Absorption spectra of BSA in the presence of compounds (a) 15, (b) 23 in phosphate 

buffer (pH 7.4) at 298 K  

3.3.4.2 Fluorescence studies  

The emission of BSA is observed from two Trp residues; one is located on the surface and the 

other residue present in the hydrophobic pocket of protein molecule.106 Figure 7a-b depicted that 

on progressive addition of different concentration of compounds (0-45 µM) to BSA (7.0 µM), the 
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emission spectrum of Trp residue of serum protein at around 350 nm was gradually quenched 

(82.49% for 15 and 79.11% for 23) with the appearance and enhancement of new band at 485 nm. 

The λmax of the emission of Trp residues in BSA was also blue shifted from 350 nm (in free BSA) 

to 330 nm. This suggests that the emitting Trp residue(s) in the complex of compound-BSA are in 

less polar or more hydrophobic environment as compared with free BSA. 

  

  

Figure 7. Emission spectra of BSA in the presence of compounds (a) 15, (b) 23  in phosphate 

buffer (pH 7.4) at 298 K, (c) Stern-Volmer and (d) Modified Stern-Volmer Plots of compounds 15 

and 23      

      The steady-state fluorescence quenching of Trp emission in serum albumin with addition 

of compound has been characterized by Stern-Volmer equation75 that showed the relation between 

the quenching extent for each compound and the strength of their interactions with BSA. The 

values of Stern-Volmer constant (KSV) and bimolecular quenching constant (Kq) were calculated 

from the slope of linear portion of regression curve (Table 8, Figure 7c). A linear Stern-Volmer 

plot was obtained with compounds 15 and 23, suggested that solely one type of quenching or 

binding process occur, either stating or dynamic quenching. The values obtained for bimolecular 

quenching constant (Kq) of compounds 15 (1.41 ×1013 M-1s-1) and 23 (1.52 ×1013 M-1s-1) were 



90 
 

much greater than the diffusion control limiting value of 1 × 1010 M-1 s-1, which is the largest 

possible value reported in aqueous medium.77 Thus, the binding of compounds to BSA probably 

involves the static quenching with formation of complex at ground state.  

      Modified Stern-Volmer equation78 has been used to determine the binding constants (Kb) 

and the average number of binding sites (n) for compound-BSA complexes (Figure 7d). These 

complexes exhibited excellent binding parameters, suggesting their binding to the albumins and 

their possible transfer as well as their release ability upon arrival at their target sites. As these 

values are significantly lower than 1015 M-1, which is the value of the association constant of 

protein albumin with diverse compounds, their interactions are considered significant among the 

known non-covalent ones.107  

Table 8. Quenching and binding parameters for interaction of BSA with compounds 15 and 23 

Compd  Ksv (×105) (M-1) Kq (×1013) (M-1s-1) R2 Kb (×105) (M-1) N R2 

15 1.41 1.41 0.9808 9.34 1.23 0.9971 

23 1.52 1.52 0.9903 1.41 1.02 0.9956 

R2 is the correlation coefficients 

3.4 Conclusion 

A series of isomeric benzimidazole with substituted naphthalimides has been synthesized in 

moderate to good yields and studied their effects on cytotoxicity. Both the isomeric groups of 18 

compounds were assessed over 60 human tumor cell line panel at 10-5 M concentration, where 

most of the examined compounds showed superior activity. Compounds 15 and 23 were identified 

excellent activity against leukemia and colon cancer subpanels at five dose concentration levels. 

The interaction between these compounds with DNA was studied by UV-visible, fluorescence and 

CD spectroscopy as well as DNA melting experiment. The results suggested that fluorescence of 

compounds 15 and 23 has been quenched significantly by DNA and the probable mechanism was 

a static quenching process. The association constant (Kb) value between compound and DNA has 

been found to be in the order of 105 mol-1, which is better than other reported DNA intercalators. 

The thermodynamic parameters, ∆Ho and ∆So, were calculated in the range of -38.59 to -27.36 

kcal M-1 and -102.75 to -67.40 cal M-1 K-1, respectively, indicated that the binding of compounds 

to DNA were driven mainly by hydrogen bonds and van der Waals interactions. The mechanism 

of action studies with cell cycle arrest confirmed that compound 23 maintained their ability to 

arrest cells in G2/M phase and induce cell apoptosis. Compounds 15 and 23 have also been 
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effectively bound to BSA protein with good binding constant values of 9.34 x 105 M-1 and 1.41 x 

105 M-1, respectively, determined through emission spectroscopy.  

3.5 Experimental section 

All commercially available compounds (Spectrochem, Aldrich, Merck etc.) were used without 

purification. Melting points were determined in an open capillary and were uncorrected. 1H and 

13C NMR spectra have been performed on Jeol ECS 400 NMR spectrophotometer, which were 

operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, using CDCl3 as solvent. Chemical 

shifts are reported in parts per million (ppm) with TMS as an internal reference. Water Micromass-

Q-T of Micro has been used to determine the mass spectra. CHN analysis was done using Thermo 

Scientific (Flash 2000) analyser. Reactions have been observed by TLC with plate coated with 

silica gel HF-254 and column chromatography was done with silica gel 60-120/100-200 mesh. 

UV-visible absorption and fluorescence emission spectra were measured with 1 cm quartz cell. 

Shimadzu-2400 PC spectrometer instrument was used to determine the UV-visible spectra. 

Emission spectra were recorded with Varian Cary Eclipse fluorescence spectrometer. Circular 

dichroism spectra were recorded with an Applied Photophysics CD spectrophotometer. 

Dibromonitrobenzene (2a-b):90 Dibromobenzene (1a-b) (5 g, 21.27 mmol) in dichloromethane 

(15 ml) and sulphuric acid (10 ml) was treated with cooled solution of nitric acid and sulphuric 

acid (4:1) at 0˚C for 30 min. The reaction mixture was allowed to warm at room temperature with 

stirring. On completion of reaction (monitored by TLC), quenched the reaction mixture with ice. 

The precipitate formed was collected and dried in an oven to afford desired product (2a-b) in 90-

95% yields. 

5-Bromo-N-cyclohexyl-2-nitroaniline (3b): 1,3-Dibromonitrobenzene (3 g, 10.71 mmol), 

cyclohexyl amine (1.27 g, 12.85 mmol) and K2CO3 (1.47 g, 10.71 mmol) were taken in DMF (20 

ml) in 100 ml dried round bottom flask and stirred the reaction mixture at 100˚C for 18 h. On 

completion of reaction, 50 mL water was added and extracted with ethyl acetate. The extract was 

then dried over anhydrous sodium sulphate, filtered and concentrated to get the crude product. The 

residue was column purified on silica gel (Hexane/EtOAc = 20:1) to obtain the desired product.  

5-Bromo-N-cyclohexyl-2-nitroaniline (3b): Yellow solid; 70% yield; mp 90-93 oC; 1H NMR  

 

(CDCl3, 400 MHz):  (ppm) 8.13 (d, J = 6.88 Hz, 1H, NH), 8.00 (d, J = 9.16 

Hz, 1H, ArH), 7.01 (d, J = 1.84 Hz, 1H, ArH), 6.69 (dd, 2J = 9.16 Hz, 3J = 2.28 

Hz, 1H, ArH), 3.49-3.42 (m, 1H, cyclohex-CH), 2.05-2.02 (m, 2H, cyclohex-  
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CH2), 1.82-1.74 (m, 2H, cyclohex-CH2), 1.68-1.64 (m, 1H, cyclohex-CH2), 1.49-1.28 (m, 5H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 144.8, 131.4, 130.3, 128.1, 117.9, 116.4 

(ArC), 50.9 (CH), 32.4 (CH2), 25.3 (CH2), 24.3 (CH2). 

N-Cyclohexyl-2-nitro-4/5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4a-b): 4/5-

Bromo-N-cyclohexyl-2-nitroaniline (3a-b) (2.0 g, 6.68 mmol), bis(pinacolato)diboron (2.03 g, 

8.01 mmol), KOAc (0.98 g, 10.01 mmol), palladium(II)bis(triphenylphosphine) dichloride (5.0 

mol%) in 1,4-dioxane (30 mL) were charged in 100 ml oven-dried round bottom flask. The 

reaction mixture was refluxed for 10 h until the halide was completely consumed as determined 

by TLC. The mixture was then cooled to room temperature. Solvent of reaction was concentrated 

under reduced pressure and the crude was extracted with chloroform and water (3 × 50 mL). The 

extract was dried over anhydrous Na2SO4, filtered and concentrated. The crude material obtained 

was column purified on silica gel using ethyl acetate and hexane to obtain the desired reddish 

yellow product. 

N-Cyclohexyl-2-nitro-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4a): Reddish  

 

yellow solid; 82% yield; mp 125-127 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

8.63 (d, J = 1.36 Hz, 1H, ArH), 8.29 (d, J = 6.88 Hz, 1H, NH), 7.75 (dd, 2J = 

8.68 Hz, 3J = 0.92 Hz, 1H, ArH), 6.83 (d, J = 8.72 Hz, 1H, ArH), 3.58-3.51 (m, 

1H, cyclohex-CH), 2.06-2.03 (m, 2H, cyclohex-CH2), 1.82-1.76 (m, 2H, 

cyclohex-CH2), 1.67-1.63 (m, 1H, cyclohex-CH2), 1.48-1.23 (m, 17H, cyclohex 

-CH2 & boronate-CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 146.1, 141.3, 134.5, 131.4, 113.2 

(ArC), 83.7 (C), 50.8 (CH), 32.5 (CH2), 25.4 (CH2), 24.7 (CH3), 24.4 (CH2).  

N-Cyclohexyl-2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4b): Reddish 

yellow solid; 78% yield; mp 120-122 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.13 (d, J = 8.68  

 

1H, ArH), 3.71-3.63 (m, 1H, cyclohex-CH), 2.07-2.02 (m, 2H, cyclohex-CH2), 

1.83-1.76 (m, 2H, cyclohex-CH2), 1.67-1.63 (m, 1H, cyclohex- CH2), 1.53-1.28 

Hz, 2H, NH & ArH), 7.28 (s, 1H, ArH), 6.96 (d, J = 8.72 Hz, (m, 17H, 

cyclohex-CH2 & boronate-CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 143.8, 

135.5,  132.6, 125.7, 120.8, 119.9 (ArC), 84.3 (C), 50.3 (CH), 32.7 (CH2), 25.5  

(CH2), 24.7 (CH3), 24.3 (CH2).  

6-(4/3-(Cyclohexylamino)-3/4-nitrophenyl)-1H,3H-benzo[de]isochromene-1,3-dione (6a-b): 

To a solution of 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (5) (2 g, 7.22 mmol) in a 
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mixture of acetonitrile and water (9:1) in 100 ml round bottom flask, N-cyclohexyl-2-nitro-4/5-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)aniline (4a-b) (2.51 g, 7.22 mmol) and K2CO3 (1.0 

g, 7.22 mmol) were added under inert atmosphere. Then, Pd(PPh3)4 (5 mol%) was added with 

continued N2 purging and refluxed the reaction mixture for 10-12 h. On completion of reaction 

(determined by TLC), solvents were evaporated under reduced pressure followed by water (50 ml) 

was added and then extracted with chloroform. Chloroform layer was dried over sodium sulphate. 

The crude product has further been purified by column chromatography with hexane and ethyl 

acetate to get the yellowish solid product. 

6-(4-(Cyclohexylamino)-3-nitrophenyl)-1H,3H-benzo[de]isochromene-1,3-dione (6a):  

 

Reddish yellow solid; 70% yield; mp 83-86 oC; 1H NMR (CDCl3, 400 MHz):  

(ppm) 8.67-8.63 (m, 2H, ArH), 8.42 (dd, 2J = 8.72 Hz, 3J = 0.92 Hz, 1H, ArH), 

8.39 (d J = 2.28 Hz, 1H, ArH), 8.35 (d, J = 7.36 Hz, 1H, ArH), 7.82-7.78 (m, 

1H, ArH), 7.76 (d, J = 7.76 Hz, 1H, ArH), 7.61 (dd, 2J = 8.72 Hz, 3J = 1.84 Hz, 

1H, ArH), 7.11 (d, J = 9.16 Hz, 1H, NH), 3.68-3.59 (m, 1H, Cyclohex-CH), 

2.16-2.12 (m, 2H, Cyclohex-CH2), 1.89-1.82 (m, 2H, Cyclohex-CH2), 1.73-1.69  

(m, 1H, Cyclohex-CH2), 1.53-1.43 (m, 4H, Cyclohex-CH2), 1.41-1.33 (m, 1H, Cyclohex-CH2); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 160.6, 160.4, 146.3, 144.6, 137.0, 133.5, 133.4, 133.1, 

131.4, 131.0, 130.0, 128.2, 128.0, 127.4, 124.2, 118.9, 117.4, 114.9 (ArC), 51.3 (CH), 32.6 

(CH2), 25.4 (CH2), 24.5 (CH2).  

6-(3-(Cyclohexylamino)-4-nitrophenyl)-1H,3H-benzo[de]isochromene-1,3-dione (6b): 

Reddish yellow solid; 73% yield; mp 81-84 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.65 (t, J = 

6.44 Hz, 2H, ArH), 8.35 (t, J = 7.32 Hz, 2H, ArH), 8.31 (d, J = 7.80 Hz, 1H, ArH), 7.83-7.78 (m,  

 

2H, ArH), 6.99 (s, 1H, NH), 6.72 (dd, 2J = 8.72 Hz, 3J = 1.36 Hz, 1H, ArH), 

3.60-3.52 (m, 1H, cyclohex-CH), 2.10-2.06 (m, 2H, cyclohex-CH2), 1.82-1.77 

(m, 2H, cyclohex-CH2), 1.68-1.62 (m, 1H, cyclohex-CH2), 1.50-1.32 (m, 5H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 160.3, 160.1, 146.7, 

145.7, 144.5, 133.5, 132.8, 131.3, 130.5, 129.8, 127.8, 127.7, 127.5, 118.8,  

118.4, 116.1, 115.2 (ArC), 51.0 (CH), 32.6 (CH2), 25.4 (CH2), 24.3(CH2). 

6-(3/4-Amino-4/3-(cyclohexylamino)phenyl)-1H,3H-benzo[de]isochromene-1,3-dione (7a-b) 

and 6-(3/4-amino-4/3-(cyclohexylamino)phenyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(8a-b): A 100 ml round bottom flask was charged with 6-(4/3-(cyclohexylamino)-3/4-
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nitrophenyl)-1H,3H-benzo[de]isochromene-1,3-dione (6a-b) (2 g, 4.80 mmol) and sodium 

dithionite (4.18 g, 24.03 mmol) in THF:water (3:2). Ammonia solution (5 ml) has been added to 

the reaction mixture and stirred for 1 h at room temperature. Completion of reaction was monitored 

by TLC and the reaction mixture was extracted with ethyl acetate. Ethyl acetate layer was dried 

over Na2SO4, filtered and concentrated to get the crude product. Mixture of crude brown product 

(7 and 8) was directly used further without purification. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5/6-yl)-1H,3H-benzo[de]isochromene-1,3-dione (9a-

b) and 6-(1-cyclohexyl-1H-benzo[d]imidazol-5/6-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (10a-b): Mixture of 6-(3/4-amino-4/3-(cyclohexylamino)phenyl)-1H,3H-

benzo[de]isochromene-1,3-dione (7a-b) and 6-(3/4-amino-4/3-(cyclohexylamino)phenyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (8a-b) (1 mmol) was stirred with triethylorthoformate (1 

mmol) in acetic acid (30 ml) for 30 min at room temperature. The reaction mixture was then poured 

into water and then treated with NaHCO3 followed by extracted with chloroform. Sodium sulphate 

was used to dry the chloroform layer. Crude was purified by column chromatography using ethyl 

acetate and hexane as elutents to obtain light brown solid. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H,3H-benzo[de]isochromene-1,3-dione (9a): 

 

Light brown solid; 72% yield; mp 191-193 oC; 1H NMR (CDCl3, 400 MHz):  

(ppm) 8.65 (d, J = 7.32 Hz, 1H, ArH), 8.62 (d, J = 7.32 Hz, 1H, ArH), 8.46 (d, J 

= 8.68 Hz, 1H, ArH), 8.16 (s, 1H, ArH), 7.92 (s, 1H, ArH), 7.81 (d, J = 7.32 Hz, 

1H, ArH), 7.74 (t, J = 8.44 Hz, 1H, ArH), 7.66 (d, J = 8.24 Hz, 1H, ArH), 7.45 

(dd, 2J = 8.28 Hz, 3J = 1.40 Hz, 1H, ArH), 4.36-4.28 (m, 1H, cyclohex-CH), 2.33 

(d, J = 11.00 Hz, 2H, cyclohex-CH2), 2.08-2.03 (m, 2H, cyclohex-CH2), 1.95-1.85  

(m, 3H, cyclohex-CH2), 1.64-1.52 (m, 2H, cyclohex-CH2), 1.44-1.32 (m, 1H, cyclohex-CH2); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 160.8, 160.5, 149.1, 143.8, 141.7, 134.5, 133.6, 133.2, 

132.9, 131.9, 130.8, 130.4, 128.6, 127.1, 124.3, 121.6, 118.7, 117.1, 110.5 (ArC), 55.7 

(cyclohex-CH), 33.2 (cyclohex-CH2), 25.5 (cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): 

m/z 397.0 (M++1); Anal Calcd for C25H20N2O3: C, 75.74; H, 5.09; N, 7.07; found C, 75.78; H, 

5.05; N, 7.09. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-1H,3H-benzo[de]isochromene-1,3-dione (9b) : 

Light brown solid; 70% yield; mp 193-196 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.69 (d, J = 

7.80 Hz, 1H, ArH), 8.67 (dd, 2J = 7.32 Hz, 3J = 0.92 Hz, 1H, ArH), 8.42 (d, J = 7.76 Hz, 1H, ArH),  
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8.15 (s, 1H, ArH), 7.97 (d, J = 8.24 Hz, 1H, ArH), 7.85 (d, J = 7.76 Hz, 1H, 

ArH), 7.79-7.75 (m, 1H, ArH), 7.56 (s, 1H, ArH), 7.41 (dd, 2J = 8.24 Hz, 3J = 

1.36 Hz, 1H, ArH), 4.30-4.22 (m, 1H, cyclohex-CH), 2.29 (d, J = 11.00 Hz, 2H, 

cyclohex-CH2), 2.01-1.96 (m, 2H, cyclohex-CH2), 1.90-1.80 (m, 3H, cyclohex-

CH2), 1.56-1.45 (m, 2H, cyclohex-CH2), 1.42-1.30 (m, 1H, cyclohex-CH2); 
13C 

NMR (CDCl3, 100 MHz): δ (ppm) 160.8, 160.6, 149.1, 141.7, 134.4, 133.4, 132.9, 132.1, 131.9, 

130.8, 130.6, 128.7, 128.5, 128.4, 127.3, 124.1, 120.4, 118.8, 117.4, 111.4 (ArC), 55.6 

(cyclohex-CH), 33.3 (cyclohex-CH2), 25.6 (cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): 

m/z 397.0 (M++1); Anal Calcd for C25H20N2O3: C, 75.74; H, 5.09; N, 7.07; found C, 75.72; H, 

5.11; N, 7.05. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (10a) : 

 

Light yellow solid; 20% yield; mp 208-211 oC; 1H NMR (CDCl3, 400 MHz):  

(ppm) 8.86 (s, 1H, NH), 8.66 (d, J = 7.32 Hz, 1H, ArH), 8.63 (d, J = 7.32 Hz, 1H, 

ArH), 8.39 (d, J = 8.72 Hz, 1H, ArH), 8.15 (s, 1H, ArH), 7.96 (s, 1H, ArH), 7.79 

(d, J = 7.32 Hz, 1H, ArH), 7.71 (t, J = 7.80 Hz, 1H, ArH), 7.62 (d, J = 8.24 Hz, 

1H, ArH), 7.44 (d, J = 8.24 Hz, 1H, ArH), 4.34-4.26 (m, 1H, cyclohex-CH), 2.32 

(d, J = 12.80 Hz, 2H, cyclohex-CH2), 2.05 (d, J = 13.20 Hz, 2H, cyclohex-CH2),  

1.94-1.85 (m, 3H, cyclohex-CH2), 1.62-1.52 (m, 2H, cyclohex-CH2), 1.42-1.32 (m, 1H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.2, 164.0, 148.2, 143.8, 141.6, 133.7, 

133.4, 132.7, 130.9, 130.7, 130.6, 130.0, 128.2, 126.6, 124.6, 122.5, 121.8, 121.1, 110.3 (ArC), 

55.7 (cyclohex-CH), 33.3 (cyclohex-CH2), 25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2); MS 

(ESI): m/z 396.1 (M++1); Anal Calcd for C25H21N3O2: C, 75.93; H, 5.35; N, 10.63; found C, 

75.91; H, 5.37; N, 10.68. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (10b) : 

 

Light yellow solid; 25% yield; mp 213-216 oC; 1H NMR (CDCl3, 400 MHz):  

(ppm) 8.78 (s, 1H, NH), 8.67-8.63 (m, 2H, ArH), 8.35 (d, J = 8.24 Hz, 1H, 

ArH), 8.14 (s, 1H, ArH), 7.97 (d, J = 8.24 Hz, 1H, ArH), 7.81 (d, J = 7.80 Hz, 

1H, ArH), 7.74 (t, J = 7.80 Hz, 1H, ArH), 7.55 (s, 1H, ArH), 7.41 (d, J = 7.80 

Hz, 1H, ArH), 4.29-4.21 (m, 1H, cyclohex-CH), 2.29 (d, J = 11.00 Hz, 2H,  
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cyclohex -CH2), 2.01-1.96 (m, 2H, cyclohex-CH2), 1.89-1.79 (m, 3H, cyclohex-CH2), 1.55-1.42 

(m, 2H, cyclohex-CH2), 1.37-1.30 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ 

(ppm) 164.1, 163.8, 148.3, 133.6, 133.2, 131.9, 131.0, 130.8, 130.5, 129.9, 128.5, 128.4, 128.2, 

126.8, 124.3, 122.6, 121.3, 120.3, 111.4 (ArC), 55.6 (cyclohex-CH), 33.3 (cyclohex-CH2), 25.6 

(cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): m/z 396.1 (M++1); Anal Calcd for 

C25H21N3O2: C, 75.93; H, 5.35; N, 10.63; found C, 75.89; H, 5.39; N, 10.61. 

2-Aryl/alkyl-6-(1-cyclohexyl-1H-benzo[d]imidazol-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (11-26): 6-(3/4-Amino-4/3-(cyclohexylamino)phenyl)-1H,3H-benzo[de]isochromene-1,3-

dione (7a-b) (1 mmol) and corresponding amines (1.2 mmol) in 5 ml ethanol were taken in oven 

dried round bottom flask and refluxed the reaction mixture for 12-15 h. After the completion of 

the reaction, solvent was evaporated under pressure followed by water (50 ml) was added and 

extracted with chloroform. Chloroform layer was dried over sodium sulphate. Crude product was 

further column purified using ethyl acetate and hexane as eluents to get the desired solid products. 

2-Allyl-6-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(11): Reddish brown solid; 76% yield; mp 261-263 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.68 

 

 (d, J = 7.80 Hz, 1H, ArH), 8.65 (d, J = 7.32 Hz, 1H, ArH), 8.36 (d, J = 8.68 Hz, 

1H, ArH), 8.12 (s, 1H, ArH), 7.95 (s, 1H, ArH), 7.77 (d, J = 7.76 Hz, 1H, ArH), 

7.70-7.67 (m, 1H, ArH), 7.61 (d, J = 8.24 Hz, 1H, ArH), 7.44 (dd, 2J = 8.24 Hz, 

3J = 1.40 Hz,1H, ArH), 6.08-5.98 (m, 1H, allyl-CH), 5.36 (dd, 2J = 17.44 Hz, 3J 

= 1.40 Hz,1H, allyl-CH2), 5.24 (dd, 2J = 10.08 Hz, 3J = 0.92 Hz,1H, allyl-CH2), 

4.85 (d, J = 5.52 Hz, 2H, allyl-CH2), 4.33-4.26 (m, 1H, cyclohex-CH), 2.32 (d, J 

= 11.00 Hz, 2H, cyclohex-CH2), 2.05 (d, J = 13.32 Hz, 2H, cyclohex-CH2), 1.93-

1.83 (m, 3H, cyclohex-CH2), 1.62-1.51 (m, 2H, cyclohex-CH2), 1.43-1.32 (m,  

1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.1, 163.9, 147.5, 143.8, 141.5, 

133.4, 132.7, 132.0, 131.2, 130.9, 130.3, 128.7, 128.4, 128.2, 126.7, 124.6, 122.6, 121.7, 121.2, 

117.3, 110.3 (ArC), 55.7 (cyclohex-CH), 42.3 (allyl-CH2), 33.3 (cyclohex-CH2), 25.6 

(cyclohex-CH2), 25.3 (cyclohex-CH2); MS (ESI): m/z 436.1 (M++1); Anal Calcd for 

C28H25N3O2: C, 77.22; H, 5.79; N, 9.65; found C, 77.20; H, 5.80; N, 9.63. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-2-(prop-2-yn-1-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (12) : Yellow solid; 82% yield; mp 258-261 oC; 1H NMR (CDCl3, 400 MHz):  

(ppm) 8.71 (d, J = 7.80 Hz, 1H, ArH), 8.68 (d, J = 7.36 Hz, 1H, ArH), 8.37 (d, J = 8.28 Hz, 1H, 
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ArH), 8.13 (s, 1H, ArH), 7.94 (s, 1H, ArH), 7.79 (d, J = 7.32 Hz, 1H, ArH), 7.71 (t, J = 8.24 Hz, 

1H, ArH), 7.62 (d, J = 8.28 Hz, 1H, ArH), 7.44 (dd, 2J = 8.24 Hz, 3J = 0.92 Hz,1H, ArH), 5.00 (d,  

 

J = 2.72 Hz, 2H, propagyl-CH2), 4.33-4.26 (m, 1H, cyclohex-CH), 2.32 (d, J = 

11.00 Hz, 2H, cyclohex-CH2), 2.21 (t, J = 2.32 Hz, 1H, propagyl-CH), 2.05-2.02 

(m, 2H, cyclohex-CH2), 1.94-1.83 (m, 3H, cyclohex-CH2), 1.62-1.51 (m, 2H, 

cyclohex-CH2), 1.43-1.35 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): 

δ (ppm) 163.6, 163.3, 147.9, 143.9, 141.6, 133.5, 132.6, 131.5, 131.2, 130.4, 

128.7, 128.2, 126.7, 124.6, 122.4, 121.8, 121.0, 110.3 (ArC), 78.6 (propargyl-C), 

70.4 (propargyl-CH), 55.7 (cyclohex-CH), 33.3 (cyclohex-CH2), 29.4 (propargyl- 

 CH2), 25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2); MS (ESI): m/z 434.1 (M++1); Anal Calcd for 

C28H23N3O2: C, 77.58; H, 5.35; N, 9.69; found C, 77.61; H, 5.32; N, 9.68. 

2-Butyl-6-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(13): White solid; 86% yield; mp 254-257 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.66 (d, J =  

 

7.80 Hz, 1H, ArH), 8.63 (dd, 2J = 7.32 Hz, 3J = 0.92 Hz, 1H, ArH), 8.34 (dd, 2J = 

8.24 Hz, 3J = 0.92 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.95 (s, 1H, ArH), 7.77 (d, J 

= 7.32 Hz, 1H, ArH), 7.69 (t, J = 7.32 Hz, 1H, ArH), 7.61 (d, J = 8.72 Hz, 1H, 

ArH), 7.44 (dd, 2J = 8.68 Hz, 3J = 1.36 Hz, 1H, ArH), 4.33-4.25 (m, 1H, cyclohex-

CH), 4.24 (t, J = 7.32 Hz, 2H, butyl-CH2), 2.32 (d, J = 11.44 Hz, 2H, cyclohex-

CH2), 2.06-2.00 (m, 2H, cyclohex-CH2), 1.93-1.83 (m, 3H, cyclohex-CH2), 1.77-

1.71 (m, 2H, cyclohex-CH2), 1.61-1.35 (m, 5H, cyclohex- CH2 &  butyl-CH2), 

1.01 (t, 3H, J = 7.32 Hz, butyl-CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.3,  

164.1, 147.3, 143.9, 141.5, 133.4, 132.9, 132.8, 131.0, 130.7, 130.3, 128.6, 128.1, 126.6, 124.6, 

122.8, 121.8, 121.4, 110.2 (ArC), 55.7 (cyclohex-CH), 40.2 (butyl-CH2), 33.3 (cyclohex-CH2), 

30.1 (butyl-CH2), 25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2), 20.3 (butyl-CH2), 13.8 (butyl-

CH3); MS (ESI): m/z 452.1 (M++1); Anal Calcd for C29H29N3O2: C, 77.14; H, 6.47; N, 9.31; 

found C, 77.18; H, 6.51; N, 9.38. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-2-(2-(dimethylamino)ethyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (14): Light yellow solid; 80% yield; mp 260-263 oC; 1H NMR 

(CDCl3, 400 MHz):  (ppm) 8.59 (d, J = 7.76 Hz, 1H, ArH), 8.56 (d, J = 6.88 Hz, 1H, ArH), 8.33 

(d, J = 8.28 Hz, 1H, ArH), 8.13 (s, 1H, ArH), 7.90 (s, 1H, ArH), 7.73 (d, J = 7.32 Hz, 1H, ArH), 
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7.65 (t, J = 8.24 Hz, 1H, ArH), 7.60 (d, J = 8.24 Hz, 1H, ArH), 7.39 (d, J = 8.24 Hz, 1H, ArH), 

4.73 (t, J = 6.64 Hz, 2H, ethyl-CH2), 4.33-4.25 (m, 1H, cyclohex-CH), 3.86 (t, J = 6.40 Hz, 2H,  

 

ethyl-CH2), 3.51 (s, 6H, N-CH3), 2.31 (d, J = 11.00 Hz, 2H, cyclohex-CH2), 2.04 

(d, J = 13.32 Hz, 2H, cyclohex-CH2), 1.93-1.78 (m, 3H, cyclohex-CH2), 1.61-1.51 

(m, 2H, cyclohex- CH2), 1.42-1.33 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 164.2, 164.0, 148.1, 143.8, 141.6, 133.6, 133.5, 132.4, 131.5, 

131.2, 130.3, 128.6, 128.3, 126.8, 124.6, 122.0, 121.7, 120.5, 110.4 (ArC), 66.5 

(ethyl-CH2), 57.7 (N-CH3), 55.7 (cyclohex-CH), 34.8 (ethyl-CH2), 33.3 

(cyclohex-CH2), 25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2); MS (ESI): m/z 467.1 

(M++1); Anal Calcd for C29H30N4O2: C, 74.65; H, 6.48; N, 12.01; found C, 74.62;  

H, 6.51; N, 12.05. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-2-(2-(diethylamino)ethyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (15): Light yellow solid; 81% yield; mp 265-268 oC; 1H NMR  

 

(CDCl3, 400 MHz):  (ppm) 8.66 (d, J = 7.36 Hz, 1H, ArH), 8.63 (d, J = 7.32 

Hz, 1H, ArH), 8.35 (d, J = 8.24 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.94 (s, 1H, 

ArH), 7.77 (d, J = 7.80 Hz, 1H, ArH), 7.69 (t, J = 7.80 Hz, 1H, ArH), 7.61 (d, J 

= 8.28 Hz, 1H, ArH), 7.44 (d, J = 8.24 Hz, 1H, ArH), 4.37 (t, J = 7.36 Hz, 2H, 

ethyl-CH2), 4.32-4.25 (m, 1H, cyclohex-CH), 2.90 (t, J = 7.76 Hz, 2H, ethyl-

CH2), 2.78 (q, J = 7.32 Hz, 4H, ethyl-CH2), 2.32 (d, J = 11.48 Hz, 2H, cyclohex-

CH2), 2.05 (d, J = 13.32 Hz, 2H, cyclohex-CH2), 1.93-1.83 (m, 3H, cyclohex- 

CH2), 1.62-1.50 (m, 2H, cyclohex-CH2), 1.43-1.34 (m, 1H, cyclohex-CH2), 1.17  

 (t, J = 6.88 Hz, 6H, ethyl-CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.3, 164.1, 147.5, 

143.9, 141.5, 133.4, 133.1, 132.7, 131.1, 130.8, 130.3, 128.6, 128.2, 126.6, 124.6, 122.6, 121.7, 

121.2, 110.2 (ArC), 55.7 (cyclohex-CH2), 49.4 (ethyl-CH2), 47.5 (ethyl-CH2), 37.4 (ethyl-CH2), 

33.3 (cyclohex-CH2), 25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2), 11.86 (ethyl-CH3); MS (ESI): 

m/z 495.1 (M++1); Anal Calcd for C31H34N4O2: C, 75.28; H, 6.93; N, 11.33; found C, 75.25; H, 

6.90; N, 11.36. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-2-(2-hydroxyethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (16): Light brown solid; 76% yield; mp 275-278 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 8.67 (d, J = 7.32 Hz, 1H, ArH), 8.64 (dd, 2J = 7.36 Hz, 3J = 0.92 Hz, 1H, ArH), 8.36 (d, J 

= 8.72 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.94 (s, 1H, ArH), 7.77 (d, J = 7.76 Hz, 1H, ArH), 7.70  
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(t, J = 8.24 Hz, 1H, ArH), 7.61 (d, J = 8.24 Hz, 1H, ArH), 7.44 (dd, 2J = 8.72 Hz, 

3J = 1.40 Hz, 1H, ArH), 4.51 (t, J = 4.05 Hz, 2H, ethyl-CH2), 4.32-4.26 (m, 1H, 

cyclohex-CH), 4.02 (t, J = 5.04 Hz, 2H, ethyl-CH2), 2.31 (d, J = 11.00 Hz, 2H, 

cyclohex-CH2), 2.05-2.02 (m, 2H, cyclohex- CH2), 1.93-1.83 (m, 3H, cyclohex-

CH2), 1.61-1.52 (m, 2H, cyclohex-CH2), 1.42-1.35 (m, 1H, cyclohex-CH2); 
13C 

NMR (CDCl3, 100 MHz): δ (ppm) 165.3, 165.1, 147.8, 143.7, 141.6, 133.4, 132.5, 

131.4, 131.1, 130.2, 128.7, 128.2, 126.7, 124.6, 122.4, 121.7, 120.9, 110.3 (ArC),  

61.7 (ethyl-CH2), 55.2 (cyclohex-CH), 42.8 (ethyl-CH2), 33.3 (cyclohex-CH2), 25.6 (cyclohex-

CH2), 25.3 (cyclohex-CH2); MS (ESI): m/z 440.0 (M++1); Anal Calcd for C27H25N3O3: C, 73.79; 

H, 5.73; N, 9.56; found C, 73.84; H, 5.79; N, 9.59. 

2-(2-Aminoethyl)-6-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (17): Brown solid; 71% yield; mp 270-273 oC; 1H NMR (CDCl3, 400 MHz):   

 

(ppm) 8.53-8.47 (m, 2H, ArH), 8.23 (t, J = 8.72 Hz, 1H, ArH), 8.11 (s, 1H, ArH), 

7.93 (s, 1H, ArH), 7.68 (d, J = 6.40 Hz, 1H, ArH), 7.60-7.56 (m, 2H, ArH), 7.43 

(d, J = 8.72 Hz, 1H, ArH), 4.31-4.19 (m, 5H, cyclohex-CH, ethyl-CH2), 2.31 (d, 

J = 9.60 Hz, 2H, cyclohex-CH2), 2.05 (d, J = 13.76 Hz, 2H, cyclohex-CH2), 1.92-

1.82 (m, 3H, cyclohex-CH2), 1.61-1.51 (m, 2H, cyclohex-CH2), 1.41-1.32 (m, 1H, 

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.4, 164.1, 147.6, 143.8, 

141.5, 133.3, 133.0, 131.1, 130.7, 130.4, 128.6, 128.2, 126.8, 124.3, 122.7, 121.4, 

120.3, 111.3 (ArC), 56.1 (ethyl-CH2), 55.5 (cyclohex-CH), 37.1 (ethyl-CH2), 33.3  

(cyclohex-CH2), 25.6 (cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): m/z 439.0 (M++1); Anal 

Calcd for C27H26N4O2: C, 73.95; H, 5.98; N, 12.78; found C, 73.91; H, 5.92; N, 12.74. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-2-(2-morpholinoethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (18): Brown solid; 81% yield; mp 259-262 oC; 1H NMR 

(CDCl3, 400 MHz):  (ppm) 8.66 (d, J = 7.32 Hz, 1H, ArH), 8.63 (dd, 2J = 7.36 Hz, 3J = 0.92 Hz, 

1H, ArH), 8.36 (dd, 2J = 8.24 Hz, 3J = 0.92 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.95 (s, 1H, ArH), 

7.78 (d, J = 7.32 Hz, 1H, ArH), 7.70 (t, J = 8.72 Hz, 1H, ArH), 7.62 (d, J = 8.28 Hz, 1H, ArH), 

7.44 (dd, 2J = 8.24 Hz, 3J = 0.92 Hz, 1H, ArH), 4.40 (t, J = 6.88 Hz, 2H, ethyl-CH2), 4.33-4.26 (m, 

1H, cyclohex-CH), 3.71 (t, J = 4.60 Hz, 4H, morph-CH2), 2.76 (t, J = 7.32 Hz, 2H, ethyl-CH2), 

2.63 (bs, 4H, morph-CH2), 2.32 (d, J = 11.44 Hz, 2H, cyclohex-CH2), 2.05-2.02 (m, 2H, cyclohex- 
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CH2), 1.94-1.85 (m, 3H, cyclohex-CH2), 1.61-1.52 (m, 2H, cyclohex-CH2), 1.42-

1.35 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.4, 164.1, 

147.5, 143.9, 141.6, 133.4, 133.1, 132.7, 131.1, 130.8, 130.3, 128.7, 128.2, 126.7, 

124.6, 122.7, 121.8, 121.3, 110.3 (ArC), 66.9 (morph-CH2), 56.1 (ethyl-CH2), 

55.7 (cyclohex-CH), 53.7 (morph-CH2), 37.1 (ethyl-CH2), 33.3 (cyclohex-CH2), 

25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2); MS (ESI): m/z 509.1 (M++1); Anal 

Calcd for C31H32N4O3: C, 73.21; H, 6.34; N, 11.02; found C, 73.18; H, 6.31; N, 

11.05. 

2-Benzyl-6-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (19): Off white solid; 83% yield; mp 261-263 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 

 

8.67 (d, J = 7.36 Hz, 1H, ArH), 8.64 (dd, 2J = 7.32 Hz, 3J = 0.92 Hz, 1H, ArH), 

8.34 (d, J = 8.24 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.93 (s, 1H, ArH), 7.76 (d, J 

= 7.32 Hz, 1H, ArH), 7.68 (t, J = 7.32 Hz, 2H, ArH), 7.60-7.55 (m, 3H, ArH), 

7.43 (dd, 2J = 8.24 Hz, 3J = 0.92 Hz, 1H, ArH), 7.32 (t, J = 7.36 Hz, 2H, ArH), 

5.41 (s, 2H, benzyl-CH2), 4.32-4.24 (m, 1H, cyclohex-CH), 2.31 (d, J = 12.84 

Hz, 2H, cyclohex-CH2), 2.04-2.01 (m, 2H, cyclohex-CH2), 1.92-1.82 (m, 3H, 

cyclohex-CH2), 1.61-1.50 (m, 2H, cyclohex-CH2), 1.42-1.37 (m, 1H, cyclohex- 

CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.3, 164.1, 147.5, 143.8, 141.5,  

 137.2, 133.1, 132.7, 132.0, 131.9, 131.3, 131.0, 130.3, 128.7, 128.3, 128.1, 127.3, 126.6, 124.6, 

122.6, 121.7, 121.2, 110.3 (ArC), 55.7 (cyclohex-CH), 43.5 (benzyl-CH2), 33.3 (cyclohex-CH2), 

25.6 (cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): m/z 486.1 (M++1); Anal Calcd for 

C32H27N3O2: C, 79.15; H, 5.60; N, 8.65; found C, 79.11; H, 5.65; N, 8.61. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-2-(4-fluorophenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (20): Brown solid; 78% yield; mp 262-264 oC; 1H NMR (CDCl3, 400 MHz):   

(ppm) 8.70 (d, J = 7.32 Hz, 1H, ArH), 8.68 (dd, 2J = 7.32 Hz, 3J = 0.88 Hz, 1H, ArH), 8.42 (dd, 2J 

= 8.24 Hz, 3J = 0.92 Hz, 1H, ArH), 8.13 (s, 1H, ArH), 7.97 (d, J = 0.88 Hz, 1H, ArH), 7.81 (d, J 

= 7.36 Hz, 1H, ArH), 7.73 (t, J = 8.72 Hz, 1H, ArH), 7.63 (d, J = 8.24 Hz, 1H, ArH), 7.46 (dd, 2J 

= 8.68 Hz, 3J = 1.84 Hz, 1H, ArH), 7.35-7.30 (m, 2H, ArH), 7.27-7.23 (m, 2H, ArH), 4.34-4.26 

(m, 1H, cyclohex-CH), 2.33 (d, J = 11.88 Hz, 2H, cyclohex-CH2), 2.06 (d, J = 13.76 Hz, 2H,  
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cyclohex-CH2), 1.94-1.84 (m, 3H, cyclohex-CH2), 1.63-1.51 (m, 2H, cyclohex-

CH2), 1.43-1.35 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 

164.5, 164.3, 148.0, 143.9, 141.6, 133.5, 133.4, 132.6, 131.6, 131.3, 131.1, 130.5, 

130.4, 130.3, 129.0, 128.3, 126.8, 124.6, 122.7, 121.8, 121.2, 116.5, 116.2, 110.3 

(ArC), 55.7 (cyclohex-CH), 33.3 (cyclohex-CH2), 25.6 (cyclohex-CH2), 25.3 

(cyclohex-CH2); MS (ESI): m/z 490.1 (M++1); Anal Calcd for C31H24FN3O2: C, 

76.06; H, 4.94; N, 8.58; found C, 76.11; H, 4.97; N, 8.61. 

2-(Benzo[d]thiazol-2-yl)-6-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (21): Light yellow solid; 75% yield; mp 269-272 oC; 1H  

 

 NMR (CDCl3, 400 MHz):  (ppm) 8.74 (d, J = 7.32 Hz, 1H, ArH), 8.71 (dd, 2J 

= 7.32 Hz, 3J = 0.92 Hz, 1H, ArH), 8.45 (dd, 2J = 8.72 Hz, 3J = 1.40 Hz, 1H, 

ArH), 8.17 (d, J = 7.80 Hz, 1H, ArH), 8.14 (s, 1H, ArH), 7.97 (d, J = 7.32 Hz, 

2H, ArH), 7.82 (d, J = 7.80 Hz, 1H, ArH), 7.75 (t, J = 7.32 Hz, 1H, ArH), 7.63 

(d, J = 8.04 Hz, 1H, ArH), 7.58-750 (m, 2H, ArH), 7.48-7.45 (m, 1H, ArH), 4.34-

4.26 (m, 1H, cyclohex-CH), 2.32 (d, J = 11.00 Hz, 2H, cyclohex-CH2), 2.05 (d, 

J = 14.24 Hz, 2H, cyclohex-CH2), 1.94-1.84 (m, 3H, cyclohex-CH2), 1.62-1.52 

(m, 2H, cyclohex-CH2), 1.42-1.33 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 

100 MHz): δ (ppm) 163.8, 163.6, 155.8, 150.4, 148.6, 143.9, 141.7, 136.7, 134.2,  

133.5, 132.5, 132.0, 131.6, 130.6, 129.2, 128.4, 126.8, 126.3, 126.0, 124.6, 124.2, 122.1, 121.8, 

120.6, 110.4 (ArC), 55.7 (cyclohex-CH), 33.3(cyclohex-CH2), 25.6 (cyclohex-CH2), 25.3 

(cyclohex-CH2); MS (ESI): m/z 529.1 (M++1); Anal Calcd for C32H24N4O2S: C, 72.71; H, 4.58; 

N, 10.60; S, 6.06; found C, 72.66; H, 4.65; N, 10.71; S, 6.09. 

3-(1-Cyclohexyl-1H-benzo[d]imidazol-5-yl)-7H-benzo[de]benzo[4,5]imidazo[2,1-

a]isoquinolin-7-one (22): Yellow solid; 80% yield; mp 281-283 oC; 1H NMR (CDCl3, 400 MHz): 

 (ppm) 8.87 (t, J = 8.24 Hz, 1H, ArH), 8.82 (t, J = 7.80 Hz, 1H, ArH), 8.58-8.55 (m, 1H, ArH), 

8.43-8.24 (m, 1H, ArH), 8.13 (d, J = 2.28 Hz, 1H, ArH), 7.99 (d, J = 3.68 Hz, 1H, ArH), 7.90-7.87 

(m, 1H, ArH), 7.81 (q, J = 4.12 Hz, 1H, ArH), 7.73-7.67 (m, 1H, ArH), 7.63 (dd, 2J = 8.24 Hz, 3J 

= 3.20 Hz, 1H, ArH), 7.50-7.45 (m, 3H, ArH), 4.34-4.26 (m, 1H, cyclohex-CH), 2.33 (d, J = 11.44 

Hz, 2H, cyclohex-CH2), 2.05 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.93-1.85 (m, 3H, cyclohex- 
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CH2), 1.63-1.51 (m, 2H, cyclohex-CH2), 1.43-1.35 (m, 1H, cyclohex- CH2); 
13C 

NMR (CDCl3, 100 MHz): δ (ppm) 160.8, 160.7, 149.5, 148.6, 145.3, 143.9, 141.6, 

134.3, 133.3, 132.9, 131.7, 131.6, 131.2, 131.0, 128.6, 128.3, 127.0, 126.7, 125.7, 

125.1, 124.9, 121.9, 119.8, 115.8, 110.2 (ArC), 55.7 (cyclohex-CH), 33.3 

(cyclohex-CH2), 25.6 (cyclohex-CH2), 25.3 (cyclohex-CH2); MS (ESI): m/z 469.0 

(M++1); Anal Calcd for C31H24N4O: C, 79.46; H, 5.16; N, 11.96; found C, 79.55; 

H, 5.13; N, 11.99. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-2-(2-(dimethylamino)ethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (23): Light yellow solid; 81% yield; mp 260-263 oC; 1H  

 

NMR (CDCl3, 400 MHz):  (ppm) 8.66 (d, J = 7.32 Hz, 1H, ArH), 8.64 (d, J = 

7.32 Hz, 1H, ArH), 8.30 (d, J = 7.80 Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.94 (d, 

J = 8.24 Hz, 1H, ArH), 7.78 (d, J = 7.80 Hz, 1H, ArH), 7.71 (t, J = 8.24 Hz, 

1H, ArH), 7.54 (d, J = 0.68 Hz, 1H, ArH), 7.40 (dd, 2J = 8.28 Hz, 3J = 0.92 Hz, 

1H, ArH), 4.44 (t, J = 6.68 Hz, 2H, ethyl-CH2), 4.28-4.21 (m, 1H, cyclohex-

CH), 2.88 (t, J = 7.12 Hz, 2H, ethyl-CH2), 2.49 (s, 6H, N-CH3), 2.28 (d, J = 

11.00 Hz, 2H, cyclohex-CH2), 2.00 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.89- 

1.79 (m, 3H, cyclohex-CH2), 1.56-1.44 (m, 2H, cyclohex-CH2), 1.40-1.31 (m, 1H, cyclohex-

CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.4, 164.2, 147.6, 143.7, 141.5, 133.3, 133.0, 

131.2, 130.8, 130.4, 128.7, 128.2, 126.8, 124.3, 122.6, 121.3, 120.2, 111.4 (ArC), 56.5 (ethyl-

CH2), 55.5 (cyclohex-CH), 45.1 (N-CH3), 37.3 (ethyl-CH2), 33.3 (cyclohex-CH2), 25.5 

(cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): m/z 467.1 (M++1); Anal Calcd for 

C29H30N4O2: C, 74.65; H, 6.48; N, 12.01; found C, 74.71; H, 6.41; N, 12.12. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-2-(2-hydroxyethyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (24): Brown solid; 76% yield; mp 275-278 oC; 1H NMR (CDCl3, 400 MHz):   

 

(ppm) 8.57-8.48 (m, 2H, ArH), 8.20-8.15 (m, 2H, ArH), 7.94 (d, J = 8.68 Hz, 

1H, ArH), 7.70 (d, J = 7.36 Hz, 1H, ArH), 7.64-7.59 (m, 1H, ArH), 7.54 (s, 1H, 

ArH), 7.41 (d, J = 9.16 Hz, 1H, ArH), 4.31-4.18 (m, 5H, cyclohex-CH & ethyl-

CH2), 2.29 (d, J = 11.00 Hz, 2H, cyclohex-CH2), 1.99 (d, J = 13.28 Hz,, 2H, 

cyclohex-CH2), 1.89-1.78 (m, 3H, cyclohex-CH2), 1.55-1.47 (m, 2H, cyclohex- 

CH2), 1.45-1.42 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm)  
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165.4, 165.2, 147.9, 141.4, 133.6, 132.7, 131.4, 131.1, 130.3, 128.5, 128.2, 126.8, 124.4, 122.3, 

121.7, 120.7, 110.1 (ArC), 61.8 (ethyl-CH2), 55.7 (cyclohex-CH), 42.8 (ethyl-CH2), 33.3 

(cyclohex-CH2), 25.6 (cyclohex-CH2), 25.2 (cyclohex-CH2); MS (ESI): m/z 440.0 (M++1); Anal 

Calcd for C27H25N3O3: C, 73.79; H, 5.73; N, 9.56; found C, 73.72; H, 5.78; N, 9.64. 

6-(1-Cyclohexyl-1H-benzo[d]imidazol-6-yl)-2-(2-morpholinoethyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (25): Light brown solid; 83% yield; mp 259-262 oC; 1H  

 

NMR (CDCl3, 400 MHz):  (ppm) 8.67 (d, J = 7.32 Hz, 1H, ArH), 8.65 (d, J = 

7.32 Hz, 1H, ArH), 8.32 (d, J = 8.24 Hz, 1H, ArH), 8.13 (s, 1H, ArH), 7.96 (d, 

J = 8.24 Hz, 1H, ArH), 7.79 (d, J = 7.36 Hz, 1H, ArH), 7.73 (t, J = 7.32 Hz, 

1H, ArH), 7.54 (s, 1H, ArH), 7.41 (d, J = 8.24 Hz, 1H, ArH), 4.41 (t, J = 6.64 

Hz, 2H, ethyl-CH2), 4.29-4.21 (m, 1H, cyclohex-CH), 3.72 (t, J = 4.60 Hz, 4H, 

morph-CH2), 2.77 (t, J = 6.64 Hz, 2H, ethyl-CH2), 2.64 (bs, 4H, morph-CH2), 

2.29 (d, J = 11.44 Hz, 2H, cyclohex-CH2), 2.00 (d, J = 13.76 Hz, 2H, cyclohex- 

CH2), 1.89-1.80 (m, 3H, cyclohex-CH2), 1.56-1.44 (m, 2H, cyclohex-CH2),  

1.37-1.33 (m, 1H, cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.3, 164.1, 147.6, 

143.8, 141.5, 133.6, 133.3, 133.0, 131.1, 130.7, 130.4, 128.6, 128.2, 126.8, 124.3, 122.7, 121.4, 

120.3, 111.3 (ArC), 66.9 (morph-CH2), 56.1 (ethyl-CH2), 55.5 (cyclohex-CH), 53.7 (morph-

CH2), 37.1 (ethyl-CH2), 33.3 (cyclohex-CH2), 25.6 (cyclohex-CH2), 25.2 (cyclohex-CH2); MS 

(ESI): m/z 509.1 (M++1); Anal Calcd for C31H32N4O3: C, 73.21; H, 6.34; N, 11.02; found C, 

73.18; H, 6.42; N, 11.02. 

2-Benzyl-6-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)-1H-benzo[de]isoquinoline-1,3(2H)-

dione (26): Off whie solid; 77% yield; mp 266-269 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.68  

 

(d, J = 7.32 Hz, 1H, ArH), 8.66 (d, J = 7.76 Hz, 1H, ArH), 8.30 (d, J = 8.24 

Hz, 1H, ArH), 8.12 (s, 1H, ArH), 7.95 (d, J = 8.72 Hz, 1H, ArH), 7.78 (d, J = 

7.80 Hz, 1H, ArH), 7.72 (t, J = 8.72 Hz, 1H, ArH), 7.57 (t, J = 7.32 Hz, 3H, 

ArH), 7.40 (d, J = 8.24 Hz, 1H, ArH), 7.34 (t, J = 7.36 Hz, 3H, ArH), 5.42 (s, 

2H, benzyl-CH2 ), 4.28-4.20 (m, 1H, cyclohex-CH), 2.28 (d, J = 11.44 Hz, 

2H, cyclohex-CH2), 1.99 (d, J = 13.72 Hz, 2H, cyclohex-CH2), 1.88-1.78 (m, 

3H, cyclohex-CH2), 1.55-1.44 (m, 2H, cyclohex-CH2), 1.37-1.33 (m, 1H,  

cyclohex-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.3, 164.1, 147.6, 141.5, 137.2, 133.3, 

133.0, 131.4, 130.9, 130.3, 128.8, 128.4, 128.2, 127.4, 126.7, 124.3, 122.7, 121.3, 120.2, 111.2 
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(ArC), 55.5 (cyclohex-CH), 43.5 (benzyl-CH2), 33.3 (cyclohex-CH2), 25.6 (cyclohex-CH2), 

25.2 (cyclohex-CH2); MS (ESI): m/z 486.1 (M++1); Anal Calcd for C32H27N3O2: C, 79.15; H, 

5.60; N, 8.65; found C, 79.13; H, 5.61; N, 8.78. 
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CHAPTER 4  
HYBRIDS OF NAPHTHALIMIDE AND PHENANTHRO[9,10-

d]IMIDAZOLE 

 

4.1 Introduction 

Many heterocyclic molecules have been synthesized with naphthalimide as a key moiety which 

were recognized as potential anticancer agents.108 Planar structure of naphthalimide derivatives 

favor to intercalate into base pairs of DNA108 and exhibit excellent antitumor activity. DNA plays 

an important role in cell growth and cell division. Consequently, DNA remains to be one of the 

key molecular objectives in the designing of an effective anticancer agent. In our research group, 

derivatives of naphthalimide-benzimidazole, conjugates have been designed, synthesized and 

studied for their effect on antiproliferative activity and results revealed that these derivatives were 

found more potent than amonafide.109 Phenanthro[9,10-d]imidazole derivatives have also been 

proved to exhibit good activity in vitro and bind to DNA.53,110 Li and co-workers have designed 

and synthesized a series of polyglycol side chain substituted phenanthro-imidazole as anticancer 

agent.54 Moody and co-workers have synthesized a series of  phenanthro[9,10-d]imidazoles that 

showed in vitro potency against human melanoma, breast and colon cancer cell lines as well as  

inhibition of pathway of molecular chaperone heat shock protein 70 (Hsp70) in cells.53   

In the present case, a new series of naphthalimide-based molecules comprising 

phenanthro[9,10-d]imidazole, connected by phenyl ring spacer was designed and synthesized. 

These compounds were further evaluated in vitro for anticancer activity Moreover, interactions 

with ct-DNA and human serum albumin (HSA) were studied by UV-visible, fluorescence and CD 

spectroscopy as well as DNA viscosity measurement. 

4.2 Chemistry  

Conjugates of naphthalimide and phenanthroimidazole were synthesized by multiple step 

according to Scheme 1. Commercial available acenaphthene (1) was treated with N-

bromosuccinimide in DMF at room temperature to afford 5-bromo acenaphthene (2) in 94% yield. 

Oxidation of bromo acenaphthene was accomplished with sodium dichromate in acetic acid to 

obtain 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (3) in 72% yield. Condensation of 4-

formylphenylboronic acid (4) with 9,10-phenanthrenequinone (5) in the presence of ammonium 

acetate in acetic acid gave (4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)boronic acid (6) in 
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58% yield. Suzuki-Miyaura cross-coupling reaction of (4-(1H-phenanthro[9,10-d]imidazol-2-

yl)phenyl)boronic acid (6) with 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (3) in the 

presence of Pd(PPh3)4 and K2CO3 in CH3CN and water mixture (9:1) gave 6-(4-(1H-

phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H,3H-benzo[de]isochromene-1,3-dione (7) in 72% 

yield. Appearance of aromatic protons of naphthalimide and phenanthroimidazole in the range of 

δ 8.78-7.65 ppm in proton NMR spectrum confirmed the formation of intermediate 7. Intermediate 

7 was refluxed with various aliphatic and aromatic amines in ethanol for 7-9 h to afford compounds 

8-21 in 78-91% yields. Characteristic signals of allyl group (multiplet of one protons at δ 5.95-

5.89 ppm representing CH of allyl, multiplet of two protons at δ 5.14-5.10 ppm representing CH2 

of allyl and broad singlet of two protons at δ 4.63 ppm representing CH2 of allyl) in 1H NMR along 

with aromatic signals confirmed the formation of compound 8. All the synthesized compounds 

were well characterized by NMR and mass spectrometry. 

Scheme 1. Synthesis of 6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-2-substituted-1H-

benzo[de]isoquinoline-1,3(2H)-dione 

 

Reagents and conditions: (a) NBS, DMF, rt, 3 h, 94%; (b) Sodium dichromate, AcOH, reflux, 2.5 h, 72%; (c) 

Ammonium acetate, AcOH, reflux, 10 h, 58%; (d) Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 12 h, 72%; (e) 

RNH2, ethanol, reflux, 7-9 h, 78-91% 
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4.3 Biology 

4.3.1 Cytotoxicity 

The selected compounds (14 in no.) were evaluated for their in vitro cytotoxic activity against 9 

panels of human cell lines (leukemia, non-small cell lung, colon, CNS, melanoma, ovarian, renal, 

prostate and breast) having 58 different cancer cell lines at National Cancer Institute (NCI),84 USA 

at the dose of 10 µM (Tables 1-2). Among all the tested compounds, 1-ethylpiperazine substituted, 

compound 16, found to be most active compound of the series with the range of growth inhibition 

-55.78-94.53. Compound 16 has been found sensitive against 14 cancer cell lines out of 56 tested 

cell lines and found most susceptible against LOXIMVI of melanoma panel of cancer cell lines. 

Compound 16 has been found cytotoxic against K-562 (leukemia), HCT-116 (colon cancer), 

LOXIMVI (melanoma), OVCAR-4 (ovarian cancer) and MCF-7 (breast cancer) cell lines. 

Compound 16 showed cytostatic effect against CCRF-CEM (leukemia), SR (leukemia), NCI-

H460 (non-small cell lung cancer), HCT-15 (colon cancer), HT29 (colon cancer), KM12 (colon 

cancer), SW-620 (colon cancer), OVCAR-8 (ovarian cancer) and DU-145 (prostate cancer). 

Compound 16 found to be least active against full panel of CNS and renal cancer cell lines. 

Compound 14 substituted with N,N-dimethylethylamine showed cytostatic activity towards K-562 

(leukemia), SR (leukemia), 786-0 (renal cancer) and MCF7 (breast cancer) cell lines.  

Table 1. Cytotoxicity of compounds 8-14 at 10 µM concentration 

Panel Cell Line 8 9 10 11 12 13 14 

Leukemia CCRF-CEM 3.30 13.83 7.81 10.30 15.21 16.29 44.56 

HL-60(TB) -- 27.06 25.96 27.24 33.99 10.77 9.35 

K-562 8.67 23.09 18.41 22.43 16.72 23.40 71.51 

MOLT-4 9.55 13.60 10.69 19.52 21.14 12.87 15.97 

RPMI-8226 -- NT -- NT NT NT 45.12 

SR 6.10 26.89 28.12 2.51 31.01 37.80 61.45 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC 7.03 6.83 11.84 17.58 9.89 5.23 9.56 

EXVX 2.00 18.56 18.69 26.95 13.97 5.39 6.13 

HOP-92 20.96 25.15 8.09 4.66 2.60 21.42 28.17 

NCI-H226 -- 3.44 2.48 5.16 4.91 2.09 -- 

NCI-H23 -- 2.01 2.51 1.46 -- 1.18 -- 

NCI-H322M -- 9.22 6.49 22.02 17.63 -- -- 

NCI-H460 -- 14.65 15.54 23.99 17.39 -- -- 

NCI-H522 9.72 12.22 10.38 20.57 6.08 10.01 5.83 

Colon 

Cancer 

COLO 205 -- 8.31 7.55 12.37 9.04 -- -- 

HCC-2998 -- 3.92 1.48 4.81 6.68 -- -- 

HCT-116 -- 8.44 13.08 20.95 16.80 4.19 34.92 
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HCT-15 -- 24.55 23.30 29.95 29.21 2.38 -- 

HT29 -- -- 6.39 2.36 17.50 -- 18.90 

KM12 -- 15.82 10.76 10.19 10.48 4.65 24.23 

SW-620 -- 0.79 1.53 1.67 1.66 0.80 14.01 

CNS 

Cancer 

SF-268 -- -- -- 4.49 2.35 0.37 -- 

SF-295 -- 2.88 1.83 3.39 3.25 1.05 -- 

SF-539 4.39 5.61 -- 13.64 2.46 14.02 7.28 

SNB-19 -- 3.86 -- 6.75 8.72 -- -- 

SNB-75 -- -- -- 7.42 9.13 1.56 -- 

U251 0.93 15.82 17.41 18.87 21.34 0.39 4.48 

Melanoma LOX IMVI 0.30 37.22 3.03 32.52 30.55 0.40 42.01 

MALME-3M -- 6.25 -- 1.01 2.89 8.23 -- 

MDA-MB-435 -- -- -- 2.41 7.34 -- -- 

SK-MEL-2 -- -- -- 2.26 -- -- -- 

SK-MEL-28 -- -- 0.91 3.19 -- -- -- 

SK-MEL-5 NT NT NT 2.78 4.27 NT -- 

UACC-257 -- 0.95 -- 1.76 -- -- -- 

UACC-62 -- 13.01 -- 11.50 5.93 -- -- 

Ovarian 

Cancer 

IGROV1 0.54 6.38 2.73 21.52 13.13 1.56 3.72 

OVCAR-3 -- 8.21 -- 7.60 -- -- -- 

OVCAR-4 -- 3.27 1.72 7.68 17.91 -- -- 

OVCAR-5 -- 10.23 3.66 15.53 16.61 -- -- 

OVCAR-8 -- -- -- 5.03 6.21 0.48 47.97 

NCI/ADR-RES -- -- -- 2.74 2.05 2.42 11.86 

SK-OV-3 -- -- -- 4.11 -- -- -- 

Renal 

Cancer 

786-0 5.01 5.06 -- 16.13 16.74 13.12 81.77 

A498 7.12 -- 2.71 8.20 3.62 13.81 -- 

ACHN -- -- -- 9.60 11.38 -- -- 

CAKI-1 4.90 11.35 6.45 10.29 6.74 8.34 12.01 

SN12C 1.95 0.50 -- 10.03 9.20 11.38 2.58 

TK-10 1.60 13.70 17.56 22.90 16.91 -- -- 

UO-31 5.25 11.91 11.28 23.82 14.44 6.63 3.23 

Prostate 

Cancer 

PC-3 2.89 21.89 16.87 21.56 21.70 6.97 12.14 

DU-145 -- 7.48 -- 6.43 4.25 -- -- 

Breast 

Cancer 

MCF7 11.18 19.97 17.86 21.50 21.70 11.28 63.84 

MDA-MB-

231/ATCC -- 13.63 5.45 17.01 8.15 1.04 10.92 

HS 578T -- -- -- 7.24 -- -- -- 

BT-549 -- 4.34 -- 17.63 15.48 12.55 -- 

T-47D 1.89 21.05 9.53 32.64 21.41 15.14 13.27 

MDA-MB-468 -- 3.36 -- 2.95 9.21 -- -- 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition 
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Table 2. Cytotoxicity of compounds 15-21 at 10 µM concentration 

Panel Cell line 15 16 17 18 19 20 21 

Leukemia CCRF-CEM 23.10 62.54 5.86 8.95 10.67 1.23 16.18 

HL-60(TB) 39.79 17.53 9.70 33.95 4.98 0.69 36.84 

K-562 31.05 -10.20 11.75 10.99 21.31 2.09 26.17 

MOLT-4 26.53 46.58 7.69 14.82 11.62 -- 22.79 

RPMI-8226 15.37 NT 8.62 -- 22.53 -- NT 

SR 48.00 94.01 17.55 29.72 19.85 -- 41.01 

Non-Small 

Cell Lung 

Cancer 

A549/ATCC 19.35 29.28 4.44 4.39 13.84 -- 13.95 

EXVX 19.52 2.97 11.23 15.93 22.85 3.56 19.89 

HOP-62 -- 37.87 -- 0.08 3.82 -- -- 

HOP-92 10.33 13.79 10.70 -- 38.28 -- -- 

NCI-H226 9.46 5.12 1.39 10.24 11.15 -- 6.29 

NCI-H23 -- 16.72 1.52 -- 5.23 -- -- 

NCI-H322M 2.94 24.74 3.99 2.70 18.09 -- 8.82 

NCI-H460 23.99 58.76 -- 20.47 4.01 -- 29.83 

NCI-H522 7.58 8.16 5.47 4.98 21.04 6.07 10.69 

Colon 

Cancer 

COLO 205 19.84 38.14 -- 11.71 2.65 -- 12.34 

HCC-2998 6.91 14.54 2.74 -- -- -- 3.74 

HCT-116 22.83 -12.29 -- 15.62 6.51 -- 34.26 

HCT-15 33.92 59.08 -- 30.73 7.25 -- 42.12 

HT29 14.54 94.53 5.58 6.01 -- -- 14.88 

KM12 11.76 78.36 -- 18.90 12.89 2.94 13.14 

SW-620 7.10 74.85 -- 5.86 -- -- 5.41 

CNS 

Cancer 

SF-268 4.35 -- -- -- 14.18 -- 1.23 

SF-295 3.42 -- 5.76 5.46 5.16 -- 8.58 

SF-539 7.40 26.23 0.96 5.38 16.71 -- 1.50 

SNB-19 4.41 -- -- 2.70 1.79 -- 4.79 

SNB-75 2.85 -- -- -- 16.30 -- 0.68 

U251 14.33 37.89 3.56 10.42 10.36 -- 17.98 

Melanoma LOX IMVI 35.16 -55.78 0.34 30.42 21.11 -- 36.05 

MALME-3M -- 14.63 8.46 -- 14.32 -- -- 

MDA-MB-435 -- -- -- 1.35 2.89 0.45 5.65 

SK-MEL-28 -- -- -- 2.38 6.38 -- 1.70 

UACC-257 -- -- 3.49 -- 6.38 -- -- 

UACC-62 1.34 -- -- 8.47 19.66 -- 8.31 

Ovarian 

Cancer 

IGROV1 16.12 27.60 3.20 7.33 39.51 -- 13.56 

OVCAR-3 4.06 8.47 -- 8.12 3.91 -- 7.48 

OVCAR-4 7.84 -23.24 -- 9.57 4.76 -- 17.05 

OVCAR-5 -- -- -- 1.41 12.12 -- 9.17 

OVCAR-8 7.99 79.76 3.65 -- 7.82 -- 4.87 

NCI/ADR-RES 0.40 42.17 -- -- 2.42 -- 4.35 

SK-OV-3 -- -- -- 5.72 10.76 -- 6.26 

Renal 786-0 37.61 47.58 8.85 -- 9.97 -- 4.30 
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Cancer A498 -- -- 8.79 -- 11.19 -- -- 

ACHN 1.02 28.33 -- -- 10.83 -- 9.43 

CAKI-1 13.66 8.62 -- 5.22 31.80 -- 12.60 

SN12C 7.23 6.55 8.74 3.10 14.76 -- 4.82 

TK-10 19.50 -- -- 13.46 0.03 -- 18.91 

UO-31 14.36 5.85 5.32 17.77 40.58 -- 18.52 

Prostate 

Cancer 

PC-3 27.95 33.39 1.52 18.64 19.17 -- 18.48 

DU-145 2.11 57.46 -- 1.12 -- -- 4.15 

Breast 

Cancer 

MCF7 29.57 -6.70 10.17 15.04 43.21 6.19 24.73 

MDA-MB-

231/ATCC 11.76 36.67 -- 6.77 21.73 -- 4.05 

HS 578T 1.81 -- -- -- 9.80 -- -- 

BT-549 15.49 4.64 2.37 -- 5.19 -- 4.13 

T-47D 2.86 32.50 8.72 16.54 35.45 -- 13.99 

MDA-MB-468 -- 18.49 -- -- 8.09 -- -- 

-- indicates GI < 10%; NT, not tested; 30-40% growth inhibition; 40-50% growth inhibition; 50-70% growth 

inhibition; 70-90% growth inhibition; 90-100% growth inhibition; lethal to cancer cells 

4.3.2 DNA interaction studies 

To evaluate the interaction between naphthalimide-1H-phenanthro[9,10-d]imidazole conjugates 

with DNA, binding studies of compound 16, the most potent derivative among the present series, 

with ct-DNA were performed using UV-visible, fluorescence and CD spectroscopy as well as DNA 

viscosity measurement. 

4.3.2.1 UV-Vis absorption spectroscopy 

UV-Vis absorption spectroscopy of compound 16 was carried out in the presence and absence of 

ct-DNA. Absorption spectra of free compound 16 (20 µM) in phosphate buffer (pH 7.2) at 298 K 

showed intense bands at 415 nm, 330 nm and 268 nm. On incremental addition of ct-DNA upto 

saturation (0-15 µM), absorption spectra noticeably showed the occurrence of hyperchromism in 

all three bands (Figure 1). The hyperchromicity may be as a consequence of external contact 

(groove or electrostatic binding).111 Moreover, the absence of isosbestic points in the absorption 

spectra pointed out that the complex formation had noncovalent interactions.112 For a qualitative 

determination of interaction between compound 16 and ct-DNA, the binding constant (Kb) was 

calculated using Benesi-Hildebrand equation73 and found to be 7.81 × 104 M-1. The calculated Kb 

value at 298 K (order of 103 or 104)113 was smaller than that reported for a typical classic 

intercalator (order of 105).114 Furthermore, by comparison with Kb value of other DNA groove 

binders, the binding mode between compound 16 and DNA was inferred to be groove binding. 
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Figure 1. UV-visible absorption compound 16 in the presence of increasing concentrations of ct-

DNA in phosphate buffer (pH 7.2) at 298 K  

4.3.2.2 Fluorescence emission spectroscopy 

To get further insight into the interaction between compound 16 and ct-DNA, and to determine 

effect of temperature on interactions, fluorescence emission spectrum of compound 16 was 

recorded at three different temperatures (298 K, 308 K and 318 K). Compound 16 displayed a 

strong emission band at 390 nm after excitation at 330 nm. The fluorescence intensity of compound 

16 (5 µM) decreases gradually on incremental addition of ct-DNA (0-60 µM) in phosphate buffer 

(pH 7.2) at three different temperatures, i.e. 298 K, 308 K and 318 K (Figure 2a-c), which indicates 

the good interactions of compound 16 and ct-DNA. With the objective to elaborate the quenching 

process, a quenching constant (Ksv) was obtained from Stern-Volmer equation75 (Figure 2d) and 

found to be in the range of 2.00–4.44 × 103 M-1 (Table 3) at three different temperatures. In general, 

a decrease in Ksv value can be detected with increasing temperature at static quenching, however, 

an opposite trend will be detected for dynamic quenching.77 In the present case, Ksv values 

decreased with increasing temperature, indicating the quenching may be regulated by static 

quenching with the formation of complex between compound 16 and ct-DNA. The values of 

quenching rate constant (Kq) was calculated in the range of 2.00-4.44 × 1011 M-1 s-1 (Table 3). The 

higher value was detected for dynamic quenching rate constant than the limiting diffusion constant 

for biomolecules (≈ 1.0 × 1010 M−1 s-1),76 further confirmed the static quenching mechanism in 

compound 16 and ct-DNA.  
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Figure 2. (a) Emission spectra (λex = 330 nm) of compound 16 in presence of increasing 

concentrations of ct-DNA in phosphate buffer (pH 7.2) at (a) 298 K, (b) 308 K, (c) 318 K, (d) 

Stern-Volmer, (e) Modified Stern-Volmer and (f) Van’t Hoff plots of emission spectra of 

compound 16 in the absence and presence of ct-DNA at various temperatures (298 K, 308 K and 

318 K) 

The values of the binding constant (Kb) and number of binding sites (n) were calculated by 

modified Stern-Volmer plot (Figure 2e) and found to be in the range of 0.80-36.29 × 104 M-1 and 



113 
 

1.13-1.46, respectively (Table 3).  The values of enthalpy change (∆H) and entropy change (∆S) 

were calculated from the van’t Hoff plot (Figure 2f) and found to be -35.70 kcal M-1 and -94.08 

cal M-1K-1, respectively. The free energy change (∆G) was calculated and determined from (-)7.66 

to (-)5.78 kcal M-1 (Table 4). The negative values of ∆G indicated favorable and spontaneous 

binding process of compound 16 with ct-DNA. The negative value of ∆H exhibited that an 

exothermic process played the key role in the complex formation between compound 16 and ct-

DNA. The negative value of ∆S is typical regarded for the hydrogen bonding and van der Waals 

contact in the binding of compound 16 to DNA. 

Table 3. Interaction parameters of compound 16 with ct-DNA at three different temperatures (298 

K, 308 K and 318 K) 

T (K) Ksv (×103) M−1 Kq (×1011)  M−1s-1 R2 Kb (×104) M−1 n R2 

298 4.44 4.44 0.9776 36.29 1.46 0.9502 

308 3.81 3.81 0.9849 8.12 1.32 0.9896 

318 2.00 2.00 0.9820 0.80 1.13 0.9548 

R2 is the correlation coefficient    

Table 4. Thermodynamic parameters of compound 16 with ct-DNA at three different temperatures 

(298 K, 308 K and 318 K) 

T (K) ΔH (kcal M−1) ΔS (cal M−1K−1) ΔG (kcal M−1) R2 

298 -35.70 -94.08 -7.66 0.9802 

308 -6.72 

318 -5.78 

R2 is the correlation coefficient       

4.3.2.3 Competitive displacement assay 

To find the binding mode of compound 16 with ct-DNA, competitive displacement assay was 

carried out using Hoechst dye and ethidium bromide. Complex of Hoechst dye with ct-DNA 

displayed an emission peak at around 460 nm, after excitation at 345 nm.115 A significant decrease 

in fluorescence intensity of Hoechst-DNA complex (3 µM : 30 µM) was detected upon incremental 

addition of compound 16 (Figure 3a) in phosphate buffer (pH 7.2) at 298 K, probably due to 

replacement of  the groove-bound Hoechst from the ct-DNA by compound 16. The Ksv value was 

calculated from Stern-Volmer equation, with the help of Stern-Volmer plot (Figure 3b) and found 

to be 1.55 × 105 M-1.  
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       Compound 16 has two planer moieties in its structure due to which there are some chances 

of intercalation. Thus, we have carried out the competitive displacement assay with ethidium 

bromide.80 Emission band of ethidium bromide-DNA complex (3 µM : 30 µM) at 602 nm upon 

excitation at 520 nm, was gradually quenched when titrated with incremental addition of 

compound 16 (0-90 µM) (Figure 3c). The value of Ksv was calculated by Stern-Volmer plot 

(Figure 3d) and found to be 1.36 × 104 M-1. Quenching in emission band at 602 nm as well as 

lower value of Ksv displayed possibility of partial intercalation of compound 16 with ct-DNA. 

  

  

Figure 3. Emission spectra of (a) Hoechst-ct-DNA complex and (b) Ethidium bromide-ct-DNA 

complex (3 µM : 30 µM) in presence of increasing concentrations of compound 16 in phosphate 

buffer (pH 7.2) at 298 K, Stern-Volmer plots of emission spectra of (c) Hoechst-ct-DNA complex 

and (d) ethidium bromide-ct-DNA complex in the absence and presence of compound 16 

4.3.2.4 DNA melting studies 

DNA melting studies were performed to further evaluate the binding mode of compound 16 with 

ct-DNA. Melting temperature (Tm) of DNA is a temperature at which point half of the DNA 

transforms into a single stranded form. Intercalation stabilizes the DNA double helix structure and 

causes an increase in the value of Tm whereas groove binding does not cause any significant change 
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in Tm.74 The values of Tm for ct-DNA in the absence and presence of compound 16 were found to 

be 78.1 °C and 80.1 °C, respectively. The ∆Tm value of ct-DNA was increased by only 2 °C upon 

addition of compound 16, supporting the groove binding as a mode of interaction (Figure 4a).  

  

Figure 4. (a) Melting curves of ct-DNA at 260 nm in the absence (blue) and the presence (red) of 

the compound 16 and (b) effect of the addition of compound 16 on the relative viscosity of ct-

DNA at 298 K 

4.3.2.5 Viscosity measurments 

Generally, groove binding causes a minor change in the viscosity of DNA solution whereas 

intercalation of small molecule causes significant rise in the viscosity as a result lengthening of 

DNA.116 In present experiment, addition of compound 16 to ct-DNA displayed no significant 

change in the relative viscosity of ct-DNA solution. A relative viscosity plot of (ɳ/ɳo)
1/3 versus 

[compound 16]/[ct-DNA] ratio was obtained (Figure 4b). These outcomes further gave evidence 

regarding the groove binding of compound 16 to ct-DNA. 

4.3.2.6 Iodide quenching studies 

Potassium iodide (KI) quenching study is an additional technique which gives valuable evidence 

about the binding mode of any molecule with DNA. The iodide ions can drive the emission 

quenching of fluorescent compounds in aqueous solution.117 In this study, compound 16 (5 µM) 

and compound 16-ct-DNA complex (5 µM : 60 µM) were titrated with incremental addition of KI 

solution (Figure 5a-b). Stern-Volmer quenching constant (Ksv) was calculated by plotting Stern-

Volmer plot (Figure 5c) in the absence and presence of ct-DNA. The values of Ksv were found to 

be 1.15 × 103 M-1 and 1.39 × 103 M-1 in the absence and presence of ct-DNA, respectively. The 

value of Ksv for compound 16 was not much affected with the presence of ct-DNA, indicated that 

mode of interaction is happened preferably by groove binding.  
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Figure 5. Emission spectra of (a) compound 16, (b) compound 16-ct-DNA complex in presence 

of increasing concentrations of KI in phosphate buffer (pH 7.2) at 298 K, and (c) Stern-Volmer 

plots of emission spectra of compound 16 and compound 16-ct-DNA complex in the absence and 

presence of KI  

4.3.3 HSA binding studies 

To ensure the availability of drug to the target site, there should be good interactions between drug 

and protein, hence, responsible for transportation. Human serum albumin (HSA) is involved in the 

transport of drug inside human body.118 The binding interactions of compound 16 with HSA have 

been examined by absorption and emission experiments. 

4.3.3.1 UV-Vis absorption spectroscopy 

UV-Vis absorption spectroscopy is a very simple method to discover the complex formation 

between a small molecule and protein. UV spectrum of HSA (20 µM) with incremental addition 

of compound 16 (0-7 µM) was noted in phosphate buffer (pH 7.2) at 298 K (Figure 6a). Addition 

of compound 16 drives the enhancement in the absorption peak of HSA at 280 nm, and appearance 
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of two new weak absorption peaks at 330 nm and 415 nm, which are related to compound 16. 

These outcomes indicated that there were significant interactions between compound 16 and HSA. 

The binding constant (Kb) was calculated to be 0.51 × 105 M-1 using Benesi-Hildebrand plot 

(Figure 6b).73 

  

Figure 6. (a) UV-visible absorption and (b) Benesi-Hildebrand plot of HSA (8 µM) in presence 

of increasing concentrations of compound 16 in phosphate buffer (pH 7.2) at 298 K  

4.3.3.2 Fluorescence emission spectroscopy 

Fluorescence spectrum of HSA is giving emission peak at about 350 nm (λex = 280 nm) due to the 

presence of tryptophan, tyrosine and phenylalanine residues.119 Gradually quenching was observed 

in emission peak of HSA (8 µM) at 350 nm upon incremental addition of compound 16 in 

phosphate buffer (pH 7.2) at three different temperatures (298 K, 308 K and 318 K) (Figure 7a-

c), indicating strong interaction between HSA and compound 16.  

        Stern-Volmer and modified Stern-Volmer equations76,77 were used to calculate the 

quenching and binding constants. The values of Stern-Volmer quenching constant (Ksv) and the 

quenching rate constant (Kq) were calculated in the range of 6.03-7.60 × 105 M-1 and 6.03-7.60 × 

1013 M-1 s-1, respectively (Table 5, Figure 7d). Decrease in the Ksv
 values have been detected with 

increments in the temperature and higher values were detected for dynamic quenching rate constant 

than limiting diffusion constant (≈ 1.0 × 1010 M−1 s−1).78 All above-mentioned results indicated 

that quenching mechanism in HSA and compound 16 interaction was static quenching.  
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Figure 7. Emission spectra of HSA in presence of increasing concentrations of compound 16 in 

phosphate buffer (pH 7.2) at (a) 298 K, (b) 308 K, (c) 318 K, (d) Stern-Volmer plots, (e) Modified 

Stern-Volmer plots and (f) Van’t Hoff plots of emission spectra of HSA in the absence and presence 

of compound 16 at various temperatures  
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Table 5. Interaction parameters of HSA with compound 16 at three different temperatures (298 K, 

308 K and 318 K) 

T (K) Ksv (×105) M−1 Kq (×1013)   M−1s-1 R2 Kb (×106) M−1 n R2 

298 7.60 7.60 0.9505 1.82 1.24 0.9871 

308 7.16 7.16 0.9663 0.52 1.11 0.9727 

318 6.03 6.03 0.9653 0.22 1.02 0.9683 

R2 is the correlation coefficient 

       The modified Stern-Volmer equation was used to evaluate the binding constants (Kb) and 

the number of binding sites (n) (Figure 7e). The values of Kb and n were found in the range of 

0.22-1.82 × 105 M-1 and 1.02-1.24, respectively, exhibiting strong binding interactions between 

HSA and compound 16. Moreover, it was clear that values of Kb have been decreased upon 

increasing the temperature of HSA solution, showing the stability of HSA-compound 16 complex 

was reduced with the enhancement in temperatures (Table 5).  

       The binding forces (van der Waals forces, electrostatic forces, hydrogen bonds and 

hydrophobic interactions) were determined by van’t Hoff equation. The enthalpy change (ΔH) and 

the entropy change (ΔS) were evaluated by plotting van’t Hoff plot at three different temperatures 

(298 K, 308 K and 318 K) (Figure 7f). The free energy change (ΔG) was calculated using enthalpy 

change and entropy change (Table 6). The negative values of the ΔG and ΔH (-19.92 kcal M−1) 

revealed that the binding process was spontaneous and exothermic in nature while the negative 

value of ΔS (-38.32 cal M−1 K−1) credited to hydrogen bonding and van der Waals contact between 

compound 16 and HSA. 

Table 6. Thermodynamic parameters of HSA with compound 16 at three different temperatures 

(298 K, 308 K and 318 K) 

T (K) ΔH (kcal M−1) ΔS (cal M−1K−1) ΔG (kcal M−1) R2 

298 -19.92 -38.32 -8.49 0.9927 

308 -8.11 

318 -7.73 

R2 is the correlation coefficient 

4.3.3.3 Synchronous fluorescence spectroscopic studies 

Synchronous fluorescence spectrum is one of the most effective ways to discover the 

microenvironment of the amino acid residues in human serum albumin on determining the 
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fluorescence wavelength shift.121 The changes in the polarity nearby the chromosphere result into 

position shift of the maximum emission wavelength of molecule. The difference among excitation 

and emission wavelengths (∆λ = λemi–λexc) reveals the spectra of different nature of the 

chromophores. In synchronous fluorescence study of HSA, 15 nm and 60 nm values of ∆λ give 

the characteristic information about tyrosine (Tyr) and tryptophan (Trp) residues, respectively.122  

  

 

Figure 8. Synchronous emission spectra of HSA (a) ∆λ= 15 nm, (b) ∆λ = 60 nm in increasing 

concentrations of compound 16 and (c) overlap of the fluorescence emission spectrum of HSA 

(blue) with UV-Vis spectrum of compound 16 (red) 

          Addition of compound 16 to HSA solution at both ∆λ (15 nm and 60 nm) showed 

significantly decrease in emission intensity (Figure 8a-b). Results had revealed that both Tyr and 

Trp residues contributed equally to the quenching of the HSA emission and HSA molecule 

underwent conformational changes around both Tyr and Trp residues upon binding to compound 

16.  

4.3.3.4 Energy transfer of compound 16 with HSA 

According to the Förster’s non-radioactive energy transfer (FRET) theory, energy transfer will 

takes place if there is the occurrence of overlapping between the absorption band of acceptor 
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(compound 16) and the emission band of donor (HSA) (Figure 8c).122 The binding distance 

between HSA and compound 16 (R: the critical binding distance; r: binding distance), the 

efficiency of energy transfer (E) and the overlap integral value (J) were calculated using dipole 

orientation factor (k2) = 2/3, the refractive index of the medium (ɳ) = 1.336, and fluorescence 

quantum yield of the donor (Ф) = 0.15.123-125 The values of E, R, J, r were calculated to be 94%, 

0.57 nm, 1.24 × 10−18 cm3 L M−1 and 0.37 nm, respectively. The binding distance (r) was below 8 

nm and satisfied the required condition 0.5 R < r < 2 R126 for energy transfer. Therefore, there is a 

high probability of the energy transfer occurred between compound 16 and HSA. 

4.4 Molecular docking 

The experimental observations were substantiated through molecular docking studies. The 

preferred binding sites of compound 16 with DNA have been analyzed which play important role 

in the molecular recognition of nucleic acid and in the rational design of new chemotherapeutic 

drugs.127 In our experiment, molecular modeling of compound 16 with DNA was performed using 

AutoDock program,88 in order to predict the preferred orientation along with suitable binding sites 

of the molecule within DNA duplex. The optimized cluster was ranked by energy level in the best  

  

Figure 9. Molecular docking of DNA (1BNA) with compound 16 obtained using Discovery Studio 

conformation of ligand-DNA modeled structure, and the minimum binding energy of DNA with 

compounds 16 showed -12.2 kcal mol-1. The binding model of compound 16 with DNA (PdB: 

1BNA)89 has been shown in Figure 9. Oxygen atom of naphthalimide ring of compound 16 

showed H-bonding (bond length = 2.6 Å) with sugar backbone of DNA attached with cytosine 

(DC-9, A chain). Similarly, nitrogen atom of piperazine formed H-bonding (bond length = 2.6 Å) 

with phosphate backbone associated with thymine (DT20 of B chain). Additionally, naphthalimide 
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and phenanthro[9,10-d]imidazole rings showed electrostatic and hydrophobic interactions with 

DNA. 

4.5 Conclusion 

Derivatives of naphthalimide-1H-phenanthro[9,10-d]imidazole conjugate have been synthesized 

in good yields by Suzuki-Miyaura coupling of key intermediates 6-bromo-1H,3H-

benzo[de]isochromene-1,3-dione and (4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)boronic 

acid. Compound 16, substituted with 1-ethylpiperazine, demonstrated excellent cytotoxicity 

against about 14 human cancer cell lines. DNA interaction studies proposed that the fluorescence 

of compounds 16 was quenched efficiently and probably quenching phenomenon occurred through 

the static quenching process. Compound 16 was interacted through groove binding with partial 

intercalation. The binding results were supported by Hoechst competitive assay, ethidium bromide 

assay, circular dichroism, DNA melting experiment, DNA viscosity measurements and iodide 

quenching studies. Furthermore, the interaction of compounds 16 with human serum albumin was 

evaluated through UV-vis and fluorescence emission spectroscopy with relatively higher binding 

constant (Kb = 7.60 × 105 M-1).  

4.6 Experimental section 

Commercially available compounds (Aldrich, Merck, Spectrochem etc.) were used without further 

purification. Recorded melting points were uncorrected and measured in open capillaries. 1H and 

13C NMR characterizations were performed on Jeol ECS 400 NMR spectrometer, operated at 400 

MHz for 1H nuclei and 100 MHz for 13C nuclei, taking CDCl3, DMSO-d6 and TFA as solvents. 

Chemical shifts were reported in parts per million (ppm) and TMS was used as an internal 

reference. Coupling constants (J) were reported in hertz (Hz). Mass spectra of compounds were 

performed at Water Micromass-Q-T. Elemental analyses have been done with Thermo Scientific 

(Flash 2000) analyzer. Purification of synthesized compounds was done through column 

chromatography with the help of silica gel having mesh size of 60-120/100-200 using hexane/ethyl 

acetate and chloroform/methanol polarity systems. UV-Vis studies were carried out on a Shimadzu 

UV-2600 machine using slit width of 1.0 nm and matched quartz cells. Emission spectra were 

determined on a Varian Cary Eclipse fluorescence spectrometer. CD spectra were carried out on 

Applied Photophysics CD spectrophotometer. Absorption and fluorescence scans were saved as 

ACS II files and further processed in Excel™ to produce all graphs shown.  
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5-Bromo-1,2-dihydroacenaphthylene (2):128 N-Bromosuccinimide (2.54 g, 14.28 mmol) was 

added portion-wise to the suspension of acenaphthene (1) (2 g, 12.98 mmol) in dimethylformamide 

(20 ml) at room temperature. Reaction was stirred at room temperature for 3 h and progress of the 

reaction was monitored using thin layer chromatography (TLC). After completion, the reaction 

mixture was quenched by pouring into ice. The precipitated product was filtered and washed 

thoroughly with water. Air dried the crude to obtained the desired light brown solid product (2) in 

2.92 g, 94% yield; Rf 0.6 (hexane); mp 52-55 oC. 

6-Bromo-1H,3H-benzo[de]isochromene-1,3-dione (3):129 Sodium dichromate (10 g) was added 

portion wise to the solution of 5-bromo-1,2-dihydroacenaphthylene (2) (2 g, 5.58 mmol) in acetic 

acid (50 ml) at 0 °C. After completion of the addition, reaction was transferred to reflux for 2.5 h. 

Reaction mixture was poured into ice and precipitate was filtered and washed thoroughly with 

water. White solid product (3) was obtained in 1.75 g, 72% yield; Rf  0.5 (hexane); mp 222-225 

oC. 

(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)boronic acid (6): 4-Formylphenylboronic 

acid (4) (1 g, 6.67 mmol), phenanthrene-9,10-dione (5) (1.52 g, 7.33 mmol) and ammonium acetate 

(10.26 g, 133.34 mmol) were refluxed in acetic acid (30 ml) for 10 h. Reaction mixture was 

quenched by pouring into ice and precipitate was filtered and washed with water to obtain light 

yellow product (6) in 1.12 g, 58% yield; Rf  0.6 (hexane : ethyl acetate; 7:3); mp 278-281 oC. 

6-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H,3H-benzo[de]isochromene-1,3-dione 

(7): Suzuki-Miyaura coupling between 6-bromo-1H,3H-benzo[de]isochromene-1,3-dione (3) (1 

g, 3.61 mmol) and (4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)boronic acid (6) (1.22 g, 3.61 

mmol) was carried out using potassium carbonate (0.5 g, 3.61 mmol)  and Pd(PPh3)4 (5 mol%) in 

acetonitrile and water mixture (9:1). Reaction was refluxed for 12 h under nitrogen. After 

completion, solvents were evaporated under reduced pressure. Water (100 ml) was added to the 

reaction mixture and extracted using chloroform. Chloroform layer was dried over sodium sulphate 

to get the crude product. Crude was further purified by column chromatography using ethyl 

acetate:methanol (9.5:0.5) as eluents. Light yellow solid; 72% yield; Rf 0.5 (5% methanol in ethyl 

acetate); mp 288-291 oC; 1H NMR (DMSO-d6 + CDCl3, 400 MHz):  (ppm) 8.78 (d, J = 8.24  
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Hz, 2H, ArH), 8.60-8.53 (m, 6H, ArH), 8.43 (d, J = 8.56 Hz, 1H, ArH), 7.90 (d, 

J = 7.56 Hz, 1H, ArH), 7.86 (t, J = 7.88 Hz, 1H, ArH), 7.76 (d, J = 8.20 Hz, 2H, 

ArH), 7.72 (t, J = 7.28 Hz, 2H, ArH), 7.65 (t, J = 7.40 Hz, 2H, ArH); 13C NMR 

(DMSO-d6 + CDCl3, 100 MHz): δ (ppm) 160.7, 148.9, 146.6, 139.1, 132.9, 

131.3, 130.9, 130.5, 129.9, 128.0, 127.2, 127.0, 126.7, 125.3, 122.3, 122.2, 

121.1; MS (ESI): m/z  491.5 (M++1); Anal Calcd for: C33H18N2O3: C, 80.80; H, 

3.70; N, 5.71; found C, 80.87; H, 3.65; N, 5.80. 

2-Substituted-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (8-21): 6-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H,3H-

benzo[de]isochromene-1,3-dione (7) (100 mg, 0.20 mmol)  was refluxed with various alkyl and 

aryl amines (0.24 mmol) for 7-9 h in ethanol (5 ml). Precipitate was filtered and washed thoroughly 

with ethanol. Further, crude product was purified by column chromatography using ethyl acetate 

and methanol as eluents to get desired products.  

2-Allyl-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de]isoquinoline-1,3 

(2H)-dione (8): Light yellow solid; 91% yield; Rf 0.6 (5% methanol in ethyl acetate); mp 291-  

 

293 oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.80 (s (br), 2H, ArH), 8.54-

8.46 (m, 6H, ArH), 8.31 (d, J = 8.24 Hz, 1H, ArH), 7.85-7.60 (m, 8H, ArH), 5.95-

5.89 (m, 1H, allyl-CH), 5.14-5.10 (m, 2H, allyl-CH2), 4.63 (s (br), 2H, allyl-CH2); 

13C NMR (DMSO-d6, 100 MHz): δ (ppm) 163.6, 163.4, 148.9, 146.0, 139.3, 

133.2, 132.7, 131.4, 131.0, 130.9, 129.6, 128.5, 128.1, 127.7, 126.9, 122.8, 122.5, 

121.7, 116.8 (ArC), 42.3 (allyl-CH2); MS (ESI): m/z 530.1 (M++1); Anal Calcd 

for: C36H23N3O2: C, 81.65; H, 4.38; N, 7.93; found C, 81.78; H, 4.30; N, 7.88. 

6-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-2-(prop-2-yn-1-yl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (9): Light yellow solid; 82% yield; Rf 0.6 (5% methanol in ethyl 

acetate); mp 294-297 oC; 1H NMR (DMSO-d6 + TFA 400 MHz):  (ppm) 8.57 (d, J = 7.00 Hz, 

1H, ArH), 8.35 (d, J = 7.52 Hz, 1H, ArH), 8.30 (d, J = 8.12 Hz, 2H, ArH), 8.16 (d, J = 8.32 Hz, 

2H, ArH), 8.05 (t, J = 8.00 Hz, 3H, ArH), 7.61-7.50 (m, 7H, ArH), 7.42 (d, J = 7.52 Hz, 1H,  
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ArH), 5.02 (d, J = 2.40 Hz, 2H, propargyl-CH2), 2.31 (t, J = 2.36 Hz, 1H, 

propargyl-CH); 13C NMR (DMSO-d6 + TFA, 100 MHz): δ (ppm) 159.5, 159.1, 

158.7, 158.3, 147.6, 145.6, 132.7, 131.6, 131.2, 131.1, 129.7, 129.6, 128.8, 128.6, 

128.1, 128.1, 127.3, 124.5, 122.7, 122.7, 122.6, 121.8, 117.1, 114.2 (ArC), 79.5 

(propargyl-C), 29.7 (propargyl-CH2); MS (ESI): m/z 528.1 (M++1); Anal Calcd 

for: C36H21N3O2: C, 81.96; H, 4.01; N, 7.96; found C, 81.85; H, 4.15; N, 7.80. 

2-Butyl-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (10): Yellow solid; 91% yield; Rf 0.6 (5% methanol in ethyl acetate); mp 288-291  

 

oC; 1H NMR (CDCl3 + TFA, 400 MHz):  (ppm) 8.50 (d, J = 7.24 Hz, 1H, ArH), 

8.28 (d, J = 9.04 Hz, 3H, ArH), 8.21 (d, J = 8.08 Hz, 2H, ArH), 8.09 (d, J = 7.72 

Hz, 2H, ArH), 7.95 (d, J = 8.44 Hz, 1H, ArH), 7.56-7.46 (m, 7H, ArH), 7.32 (d, J 

= 7.52 Hz, 1H, ArH), 4.24 (t, J = 7.68 Hz, 2H, butyl-CH2), 1.78-1.70 (m, 2H, butyl-

CH2), 1.53-1.44 (m, 2H, butyl-CH2), 1.04 (t, J = 7.28 Hz, 3H, butyl-CH3); 
13C 

NMR (DMSO-d6 + CDCl3, 100 MHz): δ (ppm) 163.9, 163.7, 148.9, 146.0, 131.1, 

130.5, 129.8, 128.1, 127.1, 126.8, 125.4, 123.8, 122.8, 122.4, 121.8 (ArC), 30.2 

(butyl-CH2), 20.4 (butyl-CH2), 14.1 (butyl-CH3); MS (ESI): m/z 546.2 (M++1); 

Anal Calcd for: C37H27N3O2: C, 81.45; H, 4.99; N, 7.70; found C, 81.34; H, 4.87; N, 7.61. 

2-(2-Hydroxyethyl)-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (11): Light brown solid; 82% yield; Rf  0.3 (5% methanol in  

 

ethyl acetate); mp 290-293 oC; 1H NMR (DMSO-d6 + CDCl3, 400 MHz):  (ppm) 

8.77 (d, J = 6.76 Hz, 2H, ArH), 8.60-8.54 (m, 6H, ArH), 8.36 (d, J = 6.40 Hz, 1H, 

ArH), 7.81-7.63 (m, 8H, ArH), 4.81 (s (br) 1H, OH), 4.28 (s (br), 2H, ethyl-CH2), 

3.76 (s (br), 2H, ethyl-CH2); 
13C NMR (DMSO-d6 + CDCl3, 100 MHz): δ (ppm) 

164.0, 163.8, 148.9, 145.9, 139.2, 131.0, 131.0, 130.6, 129.8, 128.6, 128.0, 127.4, 

127.2, 126.8, 125.5, 123.0, 122.4, 121.9 (ArC), 58.6 (ethyl-CH2), 42.3 (ethyl-CH2); 

MS (ESI): m/z 534.1 (M++1); Anal Calcd for: C35H23N3O3: C, 78.78; H, 4.34; N, 

7.88; found C, 78.83; H, 4.39; N, 7.71. 

2-(2-Aminoethyl)-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (12): Light brown solid; 78% yield; Rf  0.3 (5% methanol in ethyl 
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acetate); mp 289-292 oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.81 (bs, 2H, 

ArH), 8.53-8.28 (m, 6H, ArH), 8.14 (d, J = 6.24 Hz, 1H, ArH), 7.72-7.60 (m, 8H, 

ArH), 4.16-3.90 (m, 4H, 2 × ethyl-CH2); 
13C NMR (DMSO-d6, 100 MHz): δ 

(ppm) 149.3, 130.9, 130.7, 128.3, 128.1, 127.9, 127.7, 127.6, 126.9, 126.7, 126.4, 

125.8, 125.5, 125.2, 124.4, 123.9, 122.5, 121.6 (ArC), 63.3 (ethyl-CH2), 54.0 

(ethyl-CH2); MS (ESI): m/z 533.1 (M++1); Anal Calcd for: C35H24N4O2: C, 

78.93; H, 4.54; N, 10.52; found C, 78.90; H, 4.41; N, 10.67. 

2-Amino-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (13): Reddish brown solid; 83% yield; Rf 0.4 (5% methanol in ethyl acetate); mp  

 

291-293 oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.74 (d, J = 8.04 Hz, 2H, 

ArH), 8.66-8.61 (m, 3H, ArH), 8.57 (d, J = 7.84 Hz, 3H, ArH), 8.39 (d, J = 8.48 

Hz, 1H, ArH), 7.84-7.77 (m, 2H, ArH), 7.75-7.68 (m, 4H, ArH), 7.65 (t, J = 7.68 

Hz, 2H, ArH), 5.80 (s, 2H, NH2); 
13C NMR (DMSO-d6 + CDCl3, 100 MHz): δ 

(ppm) 160.7, 148.9, 146.6, 139.1, 132.9, 131.3, 131.0, 130.9, 130.5, 129.9, 128.0, 

127.2, 127.0, 126.7, 125.3, 122.3, 122.2, 121.1 (ArC); MS (ESI): m/z 505.1 

(M++1); Anal Calcd for: C33H20N4O2: C, 78.56; H, 4.00; N, 11.10; found C, 78.72; 

H, 4.22; N, 11.01. 

2-(2-(Dimethylamino)ethyl)-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (14): Light yellow solid; 88% yield; Rf 0.3 (5% methanol  

 

in ethyl acetate); mp 295-298 oC; 1H NMR (DMSO-d6 + CDCl3, 400 MHz):  

(ppm) 8.74 (s (br), 2H, ArH), 8.65 (s (br), 1H, ArH), 8.55-8.50 (m, 5H, ArH), 

8.33 (d, J = 8.40 Hz, 1H, ArH), 7.80-7.75 (m, 2H, ArH), 7.72-7.67 (m, 4H, ArH), 

7.64 (t, J = 7.48 Hz, 2H, ArH), 4.26 (t, J = 6.60 Hz, 2H, ethyl-CH2), 2.62 (t, J = 

6.80 Hz, 2H, ethyl-CH2), 2.30 (s, 6H, 2 × CH3); 
13C NMR (DMSO-d6 + CDCl3, 

100 MHz): δ (ppm) 163.8, 163.6, 148.9, 146.0, 139.2, 137.6, 132.4, 131.1, 130.9, 

130.7, 130.6, 129.7, 128.5, 128.0, 127.3, 127.1, 126.8, 125.5, 125.4, 124.0, 123.6, 

122.7, 122.4, 121.7 (ArC), 56.9 (ethyl-CH2), 45.9 (CH3), 38.1 (ethyl-CH2); MS  

(ESI): m/z 560.6 (M++1); Anal Calcd for: C37H28N4O2: C, 79.27; H, 5.03; N, 9.99; found C, 

79.32; H, 5.13; N, 9.87. 

2-(2-(Diethylamino)ethyl)-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (15): Light yellow solid; 86% yield; Rf  0.2 (5% methanol  
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in ethyl acetate); mp 293-296 oC; 1H NMR (DMSO-d6 + CDCl3, 400 MHz):  

(ppm) 8.76 (d, J = 7.76 Hz, 2H, ArH), 8.60-8.54 (m, 6H, ArH), 8.36 (d, J = 8.44 

Hz, 1H, ArH), 7.83-7.77 (m, 2H, ArH), 7.73-7.68 (m, 4H, ArH), 7.65 (t, J = 

7.56 Hz, 2H, ArH), 4.24 (t, J = 7.24 Hz, 2H, ethyl-CH2), 2.75 (t, J = 6.92 Hz, 

2H, ethyl-CH2), 2.64 (q, J = 6.60 Hz, 4H, 2 × ethyl-CH2), 1.06 (t, J = 6.88 Hz, 

6H, 2 × ethyl-CH3); 
13C NMR (DMSO-d6 + CDCl3, 100 MHz): δ (ppm) 163.9, 

163.7, 148.9, 146.0, 139.2, 131.0, 130.5, 129.8, 128.6, 128.0, 127.3, 127.2, 

126.8, 125.4, 122.8, 122.4, 121.8 (ArC), 49.9 (ethyl-CH2), 47.5 (ethyl-CH2),  

38.1 (ethyl-CH2), 12.5 (ethyl-CH3); MS (ESI): m/z 589.2 (M++1); Anal Calcd for: C39H32N4O2: 

C, 79.57; H, 5.48; N, 9.52; found C, 79.66; H, 5.70; N, 9.41. 

6-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-2-(2-(piperazin-1-yl)ethyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (16): Light reddish solid; 83% yield; Rf  0.3 (5% methanol in ethyl 

 

acetate); mp 292-295 oC; 1H NMR (DMSO-d6 + CDCl3, 400 MHz):  (ppm) 8.76 

(d, J = 8.24 Hz, 2H, ArH), 8.61-8.54 (m, 6H, ArH), 8.36 (d, J = 8.64 Hz, 1H, 

ArH), 7.83-7.77 (m, 2H, ArH), 7.74-7.68 (m, 4H, ArH), 7.64-7.59 (m, 2H, ArH), 

4.30 (t, J = 6.92 Hz, 2H, ethyl-CH2), 2.79 (t, J = 4.44 Hz, 4H, pip-CH2), 2.65 (t, 

J = 7.16 Hz, 2H, ethyl-CH2), 2.51 (s (br),  4H, pip-CH2); 
13C NMR (DMSO-d6 + 

CDCl3, 100 MHz): δ (ppm) 163.8, 163.6, 148.9, 146.0, 139.2, 132.5, 132.0, 131.9, 

131.1, 131.0, 130.7, 130.5, 129.8, 128.9, 128.8, 128.6, 128.0, 127.4, 127.2, 126.8, 

125.5, 123.8, 122.8, 122.4, 121.8 (ArC), 56.3 (ethyl-CH2), 54.7 (pip-CH2), 46.1 

(pip-CH2), 37.4 (ethyl-CH2); MS (ESI): m/z 602.2 (M++1); Anal Calcd for: 

C39H31N5O2: C, 77.85; H, 5.19; N, 11.64; found C, 77.72; H, 5.04; N, 11.77. 

2-(2-Morpholinoethyl)-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (17): Light yellow solid; 84% yield; Rf  0.4 (5% methanol  

in ethyl acetate); mp 290-293 oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.85 (d, J = 8.00 Hz, 

2H, ArH), 8.57-8.48 (m, 6H, ArH), 8.36 (d, J = 8.64 Hz, 1H, ArH), 7.90-7.84 (m, 2H, ArH), 7.80 

(d, J = 8.28 Hz, 2H, ArH), 7.74 (t, J = 6.76 Hz, 2H, ArH), 7.64 (t, J = 7.52 Hz, 2H, ArH), 4.20 (t, 

J = 6.80 Hz, 2H, ethyl-CH2), 3.51 (t, J = 4.32 Hz, 4H, morph-CH2), 2.58 (t, J = 7.00 Hz, 2H, ethyl- 
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CH2), 2.47 (merged with solvent, 4H, morph-CH2); 
13C NMR (DMSO-d6 + 

CDCl3, 100 MHz): δ (ppm) 163.9, 163.7, 148.9, 146.1, 141.6, 139.2, 139.2, 138.2, 

137.7, 131.3, 131.0, 130.7, 129.9, 128.7, 128.3, 127.7, 127.4, 126.8, 125.5, 122.5, 

121.9 (ArC), 66.7 (morph-CH2), 56.2 (morph-CH2), 53.9 (ethyl-CH2), 37.3 

(ethyl-CH2); MS (ESI): m/z 603.2 (M++1); Anal Calcd for: C39H30N4O3: C, 77.72; 

H, 5.02; N, 9.30; found C, 77.80; H, 5.00; N, 9.44. 

2-Cyclohexyl-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (18): yellow solid; 87% yield; Rf  0.5 (5% methanol in ethyl acetate); mp 290-293  

 

oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.87 (d, J = 7.32 Hz, 2H, ArH), 

8.59 (d, J = 6.20 Hz, 2H, ArH), 8.48 (d, J = 6.48 Hz, 4H, ArH), 8.23 (d, J = 5.68 

Hz, 1H, ArH), 8.02-7.61 (m, 8H, ArH), 4.89 (t, J = 10.80 Hz, 1H, cyclohex-CH), 

1.82 (d, J = 10.04 Hz, 2H, cyclohex-CH2), 1.68 (d, J = 8.60 Hz, 3H, cyclohex-

CH2), 1.38-1.29 (m, 2H, cyclohex-CH2), 1.22-0.87 (m, 2H, cyclohex-CH2); 
13C 

NMR (DMSO-d6, 100 MHz): δ (ppm) 164.2, 164.0, 159.0, 158.6, 147.9, 144.9, 

141.3, 131.3, 131.3, 130.8, 129.8, 129.4, 128.7, 128.7, 128.4, 128.3, 128.1, 

127.3, 124.7, 123.5, 122.7 (ArC), 53.5 (cyclohex-CH), 29.2 (cyclohex-CH2), 

26.6 (cyclohex-CH2), 25.7 (cyclohex-CH2); MS (ESI): m/z 572.2 (M++1); Anal  

Calcd for: C39H29N3O2: C, 81.94; H, 5.11; N, 7.35; found C, 81.91; H, 5.18; N, 7.25. 

6-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-2-(phenylamino)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (19): Light reddish solid; 88% yield; Rf  0.4 (5% methanol  

 

in ethyl acetate); mp 294-297 oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.77-

8.65 (m, 5H, ArH), 8.59 (d, J = 7.36 Hz, 2H, ArH), 8.45 (d, J = 8.56 Hz, 1H, 

ArH), 8.22 (s, 1H, NH), 7.88-7.81 (m, 2H, ArH), 7.78 (d, J = 1.54 Hz, 1H, ArH), 

7.74-7.69 (m, 4H, ArH), 7.66-7.61 (m, 3H, ArH), 7.22 (t, J = 7.48 Hz, 2H, ArH), 

6.88 (t, J = 8.12 Hz, 2H, ArH); 13C NMR (DMSO-d6 + CDCl3, 100 MHz): δ 

(ppm) 163.3, 163.1, 147.2, 139.1, 137.7, 133.2, 131.9, 131.4, 131.1, 130.4, 

130.2, 129.1, 128.5, 128.4, 128.3, 128.1, 128.0, 127.4, 127.3, 127.2, 126.9, 

126.8, 125.5, 125.3, 123.9, 123.4, 122.9, 122.4, 122.3, 121.8, 120.7, 113.5 

(ArC); MS (ESI): m/z 581.1 (M++1); Anal Calcd for: C39H24N4O2: C, 80.67; H,  
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4.17; N, 9.65; found C, 80.52; H, 4.11; N, 9.78. 

2-Benzyl-6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (20): Light yellow solid; 88% yield; Rf 0.6 (5% methanol in ethyl acetate); mp 292- 

 

295 oC; 1H NMR (DMSO-d6 + CDCl3, 400 MHz):  (ppm) 8.76-8.71 (m, 2H, 

ArH), 8.67 (d, J = 7.76 Hz, 1H, ArH), 8.60 (d, J = 7.56 Hz, 1H, ArH), 8.56 (d, 

J = 8.20 Hz, 4H, ArH), 8.37 (d, J = 8.52 Hz, 1H, ArH), 7.84 (d, J = 7.52 Hz, 

1H, ArH), 7.80 (t, J = 8.04 Hz, 1H, ArH), 7.73-7.68 (m, 4H, ArH), 7.64-7.59 

(m, 2H, ArH), 7.46 (d, J = 7.36 Hz, 2H, ArH), 7.33 (t, J = 7.68 Hz, 2H, ArH), 

7.26 (t, J = 7.68 Hz, 1H, ArH), 5.34 (s, 2H, benzyl-CH2); 
13C NMR (DMSO-d6 

+ CDCl3, 100 MHz): δ (ppm) 163.9, 163.7, 148.8, 146.3, 139.1, 137.6, 132.7, 

131.4, 131.0, 130.5, 129.8, 128.6, 128.3, 128.1, 128.0, 127.4, 127.2, 127.1, 

126.8, 125.6, 125.4, 124.0, 123.6, 122.9, 122.7, 122.4, 121.6 (ArC), 43.4 (benzyl 

-CH2); MS (ESI): m/z 580.1 (M++1); Anal Calcd for: C40H25N3O2: C, 82.88; H, 4.35; N, 7.25; 

found C, 82.80; H, 4.30; N, 7.32. 

2-(4-Fluorophenyl)-6-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-

benzo[de]isoquinoline-1,3(2H)-dione (21): Light brown solid; 82% yield; Rf  0.4 (5% methanol  

 

in ethyl acetate); mp 296-299 oC; 1H NMR (DMSO-d6, 400 MHz):  (ppm) 8.92 

(t, J = 11.04 Hz, 2H, ArH), 8.62-8.57 (m, 2H, ArH), 8.54-8.44 (m, 4H, ArH), 

8.34 (t, J = 8.08 Hz, 1H, ArH), 8.03-7.96 (m, 1H, ArH), 7.92-7.85 (m, 4H, ArH), 

7.83-7.77 (m, 3H, ArH), 7.73 (t, J = 8.00 Hz, 2H, ArH), 7.47-7.43 (m, 1H, ArH), 

7.37 (t, J = 8.72 Hz, 1H, ArH); 13C NMR (DMSO-d6, 100 MHz): δ (ppm) 164.2, 

164.0, 161.2, 161.0, 159.4, 159.1, 158.7, 158.3, 147.7, 146.2, 140.9, 133.4, 133.1, 

132.5, 131.2, 129.6, 128.8, 128.3, 128.2, 127.4, 124.7, 122.7, 119.9, 119.1 (ArC); 

MS (ESI): m/z 584.1 (M++1); Anal Calcd for: C39H22FN3O2: C, 80.26; H, 3.80; 

F, 3.26; N, 7.20; found C, 80.38; H, 3.62; F, 3.36; N, 7.11. 
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CHAPTER 5  
HYBRIDS OF PHENANTHRO[9,10-d]IMIDAZOLE AND OTHER 

HETEROCYCLIC MOIETIES 

 

5.1 Introduction 

The development of diverse and novel small heterocyclic scaffold is causing higher attention in 

the medicinal and biological systems.130-132 This may attribute to growing necessity in assembling 

libraries of complex substances that is evaluated as lead compounds in drug discovery and 

development. Polycyclic aromatic hydrocarbons (PAH) are extremely important structural units in 

a variety of pharmaceutically active substances,133-137 owing to rigid structures that have a role in 

the progress of antitumor agents due to their ability to insert between stacked base pairs of DNA 

and thus act as intercalators.138 Introduction of appropriate side chains to these planar polycyclic 

heterocycles further increase the interactions with important macromolecules.139 Many 

heterocyclic compounds were synthesized using phenanthroline as core moiety, some of which 

having substituted and unsubstituted aryl rings at C2- and/or NH-position(s) of imidazole ring that 

were identified as potent antitumor agents.140,141 Phenanthrene-imida-/oxa-zole also showed 

favorable properties such as high extinction coefficient, ease of synthesis, stability and superior 

absorption and emission properties,142 which was commonly utilized in various optical sensors and 

probes. To the best of our knowledge, only few literature reports are available for anticancer 

activity of phenanthrene-imida-/oxa-zole moieties. In the framework of our program to develop 

the potentially bioactive heterocyclic compounds and in continuation with our on-going interests 

in this field,32,33,68 in the present work, we have designed and synthesized a series of compounds 

with different substitution of aromatic ring at C2 position which might be able to form H-bond and 

π-interaction with various biomacromolecules, that may increase the binding affinity with DNA 

and thus, improve antiproliferative activity. The planarity of this series of compounds is important 

to intercalate into the base pairs of DNA double helix, causing miscoding that results in cell death.  

       A facile procedure has been trailed for the synthesis of 2-(aryl)-1H-phenanthro[9,10-

d]imidazole/oxazole via condensation of 9,10-phenanthrenedione with various aryl aldehydes 

followed by substitution with various heterocyclic moieties. Synthesized compounds were 

subjected to cytotoxic assay in 60 human cancerous cell lines. Interactions of these compounds 

were further studied with human and calf thymus (Ct) DNA for intercalation mode of binding as 
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well as BSA and HSA for protein transport. Moreover, molecular modelling was used to gain 

further understanding into the binding mode of phenanthroline derivatives in the active site of 

DNA. 

5.2 Chemistry 

A series of 1H-phenanthro[9,10-d]imidazole/oxazole and 7H-acenaphtho[1,2-d]imidazole 

derivatives has been synthesized with substitution at C2 position possessing various aromatic rings 

like thiazolidine, phenol, salicylaldehyde, pyrene, naphthalimide etc (Schemes 1-4). Accordingly, 

2-substituted 1H-phenanthro[9,10-d]imidazole (3) and phenanthro[9,10-d]oxazole (4) were 

synthesized by heating the phenanthrene-9,10-dione (1) with substituted aromatic aldehydes (2a-

h) at 100 oC for 2-5 h in the presence of ammonium acetate and acetic acid (Scheme 1). In all 

reactions, 2-substituted 1H-phenanthro[9,10-d]imidazole (3a-h) and phenanthro[9,10-d]oxazole 

(4a-c)  were obtained in moderate to good yields. Among the aryl aldehydes, 5-

bromosalicylaldehyde was most reactive and the corresponding product 4-bromo-2-(1H-

phenanthro[9,10-d]imidazol-2-yl)phenol (3e) was obtained in comparatively high yield (65%). On 

the other hand, condensation with pyren-1-aldehyde was sluggish and low yielding. All products 

were completely characterized before proceeding further.  

Scheme 1. Synthesis of 2-(subsitituted aryl)-1H-phenanthro[9,10-d]imidazole/oxazole (3a-h and 

4a-c). 

 

            4-(1H-Phenanthro[9,10-d]imidazol-2-yl)benzaldehyde (3h) was further used for reaction 

with 2-amino-benzo[de]isoquinoline-1,3-dione (5) and thiazolidine-2,4-dione (7) in ethanol for 3-
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4 h to obtain 6 and 8 in 62% and 60% yields, respectively. The series of benzimidazoles were 

formed by condensation of 3h with 4-benzoyl-1,2-diaminobenzene (9) and 1,2-diamino-

anthracene-9,10-dione (11) at 60 oC in nitrobenzene for 2 h to obtain  (2-(4-(1H-phenanthro[9,10-

d]imidazol-2-yl)phenyl)-1H-benzo[d]imidazol-6-yl)(phenyl)methanone (10) and 2-(4-(1H-

phenanthro[9,10-d]imidazol-2-yl)phenyl)-3H-anthra[1,2-d]imidazole-6,11-dione (12) in 65% and 

61% yields, respectively (Scheme 2).  

Scheme 2. Synthesis of naphthalimide (6), thiazolidine (8) and benzimidazoles (10 and 12) of 4-

(1H-phenanthro[9,10-d]imidazol-2-yl)benzaldehyde (3h) 
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2,3-Diaryl 1H-phenanthro[9,10-d]imidazole was obtained with phenanthrene-9,10-dione (1), 

employing aniline and benzaldehyde in the presence of ammonium acetate and acetic acid and the 

corresponding product, 1,2-diphenyl-1H-phenanthro[9,10-d]imidazole (14) was obtained in 57% 

yield (Scheme 3). For SAR studies involving variation of imidazole moiety, 2-(7-phenyl-7H-

acenaphtho[1,2-d]imidazol-8-yl)phenol (16) and 4-(7H-acenaphtho[1,2-d]imidazol-8-

yl)benzaldehyde (17) were prepared in 64% and 52% yields by condensation of acenaphthylene-

1,2-dione with respective salicylaldehyde, and terephthaldehyde, in the presence of ammonium 

acetate and acetic acid as shown in Scheme 4. Compounds have been purified by column 
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chromatography and purity of all the derivatives were checked by HPLC. The purity of these 

compounds has been determined to be ≥ 95%. 

Scheme 3. Synthesis of 1,2-diphenyl-1H-phenanthro[9,10-d]imidazole (14) 
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Scheme 4. Synthesis of 2-(7-phenyl-7H-acenaphtho[1,2-d]imidazol-8-yl)phenol (16) and 4-(7H-

acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (17) 
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5.3 Biology 

5.3.1 Cytotoxicity 

5.3.1.1 Cytotoxicity against human cancer cells 

Derivatives of 1H-phenanthro[9,10-d]imidazole/oxazole (3b, 3c, 3f, 4b, 4c, 8 and 12) and 4-(7H-

acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (17) were chosen by National Cancer 

Institute,USA on account of variations in structure for cytotoxicity. These compounds were 

evaluated in vitro for cytotoxicity against cancer cells in a panel of 60-human cell lines at a single 

dose of 10 μM concentration, and the percentages of growth inhibition over these cell lines were 

determined (Table 1).71 

Preliminary in vitro anticancer screening revealed that derivatives 3f, 4c and 17 showed 

moderate inhibition, while compound 8 indicated more than 50% growth inhibition for most of the 

cancer cell lines and in some cases, exhibited better growth inhibition than 5-fluorouracil (5-FU). 

1H-Phenanthro[9,10-d]imidazole/oxazole derivatives 3b, 3c, 4b and 12 showed lower activity for 

cancer cell lines and were considered to be the least effective. 1H-Phenanthro[9,10-d]imidazole 3f 

showed selectivity towards non-small cell lung cancer cell lines NCI-H226 and breast cancer cell 

lines MDA-MB-468 with growth inhibition (GI) values of 76.22% and 78.07%, respectively while 

only OVCAR-4 was selective to 12 with GI value of 88.98%. Similarly, 2-phenanthro[9,10-
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d]oxazole having 5-diethylamino-2-hydroxyphenyl group 4c at 2-position showed selectivity 

towards leukemia cancer cell lines (K-562; GI = 79.67%, SR; GI = 72.39%), colon cancer cell 

lines (HCT-15; GI = 65.06%, HT-29; GI = 64.35%, KM12; 55.56%) and melanoma cancer cell 

lines (LOX IMVI; GI = 75.33%). Derivatives of 7H-acenaphtho[1,2-d]imidazol-8-yl with 

benzaldehyde (17) displayed selective potency towards breast cancer cell lines MCF7 and T-47D 

with GI values of 51.61% and 57.05%, respectively. 1H-Phenanthro[9,10-d]imidazole with 

thiazolidine-2,4-dione group (8) showed broad spectrum of cytotoxicity compared to other 

derivatives in most of the cancer cell panels. Compound 8 showed excellent inhibition against 

leukemia cancer cell lines CCRF-CEM (65.23%), HL-60(TB) (57.70%), K-562 (68.08%), RPMI-

8226 (66.09%) and SR (79.21%), colon cancer cell lines HCT-116 (65.54%) and HCT-15 

(50.01%), melanoma cancer cell lines MDA-MB-435 (67.42%), renal cancer cell lines A498 

(92.98%), prostate cancer cell lines PC-3 (51.87%) and breast cancer cell lines BT-549 (63.72%) 

and MDA-MB-468 (51.74%).  

Table 1. Percent growth inhibition of compounds 3b-c, 3f, 4b-c, 8, 12 and 17 on the panel of 60 

human tumor cell lines at 10 μM concentration 

Panel Cell lines 3b 3c 3f 4b 4c 8 12 17 5-FU 

Leukemia CCRF-CEM -- -- 10.31 17.88 41.37 65.23 -- 11.09 57.1 

HL-60(TB) -- -- -- 11.98 31.39 57.70 -- -- 47.9 

K-562 12.13 20.51 -- 11.86 79.67 68.08 -- 16.50 42.3 

MOLT-4 -- -- 26.75 -- 39.03 47.12 12.38 20.51 43.1 

RPMI-8226 13.33 -- 10.55 24.49 44.56 66.09 10.37 22.81 41.4 

SR 10.82 15.79 23.68 26.32 72.39 79.21 11.44 15.97 24.8 

Non-small 

Cell Lung 

Cancer 

EXVX 19.36 18.23 -- 21.25 20.24 11.51 10.28 22.99 NT 

HOP-92 16.43 24.20 27.07 16.21 10.99 21.41 -- 14.01 50.6 

NCI-H226 11.55 -- 76.22 14.18 -- -- -- 12.45 69.5 

NCI-H23 10.68 -- -- 14.52 13.50 28.97 -- 14.86 39.0 

NCI-460 -- - -- 30.41 15.00 19.73 -- 23.63 NT 

NCI-522 -- 10.43 17.47 -- 19.76 47.59 -- -- 58.0 

Colon 

Cancer 

COLO 205 -- -- -- 14.27 12.78 -- -- -- NT 

HCC-2998 -- -- -- -- 18.74 -- -- 12.84 L 

HCT-116 12.32 -- 16.65 19.25 16.63 65.54 -- 19.24 17.8 

HCT-15 -- 13.85 -- -- 65.06 50.01 -- 23.72 26.5 

HT29 -- -- -- -- 64.35 24.02 -- -- NT 

KM12 -- -- 13.51 -- 55.56 43.92 -- 13.04 40.7 

SW-620 -- -- -- 31.55 31.43 22.83 -- -- -- 

CNS 

Cancer 

SF-268 -- -- 14.56 10.18 11.98 12.31 -- 13.27 59.0 

SF-295 -- -- -- -- -- 16.26 -- -- 69.0 



135 
 

SNB-19 -- -- -- -- -- 18.07 -- -- NT 

SNB-75 11.1 -- -- 10.31 -- -- 10.03 -- 65.9 

U251 -- -- -- 17.98 15.6 30.30 -- -- 50.3 

Melanoma LOX IMVI -- 11.74 13.70 -- 75.33 36.69 -- 25.82 30.4 

MALME-

3M 
-- -- -- -- -- 14.85 -- -- 58.2 

M14 -- -- -- -- 12.40 47.88 -- -- NT 

MDA-MB-

435 
-- -- -- -- -- 67.42 -- -- NT 

SK-MEL-28 -- -- -- -- -- 19.07 -- -- 19.5 

UACC-62 10.10 20.14 38.38 11.64 11.15 30.28 -- 19.80 39.7 

Ovarian 

Cancer 

IGROV1 23.53 -- 13.23 25.87 19.22 -- -- 28.87 51.2 

OVCAR-3 -- -- -- -- 10.26 21.28 -- 12.27 47.4 

OVCAR-4 -- -- -- 23.56 -- -- 88.98 27.42 59.4 

OVCAR-8 -- -- -- 10.96 15.00 21.68 -- -- NT 

NCI/ADR-

RES 
-- -- -- -- 11.04 -- -- -- 47.6 

SK-OV-3 -- 10.12 -- -- -- -- -- -- 77.5 

Renal 

Cancer 

786-0 -- -- -- -- 12.22 48.01 -- -- NT 

A498 -- -- 36.26 -- -- 92.98 -- -- L 

ACHN 11.69 -- 10.35 -- 23.11 33.35 -- -- 39.3 

RXF 393 -- -- -- -- 16.65 19.08 -- -- NT 

SN12C 24.36 -- -- 17.00 -- -- -- -- 54.0 

UO-31 37.89 24.42 37.19 39.05 35.16 25.52 22.61 33.35 41.3 

Prostate 

Cancer 
PC-3 11.77 -- 21.16 22.22 20.31 51.87 -- 21.13 58.2 

Breast 

Cancer 

MCF7 26.33 23.75 23.08 37.58 43.24 46.15 -- 51.61 11.5 

MDA-MB-

231/ATCC 
23.78 19.44 23.21 18.28 35.24 15.55 14.43 25.57 78.1 

HS 578T -- -- -- 10.50 10.04 17.56 -- -- L 

BT-549 -- -- -- -- -- 63.72 -- -- 37.8 

T-47D 36.40 17.10 39.97 21.10 31.38 38.46 -- 57.05 56.7 

MDA-MB-

468 
-- -- 78.07 17.03 15.77 51.74 -- 30.9 NT 

-- indicates GI < 10%; NT, not tested; L, lethal to the cancer cell line; 30-40% growth inhibition; 40-50% growth 

inhibition; 50-70% growth inhibition; 70-90% growth inhibition; 90-100% growth inhibition 

5.3.1.2 Cytotoxicity against human normal cells 

Cytotoxicity of compound 8 in human cancer cell line (A549/ATCC) and normal cell line 

(Hek293) was determined by means of colorimetric assay (MTT assay). The cytotoxicity of 

compound 8 to A549/ATCC at 10-4, 10-5, 10-6, 10-7 and 10-8 μM concentration has been found to 

be 90%, 78%, 75%, 59% and 42%, respectively (Figure 1a). Compound 8 exhibited excellent 
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growth inhibition activity against A549/ATCC with IC50 value of 1.70 µM. To evaluate the safety, 

the cytotoxic effect of active derivative 8 on human normal cell lines (Hek293) was also carried 

out. It has been observed that derivative 8 showed only 15%, 9%, 6%, 5% and 4% cytotoxicity to 

Hek293 cells at the concentration level of 10-4, 10-5, 10-6, 10-7 and 10-8 μM, respectively (Figure 

1b). The compound showed only 15% toxicity to Hek293 cells even at 100 μM concentration. 

These data revealed that derivative 8 had low cytotoxicity towards mammalian cells, indicating 

that the bioactive compound 8 was able to selectively kill cancer cells.  

  

Figure 1. Effect of cytotoxicity of compound 8 on (a) human cancer cell line A549/ATCC and (b) 

human normal cell line Hek293 

5.3.2 DNA binding studies 

In order to determine the interaction of compound with DNA, binding properties of most active 

compound 8 have been assessed using UV-visible and fluorescence spectrophotometer.   

5.3.2.1 Calf thymus DNA binding studies 

5.3.2.1.1 UV-vis absorption spectroscopy  

Upon incremental addition of ct-DNA (0-40 μM) to compound 8 (20 µM), the intensity of the 

absorption band of compound 8 at 398 nm decreases (Figure 2a). The observed hypochromic shift 

upon addition of DNA results from intercalation. The binding constant of compound 8 with ct-

DNA (Kb) has been investigated with Benesi-Hildebrand equation73 that was found to be 2.95 ×106 

M-1 (Figure 2b). The free energy of interaction (ΔGobs) has also been calculated from binding 

constant and was found to be -6.09 kcal mol−1, indicating the favorable and spontaneous nature of 

binding process. 
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Figure 2. (a) Absorption spectra of compound 8 in the presence of the ct-DNA and (b) Benesi-

Hildebrand plot of compound 8 for absorption spectroscopy of ct-DNA 

5.3.2.1.2 DNA melting studies 

Thermal denaturation experiment has been performed to support the intercalative nature of 

interaction between compound 8 and ct DNA. The melting curve indicated that upon addition of 

compound 8 (83.1 oC), the thermal melting temperature of ct-DNA (76 oC) increased by 7.1 oC. 

Therefore, both UV-visible titrations and thermal denaturation experiment designated strong 

intercalative binding of compound 8 into the base pairs of ct-DNA. 

5.3.2.1.3 Fluorescence emission spectroscopy 

To further understand the interactions, fluorescence based spectroscopic technique was employed. 

Studies have been implemented by keeping the concentration of compound 8 constant (20 μM) 

and varying the concentrations of ct-DNA (0-20 μM). The emission spectrum of compound 8 upon 

excitation at 400 nm exhibited a peak at 468 nm (Figure 3a). On increasing the concentration of ct-

DNA to compound 8 resulted in enhancement of fluorescence at 468 nm, suggesting the interaction 

between compound 8 and ct-DNA. In order to study the enhancement process and to distinguish 

the possible enhancement mechanism, quantitative estimation in terms of fluorescence change has 

been determined using the Stern-Volmer equation.75 Linear Stern-Volmer plot (Figure 3b) shows 

that there is only one type of binding occurred whether static or dynamic. The average fluorescence 

lifetime is usually 10−8 s76 in the absence of DNA and therefore, the value of Kq has been found to 

be 1.88 × 1011 M−1 s−1 (Table 2). Since Kq value is much greater than typically observed dynamic 

enhancement (~2 × 1010 M−1 s−1),77 interaction probably involves the static enhancement with 

formation of complex at ground state. The binding constant (Kb) and the number of binding sites 
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(n) were analyzed by modified Stern-Volmer (MSV) equation.78 As shown in Figure 3c, the values 

of n and Kb were calculated to be 1.44 and 1.95 × 105 M−1, respectively (Table 2). ΔGobs has been 

calculated to be -7.21 kcal mol-1, indicating the favorable and spontaneous nature of binding 

process. 

  

 

Figure 3. (a) Emission spectra of compound 8 in the presence of ct-DNA, (b) Stern-Volmer and 

(c) Modified Stern-Volmer plots for the observed fluorescence enhancement on addition of ct-

DNA to compound 8 

Table 2. Quenching and binding parameters for the interaction of DNA and EB-DNA complex 

with compound 8 

 T (K) KSV (×104) (M-1) Kq (×1012) (M-1S-1) R2 Kb  (×105 M-1) n R2 

DNA 298 0.188 0.188 0.9896 1.95 1.44 0.9966 

EB-DNA 298 6.53 6.53 0.9958 1.00 1.05 0.9943 

R2 is correlation coefficient 
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5.3.2.1.4 Competitive displacement assay 

Further, to confirm the intercalative mode of compound 8 with DNA, ethidium bromide (EB) 

competitive displacement assay was performed. The complex of EB with DNA exhibited the 

emission band at 600 nm. On subsequent addition of compound 8 to the EB-DNA complex, 

quenching in emission band at 600 nm was observed (Figure 4a), indicated that compound 8 

displaced EB from DNA through intercalation binding mode. KSV (Stern-Volmer quenching 

constant), Kq (bimolecular quenching constant), Kb (binding constant) and n (number of binding 

sites) were calculated using Stern-Volmer and modified Stern-Volmer equations and were found 

to the values of 6.53 ×104 M-1, 6.53 ×1012 M-1s-1, 1.00 × 105 M−1 and 1.05, respectively (Table 2, 

Figure 4b-c). 

  

  

Figure 4. (a) Effect of incremental addition of compound 8 to ct-DNA-EB complex (40 µM-4 

µM), (b) Stern-Volmer plot, (c) Modified Stern-Volmer plot of compound 8-EB-ct-DNA complex 

and (d) CD spectrum of free ct-DNA (40 µM) (blue line) and compound 8-ct-DNA complex (red 

line) at ratio r[compound/ct-DNA] = 0.025  
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5.3.2.1.5 Circular dichroism (CD) 

The conformational changes of ct-DNA with compound 8 were also investigated through circular 

dichroism (CD) spectroscopy. Upon binding to ct-DNA, compound 8 eventually acquired induced 

CD spectrum (ICD), from which mutual orientation of the molecule could be derived, therefore, 

giving useful information about modes of binding. The effect of compound 8 on conformation of 

secondary structure of DNA was assessed at a fixed concentration of ct-DNA (40 μM) and 

compound 8 (1 μM). Addition of compound 8 resulted in decrease in intensity of CD band at (λ) 

250 nm and increase of CD band at (λ) 281 nm (Figure 4d). The induced CD (ICD) band between 

(λ) 300 and 400 nm has not been observed but slightly shifted towards the negative end, thus 

excluding binding into the minor groove of ct-DNA.82,86 The results obtained for compound 8 

together with no change in ICD band indicating the intercalative mode of binding.  

5.3.2.2 Human DNA binding studies 

5.3.2.2.1 UV-vis absorption spectroscopy  

Compound 8 showed the highest cytotoxicity and strong intercalation with ct-DNA and thus, 

further used as a model to investigate the interaction with human DNA. In the UV-visible spectral 

analysis of 8 with human DNA, a characteristic hypochromic shift at 398 nm was observed, 

consistent with intercalation (Figure 5a). Titration experiment indicated that the examined 

compound showed binding constant of 5.24 x 106 M-1 (Figure 5b), for intercalation with human 

DNA, that is about 2-fold greater than that with calf-thymus DNA (2.95 x 106 M-1).  

5.3.2.2.2 Fluorescence emission spectroscopy 

Emission spectrum was recorded by keeping the constant concentration of compound 8 (20 μM) 

and varying the concentrations of human DNA (0-40 μM). Enhanced fluorescence intensity at 498 

nm was obtained with increasing DNA concentration, indicating a deep intercalation of 8 with 

human DNA (Figure 5c). The values of KSV and Kq were calculated using the Stern-Volmer 

equation and found to be 3.46 × 103 M-1 and 3.46 × 1011 M−1 s−1, respectively (Figure 5d). Since 

Kq value is much greater than typically observed for dynamic enhancement (~2 × 1010 M−1 s−1), 

interaction probably involves the static enhancement with formation of complex at ground state. 

The binding constant (Kb) and the number of binding sites (n) were calculated using modified Stern-

Volmer equation and found to be 7.09 × 105 M−1 and 1.51, respectively (Figure 5e). 
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Figure 5. (a) Absorption spectra of compound 8 in the presence of the human DNA, (b) Benesi-

Hildebrand plot, (c) Emission spectra of compound 8 in the presence of the human DNA, (d) Stern-

Volmer plot and (e) Modified Stern-Volmer plot  

5.3.3 Serum albumin binding studies 

A great deal of research has been reported in the literature for the interaction of compounds with 

human and bovine serum albumins.143,144 The novelty of the present study is based upon the fact 

that phenanthrene imidazole145 acts as potential selective drug, which can easily transport with 
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serum albumin to the target site. Thus, we have analyzed the interaction between the most active 

compound 8 with BSA and HSA via absorption and emission spectroscopic methods. 

5.3.3.1 Bovine serum albumin (BSA) binding studies 

5.3.3.1.1 UV-vis absorption spectroscopy  

Solution of bovine serum albumin shows an absorption band at 280 nm which could be assigned 

to the polarity of the microenvironment around tyrosine and tryptophan residues of BSA.87 As 

shown in Figure 6a, with increasing concentration of compound 8 (0-10 µM) to the BSA solution 

(8 µM), the absorption intensity at 280 nm increases with generation of a new band at 400 nm. 

This observation confirmed that compound 8 showed worthy interaction with BSA. A relatively 

high binding constant of 6.57 × 104 M-1 has been calculated using Benesi-Hildebrand equation73 

(Figure 6b) for compound 8-BSA system which is acceptable for drug-carrier complexes in blood.  

  

Figure 6. (a) Absorption spectra of BSA with varying concentration compound 8 in phosphate 

buffer and (b) Benesi-Hildebrand plot of BSA-compound 8 complex  

5.3.3.1.2 Fluorescence emission spectroscopy 

The interaction of BSA with compound 8 has also been evaluated by emission spectroscopy with 

incremental addition of compound 8 (0-10 µM) at three different temperatures (298K, 308K and 

318K) (Figure 7a-c). BSA exhibits an intense emission band at ~350 nm on excitation at 280 nm. 

With increasing concentration of compound 8, a remarkable decrease in fluorescence intensity 

along with appearance of new band at 510 nm with increase in intensity was observed. These 

results indicated that compound 8 interacts with BSA and quenches its intrinsic fluorescence. The 

quenching mechanism has also been discussed with Stern-Volmer equation75 at three different 

temperatures (Figure 7d). Stern-Volmer quenching constant (KSV) and quenching rate constant 
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(Kq) were calculated to be in the range of 8.42-3.51 × 105 M-1 and 8.42-3.51 × 1013 M-1s-1, 

respectively at different temperatures (Table 3). Since the values of Kq are significant greater than 

typically observed dynamic quenching (~2 × 1010 M−1 s−1),77 interaction probably involves the 

static quenching with formation complex at ground state. The binding constant (Kb) and number 

of binding sites (n) could be determined using the modified Stern-Volmer analysis (Figure 7e, 

Table 3).78 The magnitude of the binding constant has been decreased with increasing the 

temperature which is due to decrease in the stability of BSA-compound 8 complex system.  
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Figure 7. (a) Emission spectra of BSA with varying concentration compound 8 in phosphate buffer 

at different temperatures (a) 298 K, (b) 308 K, (c) 318 K, (d) Stern-Volmer plot, (e) Modified 

Stern-Volmer Plot, (f) Van’t Hoff plot of BSA at different temperatures and (g) Overlap of the 

fluorescence emission spectrum of BSA (A, blue) with UV-Visible absorption spectrum of 

compounds 8 (B, red)  

Table 3. Quenching and binding parameters for the interaction of compound 8 with BSA 

T (K) KSV (×105) (M-1) Kq (×1013) (M-1S-1) R2 Kb  (×106 M-1) n R2 

298 8.42 8.42 0.9703 4.06 1.19 0.9880 

308 8.15 8.15 0.9635 3.56 1.19 0.9844 

318 3.51 3.51 0.9907 2.97 1.18 0.9929 

R2 is the correlation coefficients 

In order to identify the type of interacting forces such as van der Waals interactions, 

electrostatic interactions, hydrogen bonds and hydrophobic forces that acted between the 
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compound 8 and BSA, thermodynamic parameters viz., changes in free energy (ΔG), enthalpy 

(ΔH) and entropy (ΔS) for the interaction have been investigated using van't Hoff equation (Figure 

7f, Table 4). Accordingly, the negative value of ΔH showed that the process of binding is mainly 

enthalpy driven and involves the hydrogen bonding interaction. The positive value of ΔS indicated 

hydrophobic interaction as a leading action for binding of compound 8 with BSA and contributes 

to stability of the succeeding complex. Moreover, the negative values of ΔG at different 

temperatures revealed the favorable and spontaneous nature of binding process. 

Table 4. Thermodynamic parameters for the binding of compound 8 to BSA at various 

temperatures. 

T (K) ΔH (Kcal M-1) ΔS (cal M-1 K-1) ΔG (Kcal M-1) R2 

298 -2.92 20.43 -9.00 0.9881 

308 -9.21 

318 -9.41 

R2 is the correlation coefficient 

5.3.3.1.3 Energy transfer of compound 8 with BSA 

To further check the vicinity of derivative 8 with BSA (distance between compound and BSA), 

Forster's resonance energy transfer (FRET) was verified. According to FRET phenomenon, the 

energy transfer (E) occurs when the electronic absorption spectrum of acceptor (derivative 8) 

overlaps with the emission spectrum of donor (BSA). Figure 7g showed overlap pattern of the 

emission spectrum of BSA (A) with absorption spectrum of compound 8 (B). Using k2 = 2/3, ɳ = 

1.336, and Ф = 0.15,146-149 the following parameters were calculated: J = 6.71 × 10-14 cm3 L mol-

1, Ro = 1.10 nm, E = 0.61, and r = 1.02 nm. Thus, the donor-to-acceptor distance (r) is smaller than 

10 nm which indicated that energy transfer occurred from BSA to compound 8 with high 

probability. 

5.3.3.2 Human serum albumin (HSA) binding studies 

5.3.3.2.1 UV-vis absorption spectroscopy  

UV-visible absorption spectroscopy was also used to estimate the mode of binding between 

compound 8 and HSA. On subsequent addition of compound 8, the peak intensity present at 280 

nm due to aromatic rings of Trp-214, Tyr-411 and Phe residues in HSA, increased with the 

generation and enhancement of new band at 400 nm (Figure 8a). The binding constant of 
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compound 8 and HSA has been found to be 9.35 x 104 M-1 (Figure 8b) which is more than that 

with BSA. 

  

Figure 8. (a) Absorption spectrum and (b) Benesi-Hildebrand plot of HSA with varying 

concentration compound 8 in phosphate buffer at 298K  

5.3.3.2.2 Fluorescence emission spectroscopy 

Human serum albumin possesses potent fluorescence emission with a peak intensity of 348 nm 

corresponding to Trp-214 residue. With increasing the concentration of compound 8, there is 

consistent decrease in intensity of this typical emission band (Figure 9a) but the maximum 

emission wavelength of HSA remains unchanged. This suggested that Trp-214 did not undergo 

any change in polarity and hence compound 8 was likely to interact via hydrophobic region located 

in HSA. The values of KSV and Kq for the interaction of compound 8 with HSA were calculated to 

be 3.01 × 106 M-1 and 3.01 × 1014 M-1s-1, respectively (Figure 9b). The Kq value obtained at 298 

K was in the range of 1012-1014 M-1 s-1, that exceeded the diffusion controlled rate constants of 

various quenchers with a biopolymer (2.0 x 1010 M-1 s-1), indicated that the quenching was not 

initiated by the dynamic diffusion process but occurred in the static formation in 8-HSA complex. 

The binding constant (Kb) and number of binding sites (n) were determined with modified Stern-

Volmer analysis (Figure 9c)  and found to be 7.29 × 106 M-1 and 1.24, respectively which showed 

that high affinity binding site was present in the interaction of compound 8 with HSA.  
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Figure 9. (a) Emission spectra of HSA with varying concentration compound 8 in phosphate buffer 

at 298K, (b) Stern-Volmer and (c) Modified Stern-Volmer Plots of HSA 

5.4 Molecular docking  

To understand the interaction mode and free energy of binding, molecular docking was performed 

using Autodock 4.0 between compound 8 and DNA (PDB ID: 1BNA).88,89 The optimized cluster 

was ranked by energy level in the best conformation of ligand-DNA modeled structures, and the 

minimum binding energy of DNA with compound 8 has been observed as -10.6 kcal/mol (Figure 

10). Docking of compound 8 in DNA (1BNA) showed hydrogen bonding interaction of oxygen of 

thiazolidine-2,4-dione with DG2 (d = 2.6 Å), DG4 (d = 3.2 Å) and DC3 (d = 3.3 Å) of DNA. 

Similarly, compound 8 also exhibited hydrogen bonding interaction of NH group of thiazolidine-

2,4-dione with DC3 of DNA (d = 2.4 Å). NH group of phenanthroimidazole also showed 

interaction with DC21 of DNA, with hydrogen bonding distance of 2.7 Å (Table 5). 
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Figure 10. Docked poses of compound 8 bound to DNA (PDB ID: 1BNA). (a) Lowest energy 

conformation; (b) H-bonding interactions between compound 8 and DNA 

Table 5. The hydrogen bonding of compounds 8 with DNA docked into 1BNA  

Ligand DNA H-Bonding (Å) 

Oxygen of thiazolidine-2,4-dione ring DG2 2.6 

Oxygen of thiazolidine-2,4-dione ring DG4 3.2 

Oxygen of thiazolidine-2,4-dione ring DC3 3.3 

NH of thiazolidine-2,4-dione ring DC3 2.4 

NH of phenanthroimidazole DC21 2.7 

 

5.5 Conclusion 

A series of 1H-phenanthro[9,10-d]imidazole/oxazole and 7H-acenaphtho[1,2-d]imidazole were 

synthesized and evaluated for cytotoxicity. Compound 8 with thiazolidine moiety at C-2 position 

of 1H-phenanthro[9,10-d]imidazole exhibited better growth inhibitory activity for most of the 

cancer cell panels than other derivatives. In addition, MTT assay was used for the evaluation of 

the cytotoxicity effects of the compound 8 which showed 90% inhibition to cancer cell lines and 

only 15% inhibition to normal cells at high dose concentration. The specific interaction of 

compound 8 with calf thymus and human DNA displayed that compound 8 could intercalate into 

DNA to form 8-DNA complex which might further block DNA replication to exert their powerful 

antiproliferative activity. Binding investigations revealed that HSA and BSA could generate 

fluorescent quenching by 8 as a result of formation of ground-state complexes, and the calculated 
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parameters indicated that the binding process was spontaneous. Hydrophobic interactions and 

hydrogen bonds played an important role in the binding of compound 8 to serum albumins, while 

electrostatic interactions might also be involved in the binding process. The binding constant 

values also revealed that compound 8 showed better interactions with human DNA and HSA than 

their respective calf thymus DNA and BSA. These initial promising outcomes of antiproliferative 

activity and docking of active compound can present promising frameworks in the area of 

medicinal chemistry and might lead to discovery of strong anti-tumour candidates. 

5.6 Experimental section 

Melting points were observed in open capillaries and were uncorrected. All commercially available 

compounds (Spectrochem, Aldrich, Merck etc.) were used without further purification. 1H and 13C 

NMR spectra were performed on Jeol ECS 400 NMR spectrometer, operated at 400 MHz for 1H 

nuclei and 100 MHz for 13C nuclei, using CDCl3 and DMSO-d6 as solvents. Chemical shifts are 

reported in parts per million (ppm) with TMS as an internal reference. Mass spectra of the 

synthesized compounds were observed at Water Micromass-Q-T of Micro. CHN analyses have 

been done with Thermo Scientific (Flash 2000) analyser. Reactions were examined with thin layer 

chromatography (TLC) and silica plate coated with silica gel HF-254 and column chromatography 

was executed with silica gel 60-120/100-200 mesh. Hexane/ethyl acetate and chloroform/methanol 

were the implemented solvent systems. Absorption and emission spectra have been measured with 

1 cm quartz cell. UV-Visible spectra were recorded on Shimadzu-2400 PC spectrometer. Emission 

spectra were recorded with Varian Cary Eclipse fluorescence spectrometer.  

2-(Subsitituted aryl)-1H-phenanthro[9,10-d]imidazole/oxazole (3a-h and 4a-c): Substituted 

benzaldehyde (1 mmol), 9,10-phenanthroquinone (1 mmol) and ammonium acetate (10 mmol) in 

acetic acid were heated at 100 oC for 2-5 h. After completion of reaction, solution was quenched 

with water; precipitated solid was filtered and washed with water. The crude product was further 

purified with column chromatography using hexane:ethyl acetate as eluents. 

2-Phenyl-1H-phenanthro[9,10-d]imidazole (3a): Compound 3a was prepared according  

 

to the general procedure, and the title compound was isolated as light 

brown solid (55% yield). Spectral data obtained were in good agreement 

with those reported in literature.150 

2-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenol (3b): Compound 3b was prepared according 
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to the general procedure, and the title compound was isolated as white 

solid (53% yield). Spectral data obtained were in good agreement with 

those reported in literature.151 

5-(Diethylamino)-2-(1H-phenanthro[9,10-d]imidazol-2-yl)phenol (3c): Compound 3c was 

 

prepared according to the general procedure, and the title of compound 

was isolated as light brown solid (54% yield). Spectral data obtained 

were in good agreement with those reported in literature.140 

1-(1H-Phenanthro[9,10-d]imidazol-2-yl)naphthalen-2-ol (3d): Light brown solid; yield 61%;  

 

mp 191-193 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.77 (d, J = 8.36 

Hz, 2H, ArH), 8.64 (d, J = 8.40 Hz, 2H, ArH), 8.55 (d, J = 8.40 Hz, 1H, 

ArH), 7.88 (t, J = 6.84 Hz, 2H, ArH), 7.73-7.61 (m, 5H, ArH), 7.44-7.37 

(m, 2H, ArH); 13C NMR (CDCl3, 100 MHz): δ (ppm) 155.9, 147.3, 130.9,  

130.4, 128.1, 127.9, 127.6, 126.9, 126.5, 124.8, 123.8, 122.9, 122.8, 121.8, 118.6, 106.3 (ArC); 

MS (ESI): m/z 361.3 (M++1); Anal Calcd for C25H16N2O: C, 83.31; H, 4.47; N, 7.77; found C, 

83.20; H, 4.45; N, 7.81. 

4-Bromo-2-(1H-phenanthro[9,10-d]imidazol-2-yl)phenol (3e): Brownish solid; yield 65%; mp  

 

191-193 oC; 1H NMR (CDCl3 + DMSO-d6, 400 MHz):  (ppm) 8.80 (t, J 

= 9.92 Hz, 2H, ArH), 8.53 (t, J = 8.40 Hz, 2H, ArH), 8.44 (d, J = 2.28 Hz, 

1H, ArH), 7.75 (t, J = 7.64 Hz, 2H, ArH), 7.68-7.63 (m, 2H, ArH), 7.43  

(dd, 2J = 8.40 Hz, 3J = 2.28 Hz, 1H, ArH), 7.01 (d, J = 8.40 Hz, 1H, ArH); 13C NMR (CDCl3 + 

DMSO-d6, 100 MHz): δ (ppm) 171.9, 156.6, 147.7, 132.8, 127.9, 127.5, 127.0, 126.8, 126.3, 

125.6, 125.3, 123.7, 123.3, 121.9, 121.7, 121.6, 119.1, 114.7, 110.0 (ArC); MS (ESI): m/z 391.5 

(M++1); Anal Calcd for C21H13BrN2O: C, 64.80; H, 3.37; N, 7.20; found C, 64.51; H, 3.55; N, 

7.11. 

2-(Pyren-1-yl)-1H-phenanthro[9,10-d]imidazole (3f): Compound 3f was prepared according 

N
H

N

 

to the general procedure, and the title of compound was isolated as pale 

yellow solid (45% yield). Spectral data obtained were in good agreement 

with those reported in literature.152 

 (3-Hydroxy-4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)boronic acid (3g): Brownish 

solid; yield 60%; mp 278-281 oC 1H NMR (CDCl3 + DMSO-d6, 400 MHz):  (ppm) 8.75 (d, J =  
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7.64 Hz, 2H, ArH), 8.66 (d, J = 6.88 Hz, 2H, ArH), 8.32 (d, J = 8.40 

Hz, 2H, ArH), 8.05 (d, J = 8.40 Hz, 2H, ArH), 7.83 (t, J = 7.40 Hz, 

1H, ArH), 7.72 (t, J = 6.84 Hz, 2H, ArH); 13C NMR (CDCl3 + 

DMSO-d6, 100 MHz): δ (ppm) 149.6, 134.9, 131.8, 130.2, 128.1,  

127.2, 125.5, 124.3, 124.2, 123.8, 122.4 (ArC); MS (ESI): m/z 355.2 (M++1); Anal Calcd for 

C21H15BN2O3: C, 71.22; H, 4.27; N, 7.91; found C, 71.29; H, 4.22; N, 7.78. 

4-(1H-Phenanthro[9,10-d]imidazol-2-yl)benzaldehyde (3h): Compound 3h was prepared  

 

according to the general procedure, and the title of compound was 

isolated as yellow solid (62% yield). Spectral data obtained were in 

good agreement with those reported in literature.141 

2-Phenylphenanthro[9,10-d]oxazole (4a): Compound 4a was prepared according to the general 

 

procedure, and the title of compound was isolated as light brown solid 

(30% yield). Spectral data obtained were in good agreement with those 

reported in literature.153 

2-(Phenanthro[9,10-d]oxazol-2-yl)phenol (4b): Light brown solid; yield 25%; mp 255-258 oC;  

 

1H NMR (CDCl3, 400 MHz):  (ppm) 11.55 (s, 1H, OH), 8.74 (t, J = 8.24 

Hz, 2H, ArH), 8.49 (d, J = 7.80 Hz, 1H, ArH), 8.33 (d, J = 7.80 Hz, 1H, 

ArH), 8.16-8.14 (m, 1H, ArH), 7.77-7.67 (m, 4H, ArH), 7.48-7.44 (m, 

1H, ArH), 7.19 (d, J = 8.68 Hz, 1H, ArH), 7.09-7.05 (m, 1H, ArH); 13C  

NMR (CDCl3 + DMSO-d6, 100 MHz): δ (ppm) 161.3, 157.4, 142.9, 132.9, 128.8, 128.5, 127.4, 

126.7, 126.4, 124.4, 123.6, 123.4, 122.3, 120.5, 120.0, 119.6, 116.9, 110.5 (ArC); MS (ESI): 

m/z 312.3 (M++1); Anal Calcd for C21H13NO2: C, 81.01; H, 4.21; N, 4.50; found C, 81.12; H, 

4.26; N, 4.55. 

5-(Diethylamino)-2-(phenanthro[9,10-d]oxazol-2-yl)phenol (4c): Light brown solid; yield  

 

32%; mp 281-283 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 11.51 

(s, 1H, OH), 8.77 (m, 2H, ArH), 8.51 (d, J = 7.36 Hz, 1H, ArH), 

8.33 (d, J = 7.80 Hz, 1H, ArH), 7.96 (d, J = 8.72 Hz, 1H, ArH), 7.77-

7.66 (m, 4H, ArH), 6.42 (d, J = 10.96 Hz, 1H, ArH), 6.36 (d, J =  

2.32 Hz, 1H, ArH), 3.48 (q, J = 6.84 Hz, 4H, CH2-ethyl), 1.28 (t, J = 14.20 Hz, 6H, CH3-ethyl); 

13C NMR (CDCl3 + DMSO-d6, 100 MHz): δ (ppm) 159.1, 150.5, 149.8, 127.5, 126.8, 124.9, 
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123.4, 121.9, 103.4, 101.0, 98.0 (ArC), 44.1 (CH2-ethyl), 12.6 (CH3-ethyl); MS (ESI): m/z 383.2 

(M++1); Anal Calcd for C25H22N2O2: C, 78.51; H, 5.80; N, 7.32; found C, 78.78; H, 5.65; N, 

7.16. 

2-((4-(1H-Phenanthro[9,10-d]imidazol-2-yl)benzylidene)amino)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (6) and 5-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)benzylidene)thiazolidine-

2,4-dione (8): Mixture of 4-(1H-phenanthro[9,10-d]imidazol-2-yl)benzaldehyde (3h) (200 mg, 

621 mmol) and 2-amino-1H-benzo[de]isoquinoline-1,3(2H)-dione (5) (131 mg, 621 mmol) or 

thiazolidine-2,4-dione (7) (73 mg, 621 mmol) in ethanol was refluxed for 3-4 h. Precipitated solid 

product was filtered and then washed with ethanol. 

2-((4-(1H-Phenanthro[9,10-d]imidazol-2-yl)benzylidene)amino)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (6): Yellow solid; yield 62%; mp 291-293 oC; 1H NMR (CDCl3 + DMSO-d6, 400  

 

MHz):  (ppm) 10.06 (s, 1H, CH=N), 8.80-8.76 (m, 3H, 

ArH), 8.60 (t, J = 6.88 Hz, 2H, ArH), 8.53-8.48 (m, 3H, 

ArH), 8.42 (d, J = 7.64 Hz, 1H, ArH), 8.37 (d, J = 8.40 Hz, 

1H, ArH), 8.19 (d, J = 8.40 Hz, 1H, ArH), 8.09 (d, J = 8.40  

Hz, 1H, ArH), 7.85-7.78 (m, 2H, ArH), 7.73-7.68 (m, 2H, ArH), 7.66-7.61 (m, 2H, ArH); 13C 

NMR (CDCl3 + DMSO-d6, 100 MHz): δ (ppm) 171.5 (C=N), 160.8 (C=O), 147.9, 135.1, 135.0, 

133.9, 131.8, 131.6, 131.3, 130.7, 129.9, 128.5, 127.9, 127.8, 127.6, 127.3, 126.6, 124.5, 124.0, 

122.7 (ArC); MS (ESI): m/z 517.1 (M++1); Anal Calcd for C34H20N4O2: C, 79.06; H, 3.90; N, 

10.85; found C, 79.01; H, 3.65; N, 10.86. 

 (Z)-5-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)benzylidene)thiazolidine-2,4-dione (8):  

 

Radish solid; yield 60%; mp 283-286 oC; 1H NMR (CDCl3 + 

DMSO-d6, 400 MHz):  (ppm) 8.86 (d, J = 8.40 Hz, 2H, ArH), 

8.56 (d, J = 6.88 Hz, 2H, ArH, NH), 8.43 (d, J = 8.40 Hz, 2H,  

ArH), 7.84 (s, 1H, CH=C), 7.81 (d, J = 8.40 Hz, 2H, ArH), 7.76 (t, J = 6.60 Hz, 2H, ArH), 7.66 

(t, J = 7.64 Hz, 2H, ArH); 13C NMR (CDCl3 + DMSO-d6, 100 MHz): δ (ppm) 167.9, 167.5 

(CO), 148.1, 134.5, 133.5, 131.6, 131.0, 130.7, 127.8, 127.3 126.6, 125.6, 124.0, 122.1 (ArC); 

MS (ESI): m/z 422.1 (M++1); Anal Calcd for C25H15N3O2S: C, 71.24; H, 3.59; N, 9.97; S, 7.61; 

found C, 71.11; H, 3.72; N, 9.71; S, 7.68. 

 (2-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[d]imidazol-5-

yl)(phenyl)methanone (10) and 2-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-3H-
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anthra[1,2-d]imidazole-6,11-dione (12): 4-(1H-Phenanthro[9,10-d]imidazol-2-yl)benzaldehyde 

(3h) (200 mg, 0.621 mmol) and (3,4-diaminophenyl)(phenyl)methanone (9) (131 mg, 0.621 mmol) 

or 1,2-diaminoanthracene-9,10-dione (11) (147 mg, 0.621 mmol) was heated in nitrobenzene at 60 

oC for 2 h. Reaction was then quenched with 50 ml diethyl ether. Precipitated solid product was 

filtered and washed with diethyl ether. Crude product was purified with column chromatography 

using ethyl acetate and hexane. 

(2-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-1H-benzo[d]imidazol-6-

yl)(phenyl)methanone (10): Brown solid; yield 65%; mp 278-281 oC; 1H NMR (CDCl3 + DMSO- 

 

d6, 400 MHz):  (ppm) 8.75 (d, J = 7.64 Hz, 2H, ArH), 8.65 

(m, 2H, ArH), 8.54 (d, J = 8.40 Hz, 2H, ArH), 8.43 (d, J = 

8.40 Hz, 2H, ArH), 7.82-7.80 (m, 3H, ArH), 7.73-7.68 (m,  

3H, ArH), 7.65-7.61 (m, 4H, ArH), 7.56 (t, J = 7.64 Hz, 2H, ArH); 13C NMR (CDCl3 + DMSO-

d6, 100 MHz): δ (ppm) 195.7 (CO), 148.1, 137.9, 131.8, 131.4, 131.0, 129.4, 129.2, 127.7, 127.5, 

126.8, 126.4, 126.2, 126.1, 124.8, 124.7, 123.0, 121.8 (ArC); MS (ESI): m/z 515.8 (M++1); Anal 

Calcd for C35H22N4O: C, 81.69; H, 4.31; N, 10.89; found C, 81.82; H, 4.29; N, 10.71. 

2-(4-(1H-Phenanthro[9,10-d]imidazol-2-yl)phenyl)-3H-anthra[1,2-d]imidazole-6,11-dione 

(12): Compound 12 was prepared according to the general procedure, and the title of product 

 

was isolated as cremish white solid (61% yield). Spectral data 

obtained were in good agreement with those reported in 

literature.154 

1,2-Diphenyl-1H-phenanthro[9,10-d]imidazole (14). The title compound 14 was synthesized  

 

according to the reported procedure from reaction of diketone (1), 

benzaldehyde (2a), aniline (13) and ammonium acetate in acetic acid and the 

product was isolated as white solid (57% yield). Spectral data obtained were 

in good agreement with those reported in literature.156 

2-(7-Phenyl-7H-acenaphtho[1,2-d]imidazol-8-yl)phenol (16): Acenaphthylen-1,2-dione (15) 

(200 mg, 1.09 mmol) was slowly added to the mixture of salicylaldehyde (2b) (133 mg, 1.09 

mmol), aniline (13) (101 mg, 1.09 mmol) and ammonium acetate (740 mg, 9.6 mmol) in glacial 

acetic acid. Reaction mixture was stirred and heated at 100 ˚C for 12 h. On cooling, the solution 



154 
 

was quenched with water and then filtered the precipitated solid. The crude product was further 

dried and purified using column chromatography using hexane and ethyl acetate as eluents. 

2-(7-Phenyl-7H-acenaphtho[1,2-d]imidazol-8-yl)phenol (16): Brownish solid; yield 64%; mp  

 

277-280 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.00 (dd, 2J = 8.24 

Hz, 3J = 1.84 Hz, 2H, ArH), 7.90 (d, J = 6.64 Hz, 2H, ArH), 7.84 (t, J = 

3.68 Hz, 2H, ArH), 7.81 (d, J = 7.32 Hz, 2H, ArH), 7.61-7.56 (m, 3H, 

ArH), 7.41-7.37 (m, 2H, ArH), 7.13 (d, J = 8.24 Hz, 1H, ArH), 7.03- 

6.99 (m, 1H, ArH); 13C NMR (CDCl3, 100 MHz): δ (ppm) 157.9, 148.4, 144.7, 138.2, 131.6, 

130.4, 130.1, 129.6, 129.5, 127.9, 127.4, 127.0, 126.9, 126.7, 126.4, 125.9, 121.2, 119.2, 118.1, 

117.8, 113.7 (ArC); MS (ESI): m/z 361.7 (M++1); Anal Calcd for C25H16N2O: C, 83.31; H, 4.47; 

N, 7.77; found C, 83.39; H, 4.24; N, 7.43. 

4-(7H-Acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (17): A mixture of terephthaldehyde (2h) 

(147 mg, 1.09 mmol), acenaphthylen-1,2-dione (15) (200 mg, 1.09 mmol) and ammonium acetate 

(840 mg, 10.09 mmol) in glacial acetic acid (5 mL) was heated for 30 min to 100 oC. Reaction 

mixture was cooled and quenched with water. Solid was filtered and washed with excess of water. 

The crude was further dried, and then purified with column chromatography using hexane:ethyl 

acetate as eluents to get the pure product. 

4-(7H-Acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (17): Brown solid; yield 52%; mp 285- 

 

288 oC; 1H NMR (CDCl3 + DMSO-d6, 400 MHz):  (ppm) 10.03 

(s, 1H, CHO), 8.27 (d, J = 8.24 Hz, 2H, ArH), 7.97 (d, J = 8.68 Hz, 

2H, ArH), 7.74 (d, J = 8.24 Hz, 4H, ArH), 7.57 (d, J = 8.24 Hz, 2H,  

ArH); MS (ESI): m/z 297.5 (M++1); Anal Calcd for C20H12N2O: C, 81.07; H, 4.08; N, 9.45; 

found C, 81.21; H, 4.09; N, 9.44. 
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CHAPTER 6  
HYBRIDS OF NAPHTHALIMIDE, BENZOTHIAZOLE AND 

INDOLE 

 

6.1 Introduction 

With the changes in climate, cancer is becoming a major problem in public health. Cancer can be 

described as abnormal and uncontrolled growth of cells which spread to nearby organs by 

circulatory system.156,157 A standard antitumor drug should selectively express cytotoxicity for 

cancer cells without harming normal cells, otherwise it led to severe side effects.158 Existing cancer 

therapies i.e. radiotherapy, surgery and chemotherapy become ineffective due to multidrug 

resistance. Also, current drugs for cancer therapies have several problems like poor oral 

bioavailability and pharmacodynamic properties.159 Moreover, different kinds of cancers can’t be 

cured with single anticancer drug, particularly at late-stage of disease.160,161 These situations are 

motivating the researchers to develop new drug candidates with necessary characteristics of cancer 

chemotherapy with least side effects and higher therapeutic effect with minimum doses. 

Compounds comprising heteroatoms show wide range of properties and application and well-

studied for various biological activity. Nearly about 60% available cancer drugs contain 

heterocyclic moieties.162,163  

Naphthalimde compounds are group of well-established DNA intercalators and some 

compounds (Amonafide, Mitonafide and UNBS5162) have reached in different phases of clinical 

trials (Figure 1). UNBS5162, a potent anticancer agent, was enter in phase I trial but terminated 

because of its unexpected prolonged QTc intervals.165 These results showed that naphthalimide 

derivatives are potential anticancer agent and alterations in side chain, as well as change in 

substituents on the ring of naphthalimide moiety can improve selectivity and safety.109,166,167   

 

Figure 1. Naphthalimide based anticancer agents 
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Benzothiazole moiety based compounds were reported to show an extensive varieties of 

biological activities.168-177 These benzothiazole compounds exhibited excellent anticancer 

activity.178-180 Structure-activity relationships (SAR) for benzothiazole derivatives displayed that 

substitution of phenyl ring with alkyl as well as aryl chains improved the cytotoxicity towards 

cancer cell lines (Figure 2).181,182  

 

Figure 2. Some clinical benzothiazole based anticancer drugs 

          Indole based heterocyclic compounds also gained significant attention due to their wide 

range of biological activity and pharmacological properties.183 Several indole derivatives were 

found as potent anticancer agents184-186 as well as the presence of indole in numerous derivatives, 

were used in antimalarial,187-189 antitubercular,190,191 antimicrobial, 192a-b and antiinflammatory193-

195 activities. Vincristine and vinblastine, potential anticancer agents are the indole based inhibitors 

of tubulin protein increase the importance of indole scaffold in anticancer field (Figure 3).36,196a-b  

 

Figure 3. Some commercial anticancer drugs with indole moiety 

          As a result of interesting biological activities with heterocyclic scaffolds of naphthalimide, 

benzothiazole and indole, we decided to develop a new series of conjugates by comprising these 

three pharmacophoric moieties in a single molecule. The synthesized derivatives possessed 

variable substitutions, which were planned to achieve the aim of the target cytotoxicity.These 

newly synthesized compounds were characterized by NMR and mass spectrometry and further 
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evaluated for their cytotoxicity against human cancer cell lines A549 (lung), MCF7 (breast) and 

HeLa (cervix), and normal cell lines Hek293 (Kidney).  

6.2 Chemistry 

Conjugates of indole, benzothiazole and naphthalimide were synthesized as depicted in Scheme 

1. Commercially available 5-bromo indole 1 was subjected to react with Vilsmeier-Haack reagent 

(POCl3 and DMF) to get 5-bromo-1H-indole-3-carbaldehyde 2. Singlet at δ 9.97 ppm in 1H NMR 

spectrum and signal at δ 184.9 ppm in 13C NMR spectrum corresponding to proton and carbon of 

carbaldehyde, respectively, confirmed the formation of 2. Compound 2 was then treated with allyl 

bromide in acetone- NaOH (aq.) at room temperature to give brown color solid of 1-allyl-5-bromo-

1H-indole-3-carbaldehyde 3 in 86% yield.  Characteristic signals of allyl group (multiplet of one 

proton at δ 6.04-5.94 ppm representing CH of allyl, two doublets of two protons at δ 5.33 and 5.18 

ppm representing CH2 of allyl and multiplet of two protons at δ  4.76-4.74 ppm representing N-

CH2 of allyl) confirmed the formation of compound 3. Further, compound 3 was reacted with 2-

aminothiophenol in the presence of nitrobenzene at 80 °C for 8 h afforded reddish color solid of 

2-(1-allyl-5-bromo-1H-indol-3-yl)benzo[d]thiazole 4 in 62% yield. Formation of compound 4 was 

confirmed by the disappearance of carbaldehyde singlet at δ 9.97 ppm in 1H NMR spectrum and 

appearance of four protons of benzothiazole ring in the range of δ 8.62-7.24 ppm. Boronate of 

compound 4 was synthesized using bis(pinacolato)diboron in the presence of 

bis(triphenylphosphine)palladium chloride and potassium acetate in refluxing dioxane for 3 h. 

Compound 5 was further subjected to Suzuki-Miyaura cross coupling with 6-bromo-1H,3H-

benzo[de]isochromene-1,3-dione 6. Suzuki coupling gave the light yellow colored solid of 6-(1-

allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-1H,3H-benzo[de]isochromene-1,3-dione 7 in the 

presence of tetrakis(triphenylphosphine) palladium (0) and potassium carbonate in acetonitrile-

water conditions. The 1H NMR spectrum of compound 7 revealed the presence of signals of 

naphthalimide moiety in the range of  8.72-7.32 ppm. The mass spectrum of compound 7 showed 

the signal at m/z 487.1 (M++1) further confirmed the formation of this compound. Finally 

compounds 8-22 were synthesized in 68-75% yield by the condensation of various amines i.e. 

allyl, butyl, propagyl, cyclohexyl, ethanol amine etc. with compound 7 in the presence of ethanol 

at reflux condition. Syntheses of all compounds were confirmed by NMR spectroscopy and mass 

spectrometry. 
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Scheme 1. Synthesis of 6-(1-allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-substituted-1H-

benzo[de]isoquinoline-1,3(2H)-dione                                                                                                                                                                                                                                                                                                                                                                                 

 

Reagents and conditions: (a) POCl3, DMF, 0 °C, 1 h., 93%; (b) Allyl bromide, acetone-aq. NaOH, RT, 2 h, 86%; (c) 

2-Aminothiophenol, nitrobenzene, 80 °C, 8 h, 62%; (d) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, dioxane, reflux, 

3 h; (e) Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 5 h, 55%; (f) RNH2, ethanol, reflux, 4-6 h, 68-75% 

6.3 Biology 

6.3.1 Cytotoxicity against human cancer cells 

Compounds 7-22 were tested for their cytotoxicity against A549 (Lung), MCF7 (Breast) and HeLa 

(cervix) human cancer cell lines at 1.0, 10 and 100 µM concentrations. Compounds exhibited more 

sensitivity towards A549 than MCF7 and HeLa cancer cells at all said concentrations. 
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Ethanolamine substituted compound 12 reveals potent cytotoxicity against A549 cancer cells 

having IC50 value of 140 nM. Propargylamine substituted derivative 13 shows excellent 

cytotoxicity for A549 with IC50 value of 314 nM. Compound 15 substituted with allyl showed IC50 

value of 1.89 µM for A549, 0.38 µM for MCF7 and 2.71 µM for HeLa cancer cells, found effective 

against all tested cancer cells (Table 1).  

Table 1. Cytotoxicity of compounds (7-22) against A549, MCF7 and HeLa cancer cell lines. 

Compound IC50 (µM) 

A549 MCF7 HeLa 

7 0.45 6.94 7.18 

8 1.19 7.69 5.52 

9 3.06 4.17 4.02 

10 1.02 3.31 3.40 

11 0.81 3.57 3.07 

12 0.14 3.81 3.76 

13 0.31 3.49 3.64 

14 1.11 3.69 3.93 

15 1.89 0.38 2.71 

16 1.91 3.57 3.61 

17 2.01 4.39 4.17 

18 0.96 3.58 3.96 

19 1.47 1.65 3.33 

20 0.76 3.35 3.45 

21 0.63 4.10 3.96 

22 0.84 5.84 8.59 

 

6.3.2 Cytotoxicity against human normal cells 

To evaluate the safety, the cytotoxic effect of all compounds (7-22) against Hek293 (Kidney) 

human noncancerous cell line was also carried out by means of colorimetric assay (MTT assay) at 

the concentration level of 100 μM. Results showed that compound 20 exhibited maximum growth 

inhibition by 18% followed by compound 9, which displayed growth inhibition by 17% (Figure 
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4). These results indicated that all derivatives had low cytotoxicity towards normal mammalian 

cells, signifying that the all synthesized compounds were able to selectively kill cancer cells.  

 

Figure 4. Effect of cytotoxicity of compounds (7-22) on human normal cell line Hek293 

6.4 Conclusion 

A series of conjugates with three biological active pharmacophores of naphthalimide, 

benzothiazole and indole substituted with different aliphatic and aromatic amines (7-22) has been 

synthesized in moderate to good yields. Compounds 7-22 were tested for their cytotoxicity against 

A549 (Lung), MCF7 (Breast) and HeLa (cervix) human cancer cells at three different 

concentrations of 1.0, 10 and 100 µM and showed cytotoxicity in the range of IC50 values of 0.14-

8.59 μM, indicating that compounds showed excellent activity towards these cancer cell lines. 

Cytotoxicity studies against normal mammalian kidney cells Hek293 indicated that all synthesized 

compounds were able to selectively kill cancer cells.  

6.5 Experimental section 

All commercially available compounds (Aldrich, Merck, Spectrochem etc.) were used without 

further purification. All the recorded melting points were uncorrected and measured in open 

capillaries. All 1H and 13C NMR characterizations were performed on Jeol ECS 400 NMR 

spectrometer, which was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking 

CDCl3 as solvent. Chemical shifts are reported in parts per million (ppm) and TMS was used as 

an internal reference. Coupling constants (J) were reported in hertz (Hz). The synthesized 

compounds were characterized by mass spectra using Water Micromass-Q-T of Micro. Elemental 

analysis has been done with Thermo Scientific (Flash 2000) analyzer. Purification of synthesized 
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compounds was done through column chromatography with the help of silica gel having mesh size 

of 60-120 using hexane/ethyl acetate and chloroform/methanol in various polarity systems.  

5-Bromo-1H-indole-3-carbaldehyde (2): 5-Bromoindole 1 (2 g, 10.30 mmol) was taken in dry 

 

round bottom flask (RBF). Vilsmeier-Haack reagent [N,N-dimethyl 

formamide (DMF) and phosphorus oxychloride (POCl3)] was added to RBF 

dropwise at room temperature. Reaction mixture was stirred for 1 h at room  

temperature and progress of reaction was monitored with the help of thin layer chromatography 

(TLC). Reaction mixture was poured on crushed ice and neutralizes the solution with aqueous 

NaOH. Precipitated solid was filtered and washed thoroughly with water. Air dried the 

precipitate to obtain the desired white solid product in 2.15 g; 94 % yield; Rf  0.5 (20% ethyl 

acetate in hexane); mp 55-58 oC; 1H NMR (CDCl3, 400 MHz):  9.97 (s, 1H, CHO), 8.41 (s, 

1H, NH), 7.85 (d, J = 3.16 Hz, 1H, ArH), 7.38-7.35 (m, 3H, ArH); 13C NMR (CDCl3, 100 MHz): 

 184.9 (CHO), 137.3, 135.9, 126.6, 126.1, 124.2, 118.3, 115.9, 113.6 (ArC). 

1-Allyl-5-bromo-1H-indole-3-carbaldehyde (3): To synthesize 1-allyl-5-bromo-1H-indole-3- 

 

carbaldehyde (3), an oven dried RBF having 10 ml of acetone-aqueous NaOH 

was charged with 5-bromo-1H-indole-3-carbaldehyde (2) (2 g, 9.00 mmol). 

Allyl bromide (1.6 g, 13.50 mmol) was added to reaction mixture and stirred 

at room temperature for 2 h. Progress of reaction was monitored through TLC.  

Acetone was evaporated and water was added to the reaction mixture. Precipitated brown solid 

was filtered, washed with water and air dried to obtain the desired product in 2.09 g; 89 % yield; 

Rf  0.6 (10% ethyl acetate in hexane); mp 66-69 oC; 1H NMR (CDCl3, 400 MHz):  9.95 (s, 1H, 

CHO), 8.46 (d, J = 1.84 Hz, 1H, ArH), 7.70 (s, 1H, ArH), 7.41 (dd, 2J = 8.72 Hz, 3J = 1.88 Hz, 

1H, ArH), 7.22 (d J = 8.72 Hz, 1H, ArH), 6.04-5.94 (m, 1H, allyl-CH), 5.33 (d, J = 10.40 Hz, 

1H, allyl-CH2), 5.18 (d, J = 16.88 Hz, 1H, allyl-CH2), 4.76-4.74 (m, 2H, allyl-CH2); 
13C NMR 

(CDCl3, 100 MHz):  184.4 (CHO), 138.9, 135.9, 131.4, 127.1, 126.9, 124.8, 119.4, 117.7, 

116.7, 111.8 (ArC), 49.8 (allyl-CH2). 

2-(1-Allyl-5-bromo-1H-indol-3-yl)benzo[d]thiazole (4): An oven dried RBF was charged with 

1-allyl-5-bromo-1H-indole-3-carbaldehyde (3) (1 g, 3.78 mmol) followed by addition of 

nitrobenzene. 2-Aminothiophenol (475 mg, 3.78 mmol) was added and stirred the reaction at 80 

°C for 8 h. 30 ml of hexane was added to the reaction mixture and precipitate was filtered and 

washed with hexane. Crude product was purified by column chromatography using 5% ethyl  
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acetate in hexane as eluents. 850 mg; Redish solid; 61 % yield; Rf  0.3 (10% 

ethyl acetate in hexane); mp 111-114 oC; 1H NMR (CDCl3, 400 MHz):  8.62 

(d, J = 1.84 Hz, 1H, ArH), 8.05 (d, J = 8.20 Hz, 1H, ArH), 7.88 (d, J = 8.64 

Hz, 1H, ArH), 7.85 (s, 1H, ArH), 7.49-7.45 (m, 1H, ArH), 7.42 (dd, 2J = 8.72 

Hz, 3J = 1.92 Hz, 1H, ArH), 7.36-7.32 (m, 1H, ArH), 7.26-7.24 (m, 1H, ArH), 

 6.07-5.97 (m, 1H, allyl-CH), 5.32 (d, J = 10.08 Hz, 1H, allyl-CH2), 5.20 (d, J = 16.96 Hz, 1H, 

allyl-CH2), 4.79-4.77 (m, 2H, allyl-CH2); 
13C NMR (CDCl3, 100 MHz):  162.0, 153.9, 135.6, 

133.7, 132.0, 130.5, 127.3, 126.2, 124.4, 124.2, 122.3, 121.3, 118.8, 115.3, 111.7, 111.1 (ArC), 

49.5 (allyl-CH2). 

2-(1-Allyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-3-yl)benzo[d]thiazole 

(5): 2-(1-Allyl-5-bromo-1H-indol-3-yl)benzo[d]thiazole (4) (1 g, 2.71 mmol), 

bis(pinacolato)diboron (1.03 g, 4.06 mmol), Pd(PPh3)2Cl2 (1.0 mol%) and KOAc (265 mg, 2.71 

mmol) were taken  in a dry RBF and 20 ml of dioxane was added. Reaction was allowed to reflux 

for 3 h. Reaction progression was observed by TLC. The solvent was evaporated under reduced 

pressure followed by 100 ml of water was added to it. Extraction was done with chloroform (3 × 

50 ml) and dried the extract over anhydrous sodium sulphate. Chloroform was distilled off to get 

the crude product. Crude product was further used without purification.  

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-1H,3H-benzo[de]isochromene-1,3-dione  

 

(7): 2-(1-Allyl-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1H-indol-

3-yl)benzo[d]thiazole (5) (500 mg, 1.20 mmol), 6-bromo-1H,3H-

benzo[de]isochromene-1,3-dione (6) (330 mg, 1.20 mmol), Pd(PPh3)4 (1.0 

mol%) and K2CO3 (165 mg, 1.20 mmol) were added to the RBF followed 

by addition of CH3CN : water (9:1). Reaction was refluxed for 5 h and  

monitored through TLC. Solvent was evaporated under reduced pressure and 100 ml of water 

was added. Chloroform (3 × 30 ml) was used for extraction and dried over anhydrous sodium 

sulphate followed by evaporation of solvent to get the crude product. Column chromatography 

was used for purification using 30% ethyl acetate in chloroform as eluents. 486 mg; Yellow 

solid; 55 % yield; Rf  0.3 (30% ethyl acetate in chloroform); mp 255-258 oC; 1H NMR (CDCl3, 

400 MHz):  8.72-8.63 (m, 2H, ArH), 8.52-8.46 (m, 1H, ArH), 8.01-7.94 (m, 2H, ArH), 7.92-

7.83 (m, 2H, ArH), 7.78-7.64 (m, 2H, ArH), 7.61-7.56 (m, 1H, ArH), 7.49-7.43 (m, 2H, ArH), 

7.36-7.32 (m, 1H, ArH), 6.20-6.08 (m, 1H, allyl-CH), 5.43-5.28 (m, 2H, allyl-CH2), 4.94 (d, J 
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= 4.92 Hz, 2H, allyl-CH2); 
13C NMR (CDCl3, 100 MHz): 162.0, 161.0, 160.8, 153.8, 149.6, 

136.8, 134.7, 133.3, 133.0, 132.1, 132.0, 131.6, 130.9, 130.8, 130.7, 128.8, 127.1, 126.1, 126.0, 

124.9, 124.4, 123.1, 122.2, 121.2, 118.9, 117.1, 111.8, 110.5 (ArC), 49.5 (allyl-CH2); MS (ESI): 

m/z 487.1 (M++1); Anal Calcd for C30H18N2O3S: C, 74.06; H, 3.73; N, 5.76; S, 6.59; found C, 

74.11; H, 3.71; N, 5.70; S, 6.68. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-substituted-1H-benzo[de]isoquinoline-

1,3(2H)-dione (8-22): For the synthesis of 6-(1-allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-

substituted-1H-benzo[de]isoquinoline-1,3(2H)-dione (8-22), respective amine was treated with 6-

(1-allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-1H,3H-benzo[de]isochromene-1,3-dione (7) in 

refluxing ethanol. Thin layer chromatography was used to check the progress of reaction. Solvent 

was evaporated under reduced pressure and 50 ml of water was added to it. Filtered the precipitate 

and washed with water. Purification was done by column chromatography using ethyl acetate and 

chloroform as eluents. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-butyl-1H-benzo[de]isoquinoline-1,3 

 

(2H)-dione (8): Light yellow solid; 76% yield; mp 277-280 oC; 1H NMR 

(CDCl3, 400 MHz):  (ppm) 8.68-8.62 (m, 3H, ArH), 8.38 (d, J = 8.36 Hz, 

1H, ArH), 7.97 (s, 1H, ArH), 7.96 (d, J = 8.08 Hz, 1H, ArH), 7.85 (t, J = 6.00 

Hz, 2H, ArH), 7.69 (t, J = 7.64 Hz, 1H, ArH), 7.56 (d, J = 8.44 Hz, 1H, ArH), 

7.46-7.40 (m, 2H, ArH), 7.32 (t, J = 7.40 Hz, 1H, ArH), 6.16-6.07 (m, 1H, 

allyl-CH), 5.39 (d, J = 10.16 Hz, 1H, allyl-CH2), 5.32 (d, J = 17.16 Hz, 1H,  

allyl-CH2), 4.91 (d, J = 5.32 Hz, 2H, allyl-CH2), 4.26 (t, J = 7.48 Hz, 2H, butyl-CH2), 1.80-1.73 

(m, 2H, butyl-CH2), 1.53-1.44 (m, 2H, butyl-CH2), 1.02 (t, 3H, J = 7.32 Hz, butyl-CH3); 
13C 

NMR (CDCl3, 100 MHz): δ (ppm) 164.5, 164.3, 162.1, 153.8, 147.8, 136.7, 133.6, 133.1, 132.4, 

132.1, 131.1, 130.8, 130.6, 130.5, 128.3, 126.7, 126.0, 125.9, 125.1, 124.3, 122.9, 122.8, 122.2, 

121.3, 121.2, 119.1, 118.8, 110.3 (ArC), 49.5 (allyl-CH2), 40.2 (butyl-CH2), 30.2 (butyl-CH2), 

20.4 (butyl-CH2), 13.9 (butyl-CH3); MS (ESI): m/z 542.2 (M++1); Anal Calcd for C34H27N3O2S: 

C, 75.39; H, 5.02; N, 7.76; S, 5.92; found C, 75.44; H, 5.09; N, 7.61; S, 5.98. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(2-aminoethyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (9): Yellow solid; 67% yield; mp 271-274 oC; 1H NMR (CDCl3, 400 

MHz):  (ppm) 8.68-8.61 (m, 3H, ArH), 8.38 (d, J = 8.44 Hz, 1H, ArH), 7.98 (s, 1H, ArH), 7.96 

(d, J = 7.96 Hz, 1H, ArH), 7.85 (t, J = 8.44 Hz , 2H, ArH), 7.69 (t, J = 8.00 Hz, 1H, ArH), 7.56 (d,  
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J = 8.52 Hz, 1H, ArH), 7.46-7.41 (m, 2H, ArH), 7.33 (t, J = 7.76 Hz, 1H, 

ArH), 6.17-6.07 (m, 1H, allyl-CH), 5.39 (d, J = 10.16 Hz, 1H, allyl-CH2), 

5.32 (d, J = 17.04 Hz, 1H, allyl-CH2), 4.92 (d, J = 5.44 Hz, 2H, allyl-CH2), 

4.41 (t, J = 6.96 Hz, 2H, ethyl-CH2), 2.72 (t, J = 7.20 Hz, 2H, ethyl-CH2); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 164.5, 164.3, 162.1, 153.8, 148.0, 

136.7, 133.6, 133.2, 132.4, 132.1, 131.1, 130.9, 130.6, 130.5, 128.7, 128.3,  

126.6, 126.0, 125.9, 125.1, 124.3, 123.0, 122.7, 122.2, 121.2, 118.8, 111.7, 110.3 (ArC), 56.9 

(ethyl-CH2), 49.5 (allyl-CH2), 38.1 (ethyl-CH2); MS (ESI): m/z 529.2 (M++1); Anal Calcd for 

C34H27N3O2S: C, 72.71; H, 4.58; N, 10.60; S, 6.06; found C, 72.67; H, 4.51; N, 10.71; S, 6.12. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(2-(dimethylamino)ethyl)-1H- benzo[de] 

isoquinoline-1,3(2H)-dione (10): Yellow solid; 73% yield; mp 274-277 oC; 1H NMR (CDCl3, 400  

 

MHz):  (ppm) 8.67-8.61 (m, 3H, ArH), 8.37 (d, J = 8.36 Hz, 1H, ArH), 7.98 

(s, 1H, ArH), 7.96 (d, J = 8.04 Hz, 1H, ArH), 7.85-7.80 (m, 2H, ArH), 7.68 (t, 

J = 7.80 Hz, 1H, ArH), 7.55 (d, J = 8.44 Hz, 1H, ArH), 7.45-7.40 (m, 2H, 

ArH), 7.32 (t, J = 7.40 Hz, 1H, ArH),6.17-6.07 (m, 1H, allyl-CH), 5.39 (d, J 

= 10.28 Hz, 1H, allyl-CH2), 5.31 (d, J = 17.00 Hz, 1H, allyl-CH2), 4.91 (d, J  

= 5.36 Hz, 2H, allyl-CH2), 4.40 (t, J = 7.00 Hz, 2H, ethyl-CH2), 2.72 (t, J = 7.20 Hz, 2H, ethyl-

CH2), 2.39 (s, 6H, N-CH3); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.5, 164.3, 162.1, 153.8, 

148.0, 136.7, 133.6, 133.2, 132.4, 132.1, 131.1, 130.9, 130.6, 130.5, 128.7, 128.3, 126.6, 126.0, 

125.9, 125.1, 124.3, 123.0, 122.7, 122.2, 121.2, 118.8, 111.7, 110.3 (ArC), 56.9 (ethyl-CH2), 

49.5 (allyl-CH2), 45.7 (N-CH3), 38.1 (ethyl-CH2); MS (ESI): m/z 557.2 (M++1); Anal Calcd for 

C34H28N4O2S: C, 73.36; H, 5.07; N, 10.06; S, 5.76; found C, 73.31; H, 5.01; N, 10.01; S, 5.81. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(2-(diethylamino)ethyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (11): Light Yellow solid; 67% yield; mp 281-284 oC; 1H NMR  

 

(CDCl3, 400 MHz):  (ppm) 8.68-8.61 (m, 3H, ArH), 8.38 (d, J = 8.40 Hz, 

1H, ArH), 7.97 (s, 1H, ArH), 7.96 (d, J = 8.20 Hz, 1H, ArH), 7.85-7.81 (m, 

2H, ArH), 7.69 (t, J = 7.68 Hz, 1H, ArH), 7.55 (d, J = 8.48 Hz, 1H, ArH), 

7.45-7.40 (m, 2H, ArH), 7.33-7.29 (m, 1H, ArH), 6.16-6.06 (m, 1H, allyl-CH), 

5.39 (d, J = 10.28 Hz, 1H, allyl- CH2), 5.31 (d, J = 17.16 Hz, 1H, allyl-CH2),  

4.91 (d, J = 5.16 Hz, 2H, allyl-CH2), 4.37 (t, J = 7.48 Hz, 2H, ethyl-CH2), 2.86 (t, J = 7.36 Hz, 

2H, ethyl-CH2), 2.73 (q, J = 7.04 Hz, 4H, ethyl-CH2), 1.15 (t, J = 7.08 Hz, 6H, ethyl-CH3);
13C 
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NMR (CDCl3, 100 MHz): δ (ppm) 164.4, 164.2, 162.1, 153.8, 147.9, 136.7, 133.6, 133.2, 132.4, 

132.1, 131.1, 130.8, 130.6, 130.5, 130.1, 128.7, 128.3, 126.7, 126.0, 125.9, 125.1, 124.3, 122.9, 

122.2, 121.2, 118.8, 118.5, 111.7, 110.3 (ArC), 49.8 (ethyl-CH2), 49.5 (allyl-CH2), 47.6 (ethyl-

CH2), 37.9 (ethyl-CH2), 12.2 (ethyl-CH3); MS (ESI): m/z 585.2 (M++1); Anal Calcd for 

C36H32N4O2S: C, 73.95; H, 5.52; N, 9.58; S, 5.48; found C, 73.91; H, 5.48; N, 9.64; S, 5.42. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(2-hydroxyethyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (12): Light Yellow solid; 69% yield; mp 292-295 oC;   1H NMR  

 

(CDCl3, 400 MHz):  (ppm) 8.76 (d, J = 7.80 Hz, 1H, ArH), 8.72 (d, J = 7.28 

Hz, 1H, ArH), 8.64 (s, 1H, ArH), 8.47 (d, J = 8.60 Hz, 1H, ArH), 7.99 (s, 1H, 

ArH), 7.96 (d, J = 8.08 Hz, 1H, ArH), 7.89 (d, J = 7.40 Hz, 1H, ArH), 7.85 

(d, J = 7.76 Hz, 1H, ArH), 7.75 (t, J = 8.08 Hz, 1H, ArH), 7.58 (d, J = 8.40 

Hz, 1H, ArH), 7.47-7.41 (m, 2H, ArH), 7.33 (t, J = 7.56 Hz, 1H, ArH), 7.00 

(t, J = 8.28 Hz, 4H, 2 × ethyl-CH2), ethyl-CH2), 6.17-6.08 (m, 1H, allyl-CH),  

5.40 (d, J = 10.24 Hz, 1H, allyl-CH2), 5.32 (d, J = 17.08 Hz, 1H, allyl-CH2), 4.92 (d, J = 5.36 

Hz, 2H, allyl-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 165.3, 165.2, 162.1, 153.7, 148.3, 

136.7, 133.5, 133.5, 132.2, 132.1, 131.3, 131.0, 130.7, 130.4, 128.7, 128.3, 126.6, 126.1, 125.8, 

125.0, 124.3, 122.9, 122.3, 122.2, 121.2, 120.9, 118.8, 111.6, 110.4 (ArC), 61.9 (ethyl-CH2), 

49.5 (allyl-CH2), 42.8 (ethyl-CH2); MS (ESI): m/z 530.1 (M++1); Anal Calcd for C32H23N3O3S: 

C, 72.57; H, 4.38; N, 7.93; S, 6.05; found C, 72.62; H, 4.42; N, 7.89; S, 6.09. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(prop-2-yn-1-yl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (13): Light Yellow solid; 76% yield; mp 282-285 oC; 1H NMR  

 

(CDCl3, 400 MHz):  (ppm) 8.69 (d, J = 7.56 Hz, 1H, ArH), 8.65 (d, J = 

7.20 Hz, 1H, ArH), 8.61 (s, 1H, ArH), 8.39 (d, J = 8.08 Hz, 1H, ArH), 7.97 

(s, 1H, ArH), 7.95 (d, J = 8.08 Hz, 1H, ArH), 7.84 (d, J = 7.88 Hz, 1H, 

ArH), 7.82 (d, J = 7.56 Hz, 1H, ArH), 7.68 (t, J = 8.20 Hz, 1H, ArH), 7.55 

(d, J = 8.48 Hz, 1H, ArH), 7.45-7.39 (m, 2H, ArH), 7.32 (t, J = 7.20 Hz, 1H, 

ArH), 6.17-6.07 (m, 1H, allyl- CH), 5.39 (d, J = 10.32 Hz, 1H, allyl-CH2),  

5.32 (d, J = 17.08 Hz, 1H, allyl-CH2), 5.02 (d, J = 2.36 Hz, 2H, propagyl-CH2), 4.92 (d, J = 5.44 

Hz, 2H, allyl-CH2), 2.24 (t, J = 2.40 Hz, 1H, propagyl-CH); 13C NMR (CDCl3, 100 MHz): δ 

(ppm) 163.7, 163.5, 162.0, 153.8, 148.4, 136.7, 133.6, 132.2, 132.1, 131.4, 131.2, 130.7, 130.6, 

128.7, 128.3, 126.7, 126.0, 125.9, 125.1, 124.3, 123.0, 122.3, 122.2, 121.2, 120.9, 118.8, 111.7, 
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110.3 (ArC), 78.7(propargyl-C), 70.4 (propargyl-CH), 49.5 (allyl-CH2), 29.4 (propargyl-CH2); 

MS (ESI): m/z 524.1 (M++1); Anal Calcd for C33H21N3O2S: C, 75.70; H, 4.04; N, 8.03; S, 6.12; 

found C, 75.68; H, 4.09; N, 8.07; S, 6.10. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(2-morpholinoethyl)-1H- benzo[de] 

isoquinoline-1,3(2H)-dione (14): Yellow solid; 72% yield; mp 285-288 oC; 1H NMR (CDCl3, 400  

 

MHz):  (ppm) 8.68-8.62 (m, 3H, ArH), 8.39 (d, J = 8.36 Hz, 1H, ArH), 7.98 

(s, 1H, ArH), 7.96 (d, J = 8.00 Hz, 1H, ArH), 7.84 (d, J = 7.44 Hz, 2H, ArH), 

7.71 (t, J = 7.88 Hz, 1H, ArH), 7.56 (d, J = 8.48 Hz, 1H, ArH), 7.49-7.40 (m, 

2H, ArH), 7.32 (t, J = 7.40 Hz, 1H, ArH), 6.15-6.07 (m, 1H, allyl-CH), 5.39 

(d, J = 10.40 Hz, 1H, allyl-CH2), 5.32 (d, J = 17.12 Hz, 1H, allyl-CH2), 4.91 

(d, J = 5.08 Hz, 2H, allyl- CH2), 4.42 (t, J = 6.80 Hz, 2H, ethyl-CH2), 3.72 (t,  

J = 3.92 Hz, 4H, morph-CH2), 2.77 (t, J = 6.84 Hz, 2H, ethyl-CH2), 2.63 (bs, 4H, morph-CH2); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 164.5, 164.3, 162.1, 153.8, 148.0, 136.7, 133.6, 133.2, 

132.4, 132.1, 131.1, 130.9, 130.6, 130.5, 128.7, 128.4, 126.7, 126.0, 125.9, 125.1, 124.3, 123.0, 

122.7, 122.2, 121.2, 118.8, 111.7, 110.3 (ArC), 67.0 (morph-CH2), 56.1 (ethyl-CH2), 53.8 

(morph-CH2), 49.5 (allyl-CH2), 37.1 (ethyl-CH2); MS (ESI): m/z 599.2 (M++1); Anal Calcd for 

C36H30N4O3S: C, 72.22; H, 5.05; N, 9.36; S, 5.35; found C, 72.20; H, 5.11; N, 9.31; S, 5.30. 

2-Allyl-6-(1-allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)- 

dione (15): Yellow solid; 79% yield; mp 288-291 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.69- 

 

8.60 (m, 3H, ArH), 8.39 (t, J = 7.48 Hz, 1H, ArH), 8.15 (s, 1H, ArH), 7.97-

7.94 (m, 1H, ArH), 7.86 (t, J = 8.12 Hz, 1H, ArH), 7.70 (d, J = 8.36 Hz, 1H, 

ArH), 7.66 (d, J = 8.52 Hz, 1H, ArH), 7.56-7.41 (m, 3H, ArH), 7.34 (t, J = 

7.44 Hz, 1H, ArH), 6.14-6.00 (m, 2H, allyl-CH), 5.38 (d, J = 17.12 Hz, 2H, 

allyl-CH2), 5.25 (d, J = 10.36 Hz, 2H, allyl- CH2), 4.87 (d, J = 5.60 Hz, 4H, 

allyl-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.2, 164.0, 153.8,  

147.9, 135.9, 133.7, 133.2, 132.9, 132.2, 131.3, 131.0, 128.4, 127.0, 126.7, 126.1, 125.9, 125.6, 

124.5, 123.8, 123.7, 123.1, 122.6, 122.4, 121.2, 117.4, 115.6, 113.2, 110.2 (ArC), 42.4 (allyl-

CH2); MS (ESI): m/z 526.1 (M++1); Anal Calcd for C33H23N3O2S: C, 75.41; H, 4.41; N, 7.99; 

S, 6.10; found C, 75.35; H, 4.40; N, 7.90; S, 6.16. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione 

(16): Yellow solid; 66% yield; mp 277-280 oC; 1H NMR (CDCl3, 400 MHz):  (ppm) 8.70-8.62 
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 (m, 3H, ArH), 8.58 (s, 1H, NH), 8.50-8.41 (m, 1H, ArH), 7.99 (d, J = 2.80 

Hz, 1H, ArH), 7.96 (d, J = 8.04 Hz, 1H, ArH), 7.89 (t, J = 7.56 Hz, 1H, 

ArH), 7.85 (t, J = 4.76 Hz, 1H, ArH), 7.75-7.68 (m, 1H, ArH), 7.58-7.55 

(m, 1H, ArH), 7.46-7.41 (m, 2H, ArH), 7.33 (t, J = 7.76 Hz, 1H, ArH), 

6.17-6.07 (m, 1H, allyl-CH), 5.40 (d, J = 10.36 Hz, 1H, allyl-CH2), 5.32 

(d, J = 17.20 Hz, 1H, allyl-CH2), 4.92 (d, J = 5.40 Hz, 2H, allyl-CH2); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 162.0, 161.1, 160.9, 153.9, 149.7, 136.9, 134.8, 133.3, 

133.1, 132.1, 131.7, 131.0, 130.9, 130.8, 128.8, 128.6, 128.5, 127.2, 126.2, 126.1, 125.0, 124.5, 

123.2, 122.3, 121.3, 119.0, 117.2, 111.9, 110.6 (ArC), 49.6 (allyl-CH2); MS (ESI): m/z 486.1 

(M++1); Anal Calcd for C30H19N3O2S: C, 74.21; H, 3.94; N, 8.65; S, 6.60; found C, 74.15; H, 

3.99; N, 8.60; S, 6.66. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-benzyl-1H-benzo[de]isoquinoline-

1,3(2H)-dione (17): Yellow solid; 74% yield; mp 281-284 oC; 1H NMR (CDCl3, 400 MHz):   

 

  (ppm) 8.70-8.61 (m, 3H, ArH), 8.38 (d, J = 8.12 Hz, 1H, ArH), 7.97-7.93 

(m, 2H, ArH), 7.85-7.81 (m, 2H, ArH), 7.69-7.64 (m, 2H, ArH), 7.59 (d, J 

= 7.40 Hz, 2H, ArH), 7.55 (t, J = 8.52 Hz, 1H, ArH), 7.47-7.40 (m, 2H, 

ArH), 7.35 (t, J = 7.20 Hz, 3H, ArH), 6.16-6.06 (m, 1H, allyl-CH), 5.44 (s, 

2H, benzyl-CH2), 5.39 (d, J = 10.32 Hz, 1H, allyl-CH2), 5.31 (d, J = 17.12 

Hz, 1H, allyl-CH2), 4.90 (d, J = 5.40 Hz, 2H, allyl-CH2); MS (ESI): m/z 

576.1 (M++1); Anal Calcd for C37H25N3O2S: C, 77.20; H, 4.38; N, 7.30; S,  

5.57; found C, 77.25; H, 4.30; N, 7.38; S, 5.62. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(phenylamino)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (18): Yellow solid; 65% yield; mp 273-276 oC; 1H NMR (CDCl3, 400  

 

 MHz):  (ppm) 8.76 (d, J = 7.48 Hz, 1H, ArH), 8.72 (d, J = 7.20 Hz, 1H, 

ArH), 8.64 (s, 1H, ArH), 8.47 (d, J = 8.48 Hz, 1H, ArH), 7.99 (s, 1H, ArH), 

7.97 (d, J = 8.16 Hz, 1H, ArH), 7.89 (d, J = 7.52 Hz, 1H, ArH), 7.86 (d, J = 

7.92 Hz, 1H, ArH), 7.75 (t, J = 7.92 Hz, 1H, ArH), 7.58 (d, J = 8.44 Hz, 1H, 

ArH), 7.48-7.41 (m, 2H, ArH), 7.33 (t, J = 7.64 Hz, 1H, ArH), 7.29-7.25 

(m, 1H, ArH), 7.00-6.96 (m, 4H, ArH), 6.17-6.08 (m, 1H, allyl-CH), 5.40  

 (d, J = 10.20 Hz, 1H, allyl-CH2), 5.32 (d, J = 17.04 Hz, 1H, allyl-CH2), 4.93 (d, J = 5.44 Hz, 

2H, allyl-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 163.5, 163.3, 162.1, 161.5, 153.8, 148.9, 
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146.3, 136.8, 134.1, 132.8, 132.6, 132.2, 132.1, 131.8, 130.8, 130.7, 129.2, 128.6, 126.9, 127.0, 

126.1, 125.1, 124.3, 123.1, 122.3, 122.2, 121.2, 120.8, 118.8, 114.9, 110.4 (ArC), 49.5 (allyl-

CH2); MS (ESI): m/z 598.2 (M++1); Anal Calcd for C36H24N4O2S: C, 74.98; H, 4.20; N, 9.72; 

S, 5.56; found C, 74.90; H, 4.15; N, 9.78; S, 5.50. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-cyclohexyl-1H-benzo[de]isoquinoline-

1,3(2H)-dione (19): Yellow solid; 69% yield; mp 285-288 oC; 1H NMR (CDCl3, 400 MHz):   

 

(ppm) 8.64-8.58 (m, 3H, ArH), 8.35 (t, J = 7.68 Hz, 1H, ArH), 7.97 (t, J = 

8.40 Hz, 1H, ArH), 7.86-7.79 (m, 2H, ArH), 7.68 (t, J = 8.28 Hz, 2H, ArH), 

7.57-7.40 (m, 3H, ArH), 7.34 (t, J = 7.44 Hz, 1H, ArH), 6.16-6.05 (m, 1H, 

allyl-CH), 5.39 (d, J = 10.20 Hz, 1H, allyl-CH2), 5.32 (d, J = 17.12 Hz, 1H, 

allyl-CH2), 5.11-5.04 (m, 1H, cyclohex-CH), 4.91 (d, J = 5.36 Hz, 2H, allyl-

CH2), 2.65-2.56 (m, 2H, cyclohex-CH2), 1.94-1.90 (m, 2H, cyclohex-CH2), 

1.80-1.72 (m, 2H, cyclohex-CH2), 1.53-1.33 (m, 3H, cyclohex-CH2); 
13C NMR (CDCl3, 100 

MHz): δ (ppm) 164.9, 164.7, 154.1, 147.5, 130.9, 130.7, 128.3, 126.8, 126.7, 126.1, 126.0, 

125.9, 125.6, 124.5, 123.9, 123.4, 123.1, 123.0, 122.9, 122.4, 122.0, 121.2, 118.8, 115.5, 113.2, 

110.3, 110.2 (ArC), 53.7 (cyclohex-CH), 49.5 (allyl-CH2), 29.1 (cyclohex-CH2), 26.5 

(cyclohex-CH2), 25.5 (cyclohex-CH2); MS (ESI): m/z 568.2 (M++1); Anal Calcd for 

C36H29N3O2S: C, 76.17; H, 5.15; N, 7.40; S, 5.65; found C, 76.25; H, 5.11; N, 7.45; S, 5.60. 

6-(1-Allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-(2-(piperazin-1-yl)ethyl)-1H- benzo[de] 

isoquinoline-1,3(2H)-dione (20): Yellow solid; 76% yield; mp 294-297 oC; 1H NMR (CDCl3, 400  

 

MHz):  (ppm) 8.66-8.59 (m, 3H, ArH), 8.37 (t, J = 8.20 Hz, 1H, ArH), 7.96-

7.92 (m, 1H, ArH), 7.84-7.79 (m, 2H, ArH), 7.68-7.62 (m, 2H, ArH), 7.54-

7.38 (m, 3H, ArH), 7.32 (t, J = 7.56 Hz, 1H, ArH), 6.14-6.03 (m, 1H, allyl-

CH), 5.37 (d, J = 10.20 Hz, 1H, allyl-CH2), 5.29 (d, J = 17.08 Hz, 1H, allyl-

CH2), 4.89 (d, J = 5.36 Hz, 2H, allyl-CH2), 4.40 (t, J = 6.92 Hz, 2H, ethyl-

CH2), 2.90 (t, J = 4.72 Hz, 4H, pip- CH2), 2.74 (t, J = 7.24 Hz, 2H, ethyl-

CH2), 2.60 (bs, 4H, pip-CH2); 
13C NMR (CDCl3, 100 MHz): δ (ppm) 164.4,  

164.2, 153.8, 147.8, 136.6, 135.9, 133.7, 133.1, 132.1, 131.1, 130.8, 128.7, 128.3, 127.0, 126.7, 

126.1, 125.9, 124.5, 123.8, 123.1, 122.7, 121.2, 118.8, 115.6, 113.2, 111.7, 110.2 (ArC), 56.3 

(ethyl-CH2), 54.5 (pip-CH2), 49.5 (allyl-CH2), 46.0 (pip-CH2), 37.3 (ethyl-CH2); MS (ESI): m/z 
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568.2 (M++1); Anal Calcd for C36H31N5O2S: C, 72.34; H, 5.23; N, 11.72; S, 5.36; found C, 

72.39; H, 5.28; N, 11.70; S, 5.32. 

6-(3-(Benzo[d]thiazol-2-yl)-1-propyl-1H-indol-5-yl)-2-(4-fluorophenyl)-1H-benzo[de] 

isoquinoline-1,3(2H)-dione (21):Light brown solid; 61% yield; mp 288-291 oC; 1H NMR (CDCl3,  

 

400 MHz):  (ppm) 8.62 (t, J = 3.72 Hz, 2H, ArH), 8.58 (d, J = 7.28 Hz, 1H, 

ArH), 8.42 (d, J = 8.44 Hz, 1H, ArH), 8.36 (s, 1H, ArH), 7.97 (d, J = 7.64 Hz, 

1H, ArH), 7.93 (t, J = 7.32 Hz, 1H, ArH), 7.86 (t, J = 8.16 Hz, 2H, ArH), 7.77 

(d, J = 8.40 Hz, 1H, ArH), 7.49-7.39 (m, 4H, ArH), 7.36-7.31 (m, 3H, ArH), 

6.21-6.11 (m, 1H, allyl-CH), 5.33 (d, J = 11.20 Hz, 1H, allyl-CH2), 5.29 (d, J 

= 18.40 Hz, 1H, allyl-CH2), 5.07 (d, J = 4.60 Hz, 2H, allyl-CH2); MS (ESI):  

m/z 580.1 (M++1); Anal Calcd for C36H22FN3O2S: C, 74.60; H, 3.83; F, 3.28; N, 7.25; S, 5.53; 

found C, 74.69; H, 3.78; F, 3.35; N, 7.38; S, 5.73. 

2-Amino-6-(3-(benzo[d]thiazol-2-yl)-1-propyl-1H-indol-5-yl)-1H-benzo[de]isoquinoline-

1,3(2H)-dione (22): Light brown solid; 62% yield; mp 289-292 oC; 1H NMR (CDCl3, 400 MHz):  

 

8.73 (J = 7.16 Hz, 1H, ArH), 8.60 (s, 1H, ArH), 8.44 (d, J = 8.60 Hz, 1H, 

ArH), 7.99 (s, 1H, ArH), 7.96 (d, J = 8.12 Hz, 1H, ArH), 7.87 (t, J = 7.76 

Hz, 2H, ArH), 7.73 (t, J = 8.08 Hz, 1H, ArH), 7.59 (d, J = 8.36 Hz, 1H, 

ArH), 7.46- (ppm) 8.73 (d, J = 7.40 Hz, 1H, ArH), 8.68 (d, 7.41 (m, 2H, 

ArH), 7.32 (t, J = 7.40 Hz, 1H, ArH), 5.60 (s, 2H, NH2), 4.28 (t, J = 7.16  

 Hz, 2H, propyl-CH2), 2.09-1.99 (m, 2H, propyl-CH2), 1.08 (t, J = 7.28 Hz, 3H, propyl-CH3); 

13C NMR (CDCl3, 100 MHz): δ (ppm) 161.0, 153.8, 148.8, 136.9, 136.8, 133.9, 133.6, 132.6, 

132.1, 131.4, 131.2, 130.7, 130.6, 128.5, 127.4, 126.8, 126.0, 125.9, 125.0, 124.2, 123.0, 122.1, 

121.2, 111.6, 110.3 (ArC), 48.7 (propyl-CH2), 23.4 (propyl-CH2), 11.5 (propyl-CH3); MS (ESI): 

m/z 503.1 (M++1); Anal Calcd for C30H22N4O2S: C, 71.69; H, 4.41; N, 11.15; S, 6.38; found C, 

71.62; H, 4.39; N, 11.10; S, 6.31. 
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PROTOCOLS FOR VARIOUS STUDIES 

 

(i) In vitro anticancer screening protocol 

The human tumor cell lines of the cancer screening panel were grown in RPMI 1640 medium 

containing 5% fetal bovine serum and 2 mM L-glutamine. Cells were inoculated into 96 well 

microtiter plates in 100 ml at plating densities ranging from 5,000 to 40,000 cells/well depending 

on the doubling time of individual cell lines. The microtiter plates were then incubated at 37 °C, 

5% CO2, 95% air and 100% relative humidity for 24 h. 

After 24 h, two plates of each cell line were fixed in situ with TCA, to represent a 

measurement of the cell population for each cell line. Experimental drugs were solubilized in 

DMSO at 400-fold the desired final maximum test concentration and stored frozen prior to use. At 

the time of drug addition, an aliquot of frozen concentrate was thawed and diluted to twice the 

desired final maximum test concentration with complete medium containing 50 µg/ml gentamicin. 

Additional four, 10-fold or ½ log serial dilutions were made to provide a total of five drug 

concentrations plus control. Aliquots of 100 µL of these different drug dilutions were added to the 

appropriate microtiter wells, resulting in the required final drug concentrations. Following drug 

addition, the plates were incubated for an additional 48 h at 37 °C, 5% CO2, 95% air, and 100% 

relative humidity. For adherent cells, the assay was terminated by the addition of cold TCA. Cells 

were fixed in situ by the gentle addition of 50 µL of cold 50% (w/v) TCA and incubated for 60 

min at 4 °C. The supernatant was discarded, and the plates were washed five times with tap water 

and air dried. Sulforhodamine B (SRB) solution (100 µL) at 0.4% (w/v) in 1% acetic acid was 

added to each well, and plates were incubated for 10 min at room temperature. After staining, 

unbound dye was removed by washing five times with 1% acetic acid and the plates were air dried 

and then subsequently solubilized with 10 mM trizma base, and the absorbance was read on an 

automated plate reader at a wavelength of 515 nm. Using the seven absorbance measurements 

[time zero (Tz), control growth (C), and test growth in the presence of drug at the five concentration 

levels (Ti)], the percentage growth was calculated at each of the drug concentration levels. 

Percentage growth inhibition was calculated as: 

[(Ti -Tz)/(C - Tz)] × 100 for concentrations for which Ti ≥ Tz; [(Ti -Tz)/Tz] × 100 for 

concentrations for which Ti < Tz. 
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Three dose response parameters were calculated for each experimental agent. Growth 

inhibition of 50% (GI50) was calculated from [(Ti -Tz)/(C - Tz)] × 100 = 50. The drug concentration 

resulting in total growth inhibition (TGI) was calculated from Ti = Tz. The LC50 was calculated 

from [(Ti-Tz)/Tz]×100 = 50. 

Anticancer activities were evaluated at 9 panels of cancer cells including 60 different cancer cell 

lines at NCI, USA. These cancer cell lines are: panel (cell lines); Leukemia (CCRF-CEM, HL-

60(TB), K-562, MOLT-4, RPMI-8226, SR), Non-Small Cell Lung Cancer (A549/ATCC, EXVX, 

HOP-62, HOP-92, NCI-H226, NCI-H23, NCI-H322M, NCI-H460, NCI-522), Colon Cancer 

(COLO 205, HCC-2998, HCT-116, HCT-15, HT29, KM12, SW-620), CNS Cancer (SF-268, SF-

295, SF-539, SNB-19, SNB-75, U251), Melanoma (LOX IMVI, MALME-3M, M14, MDA-MB-

435, SK-MEL-2, SK-MEL-28, SK-MEL-5, UACC-257, UACC-62), Ovarian Cancer (IGROV1, 

OVCAR-3, OVCAR-4, OVCAR-5, OVCAR-8, NCI/ADR-RES, SK-OV-3), Renal Cancer (786-

0, A498, ACHN, CAKI-1, RXF 393, SN12C, TK-10, UO-31), Prostate Cancer (PC-3, DU-145), 

Breast Cancer (MCF7, MDA-MB-231/ATCC, HS 578T, BT-549, T-47D, MDA-MB-468). 

(ii) MTT assay protocol 

A549 (Lung), MCF7 (Breast) and HeLa (cervix) human cancer cells as well as Hek293 (kidney) 

human normal cells were cultured in Ham’s media or DMEM with 50 mM glutamine, 10% FBS, 

100 U/ml pencillin and 100 mg/ml streptomycin. Cells were seeded in two different 96 well plates 

at the density of 1x10-5 cells/well in DMEM media supplemented with 10% FBS cells. Cells were 

incubated at 37 °C in 5% CO2 incubator. Cells were treated with compounds at five concentrations 

(10-4, 10-5, 10-6, 10-7, 10-8 M) at 37 °C for 48 h. 10 μl of MTT (prepared in 1* PBS buffer) from 5 

mg/ml stock was added in each well and incubated at 37 °C for 4 h in dark. The formazan crystals 

were dissolved using 100 μl of DMSO. Further, the amount of formazan crystal formation was 

measured as difference in absorbance by Bio-Tek ELISA plate reader at 570 nm reference 

wavelength. All experiments were independently performed at least three times. The relative cell 

toxicity (%) related to control wells containing culture medium without test material was 

calculated by using formula (eq. 1): 

                     % Cell Toxicity = 100 −
OD (Compound treated wells) 

OD (Untreated Wells)
 𝑋 100…….. (1) 

(iii) Cell cycle analysis protocol 

Cell cycle analysis was performed using flow cytometer. Cells (MDA-MB-468) were seeded in 6 

well plates at a density of 105 cells/well in RPMI1640 medium. Cells were incubated for 24 h at 
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37 °C with 5% CO2. Then medium was removed and added culture medium containing 1 µM 

concentration of compounds along with control (without any compound) and incubated for 24 h. 

Propidium iodide (PI) was used for cell staining. For staining process, approx 106 cells were 

suspended in 0.5 mL of PBS and gently aspirated several times with a Pasteur pipet to obtain a 

mono-dispersed cell suspension, with minimal cell aggregation. Cells were fixed by transferring 

this suspension, with a Pasteur pipet, into centrifuge tubes containing 1 mL of 70% ethanol, on 

ice. Cells were kept in ethanol for at least 2 h at 4°C. The ethanol-suspended cells were centrifuged 

for 5 min at 300g and then ethanol was poured thoroughly. Suspended the cell pellet in 0.5 mL of 

PBS, for approx 30 s and centrifuged at 300g for 5 min. Suspended the cell pellet in 0.5 mL of PI 

staining solution. Kept in the dark at room temperature for 30 min. and then transferred the sample 

to the flow cytometer and cell fluorescence was measured.  

(iv) Sample preparation for DNA and BSA/HSA 

The stock solution of calf thymus (ct)-DNA was prepared by dissolving the DNA in 10 mM Tris 

with 1 mM EDTA (pH 7.4) at room temperature. Ratio of absorbance at 260 nm to 280 nm was 

used to calculate the purity of DNA solution. Concentration of stock solution of DNA was 

measured taking average extinction coefficient 6600 M-1 cm-1 of a single nucleotide at 260 nm.  

The stock solutions (10-3 M) of compounds and BSA/HSA were prepared in DMSO and distilled 

water, respectively. 

(v) UV-visible spectroscopic study protocol 

The fixed concentration of compounds was titrated with incremental addition of ct-DNA in 

phosphate buffer (pH 7.4) at 298 K. The experiment for BSA/HSA interaction with compounds 

was performed by taking fixed concentration of BSA/HSA in phosphate buffer (pH 7.4) and 

incremental addition of compounds in phosphate buffer (pH 7.4) at 298 K. In both ct-DNA and 

BSA/HSA interactions studies, base line corrections were carried out using blank solution 

containing phosphate buffer and UV-visible spectra were noted in the range of 200-800 nm. 

Binding constants (Kb) were determined from Benesi-Hildebrand equation (eq. 2).  

                             
𝐴₀

(𝐴−𝐴₀)
=  

𝜀𝑓

(𝜀𝑏− 𝑓)
+  

𝜀𝑓

(𝜀𝑏− 𝑓) 𝐾𝑏  [𝐴𝑛𝑎𝑙𝑦𝑡𝑒]
 ………………..(2) 

Where Ao is the initial absorbance of the free compound/BSA/HSA, A is the absorbance of 

compound/BSA/HSA in the presence of analyte (ct-DNA or compound), εf and εb are molar 

extinction coefficients of the compound or BSA/HSA in its free and fully bound forms, 

respectively. The plot of Ao/(A-Ao) versus 1/[analyte] was constructed using the titration data and 
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linear fitting, and the value of Kb is determined by taking ratio of the intercept to the slope.The 

free energy of interaction has been calculated using the following relation (eq. 3) with binding 

constant:  

ΔGobs = −RT lnKb ……………….. (3) 

Where ΔGobs, Kb, T and R are observed binding free energy, binding constant, absolute temperature 

and gas constant (1.987 cal/K mol), respectively. 

(vi) Fluorescence study protocol 

For ct-DNA studies, fluorescence emission spectra of compounds were recorded using excitation 

wavelength of respective compound. The emission intensity of fixed concentration of compounds 

was recorded with varying concentration of ct-DNA in phosphate buffer (pH 7.4) at 298 K, 308 K 

and 318 K. For BSA/HSA studies, fluorescence spectral measurements were carried out for fixed 

concentration of BSA/HSA with varying concentration of compounds in phosphate buffer (pH 7.4) 

at 298 K, 308 K and 318 K. 

 All emission spectra for DNA and BSA/HSA studies were noted in the range of 200 to 

800 nm. The excitation and emission slit widths have been maintained constant throughout the 

experiment. Stern-Volmer equation (eq. 4) was used to find quenching process and to calculate the 

quenching constants. 

                           
𝐹₀

𝐹
  = 1 + Ksv [Analyte] = 1 + Kqτo[Analyte] ……………….. (4) 

Where Fo and F are the intensities of emission spectra of compounds/BSA/HSA in the absence 

(free form) and presence of anlyte (ct-DNA or compound), respectively. The Stern-Volmer 

quenching constant (KSV), which is considered to be a measure of efficiency of fluorescence 

quenching by analyte and bimolecular quenching constants (Kq), were calculated from plot of Fo/F 

versus [analyte]. 

 Modified Stern-Volmer equation (eq. 5) was used to get the values of binding constant 

(Kb) and the average number of binding sites (n).  

 

log
𝐹₀−𝐹

𝐹
= 𝑙𝑜𝑔𝐾𝑏 + 𝑛𝑙𝑜𝑔[𝑎𝑛𝑎𝑙𝑦𝑡𝑒] ……………….. (5) 

The parameters are same as those of the Stern-Volmer equation. The binding constants (Kb) and 

the average number of binding sites (n) were calculated from antilog of intercept and slope of the 

straight regression line respectively, from the plot of log {(Fo-F)/F versus log [analyte]}. 
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 To calculate the thermodynamic parameters i.e. the enthalpy change (ΔH) and entropy 

change (ΔS), the van't Hoff equation (eq. 6) was used.   

𝑙𝑜𝑔𝐾𝑏 = − 
∆𝐻

2.303𝑅𝑇
+ 

∆𝑆

2.303𝑅
……………….. (6) 

Where Kb, T and R are the binding constant, absolute temperature and gas constant, respectively. 

In addition, the free energy change (ΔG) for the binding of analyte at different temperatures was 

calculated using the following equation (eq. 7): 

ΔG = ΔH – TΔS……………….. (7) 

(vii) DNA melting study protocol 

DNA melting experiments were performed by recording the absorption of ct-DNA and complex 

of ct-DNA with compounds at the wavelength of 260 nm at different temperatures with the 

spectrophotometer attached with peltier. Melting temperature of the DNA (Tm) was calculated to 

be the transition midpoint. 

(viii) Competitive displacement assay protocol 

Ethidium bromide (EB) displacement assay was carried out by adding ligand to EB-DNA complex 

solution. The ethidium bromide and DNA were titrated with varying concentration of ligand. The 

EB-DNA complex was excited at 520 nm and emission spectra were recorded between 200 nm 

and 800 nm. Hoechst dye displacement assay was performed by taking fixed concentration of 

Hoechst dye and ct-DNA and incremental additions of compounds. Emission spectra were noted 

between 200-800 nm using 345 nm as an excitation wavelength. 

(ix) Circular dichroism (CD) study protocol 

CD spectra of ct-DNA and complex of ct-DNA and ligand were recorded using an applied 

photophysics CD spectrophotometer. All the CD spectra were recorded in a range from 220 nm to 

400 nm. The average of four scans was taken in all the experiments. The background spectrum of 

buffer solution was subtracted from the spectra of DNA and the ligand-DNA complex.  

(x) Viscosity measurements protocol  

The fixed concentration of ct-DNA was used while varying in compound concentration in viscosity 

measurement experiment. The digital stopwatch was used to note the flow time. The values of 

relative viscosity was taken as (ɳ/ɳo)
1/3 versus ([compound]/[ct-DNA]), where ɳo and ɳ are the 

viscosity contributions of ct-DNA in free form and bound with compound, respectively. The 

average value of three readings of a sample was recorded for the viscosity determination. 

 



175 
 

(xi) Iodide quenching study protocol 

Iodide quenching studies were completed with incremental addition of potassium iodide solution 

in compounds and complex of compound-ct-DNA. Emission spectra were recorded in the range 

of 200-800 nm. 

(xii) Synchronous fluorescence spectroscopic study protocol 

Synchronous fluorescence study of HSA was completed by taking fixed concentration of 

BSA/HSA with incremental addition of compounds. Emission spectra were recorded in the range 

of 200-800 nm and the difference among the excitation and emission wavelengths (∆λ = λemi– λexc) 

was maintained at 15 nm and 60 nm. 

(xiii) FRET between compounds and BSA/HSA protocol 

Energy transfer experiment was performed by recording the absorption spectrum of compounds 

and emission spectrum of BSA/HSA while excited at 280 nm. The energy transfer from donor to 

acceptor (E), the critical distance on 50% transfer efficiency (Ro), overlap integral of absorption 

spectrum of the acceptor (compound) with emission spectrum of the donor (BSA/HSA) (J) could 

be calculated using the following equations (eq. 8, 9 and 10): 

66

0

6

01
rR

R

F

F
E

o 
 ……………….. (8)  

Fo and F are the intensities of the fluorescence of HSA in the absence and presence of compound. 

Ro and r are the critical distance on 50% transfer efficiency and distance between donor and 

acceptor, respectively. 

JkRo  42256 108.8  ……………….. (9) 

k2 is orientation factor of dipoles, ɳ is refracted index of medium, J is overlap integral of electronic 

absorption spectrum of the acceptor (compound) with emission spectrum of the donor (BSA/HSA) 

and Ф is fluorescence quantum yield of donor (HSA).  
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)()( 4

F

F
J ……………….. (10) 

Where F() is the intensity of emission of the donor (HSA) in absence of the acceptor (compound) 

at the wavelength , and () is molar absorption coefficient of acceptor (compound) at the same 

wavelength. 
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(xiv) Shake-flask method 

Partition coefficient of derivatives was measured with n-octanol-phosphate buffer (0.15 M, pH = 

7.4) at volumes of 10:1. Stock solutions of derivatives were made in dimethylsulfoxide (HPLC 

grade) at 10-3 M concentration. All solutions throughout the experimentation were prepared in 

glass vials; stock solution and phosphate buffer (250 µL, 125 µL) were added to the glass vial 

using micropipette. The wavelength was chosen according to the λmax of derivative. Initial 

absorbance (Ai) of each derivative was recorded using stock solution in the buffer phase. Then, n-

octanol was added to the each glass vial and shaken together on a mechanical shaker (METREX, 

Cat No. MRS-50H) for 50 minutes. All glass vials were centrifuged (REMI R-24) at 2500 rpm for 

35 minutes to get thoroughly separation of both phases. Octanol layer was removed from the vial 

and final absorbance (Af) of the buffer layer was recorded. P values for all derivatives were 

calculated using following equation (eq. 11): 

i f w

f o

A A V
P

A V


  ……………….. (11) 

Where Vw and Vo denote the volume of the aqueous phase and organic phase, respectively. 

(xv) Docking Simulation protocol 

Molecular docking of the complexes into 3-D X-ray structure of DNA (PdB: 1BNA) was carried 

out using the AutoDock software package (vina). The ligand structures in docking protocol were 

used as a crystal structure. The graphical user interface AutoDockTools (1.5.6rc3) was performed 

to setup every ligand DNA interaction, where all hydrogen atoms were added, gasteiger charges 

were calculated and nonpolar hydrogen atoms were merged to carbon atoms. The 3D structures of 

the ligands were optimized using Gaussian 09W program and saved in pdb format. The partial 

charges of pdb file were further modified by using the ADT package (version 1.5.6rc3), so that the 

charges of the nonpolar hydrogen atoms would be assigned to the atom to which the hydrogen is 

attached. The resulting file was saved as Pdbqt file. The AutoDockTools program was used to 

generate the docking put files. In all docking, a grid pointing in x, y and z directions were built. A 

grid spacing of 0.375 Å was used. Default settings were used with an initial population. 
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SUMMARY 

 

Cancer is the most challenging disease globally and can be described as a cell cycle disorder with 

fast and uncontrolled production of abnormal cells. Nearby 17 million patients were diagnosed 

with cancer and about 9.6 million deaths from cancer were reported in 2018 globally. According 

to the cancer research reports, about 27.5 million new cancer cases will be occurred every year by 

2040. Breast, lung, prostate and bowel cancers are the most common type of cancers diagnosed 

globally. There are many cancer inducing factors like age, obesity, overweight, genetics, smoking, 

alcohol, diet, physical inactivity etc. Cancer is one of the increasing worldwide burden, therefore 

prevention and treatment of cancer is one of the major challenging health problem of the 21st 

century.1,2 The major techniques to cure cancer are surgery, chemotherapy, immunotherapy and 

radiotherapy. At present, cancer therapy includes medication that mainly target the some biological 

pathway.3 With lots of progress in the area of cancer therapy, there are still many problems persist 

with the existing antitumor medicines. Most of the available anticancer drugs are unable to beat 

the resistance mechanism of cancer cells and are also incapable to distinguish cancer cells and 

normal cells of the body.4 Large research efforts have been committed for the discovery and 

development of an efficient anticancer candidate. Immense research has been focused for the 

identification of tumor specific therapies, which can enhance the sensitivity of cancer cells toward 

anticancer drugs.5 One of the best method for the development of new and efficient drug is to 

chemical modification in natural occurring or existing molecules with significant biological 

activity. Recently the interest is focused on the discovery of cytotoxic agent that simultaneously 

affect multiple targets for cancer therapy.6,7 Currently, hybrid drugs are used to stimulate the 

multiple targets with a single drug for better therapeutic potential as well as to beat the side effects. 

Molecular hybridization (MH) is an efficient approach for the development of a more potent 

compound, which can simultaneously target two or more pathogenic pathways.8 Molecular 

hybridization approach can be used to increase the efficacy and selectivity as well as to decrease 

the adverse effects of the drug.9,10 This approach considered to be similar to the combination 

therapy, besides, two or more drugs are present in a single entity attached with covalent 

linkage.11,12 Naphthalimides, benzimidazole, benzothiazole, imidazo[1,2-a]pyrazine, 

phenanthrene-imida-/oxa-zole etc. are well-known heterocyclic moieties, reported with their 
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potential anticancer activity. On account of these heterocyclic moieties, a potent antitumor 

candidate could be designed by molecular hybridization methodology.  

Keeping in the view the above points, the following objectives have been designed 

1. To synthesize and characterize the hybrids of two biologically significant moieties viz. 

imidazo[1,2-a]pyrazine and benzimidazole/naphthalimide.  

2. To synthesize and characterize the hybrids of three biologically significant moieties viz. 

naphthalimide and indole/benzothiazole/phenanthroimidazole.  

3. In vitro evaluation of synthesized compounds for anticancer activity and to investigate their 

structure activity relationship.  

In the present investigation, we have synthesized the hybrids of imidazo[1,2-a]pyrazine and 

benzimidazole; benzimidazole and naphthalimides; naphthalimide and phenanthro[9,10-

d]imidazole; naphthalimide, benzothiazole and indole; phenanthro[9,10-d]imidazole and others 

heterocyclic moieties. Synthesized hybrids were well characterized by NMR and mass 

spectrometry. These hybrids were further investigated for their cytotoxicity against 60 human 

cancer cell lines. These hybrids were also investigated for their binding interactions with DNA and 

serum albumins (HSA/BSA). To check the molecular interaction of synthesized hybrids with 

DNA, molecular docking studies were also performed. 

Chapter 2: Synthesis, characterization, in vitro evaluation, interaction with DNA/BSA, and 

molecular docking studies of imidazo[1,2-a]pyrazine and benzimidazole conjugates 

2.1. Synthesis  

All compounds (9-23, 31-49 and 53-57) were prepared according to the Schemes 1-3 starting from 

1,3- and 1,4-dibromobenzene. 1,4-Dibromobenzene (1) was first nitrated with 1:4 ratio of 

HNO3:H2SO4 to yield 1,4-dibromo-2-nitrobenzene 2 in 93% yield. Compound 2 was subjected to 

regioselective nucleophilic substitution reaction with cyclohexylamine in the presence K2CO3 to 

afforded 3 in 75% yield. Boronation of 3 was then carried out using bis(pinacolato)diboron in the 

presence of Pd(PPh3)2Cl2 and KOAc, afforded 4 in 82% yield. Suzuki-Miyaura cross coupling 

reaction of 4 with dibromo imidazo[1,2-a]pyrazine 5 has been proceeded using Pd(PPh3)4 and 

K2CO3 to yield 6 in 73% yield with traces of disubstituted product. Reduction of 6 was carried out 

using sodium dithionite to afford 7 which was subsequently cyclized with triethylorthoformate in 

acetic acid to afford the requisite 6-bromo-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-
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yl)imidazo[1,2-a]pyrazine 8 in 75% yield (Scheme 1). Compound 8 was further used for Suzuki 

reaction with substituted phenyl, thienyl and naphthyl boronates to give 9-23 in 75-86% yields. 

Scheme 1. Synthesis of 6-substituted-8-(1-cyclohexyl-1H-benzo[d]imidazol-5-yl)imidazo[1,2-

a]pyrazine a 

 
aReagents and conditions: (a) H2SO4, HNO3, DCM, 0 °C, 30 min., 93%; (b) Cyclohexyl amine, K2CO3, DMF, 100 

°C, 18 h, 75%; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, 1,4-dioxane, reflux, 10 h, 82%; (d) Pd(PPh3)4, 

K2CO3, CH3CN : water (9:1), N2, reflux, 10-12 h, 73%; (e) Na2S2O4, aq. NH3, THF : water, rt, 1 h; (f) 

Triethylorthoformate, AcOH, rt, 10 min., 75%; (g) ArB(OH)2, Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 

12-15 h, 75-86% 

The synthesis of intermediate 30a-b of imidazo[1,2-a]pyrazine and benzimidazole conjugates 

followed the similar procedure using 1,3-dibromobenzene as starting material (Scheme 2). The 

commercial available 1,3-dibromobenzene 24 was nitrated to yield 25 in 95% yield which was 

regioselectively substituted with cyclohexylamine and benzylamine in DMF, afforded 26a and 26b 

respectively. Boronation of 26a and 26b, using bis(pinacolato)diboron in the presence of 

Pd(PPh3)2Cl2 and KOAc provided 27a and 27b, respectively. Suzuki cross-coupling of 27a-b with 

dibromo-imidazo[1,2-a]pyrazine 5 and Pd(PPh3)4, afforded compound 28a-b alongwith traces of 

disubstituted products. Reduction of derivatives with sodium dithionite in ammonia provided 

amines 29a-b followed by cyclization with triethylorthoformate in acetic acid to obtain 

intermediates 30a and 30b in 90% and 80% yields, respectively. Suzuki reactions of intermediates 

with phenyl, thienyl and naphthyl boronates were carried out in CH3CN:H2O using Pd(PPh3)4 and 

K2CO3 afforded 31-49 in 75-85% yields. 
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Scheme 2. Synthesis of 6-substituted-8-(1-cyclohexyl-1H-benzo[d]imidazol-6-yl)imidazo[1,2-

a]pyrazine b 

 
bReagents and conditions: (a) H2SO4, HNO3, DCM, 0 °C, 30 min., 95%; (b) Cyclohexyl amine/benzyl amine, K2CO3, 

DMF, 100 °C, 18 h; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, 1,4-dioxane, reflux, 10 h; (d) Pd(PPh3)4, K2CO3, 

CH3CN : water (9:1), N2, reflux, 10-12 h; (e) Na2S2O4, aq. NH3, THF : water, rt, 1 h; (f) Triethylorthoformate, AcOH, 

rt, 10 min., 80-90%; (g) ArB(OH)2, Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 12-15 h, 75-85% 

Interestingly, the scope of another benzimidazole at C-6 position of imidazo[1,2-a]pyrazine for 

Suzuki reaction was also explored with different synthetic route (Scheme 3). Reductions of 3  

Scheme 3. Synthesis of 6,8-bis(1-cyclohexyl-1H-benzo[d]imidazol-5/6-yl)imidazo[1,2-

a]pyrazine c 

 
cReagents and conditions: (a) Na2S2O4, aq. NH3, THF : water (3:2), rt, 1 h; (b) Triethylorthoformate, AcOH, rt, 10 

min.,; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, 1,4-dioxane, reflux, 12 h; (d) 8, 30a-b, Pd(PPh3)4, K2CO3, 

CH3CN :  Twater (9:1), N2, reflux,  10-12 h, 75-81% 
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and 26a were carried out with sodium dithionite in the presence of ammonia to afford 50a and 

50b, respectively, followed by cyclization with triethylorthoformate in acetic acid, produced 

respective benzimidazoles 51a and 51b. Boronation of derivatives using bis(pinacolato)diboron in 

the presence of Pd(PPh3)2Cl2 and KOAc afforded 52a and 52b. Suzuki-Miyaura cross-couplings 

of benzimidazole boronates 52a-b with 8 and 30a-b have been performed using Pd(PPh3)4 and 

K2CO3 to afford 53-57 in 75-81% yields.  

2.2. Characterization 

All 1H and 13C NMR characterization were performed on Jeol ECS 400 NMR spectrometer, which 

was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking CDCl3 as solvent. The 

synthesized compounds have also been characterized by mass spectrometry using Water 

Micromass-Q-T of Micro and purity was checked with CHN analysis. The molecular structure and 

the assignment of 31 were unambiguously confirmed by single-crystal X-ray diffraction study. 

2.3. Biology 

 2.3.1. Cytotoxicity: In a preliminary test, compounds were assayed at single dose concentration 

(10-6 M) in the full panel of NCI 60 cancer cell lines. The tested compounds showed diverse but 

strong cytotoxicity on the evaluated panel of cell lines and most of the compounds exhibited more 

than 50% inhibition of tumor growth at micromolar concentration. As revealed from results of 29 

tested compounds, seven compounds with wide range of growth percentage displayed strong 

growth inhibitory activity (-98.48 to 99.61) at 10 µM concentration. The bisbenzimidazole 

derivatives 53 and 57 demonstrated superior activity than mono benzimidazoles with cytotoxic 

effects towards 51 and 43 cell lines, respectively and among the monobenzimidazoles, 4-

methoxyphenyl at C6 position of imidazo[1,2-a]pyrazine 32 indicated better cytostatic activity than 

phenyl 31, 4-ethylphenyl 46 and 4-formylphenyl 48 derivatives in the same isomeric series of 

compounds. Such findings denote that bisbenzimidazole moiety is more favorable for cytotoxic and 

mono benzimidazole for cytostatic activity. Compounds 32, 53 and 57 attributed pronounced 

cytotoxic activity over the majority of tested cancer cell lines with mean GP values of 20.32, -44.92 

and -26.50, respectively. Compounds 32, 53 and 57 have been explored for five dose assay, the 

mono- and bis-benzimidazole derivatives seemed to contribute equally toward the tumor growth 

inhibitory activities which is evident from the similar average GI50 of compounds 32 (2.10 µM), 53 

(2.12 µM) and 57 (2.23 µM) as these values disguise significant cell selectivity. The mean GI50 

graph of 4-methoxyphenyl (32) showed potent (compared to 53 and 57) activity in the leukemia, 
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non-small cell lung, colon, CNS, ovarian, prostate and breast cancer subpanels. Higher LC50 values 

of compounds (usually > 100 µM) to most of the cell panels indicated their low toxicity profile. 

Cytotoxicity effect of compounds 32 and 53 was determined against human normal cell lines 

(Hek293). It has been observed that derivative 32 showed only 19.05%, 16.51%, 15.07%, 14.79% 

and 13.96% cytotoxicity to Hek293 cells whereas compound 53 exhibited 18.05%, 14.53%, 

14.11%, 13.60% and 12.08% cytotoxicity to Hek293 cells at 10-4, 10-5, 10-6, 10-7 and 10-8 M 

concentrations, respectively.  

2.3.2. DNA interaction studies: Three most potent compounds 32, 53 and 57 were studied with 

ct-DNA to investigate the interactions of these compounds with DNA using UV-visible, 

fluorescence and circular dichroism. DNA studies suggested that compounds were interacted with 

DNA through intercalation binding mode. The binding constants (Kb) determined using UV-

visible spectroscopy for compound-DNA complexes have been determined from the Benesi-

Hildebrand equation which were found to be 3.34 × 104 M-1 for 32, 1.25 × 104 M-1 for 53 and 3.18 

× 104 M-1 for 57. These binding constants conclude that compound 32 has more affinity to bind 

with ct-DNA followed by compound 57 and 53.  

2.3.3. Bovine serum albumin (BSA) interactions: The possible binding interactions of 

compounds 32, 53 and 57 with BSA have been investigated by UV-visible and fluorescence 

spectroscopy. The binding constants (Kb) were calculated using Benesi-Hildebrand equation and 

found to be 1.95 ×105 M-1 for 32, 3.79 ×104 M-1 for 53 and 2.65 ×104 M-1 for 57. Thus BSA binding 

affinities follow the order of 32 > 53 > 57, indicating that monobenzimidazole derivatives have 

more ability to penetrate into the cell than bisbenzimidazole moieties.  

2.4. Molecular properties and drug-likeness 

The results from the calculations revealed that all the derivatives fulfilled the Lipinski’s rule of 

five except compounds 53-57, in which violation was due to high molecular mass.  

 2.5. Docking studies 

Docking studies of compounds 32, 53 and 57 with DNA have been performed to find the 

interactions between compounds and DNA. 

Chapter 3: Synthesis, characterization, in vitro evaluation and interaction with DNA/BSA of 

hybrids of benzimidazole and naphthalimide conjugates 
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3.1. Synthesis 

Nitration of 1,4- and 1,3-dibromobenzene 1a-b with nitric acid and sulphuric acid, yielded  1,4-

dibromo-2-nitro-benzene 2a and 2,4-dibromo-1-nitro-benzene 2b, both of which were subjected 

to regioselective nucleophilic substitution with cyclohexylamine to afford 3a-b. Boronation of 3a-

b with bis(pinacolato)diboran in the presence of Pd(PPh3)2Cl2 and KOAc, generated 4a-b. Suzuki-

Miyaura cross coupling of 4a-b was carried out with 6-bromo-1H,3H-benzo[de]isochromene-1,3-

dione 5 to obtain 6a-b. Compound 6a-b was further reduced with sodium dithionite in the presence 

of ammonia to afford mixture of 7a-b and 8a-b which were subsequently cyclized with 

triethylorthoformate in acetic acid at room temperature to afford the requisite 9a-b and 10a-b, 

respectively. On refluxing of 9a-b with alkyl and aryl amines in ethanol, compounds 11-26 were 

achieved in the yields of 71-86% (Scheme 4).  

Scheme 4. Synthesis of 6-(1-cyclohexyl-1H-benzo[d]imidazol-5/6-yl)-2-substituted-1H-

benzo[de]isoquinoline-1,3(2H)-dione  

 

Reagents and conditions: (a) HNO3, H2SO4, DCM, 0 °C, 30 min., 90-95%; (b) Cyclohexyl amine, K2CO3, DMF, 100 

°C, 18 h, 70-75%; (c) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, dioxane, reflux, 10 h, 78-82%; (d) Pd(PPh3)4, 

K2CO3, CH3CN : water (9:1), N2, reflux, 10-12 h, 70-73%; (e) Na2S2O4, aq. NH3, THF : water, 1 h, rt; (f) 

Triethylorthoformate, AcOH, 30 min., rt; (g) RNH2, ethanol, reflux, 12-15 h, 71-86% 
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3.2. Characterization 

All 1H and 13C NMR characterization were performed on Jeol ECS 400 NMR spectrometer, which 

was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking CDCl3 as solvent. The 

synthesized compounds were characterized by mass spectra using Water Micromass-Q-T of 

Micro. 

3.3. Biological Activities  

3.3.1. Cytotoxicity: National Cancer Institute (NCI) has selected eighteen naphthalimide-

benzimidazoles (9a-b, 10b, 11-23, 25 and 26) for one-dose screening in the panel of 60 human 

cancer cell lines. The results indicated that many of these naphthalimides exhibited equal or better 

cytotoxicity than amonafide or mitonafide. Five compounds showed cytotoxic effects in a broad 

range of cell lines at 10-5 M level and two of them showed cytotoxic activity with cytostatic and 

cytotoxic effects against all the 58 tested cell lines. Compounds 15 and 23 fulfilled the selection 

criteria set by NCI for cytotoxicity in this assay and thus, selected for further evaluation at the full 

panel of cancer cell lines at five dose concentrations (10-4-10-8 M). In vitro evaluation of these 

compounds indicated that derivatives 15 and 23 exhibited cytotoxic activity towards most of the 

human cell lines, showing MG-MID GI50 values of 1.43 and 1.83 µM, respectively. Both the 

derivatives showed particular efficacy against colon and leukemia subpanels having GI50 values 

in the range of 0.42-1.03 µM. Overall, the naphthalimide substituted with 5-benzimidazole (15) 

led to more potency than the 6-benzimidazole analogue (23).  

3.3.2. Cell cycle analysis 

Cell cycle analysis was performed using flow cytometer on the compounds 15 and 23 on MDA-

MB-468 breast cancer cells. The results indicated that compound 15 had no significant effect at 

cell cycle whereas compound 23 arrested the cell cycle at G2/M phase. About 25.23% of cells were 

found in G2/M phase when treated with 1 µM of compound 23 for 24 h. 

3.3.3. DNA interaction studies  

The binding properties of DNA with compounds 15 and 23 as a model of naphthalimide-

benzimidazole conjugates have been studied with calf thymus (ct)-DNA using UV-visible and 

fluorescence spectroscopy as well as circular dichroism experiment. Studies showed that 

compounds intercalated into adjacent base pairs of DNA. To access the stability of an adduct 

formed between DNA and substrate in absorption spectroscopy, Benesi-Hildebrand equation has 

been used to calculate the intrinsic binding constant (Kb) for compounds 15 and 23 and were found 
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to be 3.62 × 105 M-1 and 2.23 × 105 M-1, respectively. The results indicated that compound 15 

showed strong interaction with ct-DNA than compound 23. The thermal denaturation experiment 

revealed a Tm value of 75.6 ± 0.2 ˚C under our experimental conditions, whereas the melting 

temperature of DNA in the presence of compounds 15 and 23 were successively increased to 89.8 

± 0.2 ˚C and 81.5 ± 0.3 ˚C, respectively. Fluorescence studies of compounds 15 and 23, indicated 

that the mechanism of quenching might be a static process. Moreover, the observed negative values 

of ΔG for compounds revealed that the binding process is spontaneous and favourable. The 

negative values of ΔH and ΔS for 15 and 23 indicated that the interaction with DNA is mainly 

enthalpy driven by which hydrogen bonding and van der Waals contacts contributed towards the 

stability of complexes. Intercalation of compounds was further confirmed by ethidium bromide 

competitive displacement assay and circular dichroism study. 

3.3.4. BSA binding studies  

UV-visible spectroscopic studies revealed good interactions between BSA and compounds 15 and 

23. Binding constant (Kb) for the interaction of compounds with BSA have been calculated using 

Benesi-Hildebrand equation and were found to be 6.96 ×  104 M-1 for 15 and 5.64 ×  104 M-1 for 

23, signifying better binding affinity of compound 15 with serum albumin than 23. Fluorescence 

study suggested that, the binding of compounds to BSA probably involves the stating quenching 

with formation of complex at ground state.  

Chapter 4: Synthesis, characterization, in vitro evaluation, interaction with DNA/HSA, and 

molecular docking studies of naphthalimide and phenanthro[9,10-d]imidazole hybrids 

4.1. Synthesis  

Commercial available acenaphthene (1) was treated with N-bromosuccinimide in DMF at room 

temperature to afford 5-bromo acenaphthene (2) in 94% yield. Oxidation of 2 was accomplished 

with sodium dichromate in acetic acid to obtain compound 3 in 72% yield. Condensation of 4-

formylphenylboronic acid (4) with 9,10-phenanthrenequinone (5) in the presence of ammonium 

acetate in acetic acid gave 6 in 58% yield. Suzuki-Miyaura cross-coupling reaction of compound 

6 with 3 in the presence of Pd(PPh3)4 and K2CO3 in CH3CN and water (9:1) gave compound 7 in 

72% yield. Intermediate 7 was refluxed with various aliphatic and aromatic amines in ethanol for 

7-9 h to afford compounds 8-21 in 78-91% yields (Scheme 5).  
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Scheme 5. Synthesis of 6-(4-(1H-phenanthro[9,10-d]imidazol-2-yl)phenyl)-2-substituted-1H-

benzo[de]isoquinoline-1,3(2H)-dione 

 

Reagents and conditions: (a) NBS, DMF, rt, 3 h, 94%; (b) Sodium dichromate, AcOH, reflux, 2.5 h, 72%; (c) 

Ammonium acetate, AcOH, reflux, 10 h, 58%; (d) Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 12 h, 72%; (g) 

RNH2, ethanol, reflux, 7-9 h, 78-91% 

4.2. Characterization 

All 1H and 13C NMR characterization were performed on Jeol ECS 400 NMR spectrometer, which 

was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking CDCl3 as solvent. The 

synthesized compounds were characterized by mass spectra using Water Micromass-Q-T of 

Micro. 

4.3. Biology 

4.3.1. Cytotoxicity: Among all the tested compounds, 1-ethylpiperazine substituted, compound 

16, found to be most active compound of the series with the range of growth inhibition -55.78-

94.53. Compound 16 has been found sensitive against 14 cancer cell lines out of 56 tested cell 

lines and found most susceptible against LOXIMVI of melanoma panel of cancer cell lines. 

Compound 16 found to be least active against full panel of CNS and renal cancer cell lines. 

Compound 14 substituted with N,N-dimethylethylamine showed cytostatic activity towards K-562 

(leukemia), SR (leukemia), 786-0 (renal cancer) and MCF7 (breast cancer) cell lines.  
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4.3.2. DNA interaction studies: For a qualitative determination of the interaction between 

compound 16 and ct-DNA, the binding constant (Kb) was calculated using the Benesi-Hildebrand 

equation and found to be 7.81 × 104 M-1. Fluorescence emission spectroscopy confirmed the 

quenching mechanism in compound 16 and ct-DNA interactions and was found to be static 

quenching. A strong (1.55 × 105 M-1) and weak (1.36 × 104 M-1) binding constant for competitive 

displacement assay for the Hoechst dye and the ethidium bromide, respectively, suggested that 

compound 16 interacted through strong groove binding and partial intercalation. Groove binding 

was further supported by viscosity measurements and iodide quenching studies. 

4.3.3. HSA binding studies: UV-Vis absorption spectroscopy gave strong interaction and the 

binding constant (Kb) was calculated to be 0.51 × 105 M-1 using Benesi-Hildebrand plot. Results 

of fluorescence emission spectroscopy revealed that the binding process was static, spontaneous 

and exothermic in nature. Synchronous fluorescence spectroscopic studies had revealed that both 

Tyr and Trp residues contribute equally to the quenching of the HSA emission and the HSA 

molecule undergoes conformational changes around both Tyr and Trp residues upon binding to 

compound 16.  

4.4. Molecular docking 

Docking studies of compounds 16 with DNA have been performed to find the interactions between 

compound and DNA. 

Chapter 5: Synthesis, characterization, in vitro evaluation, interaction with DNA/BSA, and 

molecular docking studies of phenanthro[9,10-d]imidazole and other heterocyclic moieties 

conjugates 

5.1. Synthesis 

Compounds 3 and 4 were synthesized by heating the phenanthrene-9,10-dione (1) and substituted 

aromatic aldehydes (2a-h) at 100 oC for 2-5 h in the presence of ammonium acetate and acetic acid 

(Scheme 6). Compound 3h was further used for the reaction with 2-amino-benzo[de]isoquinoline-

1,3-dione (5) and thiazolidine-2,4-dione (7) in ethanol for 3-4 h to obtain 6 and 8. The series of 

benzimidazoles were formed by the condensation of 3h with (3,4-diamino-phenyl)-(phenyl)-

methanone (9) and 1,2-diamino-anthracene-9,10-dione (11) at 60 oC in nitrobenzene for 2 h to 

obtain  compound 10 and 12 (Scheme 7). 2,3-Diaryl 1H-phenanthro[9,10-d]imidazole was 

obtained with phenanthrene-9,10-dione (1), employing aniline and benzaldehyde in the presence 

of ammonium acetate and acetic acid and the corresponding product, compound 14 (Scheme 8). 
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For SAR studies involving variation of the imidazole moiety, compounds 16 and compound 17 

were prepared by condensation of acenaphthylene-1,2-dione with respective salicylaldehyde, and 

terephthaldehyde, in the presence of ammonium acetate and acetic acid as shown in Scheme 9.   

Scheme 6. Synthesis of 2-(subsitituted aryl)-1H-phenanthro[9,10-d]imidazole/oxazole (3a-h and 

4a-c). 

 

Scheme 7. Synthesis of naphthalimide (6), thiazolidine (8) and benzimidazoles (10 and 12) of 4-

(1H-phenanthro[9,10-d]imidazol-2-yl)benzaldehyde 
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Scheme 8. Synthesis of 1,2-diphenyl-1H-phenanthro[9,10-d]imidazole (14) 
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Scheme 9. Synthesis of 2-(7-phenyl-7H-acenaphtho[1,2-d]imidazol-8-yl)phenol (16) and 4-(7H-

acenaphtho[1,2-d]imidazol-8-yl)benzaldehyde (17) 
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5.2. Characterization 

All 1H and 13C NMR characterization were performed on Jeol ECS 400 NMR spectrometer, which 

was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking CDCl3 as solvent. The 

synthesized compounds were characterized by mass spectra using Water Micromass-Q-T of 

Micro. 

5.3. Biology 

5.3.1. Cytotoxicity: Preliminary in vitro cytotoxicity screening revealed that derivatives 3f, 4c and 

17 showed moderate inhibition, while compound 8 indicated more than 50% growth inhibition for 

most of the cancer cell lines and in some cases, exhibited better growth inhibition than 5-

fluorouracil (5-FU). 1H-Phenanthro[9,10-d]imidazole/oxazole derivatives 3b, 3c, 4b and 12 

showed lower activity for cancer cell lines and were considered to be the least effective. 1H-

Phenanthro[9,10-d]imidazole 3f showed selectivity towards non-small cell lung cancer cell lines 

NCI-H226 and breast cancer cell lines MDA-MB-468 with growth inhibition (GI) values of 

76.22% and 78.07%, respectively. Similarly, 2-phenanthro[9,10-d]oxazole having 5-

diethylamino-2-hydroxyphenyl group 4c at 2-position showed selectivity towards leukemia cancer 

cell lines, colon cancer cell lines and melanoma cancer cell lines. Derivative 17 displayed selective 

potency towards breast cancer cell lines MCF7 and T-47D with GI values of 51.61% and 57.05%, 

respectively. Compound 8 showed excellent inhibition against leukemia cancer cell lines CCRF-
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CEM (65.23%), HL-60(TB) (57.70%), K-562 (68.08%), RPMI-8226 (66.09%) and SR (79.21%), 

colon cancer cell lines HCT-116 (65.54%) and HCT-15 (50.01%), melanoma cancer cell lines 

MDA-MB-435 (67.42%), renal cancer cell lines A498 (92.98%), prostate cancer cell lines PC-3 

(51.87%) and breast cancer cell lines BT-549 (63.72%) and MDA-MB-468 (51.74%). To evaluate 

the safety, the cytotoxic effect of active derivative 8 on human normal cell lines (Hek293) was 

also carried out. It has been observed that derivative 8 showed only 15%, 9%, 6%, 5% and 4% 

cytotoxicity to Hek293 cells at the higher level of concentration. 

5.3.2. DNA binding studies: In order to determine the interaction of compound with calf thymus 

and human DNA, binding property of most active compound 8 has been assessed using UV-visible 

and fluorescence spectrophotometer. UV-vis studies suggested that compound intercalated 

strongly into human DNA (Kb = 5.24 x 106 M-1) than ct-DNA (Kb = 2.95 ×106 M-1). 

5.3.3. Serum albumin binding studies: The absorption experiment confirmed that compound 8 

showed worthy interaction with BSA and HSA. UV-visible absorption spectroscopy revealed that 

binding constant of compound 8 and HSA has been found to be 9.35 x 104 M-1 which is more than 

that with BSA (6.57 × 104 M-1). Fluorescence emission study showed that the process of quenching 

was static in nature and mainly enthalpy driven and involved the hydrogen bonding interaction. 

FRET studies with BSA indicated that energy transfer occurred from BSA to compound 8 with 

high probability. 

5.4. Molecular docking 

Docking studies of compounds 8 with DNA have been performed to find the interactions between 

compound and DNA. 

Chapter 6: Synthesis, characterization, in vitro evaluation of naphthalimide, benzothiazole 

and indole conjugates 

6.1. Synthesis 

Commercially available 5-bromo indole 1 was subjected to react with the Vilsmeier-Haack reagent 

to get 5-bromo-1H-indole-3-carbaldehyde 2. Compound 2 was treated with allyl bromide in 

acetone-aqueous NaOH at room temperature to give brown color solid of compound 3. Further, 

compound 3 was reacted with 2-aminothiophenol in the presence of nitrobenzene at 80 °C for 8 h 

gave the reddish color solid of compound 4. Boronate of compound 4 was synthesized using 

bis(pinacolato)diboron in the presence of bis(triphenylphosphine)palladium chloride, potassium 

acetate in refluxing dioxane for 3 h.  Suzuki coupling of compound 5 with 6 gave the light yellow 
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colored solid of compound 7 in the presence of tetrakis(triphenylphosphine) palladium (0), 

potassium carbonate in acetonitrile-water condition. Compound 8-22 were synthesized by the 

condensation between various amines i. e. allyl, butyl, propagyl, cyclohexyl, ethanol amine and 

compound 7 in the presence of ethanol (Scheme 10).  

Scheme 10. Synthesis of 6-(1-allyl-3-(benzo[d]thiazol-2-yl)-1H-indol-5-yl)-2-substituted-1H-

benzo[de]isoquinoline-1,3(2H)-dione                                                                                                                                                                                                                                                                                                                                                                                                 

 

Reagents and conditions: (a) POCl3, DMF, 0 °C, 1 h., 93%; (b) Allyl bromide, acetone-aq. NaOH, RT, 2 h, 86%; (c) 

2-Aminothiophenol, nitrobenzene, 80 °C, 8 h, 62%; (d) Bis(pinacolato)diboron, Pd(PPh3)2Cl2, KOAc, dioxane, reflux, 

3 h, 61%; (e) Pd(PPh3)4, K2CO3, CH3CN : water (9:1), N2, reflux, 5 h, 55%; (f) RNH2, ethanol, reflux, 4-6 h, 68-75% 
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6.2. Characterization 

All 1H and 13C NMR characterization were performed on Jeol ECS 400 NMR spectrometer, which 

was operated at 400 MHz for 1H nuclei and 100 MHz for 13C nuclei, taking CDCl3 as solvent. The 

synthesized compounds were characterized by mass spectra using Water Micromass-Q-T of 

Micro. 

6.3. Biology 

Cytotoxicity: Compounds 7-22 were tested for their cytotoxicity against A549 (Lung), MCF7 

(Breast) and HeLa (cervix) human cancer cells at 1.0, 10 and 100 µM concentrations. Compounds 

exhibited more sensitivity towards A549 than MCF7 and HeLa cancer cells at all said 

concentrations. Compound 12 revealed potent cytotoxicity against A549 cancer cells with the IC50 

value of 140 nM. Compound 13 showed excellent cytotoxicity for A549 with IC50 value of 314 

nM. Compound 15 substituted with allyl showed IC50 value of 1.89 µM for A549, 0.38 µM for 

MCF7 and 2.71 µM for HeLa cancer cells, found effective against all tested cancer cells. To find 

out the safety profile, compounds 7-22 were evaluated against Hek293 (Kidney) human 

noncancerous cell line at 100 µM concentration. Results showed that compound 11 exhibited 

maximum growth inhibition by 18% followed by compound 8, which displayed growth inhibition 

by 16%.  
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