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ABSTRACT 

An approximately 2.1 million new breast cancer cases were diagnosed every year which makes it 

the most common cancer among women in the world. Around 70 percent of breast cancer 

patients are estrogen-dependent. Aromatase is the enzyme that distinguishes a man from women 

by converting androgens to estrogens. It is a rate limiting enzyme that characteristically binds 

C19 steroids with 4-ene-3-one system. Unfortunately it also triggers estrogen dependent breast 

cancers. The reduction of estrogen physiological concentration through aromatase inhibition is 

one of most important therapeutic strategies against postmenopausal breast cancer. Currently, the 

third-generation aromatase inhibitors (Anastrazole, Exemestane and Letrozole) are approved as 

front-line therapy for early and even advanced cases of breast cancer in postmenopausal women. 

However aromatase inhibitors chronic monotherapy or their combination with other targeted 

agents reported to develop resistance apart from consequential side effects. The quest for new 

class of aromatase inhibitors is essential to overcome the plausible resistance and unwanted side 

effects due to chronic therapy. Considering the magnitude for the necessity of newer generation 

aromatase inhibitors, the present research proposal aims at the design and synthesis of new series 

of heterocyclic rings like benzothiazole, benzimidazole 1,3,4-thiadiazole, imidazo[2,1-

B][1,3,4]thiadiazole and thioureaderivatives as aromatase inhibitors in the treatment of cancer. 

The in-silico studies of ligand Based 3D QSAR Pharmacophore Modeling and Molecular 

docking studies were done to strengthen the rationale of the study. Finding of the in-silico studies 

have given some insights of selectivity of molecule and possible alternate binding interaction 

with important amino acids at the active site of aromatase. Based on the literature review 

different synthetic routes were adopted to synthesize aforementioned heterocyclic compounds 

and their derivatives. A new series of nitrogen-containing heterocyclic compounds viz. 5-

(substituted)-1,3,4-thiadiazol-2-amine,  1-(5-substituted-1,3,4-thiadiazol-2-yl)-3-phenylthiourea, 

1-(5-substituted)-1,3,4-thiadiazol-2-ylbenzo[d]thiazole-2-amine and 2,6-disubstituted 

imidazo[2,1-b][1,3,4]thiadiazole derivatives, were developed as potential anticancer agents. The 

synthesized compounds were tested for one dose assay (10 μM) at the NCI over 60 cell line 

panel. With thorough in-silico, ADMET studies and NCI preliminary screening, some of the 

selected potential molecules were tested for in-vitro 96 well MTT assay on HeLa cell line with 

Letrozole as positive control. The findings of this research have showed that compound Sch. 1 

(10), Sch. 1 (12), Sch. 3 (54), Sch. 3 (58) and Sch. 4 (69) with potent anti cancer activity against 

HeLa cell line equivalent to letrozole. Compound Sch.3 (58) interestingly exhibited 32 percent 

lethality against HL-60 (TB) cell lines of leukemia where as Sch.4 (69) showed 68.4% growth 

inhibition against CCRF-CEM Leukemia cell line at 1.00E-5 molar concentration. The key 

pharmacophore features of the synthesized derivatives that enhanced the anticancer activity of 

the derivatives are presence of sp2 nitrogen in thiadiazole ring, Cyanophenyl or methoxy 

functional group substitution on thiadiazole ring of all the heterocyclic compounds. 
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CHAPTER – 1 

Introduction 

1. Cancer 

Cancer is the disease caused by uncontrolled proliferation of cells in tissue which tries to 

autonomous itself from the surrounding, disturbing the normal functioning of the physiological 

system. Cells that are exposed to several genetic and environmental stress factors undergo 

mutations. The tumour suppressor gene like BRCA1, BRCA2, and p53 or TP53 genes and 

oncogenes like HER2 gene EGFR gene are prone to undergo mutations. These mutated genes 

in general alter the normal cell signaling pathways by producing abnormal growth factors and 

other proteins in the cell, triggering uncontrolled proliferation. This abnormal cell 

multiplication can produce benign or malignant tumours. The benign tumours are confined to 

particular area of the tissue and do not usually spread. Where as the malignant tumour even 

invades surrounding tissues and spread to distant areas of the body and develops into 

secondary tumours (metastasis) [1].  

The research on cancer has progressed leeps and bounds with deeper understanding of the 

complexity and variability in tumour transformation to cancerous type and various factors 

involved with it. As a result, cancer treatment has also begun to evolve from classical approach 

of surgery, radiotherapy, chemotherapy, harmone therapy, to advanced immunotherapy, stem 

cell transplant, prcession medicine and targeted therapy. The targeted therapy is individualized 

and target based approach to each cancer patient based on the molecular cancer profile of the 

patient. The targeted therapy involves small molecule drugs or therapeutic monoclonal 

antibodies with various strategic approaches like blocking cell signaling, mark cancer cells to 

kill by immune system, triggering apoptosis, harmone depriviation etc [2-6].  
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TABLE 1.1.Targeted therapy in cancer 

Target receptor Cancer type Signaling pathway Approved drug 

HER2 Breast cancer RAS/Raf/MAPK and 

PI3K/Akt pathways 

Trastuzumab, 

Pertuzumab, Apatinib, 

Afatinib, Neratinib. 

CDK  Breast cancer CDK-phospharylation Palbocicilib, 

Dinacicilib. 

EGFR Non-Small Cell 

Lung Cancer 

AKT/PI3K pathways Erlotinib, Gefitinib, 

Afatinib, Dacomitinib, 

Simertinib, Rociletinib, 

Olmutinib 

ALK  non-small-cell lung 

cancer 

AKT/PI3K pathways Crizotinib, Alectinib, 

Brigatinib 

FLT3-ITD Acute myeloid 

leukemia 

STAT, ERK, AKT, and 

C-Myc pathways 

Homoharringtonine, 

Sorafenib, 

Daunorubicin, 

Cytarabine  

VEGF  Renal cell 

carcinoma 

VEGF pathways Sorafenib, Sunitinib, 

Pazopanib 

mTOR Renal cell 

carcinoma 

mTOR pathways Bevacizumab, 

Temsirolimus, 

Everolimus 

VEGFR Hepatocellular 

carcinoma 

Ras/Raf/MEK/ERK 

pathways 

Sorafenib, dovitinib 

 

1.1.Breast cancer 

Approximately 2.1 million new cases of breast cancer were identified every year which makes 

it the most frequently diagnosed cancer among women in the world [7]. Around 70 percent of 

breast cancer patients are estrogen-dependent [8]. The common types of breast cancers are 

carcinomas and are named based on where they form and how far they have spread. They are 
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Ductal carcinoma in situ, Lobular carcinoma in situ and Metastatic breast cancer sub types. 

Invasive ductal carcinoma has been reported overwhelmingly in the metropolitan cities in 

India. Endogenous estrogen affects the cell functions of genes engaged in cell differentiation, 

multiplication, protein expression, cell communication and plays a critical role in breast tumor 

development and growth [9, 10]. Ovaries and placenta are the main sources of estrogen 

biosynthesis and, to a lesser extent, in testes, liver, adrenal glands, breasts and fat cells. 

Androgens are known to be precursors for estrogen synthesis.     

2. Aromatase 

Estrogens are biosynthesized through aromatization of corresponding androgens by a rate-

limiting enzyme, aromatase also called as estrogen synthetase (CYP19A1; EC 1.14.14.1) [11]. 

It is a microsomal membrane-bound cytochrome p-450 monooxygenase complex comprising 

cytochrome p-450 arom and NADPH-cytochrome p-450 reductase. Cytochrome p- 450 arom 

protein provides a platform to bind the steroid substrate and molecular oxygen for the catalytic 

oxidation during the aromatization of substrate. The P450 reductase is a membrane bound 

flavoprotein, which is responsible for electron transfer from NADPH to cytochrome p-450 

arom [10, 12]. The cytochrome p-450 arom is coded by gene CYP19 which is situated on 

chromosome 15 of humans. The human CYP19 gene includes nine coding exons, 2-10. The 

tissue-specific regulation of the aromatase gene in various tissues may be determined by 

tissue-specific promoters. In placenta, p-450 arom transcripts contain promoter 1.1 or 1.2. 

Ovarian transcripts comprise of promoter PII [13,14]. Aromatase activity in human adipose 

and ovarian granulosa cells is associated to complex multifactorial regulation and changes in 

aromatase activity which are correlated with changes in the levels of mRNA encoding p-450 

arom. [15] 
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FIGURE 1.1. Genomic coordinates of Aromatase 

Legend 

Track Information Data Source 

Genome A ruler that provides location information. If the zoom level is high 

enough, it can show the nucleotides at the corresponding location, 

or a graphical encoding for each nucleotide (A: green, T: red, G: 

yellow, C: blue). 

GRCh37 

assembly   

Gene This track represents the gene-structure on the genome. White 

boxes represent UTRs (untranslated regions). Orange: protein 

coding regions. The black lines connecting boxes represent introns. 

Gencode   

Repeats This track shows various repeat regions that have been annotated 

along the genome. 

UCSC 

genome 

browser   

PDB The blue boxes on this track indicate regions for which coordinates 

have been observed in PDB. 

RCSB PDB 

Cytochrome P450 aromatase is the rate determining enzyme which catalyzes androgens 

conversion to estrogens in vertebrates [16]. Aromatase binds specifically to C19 androgens 

with 4-ene-3-one system that sets aromatase enzyme unique [17]. The aromatase enzyme 

catalyzes androstenedione, testosterone, and 16 -hydroxytestosterone to oestrone, 17-estradiol, 

and 17β,16α-estriol, respectively by a three-step conversion process [16]. The aromatase 

Genomic coordinates: Cytogenetic location: 15q21.2 chr15:51,503,004-51,535,109  

http://www.gencodegenes.org/
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enzyme has four to fivefold higher affinity for androstenedione compared with testosterone 

[18]. Thus aromatization of androstenedione to form estrone plays a very important role in 

postmenopausal women [19] (Figure 1.4). Even with the availability of the X-

raycrystalographic structure of aromatase, much remains unanswered about the molecular 

characteristics, phosphorylation, and its interactions with the lipid bilayer and other substrates 

[11]. 
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FIGURE 1.2. Biosynthesis of estrone by aromatase 

2.1.Mechanism  

Aromatase requires 3 moles of NADPH and oxygen, for aromatization of one 

androgen.  Aromatisation takes place through three consecutive steps. Hydroxylation occurs in 

initial two steps [20]. The mechanism of the final step is unclear and holds huge controversy 

for the same. Several proposals were made for the mechanism of intermediate formed. As 

good as five proposals were in contemplation, including 1β- and 2β-hydroxylation, 4,5-

epoxidation, and the use of a previous ferric peroxide form of the enzyme in the catalytic 

cycle. Computational, atom-labeling, spectroscopic, biomimetic model, synthesis of possible 

intermediates, and several other methods of study were implemented, and the widely accepted 

proposal today is the ferric peroxide transitional state of the enzyme reacts with the 19-
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aldehyde (CHO) of the androgen in a nucleophilic attack [21]. Androstenedione (7) initially 

undergoes sequential hydroxylation at C-19 giving diol (8). This further undergoes 

dehydration to aldehyde (9). The aldehyde (9) undergoes nucleophilic attack by ferric peroxy 

anion present at the catalytic site of aromatase, to give transitional state substrate (10). This 

substrate undergoes spontaneous rearrangement to form estrone (11) and formic acid. 

The position of the β-hydrogen on ring A is crucial for the rearrangement to happen, and thus 

triggers the 2,3-enolization of aldehyde (9) and ferric peroxide substrate (10) to undergo 

aromatization (Figure 1.5). However the estrone thus formed by aromatization is ineffective by 

itself to activate estrogen receptor. Estradiol (dimer of estrone) is the active estrogen receptor 

stimulator [19]. One of the rational strategies to treat cancer is by reducing the concentration of 

estrogen in the cancer patient by inhibiting the aromatase catalytic function. 

 

 

 

 

 

 

 

 

FIGURE 1.3. Mechanism of aromatase-catalyzed conversion of androstenedione (7) to 

estrone (11) 
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FIGURE 1.4. Implications of aromatase and estrogen signaling pathways 
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2.2. Estrogen-Aromatase influence on other signalling pathways 

Enhanced aromatase activity and over expression of estrogen production may promote growth 

of malignant cells like breast, endometrial and ovarian cancers. Aromatase through genomic 

and non-genomic pathways regulate important biological functions like cell proliferation, fat 

metabolism control, moderating hormone signaling pathways, apoptosis etc. Aromatase 

inhibitors indirectly affect secondary signaling pathway by blocking the conversion of 

androgens to estrogens. Classical mechanism of aromatase inhibition involves ligand binding 

the active site of aromatase, preventing the estrogen synthesis from androgens. Estrogen 

dependent signaling pathways are depicted in the Figure 1.6. The cell signaling is transduced 

through phosphorylation of aromatase and the estrogen receptors (ERs), or indirectly through 

effects upon transcriptional co-activators and cell receptors. The estradiol binds to ERα 

receptor and forms a dimer complex after entering the nucleus. The estradiol-estrogen complex 

binds to DNA and forms a complex with co-activators and other estrogen receptor elements in 

the promoters of the target gene to produce tumor proliferating proteins. Thus estradiol (E2) 

plays important role in regulation of transcription process. Estradiol also plays major role in 

triggering the P13 K/akt and Ras/Raf/Mek/Erk pathways. Estradiol through ERα Signaling 

also enhances aromatase enzymatic activity in breast cancer cells. 17β-estradiol (E2) through 

the activation of P13 K/akt pathway, removes the ability of tyrosine phosphate PTP1B to 

dephosphorylate aromatase, consequentially enhances phosphorylation of aromatase protein 

[22]. However, it is important to note that Ligand-dependent or ligand-independent ER 

activation can also be achieved by substrates other than steroidal estrogens, viz. cAMP, 

dopamine and growth factors that involve cytoplasmic proteins or protein kinases [23]. 

Recently aromatase inhibitor, Letrozole was studied for its influence on signaling cascade of 

apoptosis. Interestingly the xenograft studies showed that the apoptotic index was increased 4-

7 fold by influencing the decreased Bcl-2 protein expression and increased Bax followed by 

activation of caspase-9, caspase-6 and caspase-7 [24]. Aromatase also influences the growth 

factor receptors and estrogen signaling indirectly by regulating the feedback mechanisms of 

growth factor and estrogen signaling.  
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FIGURE 1.5. High resolution X-ray structure of human aromatase with natural substrate 

androstenedione (PDB code 3EQM, resolution 2.90 Å 

2.3.Topography of aromatase active site 

Note: The aromatase receptor site typically depicts the iodine flask. The L- phenylalanine 221, 

L-Valine 313 construct the hydrophobic region at conical entrance of the active cite. L-

Threonine 310, L-Serine 478 polar charged region forms the neck of the active site. L-Aspartic 

acid 309 near the neck of the active site regulates substrates in and out. Methionine 374, L-

Alanine 306, Valine 369, Valine 370, L-Leucine 372, Valine 373, L-Tryptophan 224, 

Phenylalanine 134, L-Leucine 477 forms the hydrophobic conical body. Hemeprosthatic group 

(grey) forms the flat bottom of the flask which plays the critical role in providing electrons to 

the substrate for aromatization. 
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3. Aromatase inhibitors 

After the development of high resolution X-ray structure of human aromatase with natural 

substrate androstenedione(PDB code 3EQM, resolution 2.90 Å) by Ghosh [16]; new insights 

to molecular structure of aromatase and its binding characteristics were discovered. It also 

helped in understanding of mechanism of aromatization to an extent. However the molecular 

dynamics of aromatase with membrane integration, access channels to active site or the 

phosphorylation mechanisms are unexplored (Figure 1.7). 

Some of the important suppositions from the X-ray crystallographic structure of aromatase like 

rationale behind the binding mode of aromatase and aromatase inhibitors were explained by 

Ferlin et al.,[25] and other researchers elsewhere. It was understood by the the visualization of 

X-ray structure of human placental aromatase with natural substrate androstenedione which 

depicts steroid binding pocket so that its β-face orientates toward the heme group 

of the aromatase, placing C19 within 4.0 Å of the iron atom [16]. Recanatini et al., found that 

all aromatase inhibitors participate in hydrophobic interactions with the following residues: 

phenylalanine134, tryptophan224, threonine310 and valine373.The prominent presence of 

aliphatic amino acid residues makes highly hydrophobic active site [26]. Hence, inhibitors 

with alkyl or aryl groups are predicted to have very high affinity. The presence of nitrogen 

atom usually in five membered heterocyclic ring of aromatase inhibitors makes them apically 

co-ordinate with the Fe atom of the heme prosthetic group at enzyme active site [16, 25]. 

Several aromatase inhibitors (AIs) have been used clinically in a wide range of breast cancer 

treatment regimens [26]. At present, the third-generation of steroidal and non-steroidal 

aromatase inhibitors (Letrozole and Anastrazole and steroidal derivative exemestane) are 

approved by FDA for adjuvant and even for metastatic cases of breast cancer in hormone 

dependent breast cancers [27-29].The effectiveness of AIs can be understood by the fact that 

they block both genomic (Figure 1.6) and non-genomic activities of the estrogen receptor [30, 

31].  
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FIGURE 1.6. Generations of aromatase inhibitors 
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3.1. Classification 

Aromatase inhibitors were developed under numerous classes. They are categorized into two 

major classes: steroidal (type I) and nonsteroidal (type II). Steroidal AIs inhibit aromatase 

irreversibly which are analogues or derivatives of the preferred androgenic substrates. They 

are further classified into competitive and mechanism-based inhibitors. Competitive inhibitors 

bind non-covalently to aromatase by competing with natural substrate and block it from being 

modified by aromatase enzymatically. Where as mechanism-based inhibitors (suicide 

inhibitors) interacts with the enzyme covalently and inactivates. The inactivation of enzyme 

initiates the degradation process of aromatase by intracellular proteosomes. Non-

steroidal AIs, on the other hand, interacts with the aromatase enzyme active site non-

covalently with hydrogen bond interactions or pi-pi stacking or through heteroatom of the 

nonsteroidal inhibitor, usually nitrogen which coordinates with the iron atom of the heme 

group at active site and inhibit the enzyme reversibly. AIs were also classified into categories 

based on the chronological order of their discovery as first, second, and third-generation AIs 

which comprise of both steroidal and non-steroidal types [32, 33]. See figure 1.8. 

3.2. Development of aromatase inhibitors  

Aminoglutethimide is the first generation AI [33-39] which was withdrawn from the market 

because of its drawbacks, such as high toxicity [36,37] and lack of selectivity. It inhibits other 

CYP450 enzymes that are responsible for cortisol and aldosterone biosynthesis) [38,39]. Yet, 

aminoglutethimide was set as an example for AIs that were developed afterwards with 

importance on developing more potent, selective and less toxic AIs. The drug Fadrozole, is 

one such successful product which contains an imidazole group [40] that is more selective and 

potent than aminoglutethimide. Nonetheless, it still exhibited side effects by interfering with 

aldosterone, progesterone and corticosterone biosynthesis. A steroid analogue, 

Formestane [41], was the first selective AI used in clinical trial. It was proven to be potent and 

was well tolerated [42]; however it has poor oral bioavailability. The third generation of AIs 

comprise two triazole derivatives, that is anastrozole [43] and letrozole; and one steroid 

analogue, exemestane [44]. All three have been shown to be superior to tamoxifen in potency 

and lower toxicity, while treating both metastatic and early breast cancer patients [45, 46]. The 
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US-FDA has approved the third generation aromatase inhibitors as frst-line drugs in treating 

hormone dependent breast cancer (Figure 1.8).  

4. Current Scenerio 

According to GLOBOCAN 2018 update, the highest numbers of cancer cases reported in India 

are breast cancer. Approximately 70218 women died in the year 2012 in India because of 

breast cancer which is highest for any other country in the world. Nearly 70% of breast cancers 

are positive for estrogenic receptor [47,48]. Estrogen is a distinct female hormone which plays 

an important role in augmentation of breast carcinoma especially in women with 

postmenopausal. The endogenous estrogens like estrone, estradiol, estriol helps in puberty of 

women and maintains cell homeostasis [8]. One of the primary strategies to contain and treat 

breast cancer is to reduce the concentration of estrogen in the body by inhibiting aromatase 

enzyme [9]. Aromatase is the catalytic enzyme that converts androgens to estrogens. The 

aromatase inhibitor drugs like Letrozole, Anastrozole, Exemestane are first choice in adjuvant 

and as well as metastatic stage of hormone dependent breast cancer treatment [10] [16]. 

Despite aromatase inhibitors being used widely and effectively for treating hormone dependent 

breast cancer, the pursuit for new strategies and drugs still remains vital to dodge the plausible 

increasing resistance and complicated side effects. The development of resistance is due to 

various factors like loss of ER expression, mutation of TP53, EGFR over expression etc). To 

reduce toxicity, unwanted side effects of existing marketed drugs like osteoporosis, 

cardiovascular complications and other common cancer drug side effects due to chronic 

treatment [49], new class of aromatase inhibitors with alternate biding interaction or multiple 

target approach is needed.  

The researchers and scientists elsewhere are working on various class of heterocyclic 

compounds targeting aromatase enzyme for the treatment of hormone dependent breast cancer 

[5]. Among several nitrogen containing heterocyclics, 1,3,4-thiadiazole, imidazo[2,1-

b][1,3,4]thiadiazole and benzothiazole were expansively studied since several decades due to 

their exceptional pharmacological applications like diuretic, antimicrobial, analgesic, 

antihelmentic, and many others apart from potent anticancer activity [50-53]. The 1,3,4-

thiadiazole.is a classical bioisostere to pyrimidine.and.oxadiazole. It is a five.membered 
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heterocyclic ring that contains a sulphur atom and two sp2 nitrogens. The sulfur atom 

enhances liposolubility. The discrete part of positive and negative charges that are exceedingly 

polarizable with a net neutral electron (mesoionic) on thiadiazole is the unique properties of 

the thiadiazole ring. This property enhances the pharmacodynamics nature of the compound. 

The thiadiazole crosses phospholipid bilayer of the cell and interacts with biological targets 

with distinct affinity [54]. Of late, 1,3,4-thiadiazole was found to be a promising scaffold for 

possessing anticancer activity against several cancer cell lines by inhibiting diverse biological 

targets. Filanesib; a 1,3,4-thiadiazoles derivative, was approved by the FDA as an orphan drug 

for treating multiple myeloma. This drug acts by inhibiting kinesin spindle protein [55]. 

However, recent research findings showed that the 1,3,4-thiadiazole, when equipped with 

other heterocyclic scaffolds, has displayed enhanced anticancer properties. Benzothiazole is 

one such promising scaffold linked to thiadiazole which was extensively studied by 

researchers elsewhere for its promising diverse biological properties particularly antitumour 

activity [56,57]. Phortress, an antitumour prodrug is a novel benzothiazole derivative which 

exhibited potent antitumour activity with high selectivity against several cancer types [58]. On 

the other hand, levamisole, an imidazothiazole derivative is known for its anticancer property 

in addition to broad-spectrum anthelmintic activity. This drug was explored as a lead molecule 

and several modified compounds were developed for anticancer activity [59]. Researchers 

developed imidazo[2,1-b][1,3,4]thiadiazole derivatives; a class of fused heterocyclic 

compounds by replacing thiazole ring of levamisole with thiadiazole. This new class of 

compounds was explored for various pharmacological properties particularly anticancer 

activity.  Taking the advantage of thiadiazoles, benzothiazoles and imidazo[2,1,b][1,3,4]-

thiadiazoles molecular hybrids as anticancer agents, we have further explored the substitutions 

on these heterocyclic compounds for anticancer activity. A new series of 5-substituted-1,3,4-

thiadiazoles linked with phenyl thiourea, benzothiazole and 2,6-disubstituted imidazo[2,1-

b][1,3,4]thiadiazole derivatives were synthesized and tested for in-vitro anticancer activity. 

The synthesized compounds were also docked on the x-ray crystallographic structure of 

aromatase (PDB:3S7S) to explore the possible interactions of substituted scaffolds at the 

active site of aromatase. Along with the enhanced pharmacokinetic properties of the 

thiadiazole ring, the mono-phenyl ring connected to it by methylene bridge is expected to 

show effective binding at the active site of the aromatase enzyme.  
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5. Significant contributions of the present work 

 The novelty of the proposed compounds was ascertained by SciFinder database at CSIR-

CSMCRI, Bhavnagar and later at CSIR-IICT, Hyderabad. 

 The 3D docking and pharmacophore based QSAR studies (in-silico) were performed on 

state of the art software Schrodinger suite 9.1., Schrodinger 2018 and Discovery Studios 3.0 

using 3EQM and 3S7S aromatse binding proteins. Pharmacophore hypothesis was 

developed and several potential virtual anticancer compounds were identified. 

 The synthetic methods adopted were on par with the current synthetic methods. Especially 

with the synthesis of thiadiazoles, benzthiazoles and imidazo[2,1,b][1,3,4]-thiadiazole 

derivatives.  

 An attempt to make C-C coupling of 5-chloro-N-methylbenzimidazole binding to 

methylene bridge of thiadiazole derivative is a new approach.  

 The anticancer screening was performed using the facilities offered by National Cancer 

Institute, NIH, USA, under Developmental Therapeutics Clinic (DTC) programme under 

which new potential anticancer agents were identified. 

 The QSAR and docking studies of thiadiazole based derivatives on aromatase enzyme (PDB: 

3S7S) have shown reversible interactions at the active site with good docking scores 

comparable to Letrozole and Exemestane.  

 The Pi-Pi interaction of thiadiazole ring with heme prosthetic group of aromatase, H-bond 

interactions with amino acids at active site were identified. 

 The allosteric binding interactions at the active site like ALA 306, ASP 309 and other crucial 

amino acids were identified.  

 A new series of nitrogen-containing heterocyclic compounds viz. 5-(substituted)-1,3,4-

thiadiazol-2-amine,  1-(5-substituted-1,3,4-thiadiazol-2-yl)-3-phenylthioureas, 1-(5-

substituted)-1,3,4-thiadiazol-2-ylbenzo[d]thiazole-2-amine and 2,6-disubstituted 

imidazo[2,1-b][1,3,4]thiadiazole derivatives, were synthesized.  

 The synthesized compounds were tested for one dose assay (10 μM) at the NCI over 60 cell 

line panel representing Leukemia, Non-Small Cell Lung, Colon, CNS, Melanoma, Ovarian, 

Renal, Prostate and Breast cancers. 
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 With thorough in-silico, ADMET studies and NCI preliminary screening, the expected 

potent molecules were tested for in-vitro 96 well MTT assay on HeLa cell line. 

 Compounds Sch.1 (10), Sch.1 (12), Sch.3 (40), Sch. 3 (54), Sch. 3 (58) and Sch.4 (69) 

showed potent anti cancer activity against HeLa cell line equivalent to letrozole. 

 Compounds Sch. 3 (58) and Sch.4 (69) have showed selective anti-leukemic activity.  

 A patent will be filed on novelty and anticancer activity of the “New 5-((1-methyl-1h-

benzo[d]imidazol-5-yl)(4-substitutedphenyl)methyl)-1,3,4-thiadiazol-2-amine derivatives 

and preparation thereof” 

 

 

 

 

 

 

 

 

 

 



 

Chapter-2                                                                                                           Literature Review 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
17 

 

 

 

 

 

CHAPTER – 2 

Literature Review 

1. Aromatase Inhibitors evolution 

Avvaru et al., has published A review titled “Aromatase Inhibitors Evolution as Potential Class 

of Drugs in the Treatment of Postmenopausal Breast Cancer Women” in Mini-Reviews in 

Medicinal Chemistry, 2018, 18, (1), 609-621, ISSN: 1389-5575; covering several aspects of 

aromatase inhibitors upto year 2017. Several researchers have recently undertaken research to 

evaluate several new families of aromatase inhibitors [60]. New series of non-

steroidal aromatase inhibitors have been synthesized by various research groups working 

in this field [61-64]. Dowsett et al., accomplished series of studies on clinical evaluation of 

various steroidal and non-steroidal aromatase inhibitors in order to find not only potency and 

selectivity but also optimizing dose and route [43,65-68]. Design and synthesis were also 

expansively studied on natural aromatase inhibitors like Chromones, Xanthones, Flavones [24, 

69, 70], Isoflavones [61], Coumarins [71]. The breast cancer, by chronic therapy develops AIs 

resistance and this confirms the major impediment to optimal treatment management. This 

lead to the development of multiple-receptor-target approach [72-75].  

The thorough review of Recanatini et al., [26] findings regarding the important structural 

moieties which are noteworthy along with new entities are mentioned here. Most of the 

chemotypes are nitrogen containing heterocyclic rings like pyridine, imidazole, triazole, 

pyrimidine, quinolone moieties. On the other hand, several compounds without nitrogen atoms 

were also reported as AIs. Lately, Goss and Strasser discussed the role of AIs as combination 

therapy in the regimen of metastatic and adjuvant cancer therapy, chemopreventive and their 

long-term safety [76]. Numerous large trials are being evaluated for the use of third generation 

AIs, as adjuvant hormonal therapy; and also for the first 5 postoperative years to replace 
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tamoxifen, or in combination or in sequence with tamoxifen for hormone dependent breast 

cancers in postmenopausal women [77-87]. In-depth studies were concucted by Hartmann et 

al., with several chemotypes as aromatase inhibitors. Tetrahydronaphthalenes are one of the 

prominent research outcomes in the studies. In this series, first promising series developed was 

2-(4-pyridyl)methyl derivatives. Among them, one of the potent molecule is compound 20 

(IC50: 0.030M). Later they replaced tetralinic skeleton with quinolinic one, so that molecule 

acts as dual inhibitor by simultaneously blocking both aromatase and thromboxane A2 

synthase (TxA2). The TxA2 participation in the proliferation of tumor cells, [88-91] and the 

ability to prevent and control the metastasis of breast cancer by TxA2 inhibitors [92] were 

reported previously. One of the successful outcome of those findings was development of 

several tetrahydroquinoline derivatives, of which compound 21 (AI IC50:0.50M, TxA2 IC50: 

0.29M) was promising. A French research group published sequel of articles in the year 

1998, in which they brought up a new class of potent non-steroidal aromatase 

inhibitors (NSAIs) inspired from indanones. By several modifications a new ring system, 

dihydropyrrolizinone was developed. Out of several dihydropyrrolizinone derivatives, the 

most potent one was 22 (IC50: 0.65M) [93-97]. Liarozale is the compound which did not 

reach the market despite of its nanomolar level of aromatase inhibitory potency. Le Borgne et 

al., developed several liarozole analogs by trying different variations like imidazole, indole 

and phenyl substituents out of which compound 23 (IC50 0.10 M) [98] and compound 

24 (IC50 0.04 M) [99] are of good interest. Surprisingly, the imidazole moiety appears to 

accomplish better than the triazole nucleus in this series. Well along Okada et al., described 

the structural advancement of a lead molecule (compound 25) gifted of an exceptionally high 

potency (IC50 0.03 nM ) [100] through a series of articles. The extensive structural 

modifications like azole moieties and benzyl scaffolds, and to a lesser extent the phenyl 

substituent were considered. Among those, compound 26 (IC50 0.12 nM ) [101] and compound 

27 (IC50 0.04 nM) [102] were viewed for further profundity for their high potency as non-

steroidal aromatase inhibitors.  
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TABLE 2.1: Comparison chart of hormonal therapy side effects for metastatic breast cancer 

Class Drug Dose Side Effects 

Aromatase inhibitors 

Nonsteroidal Anastrazole 1 mg orally 

daily 

Osteoporosis, arthralgias, myalgias, diarrhea, 

nausea, vomiting, hot flashes, fatigue. 

 

Letrozole 2.5mg 

orally daily 

Osteoporosis, arthralgias, myalgias, diarrhea, 

nausea, vomiting, hot flashes, fatigue, 

drowsiness, dizziness 

Steroidal Exemestane 25mg orally 

daily 

Osteoporosis, arthralgias, myalgias, diarrhea, 

hot flashes, fatigue, headache, insomnia. 

Antiestrogens 

SERMs Tamoxifen 20 mg 

orally daily 

thromboembolism, endometrial cancer, Hot 

flashes, Vaginal discharge, mild nausea,  

 
Toremifene 60 mg 

orally daily 

Arthralgias, nausea, hot flashes, increased 

sweating, dizziness 

SERDs Fulvestrant 250 mg IM 

every 28 

days 

Hot flashes, injection site reactions, possibly 

thromboembolism 
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FIGURE 2.1. Various Chemotypes as Aromatase Inhibitors 
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FIGURE 2.1. Various Chemotypes as Aromatase Inhibitors continued 
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Of late Karjalainen et al., [103] reported the development of diarylalkyl-imidazole and –

triazole derivatives analogous to letrozole. These derivatives were tested extensively for 

aromatase inhibitory activity, selectivity profile with other P450 ezymes and in the process 

developed αω-diaryl-alkyl or –alkenylazoles. Among this series, compound 28 (IC50 0.18 µM) 

and compound 29 (IC50 0.19 µM) exhibited good inhibitory activity and yet better selectivity 

profile than that of letrozole and fadrozole. Another interesting chemotype having imidazole 

substitution on phenyl moiety of 4-phenyl-1,4-dihydropyridine derivative was detailed by 

Cozzi et al. To study the aromatase inhibitory activity, the molecules were designed based on 

the spatial distance between the nitrogen atom (imidazole moiety) and the carbonyl carbon and 

cyano group for the molecules to selectively bind to the active site of enzyme 

[104].  Remarkably, the attachment of CN functional group as in compound 30 (IC50 1.1 nM) 

exhibited exceptional high potency. 

Quite a few articles were published on nonsteroidal non-nitrogenated AIs at that time. Later on 

natural non-nitrogenated AIs like Chromones, Xanthones, Flavones, Isoflavones, Coumarins, 

are extensively studied [104]. In 2001 CoMFA model assisted design of dibenzopyranone 

derivatives series were reported by Recanatini et al., [105]. In this, chromone and xanthone 

derivatives were designed and synthesized. The most attractive AIs among these series were 

compound 31, (IC50 0.043M) and compound 32 (IC50 0.040 M).  Interestingly, Compound 

33 (IC50 0.042 M) has shown the selectivity to P450. Compound 34, a 7-hydroxyflavone with 

IC50 value of 0.2 M is a representative of such type [106]. Recently Bonfield et al., developed 

isoflavone derivatives as a new class of aromatase inhibitors. 6-methoxy-3-phenylchroman-4-

one (compound 35) have shown high potency as aromatase inhibitor among several isoflavone 

derivatives (IC50: 0.26 μM) [107]. Le Bail et al., have reported the aromatase inhibitory 

activity of several flavonoids [108]. Among which compound 36 (IC50 2.6M) was the most 

potent. Sesquiterpene lactone is noteworthy to mention for their structural novelty as 

aromatase inhibitors. One of the interesting compound 37 (IC50 7M) that emerged in the 

process, showed selectivity towards CYP11A [109]. Leonetti et al, reported 

fluoreneimidazolyl derivatives with remarkably potent and selective aromatase inhibitory 

activity. Compound 38 is the most active under this class with good selectivity to 

CYP19/CYP17 (IC50: 74 nM) [110]. 
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Lately Stefanachi et al., reported 7-substituted coumarin scaffold bearing imidazole moiety as 

highly potent aromatase inhibitors. Among these series, compound 39 exhibited aromatase 

inhibitory activity in nanomolar range (IC50: 47nM) [111]. Wood et al., reported modified 

letrozole analogs as dual aromatase-steroid sulfatase inhibitors (DASI). Compound 40 (IC50: 

0.669nM) is most potent aromatase inhibitor comparable to letrozole and compound 41 

exhibited good steroid sulfatase inhibitory activity (IC50: 535nM) [112]. Caporuscio et al., 

have developed structure-based design of potent AIs by High-Throughput Docking. They 

identified new structural class of small molecule as AIs with structural class different from all 

identified AIs with nanomolar aromatase inhibitory activity. Amongst these, compound 42 

exhibited good inhibitory activity (IC50 34.5nM) after exploring analogue search of identified 

hits through SAR [113].  

1.1. Resistance to AIs 

Aromatase inhibitor resistance can be classified clinically into two different types; namely 

acquired and innate resistance. The strategies to confront the drug resistance of cancer may not 

be feasible without a holistic approach. Activation of growth factor receptor pathway is the 

characteristic of acquired AI resistance. By targeting at cell surface receptor level or their 

downstream signaling cascades of the growth factor receptor cell signaling pathway, the 

resistance cancer might be conquered [114, 115]. The major pathways that involve in 

aromatase inhibitors resistance and endocrine resistance are PI3K-Akt-mTOR signaling 

pathway. This signaling pathway is also responsible in chemotherapy resistance [116]. 

‘Estrogen hypersensitivity’ is another evident aspect in resistance to AIs. The breast cancer 

cells that grow under long- term estrogen deprivation (LTED) usually have extreme sensitivity 

to estrogen [114, 117]. The higher concentration of estrogen can be cytotoxic in LTED cells 

[118]. However the exact mechanism was not completely well understood. Hence estrogen as 

additive treatment for advanced breast cancer is plausible option in such scenario [119, 120]. 

The upregulation of ERα, P13K-mTOR and MAPK pathways were found to take place in 

LTED cells. Platelet-derived growth factor receptor (PDGFR)/Abl signaling upregulation is 

found to be another plausible resistance mechanism in AIs resistance [121]. In the recent 

research findings, it was found that the letrozole induced G1 phase cell cycle arrest can also be 
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breached by the over expression of low-molecular-weight cyclin E which bypasses the 

letrozole-induced G1 phase arrest [122]. 

1.2. Biomarkers in breast cancer and aromatase  

The expression of estrogen and progesterone receptors, amplification of HER2 and expression 

of Ki67 have been extensively researched with view of predicting AI response. Cycln D1, 

Cyclin E, ER β are some emerging biomarkers lately [122, 123]. Wang et al., reported that two 

tightly linked single nucleotide polymorphisms (rs6493497 and rs7176005) were distinctly 

associated with a higher aromatase activity after AI therapy [124]. Interestingly Sowers et al., 

studied 5 single nucleotide polymorphisms (SNPs) of the aromatase gene (CYP 19) as 

aromatase genetic markers namely; CYP 19 rs2414096, CYP 19 rs936306, CYP 19 

rs2446405, CYP 19 rs1008805, and CYP 19 rs749292 [125]. However, the response of 

aromatase gene SNPs varied in response to racial/ethnicity groups. Iacopetta et al., have 

reported the involvement of androgen receptors (AR) in aromatase inhibitor resistance [126]. 

Recently Rechoum et al., found that androgen receptors (AR) cooperates with estrogen 

receptor-α to promote aromatase inhibitory resistance. Thus targeting androgen receptor, along 

with estrogen receptor-α may provide inimitable strategy for more effective treatment of AR 

overexpressing estrogen receptor-α-positive breast cancers [127]. Earlier Barone et al., 

revealed the role of activation of the mutant K303R estrogen receptor-α at serine 305 in 

aromatase inhibitory resistance. Deterring Serine 305 activation with a blocking peptide 

inhibited IGF-1R/IRS-1/Akt activation and also restored AI sensitivity [128].  

2. Chemokines  

Chemokines are a type of chemotaxis cytokine that has many family members. These 

chemokines can be classified into CC, CXC, CX3C and C subfamilies according to the 

number and location of N-terminal cysteine molecules. They chemotactic and activate 

different types of immune cells. In the chemokine family, CC chemokine subgroup has the 

largest number of members, including CCL1-CCL28, with a wide chemotactic spectrum and 

chemotactic effects on monocytes, eosinophils/basophils, T lymphocytes, dendritic cells, etc. 

The CXC chemokine subfamily has 16 members including CXCL1-CXCL16. According to 
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the existence or absence of amino acid motifs composed of glutamic acid, leucine and arginine 

(EβLR motifs), CXC subfamily can be divided into CXC (ELR＋) and CXC (ELR－). The 

CXC chemokine subfamilies are involved in angiogenesis, and most ELR＋chemokines can 

directly induce endothelial cells to promote angiogenesis, while ELR－chemokines inhibit 

angiogenesis. In addition, the members of C family chemokines are XCL1 and XCL2, while 

CX3C family chemokines currently have only one family member, CX3CL1 [129, 130]. 

Chemokines are capable of direct migration of lymphocytes, such as granulocytes, 

mononuclear cells and macrophages, by specific binding to the respective receptor. Not only 

do they involve inflammatory response and immune regulation, they also play a significant 

part in the growth of tumors. More and more studies have shown that chemokines and their 

receptors are closely related to the occurrence, angiogenesis, metastasis, drug resistance and 

immunity of breast cancer. Chemokines and their receptors not only recruit immune cells and 

regulate angiogenesis in inflammation and tumors, but also activate many signaling pathways 

such as proliferation, differentiation, invasion and metastasis of tumours. Different 

chemokines have different effects on breast cancer. Some chemokines can inhibit breast 

cancer, and some chemokines become "helpers" of breast cancer cells, which promote the 

malignant evolution of tumors. For example, CCL2, CCL5, CXCL8 and CXCL12 can promote 

breast cancer, [131-135] while CXCL9, CXCL10 and CCL16 can inhibit breast cancer [136-

139]. In addition, chemokines and their receptors can also be used as effective biomarkers for 

early diagnosis and prognosis of breast cancer. Studies have shown that plasma CCL2 and 

CCR2 levels in breast cancer patients are significantly higher, which can be used as molecular 

markers for the diagnosis of breast cancer [140].  

3. Recent Advances in AIs 

3.1. In Silico Studies 

Initially researchers depended on the application of homology models for understanding the 

mechanism of aromatase interaction with AIs. The minimal distinctions in the classification 

among members of different P450 families resulted in limited use of structure based 
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virtual screening to develop AIS. Ligand-based screening turned out to be a rational design as 

the model is developed based on the use of immense data available for aromatase inhibitors 

which have promising prospects. Later pharmacophore model based in-silico screening of AIs 

were derived and validated to develop new non-steroid aromatase inhibitors. Marco et al., used 

this methodology by subjecting large National Cancer Institute (NCI) compound database for 

screening, and pool of potent aromatase inhibitors were identified. Then by using aromatase 

homology model, the identified potent chemotypes were subjected for docking [141].  The 

molecular dynamics of aromatase with membrane integration or access channels to active site 

were not stated [113]. Using the knowledge of existing complete database of non-steroidal AIs 

and structural pool on aromatase, Muftuoglu, et al., developed a hybrid structure-based and 

ligand based models [25, 28]. Naravut et al., elucidated the molecular binding interactions of 

all the three generations of AI drugs to the X-ray crystalgraphic structure of aromatase with the 

help of molecular docking [33]. The model of interaction of aromatase amino acids with 

aromatase inhibitors was implemented using AutoDock with Larmarckian genetic algorithm. 

Polar, aromatic and non-polar residues of aromatase play an important role in interacting with 

AIs. Cytochrome P450 are known to be flexible enough to house ligands of different sizes by 

adjusting to suitable flexible conformation depending upon the bond ligand. Because of this, 

very little success was seen in accurately predicting protein-ligand interactions. Hence single 

crystal structure of the aromatase enzyme was used instead. Caporuscio et al., have reported 

the design of potent AIs by High- Throughput Docking which has given insights of the 

structural features. Schrodinger suit 2008 tool (MMFF force fields) was used to minimize 

compounds comprising stereoisomers, tautomers and ionization state. Schrodinger suit 2008 

protein preparation wizard was used for protein preparation for PDB code 3EQM [113]. 

Galeazziet al., have reported a combined studies of docking-molecular dynamics of aromatase 

with third-generation AIs along with other original letrozole analogues which also showed 

high in-vitro activity [142].   

Nagar et al., reported benzcyclo derivatives as strong AIs using QSAR and pharmacophore 

space modeling approach. Hydrophobic property and atomic charge functionality were quite 

essential for aromatase inhibitory activity which was revealed by linear free energy QSAR 

model [143]. Currently the more detail studies like Normal mode Analysis (NMA) application 
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was found to be more interesting tool to gain understanding of enzyme protein dynamics at a 

reasonable resolution at much less computational costs. Jiang et al., reported recently 

developed EN (Elastiv Network)-NMA (Normal Mode Analysis) models of the membrane-

free and membrane-integrated monomers and the x-ray crystallographic dimer and trimer of 

aromatase [144]. Park et al., has found that the polar Asp-309 amino acid at the active site of 

aromatase is critical in conformational changes in structural design of the active site and active 

site access channels. The dynamic protonation/deprotonation of this Asp-309 residue is 

involved in mechanism of action aromatase. They have used geometrical models to understand 

the molecular dynamics of the active site of aromatase enzyme. This suggests that plausible 

new drug molecules can be developed targeting the new hot spots for inhibitor binding [11]. 

Recently, Sgrignani et al., revealed the tamoxifen metabolites as noncompetitive aromatase 

inhibitors. By performing long-scale molecular dynamic studies, the authors also agreeably 

described the consequential events and mechanism involved in allosteric inhibition of human 

aromatase [145].  Setti et al., studied various drugs like reversible and irreversible aromatase 

inhibitors on aromatase protein variants by comparative molecular docking to find binding 

affinity impact on protein variant and drugs [146].  Narayana et al., studied molecular 

modeling of flavone derivatives as Non-Steroidal Aromatase Inhibitors (NSAIs). Though the 

flavonoids and its derivatives are less potent than the scaffolds with imidazolylmethyl 

substitutions, the QSAR method authors followed have proved the potential to develop new 

potent NSAIs [147].  

3.2. Dual inhibition/multiple target enzyme inhibition 

It is important to note that dual inhibition/multiple target enzyme inhibition approach is 

attaining prominence. Aromatase inhibition is the common target in dual inhibition targets. 

Some important dual inhibition strategies that can be endowed for further research are noted 

here. Aromatase and steroid sulfatase are the two promising dual targets for efficiently treating 

estrogen dependent breast cancer. Woo et al., has reported first dual aromatase-steroid 

sulfatase inhibitors (DASI) [148].The authors have done significant work in this field [112, 

149, 150] Recently they have developed new hybrid dual aromatase-steroid sulfatase inhibitors 

by combining two previously reported leading class of DASI. Interestingly several of these 
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hybrid DASI showed distinctly improved dual inhibitory activity in picomolar range. 

Compound 43 (AI IC50: 15 pM; STS IC50: 830 pM) and compound 44 (AI IC5018 pM; STS 

IC50: 130 pM) were reported to be highly remarkable new class of potent dual inhibitor which 

should be subjected for further extensive research as dual aromatase-steroid sulfatase inhibitor 

in treatment of hormone dependent breast cancer [112]. Woo et al., have also earlier reported 

Biphenyl moiety as a potent dual aromatase-steroid sulfatase inhibitor by exploiting its typical 

steric effect. Compound 46 exhibited potent dual aromatase-steroid sulfatase inhibitory 

activity (AI IC50: 0.5nM, STS IC50: 5.5nM) [150, 151]. 

Aromatase inhibitors when used as adjuvant therapy for prolonged period of time in treating 

postmenopausal breast cancer patients, increase the risk of cardiovascular complications along 

with other side effects. Hu et al., proposed tetrahydropyrroloquinolinone derivatives which act 

as dual Inhibitors of aromatase and aldosterone synthase that can minimize the elevated 

cardiovascular complications during the breast cancer treatment as a novel strategy [78]. 

Recently Yin et al., extended the studies and reported more potent dual inhibitors of aromatase 

and aldosterone synthase (CYP11B2). This class of compounds can be used as adjuvant 

therapy in treating hormone dependent breast cancer and can reduce the cardiovascular risk for 

these patients. By fusing core moieties of aldosterone synthase inhibitors and AIs into a 

common prototype, a series of pyridinylmethyl substituted 1,2,5,6-tetrahydro-pyrrolo[3,2,1-

ij]quinolin-4-ones were developed. Among these, compound 47, exhibited IC50 values of 32 

and 41 nM for CYP19 and CYP11B2, respectively [77].The other dual target inhibition to be 

worth mentioning is dual activity of Norendoxifen. It inhibits aromatase and modulates 

estrogen receptor. Lv et al., have reported its dual activity which exhibited aromatase 

inhibitory activity and estrogen receptor modulatory activity [152]. Norendoxifen is actually 

metabolite of tamoxifen [153,154].In 2015 Wei et al., designed and synthesized a series of 

norendoxifen analogues to optimize its efficacy and aromatase selectivity versus other 

cytochrome P450 enzymes. 4′-hydroxynorendoxifen (compound 48), showed higher aromatase 

inhibitory activity (IC50: 45 nM) and increased affinity for estrogen receptors (ER-α EC50 15.0 

nM& ER-β EC50 9.5 nM) when compared to norendoxifen [155]. 

 



 

Chapter-2                                                                                                           Literature Review 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
29 

 

 

3.3. Radiolabeling in AIs 

Radiolabeling of a compound involves, incorporating a radioisotope like 14C, 18F 77Br, 89Sr, 

68Ga, 99Tc, 131I 177Lu etc. The purpose of using radioligands in pharmaceutical field is to 

exploit the particle emission from the isotope for diverse purposes like diagnosis of disease, 

tracing the drug or to kill the cancer tumor etc. Hence these radiolabeled compounds can be 

used as diagnostic or therapeutic agents. The idea of radioligand attachment to selective 

anticancer drug has led to the development of theranostic agents. The pharmacodynamic and 

pharmacikynetic properties of the drug can be traced by using positron emission tomography 

(PET) or single photon emission computed tomography (SPECT) scanning. The use of 

diagnostic scanner to trace the theranostic agents helps in diagnosing the status of the disease 

as well as to provide effective therapy for cancer. This emerging trend of PET/SPECT has 

been greatly adopted in drug discovery research to prove the efficacy and safety of clinical 

candidates [156]. Exploiting the selectivity of nonsteroidal aromatase inhibitors to aromatase 

enzyme, quite a few radiolabeled analogues in AIs were developed for the use of enzyme-

based cancer imaging agents by applying biomedical imaging technique like PET and SPECT. 

Lidstrom et al., in 1998 and later Takahashi et al. in 2006, reported radiolabeling of vorozole 

which was labeled with carbon-11 using [11C]methyl iodide and assessed for radiotracer 

imaging of aromatase in brain and peripheral organs of rhesus monkeys [157, 158]. Later 

Wanga et al.,reported carbon-11 labeled sulfamate derivatives as dual aromatase–steroid 

sulfatase inhibitor. Compound 49 is one such molecule synthesized as radiotracers. Authors 

studied the PET of aromatase and its expression in superior temporal sulcus expression in the 

treatment of breast cancer [159]. Recently Biegon et al., have reported aromatase imaging with 

[N-Methyl-11C]Vorozole (compound 50) PET in healthy men and women and successfully 

assessed fluctuations in physiologic estrogen concentrations in the human body[160]. Recently 

they have also reported the overexpression of aromatase in the breast tumours with the help of 

11C-Vorozole-PET technique [161]. Radiolabeling of letrozole was reported by Kil et al., They 

executed synthesis and PET studies of [11C-cyano]letrozole (compound 51), for imaging brain 

aromatase in vivo in a female baboon [162]. Bhabha Atomic Research Centre, India, has 
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developed targeted cncer therapy technique by using radioligand. The radioligand was attached 

to natural substrates like androstienedione analogues for the selective inhibition of romatase to 

treat breast cancer. They have developed a stable radiolabled chelation complex using 

bifunctional chelating agent . One of the successful products of this research outcome is 177Lu-

DOTA-TATE [163].  

Table 2.2. Radiolabled AIs 

S.NO NUCLEUS YEAR REFERENCE 

1 

N
N

N

N

CN

H2NO2SO

H3
11CO

(49)  

2009 159 

2 

N

N
N

N

N

N

11CH3

[N-methyl-11C]Vorozole

(50)  

2015, 

2019 

160, 161 

3 

N
N

N

N11C CN

[11C-cyano]Letrozole

(51)  

2015 162 

3.4. Nano technology in aromatase inhibitors 

Cancer nanotechnology has emerged as popular tool in developing nanomedicine for the 

treatment of cancer. The application of nanomaterials like quantum dots, lipid nanoparticles, 
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carbon nanotubes, dendrimers etc, for the purpose of detection and diagnosis, targeted drug 

delivery systems and treatment of cancer has enhanced the quality of pharmaceuticals in 

treating the cancer. These nano molecules can easily overcome the challenges encountered by 

a drug like absorption, distribution, metabolism, and elimination. The nano drug delivery is 

also into foray of cancer research. One of the successful applications of nano particle mediated 

drug delivery system is the liposome loaded doxorubicin in the treatment of breast cancer, 

which brings the increased accumulation of drug at the target site and prevents the 

cardiotoxicity. Similarly Paclitaxel loaded nanomedicine (Abraxane) in treating ovarian and 

breast cancer. , synthetic biopolymers such as polylactic acid (PLA), Poly(lactic-co-glycolic 

acid) (PLGA), poly ε-caprolactone (PCL) and natural polymers such as chitosan, alginate, and 

hyaluronic acid have been explored depending on the nature of cancer and nano formulation 

approach. [164]. Mondal Net al., have developed letrozole loaded PLGA nanoparticles with 

technetium-99m radiolabeling on tumor bearing mice. The authors have found that the 

letrozlole-PLGA loaded 99m Tc labeled complexes concentration in the tumour was 4.6 times 

higher than that of free letrozole. The PLGA nanoparticles enhanced the tumour uptake of 

letrozole.v 99m Technetium is a metastable isomer of Tc 99 which is widely used as 

diagnostic tool as a radioactive tracer. It has 6 hours of gamma half-life with low radiation 

exposure [165]. Nair et al., had studied the effect of Hyaluronic acid nanoparticles bound 

lettrozole on letrozole resistat xenograft tumors in mice. Intrestingly hyalouronic acid – bound 

Letrozole nanoparticles restored the sensitivity to letrozole resistant LTLT-Ca cells [166]. 

Zheng et al have reported the target delivery of AI drug with the help of transferin-conjugated 

lipid nanoparticle. The strategy of transferin receptor mediated uptake and targeted delivery by 

aromatase inhibitor enhances the anticancer potency of the formulation [167]. 

3.5. Drugg-Metal complexes in breast cancer therapy 

After the discovery of cisplatin as the chemotherapeutic drug, several alternate metal based 

complexes were studied to overcome platinum complex side effects. Ruthenium complexes 

were designed to mimic platinum drugs. Imidazolium trans-imidazole 

dimethylsulfoxidetetrachloro-ruthenate (NAMI-A) is one of the stable ruthenium based 

anticancer agent.  Later several ruthenium metal complex derivatives were developed, few 

even reaching the clinical trials like drug KP1019. However recently, Castonguay et al., have 
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reported the Ruthenium-Letrozole complex as cytotoxic agent for breast cancer. Ruthenium 

known to have cytotoxic property with its Ru (III) reducing to Ru (II) in the cancer cells 

triggering apoptosis; Whereas Letrozole selectively inhibits aromtase in breast cancer cells 

making the complex deadly [168].  
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CHAPTER – 3 

Experimental Section 

1. Rationale 

Phortress, an antitumor prodrug is a novel benzothiazole derivative which exhibited potent and 

selective antitumor activity against breast, ovarian and renal cancer [58]. On the other hand, 

levamisole, an imidazothiazole derivative is known for its anticancer property in addition to 

broad-spectrum anthelmintic activity. This drug was explored as a lead molecule and several 

modified compounds were developed for anticancer activity [59]. Researchers developed 

imidazo[2,1-b][1,3,4]thiadiazole derivatives; a class of fused heterocyclic compounds by 

replacing thiazole ring of levamisole with thiadiazole. This new class of compounds was 

explored for various pharmacological properties particularly anticancer activity [51, 51]. All 

the synthesized derivatives are mono phenyl analogs of letrozole bearing 1,3,4-thiadiazole 

instead of 1,2,4-triazole (Figure 4.1).  Along with the enhanced pharmacokinetic properties of 

the thiadiazole ring, the mono-phenyl ring connected to it by methylene bridge is expected to 

show effective binding at the active site of the aromatase enzyme.  

 All the thiadiazole based derivatives were substituted by phenyl with methylene spacer to 

mimic letrozole 

 The thiadiazole ring improve pharmacokinetics along with anticancer property.  

 The molecular hybrids of thiadiazole with different heterocyclic scaffolds like imidazo[2,1-

b][1,3,4]thiadiazole, benzothiazole and N-methylbenzimidazole enhances the anticancer 

property. 
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FIGURE 3.1. FDA approved drugs and new anticancer derivatives; I: Filanesib; II: Phortress; 

III: Levamisole; IV: Letrozole 

2. Scope of work 

Taking the advantage of thiadiazoles, benzothiazoles and imidazo[2,1,b][1,3,4]-thiadiazoles 

with anticancer properties, the substitutions and molecular hybridization on these heterocyclic 

compounds would develop a potential class of anticancer agents. A new series of 5-

substituted-1,3,4-thiadiazoles linked with phenyl thiourea, benzothiazole and 2,6-disubstituted 

imidazo[2,1-b][1,3,4]thiadiazole and imidazothiadiazole derivatives were proposed. 

Considering the scale for the requirement of new class of drugs, the current research aims at 

design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-

cancer agents. 

 New class of armoatase inhibitors will be developed 
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 Filling of patents for series of highly active novel lead molecules 

 Publications in international journals of high impact factors.  

 Presentation of results in international and national conferences.  

3. Methodology of research 

3.1. Novelty Search 

Novelty of the compounds was ascertained by SciFinder database at CSIR-CSMCRI, 

Bhavnagar using markush, substructure and similarity methods. Novelty of other synthesized 

derivatives was confirmed by SciFinder database at CSIR-IICT, Hyderabad. The total 

SciFinder database search method was imported to PDF.  

3.2. In-silico study 

The 3D docking and pharmacophore based QSAR studies were performed on state of the art 

software Schrodinger suite 9.1., Schrodinger 2018 and Discovery Studios 3.0 using 3EQM and 

3S7S aromatase binding proteins. The training and test molecules data was obtained from 

Doiron et al [62] 

 

 

 

 

 

     A        B 

FIGURE 3.2. A= High resolution X-ray structure of human aromatase with natural substrate 

androstenedione (PDB code 3EQM, resolution 2.90 Å; Author: Ghosh D.); B= Crystal 

structure of human placental aromatase complexed with breast cancer drug exemestane (PDB 

code 3S7S, resolution 3.21 Å; Ghosh D.) 
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The in-silico 3D pharmacophore hypothesis model was found to be reliable. A series of novel 

Benzothiazole, Benzimidazole, 1,3,4-thiadiazole, 1,3,4-oxadiazole, imidazo[2,1-

B][1,3,4]thiadiazole derivatives were subjected for ligand based 3D QSAR pharmacophore 

modeling followed by 3D Pharmacophore based molecular docking studies on aromatase 

active site (PDB code: 3EQM & 3S7S). A pharmacophore hypothesis was generated based on 

3-point pharmacophore which was built with one hydrogen bond acceptor (A) and two 

aromatic rings (R). This hypothesis was selected for building the 3D QSAR model. The 

training set correlation was obtained with Partial Least Square factors (R2=0.99, SD=0.1265, 

F=470.6, P=1.033e-018) and the test set correlation (Q2 = 0.7854, RMSE = 0.5284, Pearson R 

= 0.9111) N = 34 was chosen among several different PLS factors that were generated.  

3.3. Synthetic strategy 

Thiadiazole derivatives were synthesized by refluxing substituted acids with POCl3 and 

thisemicarbazide (Scheme 1) [169]; Linking of thiadiazole with thioureas to form different 

thiourea derivatives is done by condensing with substituted phenylisothiocynates (Scheme 2) 

[53]. The linking of thiadiazoles with benzthiazoles was done by oxidative cyclization of 

thiourea derivatives (Scheme 3) [53]. The synthesis of fused heterocyclic ring imidazo[2,1-

b][1,3,4]thiadiazole derivatives was carried out by reacting thiadiazole derivatives with 

phenacyl bromide (Scheme 4) [51] [169]. Conjugation of ligand Lu with thiadiazole derivative 

was carried out with the help of chelating complex (p-NCS-benzyl-DOTA) using 0.1N 

ammonium acetate buffer (Scheme 5) [170]. Direct conjugation studies of thiadiazole 

derivatives with Lu were carried out by heating and ultra sonication in the presence phosphate 

buffer (Scheme 6). Synthesis of benzimidazole can be done by condensing 4-chloro-ortho-

phenylenediamine with formic acid. N-methylation of benzimidazole can be completed by 

reacting it with methyliodide in dry acetone [171]. The C-C coupling of thiadiazole derivative 

with n-methylbenzimidazole can be done by N-butyl lithium catalyzed C-C coupling reaction 

(Scheme 8) [172]. 
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Scheme-1 

 

Synthesis of thiadiazole derivatives 

Reagents and conditions (scheme 1): All the above mentioned reactions were performed 

under reflux conditions at 90-120 oC; Where thiosemicarbazide and phosphorus oxychloride 

are treated with reagents a),2-(4-Chlorophenyl)acetic acid; b), 2-(4-Fluorophenyl)acetic acid; 

c), 2-(4-Bromophenyl)acetic acid; d), 2-(4-Nitrophenyl)acetic acid; e), 2-(p-Tolyl)acetic acid; 

f), 4,4-Bis(4-hydroxyphenyl)valeric acid; g), 2-(4-Isobutylphenyl)propanoic acid; h), 2,2-

Diphenylacetic acid; i), 2-Phenylacetic acid; j), 2-(4-Cyanophenyl)acetic acid; k), 2-(3-
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Methoxyphenyl)acetic acid; l), 2-(4-Methoxyphenyl)acetic acid to yield respective products 

(1-12).  Published: Stephen Paul Avvaru, Malleshappa N. Noolvi, Tejraj M. Aminabhavi, 

Ashutosh Dash, Sudipta Chakraborty. Letrozole-177Lu complex as radioactive pharmaceutical: 

A novel translational research in the treatment and diagnosis of breast cancer. 6th International 

conference, SDPC, Kim, 16th-17th Feb 2019. 

Scheme-2 

 

 

Synthesis of thiourea derivatives 

Reagents and conditions (scheme 2): All the above mentioned reactions were carried out 

using dry Methnol/ethanol under reflux conditions at 70 oC for 4-28 hrs; Where various 

thiadiazole were treated with reagents a), 4-Fluorophenyl isothiocyanate; b), 1,2-Dichloro-4-

isothiocyanatobenzene; c), e), g), i), k), m), o), q), s), u) and w) is Phenyl isothiocyanate; and 
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d), f), h), j), l), n), p), r), t) and v) is4-Chlorophenyl isothiocyanate to yield respective 

products (13-36).   

Scheme-3 

 

Synthesis of N-substituted benzothiazole derivatives 

Reagents and conditions (scheme 3): All the above mentioned reactions were carried out 

under ice cold conditions; Where various thiourea derivatives (13-35) were treated with 

reagent a – w, bromine chloroform solution to yield respective products (36-58).  

 

 

 



 

Chapter-3                                                                                                   Experimental Section    

 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
40 

 

Scheme-4 

 

Synthesis of Imidazo[2,1-b][1,3,4]thiadiazole derivatives 

Reagents and conditions (scheme 4): All the above mentioned reactions were carried out 

using dry ethanol with few drops of DMF  under reflux conditions at 70 oC for 4-26 hrs; 

Where various thiadiazole derivatives (1-5 & 7-12) were treated with reagents a-k , phencyl 

bromide. 
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General routes of synthesis of Formula-1 (Scheme 5 & 6) 

 

 

Patent being filed on title “New 5-((1-methyl-1h-benzo[d]imidazol-5-yl)(4-substitutedphenyl)methyl)-1,3,4-thiadiazol-2-amine 

derivatives and preparation thereof” 
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Scheme-5 

 

Synthesis of Formula-I derivatives via n-butyl lithium catalyzed C-C coupling reaction 

Reagents and Conditions for synthesis of Formula-1a derivatives: All the above mentioned 

reactions were refluxed for 3-12 h at 60-120 °C.Where, derivatives of I; where X is H, Cl, F, 

Br, NO2, NH2, CN, CH3, OCH3, OH that represents following derivatives:  

a) methyl 2-phenylacetate b) methyl 2-(4-chlorophenyl)acetate c) methyl 2-(4-

fluorophenyl)acetate d) methyl 2-(4-bromophenyl)acetate  e) methyl 2-(4-nitrophenyl)acetate 

f) methyl 2-(4-aminophenyl)acetate g) methyl 2-(4-cyanophenyl)acetate h) methyl 2-(p-

tolyl)acetate  i) methyl 2-(4-methoxyphenyl)acetate j) methyl 2-(4-hydroxyphenyl)acetate, 

which were treated with compound II in presence of dipolar aprotic solvent, CuI, n-

Butyllithium  with 1 bar pressure of Nitrogen. 

Reagents and conditions for synthesis of Formula-1 from Formula-1a: All the above 

mentioned reactions were performed under reflux conditions at 90-120 oC; where 

thiosemicarbazide, phosphorus oxychloride and water were treated with derivatives of 

Formula-1a to yield respective products of formula-1/ Sch. 5 (11-20).  
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Scheme-6

 

Synthesis of Formula-I via Letrozole synthesis method using N-Boc 

Reagents and Conditions for synthesis of Compound V derivatives: All the above 

mentioned reactions were refluxed for 3-12 h at 70-110 °Cwhere derivatives of general 

formula of compound IV; a) 2-phenylacetic acid, b) 2-(4-chlorophenyl)acetic acid, c) 2-(4-

fluorophenyl)acetic acid, d) 2-(4-bromophenyl)acetic acid, e) 2-(4-nitrophenyl)acetic acid, f) 

2-(4-aminophenyl)acetic acid, g) 2-(4-cyanophenyl)acetic acid, h) 2-(p-tolyl)aceticacid, i) 2-

(4-methoxyphenyl)acetic acid, j) 2-(4-hydroxyphenyl)acetic acid; were treated with 

thiosemicarbazide, phosphorus oxychloride with water. 

Reagents and conditions for synthesis of compound VI: All the above mentioned reactions 

were performed under reflux conditions at 70-90 oC for 10-16 hours; where derivatives of V 

were refluxed with Boc2O, DMAP (4-Dimethylaminopyridine) to obtain respective derivatives 

of VI. 

Reagents and conditions for synthesis of Formula-1b derivatives: All the above mentioned 

reactions were refluxed for 6-12 h at 120-150 °C under controlled pressure of 1 bar 

nitrogenwhere derivatives of VI were treated with compound III in the presence of Potassium 

t-butoxide, CuI and dipolar aprotic solvent like DMF/THF/acetonitrile to give derivatives of 

Formula-1b / Sch. 6 (1-10) .   
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Reagents and conditions for synthesis of Formula-1 derivatives from Formula-1b 

derivatives: All the above mentioned reactions were refluxed for 6-18 h at 55-110 °C where 

derivatives of Formula-1b were heated with dilute HCl and DMF/Toulene/THF or K2CO3 and 

CH3OH to obtain derivatives of Formula-1 / Sch. 6 (11-20). 

Derivatives of Formula-1 
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Scheme-7 

 

Synthesis of p-NCS-benzyl-DOTA-5-(4-substitutedbenzl)-1,3,4-thiadiazol-2-amine 

conjugates 

Published: Stephen Paul Avvaru, Malleshappa N. Noolvi, Tejraj M. Aminabhavi, Ashutosh 

Dash, Sudipta Chakraborty. Rational design of new radiolabeled heterocyclic compounds as 

aromatase inhibitors: A new approach for breast cancer diagnosis and therapy. PEMED 2018, 

Personalized and Precision Medicine, International Conference, 25-27 June 2018, Paris  
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Scheme-8 

 

 

4-substitutedphenyl-thyiadiazole-2-amine - Lu complex for treatment and diagnosis of 

breast cancer 

Published: Stephen Paul Avvaru, Malleshappa N. Noolvi, Tejraj M. Aminabhavi, Ashutosh 

Dash, Sudipta Chakraborty, Shyam S. Shukla. Design, synthesis and screening of radiolabeled 

aromatase inhibitors as anticancer agents: A new approach for breast cancer diagnosis and 

therapy. Su-Chem 2018, Sustainable Chemistry for Health, Environment and Materials, 

International conference, 6th-8th August 2018, CSIR-IICT, Hyderabad.  
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Scheme 9 

 

Step-1: Synthesis of p-NCS-benzyl-DOTA-5-((4-substitutedphenyl)(1-methyl-1H-

benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine conjugates;  

(p-NCS-benzyl-DOTA) = para-thiocyanato-benzyl-1,4,7,10-tetraazacyclododecane-

1,4,7,10- tetraacetic acid 
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Scheme 9 continued 

 

Step-2: Radiolabelling of p-NCS-benzyl-DOTA-5-((4-substitutedphenyl)(1-methyl-1H-

benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine conjugates with 177Lu 

3.4. Anticancer screening 

The synthesized derivatives were tested for one dose MTT assay on 60 cancer cell line at 

National Cancer Institute, NIH, USA.The interpretation of one dose compare graph gives the 

cancer cell line sensitivity over the screening compounds. It is a characteristic fingerprint for 

the screened compounds. ADMET studies were carried out using SwissADME software on all 
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the synthesized compounds. Based on in-silico studies and ADMET data synthesized 

compounds were selected and subjected for in-vitro anticancer activity against HeLa cell line 

by MTT assay [173]. 
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CHAPTER – 4 

Experimental Section 

1. In-silico studies of new non-steroidal chemo-types as aromatase inhibitors 

In-silico trials are an active way of developing new drug models in quick time period to 

combat the rate of demand for new pharmaceutical findings. Many scientists elsewhere 

conducted in-silico studies using various advanced applications such as pharmacophore based 

modeling approach [174], Structure-Guided Design, High-Throughput Docking which made 

possible to develop potent and novel AIs and better understand the aromatase enzyme 

functionality [175,176,177,178]. The more sophisticated applications such as membrane-

bound molecular dynamic simulations of aromatase have provided more deep understanding 

and functioning of aromatase. [179,144,11]. 

Some of the findings indicate that the charged amino acids, alkyl and aryl amino acid sequence 

at the active site of aromatase are crucial while interacting with AIs [33]. The presence of 

heme porphyrin at the active site acts as electrons provider by stabilizing the transition state of 

substrate by its oxidation state [180]. Park et al in his research on molecular simulation of 

aromatase active site, found that Aspartic acid 309 residue at aromatase active site entrance is 

very important in accessing the active site channel for the substrate [11]. The existence of sp2 

nitrogen in the heterocyclic structure of AIs typically coordinates with the heme-porphyrin 

complex at the active site of aromatase, which is another interesting aspect noteworthy to 

mention [16, 26]. The presence of sixteen different aromatase mutants at amino acid residues 

Isoleucine133, Phenylalanine 235, Isoleucine 395, Isoleucine 474, Glutamic acid 302, Proline 

308, Aspartic acid 309, Threonine310, Serine 478, and Histidine 480 was reported [181, 182]. 

These mutants dramatically increases or decreases the binding affinity of ligand with the 

amino acid residues at the active site of aromatase [183].  
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The present work aims at the development of new molecular hybrids comprising of different 

heterocyclic rings such as benzothiazole, benzimidazole, 1,3,4-thiadiazole, 1,3,4-oxadiazole, 

and imidazo[2,1-B][1,3,4]thiadiazole derivatives as AIs by applying ligand-pharmacophore 

based 3D QSAR Model and molecular docking. The pharmacophore build model was 

performed with the help of pharmacophore alignment and scoring engine (Phase). The Phase 

creates partial least-square regression (PLS), which gives sufficiently good prediction model. 

The predicted biological activity (predicted activity) of the all the built new molecular hybrids 

(ligand structures) were carried out by the prior manually constructed 3D QSAR 

pharmacophore model. The molecular docking of the newly designed ligands were carried out 

with the help of pnahrmacophore-receptor based docking application (Maestro).   

2. Materials and Methods 

The 3D docking and pharmacophore based QSAR studies (in-silico) were performed on state 

of the art software Schrodinger LLC, USA; Schrodinger 2018; and Discovery Studios 3.0 

using 3EQM and 3S7S aromatase proteins from protein data bank (PDB) resource pool (Figure 

3.1.)  

 

 

 

 

 

     A        B 

FIGURE 4.1. 3S7S and 3EQM aromatase proteins; A= High resolution X-ray structure of 

human aromatase with natural substrate androstenedione (PDB code 3EQM, resolution 2.90 Å; 

Author: Ghosh D.); B= Crystal structure of human placental aromatase complexed with breast 

cancer drug exemestane (PDB code 3S7S, resolution 3.21 Å; Ghosh D.) 
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Preliminary screening of aromatase active site from PDP 3EQM using Discovery Studios 3.0 

 

 

 

 

 

 

 

 

FIGURE 4.2. Prepared aromatase protein 
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FIGURE 4.3. Zoomed view of hot spot of 3EQM aromatase active site from PDB 3EQM 

using Accelrys Discovery Studios; Legend: Blue = Hydrophobic Interaction spots, Green = 

Donor Interaction spots, Pink = Acceptor Interaction spots; 
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FIGURE 4.4. Distribution of the amino acid Phi/Psi angles in the aromatase (PDB: 3EQM) 

 

Ramachandran plot (RC plot) depicting the distribution of the Phi-Psi torsion angles of all 

amino acids (except glycine) in aromatase. The RC plot in blood red represents the core 

region, i.e. most favorable combination of phi-psi values of the energy minimized model. The 

region near ψ = +70 to +180 and Φ = -180 to -70 coordinates is the β-sheet, region near ψ = -

60 to +50 and Φ = -140 to -40 coordinates is the right handed α-helix and region near ψ = 0 to 

+60 and Φ = +40 to +80 coordinates is the left handed α-helix.  The RC plot of all the 

generated models reveals that the built models are best as they exhibited more number of 

residues in the most favorable regions, and low number of residues were observed in 

disallowed region of RC plot (Figure 4.4.). 
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Training set molecules aligned with the isosurface of the 3D QSAR model coefficients on 

electrostatic potential grid (A) and Van der waals grid (B). 

 

 

 

 

 

 

 

A          B 

FIGURE 4.5. A, blue represents positive coefficients; red represents negative coefficients; B, 

green represents positive coefficients; yellow represents negative coefficients. 

 

Preliminary QSAR screening of model for training molecules using Discovery Studios 3.0  

 

 

 

 

 

 

 

FIGURE 4.6. Statistical graph: GridBasedTempModel vs IC50 
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Preliminary 3D QSAR for the training set molecules (N=64) were performed to validate the 

model. All the training set molecules were obtained from Dorion et al., research work on 

letrozole analogues aromatase inhibition comparison with letrozole aromatase inhibition [62]. 

QSAR extrapolation graph depicts the training molecules with GridBased Temp model values 

on Y-axis and IC50 values on X-axis using Discovery Studios 3.0. The regression statistics 

with r2 = 0.876 represents the a highly predictive 3D-QSAR model, showing the predicted 

IC50 values are in good agreement with experimental IC50 values. This preliminary 3D QSAR 

data of training set molecules helped to eliminate the irrelevant molecules for further building 

the ligand based 3D QSAR model where the sample N=64 was shortened to N=34.  

2.1.Pharmacophore based 3D-QSAR Method 

2.1.1.Dataset 

Thirty four molecules of substituted letrozole based analogs as AIs were chosen from research 

work of Doiron J et al. and used for QSAR analysis [62]. All the IC50(µM) values had been 

obtained using the same assay method (using the P450 Inhibition Kit CYP19/MFC 

(BDBiosciences, Two Oak Park Bedford, MA, USA). The IC50 values of reference compounds 

were checked to ensure that no difference occurred between different groups. These Letrozole 

based analogs series showed wide variations in their structures and potency profiles with IC50 

(µM) ranging from 0.002 to 49.98.The 2D structures of 34 molecules of substituted letrozol 

analogs (training and test), 31 newely designed ligands were drawn using ChemBioDraw Ultra 

version 12.0, 2010. The 3D conformers and minimization of ligands were generated using 

“LigPrep” incorporated in PHASE.   

 

2.1.2. Common phramacophore hypothesis generation 

The common pharmacophores hypothesis (CPH) were developed using Phase, version 3.1, 

Schrödinger, LLC, USA, 2009.The pharmacophore features were defined and identified from 

the built in set of common pharmacophore features in the PHASE namely hydrogen bond 

acceptor (A), hydrogen bond donor (D), hydrophobic group (H), negatively changed group 

(N), positively charged group (P), aromatic ring (R). From the generated variants, 

oneHydrogen bond acceptor and two Aromatic rings (ARR) were inferred based on the highly 

active molecule (Letrozole). These CPH were examined by scoring function to get the best 
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alignment of the ligands which groups together similar pharmacophores according to their 

inter-site distances (Figure 4.7).The quality of each alignment is measured by alignment score 

(RMSD in the site-point positions), Vector score (average cosine of the angles formed by 

corresponding pairs of vector features, ARR in the aligned structures) and volume score 

(overlap of van der Waals models of the non-hydrogen atoms in each pair of structures). 

 

The alignment was measured using survival score, defined as: S=WsiteSsite + Wvec Svec + Wvol 

Svol + Wsel Ssel + Wm
rew, where the W’s are the weights and the S’s the scores; Ssiterepresents 

alignment score, Svec represents vector score, Svol represents volume score and Ssel  represents 

selectivity score. Wsel has default value of 0.0 and Wsite, Wvec, Wvol, Wrew, has default values of 1.0 

which are used for the hypothesis generation. Wm
rew, represents reward weights defined by m-1, 

where m is the number of actives that match the hypothesis.  

 

2.1.3. Generating QSAR model 

In order to generate a validated QSAR model for the resolve of meaningful prediction, the 

available data set was randomly divided into a training set of 24 molecules and a test set of 10 

molecules by incorporating IC50 activity as dependent variable and chemical diversity of 

aligned training set ligands. The regression wasdone by a partial least squares (PLS) method, 

in which a series of models were constructed with four different PLS factors. The PLS factor 4 

(# Factor) was chosen (Table 4.1.), because of the Training set correlation with Partial Least 

Square factors (R2=0.99, SD=0.1265, F=470.6, P=1.033e-018) gave the best overall 

significance of model and statistical significance. The parameters were used to evaluate the 

test set prediction correlation (Q2 = 0.7854, RMSE = 0.5284, Pearson R = 0.9111). F is the 

variance ratio. Large values of F indicate a more statistically significant regression. P is 

significance level of variance ratio. Smaller values of P indicated a greater degree of 

confidence. Q-squared is the value of Q2 for the predicted activities. Pearson-R is the value for 

the correlation between the predicted and observed activity for the test set. The 3D QSAR 

models that met all these criteria concurrently gave the best predictive power 

 

 

 



  

Chapter-4                                                                                                     Experimental Section  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
59 

 

TABLE 4.1. Partial Least Square analysis results of best pharmacophore hypothesis ARR.1 

S.No. # 

Factors 

SD R-

Squared 

F P Stability RMSE Q-

Squared 

Pearson-

R 

1 1 0.7851 0.5544 27.4 3.014e-

005 

0.6157 0.8218 0.4809 0.7716 

2 2 0.5422 0.7972 41.3 5.313e-

008 

0.3104 0.6054 0.7183 0.8589 

3 3 0.2807 0.9482 122.1 5.006e-

013 

0.1769 0.5096 0.8003 0.9302 

4 4 0.1265 0.99 470.6 1.033e-

018 

0.094 0.5284 0.7854 0.9111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 4.7. Geometry of pharmacophore hypothesis 
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FIGURE 4.8. Positive and negative co-efficient of ligand in 3D   QSAR model 

 

The equations for Partial Least Square Regression analysis for training molecules were derived 

from the following parameters: 

m is the number of PLS factors in the model 

n is the number of molecules in training set 

df1 = m+1 is the degrees of freedom in model 

df2 = n-m-2 is the degrees of freedom in data 

yi is observed activity for training set molecule i 

ŷi is predicted activity for training set molecule i 
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The statistical quantities describing the test set predictions are described below 

 

T is test set of molecules  

nT is number of molecules in T 

yj is observed activity for molecule j ∈T  

ŷj  is predicted activity for molecule j ∈T 
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FIGURE 4.9. Structures of ligands used in 3D QSAR continued… 
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FIGURE 4.9. Structures of ligands used in 3D QSAR continued… 
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FIGURE 4.9. Structures of ligands used in 3D QSAR continued… 
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FIGURE 4.9. Structures of ligands used in 3D QSAR continued 

 

 



  

Chapter-4                                                                                                     Experimental Section  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
67 

 

The generated results like predicted activity of the training and test molecules were evaluated. 

All the compounds along with their activity and predicted activities are presented in Table 4.2.  

TABLE 4.2. QSAR data of training and test sets (ligands 1-34) 

S.No. Ligand QSAR Set Activity Predicted Activity Fitness IC50 

(µM) 

pIC50 

(µM) 

1. 1 Training 2.097 2.16 1.91 0.008 8.096 

2. 2 Training -0.672 -0.76 2.63 4.7 5.327 

3. 3 Training -0.705 -0.64 2.61 5.07 5.294 

4. 4 Training -1.286 -1.28 1.89 19.32 4.713 

5. 5 Training -1.014 -1.03 2.45 10.33 4.985 

6. 6 Training -1.207 -1.23 2.53 16.11 4.792 

7. 7 Training -0.667 -0.47 2.51 4.64 5.333 

8. 8 Training -1.039 -1.02 2.53 10.95 4.960 

9. 9 Training -1.125 -1.24 2.54 13.35 4.874 

10. 10 Training -1.040 -0.99 3.00 10.96 4.960 

11. 11 Training -1.171 -1.14 2.88 14.83 4.828 

12. 12 Training -1.137 -1.11 2.86 13.72 4.862 

13. 13 Training -1.112 -1.18 2.79 12.94 4.888 

14. 14 Training -1.495 -1.30 2.73 31.26 4.505 

15. 15 Training -1.126 -1.28 2.70 13.37 4.873 

16. 16 Training -1.065 -1.10 2.67 11.61 4.935 

17. 17 Training -1.428 -1.33 2.71 26.77 4.572 

18. 18 Training -1.182 -1.20 2.69 15.21 4.817 

19. 19 Training -1.190 -1.21 2.61 15.48 4.810 

20. 20 Training -1.699 -1.64 2.57 49.98 4.301 

21. 21 Training 2.097 1.77 2.63 0.008 8.096 

22. 22 Training 2.398 2.57 1.87 0.004 8.397 

23. 23 Training -1.080 -1.20 2.75 12.01 4.920 

24. 24 Training -0.041 -0.03 2.80 1.1 5.958 

25. 25 Test -1.025 -1.09 2.54 10.6 4.974 
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TABLE 4.2. QSAR data of training and test sets (ligands 1-34) continued. 

S.No. Ligand QSAR Set Activity Predicted Activity Fitness IC50 

(µM) 

pIC50 

 

26. 26 Test -1.205 -0.61 2.54 16.02 4.795 

27. 27 Test -1.040 -0.99 2.64 10.97 4.959 

28. 28 Test -0.888 -1.23 2.57 7.73 5.111 

29. 29 Test -1.085 -0.73 2.54 12.16 4.915 

30. 30 Test -0.661 -0.03 2.39 4.58 5.339 

31. 31 Test -1.287 -1.19 2.83 19.36 4.713 

32. 32 Test -1.132 -1.13 2.74 13.54 4.868 

33. 33 Test -1.215 -1.47 2.67 16.41 4.784 

34. 34 Test 2.699 1.39 2.02 0.002 8.698 

 

The graph of Phase predicted activity and Phase activity was generated for both training and 

test molecules. The IC50 values in the graph are represented with polychromatic markings to 

correlate with phase predicted activity and phase activity. Higher values (positive) on the 

scattered plot indicates the higher potency of the ligands.  (Figure  4.10 & 4.11). 
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FIGURE 4.10. The scattered plot of phase predicted activity and phase activity of training set 
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FIGURE 4.11. The scattered plot of phase predicted activity and phase activity of test 

molecules 
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FIGURE 4.12. 2D structures of new chemo-types in 3D QSAR and Molecular docking 

continued… 
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FIGURE 4.12. 2D structures of new chemo-types in 3D QSAR and Molecular docking 

continued… 
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FIGURE 4.12. 2D structures of new chemo-types in 3D QSAR and Molecular docking 

continued... 
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Figure 4.12. 2D structures of new chemo-types in 3D QSAR and Molecular docking. 

2.2.Docking    

Taking advantage of the unexplored chemo-types as AIs and generated hypothesis data of 

ligands from the QSAR results, a new subclass of ligands were proposed. Docking studies 

were performed using Aromatase enzyme (PDB:3S7S) on maestro-Schrodinger 9.1. 34 

molecules including Letrozole and Vorozole were subjected to docking on x-ray 

crystallographic structure of aromatase (PDB code: 3S7S). This involved stepwise functions 

like protein selection, protein preparation, grid generation, ligand preparation and ligand 

docking studies. Ligands with only good comparable docking scores are presented in Tables 

and figures in chapter 7 results and discussion section.  

All the ligands structures were drawn using ChemBioDraw Ultra 12.0. The ligands were then 

subjected to ligprep for generating 3D optimal and minimum energy conformers. The 
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aromatase protein having Exemestane as a substrate in its active site (PDB: 3S7S from RCSB 

Protein Data Bank) was selected for the docking studies. Once the protein was imported on to 

the maestro docking panel, the source ligand (Exemestane) in the active site was removed 

followed by the preprocess like optimization and minimization of energies removal water 

molecules etc. Then a grid is generated at the active site of aromatase protein (PDB code: 

3S7S). The prepared new set of ligands were then subjected to glide for the ligand docking. 

The glide docked poses were minimized by local optimization features from prime. 

OPLS_2005 force field and GB/SA continuum solvent model were used for calculating the 

energies of ligand docking complexes. The scoring algorithm was then carried on energy 

minimized poses to generate Glide/Dock score. The each new ligand docked poses on the 

Aromatase active site displayed on the workspace were enhanced by using Glide XP 

Visualizer to display representations like important hydrophobic, pi-pi stacking interactions 

and hydrogen bonds between the receptor and the ligand in the Workspace.  
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FIGURE 4.13. Selected structures (Newman projection) among the several docked ligands used in 

molecular docking. 
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CHAPTER – 5 

Experimental Section 

1. Experimental-Scheme 1 to 4 

1.1.Chemistry 

A great array of nitrogen-containing heterocyclic rings was being extensively explored for 

their functional versatility in the field of medicine especially in anticancer research [184]. 

Among several nitrogen-containing heterocyclics, 1,3,4-thiadiazole, imidazo[2,1-

b][1,3,4]thiadiazole and benzothiazole were expansively studied since several decades due to 

their exceptional pharmacological applications like diuretic, antimicrobial, analgesic, 

anthelmintic, and many others apart from potent anticancer activity [185-224]. 

The synthetic route of the compounds Sch.2 (13-35), Sch.3 (35-58) and Sch.4 (59-69) is 

outlined in the scheme 1. The 1-(5-substituted-1,3,4-thiadoazol-2-yl)-3-phenylthiourea 

derivatives Sch.2 (13-35) were prepared by refluxing equimolar quantities of 

phenylisothiocyanate with 5-substituted-1,3,4-thiadiazol-2-amine Sch.1 (1-5 & 7-12). 

Oxidative cyclization of the thiourea derivatives Sch.2 (13-35) with bromine resulted in 

synthesis of N-substituted benzo[d]thiazole-2-amine derivatives Sch.3 (35-58). The 2-

substituted-6-phenylimidazo[2,1-b][1,3,4]thiadiazoles Sch.4 (59-69) were synthesized by 

refluxing 5-substituted-1,3,4-thiadiazol-2-amines Sch.1 (1-5 & 7-12) with phenacyl bromide 

in dry ethanol. All the derivatives were characterized by spectral studies.  

The formation of phenylthiourea derivatives Sch.2 (13-35), was supported by a single weak 

band of secondary amine in the IR spectra ~ 3200 cm-1 and the absence of IR isothiocyanate 

band at 2000 – 2200 cm-1 corresponding to phenyl isothiocyanate. Further 1H NMR showed 

two broad peaks at δ ~9 and ~4 corresponding to two NH groups proved the formation of 
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thiourea. A peak at δ180-170 ppm corresponding to >C=S in 13C NMR substantiated the 

formation of thiourea. The M+ ion peaks at respective molecular weights of the compounds in 

mass spectra further confirmed the synthesis. The 1-(5-substituted)-1,3,4-thiadiazol-2-yl-

benzo[d]thiazole-2-amine derivatives Sch.3 (35-58), showed IR absorption band at ~3300, 

~3100 and ~1500 cm-1. 1H NMR spectra revealed protons of –CH2, benzyl, at δ ~4.0 ppm 

singlet, and –CH, ethyl at 4.4 ppm as a quartet. Aromatic proton showed peaks at d 7.8–7.00 

ppm and a broad peak of –NH at δ ~9 ppm. 13C NMR gave important information to confirm 

cyclization of substituted thioureas to respective substituted 2-aminobenzo[d]thiazoles with a 

characteristic peak at 170–160 ppm for C-2. Mass spectra showed all the M+ ion peaks 

matching to the molecular weight of synthesized compounds. The formation of 2,6-

disubstituted imidazo[2,1-b][1,3,4]thiadiazoles, derivatives, Sch.4 (59-69) was indicated by 

the absence of primary or secondary amine at ~3300 cm-1 in the IR spectra. The appearance of 

the imidazole proton (C-H) around δ ~8.00 in 1H NMR spectra also supported the synthesis of 

the new compounds. The 13C NMR and mass spectra of these compounds further substantiated 

the synthesis of these new molecules. 
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FIGURE 5.1. General route of synthesis of schemes; Sch.1(1-12), Sch.2 (13-35), Sch.3 (36-

58) and Sch.4 (59-69); Reagents: a) Thiosemicarbazide, POCl3; b) MeOH, Phenyl 

isothiocyanate; c) Br2, CHCl3; d) Phenacyl bromide, EtOH. 
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TABLE 5.1. List of derivatives with various substitutions 

Compounds R R1 X 

Sch.1 (1) p-Cl H - 

Sch.1 (2) p-F H - 

Sch.1 (3) p-Br H - 

Sch.1 (4) p-NO2 H - 

Sch.1 (5) p-CH3 H - 

Sch.1 (6) - 4,4'-(propane-2,2-

diyl)diphenol 

- 

Sch.1 (7) p-isobutyl CH3 - 

Sch.1 (8) H phenyl - 

Sch.1 (9) H H - 

Sch.1 (10) p-CN H - 

Sch.1 (11) m-OCH3 H - 

Sch.1 (12) p-OCH3 H - 

Sch.2 (13); Sch.3 

(36) 

p-Cl H F 

Sch.2 (14); Sch.3 

(37) 

p-Cl H m-Cl; p-Cl 

Sch.2 (15); Sch.3 

(38) 

P-Cl H H 

Sch.2 (16); Sch.3 

(39) 

p-Cl H p-Cl 

Sch.2 (17); Sch.3 

(40) 

p-F H H 

Sch.2 (18); Sch.3 

(41) 

p-F H p-Cl 

Sch.2 (19); Sch.3 

(42) 

p-Br H H 

Sch.2 (20); Sch.3 p-Br H p-Cl 
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Compounds R R1 X 

(43) 

Sch.2 (21); Sch.3 

(44) 

p-NO2 H H 

Sch.2 (22); Sch.3 

(45) 

p-NO2 H p-Cl 

Sch.2 (23); Sch.3 

(46) 

p-CH3 H H 

Sch.2 (24); Sch.3 

(47) 

p-CH3 H p-Cl 

Sch.2 (25); Sch.3 

(48) 

p-isobutyl CH3 H 

Sch.2 (26); Sch.3 

(49) 

p-isobutyl CH3 p-Cl 

Sch.2 (27); Sch.3 

(50) 

H phenyl H 

Sch.2 (28); Sch.3 

(51) 

H H p-Cl 

Sch.2 (29); Sch.3 

(52) 

H H H 

Sch.2 (30); Sch.3 

(53) 

p-CN H p-Cl 

Sch.2 (31); Sch.3 

(54) 

p-CN H H 

Sch.2 (32); Sch.3 

(55) 

m-OCH3 H p-Cl 

Sch.2 (33); Sch.3 

(56) 

m-OCH3 H H 

Sch.2 (34); Sch.3 

(57) 

p-OCH3 H p-Cl 

Sch.2 (35); Sch.3(58) p-OCH3 H H 
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Compounds R R1 X 

Sch.4 (59) p-Cl H H 

Sch.4 (60) p-F H H 

Sch.4 (61) p-Br H H 

Sch.4 (62) p-NO2 H H 

Sch.4 (63) p-CH3 H H 

Sch.4 (64) p-isobutyl CH3 H 

Sch.4 (65) H phenyl H 

Sch.4 (66) H H H 

Sch.4 (67) p-CN H H 

Sch.4 (68) m-OCH3 H H 

Sch.4 (69) p-OCH3 H H 
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1.2. Reaction mechanisms  

Thiadiazole synthesis mechanism  

 

 

 

FIGURE 5.2. Thiadiazole synthesis mechanism continued… 
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FIGURE 5.2. Thiadiazole synthesis mechanism  
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FIGURE 5.3. Bezothiazole synthesis mechanism 
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FIGURE 5.4. Imidazo[2,1,b][1,3,4]thiadiazole synthesis mechanism 
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Scheme-1 

 

Synthesis of thiadiazole derivatives 

Reagents and conditions: All the above mentioned reactions were performed under reflux 

conditions at 90-120 oC; Where thiosemicarbazide and phosphorus oxychloride are treated 

with reagents a),2-(4-Chlorophenyl)acetic acid; b), 2-(4-Fluorophenyl)acetic acid; c), 2-(4-
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Bromophenyl)acetic acid; d), 2-(4-Nitrophenyl)acetic acid; e), 2-(p-Tolyl)acetic acid; f), 4,4-

Bis(4-hydroxyphenyl)valeric acid; g), 2-(4-Isobutylphenyl)propanoic acid; h), 2,2-

Diphenylacetic acid; i), 2-Phenylacetic acid; j), 2-(4-Cyanophenyl)acetic acid; k), 2-(3-

Methoxyphenyl)acetic acid; l), 2-(4-Methoxyphenyl)acetic acid to yield respective products 

(1-12).   

Stephen Paul Avvaru, Malleshappa N. Noolvi, Tejraj M. Aminabhavi, Ashutosh Dash, Sudipta 

Chakraborty. Letrozole-177Lu complex as radioactive pharmaceutical: A novel translational 

research in the treatment and diagnosis of breast cancer. 6th International conference, SDPC, 

Kim, 16th-17th Feb 2019. 
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Scheme-2 

 

Synthesis of thiourea derivatives 

Reagents and conditions: All the above mentioned reactions were carried out using dry 

Methnol/ethanol under reflux conditions at 70 oC for 4-28 hrs; Where various thiadiazole were 

treated with reagents a), 4-Fluorophenyl isothiocyanate; b), 1,2-Dichloro-4-

isothiocyanatobenzene; c), e), g), i), k), m), o), q), s), u) and w) is Phenyl isothiocyanate; and 

d), f), h), j), l), n), p), r), t) and v) is4-Chlorophenyl isothiocyanate to yield respective 

products (13-36).   
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Scheme-3 

 

Synthesis of benzothiazole derivatives 

Reagents and conditions: All the above mentioned reactions were carried out under ice cold 

conditions; Where various thiourea derivatives (13-35) were treated with reagent a – w, 

bromine chloroform solution to yield respective products (36-58).  
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Scheme-4 

 

Synthesis of imidazo[2,1-b][1,3,4]thiadiazole derivatives 

Reagents and conditions: All the above mentioned reactions were carried out using dry 

ethanol with few drops of DMF  under reflux conditions at 70 oC for 4-26 hrs; Where various 

thiadiazole derivatives (1-5 & 7-12) were treated with reagents a-k , phencyl bromide. 

1.3. Materials and methods 

All the raw materials and solvents required for this study were procured from Merck, Sigma 

Aldrich, Bangalore. The reactions were monitored with the help of thin-layer chromatography 
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using pre-coated aluminum sheets with GF254 silica gel, 0.2 mm layer thickness(E. Merck) 

and solvent systems of Toulene–Ethylacetate–Formic acid (5:4:1),  benzene-acetone (9:1). 

Veego melting point apparatus was used for the determination of melting points. The IR 

spectra were determined on Shimadzu Infra-Red Spectrometer (FTIR-8400S). 1H NMR 

spectra were determined on Bruker Avance-II 400NMR Spectrometer operating at 400 MHz at 

NFDD, Rajkot University (Gujarat). Chemical shifts are reported in parts per million (ppm) 

using tetramethylsilane as an internal standard. Mass spectra of the synthesized compounds 

were recorded by using MS-Shimadzu Lab Solutions, Indian Institute of Chemical 

Technology, Hyderabad. The physical data of the synthesized compounds are presented in 

Table 5.2. 

Table 5.2.  Physical data of the synthesized compounds Sch.2 (13-35), Sch.3 (35-58) and 

Sch.4 (59-69) continued... 

Comp. 

No. 

 

Molecular 

formula 

 

Mol.Wt. 

 

Yield 

% 

 

M.P 

°C 

NCI screening/MTT assay 

Sch.1 (1) 
C9H8ClN3S 225.7 82 195-

197 
NS 

Sch.1 (2) 
C9H8FN3S 209.2 74 164-

166 
NS 

Sch.1 (3) 
C9H8BrN3S 270.1 66 204-

206 
NS 

Sch.1 (4) 
C9H8N4O2S 236.2 85 225-

227 
NS 

Sch.1 (5) 
C10H11N3S 205.2 87 162-

164 
MTT assay (HeLA) 

Sch.1 (6) C18H19N3O2S 341.4 35 300> MTT assay (HeLA) 

Sch.1 (7) 
C14H19N3S 261.3 79 190-

192 
MTT assay (HeLA) 

Sch.1 (8) C15H13N3S 267.3 81 231- NS 
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Comp. 

No. 

 

Molecular 

formula 

 

Mol.Wt. 

 

Yield 

% 

 

M.P 

°C 

NCI screening/MTT assay 

233 

Sch.1 (9) 
C9H9N3S 191.2 87 152-

154 
NS 

Sch.1 

(10) 

C10H8N4S 216.2 70 237-

239 
MTT assay (HeLA) 

Sch.1 

(11) 

C10H11N3OS 221.2 75 198-

200 
NS 

Sch.1 

(12) 

C10H11N3OS 221.2 84 196-

198 
MTT assay (HeLA) 

Sch.2 

(13) 

C16H12ClFN4S2 378 71 121-

123 
NS 

Sch.2 

(14) 

C16H11Cl3N4S2 429.7 28 192-

194 
NS 

Sch.2 

(15) 

C16H13ClN4S2 360.88 70 107-

110 

D-805290/1 

Sch.2 

(16) 

C16H12Cl2N4S2 395.3 65 150-

153 

NS 

Sch.2 

(17) 

C16H13FN4S2 344.43 73 85-87 D-805292/1 

Sch.2 

(18) 

C16H12ClFN4S2 378.8 49 128-

130 

NS 

Sch.2 

(19) 

C16H13BrN4S2 405.3 66 - NS 

Sch.2 

(20) 

C16H12BrClN4S2 439.7 31 - NS 

Sch.2 

(21) 

C16H13N5O2S2 371.4 58 220-

222 

NS 
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Comp. 

No. 

 

Molecular 

formula 

 

Mol.Wt. 

 

Yield 

% 

 

M.P 

°C 

NCI screening/MTT assay 

Sch.2 

(22) 

C16H12ClN5O2S2 405.8 63 270-

272 

NS 

Sch.2 

(23) 

C17H16N4S2 340.4 74 88-90 NS 

Sch.2 

(24) 

C17H15ClN4S2 374.9 67 131-

133 

NS 

Sch.2 

(25) 

C21H24N4S2 396.5 66 112-

114 

D-805294/1 

Sch.2 

(26) 

C21H23ClN4S2 431.0 43 147-

149 

NS 

Sch.2 

(27) 

C22H18N4S2 402.5 79 151-

153 

NS 

Sch.2 

(28) 

C16H13ClN4S2 360.8 80 114-

116 

NS 

Sch.2 

(29) 

C16H14N4S2 326.4 64 - NS 

Sch.2 

(30) 

C17H12ClN5S2 385.9 64 207-

209 

NS 

Sch.2 

(31) 

C17H13N5S2 351.4 57 153-

155 

NS 

Sch.2 

(32) 

C17H15ClN4OS2 390.9 75 160-

162 

NS 

Sch.2 

(33) 

C17H16N4OS2 356.4 82 110-

112 

NS 

Sch.2 

(34) 

C17H15ClN4OS2 390.9 46 148-

150 

NS 

Sch.2 C17H16N4OS2 356.47 63 113- D-806247/1 
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Comp. 

No. 

 

Molecular 

formula 

 

Mol.Wt. 

 

Yield 

% 

 

M.P 

°C 

NCI screening/MTT assay 

(35) 115 

Sch.3 

(36) 

C16H10ClFN4S2 376.8 45 239-

241 

NS 

Sch.3 

(37) 

C16H9Cl3N4S2 427.76 38 300> NS 

Sch.3 

(38) 

C16H11ClN4S2 358.87 66 227-

229 

D-805291/1 & MTT assay 

(HeLa) 

Sch.3 

(39) 

C16H10Cl2N4S2 393.3 71 252-

254 

MTT assay (HeLa) 

Sch.3 

(40) 

C16H11FN4S2 342.41 68 198-

200 

D-805293/1 & MTT assay 

(HeLA) 

Sch.3 

(41) 

C16H10ClFN4S2 376.8 31 213-

215 

MTT assay (HeLA) 

Sch.3 

(42) 

C16H11BrN4S2 403.3 42 256-

258 

NS 

Sch.3 

(43) 

C16H10BrClN4S2 437.7 38 300> NS 

Sch.3 

(44) 

C16H11N5O2S2 369.4 66 222-

225 

NS 

Sch.3 

(45) 

C16H10ClN5O2S2 403.8 39 281-

283 

NS 

Sch.3 

(46) 

C17H14N4S2 338.4 71 209-

211 

NS 

Sch.3 

(47) 

C17H13ClN4S2 372.8 68 234-

236 

NS 

Sch.3 

(48) 

C21H22N4S2 394.56 64 224-

226 

D-806245/1 
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Comp. 

No. 

 

Molecular 

formula 

 

Mol.Wt. 

 

Yield 

% 

 

M.P 

°C 

NCI screening/MTT assay 

Sch.3 

(49) 

C21H21ClN4S2 429.0 32 266-

268 

NS 

Sch.3 

(50) 

C22H16N4S2 400.5 65 264-

266 

NS 

Sch.3 

(51) 

C16H11N4S2 358.8 74 227-

229 

NS 

Sch.3 

(52) 

C16H12N4S2 324.4 72 186-

188 

NS 

Sch.3 

(53) 

C17H10ClN5S2 383.8 57 300> NS 

Sch.3 

(54) 

C17H11N5S2 349.4 48 280-

282 

MTT assay (HeLA) 

Sch.3 

(55) 

C17H13ClN4OS2 388.8 65 270-

272 

NS 

Sch.3 

(56) 

C17H14N4OS2 354.4 71 229-

231 

NS 

Sch.3 

(57) 

C17H13ClN4OS2 388.8 62 265-

267 

NS 

Sch.3 

(58) 

C17H14N4OS2 354.4 62 232-

234 

D-806248/1 & MTT assay 

(HeLa) 

Sch.4 

(59) 

C17H12ClN3S2 325.8 74 197-

198 

NS 

Sch.4 

(60) 

C17H12FN3S 309.3 78 168-

170 

MTT assay (HeLa) 

Sch.4 

(61) 

C17H12FN3S 370.2 64 227-

229 

NS 

Sch.4 C17H12N4O2S 336.3 67 300> NS 
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Comp. 

No. 

 

Molecular 

formula 

 

Mol.Wt. 

 

Yield 

% 

 

M.P 

°C 

NCI screening/MTT assay 

(62) 

Sch.4 

(63) 

C18H15N3S 305.4 70 179-

181 

MTT assay (HeLA) 

Sch.4 

(64) 

C22H23N3S 361.5 61 196-

198 

D-806246/1 

Sch.4 

(65) 

C23H17N3S 367.4 46 234-

236 

NS 

Sch.4 

(66) 

C17H13N3S 291.3 65 155-

157 

NS 

Sch.4 

(67) 

C18H12N4S 316.3 55 244-

246 

MTT assay (HeLA) 

Sch.4 

(68) 

C18H15N3OS 321.4 63 200-

202 

NS 

Sch.4 

(69) 

C18H15N3OS 321.04 68 205-

207 

D-806249/1 & MTT assay 

(HeLa) 

NSC: National Service Code; NS: Not Selected 

 

1.3.1. General procedure for synthesis of 5-(substituted)-1,3,4-thiadiazol-2- amine 

derivatives  

Acid derivatives of compounds Sch.1 (a-l) of  0.1 M was added to round bottom flask 

containing thiosemicarbazide (0.1 M). Phosphorous oxytrichloride (5 mL) was added slowly 

and the reaction was refluxed for 2 hours. Then the reaction mixture was cooled to room 

temperature. Water (10 mL) was added to the reaction mixture and stirred with a glass rod 

before refluxing it again for 4-6 hours. After the reflux, the reaction mixture was filtered and 

the filtrate was neutralized with 10% potassium hydroxide solution. The precipitate was 

filtered off and recrystallized from ethanol [169]. 
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1.3.2. General procedure for synthesis of 1-(5-substituted-1,3,4-thiadiazol-2-yl)-3-

phenylthioureas 

The aromatic primary amine (0.01 mol) was dissolved in a solution of phenylisothiocyanate 

(0.01 mol) and 10 ml dry methanol in a round bottom flask. The resulting reaction mixture was 

refluxed at 70 oC for 2-6 h. After the completion of the reaction, the solvent was distilled off. 

The solid residue that separated was washed with water and dried at 40 oC. The resulting 

product was purified by column separation using CHCl3:EtOAc (7:3) to give pure thiourea 

derivatives [53]. 

1.3.3. General procedure for synthesis of 1-(5-substituted)-1,3,4-thiadiazol-2-yl-

benzo[d]thiazole-2-amine: Sch.3 (36-58)  

The cyclization step of substituted thiourea derivatives (3a-e) to yield respective 

benzothiazoles (4a-e) was adopted from Manjula et al [169].  

1.3.4. General procedure for synthesis of 2,6-disubstituted imidazo[2,1-

b][1,3,4]thiadiazolesnzthiazole derivative; Sch.4 (59-69) 

The fused heterocyclic ring derivatives Sch.4 (59-69), were prepared and purified according to 

method adopted from Noolvi M.N and his colleague [53]. 

2. In-vitro anticancer activity  

The anticancer studies were performed at the National Cancer Institute (NCI), USA. It is part 

of National Institutes of Health (NIH), USA. It is a highly automated NCI tumor cell culture 

screening system addressed under Developmental Therapeutic Programme (DTP) for co-

operation on cancer research, prevention, control and management. The NCI-DTP screening 

emphasizes precise endpoints such as net cell killing and tumor regression, rather than 

previously followed growth inhibitory endpoints. It uses a wide variety of specific types of 

cancers, including many solid tumor models in the initial stage of screening. Figure 5.5 depicts 

the NCI 60 cell line screening on-line submission process. 
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FIGURE 4.6. NCI 60 cell line screening on-line submission flow chart. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FIGURE 5.5. NCI 60 cell line screening on-line submission flow chart 
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FIGURE 5.6. DTP anti-cancer screening paradigm 

All the selected compounds submitted to National Cancer Institute (NCI) for in vitro anti-

cancer assay were evaluated for their anti-cancer activity. The synthesized compound’s in-
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vitro anticancer screening was done on 60 cell panel containing 60 human tumor cell lines 

prearranged in various subpanels that correspond to diverse histologies like leukemia, 

melanoma, non-small cell lung, colon, central nervous system, renal, ovary, breast and prostate 

cancers. For custom evaluation, each sample is tested in a 2-day incessant drug exposure 

protocol by means of five log10-spaced concentrations starting at 10-4 M for pure 

compounds.NSC Number is assigned for the submitted compounds. It is a compound identifier 

assigned by DTP to identify the test compounds. It is an abbreviation for Cancer 

Chemotherapy National Service Center number. Thus unique NSC numbers are assigned to the 

compound once the request is selected and the material is received. This NSC number is 

needed to retrieve the testing data. The primary NCI screening data are reported in a mean 

graph format (Figure 7.3 – 7.12).This graphical illustration provides a characteristic fingerprint 

for a given compound, displaying the individual cancer cell lines that are more sensitive than 

average (bars to the right of the reference) or less sensitive than average (bars to the left of the 

reference).  

2.1. In-vitro NCI cancer one dose assay (10-5 M) 

The different cancer cell lines of the cancer screening panel are inoculated into 96 well 

microtiter plates with a cell count typically ranging from 5 x 103 to 4 x 104 depending on the 

cell multiplication time of each cell line. The incubation period is set for 24 hours at 37° C 

prior to the addition of the experimental agent. The cell lines count measured after 

addingtrichloroacetic acid (TCA) is considered (Tz). The experimental drug is prepared by 

dissolving in DMSO:glycerol (9:1). Further, it is diluted to a high test concentration of 10 µM 

and stored frozen. The aliquots of frozen concentrate are further diluted and added to 96 well 

microtiter plates containing 100 µl cell medium to attain final concentration to test for one 

dose assay.  Then the plates are incubated for an additional 48 h at 37°C. The incubation is 

terminated by adding a cold TCA solution and incubated again for 1 hour for cell fixing. The 

cell lines are then stained using Sulforhodamine B (SRB) solution and trizma base and 

absorbance are measured at 513 nM wavelength (Ti). Using the absorbance measurements at 

time zero (Tz), control growth (C), and test growth in the presence of the drug (Ti); the 

percentage growth and percentage inhibition is calculated [173,225,226]. 
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[(Ti-Tz)/(C-Tz)] x 100 is applied for concentrations for which Ti>/=Tz 

[(Ti-Tz)/Tz] x 100 is applied for concentrations for which Ti<Tz. 

2.2. Anticancer screening on HeLa cell lines  

All the synthesized compounds were tested for preliminary anticancer screening at NCI. 

However, some of the derivatives exhibited good docking results when tested on the aromatase 

active site (PDB:3S7S). This led us to the selection of some of the thiadiazole derivatives for 

anticancer activity on the HeLa cell line by MTT assay. Once the HeLa cells were revived 

from the frozen cell vial, they were transferred into T 25 flask containing complete growth 

medium and incubated for further use. Complete growth medium was prepared using DMEM, 

10% Foetal bovine serum and gentamycin. 100 µl (104 cells) is fed in 96 well plate and kept 

for incubation at 37°C for 24 hrs under 5% CO2. The medium is removed from all the wells in 

the plate as the cells remain adhered to the bottom of the wells. The dilutions of the 

synthesized compounds prepared in prior are added along with fresh media into the wells in 

triplicates. Control is treated with DMSO alone. Letrozole drug was used as the positive 

control. Each drug is tested with 1000, 100, 10 and 1 nM dilutions. The plate was Incubated 

for 24 hrs at 37° C with 5 % CO2. 100 µl fresh media was added and incubates it for another 

24 hrs. After 48 hours and 72 hours incubation period of the 96 well plates, treatment was 

given. MTT (5mg/ml) is added in all the wells except blank wells. The 96 well plates were 

incubated again at 37°C for 4 hours in 5% CO2 with covered aluminum foil. The formation of 

blackish-purple crystals is expected. The media was decanted from all the wells. 50 µl of 

DMSO and methanol (1:1) was added and in each well and incubate it for 15 minutes. The 

plates were subjected for UV-Visible spectroscopy at 370 nM using SpectraMax iD3 reader. 

Total 5 drugs and a control (Letrozole) were tested per each 96 well plate (Figures 8.13-8.16 in 

chapter 8). 

3. ADMET computation 

ADMET stands for Absorption, Distribution, Metabolism, Excretion and Toxicity. The 

prediction of the ADMET properties plays an important role in the drug design process. All 

the derivatives were subjected for computational ADME prediction using SwissADME tool. 
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The SwissADME tool helps to evaluate physicochemical properties, pharmacokinetics, drug-

likeness of small molecules.  The BOILED-Egg, iLOGP and Bioavailability Radar were 

obtained for every compound. 

 

FIGURE 5.7. BOILED-Egg plot of Letrozole (Molecule 1) 

BOILED-Egg plot: HIA is the passive gastrointestinal absorption (HIA) depicted in white 

region. BBB is the yolk region. The drug nature is the function of the position of the molecules 

in the WLOGP-versus-TPSA (topological polar surface area) referential. The white region is 

for high probability of passive absorption by the gastrointestinal tract, and the yellow region 

(yolk) is for high probability of brain penetration. Yolk and white areas are not mutually 

exclusive. The points coloured in blue if predicted as actively effluxed by P-glycoprotein 

(PGP+) and in red if predicted as non-substrate of P-gp (PGP-). Letrozole is showed in red 

spot (non-substrate of P-gp). 
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FIGURE 5.8. SwissADME Bioavailability Radar of Letrozole. 

The Bioavailability Radar gives a first glance at the drug-likeness of a molecule. The pink area 

represents the optimal range for each properties (lipophilicity: XLOGP3 between −0.7 and 

+5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and 130 Å2, 

solubility: log S not higher than 6, saturation: fraction of carbons in the sp3 hybridization not 

less than 0.25, and flexibility: no more than 9 rotatable bonds. 

The oral toxicity prediction was carried out for all the compounds using admetSAR - 2.0. The 

compounds were submitted in SMILES file format for the computation. The bar depicts the 

oral toxicity class in 6 different ranges represented in red to green colour range. The prediction 

probability is caluculated under different classifications of targets like hepatotoxicity, 

carcinogenicity, immunotoxicity, mutagenicity, cytotoxicity, interation with receptors like 

Aryl hydrocarbon receptor, androgen receptor, Aromatase, estrogen receptor alpha, 

peroxisome proliferation activated receptor gamma (PPAR-Gamma), response to stress 

reponse pathways like heat shock response element (HSE), mitochondrial membrane potential 

(MMP), phosphoprotein p53 etc. class 6 represented with green colour indicates leat oral 

toxicity of the input compound and class 4 is represented in yellow indicates acceptable oral 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5335600/#b3
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toxicity and class 1 is represented in red represents highly oral toxic compound. The results 

and discussion of the important compounds were presented in Chapter 8 (Results and 

Discussion) and the other compounds data in supplmentary.  

4. Pharmacophore based docking  

The x-ray crystallographic structure of aromatase (PDB: 3S7S) was taken from www.rcsb.org. 

60 Docking were performed on Schrodinger Suite maestro 10. The thiadiazole derivatives 

along with reference drugs Exemestane, Letrozole and anastrazole docking scores are 

presented in Table 8.4. The molecular structures of all the derivatives and reference drugs were 

drawn using Chem Draw Ultra software. These structures are then saved in MDL Molfile 

format. The aromatase (PDB: 3S7S) is prepared by removing the existing ligand exemestane, 

water molecules and the active site is stabilized. The ligands were then subjected to ligprep to 

generate suitable conformers based on the given parameters. In ligprep, the panel includes 

relative potential energy, chirality, ionization, tautomer probability, conformations. Then a 

grid is generated at the active site of aromatase protein (PDB code: 3S7S). The prepared 

ligands are then subjected to glide-dock. All the ligands that fit the active site with good 

docking score give the effectiveness of the ligand.  
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CHAPTER – 6 

Experimental Section 

1. Field of invention  (Formula-1, Formula-1a, Formula-1b)  

The present invention relates generally to 5-((1-methyl-1H-benzo[d]imidazol-5-yl)(4-

substitutedphenyl)methyl)-1,3,4-thiadiazol-2-amine compounds, pharmaceutical compositions 

comprising the compounds, intermediates and synthetic methods of making the compounds 

and/or use thereof to treat cancer.  

 

 

 

FIGURE 6.1. Title compounds (Formula-1, Formula-1a and Formula-1b) 

 

2. Background of the invention 

An extraordinary exhibit of nitrogen containing heterocyclic rings was by and large widely 

investigated for their useful adaptability in the field of medicine particularly in anticancer 

research. Among a few nitrogen-containing heterocyclics, 1,3,4-thiadiazoles were expansively 

contemplated since quite a few years because of their outstanding pharmacological 
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applications like diuretic, antimicrobial, pain relieving, antihelmintic, and numerous others 

apart from potential anticancer activity.  

The 1,3,4-Thiadiazole is a five membered heterocyclic ring containing a sulfur atom and two 

sp2 nitrogens. The sulfur molecule grants improved liposolubility. The mesoionic nature i.e., 

particular areas of positive and negative charges that are exceedingly polarizable with a net 

neutral electrons on the ring is the remarkable property of the thiadiazole ring. This property 

improves the pharmackinetics of the compound. The thiadiazole crosses phospholipid bilayer 

of the cell and interacts with biological targets with particular affinity. Recently, 1,3,4-

thiadiazole was observed to be a promising framework for its anticancer activity against 

different cancer cell lines, repressing diverse biological targets. Filanesib; a 1,3,4-thiadiazoles 

derivative, was endorsed by the FDA as a potential drug for treating multiple myeloma. The 

molecular hybridization is one of the rationale approaches in exploration of potential 

anticancer drug. 1,3,4-thiadiazole, when outfitted with other heterocyclic scaffolds, has shown 

improved anticancer properties. Benzimidazole is one such promising Pharmacophore with 

wide range of pharmacoloical activities like H1-receptor antagonists like Astemizole, proton 

pump inhibitors like Esomeprazole, β-tubulin binding inhibitors Mebendazole. Reseaarchers 

elsewhere also studied the antimicrobial, antiviral, anti-inflammatory, analgesic, antidiabetic 

activities besides potential anticancer activity [200-216].  The molecular hybrids of 5-

substituted-1,3,4-thiadiazoles connected with N-methylbenzimidazoles were tested for in-vitro 

anticancer activity.  

 

3. Prior art 

US 7,705,159 B2 entitled PROCESS FOR THE PREPARATION OF LETROZOLE [227] 

describes about high-yield process for the preparation of letrozole having a high purity, 

without the need for removal of the 4-1-(1,3,4-triazolyl)methylbenzonitrile impurity at the 

intermediate stage. The invention also provides a process for the synthesis of letrozole 

(compound A) in which formation of the impurity 4-1-(1,3,4-triazolyl)methylbenzonitrile 

during the first stage is minimized. In the process, a 4-(halomethyl)benzonitrile is reacted with 

a salt of 1H-1,2,4-triazole, reducing the formation of the impurity. Preferably, the preparation 

is conducted as a one-pot process. 
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US 8802053 B2 entitled RADIO-METHYL VOROZOLE AND METHODS FOR MAKING 

AND USING THE SAME [228]; explains the Radiotracer Vorozole compounds for in vivo 

and in vitro assaying, studying and imaging cytochrome P450 aromatase enzymes in humans, 

animals, and tissues and methods for making and using the same (compound B). N-radio-

methyl Vorozole substantially separated from an N-3 radio-methyl isomer of Vorozole was 

provided. Separation is accomplished through use of chromatography resins providing 

multiple mechanisms of selectivity.  

 

 

WO2015033301A1 entitled "1,3,4-oxadiazole and 1,3,4-thiadiazole derivatives as 

immunomodulators" [229] describes about 1,3,4-thiadiazole compounds (C) as therapeutic 

agents capable of inhibiting the programmed cell death 1 (PD1) signalling pathway for the 

immunomodulator  activity against several disorders comprising inhibition of of 

immunosuppressive signal induced due to PD-1, PD-L1, or PD-L2.  

 

WO2017093301A1 entitled "1,3,4-thiadiazole compounds and their use in treating cancer" 

describes 1,3,4-thiadiazole derivative (D) as antiproliferative agent in the prevention or 

treatment of tumours which are sensitive to inhibition of inhibit glutaminase, e.g., GLS1. 
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US2799683A entitled "Preparation of 2-amino-5-alkyl-1, 3, 4-thiadiazoles" [230] discloses 

process for preparing a 2-amino-1,3,4-thiadiazole which comprises heating thiosemicarbazide 

with at least about a stoicometric quantity of an alkanoic acid in the presence of at least about 

2 parts of polyphosphoric acid per part of thiosemicarbazide. 

 

US3682942A entitled “Preparation of 2-(2-amino-1,3,4-thiadiazol-5-yl)-1-substituted-5-

nitroimidazoles” [231] describes Methods of preparing 2-(2-amino-1,3,4-thiadiazol-5-yl)-

1substituted-5-nitroimidazoles (E) from 1-substituted-2-cyano-5nitroimidazoles by reaction 

with thiosemicarbazide and a strong acid. The products produced are useful for the control of 

bacterial, parasitic and protozoal infections in poultry and animals.  

 

 

 

US 20140121383A1 entitled “PROCESS FOR THE PREPARATION OF BENDAMUSTINE 

HYDROCHLORIDE” [232] Foreign Application Priority Data presents the improved process 

for the synthesis of bendamustine (F), in particular, bendamustine hydrochloride and its 

intermediate 1-Methyl-5-bis(2-chloroethyl)amino)-1H-benzimidazol-2-yl) lithium butanoate of 

formula, both having a purity of >99%, which is simple, convenient, economical, does not use 

hazardous chemicals and industrially viable. 
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4. Objectives of the invention 

 

 Main object of the present invention is to provide compounds of general formula I or 

pharmaceutically acceptable salts or isomers thereof which are useful as anticancer 

agents. 

 Another objective of the invention is to provide processes of preparation of compounds 

of general formula I or pharmaceutically acceptable salts or isomers thereof useful as 

anticancer agents. 

 Yet another objective of the invention is to use of a compound according to any one of 

formula (I) or pharmaceutically acceptable salts or isomers thereof for the manufacture 

of a medicament for the treatment of cancer. 

 

5. Statement of the invention 

A compound represented by General Formula: 

 

Wherein Formula I, Formula-1a and Formula-1b:  

X is selected from the group consisting of: 

H, Cl, F, Br, NO2, NH2, CN, CH3, OCH3, OH 
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Wherein the representative compounds comprising derivatives and their respective 

intermediates thereof 

Derivatives of Formula-1 or Sch. 5 & 6 (11-20). 

5-((1-methyl-1H-benzo[d]imidazol-5-yl)(phenyl)methyl)-1,3,4-thiadiazol-2-amine (11) 

5-((4-chlorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine  

(12) 

5-((4-fluorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine (13) 

5-((4-bromophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

(14) 

5-((1-methyl-1H-benzo[d]imidazol-5-yl)(4-nitrophenyl)methyl)-1,3,4-thiadiazol-2-amine (15) 

5-((1-methyl-1H-benzo[d]imidazol-5-yl)(p-tolyl)methyl)-1,3,4-thiadiazol-2-amine (16) 

5-((4-methoxyphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

(17) 

4-((5-amino-1,3,4-thiadiazol-2-yl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)benzonitrile 

(18) 

5-((4-aminophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine (19) 

4-((5-amino-1,3,4-thiadiazol-2-yl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)phenol (20) 

Derivatives of Intermediates (Formula-1a) or Sch. 5 (1-10) 

methyl 2-(1-methyl-1H-benzo[d]imidazol-5-yl)-2-phenylacetate (1) 

methyl 2-(4-chlorophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (2) 

methyl 2-(4-fluorophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (3) 

methyl 2-(4-bromophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (4) 

methyl 2-(1-methyl-1H-benzo[d]imidazol-5-yl)-2-(4-nitrophenyl)acetate (5) 

methyl 2-(4-aminophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (6) 
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methyl 2-(4-cyanophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (7) 

methyl 2-(1-methyl-1H-benzo[d]imidazol-5-yl)-2-(p-tolyl)acetate (8) 

methyl 2-(4-methoxyphenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (9) 

methyl 2-(4-hydroxyphenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (10) 

Derivatives of intermediates (Formula-1b)/ Sch. 6 (1-10) 

tert-butyl(5-((1-methyl-1H-benzo[d]imidazol-5-yl)(phenyl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (1) 

tert-butyl(5-((4-chlorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (2) 

tert-butyl(5-((4-fluorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (3) 

tert-butyl(5-((4-bromophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (4) 

tert-butyl(5-((1-methyl-1H-benzo[d]imidazol-5-yl)(4-nitrophenyl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (5) 

tert-butyl(5-((4-aminophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (6) 

tert-butyl(5-((4-cyanophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (7) 

tert-butyl(5-((1-methyl-1H-benzo[d]imidazol-5-yl)(p-tolyl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (8) 

tert-butyl (5-((4-methoxyphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-

2-yl)carbamate (9) 

tert-butyl (5-((4-hydroxyphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-

2-yl)carbamate (10) 
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5.1. Brief description of the accompanying drawings 

FIG. 1a, b: Shows schematic representation of synthesis of 5-((1-methyl-1H-

benzo[d]imidazol-5-yl)(4-substitutedphenyl)methyl)-1,3,4-thiadiazol-2-amine derivatives. 

 

Scheme 5 

 

Legend: d, n-Butyllithium, CuI, THF/Dioxane, 70-90 °C; e, Thiosemicarbizide, POCl3, H2O 
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Derivatives of Formula-1a 

 

FIGURE6.2. Reactions of Formula-1a derivatives; d, n-Butyllithium, CuI, THF/Dioxane, 70-

90 °C, Inert conditions; 
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FIGURE 6.3. Derivatives of Sch. 5/6 (11-20) 
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Scheme 6 

 

Legend: e, POCl3, Thiosemicarbazide, H2O, reflux; f, Boc2O, DMAP (4-

Dimethylaminopyridine), THF, 70°C; g, Potassium t-butoxide, CuI, DMF, 120-150°C; h, 

K2CO3, CH3OH, 65-70 °C. 
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FIGURE6.4. Reactions of Formula-1b  derivatives / Sch. 6 (1-10);g, Potassium t-butoxide, 

CuI, DMF, 120-150°C; 
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Patent being filed on title “New 5-((1-methyl-1h-benzo[d]imidazol-5-yl)(4-substitutedphenyl)methyl)-1,3,4-thiadiazol-2-amine 

derivatives and preparation thereof” 

 

 

FIGURE6.5. General routes of synthesis of Formula-1 (Scheme 5 & 6)
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Scheme-5 

Synthesis of Formula-I derivatives via n-butyl lithium catalyzed C-C coupling reaction 

5.2. Reagents and Conditions for synthesis of Formula-1a derivatives 

All the above mentioned reactions were refluxed for 3-12 h at 60-120 °C.Where, derivatives of 

I; where X is H, Cl, F, Br, NO2, NH2, CN, CH3, OCH3, OH that represents following list of 

acetate derivatives (I): 1) methyl 2-phenylacetate 2) methyl 2-(4-chlorophenyl)acetate 3) 

methyl 2-(4-fluorophenyl)acetate 4) methyl 2-(4-bromophenyl)acetate  5) methyl 2-(4-

nitrophenyl)acetate 6) methyl 2-(4-aminophenyl)acetate 7) methyl 2-(4-cyanophenyl)acetate 8) 

methyl 2-(p-tolyl)acetate  9) methyl 2-(4-methoxyphenyl)acetate 10) methyl 2-(4-

hydroxyphenyl)acetate, which were treated with compound III in presence of dipolar aprotic 

solvent, CuI, n-Butyllithium  with 1 bar pressure of Nitrogen (d). 

5.3. Reagents and conditions for synthesis of Formula-1 from Formula-1a 

All the above mentioned reactions were performed under reflux conditions at 90-120 oC; 

where thiosemicarbazide, phosphorus oxychloride and water (e) were treated with derivatives 

of Formula-1a to yield respective products of formula-1/ Sch. 5(11-20).  
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Scheme-6:

 

Synthesis of Formula-1 via Letrozole synthesis method using Boc 

5.4. Reagents and Conditions for synthesis of Compound V derivatives 

All the above mentioned reactions were refluxed for 3-12 hours at 70-110 °Cwhere list of 

derivatives of general formula (compound IV); 1) 2-phenylacetic acid, 2) 2-(4-

chlorophenyl)acetic acid, 3) 2-(4-fluorophenyl)acetic acid, 4) 2-(4-bromophenyl)acetic acid, 5) 

2-(4-nitrophenyl)acetic acid, 6) 2-(4-aminophenyl)acetic acid, 7) 2-(4-cyanophenyl)acetic acid, 

8) 2-(p-tolyl)aceticacid, 9) 2-(4-methoxyphenyl)acetic acid, 10) 2-(4-hydroxyphenyl)acetic 

acid; were treated with thiosemicarbazide, phosphorus oxychloride with water (e). 

Reagents and conditions for synthesis of compound VI: All the above mentioned reactions 

were performed under reflux conditions at 70-90 oC for 10-16 hours; where derivatives of V 

were refluxed with Boc2O, DMAP (4-Dimethylaminopyridine) (f) to obtain respective 

derivatives of VI. 

5.5. Reagents and conditions for synthesis of Formula-1b derivatives 

All the above mentioned reactions were refluxed for 6-12 h at 120-150 °C under controlled 

pressure of 1 bar nitrogenwhere derivatives of VI were treated with compound III in the 

presence of Potassium t-butoxide, CuI and dipolar aprotic solvent like DMF/THF/acetonitrile 

(g) to give derivatives of Formula-1b / Sch. 6 (1-10) .   

 



 

Chapter-6                                                                                                     Experimental Section 

 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
122 

 

5.6. Reagents and conditions for synthesis of Formula-1 derivatives from Formula-1b 

derivatives 

All the above mentioned reactions were refluxed for 6-18 hours at 55-110 °C where 

derivatives of Formula-1b were heated with dilute HCl and DMF/Toulene/THF or K2CO3 and 

CH3OH (h) to obtain derivatives of Formula-1 / Sch. 6 (11-20). 

 

FIGURE 6.6. Derivatives of Formula-1 
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6. Detailed description of the invention 

The embodiment of the present invention is in relation to derivatives of 5-((1-methyl-1H-

benzo[d]imidazol-5-yl)(4-substitutedphenyl)methyl)-1,3,4-thiadiazol-2-amine of formula I. 

 

Wherein formula I:  

X is selected from the group consisting of: 

H, Cl, F, Br, NO2, NH2, CH3, OCH3, CN, OH 

Wherein the representative compounds comprising derivatives and their respective 

intermediates thereof 

Derivatives of Formula-1 

5-((1-methyl-1H-benzo[d]imidazol-5-yl)(phenyl)methyl)-1,3,4-thiadiazol-2-amine (11) 

5-((4-chlorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine  

(12) 

5-((4-fluorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine (13) 

5-((4-bromophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

(14) 

5-((1-methyl-1H-benzo[d]imidazol-5-yl)(4-nitrophenyl)methyl)-1,3,4-thiadiazol-2-amine (15) 

5-((1-methyl-1H-benzo[d]imidazol-5-yl)(p-tolyl)methyl)-1,3,4-thiadiazol-2-amine (16) 

5-((4-methoxyphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

(17) 

4-((5-amino-1,3,4-thiadiazol-2-yl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)benzonitrile 

(18) 
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5-((4-aminophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine (19) 

4-((5-amino-1,3,4-thiadiazol-2-yl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)phenol (20) 

Derivatives of Intermediates (Formula-1a) Sch. 5 (1-10) 

methyl 2-(1-methyl-1H-benzo[d]imidazol-5-yl)-2-phenylacetate (1) 

methyl 2-(4-chlorophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (2) 

methyl 2-(4-fluorophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (3) 

methyl 2-(4-bromophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (4) 

methyl 2-(1-methyl-1H-benzo[d]imidazol-5-yl)-2-(4-nitrophenyl)acetate (5) 

methyl 2-(4-aminophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (6) 

methyl 2-(4-cyanophenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (7) 

methyl 2-(1-methyl-1H-benzo[d]imidazol-5-yl)-2-(p-tolyl)acetate (8) 

methyl 2-(4-methoxyphenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (9) 

methyl 2-(4-hydroxyphenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (10) 

Derivatives of intermediates (Formula-1b) / Sch. 6 (1-10) 

tert-butyl(5-((1-methyl-1H-benzo[d]imidazol-5-yl)(phenyl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (1) 

tert-butyl(5-((4-chlorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (2) 

tert-butyl(5-((4-fluorophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (3) 

tert-butyl(5-((4-bromophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (4) 
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tert-butyl(5-((1-methyl-1H-benzo[d]imidazol-5-yl)(4-nitrophenyl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (5) 

tert-butyl(5-((4-aminophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (6) 

tert-butyl(5-((4-cyanophenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (7) 

tert-butyl(5-((1-methyl-1H-benzo[d]imidazol-5-yl)(p-tolyl)methyl)-1,3,4-thiadiazol-2-

yl)carbamate (8) 

tert-butyl (5-((4-methoxyphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-

2-yl)carbamate (9) 

tert-butyl (5-((4-hydroxyphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-

2-yl)carbamate (10) 

The embodiment of the present invention is in relation to a processes for preparation of 

specific derivatives of 5-((1-methyl-1H-benzo[d]imidazol-5-yl)(4-substitutedphenyl)methyl)-

1,3,4-thiadiazol-2-amine of Formula-I, 

 

 

6.1.Process-1: Scheme 5 

step-1: The synthesis of 5-bromo-1-methyl-1H-benzo[d]imidazole (III) was adopted based on 

methods developed by Kstritzky et al [233]. A solution of 4-bromobenzene-1,2-diamine and 

formic acid (2X molar ratio) was refluxed for three hours. The reaction mixture was poured 

into ice cold water and neutralized with 10 % NaOH solution. The resulted product (5-bromo-

2,3-dihydro-1H-benzo[d]imidazole) was filtered and dried for N-methylation reaction. 5-
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bromo-2,3-dihydro-1H-benzo[d]imidazole was refluxed in anhydrous condition using dry 

acetone (200ml), anhydrous potassium carbonate and methyliodide for N-methylation. The 

product formed after rotary evaporation was recrystalised in ethanol and 5-bromo-1-methyl-

1H-benzo[d]imidazole (III) was separated by fractional crystallization [234]. 

 

Step-2: The 5-bromo-1-methyl-1H-benzo[d]imidazole (III) reacted with appropriate methyl 2-

(4-substitutedphenyl)acetate (I) in the presence of n-Butyllithium, CuI, THF/Dioxane, at 70-

90°C for 6-12 h under 1 bar nitrogen pressure to give respective derivatives of Formula-1a / 

Sch. 5 (1-10) [235].  

Note: All the methyl 2-(4-substitutedphenyl)acetate (I) derivatives were obtained by Fischer 

esterification of their respective acid derivatives. 

 

Step-3: The derivatives of Formula-1a/ Sch. 5 (1-10) were treated with thiosemicarbizide, 

POCl3 and refluxed with water to give respective derivatives of Formula-1 / Sch. 5 (11-20) 

[224]. 

 

6.2.Process-2: Scheme 6 

Step-1: 2-(4-substitutedphenyl)acetic acid were treated with thiosemicrbazide and POCl3 

followed by reflux with water at 70-110°C gives respective derivatives of V [224].  

 

Step-2: The derivatives of V were refluxed with Boc2O, DMAP (4-Dimethylaminopyridine), 

THF, 70-90°C for 10-16 hours to give the respective derivatives of VI [236].  

 

Step-3: The derivatives of VI were treated with compound III in the presence of Potassium t-

butoxide, CuI, DMF, at 120-150°C for 6-12 h under controlled pressure of 1 bar Nitrogen to 

give respective derivatives of Formula-1b / Sch. 6 (1-10) [235, 237];  

 

Step-4: The derivatives of Formula-1b were heated with dilute HCl and DMF/Toulene/THF 

or K2CO3 and CH3OH, at 65-70°C for 6-18 h to obtain respective derivatives of Formul-1 / 

Sch. 6 (11-20). 
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The embodiment of the present invention is in relation to a compound for treating cancer, to 

compositions containing these compounds and to the method of using the compounds to treat 

cancer. In particular, the compounds of the present invention are for the treatment of cancer. 

 

General procedure for synthesis of Formula-1a derivatives: All the above mentioned 

reactions were refluxed for 3-12 hours at 60-120 °Cwhere derivatives of compound I; a) 

methyl 2-phenylacetate b) methyl 2-(4-chlorophenyl)acetate c) methyl 2-(4-

fluorophenyl)acetate d) methyl 2-(4-bromophenyl)acetate  e) methyl 2-(4-nitrophenyl)acetate 

f) methyl 2-(4-aminophenyl)acetate g) methyl 2-(4-cyanophenyl)acetate h) methyl 2-(p-

tolyl)acetate  i) methyl 2-(4-methoxyphenyl)acetate j) methyl 2-(4-hydroxyphenyl)acetate, 

were treated with compound III in presence of dipolar aprotic solvent, CuI and 1 bar pressure 

of Nitrogen. The obtained product were evaporated and purified by column chromatography. 

 

General procedure for the synthesis of 5-((4-substitutedphenyl)(1-methyl-1H-

benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine derivatives (Formula-1). 

methyl 2-(4-substitutedphenyl)-2-(1-methyl-1H-benzo[d]imidazol-5-yl)acetate (0.1 M) was 

added to round bottom flask containing thiosemicarbazide (0.1 M).Phosphorous oxytrichloride 

(5 mL) was added slowly and the reaction was refluxed for 2 hours. Then the reaction mixture 

was cooled to room temperature. Water (10-20 mL) was added to the reaction mixture and 

stirred with a glass rod before refluxing it again for 4-6 hours. After the reflux, the reaction 

mixture was filtered and the filtrate was neutralized with 10% potassium hydroxide solution. 

The precipitate was filtered off and recrystallized from ethanol.  

 

General procedure for synthesis of Compound V derivatives: All the above mentioned 

reactions were refluxed for 3-12 h at 70-110°Cwhere derivatives of general formula of 

compound IV; a) 2-phenylacetic acid b) 2-(4-chlorophenyl)acetic acid c) 2-(4-

fluorophenyl)acetic acid d) 2-(4-bromophenyl)acetic acid e) 2-(4-nitrophenyl)acetic acid f) 2-

(4-aminophenyl)acetic acid g) 2-(4-cyanophenyl)acetic acid h) 2-(p-tolyl)acetic acid i) 2-(4-

methoxyphenyl)acetic acid j) 2-(4-hydroxyphenyl)acetic acid, were treated with 

thiosemicarbazide, phosphorus oxychloride and water to obtain respective derivatives. The 

obtained products were recrystalized by using suitable solvent.  



 

Chapter-6                                                                                                     Experimental Section 

 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
128 

 

 

General procedure for synthesis of compound VI: All the above mentioned reactions were 

performed under reflux conditions at 70-90 oC for 10-16 hours; where derivatives of V were 

refluxed with Boc2O, DMAP (4-Dimethylaminopyridine) to obtain respective derivatives of 

VI.  

 

General procedure for synthesis of Formula-1b derivatives: All the above mentioned 

reactions were refluxed for 6-12 h at 120-150 °C under controlled pressure of 1 bar 

nitrogenwhere derivatives of VI were treated with compound III in the presence of Potassium 

t-butoxide, and dipolar aprotic solvent like DMF/THF/acetonitrile to give derivatives of 

Formula-1b/Sch.6 (1-10).   

 

General procedure for synthesis of Formula-1 derivatives from Formula-1b derivatives: 

All the above mentioned reactions were refluxed for 6-18 h at 55-110 °C where derivatives of 

Formula-1b were heated with dilute HCl and DMF/Toulene/THF or K2CO3 and CH3OH to 

obtain derivatives of Formula-1/ Sch. 6 (11-20). 

 

Complete detail information of this research work is not revealed as it is being filed for Indian 

patent.  
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CHAPTER – 7 

Experimental Section 

1. Design and Synthesis of Radiolabeled Heterocycles as Aromtase 

Inhibitors 

In recent years, a series of promising therapeutic targets were found and extensively studied 

for the treatment of cancer, such as chemokine receptors, tumour specific antigen targeting 

antibodies, androgen receptor, epidermal growth factor receptor (EGFR), poly ADP ribose 

polymerase (PARP), and vascular endothelial growth factor (VEGF), protein tyrosine kinases, 

phosphatases, proteases, PI3K/Akt signalling pathway, cycline dependent kinases (CDK) 

microRNAs (miRs) and long noncoding RNAs (lncRNAs) etc. However endocrine therapy 

remains the mainstay in the treatment of hormone dependent breast cancer and the estrogen 

receptor inhibitors, aromatase inhibitors still holds the key for effective treatment of breast 

cancer in postmenopausal women [238]. The drug Letrozole is still indispensable as first drug 

of choice in treating breast cancer because of its tumour selectivity and less side effects. The 

present work involves synthesis and characterization of Letrozole analogues, invitro studies 

against MCF-7 and HeLa cell lines. The potent letrozole analogues were conjugated with 

bifunctional chelating agent (para-thiocyanato-benzyl-1,4,7,10-tetraazacyclododecane-

1,4,7,10- tetraacetic acid) to chelate with Lu. The purpose of the transition metal Lu chelation 

with letrozole analogue is to selectively target breast tumour and the radioactivated 177Lu helps 

in tracing the drug pharmakokynatics and disease diagnosis and treatment.   

The recent development of 11C radiolabeling of non-steroidal aromatase inhibitors like 

Letrozole and vorozole as theranostic agents opened a new approach towards drug 

development research. Exploiting the selectivity of nonsteroidal aromatase inhibitors to 

aromatase enzyme, quite a few radiolabeled analogues in AIs were developed for the use of 
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enzyme-based cancer imaging agents by using biomedical imaging technique like PET, 

SPECT. The use of radiolabeling of AIs in detecting of aromatase over expressing primary 

tumors or metastasis in various organs could boost the research efforts in postmenopausal 

breast cancer treatment [157-161]. Bhabha Atomic Research Centre (BARC), India, has 

extensively studied on developing various radioactive ligands for delivering selectively to 

disease target site for effective radiotherapy. They have attached the radioligand to various 

drugs to enhance the drug action for synergistic effect as well as for diagnosis purposes. The 

note worthy mention of their achievements in this regard are development of therapeutic 

radiopharmaceuticals, namely, 177Lu-DOTA-TATE (DOTA-TATE = DOTA0-Tyr3-

Octreotate), 177Lu-EDTMP (EDTMP = Ethylenediamminetetramethylene phosphonic acid). 

177Lu-DOTA-TATE for peptide receptor radionuclide therapy (PRRT) using radiolabeled 

somatostatin analogues for patients with somatostatin receptor-positive tumors; 177Lu-

EDTMP for palliative care of painful skeletal metastasis, and 177Lu labeled Hyroxyapatite 

microparticles (HA) for arthritis treatment [162, 239-244]. Later Banerjee et al reported 177Lu 

labled estradiol-conjugate as radiotherapeutic agent to treat breast cancer [245]. 

In continuation of our research to bring out potent class of compounds to effectively cure 

breast cancer in women, a new challenge was taken up to develop radiolabeled heterocyclic 

compounds as selective aromatase inhibitors. The synthesized novel letrozole analogues were 

conjugated with bifunctional chelating agent (p-NCS-benzyl-DOTA) to chelate with transition 

metal Lu. The letrozole analogues were also studied for their direct complexing with LuCl3.   

 

2. Significance of the project in the context of current status 

Nonsteroidal AIs, bind entirely non-covalently and contain a heteroatom usually nitrogen that 

coordinates with the iron atom of the heme group which block the active site and inhibit the 

enzyme reversibly. The proposed chemotype and its derivatives which are analogous to 

Letrozole and vorozole binds the aromatase selectively. The difference in stearic arrangement 

of atoms and presence of chiral carbon in the proposed molecules provide more plausible 

explorations of the active site of aromatase and its amino acid interactions with the ligands. In 

other words, new alternate binding sites can be explored around the aromatase active site using 

the 3D QSAR and Molecular Docking studies which can be developed as the choice of drugs 
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in resistance breast cancer patients. The use of 177Lu in radiolabel chelating complex to 

conjugate with proposed molecules can be developed into anti-cancer agents. 

177Lu with its ideal nuclear characteristics [T1/2 = 6.71 d, Eb(max) = 497keV, Ec = 208keV 

(11%), 113keV (6.4%)] has been identified as the radioisotope of choice for therapeutic use in 

radiopharmaceutical preparations [170, 246-252].  

A careful survey of literature indicates that polyazamacrocycles are ideal BFCA for 

complexation with lanthanides. The advantages provided by macrocycles such as, 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) or its derivatives in forming 

thermodynamically stable complexes with 177Lu coupled with its high kinetic inertness, 

which constitutes a desirable feature for in vivo usage provide impetus to the choice of suitable 

DOTA derivative as the BFCA in the present study.17,18 The 177Lu labeled chelating complex 

(p-NCS-benzyl-DOTA) conjugates of letrozole analogues as a targeted agent for hormone 

dependent breast tumour.  

 

3. Rationale 

The estrogen dependent breast cancer in postmeanopausal women is over expressed by 

aromatae enzyme. The presence of SP2 Nitrogen in the heterocyclic ring like in 1,2,4-triazole 

of Letrozole is essential to selectively bind to Heme prosthetic group present in the aromatase 

active site.16 The proposed molecule resembles Letrozole and Vorozole. The SP2 Nitrogen is 

maintained in 1,3,4-thiadiazole of proposed molecule. The N-methylbenzimidazole, a slight 

modification to Vorozole’s N-methyl benztriazole moiety is made to explore the binding site 

of aromatase enzyme. The Amine functional group is added on second position of 1,3,4-

thiadiazole to conjugate the molecule with Lu or the bifunctional chelating agent. Letrozle, 

Vorozole and Aminoglutethimide have three rotational bonds. The similar 3 rotational bonds 

were adopted to the Letrozole analogues. 
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FIGURE 7.1. Rationale of Formula-1  

We propose studies of a new sub-family of compounds containing 2-amino-1,3,4-thiadiazole, 

1-methyl benzimidazole and 4-substituted phenyl fused to central chiral carbon as potential 

nonsteroidal aromatase inhibitors.  

We also emphasize the application of recent advances in developing aromatase inhibitors by 

using 3D QSAR, Molecular Docking studies. Attempting for the first time the radio labeled 

chelating complex conjugation technique to the non-steroidal aromatase inhibitors. 

4. Methodology 

4.1. In Silico studies 

We developed 3D QSAR pharmacophore model and then passed the library of proposed 

molecules and its analogues. The docking study of those compounds which show significant 

QSAR prediction and alignment were chosen for synthesis.  
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Scheme 7 

 

Synthesis of p-NCS-benzyl-DOTA-5-(4-substitutedbenzl)-1,3,4-thiadiazol-2-amine 

conjugates 
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Scheme 8 

 

4-substitutedphenyl-thyiadiazole-2-amine - Lu complex for treatment and diagnosis of 

breast cancer 

4.2. General procedure for the synthesize of Formula 1: 5-((4-substitutedphenyl)(1-

methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

A stirring mixture of (4-substitutedphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl) acetic 

acid (50 mmol), thiosemicarbazide(50 mmol) and phosphoryloxytrichloride (13 ml) to be 

heated at 75 0C for 4-6 hrs. After cooling down to room temperature, water has to be added. 

The reaction mixture will be refluxed for 4-8 h. After cooling, the mixture has to be basified to 

pH 8 by the drop wise addition of 50% NaOH solution under stirring. The precipitate has to be 

filtered and recrystallized from suitable solvent to yield the titled compound (Formula 1); 5-

((4-substitutedphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

 

FIGURE 7.2. Schematic representation of Scheme 5 
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4.3. Direct letrozole analogues chelation with Lanthanide Lu 

The Lu2O3 (0.00251 M)was dissolved in 0.1 N HCl by moderate heat and evaporate the 

solvent to dryness to get Lutetium chloride (LuCl3).The LuCl3 was then dissolved in 

chloroform (Lu2O3 is insoluble). The letrozole analogue (2 x equivalent of LuCl3) was 

dissolved in chloroform separately. The dissolved solution of letrozole analogue was then 

transferred to the LuCl3 containing solution. The mixture containing solution is subjected for 

ultra sonication for 30 minutes at 50°C and cooled to room temperature. The reaction mixture 

is then adjusted with phosphate buffer to 6-7 pH and kept at room temperature over night. The 

formation of complex and percentage yield was confirmed by the UV-Visible spectroscopy at 

240 nm and paper chromatography. 

4.4.Characterization of Lu labeled Letrozole analogues 

The paper chromatography was carried out as per the standard method mentioned by Banerjee 

et al [170]. The normal saline (0.9 % w/v aqueous NaCl) was prepared as mobile phase. The 

Lu-Letrozole analogue complex migrated towards the solvent front, and LuCl3 salt remained at 

point of spotting.  

UV visible spectrometric method was adopted from Achariya etal. The solvent used was 

chloroform [251]. 
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Scheme 9 

 

 

Step-1: Synthesis of p-NCS-benzyl-DOTA-5-((4-substitutedphenyl)(1-methyl-1H-

benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine conjugates; 

(p-NCS-benzyl-DOTA) = para-thiocyanato-benzyl-1,4,7,10-tetraazacyclododecane-

1,4,7,10- tetraacetic acid 
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Scheme 9 continued 

 

 

Step-2: Radiolabelling of p-NCS-benzyl-DOTA-5-((4-substitutedphenyl)(1-methyl-1H-

benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine conjugates with 177Lu 
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4.5. General procedure for radiolabelling of p-NCS-benzyl-DOTA-5-((4-

substitutedphenyl)(1-methyl-1H-benzo[d]imidazol-5-yl)methyl)-1,3,4-thiadiazol-2-amine 

conjugates with 177Lu 

Coupled product (300 µg) was dissolved in 0.2 mL of DMF , followed by the addition of 0.2 

mL of 0.1 M ammonium acetate buffer (pH 5.5) and 40 µL 177LuCl3 solution (100–200 MBq). 

The volume of the reaction mixture was made up to 1 mL using normal saline and its pH was 

adjusted to 5. Finally, the reaction mixture was incubated at 37 0C for 2 hours. 

5. The in vitro cell binding studies 

The cell uptake studies of the radiolabelled conjugates followed by a slight modification of the 

procedure described by Banerjee et al [170]. 

6. In-vivo assay 

In vivo studies: In vivo studies will be performed using MCF 7 induced tumor bearing nude 

mice model. 8-12 week-old female nude mice (Athymic Nude) will be maintained in 

controlled environment (24+ 20C, 50+ 10 % RH and a 12-12 h light/dark cycle). MCF-7 cell 

line (2-5 X 107 cells/site) is inoculated subcutaneously in both flanks of female nude mice. 

Growth rates will be determined by measuring tumor. Treatment and measurement procedures 

of aromatase activity in tumors grown in nude mice will be adopted from previously described 

method [252]. 

The development of these non-steroidal aromatase inhibitors by thoroughly well researched in 

silico studies before actual synthesis and safe and efficient usage of 177 Lu radio labeled 

chelating complex conjugates as tracers is an approach towards Green Chemistry and 

translational research.  

The detailed information regarding this project is not revealed as it is being filed for Indian 

patent.  
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CHAPTER – 8 

Results and Discussion  

1. Results and discussion of Chapter 4 

1. 3D QSAR  

3-point pharmacophore model ARR, with one hydrogen bond acceptor (A), and Two aromatic 

rings (R). The generated pharmacophore-based alignment hypothesis (Q2 = 0.785, 

RMSE = 0.528, Pearson R = 0.911, N = 34) was used to derive a predictive activity of 3D-

QSAR model for the training set and test set ( Table 8.1). 

Table: 8.1. 3D QSAR results of new chemotypes (compound 35-66) 

 

S.No. 

 

Ligand  

Predicted 

Activity 

Align 

Score 

Vector 

Score 

Volume 

Score Fitness 

       

1 35 0.8697 0.043914 0.923434 0.553571 2.440411 

2 36 -0.80296 0.256423 0.784339 0.442922 2.013576 

3 37 -0.80296 0.2564 0.784376 0.454333 2.025042 

4 38 -0.80296 0.256671 0.784165 0.457547 2.02782 

5 39 -0.80296 0.256245 0.78448 0.456471 2.027413 

6 40 0.737991 0.044625 0.923212 0.425 2.311024 

7 41 0.852453 0.043946 0.923415 0.563636 2.450429 

8 42 -0.73642 0.256497 0.784367 0.464115 2.034734 

9 43 -0.73642 0.25638 0.784372 0.460808 2.03153 

10 44 -0.70664 0.277472 0.772249 0.478673 2.019696 
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S.No. 

 

Ligand  

Predicted 

Activity 

Align 

Score 

Vector 

Score 

Volume 

Score Fitness 

       

11 45 0.800144 0.277472 0.772249 0.478673 2.019696 

12 46 -0.7974 0.043947 0.92334 0.570552 2.457269 

13 47 -0.7974 0.25642 0.784365 0.468599 2.03928 

14 48 -0.7974 0.256828 0.784019 0.454333 2.024329 

15 49 -0.76701 0.256095 0.784621 0.465228 2.036436 

16 50 0.965794 0.428475 0.805351 0.5075 1.955788 

17 51 -0.47892 0.066766 0.949119 0.566265 2.459746 

18 52 -0.81155 0.407089 0.839301 0.453488 1.953549 

19 53 -0.69853 0.407735 0.839245 0.447005 1.946471 

20 54 -0.59219 0.40921 0.839001 0.450935 1.948927 

21 55 0.633341 0.406863 0.834213 0.44213 1.93729 

22 56 -0.66154 0.066775 0.9491 0.583851 2.477305 

23 57 -0.654 0.417373 0.760761 0.459135 1.872085 

24 58 -0.654 0.407764 0.839176 0.455399 1.954771 

25 59 -0.654  0.407765 0.839127 0.46747 1.966792 

26 60 0.791436 0.4078 0.839162 0.472019 1.971348 

27 61 0.767623 0.044013 0.923331 0.561934 2.448587 

28 62 -0.61032 0.066866 0.949051 0.582043 2.475373 

29 Letrozole /21 1.602764 0.407723 0.8392 0.482587 1.982018 

30 63 0.030883 0.077382 0.950217 0.574675 2.460407 

31 64 0.368435 0.103676 0.998409 0.529126 2.441138 

32 65 -0.07238 0.044643 0.923126 0.435897 2.321821 

33 Vorozole/66 0.905842 0.103674 0.998411 0.533007 2.445023 

 

The visualized 3DQSAR model in the Workspace (Figure 3.8) is used to identify ligand 

features that contribute positively or negatively to the predicted activity. Letrozole is 

represented in this as prototype 3D QSAR model. The region of blue cubes at Cyano 

functional group of the ligand indicates the favorable environment for electron withdrawing 
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groups which affects the biological activity positively. The blue cubes on hydrogen bond 

acceptor region also indicate favorable environment to attach hydrogen bond acceptor atoms 

like Oxygen and Nitrogen which affects biological activity positively. The red cubes slightly 

away from the H-bond acceptor region indicate unfavorable environment to attach any 

functional groups which affects biological activity negatively. The representation of higher 

vector score values indicates prominent role of the vector features like acceptors, aromatic 

rings in the aligned structures. The volume score is based on the overlap of van der Waals 

models of the non-hydrogen atoms in each pair of structures. Thus the hydrogen bond acceptor 

(A) like oxygen or Nitrogen is essential for increasing the potency of the ligand (ligands 41 & 

50). Attaching any hydrophobic functional groups near hydrogen bond acceptor region (A) has 

resulted in negative predicted activity values (Table 8.1).  The extension of hydrogen bond 

acceptor (A) region with imidazo[2,1-B][1,3,4]thiadiazole or imidazo[2,1-B][1,3,4]oxadiazole  

ring resulted in decreased potency of the ligand which can be seen with the negative predicted 

activity values. However attachment of benzothiazole (aromatic) in this region influenced the 

biological activity positively (ligand 40) because of the degree of free rotation of bond on the 

nitrogen unlike fused heterocyclic rings.              

The proposed molecules in the 3D-QSAR results showed that ligands 41, 45 and 50 have good 

predicted activity (0.852453, 0.800144 and 0.965794 respectively) close to Vorozole. 

Letrozole showed far higher predicted activity (1.602764) as expected.  

1.2. Docking results 

Using Glide XP Visualizer on the maestro workspace, the ligand receptor interactions were 

enhanced by developing the active site surface mesh. One of the interesting finding is the 

aromatase receptor site shape. It looks typically like an Iodine flask. The L- phenylalanine 221, 

L-Valine 313 makes up the hydrophobic conical entrance to the active cite. L-Threonine 310, 

L-Serine 478 (negatively charged amino acids in red) forms the neck region and L-Aspartic 

acid 309 acts as a lid, allowing or preventing the substrate entering to the active cite.  

Methionine 374, L-Alanine 306, Valine 369, Valine 370, L-Leucine 372, Valine 373, L-

Tryptophan 224, Phenylalanine 134, L-Leucine 477 forms the hydrophobic conical body 

(amino acids in green). Heme prosthatic group (grey) forms the flat bottom of the flask which 

plays the critical role in providing electrons to the substrate for aromatization.   
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Figure 8.1. 2D & 3D Docking representation of reference drugs (Letrozole, Vorozole) and S-

isomers of new chemotypes (41, 45, 50, 60, 61). 

Legend: Orange (charged-negative); Violet (charged-positive); Green (hydrophobic); Grey (metal); 

Sky blue (polar); (S) = Sinister configuration  
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Letrozole 2D docking 

 

 

 

 

 

 

 

 

 

 

66 (S) / Vorozole 3D docking 
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66 (S) / Vorozole 2D docking 

 

 

 

 

 

 

 

 

 

 

41 (S) 3D docking 
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41 (S) 2D docking 

 

 

 

 

 

 

 

 

      

45(s) 3D docking 
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50 (s) 3D docking 

 

 

 

 

 

 

 

 

 

50 (S) 2 D docking image 
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60 (S) 3D Docking 

 

 

 

 

 

 

 

 

 

60 (S) 2D docking image 
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61(S) 2D docking  



  

Chapter-8                                                                                                     Results & Discussion  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
149 

 

All the ligands that fit the active site with good docking score gave the efficiency of the 

ligand. However other parameters like H bond interaction and interaction of the ligand with 

heme prosthetic group present at the active site confers the selectivity of ligand to aromatase. 

Hence the generated docking score was then interpreted using H-bond interactions and hetero 

atoms interaction with heme prosthetic group of aromatase active site, and other hydrophobic 

interactions with reference to the standard drugs Letrozole and Vorozole. 

Vorozole showed the higher docking score than Letrozole. Ligands 45(s) represented better 

docking score than Letrozole and Vorozole. However the H-Bond interactions of 45(s) with 

the amino acids at the active site varied with that of Letrozole and vorozole interactions. 

Letrozole and Vorozole Characteristically had H-bond interaction with MET 374 amino acid 

of aromatase.  Where as compound 41 (S), 45 (S) , 60 (S) and 61 (S) have showed good 

docking scores compared to the reference drugs and interestingly all of them have H-bond 

interaction with ASP 309 residue which is plays an important role in allowing substrate in and 

out of active site channel. Heme prosthetic group of aromatase involves in most of the Pi-Pi 

stacking interaction with nitrogen containing heterocyclic rings of the ligands.  

TABLE 8.2. Schrodinger suite maestro docking results of new non-steroidal chemo-types 

S.No. Ligand R/S Docking score H-Bond 3D Docking image (Figure 8.1.) 

1 21(Letrozole)  -5.806650 1; MET 374 21(Letrozole) 

2 66(Vorozole) S -6.793254 1; MET 374 66(Vorozole) 

3 41(S) S -5.712918 1; ASP 309 41(S) 

4 41(R)  R -4.982949 1; SER 478 - 

5 45(S) S -6.928581 1;ASP 309 45(s) 

6 45(R) R -6.609411 1; THR 310 - 

7 50(S) S -5.810653 1; MET 374 50(s) 

8 50(R)  R -5.008475 1; ALA 306 - 

9 60(S) S -6.218132 1; ASP 309 60(S) 

10 60(R) R -5.705738 1; THR 310 - 

10 61 (S) S -5.685033 1; ASP 309 61 (S) 
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We found that S configuration of all ligands showed better docking scores compared to their R 

counterparts (Table 8.2.). This indicates the S configuration of the ligands are mostly exposed 

to important binding interactions, that is MET 374, ASP 309 and Heme prosthatic group in the 

active site. Along with these the presence of Phenyl/aromatic functional group of ligands 

played an important role in hydrophobic interactions at the active site of aromatase. The 

docking results of R-configuration ligands presented that ARG 115, PHE 134, TRP 224 as the 

other important binding interactions of aromatase which are involved in a hydrophobic or Pi-Pi 

stacking interaction with Phenyl or aromatic functional group of the ligands. 

The ligands which have H-bond interaction with an amino acid like MET 374, THR 310, ASP 

309 also have Pi-Pi stacking interaction with heme prosthatic group as it can be observed in 

ligand 45(s) and 50(s). From the docking results of the research, we found that ligands like 41 

(S), 45 (s), 50 (S) which have primary amine functional group (-NH2) attached to 5 membered 

heterocyclic ring have H-bond interaction with ASP 309 and Heme prosthetic group.  

2. Results and Discussion of chapter 5 

2.1.Characterization of synthesized compounds 

The formation of phenylthiourea derivatives Sch.2 (13-35), was supported by a single weak 

band of secondary amine in the IR spectra ~ 3200 cm-1 and the absence of IR isothiocyanate 

band at 2000 – 2200 cm-1 corresponding to phenyl isothiocyanate. Further 1H NMR showed 

two broad peaks at δ ~9 and ~4 corresponding to two NH groups proved the formation of 

thiourea. A peak at δ180-170 ppm corresponding to >C=S in 13C NMR substantiated the 

formation of thiourea. The M+ ion peaks at respective molecular weights of the compounds in 

mass spectra further confirmed the synthesis. The 1-(5-substituted)-1,3,4-thiadiazol-2-yl-

benzo[d]thiazole-2-amine derivatives Sch.3 (35-58), showed IR absorption band at ~3300, 

~3100 and ~1500 cm-1. 1H NMR spectra revealed protons of –CH2, benzyl, at δ ~4.0 ppm 

singlet, and –CH, ethyl at 4.4 ppm as a quartet. Aromatic proton showed peaks at d 7.8–7.00 

ppm and a broad peak of –NH at δ ~9 ppm. 13C NMR gave important information to confirm 

cyclization of substituted thioureas to respective substituted 2-aminobenzo[d]thiazoles with a 

characteristic peak at 170–160 ppm for C-2. Mass spectra showed all the M+ ion peaks 

matching to the molecular weight of synthesized compounds. The formation of 2,6-

disubstituted imidazo[2,1-b][1,3,4]thiadiazoles, derivatives, Sch.4 (59-69) was indicated by 
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the absence of primary or secondary amine at ~3300 cm-1 in the IR spectra. The appearance of 

the imidazole proton (C-H) around δ ~8.00 in 1H NMR spectra also supported the synthesis of 

the new compounds. The 13C NMR and mass spectra of these compounds further substantiated 

the synthesis of these new molecules. 

2.2. Spectral information of Scheme-2 derivatives 

2.2.1. Sch.2 (13)  

IUPAC Name 1-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)-3-(4-fluorophenyl)thiourea; 

Method Spectral information 

IR  (KBr, cm-1) 3321 (2o-NH stretch), 3102(Ar-CH), 1582 (C=N), 1502 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

9.1 (s,1H, -NH), 6.4-7.3 (m, 8H, -Aryl-H), 4.1 (s, 1H,-NH), 3.8 (s, 2H –

CH2); 

13C NMR  

(DMSO); δ ppm  

178.9, 165.3, 162.7, 152.7, 140.3, 137.6,  129.4, 128.6, 124.5, 121.3, 

43.8; 

Mass (m/z) 378.27 

 

2.2.2. Sch.2 (14) 

IUPAC Name 1-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)-3-(3,4-

dichlorophenyl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3284 (2o-NH stretch), 3085(Ar-CH), 1603 (C=N), 1528 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.8 (s,1H, -NH), 6.4-7.6 (m, 7H, -Aryl-H), 4.0 (s, 1H,-NH), 3.9 (s, 2H –

CH2);  

13C NMR  

(DMSO); δ ppm  

180.2, 164.3, 152.3, 140.7, 138.4, 136.7,132.1, 129.2, 128.7, 127.5, 

124.2, 121.1, 44.2;  

Mass (m/z) 427.88 

 

 



  

Chapter-8                                                                                                     Results & Discussion  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
152 

 

2.2.3. Sch.2 (15) 

IUPAC Name 1-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

IR  (KBr, cm-1) 3184 (2o-NH stretch), 3023(Ar-CH-stretch), 1591(C=N- stretch),1538 

(C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.64 (s,1H, -NH), 7.96-7.27 (m, 9H, -Aryl-H), 4.59 (s, 1H –NH), 4.46 

(s, 2H,-CH2); 

13C NMR  

(DMSO); δ ppm  

166.5, 163.9, 144.8, 135.0, 134.8, 133.8, 132.3, 132.1, 131.0, 128.8, 

128.7,128.6, 127.4, 127.2, 124.5, 36.0;  

Mass (m/z) 361.0 

 

2.2.4.  Sch.2 (16)  

IUPAC Name 1-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)-3-(4-chlorophenyl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3245 (2o-NH stretch), 3118 (Ar-CH-stretch), 1652 (C=N- stretch), 1522 

(C=C); 

1H NMR  

(DMSO-d6) δ ppm 

8.64 (s,1H, -NH), 7.96-7.27 (m, 9H, -Aryl-H), 4.59 (s, 1H –NH), 4.46 

(s, 2H,-CH2); 

13C NMR  

(DMSO); δ ppm  

172.4, 162.8, 154.5, 140.2, 133.7, 129.4, 128.7, 128.3, 127.2, 37.5; 

Mass (m/z) 394.1 

 

2.2.5. Sch.2 (17) 

IUPAC Name 1-(5-(4-fluorobenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

IR  (KBr, cm-1) 3380 (2o-NH stretch), 3129 (Ar-CH-stretch), 1599 (C=N- stretch), 1547 

(C=C) 
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IUPAC Name 1-(5-(4-fluorobenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

1H NMR  

(DMSO-d6) δ ppm 

9.97 (s,1H, -NH), 7.70-7.07 (m, 9H, -Aryl-H), 4.15 (s, 1H,-NH), 3.99 

(s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

168.8, 156.8, 138.2, 137.0, 131.4, 130.5, 128.5, 128.3, 125.2, 34.5; 

Mass (m/z) 345.1  

 

2.2.6.  Sch.2 (18) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-fluorobenzyl)-1,3,4-thiadiazol-2-yl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3452 (2o-NH stretch), 3112(CH-stretch), 1656 (C=N), 1513 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.7 (s,1H, -NH), 7.6-6.5 (m, 8H, -Aryl-H), 4.1 (s, 1H,-NH), 3.94 (s, 

2H –CH2);  

13C NMR  

(DMSO); δ ppm  

178.3, 168.1, 161.8, 157.3, 141.6, 139.4, 137.7, 134.2, 130.4, 129.7, 

42.6;  

Mass (m/z) 378.02  

 

2.2.7. Sch.2 (19) 

IUPAC Name 1-(5-(4-bromobenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea  

Method Spectral information 

IR  (KBr, cm-1) 3280 (2o-NH stretch), 2989(CH-stretch), 1574 (C=N), 1509 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.12 (s,1H, -NH), 7.90-6.80 (m, 9H, -Aryl-H), 4.0 (s, 1H,-NH), 3.89 (s, 

2H –CH2);  

13C NMR  

(DMSO); δ ppm  

176.5, 167.7, 160.8, 140.7, 138.2, 136.6, 135.1, 132.5, 128.4, 126.3, 

120.7, 40.2; 

Mass (m/z) 405.97  
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2.2.8. Sch.2 (20) 

IUPAC Name 1-(5-(4-bromobenzyl)-1,3,4-thiadiazol-2-yl)-3-(4-chlorophenyl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3347 (2o-NH stretch), 3175(CH-stretch), 1649 (C=N), 1522 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

7.97 (s,1H, -NH), 7.86-6.57 (m, 8H, -Aryl-H), 4.1 (s, 1H,-NH), 3.85 (s, 

2H –CH2); 

13C NMR  

(DMSO); δ ppm  

183.6, 166.3, 157.9, 139.8, 136.2, 129.4, 128.6, 126.3, 124.9, 113.1, 

121.7, 51.6, 42.5, 40.2; 

Mass (m/z) 437.93 

 

2.2.9. Sch.2 (21) 

IUPAC Name 1-(5-(4-nitrobenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea  

Method Spectral information 

IR  (KBr, cm-1) 3314 (2o-NH stretch), 3165(CH-stretch), 1545 (C=N), 1422 (N=O), 921 

(N-O) 

1H NMR  

(DMSO-d6) δ ppm 

8.54-6.81 (m, 9H, -Aryl-H), 4.12 (s, 2H,-NH), 3.48 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

178.4, 167.4, 162.1, 157.53, 140.4, 138.7, 136.5, 132.9, 129.2, 127.6, 

124.8, 43.7;  

Mass (m/z) 371.03  

 

2.2.10.; Sch.2 (22) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-nitrobenzyl)-1,3,4-thiadiazol-2-yl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3274 (2o-NH stretch), 3052(CH-stretch), 1623 (C=N), 1507 (N=O), 954 

(N-O) 

1H NMR  8.12-6.58 (m, 8H, -Aryl-H), 4.25 (s, 2H,-NH), 3.51 (s, 2H –CH2); 
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IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-nitrobenzyl)-1,3,4-thiadiazol-2-yl)thiourea 

Method Spectral information 

(DMSO-d6) δ ppm 

13C NMR  

(DMSO); δ ppm  

176.6, 164.8, 156.2, 143.9, 141.7, 138.1, 136.6, 134.8, 129.2, 126.6, 

40.3;  

Mass (m/z) 405.01  

 

2.2.11. Sch.2 (23) 

IUPAC Name 1-(5-(4-methylbenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea  

Method Spectral information 

IR  (KBr, cm-1) 3341 (2o-NH stretch), 3024(CH-stretch), 1657 (C=N), 1475 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.14 (s,1H, -NH), 7.13 -6.42 (m, 9H, -Aryl-H), 3.98 (s, 1H,-NH), 3.48 

(s, 2H –CH2), 2.43 (s, 3H,-CH3); 

13C NMR  

(DMSO); δ ppm  

177.4, 165.5, 154.7, 142.6, 140.2, 138.4,  135.3, 133.1, 129.8, 128.5, 

44.3, 26.5;  

Mass (m/z) 340.08  

 

2.2.12. Sch.2 (24) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-methylbenzyl)-1,3,4-thiadiazol-2-yl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3328 (2o-NH stretch), 3016(CH-stretch), 1573 (C=N), 1458 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.09 (s,1H, -NH), 7.11 -6.57 (m, 8H, -Aryl-H), 4.04 (s, 1H,-NH), 3.80 

(s, 2H –CH2), 2.38 (s, 3H,-CH3); 

13C NMR  

(DMSO); δ ppm  

178.5, 164.3,  140.6, 138.7,  136.6, 135.4, 133.7, 133.2, 131.1,  129.8, 

128.7, 43.4, 26.5;  

Mass (m/z) 374.04.  
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2.2.13.  Sch.2 (25) 

IUPAC Name 1-(5-(1-(4-isobutylphenyl)ethyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

IR  (KBr, cm-1) 3270 (2o-NH stretch), 3108(CH-stretch), 1621 (C=N), 1517 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

10.41 (s,1H, -NH), 7.66-7.08 (m, 9H, -Aryl-H), 4.43-4.38 (q, 1H –CH), 

3.90 (s, 1H,-NH), 2.43, 2.41 (d, 2H,-CH2), 1.84-1.79 (m, 1H,-CH), 1.64, 

1.62 (d, 3H,-CH3), 0.84, 0.85(d,6H,-CH3);  

13C NMR  

(DMSO); δ ppm  

172.5, 169.0, 162.9, 140.3, 139.4, 137.7,  129.3, 128.7, 124.6, 124.0, 

123.0, 121.7, 44.1, 29.5, 22.0, 20.1;  

Mass (m/z) 397.30  

 

2.1.14. Sch.2 (26) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(1-(4-isobutylphenyl)ethyl)-1,3,4-thiadiazol-2-

yl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3285 (2o-NH stretch), 3130(CH-stretch), 1653 (C=N), 1589 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

9.72 (s,1H, -NH), 7.57-7.05 (m, 8H, -Aryl-H), 4.41-4.36 (q, 1H –CH), 

4.0 (s, 1H,-NH), 2.43, 2.41 (d, 2H,-CH2), 1.82-1.77 (m, 1H,-CH), 1.63, 

1.61 (d, 3H,-CH3), 0.91, 0.92(d, 6H,-CH3);  

13C NMR  

(DMSO); δ ppm  

179.9, 168.0, 157.3, 142.4, 139.6, 137.8,  129.5, 128.4, 127.1, 124.6, 

123.0, 44.5, 38.6, 29.4, 22.0, 20.1; 

Mass (m/z) 430.10  

 

2.2.15. Sch.2 (27) 

IUPAC Name 1-(5-benzhydryl-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

IR  (KBr, cm-1) 3451 (2o-NH stretch), 3193(CH-stretch), 1688 (C=N), 1537 (C=C) 
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IUPAC Name 1-(5-benzhydryl-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

1H NMR  

(DMSO-d6) δ ppm 

8.51(s,1H, -NH), 7.70-6.81 (m, 15H, -Aryl-H), 5.34 (s, 1H, -CH), 4.1 (s, 

1H,-NH)  

13C NMR  

(DMSO); δ ppm  

180.0, 168.2, 154.7, 143.8, 139.3, 137.9,  129.2, 128.4, 124.1, 123.0, 

121.7, 45.3;  

Mass (m/z) 402.17  

 

2.2.16.  Sch.2 (28) 

IUPAC Name 1-(5-benzyl-1,3,4-thiadiazol-2-yl)-3-(4-chlorophenyl)thiourea  

Method Spectral information 

IR  (KBr, cm-1) 3352 (2o-NH stretch), 2978(CH-stretch), 1655 (C=N), 1546 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.02 (s,1H, -NH), 7.36-6.56 (m, 9H, -Aryl-H), 3.98 (s, 1H,-NH), 3.80 

(s, 2H –CH2); 

13C NMR  

(DMSO); δ ppm  

178.8, 167.2, 152.8, 140.8, 138.6, 136.4,  129.1, 128.7, 125.9, 124.6, 

122.3, 44.6;  

Mass (m/z) 360.03  

 

2.2.17.  Sch.2 (29) 

IUPAC Name 1-(5-benzyl-1,3,4-thiadiazol-2-yl)-3-phenylthiourea 

Method Spectral information 

IR  (KBr, cm-1) 3452 (2o-NH stretch), 3177(CH-stretch), 1668 (C=N), 1543 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

7.90 (s,1H, -NH), 7.35-6.82 (m, 10H, -Aryl-H), 4.0 (s, 1H,-NH), 3.81 

(s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

174.3, 161.7, 158.5, 140.8, 138.2,  129.7, 128.3, 125.4, 124.8,  40.5;  

Mass (m/z) 326.07  
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2.1.18. Sch.2 (30) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-cyanobenzyl)-1,3,4-thiadiazol-2-yl)thiourea 

Method Spectral information 

IR  (KBr, cm-1) 3375 (2o-NH stretch), 3143(CH-stretch), 2245 (CN), 1656 (C=N), 1583 

(C=C)  

1H NMR  

(DMSO-d6) δ ppm 

8.14 (s,1H, -NH), 7.46-6.56 (m, 8H, -Aryl-H), 4.11 (s, 1H,-NH), 3.91 

(s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

180.2, 162.5, 154.3, 142.7, 139.1, 137.3,  134.8, 132.4, 130.7,  128.5, 

127.3, 118.6, 113.0, 41.5;  

Mass (m/z) 385.02  

 

2.2.19. Sch.2 (31) 

IUPAC Name 1-(5-(4-cyanobenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea  

Method Spectral information 

IR  (KBr, cm-1) 3315 (2o-NH stretch), 3128(CH-stretch), 2247 (CN), 1661 (C=N), 1588 

(C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.31 (s,1H, -NH), 7.76-6.82 (m, 9H, -Aryl-H), 4.0 (s, 1H,-NH),.3.85 (s, 

2H –CH2);  

13C NMR  

(DMSO); δ ppm  

179.7, 161.3, 154.2, 142.6, 139.8, 137.4,  134.6, 132.5, 130.3,  128.5, 

127.7, 118.2, 113.7, 41.6;  

Mass (m/z) 351.06 

 

2.2.20. Sch.2 (32) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(3-methoxybenzyl)-1,3,4-thiadiazol-2-

yl)thiourea  

Method Spectral information 

IR  (KBr, cm-1) 3408 (2o-NH stretch), 3123(CH-stretch), 1632 (C=N), 1548 (C=C) 
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IUPAC Name 1-(4-chlorophenyl)-3-(5-(3-methoxybenzyl)-1,3,4-thiadiazol-2-

yl)thiourea  

Method Spectral information 

1H NMR  

(DMSO-d6) δ ppm 

8.12 (s,1H, -NH), 7.24-6.57 (m, 8H, -Aryl-H), 4.1 (s, 1H,-NH), 3.94 (s, 

3H –CH3), 3.81 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

179.9, 162.3, 160.6, 157.6, 140.1, 139.4, 136.3, 130.5, 129.1, 128.7, 

126.2, 122.1, 116.2, 112.8, 55.8, 43.2;  

Mass (m/z) 390.04 

 

2.2.21. Sch.2 (33) 

IUPAC Name 1-(5-(3-methoxybenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea  

Method Spectral information 

IR  (KBr, cm-1) 3354 (2o-NH stretch), 3127(CH-stretch), 1651 (C=N), 1522 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.14 (s,1H, -NH), 7.70-6.71 (m, 9H, -Aryl-H), 4.0 (s, 1H,-NH), 3.94 (s, 

3H –CH3), 3.83 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

180.0, 162.5, 161.1, 157.3, 141.6, 139.4, 136.7, 130.2, 129.6, 128.8, 

126.4, 122.5, 116.3, 112.7, 55.3, 43.4;  

Mass (m/z) 356.08  

 

2.2.22.  Sch.2 (34) 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-methoxybenzyl)-1,3,4-thiadiazol-2-

yl)thiourea  

Method Spectral information 

IR  (KBr, cm-1) 3451 (2o-NH stretch), 3135(CH-stretch), 1663 (C=N), 1597 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.52 (s,1H, -NH), 7.24-6.87 (m, 8H, -Aryl-H), 4.1 (s, 1H,-NH), 3.92 (s, 

3H –CH3), 3.81 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

181.0, 164.4, 162.7, 157.9, 141.0, 139.4, 136.6, 130.1, 129.5, 128.4, 

126.7, 112.7, 55.8, 44.1;  



  

Chapter-8                                                                                                     Results & Discussion  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
160 

 

IUPAC Name 1-(4-chlorophenyl)-3-(5-(4-methoxybenzyl)-1,3,4-thiadiazol-2-

yl)thiourea  

Method Spectral information 

Mass (m/z) 390.04 

 

2.2.23. Sch.2 (35) 

IUPAC Name 1-(5-(4-methoxybenzyl)-1,3,4-thiadiazol-2-yl)-3-phenylthiourea  

Method Spectral information 

IR  (KBr, cm-1) 3232 (2o-NH stretch), 3081 (CH-stretch), 1559 (C=N), 1517 (C=C) 

1H NMR  

(DMSO-d6) δ ppm 

8.87 (s,1H, -NH), 7.65-6.87 (m, 9H, -Aryl-H), 4.07 (s, 1H,-NH), 4.00 

(s, 2H,-CH2), 3.97(s, 3H –OCH3);  

13C NMR  

(DMSO); δ ppm  

188.1, 168.7, 158.2, 158.1, 138.5, 137.7, 130.1, 129.8, 129.6, 128.7, 

128.4, 124.7, 123.5, 122.8, 121.8, 113.9, 54.9, 34.6;  

Mass (m/z) 356.15  

 

2.3. Spectral information of Scheme-3 derivatives 

2.3.1. Sch.3 (36) 

IUPAC Name N-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)-6-fluorobenzo[d]thiazol-2-

amine  

Method Spectral information 

IR  (KBr, cm-1) 3253 (NH-stretch), 2964 (Ar –CH), 1617 (C=N), 1543 (C=C);  

1H NMR  

(CDCl3) δ ppm 

9.70 (s, 1H –NH), 8.03-7.17 (m, 7H, -Aryl-H), 3.84 (s, 2H,-CH2);  

13C NMR  

(CDCl3) δ ppm  

172.3, 163.0, 158.4, 153.7, 148.5, 137.1, 135.3, 133.8, 131.4, 129.3, 

118.7, 114.4, 109.6, 43.3;  

Mass (m/z) 376.11  
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2.3.2.  Sch.3 (37) 

IUPAC Name 5,6-dichloro-N-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-

yl)benzo[d]thiazol-2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3289 (NH-stretch), 2962 (Ar –CH), 1635 (C=N), 1528 (C=C);  

1H NMR  

(CDCl3) δ ppm 

8.82 (s, 1H –NH), 8.18-7.17 (m, 6H, -Aryl-H), 3.81 (s, 2H,-CH2);  

13C NMR  

(CDCl3) δ ppm  

177.4, 164.7, 155.6, 148.2, 135.8, 133.2, 131.6, 130.3, 129.7, 124.5,  

40.8  

Mass (m/z) 427.94 

 

2.3.3. Sch.3 (38) 

IUPAC Name N-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3380 (NH-stretch), 2914 (Ar –CH), 1599 (C=N), 1547 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.64 (s,1H, -NH), 7.86-7.25 (m, 8H, -Aryl-H), 4.46 (s, 2H,-CH2);  

13C NMR  

(DMSO); δ ppm  

163.9, 144.8, 135.0, 133.8, 132.1, 131.0, 128.7, 128.6, 127.2, 124.5, 

110.2, 36.0;  

Mass (m/z) 359.4  

 

2.3.4. Sch.3  (39)  

IUPAC Name 6-chloro-N-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-

amine  

Method Spectral information 

IR  (KBr, cm-1) 3215 (NH-stretch), 2978 (Ar –CH), 1597 (C=N), 1528 (C=C);  

1H NMR  8.68 (s,1H, -NH), 7.92-7.16 (m, 7H, -Aryl-H), 3.98 (s, 2H –CH2);  
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IUPAC Name 6-chloro-N-(5-(4-chlorobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-

amine  

Method Spectral information 

(DMSO-d6) δ ppm 

13C NMR  

(DMSO); δ ppm  

173.6, 161.8, 158.3, 152.2, 135.6, 134.1, 131.2, 131.5, 129.7, 128.7, 

125.3, 122.4, 120.2, 36.8;  

Mass (m/z) 391.8  

 

2.3.5. Sch.3 (40) 

IUPAC Name N-(5-(4-fluorobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3159 (NH-stretch), 2951 (Ar –CH), 1696 (C=N), 1562 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.64 (s,1H, -NH), 7.73-7.14 (m, 8H, -Aryl-H), 4.01 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

169.2, 162.3, 160.0, 159.9, 131.1, 130.7, 128.5, 124.1, 123.2, 120.2, 

119.7, 115.5, 33.9;  

Mass (m/z) 343.1  

 

2.3.6.  Sch.3 (41) 

IUPAC Name 6-chloro-N-(5-(4-fluorobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-

amine  

Method Spectral information 

IR  (KBr, cm-1) 3187 (NH-stretch), 2984 (Ar –CH), 1662 (C=N), 1578 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.66 (s,1H, -NH), 8.13-7.12 (m, 7H, -Aryl-H), 3.96 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

175.6, 162.7, 160.1, 153.6, 151.3, 134.1, 132.6, 131.5, 130.8, 127.4, 

121.5, 119.3, 115.4, 34.0;  

Mass (m/z) 376.0 
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2.3.7. Sch.3 (42) 

IUPAC Name N-(5-(4-bromobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3235 (NH-stretch), 2973 (Ar –CH), 1604 (C=N), 1522 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.36 (s,1H, -NH), 8.01-7.12 (m, 8H, -Aryl-H), 4.0 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

172.3, 162.5, 154.5, 153.7, 135.8, 133.3, 132.7, 131.1, 126.5, 124.2, 

123.6, 121.5, 118.3, 31.0;  

Mass (m/z) 403.96 

 

2.3.8. Sch.3 (43) 

IUPAC Name N-(5-(4-bromobenzyl)-1,3,4-thiadiazol-2-yl)-6-chlorobenzo[d]thiazol-2-

amine 

Method Spectral information 

IR  (KBr, cm-1) 3209 (NH-stretch), 2981 (Ar –CH), 1645 (C=N), 1569 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.92 (s,1H, -NH), 8.13-7.02 (m, 7H, -Aryl-H), 3.96 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

175.5, 163.8, 153.2, 152.6, 137.9, 133.8, 132.4, 131.7, 130.0, 127.7, 

123.3, 121.8, 118.5, 35.2;  

Mass (m/z) 437.95  

 

2.3.9. Sch.3 (44) 

IUPAC Name N-(5-(4-nitrobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3225 (-NH stretch), 3107(CH-stretch), 1603 (C=N), 1448 (N=O), 939 

(N-O) 

1H NMR  8.18-7.14 (m, 8H, -Aryl-H), 4.02 (s, 1H,-NH), 3.98 (s, 2H –CH2);  
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IUPAC Name N-(5-(4-nitrobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine  

Method Spectral information 

(DMSO-d6) δ ppm 

13C NMR  

(DMSO); δ ppm  

175.6, 164.5, 157.3, 154.8, 146.4, 142.1, 132.4, 131.7, 126.3, 125.4, 

124.8, 122.6, 118.5, 43.6;  

Mass (m/z) 369.03  

 

2.3.10. Sch.3 (45) 

IUPAC Name 6-chloro-N-(5-(4-nitrobenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-

amine  

Method Spectral information 

IR  (KBr, cm-1) 3282 (-NH stretch), 3183(CH-stretch), 1654 (C=N), 1572 (N=O), 911 

(N-O) 

1H NMR  

(DMSO-d6) δ ppm 

8.14-7.49 (m, 7H, -Aryl-H), 4.0 (s, 1H,-NH), 3.85 (s, 2H –CH2);  

13C NMR  

(DMSO); δ ppm  

175.2, 163.7, 155.4, 152.6, 146.2, 143.7, 134.7, 132.5, 131.3, 127.6, 

125.2, 122.6, 118.0, 44.2;  

Mass (m/z) 403.01  

 

2.3.11. Sch.3 (46) 

IUPAC Name N-(5-(4-methylbenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3251 (NH-stretch), 2944 (Ar –CH), 1632 (C=N), 1545 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

9.10 (s, 1H –NH), 8.18-7.11 (m, 8H, -Aryl-H), 4.03 (s, 2H,-CH2), 2.46 

(s, 3H,-CH3);  

13C NMR  

(DMSO); δ ppm  

174.5, 163.2, 154.9, 153.3, 138.4, 136.6, 132.7, 131.0, 129.4, 125.5, 

124.9, 122.1, 121.5, 118.6, 43.7;  
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IUPAC Name N-(5-(4-methylbenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine 

Method Spectral information 

Mass (m/z) 338.07 

 

2.3.12. Sch.3 (47) 

IUPAC Name 6-chloro-N-(5-(4-methylbenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-

2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3315 (NH-stretch), 2919 (Ar –CH), 1655 (C=N), 1562 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.84 (s, 1H –NH), 8.13.-7.11 (m, 7H, -Aryl-H), 4.0 (s, 2H,-CH2), 2.42 

(s, 3H,-CH3);  

13C NMR  

(DMSO); δ ppm  

178.3, 163.6, 153.0, 152.8, 135.6, 134.4, 132.5,131.8, 129.1, 125.4, 

122.7, 118.1, 42.6;  

Mass (m/z) 372.03 

 

2.3.13. Sch.3 (48) 

IUPAC Name N-(5-(1-(4-isobutylphenyl)ethyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-

2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3250 (NH-stretch), 2955 (Ar –CH), 1606 (C=N), 1552 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

9.80 (s, 1H –NH), 7.60-7.08 (m, 8H, -Aryl-H), 4.43 (q, 1H,-CH), 2.45 

(d, 2H,-CH2), 1.81-1.78 (m, 1H,-CH), 1.68 (d, 3H,-CH3), 0.90, 0.89 

(d,6H,-CH3);  

13C NMR  

(DMSO); δ ppm  

168.9, 163.0, 139.9, 138.4, 137.7, 129.3, 129.2, 127.2, 124.7, 122.8, 

121.8, 118.5, 44.1, 29.5, 22.1, 20.9;  

Mass (m/z) 395.30  
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2.3.14. Sch.3 (49) 

IUPAC Name 6-chloro-N-(5-(1-(4-isobutylphenyl)ethyl)-1,3,4-thiadiazol-2-

yl)benzo[d]thiazol-2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3269 (NH-stretch), 2910 (Ar –CH), 1625 (C=N), 1543 (C=C);  

1H NMR  

(CDCl3) δ ppm 

8.65 (s, 1H –NH), 8.13-7.05 (m, 7H, -Aryl-H), 4.23 (q, 1H,-CH), 2.43 

(d, 2H,-CH2), 1.82-1.79 (m, 1H,-CH), 1.62 (d, 3H,-CH3), 0.91, 0.90 

(d,6H,-CH3);  

13C NMR  

(CDCl3) δ ppm 

172.8, 163.3, 152.5, 151.7, 139.6, 138.2, 137.0, 129.3, 129.7, 127.2, 

122.6, 121.5, 118.7, 55.2, 44.6, 29.0, 22.8, 20.9;  

Mass (m/z) 428.09 

 

2.3.15. Sch.3 (50) 

IUPAC Name N-(5-benzhydryl-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3252 (NH-stretch), 2928 (Ar –CH), 1635 (C=N), 1518 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.25 (s, 1H –NH), 8.18-7.23 (m, 14H, -Aryl-H), 5.34 (s, 1H, -CH);  

13C NMR  

(DMSO-d6) δ ppm 

178.0, 168.6, 254.5, 153.7, 144.2, 131.8, 129.5, 127.3, 125.8, 124.3, 

123.6, 122.0, 120.7, 118.3, 45.3;  

Mass (m/z) 400.08 

 

2.3.16. Sch.3 (51) 

IUPAC Name N-(5-benzyl-1,3,4-thiadiazol-2-yl)-6-chlorobenzo[d]thiazol-2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3352 (NH-stretch), 2958 (Ar –CH), 1609 (C=N), 1550 (C=C); 

1H NMR  9.25 (s, 1H –NH), 8.14-7.23 (m, 8H, -Aryl-H), 3.90 (s, 2H,-CH2);  
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IUPAC Name N-(5-benzyl-1,3,4-thiadiazol-2-yl)-6-chlorobenzo[d]thiazol-2-amine 

Method Spectral information 

(DMSO-d6) δ ppm 

13C NMR  

(DMSO-d6) δ ppm 

175.6, 163.2, 154.6, 152.8, 138.4, 134.0, 131.6, 129.7, 127.2, 124.4, 

122.1, 118.5, 42.3;  

Mass (m/z) 358.01 

 

2.3.17. Sch.3 (52) 

IUPAC Name N-(5-benzyl-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine  

Method Spectral information 

IR  (KBr, cm-1) 3267 (NH-stretch), 2954 (Ar –CH), 1633 (C=N), 1545 (C=C);  

1H NMR  

(CDCl3) δ ppm 

9.36 (s, 1H –NH), 8.01-7.23 (m, 9H, -Aryl-H), 4.03 (s, 2H,-CH2);  

13C NMR  

(CDCl3) δ ppm 

175.3, 163.2, 155.6, 152.0, 138.6, 132.7, 129.3, 128.8, 127.2, 125.6, 

122.4, 121.2, 118.9, 44.2;  

Mass (m/z) 324.05 

 

2.3.18. Sch.3 (53) 

IUPAC Name 4-((5-((6-chlorobenzo[d]thiazol-2-yl)amino)-1,3,4-thiadiazol-2-

yl)methyl)benzonitrile 

Method Spectral information 

IR  (KBr, cm-1) 3255 (NH-stretch), 2975 (Ar –CH), 2279 (CN), 1631 (C=N), 1548 

(C=C);  

1H NMR  

(CDCl3) δ ppm 

8.58 (s, 1H –NH), 8.13-7.41 (m, 7H, -Aryl-H), 3.85 (s, 2H,-CH2); 

13C NMR  

(CDCl3) δ ppm 

172.9, 162.4, 153.3, 152.7, 142.8, 139.9, 129.2, 126.7, 122.3, 119.5, 

43.6;  
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IUPAC Name 4-((5-((6-chlorobenzo[d]thiazol-2-yl)amino)-1,3,4-thiadiazol-2-

yl)methyl)benzonitrile 

Method Spectral information 

Mass (m/z) 383.01 

 

2.3.19. Sch.3 (54) 

IUPAC Name 4-((5-(benzo[d]thiazol-2-ylamino)-1,3,4-thiadiazol-2-

yl)methyl)benzonitrile 

Method Spectral information 

IR  (KBr, cm-1) 3249 (NH-stretch), 2922 (Ar –CH), 2241 (CN), 1650 (C=N), 1578 

(C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.45 (s, 1H –NH), 8.18-7.32 (m, 8H, -Aryl-H), 3.95 (s, 2H,-CH2);  

13C NMR  

(DMSO-d6) δ ppm 

178.4, 161.5, 153.1, 152.6, 141.1, 135.7, 132.3, 130.0, 129.5, 126.1, 

122.4, 118.8, 43.2;  

Mass (m/z) 349.05 

 

2.3.20. Sch.3 (55) 

IUPAC Name 6-chloro-N-(5-(3-methoxybenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-

2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3266 (NH-stretch), 2938 (Ar –CH), 1692 (C=N), 1506 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.80 (s, 1H –NH), 8.14-6.80 (m, 7H, -Aryl-H), 4.02 (s, 2H,-CH2);  

13C NMR  

(DMSO-d6) δ ppm 

176.4, 163.2, 161.6, 153.5, 152.0, 138.9, 134.3, 129.8, 127.5, 122.7, 

118.6, 115.1, 112.7, 55.8, 44.0;  

Mass (m/z) 388.02 
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2.3.21. Sch.3 (56) 

IUPAC Name N-(5-(3-methoxybenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3212 (NH-stretch), 2935 (Ar –CH), 1696 (C=N), 1562 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.75 (s, 1H –NH), 8.18-6.72 (m, 8H, -Aryl-H), 4.23 (s, 3H,-CH3), 4.03 

(s, 2H, CH2);  

13C NMR  

(DMSO-d6) δ ppm 

176.1, 163.5, 162.4, 153.0, 152.5, 138.9, 134.7, 129.5, 127.1, 122.8, 

118.0, 116.4, 112.8, 55.2, 43.8;  

Mass (m/z) 354.06  

 

2.2.22. Sch.3 (57) 

IUPAC Name 6-chloro-N-(5-(4-methoxybenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-

2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3218 (NH-stretch), 2916 (Ar –CH), 1640 (C=N), 1570 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.92 (s, 1H –NH), 8.15-6.84 (m, 7H, -Aryl-H), 4.28 (s, 3H,-CH3), 3.98 

(s, 2H,-CH2);  

13C NMR  

(DMSO-d6) δ ppm 

178.4, 162.7, 158.5, 153.9, 152.3, 135.0, 133.6, 129.2, 127.0, 122.5, 

118.4, 116.7, 55.6, 43.9;  

Mass (m/z) 388.02 

 

2.3.23. Sch.3 (58) 

IUPAC Name N-(5-(4-methoxybenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine 

Method Spectral information 

IR  (KBr, cm-1) 3237 (NH-stretch), 3050 (Ar –CH), 1595 (C=N), 1545 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

8.87 (s,1H, -NH), 8.12-7.08 (m, 8H, Aryl-H), 4.16 (s, 2H,-CH2), 4.02 (s, 

3H –OCH3);  
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IUPAC Name N-(5-(4-methoxybenzyl)-1,3,4-thiadiazol-2-yl)benzo[d]thiazol-2-amine 

Method Spectral information 

13C NMR  

(DMSO-d6) δ ppm 

168.8, 156.8, 138.2, 137.0, 131.4, 130.8, 130.4, 128.7, 128.5, 126.3, 

122.9, 121.7, 56.5, 34.6;  

Mass (m/z) 355.3  

 

2.4. Spectral information of Scheme-4 derivatives 

2.4.1. Sch.4 (59) 

IUPAC Name 2-(4-chlorobenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3134 (CH strech), 1503 (C=C) 

1H NMR  

(CDCl3)  δ ppm 

8.24 (s, 1H, C-5-H, imidazoles), 8.13-7.17 (m, 9H, Ar-H), 4.03 (s, 2H –

CH2);  

13C NMR  

(CDCl3) δ ppm 

163.2, 141.5, 138.8, 136.7, 134.6, 133.2, 132.9, 131.5, 129.8, 128.3, 

126.9, 122.5, 42.6;  

Mass (m/z) 325.03 

 

2.4.2. Sch.4 (60)  

IUPAC Name 2-(4-fluorobenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3024 (CH strech), 1619 (C=N); 

1H NMR  

(DMSO-d6) δ ppm 

8.18 (s, 1H, C-5-H, imidazoles), 7.58-7.10 (m, 9H, Ar-H), 3.96 (s, 2H,-

CH2);  

13C NMR  

(DMSO-d6) δ ppm 

161.4, 160.8, 145.2, 136.8, 135.4, 131.9, 130.1, 129.4, 126.5, 126.2, 

124.4, 116.8,115.7, 38;  

Mass (m/z) 309.6  
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2.4.3. Sch.4 (61)  

IUPAC Name 2-(4-bromobenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3122 (CH strech), 1620 (C=N);  

1H NMR  

(DMSO-d6) δ ppm 

8.38 (s, 1H, C-5-H, imidazoles), 7.91-6.54 (m, 9H, Ar-H), 3.98 (s, 2H,-

CH2);  

13C NMR  

(DMSO-d6) δ ppm 

162.6, 140.8, 138.0, 135.0, 134.4, 133.7, 132.4, 129.3, 127.6, 126.0, 

122.5, 119.8, 40;  

Mass (m/z) 370.96  

 

2.4.4. Sch.4 (62) 

IUPAC Name 2-(4-nitrobenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3143(CH strech), 1672 (C=N) 

1H NMR  

(DMSO-d6) δ ppm 

8.08 (s, 1H, C-5-H, imidazoles), 7.84-6.18 (m, 9H, Ar-H), 4.0 (s, 2H –

CH2);  

13C NMR  

(DMSO-d6) δ ppm 

163.5, 145.2, 143.8, 14.7, 138.0, 134.6, 133.3, 129.7, 128.3, 126.7, 

124.4, 122.9, 41.8;  

Mass (m/z) 336.07 

 

2.4.5. Sch.4 (63)  

IUPAC Name 2-(4-methylbenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3101 (CH strech), 1633 (C=N);  

1H NMR  

(DMSO-d6) δ ppm 

8.30 (s, 1H, C-5-H, imidazoles), 8.14-7.12 (m, 10H, Ar-H), 4.0 (s, 2H,-

CH2), 2.45 (s,3H, CH3);  

13C NMR  163.7, 140.6, 136.5, 135.8, 132.6, 130.2, 129.5, 127.8, 122.0, 39.4;  
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IUPAC Name 2-(4-methylbenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

(DMSO-d6) δ ppm 

Mass (m/z) 305.10 

 

2.4.5. Sch.4 (64) 

IUPAC Name 2-(1-(4-isobutylphenyl)ethyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3105 (CH strech), 1512 (C=C) 

1H NMR  

(CDCl3) δ ppm 

7.98 (s, 1H, C-5-H, imidazoles), 7.73-6.91 (m, 9H, Ar-H), 4.3 (q, 1H –

CH), 2.45,2.43 (d, 2H,-CH2), 1.85-1.80 (m, 1H,-CH), 1.73, 1.72 (d, 3H,-

CH3), 0.89, 0.88(d,6H,-CH3);  

13C NMR  

(CDCl3) δ ppm 

167.0, 140.8, 140.3, 138.2, 134.6, 133.2, 132.1, 130.4, 129.5, 126.9, 

125.1, 45.0, 41.3, 30.2, 22.3, 20.9;  

Mass (m/z) 362.3  

 

2.4.6. Sch.4 (65)  

IUPAC Name 2-benzhydryl-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 2985 (CH strech), 1647 (C=N);  

1H NMR  

(DMSO-d6) δ ppm 

8.28 (s, 1H, C-5-H, imidazoles), 7.86-6.15 (m, 15H, Ar-H), 5.26 (s, 

1H,-CH);  

13C NMR  

(DMSO-d6) δ ppm 

161.4, 170.2, 144.5, 140.2,  136.6, 132.8, 129.7, 128.2, 127.6, 126.5, 

124.0, 48;  

Mass (m/z) 367.11 

 

 



  

Chapter-8                                                                                                     Results & Discussion  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
173 

 

2.4.7. Sch.4 (66)  

IUPAC Name 2-benzyl-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3118 (CH strech), 1654 (C=N);  

1H NMR  

(DMSO-d6) δ ppm 

8.31 (s, 1H, C-5-H, imidazoles), 8.13-7.10 (m, 10H, Ar-H), 3.96 (s, 

2H,-CH2);  

13C NMR  

(DMSO-d6) δ ppm 

161.4, 141.1, 136.5, 135.0, 130.4, 129.8, 126.1,  125.4, 122.8, 39.5;  

Mass (m/z) 391.06 

 

2.4.8. Sch.4 (67)  

IUPAC Name 4-((6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)methyl)benzonitrile 

Method Spectral information 

IR  (KBr, cm-1) 3179 (CH strech), 1690 (C=N); 

1H NMR  

(DMSO-d6) δ ppm 

8.20 (s, 1H, C-5-H, imidazoles), 7.68-6.20 (m, 9H, Ar-H), 4.0 (s, 2H,-

CH2);  

13C NMR  

(DMSO-d6) δ ppm 

161.4, 142.3, 140.5, 136.8, 135.3, 130.7, 129.8, 126.0,  125.5, 122.3, 

118.6, 110.6, 40.1;  

Mass (m/z) 316.08 

 

2.4.9. Sch.4 (68)  

IUPAC Name 2-(3-methoxybenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3130 (CH strech), 1654 (C=N);  

1H NMR  

(DMSO-d6) δ ppm 

8.40 (s, 1H, C-5-H, imidazoles), 7.58-7.10 (m, 9H, Ar-H), 4.21 (s, 3H –

OCH3), 3.94 (s, 2H,-CH2);  

13C NMR  164.5, 160.2, 157.8, 137.0, 134.5, 131.3, 128.1, 124.4, 123.8, 114.7, 
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IUPAC Name 2-(3-methoxybenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

(DMSO-d6) δ ppm 56.5, 36.9;  

Mass (m/z) 321.09 

 

2.4.10. Sch.4 (69) 

IUPAC Name 2-(4-methoxybenzyl)-6-phenylimidazo[2,1-b][1,3,4]thiadiazole 

Method Spectral information 

IR  (KBr, cm-1) 3108 (CH strech), 1589 (C=C);  

1H NMR  

(DMSO-d6) δ ppm 

7.73 (s, 1H, C-5-H, imidazoles), 7.40-7.09 (m, 9H, Ar-H), 4.00 (s, 3H –

OCH3), 3.40 (s, 2H,-CH2);  

13C NMR  

(DMSO-d6) δ ppm 

168.8, 159.8, 157.3, 137.5, 134.1, 131.1, 128.6, 124.1, 123.1, 115.6, 

56.3, 34.5;  

Mass (m/z) 321.1  
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2.5. ADMET computation results 

TABLE 8.3. Virtual ADMET representation of some of selected compounds. 

S.No Compound Passive 

gastrointestinal 

absorption 

(HIA) 

Brain 

penetration 

(BBB) 

 

P-gp 

efflux 

 

Bioavailability 

radar 

Predicted 

Tocicity  

(class 1-6) 

1. Sch.1 (5) + - - + 4 

2. Sch.1 (6) + - - + 4 

3. Sch.1 (7) + + - + 4 

4. Sch.1 (10) + - - + 4 

5. Sch.1 (11) + - - + 5 

6. Sch.1 (12) + - - + 5 

7. Sch.2 (35) + - - + 4 

8. Sch.2 (38) + - - + 4 

9. Sch.3 (58) + - - + 4 

10. Sch.4 (60) - + - + 3 

11. Sch.4 (69) - + - + 3 

12 Letrozole + + - + 4 

Legend: +/- are positive or negative response of the properties of the compounds 

Table 8.3 depicts the concised virtual ADMET data of the some of the selected compounds 

which was obtained from SwissADME and admetSAR - 2.0 softwares. All the compounds 

satisfied the parameters of bioavailability radar which includes lipophilicity: XLOGP3 

between −0.7 and +5.0, size: MW between 150 and 500 g/mol, polarity: TPSA between 20 and 

130 Å2, solubility: log S not higher than 6, saturation: fraction of carbons in the 

sp3 hybridization not less than 0.25, and flexibility: no more than 9 rotatable bonds. Most of 

the slected virtual compounds have no problem in passive gastrointestinal absorption. 

However it is intresting to note that most of these compounds also do not cross blood brain 

barrier. This helps the tested compounds overcome the challenges faced by the Letrozole 

which was reported to have higher accumulation in the brain along with higher concentration 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5335600/#b3
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at the site of breast tumour. The prdictd toxicity range in for most of the compounds was 

shown in class 4 represented in yellow colour bar (figure 8.2) from the class range of 1 to 6. 

The elaborate tested parameters tested on some of the selected compounds is depicted in 

Figure 8.2. 
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Figure 8.2.  Computational ADMET results-pictorial data of selected compounds 

Sch.1 (5) 
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Sch.1 (6) 
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Sch.1 (7) 
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Sch.1 (10) 
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Sch.1 (11) 

 

 

 



  

Chapter-8                                                                                                     Results & Discussion  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
182 

 

Sch.1 (12) 
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Sch.2 (35) 
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Sch.3 (38) 
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Sch.3 (58) 
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Sch.4 (60) 

 

 

 

 



  

Chapter-8                                                                                                     Results & Discussion  

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
187 

 

Sch.4 (69) 
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Table 8.4. Virtual toxicity data of selected compounds using ADMETSAR 2.0 software 

S.No. Compound 

code 

Tetrahymena 

Pyriformis Toxicity 

pIGC50, µg/L 

Fish 

Toxicity 

pLC50, 

mg/L 

Rat Acute 

Toxicity  

LD50, 

mol/kg 

Tetrahymena 

Pyriformis Toxicity 

pIGC50 

nM/L 

1 Sch.1 (1) 0.7651 1.1977 2.9420 3.4004 

2 Sch.1 (2) 0.5423 1.2928 2.9840 2.5946 

3 Sch.1 (4) 0.4979 1.6852 2.6842 2.1096 

4 Sch.1 (5) 0.2878 1.7744 2.6154 1.4038 

5 Sch.2 (6) 0.6975 1.3434 2.5818 2.0454 

6 Sch.1(7) 0.7860 1.3172 2.5859 3.0114 

7 Sch.1 (8) 0.7446 1.4393 2.4304 2.7886 

8 Sch.1 (10) 0.1949 1.7629 2.6911 0.9023 

9 Sch.1 (11) 0.1767 1.5620 2.5015 0.7995 

10 Sch.1 (12) 0.1767 1.5620 2.5015 0.7995 

11 Sch.2 (14) 1.2050 0.8603 2.7781 2.8219 

12 Sch.2 (16) 1.0399 0.9844 2.7560 2.6392 

13 Sch.2 (17) 0.8294 1.1305 2.7248 2.4109 

14 Sch.2 (35) 0.6702 1.3405 2.3824 1.8825 

15 Sch.3 (38) 1.1148 0.7093 2.7237 3.1113 

16 Sch.3 (39) 1.1148 0.7093 2.7237 2.9284 

17 Sch.3 (58) 0.6483 1.0481 2.4644 1.8312 

18 Sch.4 (60) 1.1275 0.5925 2.5684 3.6487 

19 Sch.4 (69) 0.7947 0.9151 2.2822 2.4700 

 

Based on the obtained computational ADME and toxicity data selective compounds were 

chosen for in-vitro studies. 

 

2.6. Invitro anticancer activity results and discussion: 

http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28Cl%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28Cl%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28Cl%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28F%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28F%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28F%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28%5BN%2B%5D%28%5BO-%5D%29%3DO%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28%5BN%2B%5D%28%5BO-%5D%29%3DO%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28%5BN%2B%5D%28%5BO-%5D%29%3DO%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28C%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28C%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28C%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=CC%28C1%3DCC%3DC%28O%29C%3DC1%29%28C2%3DCC%3DC%28O%29C%3DC2%29CCC3%3DNN%3DC%28N%29S3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=CC%28C1%3DCC%3DC%28O%29C%3DC1%29%28C2%3DCC%3DC%28O%29C%3DC2%29CCC3%3DNN%3DC%28N%29S3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=CC%28C1%3DCC%3DC%28O%29C%3DC1%29%28C2%3DCC%3DC%28O%29C%3DC2%29CCC3%3DNN%3DC%28N%29S3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28C%28C2%3DCC%3DC%28CC%28C%29C%29C%3DC2%29C%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28C%28C2%3DCC%3DC%28CC%28C%29C%29C%3DC2%29C%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28C%28C2%3DCC%3DC%28CC%28C%29C%29C%3DC2%29C%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28C%28C2%3DCC%3DCC%3DC2%29C3%3DCC%3DCC%3DC3%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28C%28C2%3DCC%3DCC%3DC2%29C3%3DCC%3DCC%3DC3%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28C%28C2%3DCC%3DCC%3DC2%29C3%3DCC%3DCC%3DC3%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=N%23CC1%3DCC%3DC%28CC2%3DNN%3DC%28N%29S2%29C%3DC1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=N%23CC1%3DCC%3DC%28CC2%3DNN%3DC%28N%29S2%29C%3DC1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=N%23CC1%3DCC%3DC%28CC2%3DNN%3DC%28N%29S2%29C%3DC1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DCC%28OC%29%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DCC%28OC%29%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DCC%28OC%29%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28OC%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=NC1%3DNN%3DC%28CC2%3DCC%3DC%28OC%29C%3DC2%29S1&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DC%28Cl%29C%28Cl%29%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28Cl%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DC%28Cl%29C%28Cl%29%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28Cl%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DC%28Cl%29C%28Cl%29%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28Cl%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DC%28Cl%29C%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28Cl%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DC%28Cl%29C%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28Cl%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DC%28Cl%29C%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28Cl%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=FS%3DC%28NC1%3DCC%3DCC%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28F%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=FS%3DC%28NC1%3DCC%3DCC%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28F%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=FS%3DC%28NC1%3DCC%3DCC%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28F%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DCC%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28OC%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DCC%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28OC%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=S%3DC%28NC1%3DCC%3DCC%3DC1%29NC2%3DNN%3DC%28CC3%3DCC%3DC%28OC%29C%3DC3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=ClC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DCC%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=ClC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DCC%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=ClC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DCC%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=ClC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DC%28Cl%29C%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=ClC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DC%28Cl%29C%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=ClC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DC%28Cl%29C%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=COC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DCC%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=COC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DCC%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=COC1%3DCC%3DC%28C%3DC1%29CC2%3DNN%3DC%28NC3%3DNC4%3DCC%3DCC%3DC4S3%29S2&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=FC1%3DCC%3DC%28C%3DC1%29CC2%3DNN3C%28S2%29%3DNC%28C4%3DCC%3DCC%3DC4%29%3DC3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=FC1%3DCC%3DC%28C%3DC1%29CC2%3DNN3C%28S2%29%3DNC%28C4%3DCC%3DCC%3DC4%29%3DC3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=FC1%3DCC%3DC%28C%3DC1%29CC2%3DNN3C%28S2%29%3DNC%28C4%3DCC%3DCC%3DC4%29%3DC3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=COC1%3DCC%3DC%28C%3DC1%29CC2%3DNN3C%28S2%29%3DNC%28C4%3DCC%3DCC%3DC4%29%3DC3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=COC1%3DCC%3DC%28C%3DC1%29CC2%3DNN3C%28S2%29%3DNC%28C4%3DCC%3DCC%3DC4%29%3DC3&action=A
http://lmmd.ecust.edu.cn/admetsar1/predict/?smiles=COC1%3DCC%3DC%28C%3DC1%29CC2%3DNN3C%28S2%29%3DNC%28C4%3DCC%3DCC%3DC4%29%3DC3&action=A
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2.6.1. Interpretation of NCI anticancer screening one dose assay 

 The interpretation of one dose compare graph gives the cancer cell line sensitivity over the 

screening compound. It is a characteristic fingerprint for the screened compounds. The value 

of 100 growth percent means no growth inhibition. A value of 40 growth percent refers to 60 

percent growth inhibition. A value of 0 means no net growth over the course of the 

experiment. A value of -40 growth percent refers to 40 percent lethality. A value of -100 

growth percent means all cells are killed. The compounds Sch.3 (58) and Sch.4 (69) exhibited 

exceptional anti-leukemia activity. The compound Sch.3 (58) showed 32 percent lethality on 

HL-60 (TB) cell line. It also showed growth inhibition on K-562 and SE cell lines of leukemia.  

In terms of selectivity ratio, Sch.3 (58) and Sch.4 (69) compounds were interestingly more 

selective for HL-60(TB) and CCRF-CEM leukemia cell lines respectively. Compound Sch.3 

(38), Sch.3 (40) and Sch.4 (69) showed growth inhibition on LOX IMVI melanoma cell line, 

HOP-92 nonsmall cell lung cancer cell line, CCRF-CEM Leukemia cell line respectively. 

Compound Sch.3 (58) interestingly exhibited 32 percent lethality against HL-60 (TB) cell 

lines of leukemia where as Sch.4 (69) showed 68.4% growth inhibition against CCRF-CEM 

Leukemia cell line. 
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Figure 8.3. DTP One Dose Mean Graph of Sch.2 (15) 
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Figure 8.4. DTP One Dose Mean Graph of Sch.2 (17) 
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Figure 8.5. DTP One Dose Mean Graph of Sch.2 (25) 
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Figure 8.6. DTP One Dose Mean Graph of Sch.2 (35) 
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Figure 8.7. DTP One Dose Mean Graph of Sch.3 (38) 
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Figure 8.8. DTP One Dose Mean Graph of Sch.3 (40) 
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Figure 8.9. DTP One Dose Mean Graph of Sch.3 (48) 
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Figure 8.10. DTP One Dose Mean Graph of Sch.3 (58)  
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Figure 8.11. DTP One Dose Mean Graph of Sch.4 (64) 
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Figure 8.12. DTP One Dose Mean Graph of Sch.4 (69)  
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2.6.2. Results of anticancer screening on HeLa cell lines 

Anticancer screening on HeLa cell line results were depicted in Figure 8.13 to 8.16. The bars 

marked Letrozole in all the histograms depicts positive control in all the 96 well plates. The 

other bars with respective compound codes in histogram are the cell viability percentages of 

HeLa cell line against the respective compounds. All the compounds including Letrozole were 

tested on four concentrations (1000 nM, 100 nM, 10 nM, 1 nM) to test the effective 

concentration window. 1000 nM concentration of all the derivatives has shown significant 

inhibition on HeLa cells equivalent to Letrozole. However, 1 nM concentrations of all the 

derivatives showed an insignificant effect on HeLa cells in 48 hours and 72 hours incubation. 

Interestingly compound Sch.3 (58) and Sch.4 (69) have decreased the cell viability of HeLa 

cells better than the remaining derivatives in 42-hour incubation of 96 well plate. A similar 

effect was observed on 1000 nM concentrations of Sch.3 (58) and Sch.4 (69) derivatives 

inhibition effect on HeLa cells on 72 hour incubation period. Compounds Sch.1 (10), Sch.1 

(12) and Sch.3 (54) also showed significant inhibition equivalent to letrozole in all the four 

concentrations. Especially these compounds showed significant percentage growth inhibition 

of 57.8 %, 53.1 %, 58.9 % respectively against HeLa cell line at 1000nm concentration. 

These preliminary biological screening studies have given positive anticancer activity for these 

new classes of derivatives. 
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In-vitro anticancer activity against HeLa cell line by MTT assay on synthesized molecules 

 

Figure 8.13. Percentage viability of HeLa cells after 48 hours incubation; Letrozole-positive 

control, 5 = Sch.1 (5); 6=Sch.1 (6); 7= Sch.1 (7); 10= Sch.1 (10); 12= Sch.1 (12); 

 

 

Figure 8.14. Percentage viability of HeLa cells after 48 hours incubation; Letrozole- positive 

control, 58= Sch.3 (58); 39=Sch.3 (39); 38= Sch.3 (39); 69= Sch.4 (69); 60= Sch.4 (60); 
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Figure 8.15. Percentage viability of HeLa cells after 72 hours incubation; Letrozole- positive 

control, 58= Sch.3 (58); 39=Sch.3 (39); 38= Sch.3 (39); 69= Sch.4 (69); 60= Sch.4 (60); 

 

 

Figure 8.16. Percentage viability of HeLa cells after 48 hours incubation; Letrozole- positive 

control, 41= Sch.3 (41);40=Sch.3 (40); 54= Sch.3 (54); 63= Sch.4 (63); 67= Sch.4 (67); 
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2.7. Pharmacophore based docking on aromatase (PDB: 3S7S) 

The Aromatase enzyme is one of the potential targets to treat breast cancer. The steroidal drug, 

exemestane and nonsteroidal drugs like Letrozole and Anstrazole inhibit the aromatase 

enzyme by binding with methionine 374 amino acid and the Heme prosthetic group at the 

enzyme active site (Figure 4.11.). Pharmacophore based docking was performed on the 

aromatase enzyme (PDB: 3S7S) for several thiadiazole derivatives.60 These derivatives 

showed good docking scores comparable to Letrozole and anastrozole. The pi-pi interaction 

along with H-bond interaction with methionine 374 plays a critical role as a reversible 

inhibitor (Figure 4.11). Derivatives with methoxy functional group exhibited H-bond 

interaction with the hydrogen of Methionine 374. The SP2 nitrogen in thiadiazole moiety of the 

derivatives interacted with the heme prosthetic group of the aromatase enzyme by Pi-Pi 

stacking. The derivatives with good docking scores comparable to reference drugs Letrozole 

and Exemestane were presented in Table 8.5. 
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Figure 8.17. 2D docking representation of aromatase-ligand interactions of synthesized 

derivatives using Schrodinger suite 9.1. 
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Table 8.5. Pharmacophore based docking results of compounds with aromatase (PDB: 3S7S) 

S.No Compounds Docking score MW Formula Log P H-bond  

1 Exemestane -5.79 296.4 C20H24O2 3.39 Met 374 

2 Anastrozole -4.267 293.4 C17H19N5 - Met 374 

3 Letrozole -5.814 285.3 C17H11N5 3.43 Met 374 

4 Sch.1 (1) -6.442 225.7 C9H8ClN3S 3.7 Asp309 

5 Sch.1 (2) -6.084 209.2 C9H8FN3S 3.3 Heme 

6 Sch.1 (4) -6.023 236.2 C9H8N4O2S - Asp 309, Leu 372 

7 Sch.1 (6) -5.534 341.4 C18H19N3O2S 5.18 Ala 306 

8 Sch.1 (7) -5.591 261.3 C14H19N3S 5.28 Heme 

9 Sch.1 (8) -5.391 267.3 C15H13N3S  4.8 Asp 309 

10 Sch.1 (12) -6.232 221.2 C10H11N3OS 3.01 Heme 

11 Sch.2 (16) -7.044 395.3 C16H12Cl2N4S2 6.6 Leu 477 

12 Sch.2 (35) -7.111 356.4 C17H16N4OS2 5.44 Met 374 

13 Sch.3 (37) -6.931 427.7 C16H9Cl3N4S2 8.2 No 

14 Sch.3 (39) -3.907 393.3 C16H10Cl2N4S2 7.7 No 

15 Sch.3 (41) -7.61 376.8 C16H10ClFN4S2 - No 

16 Sch.3 (57) -7.062 388.8 C17H13ClN4OS2 7.0 Met 374 

 

Table 8.5. describes the selected compounds with good docking scores camparable to 

Exemestane, Anastarazole and Letrozole. Though the some of the derivatives like Sch.2 (16),  

Sch.2 (35), Sch.3 (41), Sch.3 (57) gave better docking scores than reference drugs, the 

compounds that bind with Met 374, and  heme prosthatic group like compounds Sch.1 (12), 

Sch.2 (35), Sch.3 (57) in aromatase active site are considered as selective aromatase inhibitors.  

The compounds that bind at Asp 309 are considered as aromatase entrance chanel blockers 

(allosteric binding ).  
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CHAPTER – 9 

Conclusions, Major Contributions and Scope of 

Further Work 

1. Conclusions 

A new series of nitrogen-containing heterocyclic compounds viz. 1-(5-substituted-1,3,4-

thiadiazol-2-yl)-3-phenylthioureas Sch.2 (13-35), 1-(5-substituted)-1,3,4-thiadiazol-2-yl-

benzo[d]thiazole-2-amine Sch.3 (35-58) and 2,6-disubstituted imidazo[2,1-b][1,3,4]thiadiazole 

derivatives Sch.4 (59-69) were synthesized and characterized. The synthesized compounds 

were tested at a single dose of 10 μM concentration at the NCI over 60 cell line panel 

representing Leukemia, Non-Small Cell Lung, Colon, CNS, Melanoma, Ovarian, Renal, 

Prostate and Breast cancers. With thorough in-silico, ADMET studies and NCI preliminary 

screening, the expected potent molecules were tested for in-vitro 96 well MTT assay on HeLa 

cell line.  

Compound Sch.3 (38), Sch.3 (40) and Sch.4 (69) showed growth inhibition on LOX IMVI 

melanoma cell line, HOP-92 nonsmall cell lung cancer cell line, CCRF-CEM Leukemia cell 

line respectively. Compound Sch.3 (58) interestingly exhibited 32 percent lethality against 

HL-60 (TB) cell lines of leukemia where as Sch.4 (69) showed 68.4% growth inhibition 

against CCRF-CEM Leukemia cell line. Further thiadiazol containing benzothiazole and 

imidazothiadiazole derivatives were screened for anticancer activity on the HeLa cell line. 

Compound Sch.3 (58) and Sch.4 (69) showed effective inhibition equivalent to Letrozole 

(positive control) when tested in 1000nm, 100nm, 10nm, 1nm concentrtions. Compounds 

Sch.1 (10), Sch.1 (12) and Sch.3 (54) also showed significant percentage growth inhibition of 

57.8 %, 53.1 %, 58.9 % respectively against HeLa cell line at 1000nm concentration. These 
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preliminary biological screening studies have given positive anticancer activity for these new 

classes of derivatives. 

Sch.1 (10), Sch.1 (12), Sch.3 (38), Sch.3 (40), Sch.3 (54), Sch.3 (58), Sch.4 (69) were 

identified as potential anti-cancer compounds. 

                                     

 

                                                

FIGURE 9.1. Potential anticancer compounds 
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Table 9.1. Comparison chart of in-silico and in-vitro anticancer studies of compounds 

S.No Compound  

code 

QSAR & 

Docking 

 

ADMET 

studies 

NCI activity One Dose assay 

(60 cell lines) 

MTT 

assay 

(HeLa cell 

line) 

1 Sch.1 (5) Mild Good - Mild  

2 Sch.1 (6) moderate Good - Mild  

3 Sch.1 (7) Moderate  Exceptional - Moderate  

4 Sch.1 (10)  Good - Good 

5 Sch.1 (12) Moderate Good - Good 

6 Sch.2 (15) Moderate Mild Mild (UO-31 renal cancer cell 

line) 

- 

7 Sch.2 (17) Moderate Mild Mild (HOP-92 Non-Small Cell 

Lung Cancer cell line) 

- 

8 Sch.2 (25) Mild Mild Mild (HOP-92 Non-Small Cell 

Lung Cancer cell line) 

- 

9 Sch.2 (35) Good Good Mild (UO-31 renal cancer cell 

line & UACC-62 melanoma 

cell line 

- 

10 Sch.3 (38) Moderate Good Moderate (LOX IMVI 

melanoma cancer) & (CAKI-1 

renal cancer cell lime) 

Mild 

11 Sch.3 (39) Moderate Mild - Mild 

12 Sch.3 (40) Moderate Good Good (HOP-92 Non-Small 

Cell Lung Cancer cell line) & 

moderate (UO-31 renal cancer 

cell line 

Moderate 

13 Sch.3 (41) Moderate Good - Moderate 

14 Sch.3 (48) Mild Good Mild (renal cancer) - 

15 Sch.3 (54) Good Mild - Good 
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S.No Compound  

code 

QSAR & 

Docking 

 

ADMET 

studies 

NCI activity One Dose assay 

(60 cell lines) 

MTT 

assay 

(HeLa cell 

line) 

16 Sch.3 (58) Moderate good Exceptional (HL-60 leukemia 

cell line); Good K-562 

leukemia cell line & (SR 

Leukemia cell line) 

Mild 

17 Sch.4 (60) Moderate Mild - Moderate 

18. Sch.4 (63) Mild Good - Moderate 

19. Sch.4 (64) Moderate Good Good (UO-31 Renal cancer 

cell line) 

- 

20 Sch.4 (67) Moderate Good - Good 

21 Sch.4 (69) Good Mild Exceptional (CCRF-CEM 

Leukemia cell line); Moderate 

(MDA-MB-468 Breast cancer 

cell line) 

Good 

 

The parameters taken in QSAR/Docking, NCI anticancer screening (60 cell lines) and 96 well 

MTT assay (HeLa cell line) are namely mild, moderate, good, very good and exceptional. The 

QSAR/docking parameters were assigned based on predicted activity scores of QSAR, 

docking scores, H-bond interactions with MET 374 amino acid at the active site, Pi-Pi stacking 

with heme prosthetic group, H-bond interaction with other amino acids at the active site. 

Parameters for NCI anticancer activity on 60 cancer cell line and 96 well MTT assay against 

HeLa cell line were assigned based on growth inhibition percentage below 20 %, above 20 %, 

above 30 %, above 40 %. The lethal killing effect is considered as exceptional. Parameters of 

Mild, Good and exception were considered for ADMET studies based on passive positive 

gastrointestinal absorption, bioavailability radar and Toxicity class of the compounds data. The 

comparison chart shows the correlation of in-silico & ADMET studies with the in-vitro studies 

of the compounds on different cancer cell lines (Table 9.1).  
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In the present study, ligand based 3D QSAR pharmacophore modeling and docking studies of 

non-steroidal AIs was done for a series of novel Benzothiazole, Benzimidazole, 1,3,4-

thiadiazole, 1,3,4-oxadiazole, imidazo[2,1-B][1,3,4]thiadiazole derivatives. 3D 

Pharmacophore model ARR.1 was chosen with PLS factor 4 as the best model because the 

Training set correlation with Partial Least Square factors gave the best overall significance of 

model and statistical significance and the test set prediction correlations.  The aromatase 

inhibitor potency of proposed ligands was influenced by Hydrogen bond acceptor and electron 

withdrawing groups on aromatic rings which is represented in the vector score and on the 3D 

pharmacophore model (Figure 3.8). Benzothiazole, 1,3,4-thiadiazole, 1,3,4-oxadiazole 

containing n-methyl benzimidazole derivatives exhibited good predicted activities. However 

imidazo[2,1-B][1,3,4]thiadiazole derivatives gave negative predicted activity values. Any 

fused heterocyclic ring on the hydrogen bond acceptor hindered the aromatase inhibitory 

potency. The most virtually potent compounds of proposed ligands are 41, 45 and 50 (Figure 

3.12).  

The molecular docking studies were carried out on 34 different molecules including Letrozole 

and Vorozole. The molecules with good docking score were chosen here. The activity of the 

molecules was analyzed based on the docking score and hydrogen bond interaction of the 

ligand with the receptor. It is interesting to know that S configuration of all ligands showed 

better docking scores compared to their R counterparts because of the S configuration ligands 

hetero atoms (thidiazole, benzothiazoles) are mostly exposed to important binding interactions, 

that is MET 374, ASP 309 and Heme prosthatic group in the active site. The docked ligands 

binding with different amino acids of receptor and differentially binding with heme prosthetic 

group of aromatase active site with H-bond interaction, pi-pi stacking and wanderwall 

interactions emphasizes not only selectivity but also the alternate binding interactions at the 

active site of aromatase. These alternate binding interactions may help overcome mutated 

amino acids irresponsiveness due to chronic therapy. These novel chemo-types could be useful 

in developing rationale non-steroidal molecules for the aromatase inhibitory activity.  

The docking studies on aromatase enzyme (PDB: 3S7S) also have shown reversible 

interactions at the active site with good docking scores comparable to Letrozole and 

Exemestane. Most of the derivatives were found to have H-bond interactions with L-Aspartic 
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acid 309, Methionine 374, L-Alanine 306. The Pi-Pi interaction of thiadiazole ring with heme 

prosthetic group of aromatase, H-bond interactions with methionine 374 and pi-pi interactions 

with heme, phenyl ring of tryptophan and phenylalanine amino acids at the active site are 

essential for effective biological activity which was once again reinstated. The presence of p-

substituted phenyl is essential to access in to aromatase active site through ALA 306 and ASP 

309. The para-substitution with high electronegative atom like Oxygen, Cyano functional 

groups enables H-bond interaction with MET 374 at the active site which is crucial for 

selective aromatase inhibition. Further selective studies in understanding the mechanism of 

action for the anticancer activity are needed.  

2. Major Contributions  

Our strategy is directed toward designing a variety of ligands with diverse chemical properties 

hypothesizing that by adding alternative binding group such as 2-amino thiadiazole, 

benzothiazole, imidazo[2,1-b][1,3,4]thiadiazole, p-substituted phenyl groups, substitutions on 

methylene bridge, to create molecular hybrids that have potential anticancer activity. The 

identified Pharmacophore groups involes in allosteric binding at the active site, enhance 

bioavailability of the drug and impart effective anticancer potency. In this way, such 

substitution pattern could target different regions of the aromatase active site to create 

differentially selective molecules. For enhancing lipophilicity we intentionally introduced 

mesoionic heterocyclic group like thiadiazole, lipophilic groups like N-methylbenzoimidazole, 

benothiazole, imidazothiazole fused hybrids. The design of our ligands was done based on 

quantitative structure activity relationship (QSAR) and molecular docking studies of non-

steroidal aromatase inhibitors (letrozole analogues). The dramatic changes made on letrozole 

analogues with various Pharmacophore groups have shown appreciable predictaed activity 

similar to Letrozole. 2-amino-5-substituted 1,3,4-thiadiazole, p-substitued phenyl groups in a 

fashion similar Letrozole binds to the heme prosthetic group and metionine 374 amino acid in 

the active site of aromatase. The bulkier extensions on 2-amino group on thiadiazole ring with 

benzothiazole enhanced the predicted activity, where as imidazothiadiazole extension on the 

same decreased the predicted activity. This is due to the restriction of free rotation of the fused 

heterocyclic ring at the active site especially at the hydrophobic region. Similarly, based on the 

3D Pharmacophore based QSAR and molecular docking results, mono halogen substituted 
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benzothiazole derivatives gave better activity results when compared with dihalogen bearing 

benzothiazole derivatives because of the stearic hinderence at the entrance of the active site 

and presence of polar amino acids at the neck region of the chanel entrance to active site. The 

docking study of designed compounds supports the QSAR postulation that the active 

compounds were acting on the same enzyme target where aromatase inhibitor Letrozole acts 

confirming the molecular design of the proposed class of anti-tumor agents. 

During the synthesis of 2-amino thiadiazole derivatives from respective p/m-substituted 

phenyl acetic acids, it was found that electron withdrawing bearing phenylacetic acid 

derivatives gave moderate to better yields of 2-aminothiadiazoles in shorter duration of 

reaction time when compared to electron donating group bearing phenyl acetic acid derivatives 

(Scheme-1). On the other hand, if there is an N-N type molecule like thiosemicarbazide acting 

as the nucleophile, the factor that determines which nitrogen attacks seems to be the 

nucleophilicity, rather than steric effects. Electron withdrawing substitution bearing 

phenylacetic acids enhanced the rate of reaction. This information is valuable if a range of 

substituted phenyl acetic acid derivatives are used in the in formation of thiadiazoles and may 

go towards explaining differing yields of final product. Thus introduction of 2-

aminothiadiazole ring to the molecule was crucial as there was potential to introduce diversity 

into the molecule. The simple attachment of benzothiazole to 2-amino group of thiadiazole 

adds as potential Pharmacophore with delicate free bond rotation between the two heterocyclic 

rings. The freedom of rotation between these heterocyclic rings is one of the critical factor in 

enhancing the effective QSAR predicted activity as well as good docking score. 

Similarly during the synthesis and characterization of halogen substituted benzothiazole 

derivatives by bromine in acetic acid catalyzed annulations from various thiourea derivatives, 

we have found moderate yields with dihalogen substituted substrates when compared with 

non-substituted and mono halogen substrates. The order of reactivity was seen to follow the 

trend of the electronic contribution of the substituents through either induction, resonance or a 

combination of the two.  

This 2-amino group extension of the thiadiazole also made it possible to synthesize 

imidazo[2,1-b][1,3,4]thiadiazoles with simple reaction conditions and reflux with phenacyl 
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bromide. However the reaction time for the synthesis of most of the imidazo[2,1-

b][1,3,4]thiadiazoles derivatives is long. 

 This 2-amino group on thiadiazole also acts as linker to conjugate with bifunctional chelating 

agents like p-NCS-benzyl-DOTA which acts as chelating agent as well as linker at room 

temperature in the presence of simple phosphate buffer. The 2-aminothiadiazole also extends 

its primary amine to covalently bond with lanthanide like Lu.  

3. Scope of further work  

The present research proposal aims at the design and synthesis of new series of heterocyclic 

rings like benzothiazole, benzimidazole 1,3,4-thiadiazole, imidazo[2,1-B][1,3,4]thiadiazole 

and thioureaderivatives as aromatase inhibitors in the treatment of cancer. The in-silico studies 

of ligand Based 3D QSAR Pharmacophore Modeling and Molecular docking studies were 

done to strengthen the rationale of the study. Finding of the in-silico studies have given some 

insights of selectivity of molecule and possible alternate binding interaction with important 

amino acids at the active site of aromatase. Based on the literature review different synthetic 

routes were adopted to synthesize aforementioned heterocyclic compounds and their 

derivatives. A new series of nitrogen-containing heterocyclic compounds viz. 5-(substituted)-

1,3,4-thiadiazol-2-amine,  1-(5-substituted-1,3,4-thiadiazol-2-yl)-3-phenylthiourea, 1-(5-

substituted)-1,3,4-thiadiazol-2-ylbenzo[d]thiazole-2-amine and 2,6-disubstituted imidazo[2,1-

b][1,3,4]thiadiazole derivatives, were developed as potential anticancer agents. The 

synthesized compounds were tested for one dose assay (10 μM) at the NCI over 60 cell line 

panel. With thorough in-silico, ADMET studies and NCI preliminary screening, some of the 

selected potential molecules were tested for in-vitro 96 well MTT assay on HeLa cell line with 

Letrozole as positive control. The findings of this research have showed that compound Sch.1 

(10), Sch.1 (12), Sch.3 (54), Sch.3 (58) and  Sch.4 (69) with potent anti cancer activity against 

HeLa cell line equivalent to letrozole. Compound Sch.3 (58) and Sch.4 (69) have showed 

selective anti-leukemic activity. The key pharmacophore features of the synthesized 

derivatives that enhanced the acnticancer activity of the derivatives are presence of sp2 

nitrogen in thiadiazole ring, Cyanophenyl or methoxy functional group substitution on 

thiadiazole ring of all the heterocyclic compounds. These preliminary biological screening 
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studies have given positive anticancer activity for these new classes of derivatives. Additional 

research studies like the mechanism of action of the anticancer activity of this new class of 

compounds are considered necessary. In future, green chemistry approach for thiadiazole 

synthesis by using neat conditions at high temperature (melting temperature of acid 

derivatives) through conventionl as well as microwave assisted pathway can be adopted. This 

way hazardous POCl3 can be avoided. In the synthesis of halogen substituted benzothiazoles, 

transition metal catalyst which involves annulative C-S bond formation can be developed to 

avoid hazardous bromine and acetic acid (bronchial irritants).  The reaction time to synthesize 

imidazo[2,1-b][1,3,4]thiadiazole is very long. The reactions can be developed in suchway that 

the reaction time is reduced to below 4 hours by the use of heterogenous catalysts like nano-

ferrate as green chemistry synthetic pathway. All the reaction process can be improved by 

developing suitable green chemistry synthetic pathway. These groundwork studies illuminate a 

future pathway for research of this class of compounds enabling the discovery of potent 

antitumor agent.  
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APPENDIX 

Appendix A: Chapter 5 Spectral Information 
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Sch.2 (17): Mass  
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Sch.2 (25): Mass 

 

Sch.2 (32): Mass 

 

 



   

Appendix      

 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
225 

 

Sch.2 (35): FTIR 
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Sch.3 (38): FTIR 
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Sch.3 (48): FTIR 
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Sch.3 (48): Mass 
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Sch.3 (58): Mass  
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Sch.4 (63): Mass 
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Sch.4 (64):Mass 
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Sch.4 (69): Mass 
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Appendix B: Chapter 5 Toxicity Data of selected compounds using  

Sch.1 (1) 
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Appendix C: Chapter 5 Bioavailability Radar of selected compounds using SwissADME 

software 
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Appendix D: Chapter 5 In-vitro anticancer activity against HeLa cell line of selected 

compounds 

% viability of HeLa cell line against selected compounds at various concentrations on 96 well 

plate (48 hour incubation). 

Compound code 1000nm 100nm 10nm 1nm 

Letrozole 
39.85545 47.12799 65.03365 78.37649 

Sch.1 (5) 61.39452 73.74463 81.24802 98.27724 

Sch.1 (6) 65.35573 82.08939 87.55947 96.74964 

Sch.1 (7) 59.1955 70.68925 75.73709 100.2278 

Sch.1 (10) 42.28514 51.79439 72.87973 88.48211 

Sch.1 (12) 46.93803 56.14189 78.56545 87.72375 

 

% viability of HeLa cell line against selected compounds at various concentrations on 96 well 

plate (48 hour incubation). 

Compound code  1000nm 100nm 10nm 1nm 

Letrozole 31.74512 48.14876 62.38174 75.9361 

Sch.3 (41) 48.78569 61.32492 78.74025 88.31586 

Sch.3 (40) 51.04781 66.27549 81.68452 90.12861 

Sch.3 (54) 41.14329 46.8341 66.15381 81.07846 

Sch.4 (63) 66.3276 71.85233 86.38404 96.62414 

Sch.4 (67) 45.67347 55.04365 72.52715 85.27468 

 

% viability of HeLa cell line against selected compounds at various concentrations on 96 well 

plate (48 hour incubation) 

Compound code 1000nm 100nm 10nm 1nm 

Letrozole 69.44679 82.0924 87.57692 96.08758 

Sch.3 (58) 76.52762 80.86173 79.61916 89.17025 

Sch.3 (39) 80.68337 87.93958 82.22914 96.03705 



   

Appendix      

 

Design and synthesis of small molecule non-steroidal aromatase inhibitors as potential anti-cancer agents 
272 

 

Compound code 1000nm 100nm 10nm 1nm 

Sch.3 (38) 78.92059 88.17442 75.84391 101.8367 

Sch.4 (69) 60.32376 71.3909 77.72856 98.56676 

Sch.4 (60) 76.31062 82.67206 98.8343 97.7374 

 

% viability of HeLa cell line against selected compounds at various concentrations on 96 well 

plate (72 hour incubation) 

Compound code 1000 nm 100 nm 10 nm 1 nm 

Letrozole 70.04727 79.6734 77.52471 89.29953 

Sch.3 (58) 77.69661 84.48646 81.22046 99.09755 

Sch.3 (39) 76.92308 81.39235 77.69661 101.0743 

Sch.3 (38) 71.68028 80.18908 75.54792 96.69102 

Sch.4 (69) 69.0159 79.15771 79.93124 94.71422 

Sch.4 (60) 72.88354 73.74302 78.64203 100.9024 
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Abstract 
Despite aromatase inhibitors being used widely and effectively in the treatment of estrogen receptor positive breast 

cancer, the quest for new class of drugs still stays indispensable to evade the danger of conceivable rising resistances 

and also to reduce toxicity and unwanted side effects due to chronic treatment. Considering the magnitude for the 

necessity of newer generation aromatase inhibitors, this research presentation aims at bringing the rational design of 

the radiolabeled heterocyclic compounds as aromatase inhibitors: A new approach for breast cancer diagnosis and 

therapy. The rationale design of heterocyclic compounds like Benzimidazole, 1,3,4-thiadiazole and 1,3,4-oxadiazole 

and Benzothiazole derivatives were performed using ligand based 3D QSAR pharmacophore modeling and 

molecular docking studies (Schrodinger, LLC, USA, 2009). Training set correlation with Partial Least Square 

factors (R2=0.99, SD=0.1265, F=470.6, P=1.033e-018) and the test set correlation (Q2 = 0.7854, RMSE = 0.5284, 

Pearson R = 0.9111) N = 34 was chosen. Compounds 1, 2 and 3 have shown predicted activity 0.8697, 0.737991 and 

0.865794 respectively from the Pharmacophore based 3D QSAR studies with positive results close to Letrozole and 

Vorozole. The Docking results also gave supportive evidence for the ligand 3 with good docking score. Interestingly 

the S isomers had given better docking scores when compared R counterparts. The detail findings from these results 

have given rationale ligands with allosteric interactions at the active site of aromatase.The Radiolabeling of these 

aromatase inhibitors boost the research efforts in postmenopausal breast cancer treatment and also further support 

future investigation as a tool for diagnosis, treatment monitoring and treatment optimization of new aromatase 

inhibitors in development of cancer. 
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