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CHAPTER 1 
 

INTRODUCTION 
 

Cancer is a generic term for a large group of diseases that can affect any 

part of the body. It is considered as the aberrant growth of cells or the rapid creation 

of abnormal cells that grow beyond their usual boundaries, and which can then 

invade adjoining parts of the body and spread to other organs, referred to as 

metastasizing (Gupta & Massagué, 2006). Metastases are the major cause of death 

from cancer and are often caused by the localized, uncontrolled cell proliferation 

due to a defect in regulating the cell cycle. According to the latest reports of cancer 

statistics a total of 1,658,370 new cancer cases and 589,430 cancer deaths are 

projected to occur in the United States in 2015 (Siegel et al., 2015). The growing 

statistics of the disease make the development of effective and economically viable 

treatment techniques inevitable. Chemotherapy is the most commonly used 

treatment technique for many cancers including breast cancer, lung cancer, colon 

cancer and leukemia. The commonly used chemotherapeutic drugs like doxorubicin 

(C. Carvalho et al., 2009; F. S. Carvalho et al., 2014), methotrexate (Gaies et al., 

2012; Zachariae, 1990) and 5-fluorouracil (Goette, 1981; Takimoto et al., 1996) 

among many others are associated with many undesirable side effects such as pain, 

hair loss, depression of immune system, nausea, vomiting and can even lead to heart 

damage and liver damage. Hence research in this area continuously seek discovery 

of selective anticancer agents that will eliminate cytotoxicity towards normal cells, 

a drawback associated with conventional cancer chemotherapeutics. This give an 

impetus for the search for new lead compounds in modern anticancer research.   

 

In earlier days, the development of anticancer agents solely focused on 

natural products obtained from plants and marine organisms which was inspired by 

their recognition as potential anticancer agents recognized in the 1950’s by the U.S 

National Cancer Institute (NCI) under the leadership of the late Dr. Jonathan 

Hartwell. The discovery of the cytostatic effect of N-mustard (Auerbach & 
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Falconer, 1949; Da et al., 1948) had made a remarkable impact on anticancer 

research and the observations opened way for the synthesis of various alkylating 

agents (Benitez et al., 1960; DeGraw & Goodman, 1964), antimetabolites (Parker, 

2009; Peters et al., 2000) and antimitotics (Jiang et al., 1990; Kamal et al., 2015) 

with antitumor activity against several human malignancies. Plant-derived 

compounds, especially colchicines, vinca alkaloids (vincristine and vinblastine) and 

taxanes (paclitaxel and docetaxel), had made huge impact in modern cancer 

chemotherapy (Figure 1.1).  

 

 
Figure 1.1. Plant-derived anticancer agents 

 

Later on, drug discovery and development witnessed a paradigm shift 

when chemically synthesized small molecules demonstrated their potential as 

anticancer agents. However, the non-specificity and non-selectivity of existing drug 

molecules continued to challenge drug discovery research until Rational Drug 

Design (RDD) was proposed as a possible move in the right direction. RDD or 

reverse pharmacology requires the identification of a specific and druggable 

biological target, which is well identified as associated with a disease and whose 

activity could be modulated by a small molecule. Currently this target based 

approach, empowered by the advancements in the field of synthetic organic 
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chemistry as well as expanding knowledge domain in cell biology, has become a 

key area in modern anticancer research. Subsequently, the modern era of medicinal 

practice is witnessing enormous applications of these small molecule therapeutic 

agents that have critical role in the treatment and prevention of various diseases (B. 

Lu & Atala, 2014). Interestingly, over 80% of the potential small molecules 

screened for medicinal applications belongs to the heterocyclic family suggesting 

an unparalleled role played by these fragments in drug design. 

 

1.1. Heterocycles as Anticancer Agents 
 

Heterocycles have great importance in nature. About one half of all natural 

products contain heterocyclic components. Many of them, especially nitrogen-

containing heterocycles (N-heterocycles) have vital functions in the human body. 

For example, the purine and pyrimidine bases of deoxyribonucleic acid (DNA), 

carrier of genetic information in all living beings, are N-heterocycles. The alkaloids 

are another special class of naturally occurring N-heterocycles. More over many 

natural drugs (Butler et al., 2014; Koehn & Carter, 2005) shown in Figure 1.2 

contain heterocycles. Since a wide spectrum of heterocycles is known with well-

established chemistries and proven physiological action, they are often chosen as 

lead compounds for drug discovery and development.  

 

 
Figure 1.2. Examples of naturally occurring heterocyclic drugs 
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Further, the ability of these ring systems to accommodate substituents 

around a core in defined three dimensional orientations for target binding make 

them ‘privileged medicinal scaffolds’ as termed by Merck researchers. The majority 

of cytostatic drugs in use, for example, alkylating agents, antimetabolites, alkaloids 

and antitumor antibiotics, are heterocyclic in nature and they inhibit tumor 

progression mostly by interfering with DNA (Tokarski et al., 2006). Recently RNA 

as well as a number of proteins have also been reported (Maeda et al., 2000; 

Torchilin, 2012) to be effective targets for anticancer drug discovery. 

 

To have better interactions with the targets and hence improving the 

reactivity profile of anticancer agents, research in the past few decades identified 

modification of chemical space around heterocycles as a successful strategy. After 

identifying triazoles as promising DNA alkylating agents (De las Heras et al., 

1979), intense research has been done on the anticancer activity of different N-

heterocycles. To name them, pyrrole (Gupton, 2006; La Regina et al., 2014), 

pyrimidine (Kamal et al., 2011; Shiau & Chen, 2015), indole (Patil et al., 2012; 

Sidhu et al., 2015) and quinoline (Al-Said et al., 2011; Heiniger et al., 2010; R 

Solomon & Lee, 2011) are a few that have shown promising cytotoxicity profile 

towards the cancer cells. Apart from N-heterocycles, various other heterocyclic ring 

systems were reported to be serving as the core in potential anticancer agents 

(Kidwai et al., 2002; Martins et al., 2015; Sherer & Snape, 2014). Among all the 

classes, thiazole ring, a five membered heterocycle of the 1,3-azole family 

containing sulphur and nitrogen, have found widespread applications in the field of 

medicine varying from antimicrobial sulphathiazole, antifungal abafungin to 

antineoplastic bleomycin and tiazofurin (Figure 1.3).  
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Figure 1.3. Thiazole containing pharmaceutical agents 

 

The following discussion will focus on the biological activities of one of 

the prominent members of the thiazole family viz; aminothiazoles with a special 

emphasis to their anticancer activity. 

 

1.2. Anticancer Activity of Aminothiazoles 
 

Thiazole is present as a subunit of Vitamin B1 (Thiamine) and in a large 

number of biologically active marine compounds. These class of compounds were 

reported to possess antitumor (Al-Omary et al., 2012; El-Messery et al., 2012; 

Hassan et al., 2012; Ramírez et al., 2015), antiproliferative (Cai et al., 2012; 

Prashanth et al., 2014; Romagnoli et al., 2012; Vicini et al., 2003; Zhou et al., 

2015), DNA cleaving (Cejudo et al., 2006; Hamamichi et al., 1992; Y. Li et al., 

2004; Reddy et al., 2015; Stubbe et al., 1996) and angiogenesis inhibiting (Bhat et 

al., 2013; Knox et al., 2003; Zheng et al., 2013; Zheng et al., 2014) activities. The 

quest for chemotherapeutic activity of thiazoles was initiated by the discovery of 

natural chemotherapeutic antibiotics such as tiazofurin (Ahluwalia et al., 1984; 

Melink et al., 1985; O'Dwyer et al., 1984; Robins et al., 1982; Tricot et al., 1990) 

and bleomycin (Blum et al., 1973; Sikic et al., 2013). 
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Motivated by the anticancer activity of naturally occurring epothilone 

derivatives (Bollag et al., 1995; Ferrandina et al., 2012; Lee et al., 2001; Lee et al., 

2008; Nettles et al., 2004; E. Thomas et al., 2007; Trivedi et al., 2008), a 

microtubule stabilizer containing thiazole ring, a series of research followed 

exploring the antimitotic activity of thiazole containing compounds which induce 

apoptosis by inhibiting tubulin polymerization (C.-M. Li et al., 2010; Lin et al., 

2015; Y. Lu et al., 2011; Mahboobi et al., 2006; Salehi et al., 2013; D. M. Wang et 

al., 2014). Among the various reported thiazole derivatives, aminothiazoles have 

gained considerable attention and are proven to have excellent inhibitory activity 

against many cancer specific targets. Several groups have reported on the synthesis 

and evaluation of the anticancer activity of aminothiazole derivatives (Gorczynski 

et al., 2004; Prasanna et al., 2010; Romagnoli et al., 2011; S. A. Thomas et al., 

2013). Recent studies on a diaminothiazole derivative reported by Rajasekharan  et 

al. (1986) have indicated the antimitotic and antiangiogenic activities (Juneja et al., 

2013; Paul et al., 2013; Romagnoli et al., 2009; Sengupta et al., 2005; N. E. Thomas 

et al., 2014; Vasudevan et al., 2015) which further encourage the studies on the 

applicability of aminothiazole to serve as a potential scaffold in the development of 

anticancer drugs with very good efficacy. 

 

As mentioned earlier, the selection of a specific biological target, which is 

druggable and well identified as associated with cancer is inevitable in rational 

anticancer drug discovery. Protein kinases are reported to be key regulators of 

mitosis and the clear understanding of the role of kinase proteins in cell cycle and 

tumorigenesis have made them excellent therapeutic targets for anticancer drug 

development (Lapenna & Giordano, 2009). For example, Cyclin-dependent kinases 

(CDKs) are the driving force behind the cell cycle and cell proliferation (Sherr, 

1996) with individual CDKs performing distinct roles in cell cycle progression. 

Deregulation of the functions of these proteins induce unscheduled proliferation as 

well as genomic and chromosomal instability (Malumbres & Barbacid, 2009) as 

noticed in many solid tumors. Thus CDKs and their regulatory pathways are found 

to be potential targets for the development of novel chemotherapeutic agents. Many 

reports are available for the potential CDK inhibitory activity of aminothiazole 
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derivatives (L. Chen et al., 2005; R. Chen et al., 2009; Hirai et al., 2010; Kyoung 

S Kim et al., 2001; Kyoung Soon Kim et al., 2002; Misra et al., 2004; Schonbrunn 

et al., 2013; Shimamura et al., 2006). Apart from CDK inhibition, this class of 

compounds were reported to inhibit other protein kinases like Chk1 (Dudkin et al., 

2012; Gomha et al., 2015), Src family kinases (Das et al., 2006; Francini et al., 

2015; Lindauer & Hochhaus, 2014; Nam et al., 2005; Shah et al., 2004) and very 

recently Sphingosine kinases (Sphk) (Vogt et al., 2014), the aberrant activity of 

which is associated with the growth and progression of cancer. Aurora kinases 

(AURKs) are another major class of protein kinases that are found to be strongly 

expressed at a high frequency in a broad range of tumor types as compared to their 

concentrations in normal cells and hence are widely accepted as excellent targets 

for novel anticancer drug development (Keen & Taylor, 2004). It is found that the 

aminothiazole derivatives which act as AURK inhibitors (Andersen et al., 2008; 

Arbitrario et al., 2010; Jung et al., 2006; Qin et al., 2010) show very good 

cytotoxicity against many of the cancer cell lines and thus stores the potential to be 

used as an effective scaffold for the development of more potent candidates. With 

this background, in the present study, we selected 2-aminothiazole as the template 

on which the design of the novel derivatives as potential anticancer agents using 

fragment based approach was envisaged and discussed in the subsequent sections.  

 

1.3. The Hydrazone Linkage: Significance in      

Therapeutics  
 

Hydrazones, with their highly reactive azomethine -NHN=CH- group, are 

versatile linkers for connecting various classes of organic compounds and have

gained considerable significance in the drug discovery portal. The ease of synthesis, 

increased hydrolytic stability and tendency towards crystallinity made them 

desirable for applications in various fields. The characteristic structural features, 

hydrogen bonding donor and acceptor region (Figure 1.4) in combination with other 

functional groups leads to potent molecules with unique properties.  
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Figure 1.4. Structural features of hydrazone moiety 

 

Different classes of hydrazones like acylhydrazones and their metal 

complexes have recently attracted great attention due to their therapeutic properties 

(Sedaghat et al., 2015; Sedaghat et al., 2013; Shujah et al., 2014). The biological 

importance of hydrazones ranges from antiinflammatory  (Kandpal et al., 2015; 

Özkay et al., 2010; Salgın-Gökşen et al., 2007; Vasantha et al., 2015), analgesic 

(N. Kumar et al., 2014; Rajitha et al., 2014; Sondhi et al., 2006), anticonvulsant 

(Amir et al., 2014; P. Kumar et al., 2012), antituberculous (Gemma et al., 2009; 

Mahajan et al., 2011; Manvar et al., 2011; Mao et al., 2007), antitumor (Congiu & 

Onnis, 2013; Easmon et al., 2006; Green et al., 2001; Kaplánek et al., 2015) to anti-

HIV (Ma et al., 2011; Vicini et al., 2009) activities. 

 

In earlier days hydrazone were commonly used as an intermolecular 

linkage for making stable protein or peptide conjugates for various biochemical 

studies (King et al., 1986). To reduce the toxicity caused by the chemotherapeutic 

drugs towards normal cells various carriers were used in drug delivery among 

which monoclonal antibodies were the commonly used vehicle. Followed by the 

successful study on selective cytotoxicity of daunorubicin- anti T cell monoclonal 

antibody conjugate with acid sensitive cis- aconityl linkage (Dillman et al., 1988), 

Greenfield et al. (1990) reported on the improved in vitro efficacy of adriamycin- 

immunoconjugate through hydrazone linkage in human tumor cells. Hydrazones 

undergo rapid hydrolysis at pH5 that increases its solubility. This characteristic 

amplifies the use of hydrazones in antitumor studies. Of late, the use of nanoscale 

delivery vehicles was identified as an alternative to overcome the drawbacks of 
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chemotherapeutic drugs such as low solubility and normal cell cytotoxicity. Tumor 

targeting and enhanced tumor accumulation of drug added more flavour to the 

nanoconjugate development. In anticancer therapy, the utility of hydrazone as a pH 

sensitive linker in drug-carrier conjugate is a well-studied area (Du et al., 2011; 

Hrubý et al., 2005; Lai et al., 2007; Prabaharan et al., 2009). Apart from the use of 

hydrazones as acid sensitive linkages, efforts have been made in combining 

hydrazone moiety to many small molecules to afford better pharmaceutical 

properties.  

 

1.4. Biological Activity of Hydrazinothiazoles 

 

Among various hydrazone based biologically active small molecules, 

hydrazone containing thioureas and thiazoles are receiving greater attention in 

recent years. The antifungal property of hydrazine dithiocrbamoyl, thiourea 

derivative, was reported earlier in 1950’s (Tager & Danowski, 1948). The first 

clinically approved antiviral agent methisazone, active against pox viruses, is a 

hydrazone containing thiourea. In the last decade, research on the biological 

activities of thiosemicarbazones (Beraldo & Gambinob, 2004; Hall et al., 2009) and 

hydrazone containing thioureas are gaining prominence. El‐Gaby et al. (2002) 

reported the synthesis of a series of hydrazone derivatives of benzene 

sulphonylthioureas with significant antibacterial property. The antimicrobial 

activity of thiourea derivative of isonicotinyl hydrazone was reported by Sriram et 

al. (2006). In 1990’s a group of researchers have established the synthesis of 

thiazole hydrazones and thiazole halohydrazones (Denisova & Andronnikova, 

1995; Usol'tseva & Andronnikova, 1994a, 1994b; Usol'tseva et al., 1993) that could 

be used as precursors of biologically active compounds. A number of 2-

thiazolylhydrazones are reported to be having mitochondrial monoamine oxidase 

inhibitory (MAOI) activity (Raciti et al., 1995), antibacterial activity and antifungal 

activity (Bharti et al., 2010; Cukurovali et al., 2006; Holla et al., 2003; Karegoudar 

et al., 2008). A number of derivatives from this class of molecules are proven to be 

excellent candidates showing antitubercular (Özdemir, 2010) as well as antimalarial 

(Makam et al., 2014) activities and very recently a number of phenyl thiazole 
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hydrazone derivatives were reported to possess activity against glycation proteins 

(Khan et al.) which is a promising therapeutic approach for the prevention of 

diabetes. Earlier in 1990’s Andronnikova et al. (1988) reported on the synthesis and 

antitumor activity studies of 2-hydrazinothiazoles derivatives. In the recent past, 

the synthesis and the anticancer activities of 2-hydrazinothiazoles derivatives were 

reported (Ignat et al., 2012; Manivel & Khan, 2009; Zaharia et al., 2010). The 

expanding spectrum of the biological activity of hydrazinothiazoles would suggest 

the possible expansion of the chemical space around the scaffold in a rational drug 

design (RDD) approach to develop novel drug candidates. 

 

1.5. Computer Aided Drug Design (CADD) 
 

Conventional drug design is an iterative process which starts with the 

identification of compounds with interesting biological activity, followed by 

chemical synthesis, clinical studies, approval from the Food and Drug 

Administration (FDA) and finally marketing. The series of processes are resource 

as well as time intensive, whereas the success of the strategy are often very limited. 

Considering the existing drawbacks of current chemotherapeutic drugs, 

identification of novel, potent, selective and specific drugs is very much essential 

in anticancer therapy. But, with the availability of huge number of potential lead 

molecules as well as targets, the discovery and development process for a new 

anticancer compound with the right combination of activity, specificity, stability 

and safety is a long term and still expensive task. In this context, the introduction 

of computational modelling techniques could make the drug design comparatively 

easier one by decreasing the laboratory illness and expense for the discovery of the 

drug candidates. Recently, there has been an increased focus on computer aided 

drug design (CADD) due to the rising downstream costs resulting from high clinical 

failure rates associated with conventional drug design. Figure 1.5 demonstrates the 

general protocol followed in CADD. 
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Figure 1.5. Computer aided drug design  

 

To encourage modern drug discovery researchers, there are many reports 

on the successful stories of using CADD. To list a few, in 2004 a new group of 

pyrazolo[3.4.d]pyrimidine compounds with antiproliferative activity against human 

leukemia cell lines (Carraro et al., 2004) were identified, but with poor solubility

and substandard pharmacokinetic properties such as cell permeability. Hence, a 

series of more soluble pyrazolo[3.4.d]pyrimidine derivatives with better activity 

were rationally designed with the help of molecular modelling (Radi et al., 2011). 

Kalani et al. (2012) reported on the quantitative structure activity relationship 

(QSAR) on ursolic acid analogues by ADME (Absorption, Distribution, 

Metabolism and Excretion) property screening. They found that the in vitro studies 

of the screened compounds on the cancer cell lines to be matching with their 

computational results. Further Qin et al. (2010) carried out QSAR studies on 

various aminothiazole derivatives (as AURK-A inhibitors) to study the structural 

features affecting the biological activity of the compounds. Over the past decade, 

there have been remarkable advances in the area of CADD, which has been applied 

during almost all stages in the drug discovery pipeline (Ooms, 2000; Xiang et al., 

2012). 

 

Even though quantum mechanical calculations like ab initio and density 

functional theories (DFT) give accurate results, they are associated with high 

computational cost. Hence, molecular mechanics is used extensively in drug 

development in which molecular docking and molecular dynamics are the most 

commonly used tools for elucidating cancer targets. Molecular docking predicts the 
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preferred orientation of small molecules inside the structures of macromolecular 

targets. The knowledge of the preferred orientation may be used to predict the 

strength of association between the ligand and target protein using a scoring 

function. Following molecular docking, one can quickly screen large databases of 

potential drugs to identify molecules with comparable binding affinity with the 

target protein, the relative orientation of the ligand in the active site of the protein, 

and thereby more potent and selective analogues with better selectivity can be 

designed. This method is widely used for both hit identification and lead 

optimization (Kitchen et al., 2004) as exemplified by the discovery of potent 

anticancer agents (X. Li et al., 2012; Madadi et al., 2015; Penthala et al., 2015; H.-

H. Wang et al., 2013; Xing et al., 2014). 

 

Molecular modelling studies offer dual advantage, prediction of biological 

activity of the newly developed compound as well as identification of the core 

which is responsible for the activity.  By recognising the core one can easily design 

analogues of the compound with better predicted activity and solubility. Thus the 

computational approaches would make the drug design a much easier task with low 

cost. 

 

1.6. Scope and Objectives  
 

As described in the introduction despite of the immense research on the 

development of novel anticancer agents, lack of selectivity and specificity towards 

the cancer cells is still a major drawback. As part of our longstanding research 

interest in the design and development of heterocyclic small molecule drug-carrier 

conjugates with specificity and selectivity towards targeted drug delivery for cancer 

therapy, our current research topic is focussing on the exploration of novel 

heterocyclic derivatives with promising biological activity.  Success stories on the 

antitumor activity of thiazole containing Aurora inhibitors such as SNS-314 (Robert 

et al., 2008) and CYC-116 (Griffiths et al., 2008) made us to think about elaborating 

the chemical space around thiazole, more specifically 2-aminothiazole, for 

anticancer drug design. Encouraged by the success stories on the anticancer activity 
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of 2-aminothiazole derivatives such as DAT1, we felt it worth examining the 

possibilities of developing unexplored members from this family in a fragment 

based design approach. Well supported by the reported bioactivity of different 

hydrazone containing heterocyclic compounds, especially that of 2-

hydrazinothiazoles (Bharti et al., 2010; Chimenti et al., 2007; Secci et al., 2012; 

Zaharia et al., 2010) we have selected hydrazone moiety as a fragment of our choice 

for the modification of the chemical space around 2-aminothiazole core. Thus, we 

envisaged combining the hydrazone fragment with the 2-aminothiazole ring 

through C4 position which would afford a novel class of thiazoles, 4-

hydrazinothiazoles, for which the synthetic feasibility could be explored following 

a retrosynthetic analysis.  

 

In the present work, which we planned in two parts, the first part would 

focus on the design of a virtual library of 4-hydrazinothiazoles followed by the 

evaluation of their potential as anticancer agents through molecular docking studies 

by choosing appropriate target proteins. Design of facile synthetic routes for the 

chemical synthesis of potential small molecules followed by their in vitro screening 

and detailed in silico binding studies on target proteins are also planned as part of 

the work. Once we are successful in finding potential systems for drug 

development, our next objective will be to initiate studies on developing a drug 

delivery platform utilising the 2-aminothiazole core with a long term objective of 

developing materials for biomedical applications. As a first step towards this goal 

we thought of developing a multifunctional PAMAM dendrimer system, on to 

which the 2-aminothiazole fragment can be attached covalently. This would lead to 

the design and synthesis of polyamidoamine (PAMAM)-2-aminothiazole conjugate 

as a tunable template which was also planned as part of the work. Time dependent 

change in the structure and dynamics of the dendrimer and the designed conjugate 

under different pH and solvent conditions through molecular dynamics (MD) 

simulations would further provide useful insight for design optimization and was 

hence scheduled.  
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To systematically proceed with our research plans, the following specific 

objectives were put forth and discussed in two distinct parts in the thesis- Part A 

and Part B. 

 

Part A 

 

 Design of a novel scaffold based on 2-aminothiazole template for anticancer 

drug development.  

 Design of virtual library of 4-hydrazinothiazole with tunable sites allowing 

for diversity multiplication. 

 Formulating synthetic routes to these 4-hydrazinothiazoles, their chemical 

synthesis, characterization and in vitro screening against selected human 

cancer cell lines.

 Expansion of virtual library, molecular docking assisted virtual screening 

and detailed in silico binding studies in Aurora kinase family of proteins. 

 Identifying lead-like structures from the library for the development of 

kinase inhibitors.  
 

Part B 

 

 Design of PAMAM -2-aminothiazole conjugate with tunable sites. 

 Formulation of divergent synthetic strategy, chemical synthesis and 

characterization of conjugate. 

 Development of the conjugate as fluorescent nanoprobe. 

 Photophysical studies on the conjugate to evaluate its potential as a 

fluorescent probe. 

 Molecular dynamics simulation of the conjugate under different pH and 

solvent conditions.
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1.7. Organization of Thesis 
 

The thesis composed of eight chapters and are organized as follows 

 

Chapter 1 begins with an introduction which provides an outline of the background 

and current state of the art of research problem. It provides the importance for the 

search of novel potent anticancer agents. It gives an outlook on the role of 

heterocycles in medicinal chemistry specifically 2-aminothiazole scaffold in 

anticancer drug development. It also brief the significant results obtained by the 

formation of hydrazone hybrids of thiazole. The importance of computer aided drug 

design is also included. This chapter further contains the scope and objectives of 

the current research problem and the entire organization of thesis. 

 

Chapter 2 deals with the design of novel heterocyclic scaffold based on 2-

aminothiazole template for small molecule drug design. Retrosynthetic analysis for 

the designed scaffold, their chemical synthesis and estimation of the generality of 

the designed synthetic routes followed by characterization of synthesized 

derivatives are included in this chapter.  The chapter also include in silico analysis 

of the scaffold to identify its potential in anticancer drug design by molecular 

docking studies.  

 

Chapter 3 include the solid-state screening of the molecules by single crystal XRD 

studies and the role of hydrazone moiety in the solvate formation. The chapter also 

contain in vitro anticancer screening of synthesized derivatives and the in silico 

ADME property prediction for determining the ‘drug-likeness’ of the molecules. 

 

Chapter 4 deals with the design of expanded library of 4-

benzylidenehydrazinothiazoles and their binding studies in the active sites of 

Aurora kinase proteins. The chapter also contain the in vitro anticancer screening 

of representative examples from the designed library and their ADME property 

evaluation.  
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Chapter 5 is the introduction about polyamidoamine dendrimers. A brief literature 

survey on the biomedical applications of this class of dendrimers and their 

modifications are included in the chapter. It also give an insight to the increased 

interest of molecular dynamics simulation studies in the field of drug design. 

 

Chapter 6 contain the design and development of a novel versatile synthon for the 

construction of a number of heterocyclic ring systems on to the periphery of 

PAMAM. Design of synthetic routes for the synthon, chemical synthesis and 

characterization of the synthesized conjugate are part of the chapter. The utility of 

the synthon in heterocyclic ring construction was proven by the synthesis of 

PAMAM-2-aminothiazole conjugate and is included in the chapter.  Demonstration 

of property tuning of the novel thiazolyl conjugate was done by the introduction of 

coumarin moiety and the role of solvent and pH of solution on the structure and 

interactions of the conjugate was studied using MD simulations and included in the 

chapter. 

 

Chapter 7 deals with the photophysical studies of the coumarinoyl-2-

aminothiazole conjugated PAMAM. The fluorescence solvatochromism observed 

in the conjugate is studied in detail.  

 

Chapter 8 include the summary and conclusion of the current research problem. 
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PART A 
 

 

Exploring chemical space around 2-aminothiazole core: 

design of 4-hydrazino-2-aminothiazoles  

as potential anticancer agents in a structure based drug 

discovery approach: hit identification to lead 

optimization 
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Specific Objectives of Part A 
 

 

 Design of a novel scaffold based on 2-aminothiazole template for 

anticancer drug development.  

 Design of virtual library of 4-hydrazinothiazole with tunable sites allowing 

for diversity multiplication. 

 Formulating synthetic routes to these 4-hydrazinothiazoles, their chemical 

synthesis, characterization and in vitro screening against selected human 

cancer cell lines. 

 Expansion of virtual library, molecular docking assisted virtual screening 

and detailed in silico binding studies in aurora kinase family of proteins. 

 Identifying lead-like structures from the library for the development of 

kinase inhibitors.  
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CHAPTER 2 
 

DESIGN AND DEVELOPMENT OF 

4-HYDRAZINOTHIAZOLES AS NOVEL 

SCAFFOLD FOR ANTICANCER DRUG 

DISCOVERY 
 

2.1. Background 
 

Drug discovery is a process by which a drug candidate or a lead molecule, 

often a small molecule, is identified and partially validated for the treatment of a 

specific disease. It is a time consuming and expensive process estimating a time 

average of 12-15 years and a cost of $600-800 million (Silverman & Holladay, 

2014). The advancements in the field of genomics and molecular biology has 

motivated the researchers to identify novel molecular frameworks with minimal 

structural subunits for biological targets of interest. In contrast to the traditional 

laborious trial and error methods, drug discovery today focuses on the aspects of 

structural identification, design and synthesis of therapeutically interesting 

compounds in a ‘reductionist-target-based approach’ (Collins & Workman, 2006; 

Terstappen et al., 2007). In this approach, drug discovery process can be broken 

down in to four steps namely target selection and validation, chemical hit to lead 

generation, and lead optimization followed by clinical trials (Figure 2.1). For the 

execution of this rational drug design, exploration of the chemical (Reymond et al., 

2010) as well as the biological space (Stockwell, 2004) are considered to be the 

fundamental requirements which will improvise the suitability and robustness of 

the agents that enter the clinic.  
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Figure 2.1. The main steps in the ‘reductionist-target-based approach’ of drug design   

 

2.2. Results and Discussion 
 

2.2.1. Exploration of medicinally relevant chemical space 
 

Chemical space, the ensemble of all organic molecules, reported so far 

comprise around 1060 molecules (Bohacek et al., 1996) and is a key concept in drug 

discovery. Even though the chemical space is vast, there is limited access to the 

medicinally relevant chemical space with appropriate synthetic and design 

techniques (Deng et al., 2013). Despite the presence of numerous recurring 

molecular frameworks in bioactive molecules, design of novel scaffolds (Welsch et 

al., 2010) able to direct functional groups in a well-defined three dimensional (3D) 

space is very much essential in small molecule drug discovery. In this context, 

heterocycles, the common structural motif present in over 80% of top small 
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molecule drugs hold a significant position (Dua et al., 2011) and considering their 

presence in overall bioactive compound population and the ability to present 

functional groups in a favorable arrangement they are considered to be privileged 

structures in drug development (Song et al., 2014). Among various heterocyclic 

ring systems, 1,3-thiazole is a well-represented five member ring heterocycle in the 

azole family. Thiazole ring is found in a variety of natural products and 

biomolecules like vitamin B1, fire fly chemical luciferin and in a number of marine 

alkaloids such as mycothiazole, camalexin and also in the well-studied class of 

anticancer agents, epothilones (Figure 2.2).  

 

 
 

Figure 2.2. Chemical structure of thiazole containing biomolecules 
 

Biological importance of thiazole ring structure varies from 

pharmacophoric and bioisosteric elements to spacer that made them a suitable core 

scaffold in design and development of novel therapeutic agents (Ayati et al., 2015). 

For example, this ring system is an important pharmacophore in many clinically 

used drugs such as ravuconazole (anti-fungal agent), ritonavir (anti-HIV), fentiazac 

(anti-inflammatory agent), nizatidine (anti-ulcer agent) and dasatinib (anticancer). 

Among different synthetic derivatives of thiazoles, 2-aminothiazoles have found to 
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be an attractive moiety in medicinal chemistry with a wide spectrum of biological 

activities such as antibacterial, antifungal, antitubercular, anti-HIV and anti-

inflammatory (Das et al., 2016). Different drug molecules containing 2-

aminothiazole core are given in Figure 2.3.  

 

 

Figure 2.3. 2-aminothiazole core containing drug molecules (Das et al., 2016) 
 

Structural modification of compounds with known physiological or 

pharmacological effects for the production of novel and high quality lead molecules 

is an important aspect in medicinal chemistry. Such type of structural alterations 

with biologically relevant molecular entities that can provide diversity to the core 

is considered to be a key factor in drug development. The recurrence of 2-

aminothiazole motif in a number of compounds which target members of different 

gene families along with reported anticancer activities of compounds such as DAT1 

(Sengupta et al., 2005) and related compounds has motivated us to select 2-

aminothiazole as a template for the design of a novel anticancer drug design 

scaffold.  
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2.2.2. Design of novel scaffold based on 2-aminothiazole template 
 

As discussed before, driven by the success stories on the anticancer 

activity of reported 2-aminothiazole derivatives (Nam et al., 2005), we felt it worth 

examining the possibilities of developing unexplored members from this family. 

The biological activity of heterocyclic compounds clearly depends on the functional 

groups situated around the core. Search for suitable fragments for the modification 

of heterocyclic cores identified the role of hydrazone libraries especially hydrazone 

containing heterocycles in drug discovery (Rollas & Küçükgüzel, 2007; Verma et 

al., 2014). Moreover the reported bioactivities of different hydrazone containing 

thiazoles especially 2-hydrazinothiazoles (Bharti et al., 2010; Chimenti et al., 2007; 

Secci et al., 2012; Zaharia et al., 2010) inspired us to select the moiety as a suitable 

fragment for the modification of 2-aminothiazole core for the present study. For 

that we have decided to modify the C4 position of 2-aminothiazole ring in with 

hydrazone fragment to afford a novel class of thiazoles, 4-hydrazinothiazoles 

(HATs) (Figure 2.4).  

 

 

Figure 2.4. Structure of 4-hydrazinothiazole 
 

The structural diversity plays key role in the hit to lead generation and thus 

scaffolds with sites prone to structural modifications are much significant in drug 

design. The designed scaffold, 4-hydrazinothiazole (HAT), provides four sites for 

the structural modifications through the Rn groups. Apart from this, a number of 
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nucleophilic sites and an acid labile hydrazone bond are part of the structure which 

give additional advantage in the field of drug design. Since synthetic feasibility is 

a crucial factor in drug discovery process, we next proceeded with the design of 

appropriate synthetic routes to our designed 4-hydrazinothiazoles.  

 

2.2.3. Retrosynthesis of novel scaffold 
 

Thiazole ring can be attained through a number of synthetic routes (Figure 

2.5) in which [4+1] ring closure (Rajasekharan et al., 1986) is a widely accepted 

procedure for the synthesis of 2,4-diamino-5-ketothiazoles. 

 

 

Figure 2.5. Thiazole ring synthesis 
 

Along similar lines, following a retrosynthetic analysis (Scheme 2.1), we 

envisaged the access to designed core (HAT) through [4+1] ring synthesis route 
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which would recognise a C-N-C-S fragment which typically should contain the 

hydrazine fragment. Such a C-N-C-S fragment for the thiazole ring construction 

could be afforded by an aminoamidinothiourea (AATU) precursor unit which 

accommodate the hydrazone part. 

 

 

Scheme 2.1. Retrosynthesis of HAT through [4+1] ring synthesis route 

 
In this route the required AATU could be generated in two successive 

condensations of aminoguanidine with a carbonyl compound and an isothiocyanate 

(Sreejalekshmi, 2010). The C5 for thiazole ring formation could be afforded by a 

fragment containing an active methylene group such as α-haloketones. The ring 

closure between the precursor units AATU and α-haloketones is expected to lead 

to thiazole ring formation subsequent to an eliminative aromatization that largely 

depends on the leaving group (LG) propensities of substituents on amidino carbon 

with unsymmetric substituents. The hypothesized synthetic route would suggest an 

easy access to 4-hydrazinothiazoles, provided there is exclusive elimination of 

ammonia in the ring closure step, with a huge advantage in providing a large 

number derivatives through commercially available fragments carbonyl 

compounds (R1 & R2), isothiocyanates (R3) and α-haloketones (R4) and thus would 

be well suited for drug design purpose. On the contrary, elimination of the 

hydrazine fragment would lead to the established class of 2,4-diamino-5-

ketothiazoles, whereas probability of ending up in a mixture of products also exists. 

However, to evaluate the potential of the scaffold, HAT, in anticancer drug 

discovery we next proceed with the design of a virtual library and planned for the 

virtual screening of the library against established anticancer drug targets. 
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2.2.4. Design of virtual library of 4-hydrazinothiazoles 
 

Chemical compound library design is the basic and fundamental step in 

the drug discovery process and high-throughput screening (HTS) of this compound 

is necessary to identify promising lead molecules. Our retrosynthesis suggested a 

possibility of generating different classes of 4-hydrazinothiazoles by the suitable 

selection of carbonyl compounds which appears in the hydrazone part in the 

designed core. Hence giving special emphasis on to the hydrazone part, in the 

present work four classes of HAT were designed by considering the diversity 

attainable through R1 and R2 in the scaffold (Figure 2.6). From a synthetic point of 

view, this diversity can be realized through the appropriate selection of the carbonyl 

compounds which are available in plenty (commercially). Hence, the vast structural 

diversity that could be achieved clearly explain the potential of the designed 

scaffold in drug design.  

 

 

Figure 2.6. Structures of designed classes of 4-hydrazinothiazoles 
 

To start with the structure based drug design (SBDD), following a skeletal 

diversity oriented design protocol, a 120 (R1/R2xR3xR4:4x5x6) member virtual 

library of 4-hydrazinothiazoles has been created by varying the R3 and R4 fragments 

in the core scaffold 1 (Table 2.1).  
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Table 2.1. Designed virtual library of 4-hydrazinothiazoles 
 

     
 

 

The designed structures of the compounds were then optimized using 

OPLS_2005 (Optimized Potential for Liquid Simulations) as the force field and the 

3D geometries were generated for the virtual screening purpose. To evaluate the 

potential of the designed scaffold in anticancer drug development we proceeded 

with the next step of SBDD, i.e., the selection of suitable target proteins.

 

2.2.5. Selection of anticancer drug targets  
 

The selection of biological targets (Knowles & Gromo, 2003) has much 

significance in anticancer drug discovery and development. Cancer is typically 

associated with the genomic instability caused by errors in mitosis (Hartwell & 

Kastan, 1994), the central process of growth that follows a multi-phase mechanism 

by which parental DNA is completely separated in to two identical daughter cells. 

This extremely important biological process is controlled and regulated by different 

proteins and inhibition of these protein activities are found to be very effective in 

treatment of cancer. Thus the current era of anticancer therapy is mainly focusing 

on drugs that disrupt mitotic progression with the identification and inhibition of 

new target proteins associated with specific functions in different phases of mitotic 

pathways.  

 

Progress in molecular biology led to the identification of molecules 

targeting such proteins with key roles in mitosis. Accordingly, a number of 

therapeutic targets have been reported in the literature for developing anticancer 

R1 -CH3 -C2H5 -C6H5  

-C6H10 R2 -CH3 -CH3 -H 

R3 -H -NO2 -OCH3 -F -Cl -CH3 

R4 -H -NO2 -OCH3 -F -Cl 
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drugs  (Landry & Gies, 2008). Since protein phosphorylation plays an important 

role in regulation of cell cycle, protein kinases have emerged as one of the most 

important targets for anticancer drug discovery (Cohen, 2002). Estrogen receptors 

are another well-known class of targets especially against hormone responsive 

cancers (Jordan, 2003). To investigate the potential of our designed scaffold in 

anticancer drug development three targets were selected from well-established 

families of target proteins (Table 2.2) for the preliminary screening of the designed 

library of compounds.  

 

Table 2.2. Target proteins selected for preliminary virtual screening 
 

 
 

The X-ray crystal structures of the selected proteins obtained from protein 

data bank (PDB) were prepared by adding hydrogens and optimized for the purpose 

of virtual screening. To investigate the potential of designed library of 4-

hydrazinothiazoles in anticancer drug development and to select suitable targets for 

the hit to lead generation molecular docking was selected as a tool for virtual 

screening. 

 

2.2.6. Virtual screening by molecular docking 
 

Molecular docking is one of the widely used tool in drug design to predict 

the binding of small molecules to protein targets (Meng et al., 2011). The approach 

is used to model the interactions between the small molecule and protein binding 

site for elucidating the fundamental biochemical processes. The binding affinity is 

estimated with a scoring function based on the ligand conformation as well as its 

Entry Protein family PDB ID Resolution(Å) Biological function 

1 Estrogen receptor 3ERT 1.90 Transcription 

2 
Cyclin dependent 

kinase 
4CFN 2.20 

G1/S transition of 
mitotic cell division 

3 Aurora kinase A 3LAU 2.10 
G2/M mitotic cell 

division 
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position and orientation inside the protein active sites. This scoring function will 

delineate the correct poses from incorrect ones or binders from inactive compounds. 

 

In order to explore the possible binding modes of the compounds and to 

evaluate their binding affinity towards the target protein, the optimized ligand 

structures were screened in the active sites of individual proteins in a grid based 

ligand docking protocol using GLIDE. The preliminary docking has revealed a 

better affinity of the cyclohexylidene derivatives of 4-hydrazinothiazoles, in terms 

of their binding energy, towards the estrogen receptor protein whereas the 

benzylidene class of compounds showed a better affinity towards the cyclin 

dependent kinase protein. But, all the four classes of designed compounds, 

isopropylidene, isobutylidene, cyclohexylidene and benzylidene, were found to be 

having comparatively good affinity towards the active site of Aurora kinase protein 

3LAU. The comparison of dock scores of top scored ligands in the active sites of 

3LAU protein is given in Table 2.3.  

 

Table 2.3. Comparison of dock scores in the protein binding sites 

 

Entry Class of 

compound 

R3 R4 Glide score 

3LAU 3ERT 4CFN 

1 IPHAT -CH3 -Cl -7.28 -6.08 -4.58 

2 IPHAT -NO2 -Cl -7.17 -5.60 -4.52 

3 IPHAT -Cl -NO2 -7.16 -6.32 -1.86 

4 IPHAT -H -NO2 -7.15 -3.44 -4.91 

5 IPHAT -OCH3 -OCH3 -7.15 -2.84 -5.05 

6 IBHAT -OCH3 -H -7.57 -2.60 -1.721 

7 IBHAT -CH3 -H -7.39 -5.24 -3.37 
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8 IBHAT -NO2 -Cl -7.38 -5.53 -5.66 

9 IBHAT -Cl -F -7.26 -3.19 -2.93 

10 IBHAT -NO2 -F -7.59 -3.28 -5.05 

11 CyHAT -OCH3 -F -7.30 -3.37 -2.12 

12 CyHAT -OCH3 -H -7.03 -1.69 0.776 

13 BzHAT -OCH3 -H -7.75 -4.94 -0.53 

14 BzHAT -CH3 -NO2 -7.17 -6.60 -6.42 

 

Since the preliminary virtual screening of the designed library of 

molecules revealed the better affinity of the scaffold towards the active sites of 

AURK protein, we have selected Aurora kinase family as the target protein for our 

further hit to lead generation studies. Prior to the molecular docking studies, we 

next proceeded with the evaluation of the feasibility of attaining the scaffold, HAT, 

following the hypothesized synthetic route.  

 

2.2.7. Validation of retrosynthetic routes to 4-hydrazinothiazoles 
 

As mentioned earlier, synthetic feasibility of the scaffolds is an essential 

factor in anticancer drug development and the current drug discovery process relies 

on the ability of synthetic chemistry to deliver libraries of small molecules with 

increasing levels of structural diversity. Since the retrosynthesis of the core scaffold 

suggested the feasibility of a [4+1] ring closure between AATU and α-haloketone 

for the formation of the target HAT compound we next decided to validate our 

scheme. The chemical synthesis of different derivatives of HAT was accomplished 

following the procedure shown in Scheme 2.2 which further established the 

versatility of the designed scaffold.  The first step was the synthesis of AATU which 

could be achieved by the selective blocking of amino functionality in 

aminoguanidine by carbonyl compound through Schiff base formation to generate 

corresponding N-(alkylidene/arylidene)aminoguanidines and their subsequent 
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condensation with isothiocyanates (Sreejalekshmi, 2010). Then the [4+1] ring 

closure of the resulting AATU with α-haloketone followed by base assisted 

eliminative aromatization afforded the target compound. In view of the greater 

reactivity in nucleophilic substitution and the commercial availability, α-

bromoketones were selected as the C5 fragment contributor during the cyclization. 

 

 

Scheme 2.2. Chemical synthesis of 4-hydrazinothiazoles 

 
The reaction is expected to proceed through the S-alkylation of the AATU 

(Scheme 2.3) resulting in the formation of an acyclic S-alkylthiourea intermediate 

2 which can cyclize in presence a base to thiazoline 3. This further undergo a base 

assisted eliminative aromatization to yield the target compound, HAT. But, the end 

product(s) of such an eliminative process is largely decided by the leaving group

propensities of the competing species present at the amidino carbon which suffer 

the nucleophilic attack. The aromatisation can proceed with either the elimination 

of hydrazone moiety (Path I) which give rise to the formation of well-known 2,4-

diaminothiazoles or with the elimination of ammonia (Path II) giving rise to 

compounds of our virtual library  i.e., HAT.  

 



32 
 

 

Scheme 2.3. Mechanism of formation of 4-hydrazinothiazoles 
 

The success of the reaction to form exclusively 4-hydrazinothiazoles 

would be rationalized by comparing the basicity and the pKa value of the leaving 

groups (~ 36 for NH3 and ~ 21 for hydrazine). The elimination of more basic 

ammonia molecule probably suggest a retro-Michael addition during the 

aromatization step.  

 

In order to prove the versatility of the synthesis, 54 derivatives of 4-

hydrazinothiazoles were synthesized in the two-step protocol (Scheme 2.2) from 

which structural elucidation was carried out for 26 compounds using spectroscopic 

and analytical techniques. Considering the recent applications of multicomponent 

reactions (MCRs) in medicinal chemistry (Slobbe et al., 2012) we also developed 

a one-pot four component ring synthesis strategy for the designed HAT scaffold 

and the versatility of the synthesis was demonstrated by the synthesis of seven 
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derivatives of 4-hydrazinothiazoles (Titus & Sreejalekshmi, 2014). The yield of the 

synthesized compounds was found to be good to excellent and the designed 

procedure proceeded under very mild conditions and could accommodate large 

number of commercially available starting materials to afford densely 

functionalized HAT derivatives. 

 

2.3. Experimental Details 
 
 
2.3.1. General reagent information 
 

Aminoguanidine nitrate, isothiocyanates and α-bromoketones were 

purchased from Aldrich chemical company and were used as such. 

Ketones/aldehydes and NaOH were purchased from Merck chemicals. The solvents 

DMF and DMSO, and organic base Et3N were obtained from Merck chemicals and 

were used after purification using general procedure. CDCl3 for NMR spectroscopy 

was obtained from Aldrich chemical company. 

 

2.3.2. General analytical information 
 

Purity of the compounds were checked using thin layer chromatography 

(TLC) on silica coated plates obtained from Merck, India and spots were visualized 

under UV light or in iodine chamber. All the synthesized compounds were 

characterized by spectroscopic techniques (1H NMR, 13C NMR, MS, FT-IR), 

melting point determination and elemental analysis. Melting point determination 

was carried out using Thermoscientific melting point determination apparatus. 

NMR spectra were recorded using Bruker AV III 500 MHz FT-NMR spectrometer

using CDCl3 as solvent. LC/MS spectra were recorded on Varian Inc LC/MS 

spectrometer. HR-MS was obtained using Waters Micromass Q-Tof microTM 

(YA105) spectrometer. ESI-MS was recorded using Thermoscientific Exactive 

Orbitrap mass spectrometer. IR spectra were obtained using Perkin Elmer Spectrum 

100 FT-IR spectrometer. Elemental analysis was carried out with Perkin Elmer 

2400 Series CHNS/O Analyser.  
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2.3.3. General computational details 
 

The virtual screening of the compounds were carried out using 

Schrodinger software Suite 2012. The chemical structures of compounds in the 

virtual library were created using Maestro panel available in the software. The 

optimization of the ligand structures were carried out using Ligprep (Version 2.9) 

with OPLS_2005 force field. The hydrogen addition and preparation of proteins 

were done using protein preparation wizard. GLIDE (Version 6.2) was used for the 

molecular docking studies and the binding energy of the compounds were 

calculated using PRIME/MM-GBSA. 

  

2.4. Synthesis 
 
 
2.4.1. General procedure for the synthesis of aminoamidino 

thiourea (AATU)  
 

A suspension of NaOH (10mmol, 0.40g) was made in DMF and to this 

aminoguanidine nitrate (10mmol, 1.37g) was added and the reaction mixture was 

stirred for 10min at room temperature. It was followed by the addition of 10mmol 

of the ketone/aldehyde and the stirring was continued for 45-50min. To this mixture 

9mmol (1.21g) isothiocyanate in DMF was added drop wise and stirred for 1h. The 

reaction mixture was then added to crushed ice for the precipitation of the solid 

products. The product obtained was filtered and dried in air. Recrystallization was 

carried out in appropriate solvents to obtain the pure products. 

 

2.4.2. General procedure for the [4+1] ring closure of AATU  

 

Aminoamidinothiourea (10mmol) was dissolved in DMSO and to this α-

bromoketone (10mmol) was added followed by the addition of 1.2 molar excess of 

Et3N. The reaction mixture was stirred for 10min at room temperature and then was 

added to crushed ice. The solid obtained was collected by filtration and dried in air. 
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Appropriate solvents were used for the recrystallization of the compounds to obtain 

pure products. 

 

2.4.3. General procedure for one-pot synthesis of HAT 
 

The sequential one-pot four-component synthesis of the target compounds 

was carried out as follows. To a stirred suspension of NaOH (10mmol, 0.40g) in 

DMSO 10mmol (1.37g) of aminoguanidine nitrate was added followed by the 

addition of equimolar quantity of ketone/aldehyde (10mmol). The mixture was 

stirred for 1h at room temperature and then 9mmol isothiocyanate in DMSO was 

added in drops over 10min and the stirring continued for another 1h. Subsequently, 

α-bromoketone (9mmol) was added followed by Et3N (10mmol, 1.39mL) and 

stirred for 15min. Completion of the reaction was monitored by TLC on silica 

coated plate and the reaction mixture was poured into crushed ice with vigorous 

stirring. The solid products obtained were filtered and dried in air. Purification of 

the products was done by recrystallization in appropriate solvents.  

 
2.4.4. Characterization of AATU 

2.4.4.1. N-(Isopropylideneamino)-N’- 

(phenylthiocarbamoyl)guanidine (IPAATU-1)  

Off-white shining crystals from ethanol-water (1:1). Yield 85%. Mp 166-

167ºC. Lit. Mp 167-168 ºC (Sreejalekshmi, 2010). IR (UATR)  υ cm-1: 3300, 3200 

(N-H), 2840 (C-H aliphatic), 1620 (C=N), 1550, 1400 (C-H aromatic), 1300, 1230, 

1185 (C-N), 1100 (C=S), 830, 735 (aromatic); 1H NMR (300 MHz, CDCl3): δ 

(ppm) 2.02 (s, 3H, CH3), 2.07 (s, 3H, CH3), 6.43 (br, 2NH), 7.10 (t, 1ArH, J= 

6.9Hz), 7.31 (t, 2ArH, J= 9Hz), 7.47 (d, 2ArH, J = 9Hz), 7.90 (br, 1NH), 12.95 (br, 

1NH);  Anal. calcd. for C11H15N5S (249.33): C, 52.99; H, 6.06; N, 28.09%. Found: 

C, 52.77; H, 6.23; N, 28.30%.  
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2.4.4.2. N-(Isopropylideneamino)-N'-(p-

methoxyphenylthiocarbamoyl)guanidine 

(IPAATU-2)  

Off-white shining crystals from ethanol-water (1:1). Yield 69%. Mp 160–

161◦C. Lit. Mp 161-163ºC (Sreejalekshmi, 2010). IR (UATR) υ cm-1: 3387, 3235 

(N-H), 2821 (C-H aliphatic), 1646, 1629 (C=N), 1528, 1438, 1426 (C-H aromatic), 

1297, 1177 (C-N), 1110, 1034 (C=S), 823 (aromatic); 1H NMR (500 MHz, CDCl3): 

δ (ppm) 2.05 (s, 6H, CH3), 3.79 (s, 3H, OCH3), 6.45 (br, 2NH), 6.72–7.02 (m, 

2ArH), 7.29–7.61 (m, 2ArH), 7.84 (br, 1NH), 12.25 (br, 1NH); 13C NMR (125 

MHz, CDCl3): 18.6 (-CH3), 25.2 (-CH3), 55.5 (-OCH3), 113.8 (aromatic), 124.3 

(aromatic), 132.2 (aromatic), 154.1 (C=N), 156.5 (aromatic), 158.4 (C=NH), 185.5 

(C=S);  Anal. calcd. for C12H17N5OS (279.36): C, 51.58; H, 6.13; N, 25.07%. 

Found: C, 51.45; H, 6.04; N, 25.02%. 

2.4.4.3. N-(Isobutylideneamino)-N’-

(phenylthiocarbamoyl)guanidine (IBAATU-1)  

Off-white shining crystals from ethanol-water (1:1). Yield 65%. Mp 153–

154◦C. Lit. Mp 153-154ºC (Sreejalekshmi, 2010). IR (UATR) υ cm-1: 3395, 3283 

(N-H), 3140 (C-H aromatic), 2839 (C-H aliphatic), 1626 (C=N), 1558, 1449, 1354 

(C-H aromatic), 1111, 1026 (C=S), 842, 763 (aromatic); Anal. calcd. for C12H17N5S 

(263.36): C, 54.73; H, 6.51; N, 26.59%. Found: C, 54.94; H, 6.71; N, 26.79%.  

2.4.4.4. N-(Isobutylideneamino)-N’-(p-

methoxylphenylthiocarbamoyl)guanidine 

(IBAATU-2)   

Off-white shining crystals from ethanol-water (1:1). Yield 60%. Mp 150–

151◦C. IR (UATR) υ cm-1: 3395, 3282 (N-H), 3138 (C-H aromatic), 2830 (C-H 

aliphatic), 1622 (C=N), 1556, 1447, 1350 (C-H aromatic), 1111, 1024 (C=S), 

840,760 (aromatic).  
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2.4.4.5. N-(Cyclohexylideneamino)-N’-

(phenylthiocarbamoyl)guanidine (CyAATU-1)  

Off-white shining crystals from ethanol-water (1:1). Yield 75%. Mp 161–

162◦C. Lit. Mp 160-162ºC (Sreejalekshmi, 2010). IR (UATR) υ cm-1: 3426, 3197 

(N-H), 2971, 2824 (C-H aliphatic), 1640 (C=N), 1560, 1493 (C-H aromatic), 1189, 

1019 (C=S), 841, 743 (aromatic); 1H NMR (300MHz, CDCl3): δ (ppm) 1.62–1.77 

(m, 6H, cyclohexyl), 2.33–2.46 (m, 4H, cyclohexyl), 6.29–6.47 (br, 2NH), 7.09 (t, 

1ArH, J= 6Hz), 7.30 (t, 2ArH, J= 6Hz), 7.47 (d, 2ArH, J= 9Hz), 7.87 (br, 1NH), 

12.50 (br, 1NH); EI-MS: m/z (%): 289 (10), 256 (17), 255 (27), 197 (39), 196 

(10),192 (29), 154 (36), 135 (100), 119 (10), 111 (26), 102 (10), 98 (18), 96 (31), 

93 (31), 86 (14),77 (80); Anal. calcd. for C14H19N5S (289.39): C, 58.10; H, 6.62; N, 

24.20%. Found: C, 58.32; H, 6.47; N, 23.96%. 

2.4.4.6. N-(Cyclohexylideneamino)-N’-(p-

methoxylphenylthiocarbamoyl)guanidine 

(CyAATU-2)  

Off-white shining crystals from ethanol-water (1:1). Yield 66%. Mp 175–

176◦C. IR (UATR) υ cm-1: 3321, 3195 (N-H), 2972, 2820 (C-H aliphatic), 1638 

(C=N), 1560, 1493 (C-H aromatic), 1189, 1019 (C=S), 847, 740 (aromatic). 

2.4.4.7. N-(Benzylideneamino)-N’-

(phenylthiocarbamoyl)guanidine (BzAATU-1)   

Pale green shining crystals from ethanol-water (1:1). Yield 65%. Mp 168–

169◦C. Lit. Mp 169-170ºC (Sreejalekshmi, 2010). IR (UATR) υ cm-1: 3417, 3398 

(N-H), 3088 (C-H aromatic), 1619 (C=N), 1591, 1560, 1464 (C-H aromatic), 1095 

(C=S), 807, 748, 686 (aromatic); Anal. calcd. for C15H15N5S (297.37): C, 60.58; H, 

5.08; N, 23.55%. Found: C, 60.83; H, 5.26; N, 23.75%. 
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2.4.4.8. N-(Benzylideneamino)-N’-(p-

methoxylphenylthiocarbamoyl)guanidine 

(BzAATU-2)  
 

Pale green shining crystals from ethanol-water (1:1). Yield 62%. Mp 169-

170◦C. Lit. Mp 165-166ºC (Sreejalekshmi, 2010). IR (KBr) υ cm-1: 3427, 3225 (N-

H), 3093, 2830, 1720, 1621 (C=N), 1534, 1509 (C-H aromatic), 1110, 1099 (C=S), 

835, 800, 751, 690 (aromatic); Anal. calcd. for C16H17N5OS (327.40): C, 58.69; H, 

5.23; N, 21.39%. Found: C, 58.42; H, 5.48; N, 21.27%.  

2.4.4.9. N-(Benzylideneamino)-N’-(p-

methylphenylthiocarbamoyl)guanidine 

(BzAATU-3) 
 

Pale green shining crystals from ethanol-water (1:1). Yield 58%. Mp 156–

158◦C. Lit. Mp 156-158ºC (Sreejalekshmi, 2010). IR (KBr) υ cm-1: 3400 (N-H), 

3080 (C-H aromatic), 1610, 1600 (C=N), 1580, 1550, 1500, 1435 (C-H aromatic), 

1090 (C=S), 805, 750, 680 (aromatic); 1H NMR (300 MHz, CDCl3): δ (ppm) 2.33 

(s, 3H, -CH3), 6.6 (br, 1NH), 7.43 (m, 3ArH), 7.65 (m, 2ArH), 7.93 (br, 2NH), 8.51 

(br, 1NH); EI- MS: m/z (%): 195 (9), 162 (35), 161 (20), 150 (14), 149 (100), 148 

(42), 119 (15), 117 (12), 106 (12),92 (13), 91 (97), 90 (34), 89 (30), 85 (25), 77 

(20); Anal. calcd. for C16H17N5S (311.40): C, 61.71; H, 5.50; N, 22.49%. Found: C, 

61.52; H, 5.63; N, 22.30 %. 
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2.4.5. Characterization of HATs 

2.4.5.1. 5-benzoyl-4-isopropylidenehydrazino-2-

phenylaminothiazole (IPHAT-1)  
 

The compound IPHAT-1 was synthesized using acetone (580mg, 

10mmol), phenylisothiocyanate (1.21g, 9mmol) and phenacylbromide (1.79g, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (97%). Mp 206-208C.  IR (UATR) υ cm-1: 3350, 3220 (N-H), 3060 

(aromatic), 1676 (C=O), 749, 690 (aromatic); 1H NMR (500 MHz, CDCl3) :  

(ppm) 2.10 (s, 6H, CH3),  7.21-7.24 (m, 1ArH), 7.28-7.29 (m, 3ArH), 7.40-7.48 (m, 

5ArH),   7.76-7.77 (m, 1ArH ), 8.45 (s, 1ArNH), 12.09 (s, 1NH); 13C NMR (67.9 

MHz, CDCl3): δ (ppm) 17.2, 25.2, 94.4, 120.9, 125.6, 127.2, 128.4, 129.7, 130.7, 

138.2, 141.3, 152.3, 161.8,  184.2; EI-MS: m/z (%): 350 (41), 245 (6), 119 (21), 

105 (37), 77 (100), 56 (19); Anal. calcd. for: C19H18N4O2S (350.44): C, 65.12; H, 

5.18; N, 15.99%. Found: C, 65.08; H, 5.14; N, 15.83%. 
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Figure 2.7. 1H NMR spectrum of IPHAT-1 

 

 
 Figure 2.8. 13C NMR spectrum of IPHAT-1 
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2.4.5.2. 5-(4-chlorobenzoyl)-4-

isopropylidenehydrazino-2phenylaminothiazole 

(IPHAT-2)  
 

Compound was synthesized using acetone (580mg, 10mmol), 

phenylisothiocyanate (1.216g, 9mmol) and 4-chlorophenacylbromide (2.10g, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (94%). Mp 236-237C. IR (UATR) υ cm-1: 3224 (N-H), 3008, 2972 

(aromatic), 1681 (C=O), 840, 748 (aromatic);  1H NMR (500 MHz, CDCl3):  (ppm) 

2.07 (s, 6H, -CH3), 7.23-7.26 (m, 1ArH), 7.28-7.30 (m, 2ArH), 7.41-7.44 (m, 

4ArH), 7.71-7.72 (m, 2ArH), 8.60 (s, 1ArNH), 12.09 (s, 1NH); 13C NMR (125 

MHz, CDCl3):  (ppm) 17.2, 25.1, 121.2, 125.9, 128.6, 128.7, 129.7, 136.7, 138.1, 

139.5, 152.7, 162.1, 171.2, 182.5; HR-MS calcd. for (M+H)+: 385.0890; Found: 

385.0875.  

 

Figure 2.9. HR-MS spectrum of IPHAT-2 
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Figure 2.10. 1H NMR spectrum of IPHAT-2 

 

 
Figure 2.11. 13C NMR spectrum of IPHAT-2 
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2.4.5.3. 5-(4-flurobenzoyl)-4-

isopropylidenehydrazino-2-phenylaminothiazole 

(IPHAT-3)  
 

IPHAT-3 was synthesized using acetone (580mg, 10mmol), 

phenylisothiocyanate (1.21mg, 9mmol), 4-fluorophenacylbromide (1.95mg, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (90%). Mp 224-225C. IR (UATR) υ cm-1: 3340, 3279 (N-H), 3062, 2945 

(aromatic), 1670 (C=O), 847, 755 (aromatic);  1H NMR (500MHz, CDCl3):  (ppm) 

1.96 (s, 3H, CH3), 2.03 (s, 3H, CH3), 7.12 (t, J= 8.5Hz, 2ArH), 7.21-7.24 (m, 1ArH), 

7.28-7.30 (m, 2ArH), 7.38-7.42 (m, 2ArH), 7.76-7.80 (m, 2ArH), 9.10 (s, 1ArNH),

12.08 (s, 1NH); 13C NMR (125 MHz, CDCl3):  (ppm) 17.1, 24.9, 115.4, 115.5, 

121.4, 125.8, 129.5, 137.4, 138.4, 152.4, 162.1, 163.0, 165.0, 171.4, 182.6; Anal. 

calcd. for C19H17FN4OS (368.43): C, 61.94; H, 4.65; N, 15.22%. Found: C, 59.37; 

H, 3.88; N, 14.45%. 

 

 
Figure 2.12. 1H NMR spectrum of IPHAT-3 
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Figure 2.13. 13C NMR spectrum of IPHAT-3 

 

2.4.5.4. 4-isopropylidenehydrazino-2-

phenylamino-5-(4-nitrobenzoyl)thiazole 

(IPHAT-4) 
 

The compound IPHAT-4 was synthesized using acetone (580mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and 4-nitrophenacylbromide 

(2.19g, 9mmol) and following the general procedure. The crude product was 

purified by recrystallization using ethanol-acetone (1:1) mixture to obtain the 

product as red solid (75%). Mp 229-230C. IR (UATR) υ cm-1: 3338, 3232 (N-H), 

3062, 2987 (aromatic), 1671 (C=O), 1521, 1339 (ArNO2), 852 (C-N of ArNO2);  1H 

NMR (500MHz, CDCl3) :  (ppm) 2.08 (s, 6H, CH3), 7.28 (m, 3ArH), 7.43 (m, 

2ArH), 7.90 (m, 2ArH), 8.30 (d, J= 6.0Hz, 2ArH), 8.71 (s, 1ArNH), 12.13 (s, 1NH); 

13C NMR (125 MHz, CDCl3):  (ppm) 25.2, 121.5, 123.8, 126.3, 128.2, 129.8, 

137.8, 146.7, 148.7, 153.7, 162.6, 171.8, 180.8; HR-MS calcd. for (M+H)+: 

396.1130; Found: 396.1118. 
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Figure 2.14. HR-MS spectrum of IPHAT-4 

 

 
Figure 2.15. 1H NMR spectrum of IPHAT-4 
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Figure 2.16. 13C NMR spectrum of IPHAT-4 

 

2.4.5.5. 4-isopropylidenehydrazino-5-(4-

methoxybenzoyl)-2- phenylaminothiazole 

(IPHAT-5)  
 

IPHAT-5 was synthesized using acetone (580mg, 10mmol), 

phenylisothiocyanate (1.216g, 9mmol) and 4-methoxyphenacylbromide (2.06g, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (92%). Mp 248-250C. IR (UATR) υ cm-1: 3273 (N-H), 3077, 2956 

(aromatic), 2838 (aliphatic), 1676 (C=O), 1254, 1028 (C-O-C);  1H NMR (500MHz, 

CDCl3):  (ppm)  2.06 (s, 6H, CH3), 3.85 (s, 3H, OCH3), 6.93 (d, J= 8.6Hz, 2ArH), 

7.19-7.22 (m, 1ArH), 7.26-7.27 (m, 2ArH), 7.38-7.41 (m, 2ArH), 7.76 (d, J= 8.6Hz, 

2ArH), 8.44 (s, 1ArNH), 12.07 (s, 1NH); 13C NMR (125 MHz, CDCl3): (ppm) 

17.2, 25.1, 55.4, 94.1, 113.7, 121.1, 125.5, 129.2, 129.7, 133.8, 138.4, 151.9, 161.6, 

161.8, 170.8, 183.5;  EI-MS: m/z (%): 380 ( 100), 379 (64), 324 (19), 275 (19), 149 

(41), 148 (20), 122 (25), 121 (12), 105 (65), 77 (40), 56 (40); Anal. calcd. for 
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C20H20N4O2S (380.47): C, 63.13; H, 5.30; N, 14.73%. Found: C, 63.06; H, 5.22; N, 

14.69%.  

 

 
Figure 2.17. 1H NMR spectrum of IPHAT-5 

 

 
Figure 2.18. 13C NMR spectrum of IPHAT-5 
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2.4.5.6. 5-benzoyl-4-isopropylidenehydrazino-2-

(4-methoxyphenylamino)thiazole (IPHAT-6) 

 

Compound was synthesized using acetone (580mg, 10mmol), 4-

methoxyphenylisothiocyanate (1.48g, 9mmol) and phenacylbromide (1.79g, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (92%). Mp 238-240oC. IR (UATR) υ cm-1: 3268 (N-H), 3076, 2996 (aromatic) 

1695 (C=O), 1231, 1030 (C-O-C); 1H NMR (500 MHz, CDCl3):  (ppm) 1.97 (s, 

3H, CH3 ),  2.03 (s, 3H, CH3 ), 3.79 (s, 3H, OCH3), 6.72-6.76 (m, 1ArH), 6.82-6.83 

(m, 1ArH), 6.86-6.88 (m, 1ArH), 7.25-7.28 (m, 1ArH), 7.41-7.46 (m, 3ArH), 7.74-

7.76 (m, 2ArH), 8.95 (s, 1ArNH), 12.08 (s, 1NH); 13C NMR (125 MHz, CDCl3):δ 

(ppm) 17.1, 25.0, 55.4, 94.6, 121.5, 127.1, 128.2, 130.2, 130.5, 135.6, 135.8, 141.2, 

152.2, 162.0, 171.9, 183.8; EI-MS: m/z (%): 364( 100), 308(20), 259(23), 133(48), 

132(34), 105(63), 91(16), 77(37), 56(48);  Anal. calcd. for C20H20N4O2S (380.47): 

C, 65.90; H, 5.53; N, 15.37. Found: C, 65.77; H, 5.46; N, 15.29. 

 
Figure 2.19. 1H NMR spectrum of IPHAT-6 
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Figure 2.20. 13C NMR spectrum of IPHAT-6 

 

2.4.5.7. 4-isopropylidenehydrazino-5-(naphth-2-

oyl)-2-phenylaminothiazole (IPHAT-7) 

 

IPHAT-7 was synthesized using acetone (580mg, 10mmol), 

phenylisothiocyanate (1.21g, 9mmol) and 2-bromoacetylnaphthalene (2.24g, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (90%). Mp 258-259oC. IR (UATR) υ cm-1: 3282 (N-H), 3098, 3052 (aromatic) 

1629 (C=O), 832, 759 (aromatic); 1H NMR (500 MHz, CDCl3):  (ppm) 2.12 (s, 

3H, CH3 ),  2.16 (s, 3H, CH3 ), 7.19-7.22 (m, 1ArH), 7.25-7.27 (m, 2ArH), 7.37-

7.41 (m, 2ArH), 7.51-7.57 (m, 2ArH), 7.83-7.88 (m, 2ArH), 7.90-7.93 (m, 2ArH), 

8.19 (s, 1ArNH), 8.24 (s, 1ArH), 12.15 (s, 1NH); 13C NMR (125 MHz, CDCl3):δ 

(ppm) 17.3, 25.2, 95.0, 120.9, 124.3, 125.6, 126.6, 127.4, 127.8, 128.4, 128.9, 

129.7, 132.6, 134.4, 138.2, 138.7, 152.4, 161.9, 171.2, 184.1; LC-MS (M)+: m/z: 

400.12. 
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Figure 2.21. LC-MS spectrum of IPHAT-7 

 

 
Figure 2.22. 1H NMR spectrum of IPHAT-7 
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Figure 2.23. 13C NMR spectrum of IPHAT-7 

 

2.4.5.8. 4-isopropylidenehydrazino-2-(4-

methoxyphenylamino)-5-(naphth-2-oyl)- thiazole 

(IPHAT-8) 
 

The compound IPHAT-8 was synthesized using acetone (580mg, 

10mmol), 4-methoxyphenylisothiocyanate (1.48g, 9mmol) and 2-

bromoacetylnaphthalene (2.24g, 9mmol) and following the general procedure. The 

crude product was purified by recrystallization using ethanol-acetone (1:1) mixture 

to obtain the product as yellow solid (90%). Mp 223-224oC. IR (UATR) υ cm-1: 

3395, 3269 (N-H), 3054, 2996 (aromatic) 1636 (C=O), 1231, 1030 (C-O-C), 823, 

776 (aromatic); 1H NMR (500 MHz, CDCl3): (ppm) 2.08 (s, 6H, CH3 ), 3.80 (s, 

3H, OCH3) 6.89-6.90 (m, 2ArH), 7.21-7.22 (m, 2ArH), 7.49-7.55 (m, 2ArH), 7.80-

7.82 (m, 1ArH), 7.84-7.86 (m, 2ArH), 7.87-7.91 (m, 1ArH), 8.20 (s, 1ArH), 8.29 

(s, 1ArNH), 12.19 (s, 1NH); 13C NMR (125 MHz, CDCl3): δ (ppm) 17.3, 25.2, 55.5, 

95.0, 114.9, 124.7, 126.5, 127.3, 127.7, 128.3, 128.9, 131.2, 132.6, 134.3, 138.8, 

152.3, 158.2, 162.5, 173.4, 183.8; LC-MS (M)+: m/z: 430.15. 
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Figure 2.24. LC-MS spectrum of IPHAT-8 

 

 
Figure 2.25. 1H NMR spectrum of IPHAT-8 
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Figure 2.26. 13C NMR spectrum of IPHAT-8 

2.4.5.9. 5-(benzoyl)-4-isobutylidenehydrazino-2-

phenylaminothiazole (IBHAT-1) 

 

The compound IBHAT-1 was synthesized using 2-butanone (721mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and phenacylbromide (1.79g, 

9mmol) and following the general procedure. The crude product was purified by 

recrystallization using chloroform-acetone (1:1) mixture to obtain the product as 

yellow solid (92%). Mp 168-169oC. IR (KBr) υ cm-1: 3260, 3190 (N-H), 2950, 2900 

(C-H), 820, 750 (aromatic); 1H NMR (500 MHz, CDCl3): δ (ppm) 1.05-1.08 (m, 

1H), 1.19-1.22 (m, 1H), 1.82 (s, 3H, CH3), 1.99-2.04 (m, 3H ), 7.17-7.23 (m, 1ArH), 

7.28-7.30 (m, 2ArH), 7.37-7.43 (m, 2ArH), 7.45-7.48 (m, 3ArH), 7.74-7.76 (m, 

2ArH ), 8.95 (s, 1ArNH), 12.08 (s, 1NH); 13C NMR (125 MHz, CDCl3): δ (ppm) 

15.2, 17.2, 25.1, 121.2, 125.7, 127.2, 128.5, 129.6, 130.7, 135.3, 138.4, 141.3, 

152.3, 161.9, 171.4, 175.3, 184.1. 
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Figure 2.27. 1H NMR spectrum of IBHAT-1 

 
Figure 2.28. 13C NMR spectrum of IBHAT-1 
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2.4.5.10. 5-(4-chlorobenzoyl)-4-

isobutylidenehydrazino-2-phenylaminothiazole 

(IBHAT-2)  
 

The compound IBHAT-2 was synthesized using 2-butanone (721mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and 4-chlorophenacylbromide 

(2.10g, 9mmol) and following the general procedure. The crude product was 

purified by recrystallization using chloroform-acetone (1:1) mixture to obtain the 

product as yellow solid (92%). Mp 216-218oC. IR (KBr) υ cm-1: 3260, 3190 (N-H), 

2955(C-H), 826, 753 (aromatic); 1H NMR (500 MHz, CDCl3): δ (ppm) 1.12-1.15 

(m, 1H), 1.22-1.25 (m, 2H), 2.07 (s, 3H, CH3), 2.40 (dd, J= 7.5Hz, 1H ), 2.47 (dd, 

J= 7.5Hz, 1H ), 7.19-7.27 (m, 2ArH), 7.39-7.47 (m, 4ArH), 7.68-7.70 (m, 2ArH), 

8.35 (s, 1ArNH), 12.22 (s, 1NH); 13C NMR (125 MHz, CDCl3): δ (ppm)  11.3, 15.2, 

32.0, 94.4, 121.2, 125.8, 128.7, 129.7, 136.7, 138.3, 139.6, 157.0, 162.2, 171.4, 

182.5; ESI-MS (M+H)+: 399.10; Anal. calcd. for C20H19ClN4OS (398.91): C, 60.22; 

H, 4.80; N, 14.05%. Found: C, 60.42; H, 5.02; N, 14.23%. 

 
Figure 2.29. ESI-MS spectrum of IBHAT-2 
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Figure 2.30. 1H NMR spectrum of IBHAT-2 

 
Figure 2.31. 13C NMR spectrum of IBHAT-2 
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2.4.5.11. 5-(4-fluorobenzoyl)-4-

isobutylidenehydrazino-2-phenylaminothiazole 

(IBHAT-3)  
 

The above compound was synthesized using 2-butanone (721mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and 4-fluorophenacylbromide 

(1.95mg, 9mmol) following the general procedure. The crude product was purified 

by recrystallization using chloroform-acetone (1:1) mixture to obtain the product as 

yellow solid (92%). Mp 194-195oC. IR (KBr) υ cm-1: 3260, 3190 (N-H), 2946 (C-

H), 827, 743 (aromatic); 1H NMR (500 MHz, CDCl3): δ (ppm) 1.02-1.05 (m, 3H), 

1.99 (s, 3H, CH3), 2.22-2.26 (m, 2H), 7.09-7.12 (m, 2ArH), 7.20-7.22 (m, 1ArH), 

7.27-7.28 (m, 2ArH), 7.36-7.39 (m, 2ArH), 7.76-7.78 (m, 2ArH), 9.14 (s, 1ArNH), 

12.05 (s, 1NH); 13C NMR (125 MHz, CDCl3): δ (ppm)  11.2, 15.2, 22.3,  31.9, 94.2, 

115.4, 121.3, 125.7, 129.6, 137.5, 138.5, 156.8, 157.2,  162.2, 163.1, 165.1, 171.4, 

182.6;  HR-MS calcd. for (M+H)+: 383.1342; Found: 383.1351. 

 

 
Figure 2.32. ESI-MS spectrum of IBHAT-3 
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Figure 2.33. 1H NMR spectrum of IBHAT-3 

 

 
Figure 2.34. 13C NMR spectrum of IBHAT-3 
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2.4.5.12. 4-isobutylidenehydrazino-5-(4-

nitrobenzoyl)-2-phenylaminothiazole (IBHAT-4)  

 

The compound IBHAT-4 was synthesized using 2-butanone (721mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol), 4-nitrophenacylbromide (2.19g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as red 

solid (80%). Mp. 212-213C. IR (UATR) υ cm-1: 3480 (N-H), 1599, 1531, 1567, 

1378, 852 (aromatic);  1H NMR (500MHz, CDCl3):  (ppm) 1.83 (s, 3H), 2.04 (m, 

3H), 2.28 (dd, J= 7.5Hz, 1H), 2.44 (dd, J= 7.5Hz, 1H), 7.24-7.29 (m, 3ArH), 7.40-

7.43 (m, 2ArH), 7.90 (d, J= 9Hz, 2ArH), 8.29 (d, J= 8.5Hz, 2ArH), 9.21 (s, 1ArNH), 

12.12 (s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 11.2, 15.3, 17.2, 22.4, 24.2, 

25.0, 32.0, 94.8, 121.7, 123.8, 126.2, 128.2, 129.7, 138.0, 146.7, 148.7, 153.6, 

157.9, 162.7, 172.1 180.8; LC-MS (M+1)+: m/z: 410.30. 

 
Figure 2.35. 1H NMR spectrum of IBHAT-4 
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Figure 2.36. 13C NMR spectrum of IBHAT-4 

 

2.4.5.13. 4-isobutylidenehydrazino-5-(4-

methoxybenzoyl)-2-phenylaminothiazole 

(IBHAT-5) 
 

The above compound was synthesized using 2-butanone (721mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and 4-methoxyphenacylbromide 

(2.06g, 9mmol) following the general procedure. The crude product was purified 

by recrystallization using ethanol-acetone (1:1) mixture to obtain the product as 

yellow solid (88%). Mp 229-230C. IR (UATR) υ cm-1: 3281, 3212 (N-H), 1601, 

1557, 1299, 1252, 1070;  1H NMR (500MHz, CDCl3):  (ppm) 1.05 (s, 2H), 1.21 

(s, 1H), 1.79-1.91 (m, 2H), 2.02 (s, 2H), 2.26 (s, 1H), 3.86 (s, 3H, OCH3), 6.95 (d, 

J= 7.5Hz, 2ArH), 7.20 (m, 1ArH), 7.28-7.30 (m, 2ArH), 7.38-7.39 (m, 2ArH), 7.77-

7.79 (m, 2ArH), 9.11 (s, 1ArNH), 12.08 (s, 1NH); 13C NMR (125MHz, CDCl3):  

(ppm) 11.3, 15.2, 31.9,  55.4, 113.7, 121.1, 125.5, 129.2, 129.6, 133.8, 138.5, 156.2, 

161.6, 161.9, 170.9, 183.5; HR-MS calcd. for (M+H)+: 395.1542; Found: 395.1560. 
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Figure 2.37. HR-MS spectrum of IBHAT-5 

 

 
Figure 2.38. 1H NMR spectrum of IBHAT-5 
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Figure 2.39. 13C NMR spectrum of IBHAT-5 

 

2.4.5.14. 5-benzoyl-4-isobutylidenehydrazino-2-

(4-methoxyphenylamino)thiazole (IBHAT-6)  

  

The compound IBHAT-6 was synthesized using 2-butanone (721mg, 

10mmol), 4-methoxyphenyl isothiocyanate (1.48g, 9mmol) and phenacylbromide 

(1.79g, 9mmol) following the general procedure. The crude product was purified 

by recrystallization using ethanol-acetone (1:1) mixture to obtain the product as 

yellow solid (80%). Mp 217-218C. IR (UATR) υ cm-1: 3268, 3201 (N-H), 2870 

(aliphatic), 1698 (C=O), 836, 729 (aromatic);  1H NMR (500MHz CDCl3):  (ppm) 

1.09-1.23 (m, 2H), 2.01-2.05 (m, 1H), 2.06 (s, 3H), 2.33-2.36 (m, 1H), 2.44-2.46 

(m, 1H), 3.81 (s, 3H), 6.89-6.93 (m, 2ArH), 7.20-7.22 (m, 2ArH), 7.36-7.45 (m, 

3ArH), 7.71 (d, J= 7.0Hz, 2ArH), 8.32 (s, 1ArNH), 12.12 (s,1NH); 13C NMR 

(125MHz, CDCl3):  (ppm) 17.2, 22.3, 24.1, 31.9, 55.5, 114.7, 124.7, 127.2, 128.4, 

130.5, 131.1, 141.4, 152.1, 156.7, 162.5, 173.4, 183.7; LC-MS (M-1)+: m/z: 393.30. 
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Figure 2.40. 1H NMR spectrum of IBHAT-6 

 

 
Figure 2.41. 13C NMR spectrum of IBHAT-6 
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2.4.5.15. 4-isobutylidenehydrazino-5-(naphth-2-

oyl)-2-phenylaminothiazole (IBHAT-7)  

 

IBHAT-7 was synthesized using 2-butanone (721mg, 10mmol), 

phenylisothiocyanate (1.21g, 9mmol) and 2-bromoacetylnaphthalene (2.24g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (90%). Mp 237-238oC. IR (UATR)  υ cm-1: 3282 (N-H), 3098, 3052 

(aromatic) 1629 (C=O), 832, 759 (aromatic); 1H NMR (500 MHz, CDCl3):  (ppm) 

1.13 (t, J= 7.5Hz, 3H),  2.08 (s, 3H), 2.39 (dd, J= 7.5Hz, 2H), 7.36-7.39 (m, 2ArH), 

7.51-7.57 (m, 3ArH), 7.83-7.88 (m, 3ArH), 7.89-7.92 (m, 3ArH), 8.53 (s, 1ArNH), 

8.24 (s, 1ArH), 12.13 (s, 1NH); 13C NMR (125 MHz, CDCl3): δ (ppm) 11.4, 15.2, 

32.1, 95.1, 120.9, 124.3, 125.6, 126.6, 127.4, 127.8, 128.4, 128.9, 129.7, 132.6, 

134.4, 138.3, 138.7, 156.8, 161.9, 171.2, 184.1; LC-MS (M)+: m/z: 414.10. 

 

 
Figure 2.42. LC-MS spectrum of IBHAT-7 

 



65 
 

 
Figure 2.43. 1H NMR spectrum of IBHAT-7 

 
Figure 2.44. 13C NMR spectrum of IBHAT-7 
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2.4.5.16. 5-(benzoyl)-4-cyclohexylidenehydrazino-2-

phenylaminothiazole (CyHAT-1) 

 
 

The above compound was synthesized using cyclohexanone (981mg, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and phenacylbromide (1.79g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (70%). Mp. 205-206C. IR (UATR) υ cm-1: 3281, 3212 (N-H) ,1601, 1557, 

1253, 1070 ;  1H NMR (500MHz, CDCl3):  (ppm) 1.53-1.67 (m, 4H), 1.68-1.81 

(m, 2H), 2.21-2.41 (m, 2H), 2.42-2.62 (m, 2H), 7.18-7.21 (m, 1ArH), 7.29-7.31 (m, 

2ArH), 7.36-7.39 (m, 2ArH), 7.42-7.47 (m, 3ArH), 7.76-7.78 (m, 2ArH), 8.74 (s, 

1ArNH), 12.29 (s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 25.8, 26.8, 27.1, 

29.6, 35.2, 94.4, 121.1, 125.6, 127.2, 128.4, 129.7, 130.7, 138.4, 141.3, 158.2, 

162.7, 171.3, 184.0; ESI-MS (M+H)+: 391.16. 

 

 
Figure 2.45. ESI-MS spectrum of CyHAT-1 

 



67 
 

 
Figure 2.46. 1H NMR spectrum of CyHAT-1 

 
Figure 2.47. 13C NMR spectrum of CyHAT-1 
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2.4.5.17. 5-(4-chlorobenzoyl)-4-

cyclohexylidenehydrazino-2-phenylaminothiazole 

(CyHAT-2) 
 

CyHAT-2 was synthesized using cyclohexanone (981mg, 10mmol), 

phenylisothiocyanate (1.216g, 9mmol) and 4-chlorophenacylbromide (2.10g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (70%). Mp. 231-232C. IR (UATR) υ cm-1: 3293, 3216 (N-H) ,1625, 1540, 

1076 ;  1H NMR (500MHz, CDCl3):  (ppm) 1.62-1.70 (m, 6H), 2.17-2.43 (m, 2H), 

2.47-2.49 (m, 2H), 7.22-7.27 (m, 2ArH), 7.38-7.41 (m, 5ArH), 7.68-7.70 (m, 

2ArH), 8.81 (s, 1ArNH), 12.28 (s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 

25.5, 25.8, 26.8, 27.1, 35.1, 94.2, 121.3, 125.8, 128.6, 128.7, 129.7, 136.7, 138.2, 

139.6, 158.6, 162.4, 171.4, 182.3; ESI-MS (M+H)+: 425.12. 

 
Figure 2.48. ESI-MS spectrum of CyHAT-2 

 



69 
 

 
Figure 2.49. 1H NMR spectrum of CyHAT-2 

 

 
Figure 2.50. 13C NMR spectrum of CyHAT-2 
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2.4.5.18. 4-cyclohexylidenehydrazino-5-(4-

methoxybenzoyl)-2-phenylaminothiazole (CyHAT-3) 

 
 

The compound was synthesized using cyclohexanone (981mg, 10mmol), 

phenylisothiocyanate (1.21g, 9mmol) and 4-methoxyphenacylbromide (2.06g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (63%). Mp 224-225C. IR (UATR) υ cm-1: 3296 (N-H) ,1629, 1545, 1244, 

1058 ;  1H NMR (500MHz, CDCl3):  (ppm) 0.69-1.75 (m, 4H), 2.40-2.43 (m, 2H), 

2.51-2.53 (m, 2H), 3.85 (s, 3H), 6.92-6.94 (m, 2ArH), 7.19-7.22 (m, 1ArH), 7.27-

7.28 (m, 2ArH), 7.38-7.42 (m, 2ArH), 7.75-7.77 (m, 2ArH), 8.38 (s, 1ArNH), 12.29

(s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 9.3, 11.3, 15.2, 17.2, 24.1, 31.9, 

55.4, 113.7, 121.1, 125.5, 129.2, 129.6, 133.8, 138.5, 151.9, 156.2, 161.9, 170.9, 

183.4; ESI-MS (M+H)+: 421.16; Anal. calcd. for C23H24N4O2S (420.16): C, 65.69; 

H, 5.76; N, 13.33%. Found: C, 66.18; H, 5.91; N, 13.55%. 

 

 
Figure 2.51. ESI-MS spectrum of CyHAT-3 
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Figure 2.52. 1H NMR spectrum of CyHAT-3 

 
Figure 2.53. 13C NMR spectrum of CyHAT-3 
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2.4.5.19. 4-cyclohexylidenehydrazino-5-(4-

methoxybenzoyl)-2-phenylaminothiazole 

(CyHAT-4) 

  

Compound was synthesized using cyclohexanone (981mg, 10mmol), 4-

methoxyphenylisothiocyanate (1.48g, 9mmol) and phenacylbromide (1.79g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (80%). Mp. 246-247C. IR (UATR) υ cm-1: 3276, 3198 (N-H) , 2938, 2858 

(aliphatic), 1678 (C=O), 831, 731 (aromatic);  1H NMR (500MHz, CDCl3):  (ppm) 

1.63-1.72 (m, 6H), 2.34-2.38 (m, 2H), 2.49-2.52 (m, 2H), 3.81 (s, 3H), 6.89-6.92 

(m, 2ArH), 7.20-7.22 (m, 2ArH), 7.38-7.47 (m, 3ArH), 7.70-7.72 (m, 2ArH), 8.36 

(s, 1ArNH), 12.34 (s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 25.6, 25.9, 26.9, 

27.2, 35.2, 55.5, 94.6, 100.0, 114.9, 124.7, 127.2, 128.4, 130.5, 131.2, 141.4, 158.3, 

162.8, 173.4, 183.7; LC-MS (M+1)+: m/z : 421.12. 

 

 
Figure 2.54. ESI-MS spectrum of CyHAT-4 

 



73 
 

 
Figure 2.55. 1H NMR spectrum of CyHAT-4 

 

 
Figure 2.56. 13C NMR spectrum of CyHAT-4 
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2.4.5.20. 5-benzoyl-4-benzylidenehydrazino-2-

phenylaminothiazole (BzHAT-1)  

 

The compound BzHAT-1 was synthesized using benzaldehyde (1.06g, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and phenacylbromide (1.79g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (90%). Mp 190-192C. IR (UATR) υ cm-1: 3480-2870 , 1697, 1601, 1515, 

1249, 751;  1HNMR (500MHz, CDCl3):  (ppm) 7.12-7.15 (m, 1ArH), 7.27-7.35 

(m, 7ArH), 7.43-7.49 (m, 3ArH), 7.65-7.67 (m, 2ArH), 7.75-7.77 (m, 2ArH), 7.97-

8.01 (s, 1H), 9.11 (s, 1ArNH), 12.37 (s, 1NH); 13C NMR (125MHz, CDCl3):  

(ppm) 94.6, 125.6, 127.3, 127.4, 128.4, 128.5, 129.4, 129.7, 130.8, 133.8, 138.4, 

141.2, 145.5, 161.3, 171.6, 184.5; LC-MS (M+): m/z: 398.40. 

 
Figure 2.57. 1H NMR spectrum of BzHAT-1
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Figure 2.58. 13C NMR spectrum of BzHAT-1 

 

 

 

2.4.5.21. 4-benzylidenehydrazino-5-(4-

chlorobenzoyl)-2-phenylaminothiazole (BzHAT-2) 

 

The compound BzHAT-2 was synthesized using benzaldehyde (1.06g, 

10mmol), phenylisothiocyanate (1.216g, 9mmol) and 4-chlorophenacylbromide 

(2.10g, 9mmol) following the general procedure. The crude product was purified 

by recrystallization using ethanol-acetone (1:1) mixture to obtain the product as 

yellow solid (90%). Mp 163-164C. IR (UATR) υ cm-1: 3450, 3336 (N-H), 1737 

(C=O), 840, 753 (aromatic);  1H NMR (500MHz, CDCl3):  (ppm) 6.85-7.16 (m, 

2ArH), 7.17-7.50 (m, 9ArH), 7.52-7.66 (m, 2ArH), 7.65-7.67 (m, 2ArH), 7.91 (s, 

1H), 9.78 (s, 1ArNH), 12.35 (s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 

94.4,121.5, 125.9, 127.4, 128.5, 128.7, 128.8, 129.4, 129.9, 133.7, 136.9, 138.2, 
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139.5, 145.8, 161.5, 171.6, 183.0; Anal. calcd for C23H17ClN4OS (432.9): C, 57.52; 

H, 4.39; N, 12.20%. Found: C, 57.36; H, 4.19; N, 12.05%. 

 
Figure 2.59. 1H NMR spectrum of BzHAT-2

 
Figure 2.60. 13C NMR spectrum of BzHAT-2 
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2.4.5.22. 4-benzylidenehydrazino-5-(4-

nitrobenzoyl)-2-phenylaminothiazole (BzHAT-3) 

 

 The compound was synthesized using benzaldehyde (1.06g, 10mmol), 

phenylisothiocyanate (1.21g, 9mmol) and 4-nitrophenacylbromide (2.19g, 9mmol) 

following the general procedure.  The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (85%). Mp 126-127C; IR (UATR) υ cm-1: 3214 (N-H), 3033 (aromatic), 1735 

(C=O), 823, 729 (aromatic);  1H NMR (500MHz, CDCl3):  (ppm) 7.21-7.24 (s, 

1ArH), 7.27-7.29 (m, 2ArH), 7.37-7.40 (m, 5ArH), 7.72-7.74 (m, 2ArH), 7.88-7.90 

(m, 2ArH), 8.07 (s, 1CH), 8.29-8.31 (m, 2ArH), 8.66 (s, 1ArNH), 12.36 (s, 1NH); 

13CNMR (125MHz, CDCl3):  (ppm) 94.9, 121.6, 123.9, 126.6, 127.5, 128.3, 128.6, 

129.7, 130.2, 133.5, 137.9, 146.6, 146.7, 148.9, 162.0, 171.9, 181.4 ; ESI-MS 

(M+H)+: 444.11. 

 

 
Figure 2.61. ESI-MS spectrum of BzHAT-3 
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Figure 2.62. 1H NMR spectrum of BzHAT-3

 
Figure 2.63. 13C NMR spectrum of BzHAT-3 
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2.4.5.23. 4-benzylidenehydrazino-5-(4-

methoxybenzoyl)-2-phenylaminothiazole (BzHAT-4)  

 

The compound was synthesized using benzaldehyde (1.06g, 10mmol), 

phenylisothiocyanate (1.21g, 9mmol) and 4-methoxyphenacylbromide (2.06g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (85%). Mp 134-135C; IR (UATR) υ cm-1: 3218 (N-H), 3059 (aromatic), 1728 

(C=O), 838, 757 (aromatic);  1H NMR (500MHz, CDCl3):  (ppm) 3.85 (s, 3H), 

6.93-6.96 (m, 2ArH), 7.12-7.15 (m, 1ArH), 7.28-7.35 (m, 7ArH), 7.64-7.66 (m, 

2ArH), 7.76-7.78 (m, 2ArH), 7.97 (s, 1H), 8.05 (s, 1ArNH) 12.39 (s, 1NH); 

13CNMR (125MHz, CDCl3):  (ppm) 55.4, 94.5, 113.7, 121.1, 125.5, 127.4, 128.5, 

129.4, 129.6, 129.7, 133.7, 134.0, 138.4, 145.2, 161.0, 161.9, 170.5, 183.9; LC-MS 

(M+1): m/z: 429.30. 

 

 
Figure 2.64. LC-MS spectrum of BzHAT-4 
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Figure 2.65. 1H NMR spectrum of BzHAT-4

 
Figure 2.66. 13C NMR spectrum of BzHAT-4 
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2.4.5.24. 5-benzoyl-4-benzylidenehydrazino-2-(4-

methoxyphenylamino)thiazole (BzHAT-5)  

 

Compound was synthesized using benzaldehyde (1.06g, 10mmol), 4-

methoxyphenyl isothiocyanate (1.48g, 9mmol) and phenacylbromide (1.79g, 

9mmol) following the general procedure. The crude product was purified by 

recrystallization using ethanol-acetone (1:1) mixture to obtain the product as yellow 

solid (85%). Mp 193-194C; IR (UATR) υ cm-1: 3220 (N-H), 3040, 1718 (C=O), 

826, 725 (aromatic);  1HNMR (500MHz, CDCl3):  (ppm) 3.83 (s, 3H), 6.94 (d, J= 

9Hz, 2ArH), 7.23-7.31(m, 1ArH), 7.35-7.42 (m, 3ArH), 7.46-7.48 (m, 2ArH), 7.51-

7.54 (m, 3ArH), 7.64-7.67 (m, 3ArH), 7.98 (s, 1H), 8.05 (s, 1ArNH) 12.39 (s, 1NH); 

13CNMR (125MHz, CDCl3):  (ppm) 55.4, 94.6, 114.4, 124.8, 127.2, 127.3, 128.3, 

128.4, 129.6, 130.7, 131.3, 133.8, 141.3, 155.4, 158.0, 161.8, 173.6, 184.2; LC-MS 

(M+1): m/z: 429.30. 

 

 
Figure 2.67. 1H NMR spectrum of BzHAT-5
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Figure 2.68. 13C NMR spectrum of BzHAT-5 

 
 

 

2.4.5.25. 4-benzylidenehydrazino-5-(4-

bromobenzoyl)-2-(4-chlorophenylamino)thiazole  

(BzHAT-6)  

  

The compound BzHAT-6 was synthesized using benzaldehyde (1.06g, 

10mmol), 4-chlorophenylisothiocyanate (1.52g, 9mmol) and 4-

bromophenacylbromide (2.50g, 9mmol) following the general procedure. The 

crude product was purified by recrystallization using ethanol-acetone (1:1) mixture 

to obtain the product as yellow solid (88%). Mp 158-159C; IR (UATR) υ cm-1: 

3224 (N-H), 3040 (aromatic), 1718 (C=O), 840, 725 (aromatic);  1H NMR 

(500MHz, CDCl3):  (ppm) 7.28-7.38 (m, 3ArH), 7.45-7.47 (m, 4ArH), 7.52-7.55 

(m, 1ArH), 7.59-7.69 (m, 5ArH), 8.03 (s, 1H), 7.99 (s, 1ArNH), 12.33 (s, 1NH); 

13C NMR (125MHz, CDCl3):  (ppm) 94.5, 122.8, 125.6, 127.4, 128.6, 128.9, 

129.6, 130.1, 131.2, 131.8, 146.1, 158.1, 158.2, 159.4, 161.3, 171.1 182.1; Anal. 
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calcd for C23H16BrClN4OS (511.82): C, 57.52; H, 4.39; N, 12.20%. Found: C, 

57.36; H, 4.19; N, 12.05%. 

 
Figure 2.69. 1H NMR spectrum of BzHAT-6

 

 
Figure 2.70. 13C NMR spectrum of BzHAT-6 
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2.4.5.26. 4-benzylidenehydrazino-2-(4-

methylphenylamino)-5-(4-nitrobenzoyl)thiazole  

(BzHAT-7)  
 

The compound BzHAT-7 was synthesized using benzaldehyde (1.06g, 

10mmol), 4-methylphenylisothiocyanate (1.34g, 9mmol) and 4-

nitrophenacylbromide (2.19g, 9mmol)  following the general procedure. The crude 

product was purified by recrystallization using ethanol-acetone (1:1) mixture to 

obtain the product as yellow solid (88%). Mp 122-123C; IR (UATR) υ cm-1: 3220 

(N-H), 3028 (aromatic), 1710 (C=O), 836, 747 (aromatic);  1H NMR (500MHz, 

CDCl3):  (ppm) 2.33 (s, 3H), 7.16-7.20 (m, 4ArH), 7.39-7.40 (m, 3ArH), 7.71-

7.73 (m, 2ArH), 7.86-7.88 (m, 2ArH), 8.06 (s, 1H), 8.27-8.29 (m, 2ArH), 8.61 (s, 

1ArNH), 12.38 (s, 1NH); 13C NMR (125MHz, CDCl3):  (ppm) 20.9, 95.0, 99.9, 

122.2, 123.8, 127.5, 128.2, 128.6, 130.1, 130.2, 133.6, 135.2, 136.7, 146.7, 148.8, 

162.2, 172.7, 181.3; ESI-MS (M+H)+: 458.13. 

 

 
Figure 2.71. ESI-MS spectrum of BzHAT-7 
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Figure 2.72. 1H NMR spectrum of BzHAT-7

 
Figure 2.73. 13C NMR spectrum of BzHAT-7 

 

 

2.5. Conclusions 
 
To summarize the work in chapter 2, we have designed and developed a 

novel 2-aminothiazole template based small molecule drug design scaffold viz; 4-
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hydrazinothiazoles (HAT) with immense scope of diversity multiplication around 

the core. A 120 member virtual library of HAT was designed and preliminary 

docking studies were conducted by choosing 3LAU, 3ERT and 3CFN proteins. The 

promising results from the docking studies where the HAT derivatives showed 

significant affinity to 3LAU protein encouraged us to develop retrosynthetic 

strategies to access these novel ligands. This was followed by the design of the 

chemical synthesis route where we successfully developed an efficient one-pot four 

component as well as a two-step ring synthesis routes and optimized them for the 

highly substituted scaffold in very good to excellent yield. The versatility of the 

developed [4+1] ring synthesis was established by the synthesis of 54 derivatives 

of HAT of which 26 compounds were characterized with spectroscopic techniques. 

After identifying Aurora kinase as a promising target for the designed scaffold by 

virtual screening we then aimed at the in vitro screening and in silico studies for the 

‘drug-likeness’ of the designed library of molecules which is now discussed. 
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CHAPTER 3 
 

EXPLORATION OF SOLID STATE LANDSCAPE 

OF 4-HYDRAZINOTHIAZOLES AND 

EVALUATION OF ‘DRUG-LIKENESS’ 
 

3.1. Background 
 

The paradigm of rational anticancer drug design through virtual high-

throughput screening (vHTS) has proven to be a successful strategy for the 

identification and development of many hits and potential candidates in a cost 

effective way (Bleicher et al., 2003). But, the careful implementation of the 

computational tools in drug discovery is much important for its success. Most of 

the identified lead molecules bear the burden ‘of no use’ and are being discarded in 

the later stages of drug development primarily due to their poor druggability and 

processability. Hence apart from the traditional potency and selectivity concerns, 

the developability assessment of potential candidates (Gardner et al., 2004) became 

an inevitable part in modern medicinal chemistry research especially in the early 

stages of drug development. The druggability of the bioactive molecules is 

evaluated by measuring an ensemble of ‘drug-like’ properties that affect its 

absorption, distribution, metabolism, excretion and toxicity (ADMET) and is often 

referred to as pharmaceutical profiling (Kerns & Di, 2003). Whereas the 

processability is assessed by the analysis of different solid-state forms that 

significantly affect the biopharmaceutical properties such as solubility and 

permeability which are the key components in determining the bioavailability of a 

drug/ lead like molecule (Huang & Tong, 2004).  
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3.2. Results and Discussion 
 
3.2.1. Solid-state landscape of 4-hydrazinothiazoles
 

The biopharmaceutical properties such as solubility and permeability are 

the deciding factors of the therapeutic efficacy of a molecule. In this regard, the 

solid forms in which active pharmaceutical ingredients (APIs) are manufactured 

and isolated have pivotal role in drug development and pharmaceutical product 

lifecycle management (Newman & Byrn, 2003). Depending upon the arrangement 

of molecules in three dimensions the existing pharmaceutical solids can be 

classified as either crystalline solids with regular arrangement of molecules or 

amorphous solids with lack of long-range order. The difference in the molecular 

arrangement is responsible for the changes in physical and chemical properties of 

these two solid forms (Grant, 1999) which ultimately leads to the change in 

bioavailability of the molecule. Even though in the case of most of the APIs the 

most soluble form is the amorphous one, medicinal chemists prefer the crystalline 

forms due to the well- defined and reproducible physical properties and chemical 

stability during the formulation (Aaltonen et al., 2009). Polymorphs, 

solvates/hydrates and co-crystals are the most common crystalline forms of APIs 

among which solvates and co-crystals are having a significant place. When the unit 

cell of API is accompanied by solid guest molecule then it is termed as co-crystal 

and when the guest moiety is a liquid then it is termed as solvate. Due to the small 

size and multidirectional hydrogen bonding nature of water molecules hydrates are 

the most common forms of solvates and one third of the APIs are capable of forming 

hydrates during pharmaceutical processing.  

 

Having identified the designed trivariant scaffold 4-hydrazinothiazoles as 

suitable template for anticancer drug design, we felt it worthy to proceed with the 

investigation of solid state structures, especially the crystalline forms of 

representative members from the synthesized family of compounds. In general, the 

derivatives adopted a propeller shape (Figure 3.1) with thiazole ring as hub encased 

by three blades (B1-B3). 
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Figure 3.1. Propeller shaped 4-hydrazinothiazole scaffold 

 

Interestingly, our scaffold bears structural similarity with the well-known 

orally active anticancer drug dasatinib (DAS), used for the treatment of chronic 

myelogenous leukemia (CML) (Talpaz et al., 2006). It is noteworthy that the 

imbalance in the number of donor-acceptor groups in the structure of our scaffold 

can impart many intra- and inter molecular interactions that can lead to the

formation of multicomponent solid systems. Moreover the structural similarity of 

the scaffold with DAS, which is prone to form hydrates (Roy et al., 2012), inspired 

us to study the hydrate/solvate formation in the designed scaffold. It is to be noted 

that by varying carbonyl components, isothiocyanate or α-halo unit in the structure 

a vast diversity multiplication can be brought in the 4-hydrazinothiazoles. Due to 

the easy accessibility of carbonyl compounds, in the present study, variants at the 

hydrazone site (B1) were preferred to generate diverse 4-hydrazinothiazoles for 

crystal studies.  

 

3.2.1.1. Hydrate formation in 4-alkylidenehydrazinothiazoles 

 

4-alkylidenehydrazinothiazoles, for instance 4-ispropylidenehydrazine 

thiazoles, (IPHATs) were synthesized by providing acetone as the carbonyl capping 

for the hydrazone unit in B1. Here we have selected two crystal structures from 

IPHAT class viz; 5-benzoyl-4-isopropylidenehydrazino-2-phenylaminothiazole 

(IPHAT-1) and 5-(4-chlorobenzoyl)-4-isopropylidenehydrazino-2-phenylamino 

thiazole (IPHAT-2). Diffraction quality crystals of both the compounds were 

obtained by slow evaporation of aqueous ethanolic solutions over a period of 3-4 
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weeks.  When analysing the crystal structures of IPHAT members, we observed that 

both the systems evolved as monohydrates (Figure 3.2) belonging to the non-

centrosymmetric space group P21/c, a common space group observed for 

pharmaceutics, with number of molecules per unit cell Z = 4. 

  

 
Figure 3.2. ORTEP diagram of IPHAT monohydrates 

 

Even though the molecules formed monohydrates as in the case of DAS, 

it was interesting to note that the constituent water molecule possessed markedly 

different bonding interactions. In DAS hydrate dimers are formed by triagonally H-

bonded water molecules where as in IPHAT the dimer formation occurred through 

a tetragonally H-bonded water molecule (Figure 3.3). The water to water H-bond 

observed in the crystal motivated us to study the IPHAT crystal hydrates in detail 

for the following reasons. 
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Figure 3.3. H-bonding interactions formed by water molecules in  

DAS hydrate and IPHAT 

 
Water is an important constituent in many fundamental biological 

processes (Ball, 2008; Chaplin, 2006) including protein folding (Levy & Onuchic, 

2006; Thirumalai et al., 2011) and the activation of G-coupled receptors (Yuan et 

al., 2014).  Owing to the role of water pores in selective transport of ions/protons 

in  proteins such as  aquaporins (Moon et al., 1993; Sui et al., 2001; Tajkhorshid et 

al., 2002) and bacteriorhodopsin (Bondar et al., 2011; Gerwert et al., 2014), in 

membranes such as Gramicidin A (Akeson & Deamer, 1991; Kelkar & 

Chattopadhyay, 2007; Woolley & Wallace, 1992) and in enzymes such as 

cytochrome oxidase C (Belevich et al., 2006; Kaila et al., 2010; Kornblatt, 1998; 

Wikström et al., 2003), one dimensional (1D) water chains/wires and the design of 

their synthetic hosts hold enormous research interest. Albeit the implicit 

significance of water pores, biomimetic design of synthetic water channels  

(Barboiu & Gilles, 2013)  kept low pace, except for a few complex architectures 
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inspired by aquaporin water (Agre, 2004; Agre et al., 2002)  or influenza A proton 

channel (Pinto et al., 1997; Schnell & Chou, 2008). Both inorganic and organic 

molecules have proven as host lattices for water in restricted environments. The 

huge potential of organic molecules, which have a tendency to crystallize as hydrate 

(Amorín et al., 2011; Desiraju, 2007; Desiraju et al., 2011; Hollingsworth, 2002; 

Mascal et al., 2006; Natarajan et al., 2013; Wang et al., 2013) and the factors 

stabilizing the hydrates (Infantes et al., 2007) all provide cue to mimic natural 

systems among which urea based (Ma et al., 2009; Turner et al., 2006) or imidazole 

based (Cheruzel et al., 2003; Hoque et al., 2013; Le Duc et al., 2011) were 

demonstrated as functional channels for ions or water (protons) whereas 

calixpyrroles (Kumar & Panda, 2014) were reported to stabilize 1D water chains. 

In yet another perspective, water in hydrates has been utilized as a design element 

in crystal engineering (Babu & Nangia, 2006; Varughese & Desiraju, 2010). Hence, 

along with the pharmaceutical interest aiming at an expansion of the crystal 

database of organic hydrates we decided to study solid structural landscapes of 

IPHAT in detail. 

 

The basic building block in IPHAT crystal appeared as a butterfly-shaped 

dimer (Figure 3.4) formed by the antiperiplanar arrangement of thiazole rings 

pushing the C=O in B3 to the exterior and aligning B1 and B2 to accommodate water 

molecules in between. The packing coefficients of IPHAT-1 was calculated to be 

0.680 and that of IPHAT-2 was found to be 0.690. 

 

 
 

Figure 3.4. Butterfly shaped dimer formed by IPHAT 
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The H-bonding associations (Table 3.1), as anticipated, followed Etters’ 

rules (Etter, 1990) where both intra- and inter-molecular bonds were observed 

(Figure 3.5). H-bonding in IPHAT-1 and IPHAT-2 indicate distances in the range 

of 2.6-2.9 Å (dD∙∙∙A). The oxygen atom of each water molecule in IPHAT-1 and 

IPHAT-2 was simultaneously H-bonded to NH in B2 (dO∙∙∙H 1.898 Å in IPHAT-1 

and 2.064 Å in IPHAT-2) and to neighbouring water molecules (dO∙∙∙H 1.920 Å in 

IPHAT-1 and 1.963 Å in IPHAT-2) in a zig-zag manner.  

 

 
Figure 3.5. Intra- and inter-molecular H-bonding interactions in IPHAT with dD∙∙∙A 
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These H-bonded water molecules (dO−O 2.864 Å in IPHAT-1 and 2.847 

Å in IPHAT-2) form  infinite 1D water chains in the respective crystal lattice with 

O-O distances comparable to that observed in aquaporin water channels (2.8 Å) 

(Eriksson et al., 2013; Tajkhorshid et al., 2002) ( Figure 3.6). 

 

 

 

Table 3.1. H-bonding interactions in IPHAT-1 and IPHAT-2 (D=donor atom;  

A= acceptor atom)a 

 

 

 

 

 

 

Compound D−H∙∙∙A D−H/ Å H∙∙∙A)/Å 
D∙∙∙A/ 

Å 

D−H∙∙∙A/ 

deg 

 

 

 

IPHAT-1 

 

 

N(3)-H(3)...O(1) 1.000 1.858 2.626 131.05 

N(2)-H(2)...O(1') 1.003 1.898 2.868 161.96 

O(1')-H(1')...N(4)#1 0.947 2.011 2.891 153.68 

O(1')-H(1'')...O(1')#1 0.955 1.920 2.864 169.67 

N(1)-H(1)...O(2)#2 0.822 2.064 2.867 165.61 

 

 

IPHAT-2 

N(3)-H(3)...O(1) 0.852 1.906 2.606 138.49 

O(2)-H(2B)...N(4) 0.793 2.096 2.882 171.39 

O(2)-H(2A)...O(2)#2 0.891 1.963 2.847 171.72 

C(12)-H(12)...N(1) 0.930 2.370 2.920 117.80 

a Symmetry codes: (#1) –x+1, y-1/2, -z+1/2; (#2) –x+1, y+1/2, -z+3/2. 
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Figure 3.6. Comparison of 1D water chains in aquaporin and IPHAT 

 

Recurrent water chains were observed in the expanded crystal landscape 

of solid state assemblies with interplanar distances of 9.097 Å and 9.829 Å in 

IPHAT-1 and IPHAT-2 respectively. Moreover we have found that the water chains 

in the unit cell are attaining opposite dipolar orientations (Figure 3.7) as in the case 

of reported imidazole quartet (Turner et al., 2006). 
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Figure 3.7. (a) Parallel water chains in the crystal lattice of IPHAT monohydrates,  

(b) Dipolar orientation of water molecules 
 

Coming to the 3D structure, planar arrangement of layered stacks with an 

interlayer distance of 4.854 Å were generated along ac plane such that thiazole hub 

and the phenyl rings on B2 and B3 (intercentroidal distances 4.956 Å and 4.854 Å 

in IPHAT-1 and IPHAT-2 respectively) were disposed at the extremities of a 

columnar structure. Very interestingly we noticed the formation of a nitrogen rich 

channel (NRC) resembling a left-handed helix which enclosed tetrahedral H-

bonded water molecules as a single file (Figure 3.8). 
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Figure 3.8. (a) View of N-rich left handed helix enclosing 1D water wire in IPHAT,  

(b) Single file water chain observed in the crystal lattice 
 

It was interesting to note that H-bonding between water molecules and the

NRC defined a graph set 𝑅3
3(10). The water channel super structures were stabilized 

by interlayer π-π stacking interactions between thiazole moieties, those between 

phenyl rings, along with the strong hydrophobic van der Waals interaction between 

the methyl groups in the isopropylidene unit (Figure 3.9a). Apart from these, the 

strong intramolecular H-bonding existed between the C=O in B3 and NH on B1, in 

a graph set S(6), (dO∙∙∙H 1.858 Å in IPHAT-1 and 1.906 Å in IPHAT-2 respectively) 

which synergistically contributed to the stability of these assemblies. The observed 

hydrophobic gateway formed by aryl ring in B2 and alkyl groups in B1 housing the 

water in a single file arrangement further may be correlated to hydrophobic gating 

in biological channels (Aryal et al., 2015) and may be highly significant to regulate 

the flow of solvent/ions. The area enclosing water wire in the NRC was calculated 

and was found to be ~34 Å2 units in both IPHAT-1 and IPHAT-2 (Figure. 3.9b) 

which is typically formed by isopropylidene and phenyl subunits. 
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Figure 3.9. (a) View of packing diagram of IPHAT crystal lattice, (b) N-rich cannel area 

enclosing water molecules; Area of triangles was calculated using Heron’s formula 

(Dunham, 1990) (∆= √𝑠(𝑠 − 𝑎)(𝑠 − 𝑏)(𝑠 − 𝑐) where =
𝑎+𝑏+𝑐

2
 ) 

 

The interesting features observed in the molecular arrangement of IPHAT 

motivated us to expand the studies to the other classes of designed scaffold. We 

were interested i) to study the critical role of hydrazone substituents on NRC 

dimensions ii) to probe the influence of hydrophobic linings in water channel 

formation and finally and iii) to formulate guidelines regarding predictability of 

guest encapsulations and hence tunability of the channels. 

 

3.2.1.2. Solvate/hydrate formation in 4-arylidenehydrazinothiazoles 

 

The crystal structure of a representative example from 4-

benzylidenehydrazinothiazoles (BzHATs) was generated and the influence of aryl 

group at the C4 position was studied in detail. Benzaldehyde was chosen as the 

carbonyl component in B1 for the synthesis of BzHAT and diffraction grade crystals 

were grown under previous conditions. For the present study, the crystal structure 

was developed for the derivative- 4-benzylidenehydrazino-5-(4-chlorobenzoyl)-2-

phenylaminothiazole (BzHAT-2). While examining the crystal landscape, it was 

found that the hydrate formation was not preferred in the case of BzHAT-2 due to 
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an apparently constricted NRC (~28 Å2) by the close proximities of B1 and B2. 

Instead, a molecule of ethanol was accommodated between B2 and B3 to afford 

BzHAT-2.EtOH where intramolecular H-bonding between the C=O (B3) and NH 

(B1) was intact (dO∙∙∙H 2.086 Å) as observed in IPHAT. We further attempted 

growing crystals of the same derivative from aqueous methanol (1:1) which on 

examination turned out to be a methanolate (BzHAT-2.MeOH) where 

intramolecular H-bonding between the C=O (B3) and NH (B1) deviated by an 

infinitesimally small difference (dO∙∙∙H 2.088 Å) when compared with that in 

BzHAT-2.EtOH. Both the crystals were found to be isostructural and crystallized 

in monoclinic crystal systems, solved and refined in the space group P2(1)/n  with 

packing coefficients 0.638 and 0.636 respectively. The solvent molecules aligned 

between B2 and B3 and were enclosed inside a hydrophobic cavity formed by phenyl 

rings and acted as bridge for thiazole dimer formation (Figure 3.10a). The crystal 

packing structure analysis showed a centrosymmetric hexameric arrangement for 

the solvent molecules in chair conformation (Arunachalam et al., 2007; Little et al., 

2015) and the NRC in the super structures of both methanolate and ethanolate 

comprised an area of 27-28 Å2 (Figure 3.10b) and were apparently constricted when 

compared with that in IPHAT accounting for the absence of water wire.    

 

 
Figure 3.10. (a) Solvent molecules enclosed in the hydrophobic cavity formed by phenyl 
rings in the crystal lattice of BzHAT, (b) NRC area enclosing solvent molecules; Area of 

triangles was calculated using Heron’s formula (Dunham, 1990)  
(∆= √𝑠(𝑠 − 𝑎)(𝑠 − 𝑏)(𝑠 − 𝑐) where = 𝑎+𝑏+𝑐

2
 ) 
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Both methanol and ethanol formed two H-bonds (Table 3.2) in their 

respective crystals - (i) oxygen atom of solvent acting as acceptor and NH in B2 

(dO∙∙∙H 1.954 Å in BzHAT-2.MeOH and 1.907 Å in BzHAT-2.EtOH) as donor, 

and (ii) a bifurcated bond where C=O in B3 as acceptor and OH in solvent as donor 

at a distance of 1.900 Å and 1.997 Å respectively (Figure 3.11) by  cooperative 

effect (Ceccarelli et al., 1981)  as shown by majority of monoalcoholic systems. 

 

Table 3.2. H-bonding interactions in BzHAT-2. EtOH and BzHAT-2.MeOH 

 (D=donor atom; A= acceptor atom)a 

 

 

 

 

 

Compound D−H∙∙∙A 
D−H/ 

Å 

H∙∙∙A)/

Å 

D∙∙∙A/ 

Å 

D−H∙∙∙A/ 

deg 

 

BzHAT-2.MeOH 

N(2)-H(2A)...O(1')#1 0.860 1.950 2.811 174.39 

N(3)-H(3A)...O(1) 0.860 2.090 2.706 128.24 

O(1')-H(1')...O(1) 0.820 1.900 2.719 176.52 

N(3)-H(3)...O(1) 0.861 2.086 2.714 129.37 

 

BzHAT-2.EtOH 

 

O(2)-H(2)...O(1)#2 0.820 1.997 2.740 150.33 

N(1)-H(1)...O(2) 0.860 1.907 2.767 178.11 

N(24)-H(24)...O(26) 0.859 2.033 2.676 130.95 

a Symmetry codes: (#1) –x+3/2, y+1/2, -z+1/2; (#2) –x+1/2, y+1/2, -z+1/2. 
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Figure 3.11. H-bonding interactions in BzHAT-2. alcoholates 

 

The NRC channels were observed to be forming a herringbone type 

arrangement along the bc plane with interchain separations of 14.844 Å and 16.416 

Å in in BzHAT-2.MeOH and BzHAT-2.EtOH respectively whereas along the ac 

plane the molecules were arranged in layers with an interlayer distance of 16.189 

Å and 16.416 Å in BzHAT-2.MeOH and BzAHT-2.EtOH respectively (Figure 

3.12).  

 

 
Figure 3.12. (a) Supramolecular assembly of BzHAT alcoholates in the ac plane, (b) 
Centroid-centroid distance between adjacent layers marked with black dotted line, (c) 

Herringbone arrangement of NRC of BzHAT-2.alcoholates  
 

The interlayer distance was almost four fold enhanced when compared to 

that in IPHAT probably due to the bulky solvent molecules. The alcoholic oxygen 

atoms defined a parallel triangular wave symmetry in the bc plane with an O-O 
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distance of ~9.7 Å. (9.712 in BzHAT-2.MeOH and 9.773 in BzHAT-2.EtOH) 

(Figure 3.13a), whereas the S atoms of thiazole rings aligned anti to the B2 NH, and 

formed a regular parallel ‘Z’ like arrangement in the superstructure (Figure 3.13b). 

  

 
Figure 3.13. (a) Triangular wave arrangement of solvent molecules in molecular packing 
of BzHAT alcoholate along bc plane, (b) ‘Z’ like arrangement of thiazole S atoms in the 

plane 
 

The variations in channel dimensions and subsequent guest encapsulations 

substantiate our hypothesis on the probable role of hydrazone substituent on the 

channel formation and tunability. To further strengthen our hypothesis, a 

cyclohexyl unit was provided as the hydrazone capping and the variations in 

channel formations and dimensions were investigated.   

 

3.2.1.3. 4-Cycloalkylidenehydrazinothiazoles 

 

Diffraction quality crystals of 4-cyclohexylidene-5-benzoyl-2-

phenylamino-1,3-thiazole (CyHAT-1) from aqueous ethanol (1:1) appeared in 

triclinic crystal system, solved and refined in the space group P-1 with a packing 

coefficient of 1.26. The asymmetric unit of the crystal contained two chemically 

identical but crystallographically different molecules bonded together by inter 

molecular H-bonding (Figure 3.14) in a graph set 𝑅2
2(8).  
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Figure 3.14. View of H-bonding interactions (dashed line) in CyHAT along a axis 

 

The thiazole N atoms acted as H-bond acceptors whereas the B1 NH acted 

as H-bond donors (~2.1 Å, dN∙∙∙H) to orient the rings such that S atoms in the 

dimeric unit were oppositely aligned to generate a pincer- shaped NRC with 

thiazole N-N distance of 10.362 Å (Figure 3.15). However, intramolecular H-

bonding (Table 3.3) between the C=O (B3) and NH (B1) was intact and the bond 

distances (dO∙∙∙H 2.069 or 2.033 Å) were higher than that in IPHAT derivatives and 

lower than in BzHAT systems. The water/solvent inclusion in the channels was not 

observed probably due to open structure of the channel and hence establishing the 

role of NRC. 
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Figure 3.15. Pincer-shaped channels of CyHAT-1 viewed along ac plane; N and C 
atoms in the channel are shown in ball and stick representation; All H atoms are 

omitted for clarity of view 
 

 
Table 3.3. H-bonding interactions in CyHAT-1 (D=donor atom; A= acceptor atom)a 

 

 
 

A calixarene type of arrangement was observed for the molecules when 

viewed along a axis and layers were formed along ac plane with an interlayer 

distance of 12.649 Å and in which thiazole rings faced each other with a S-S 

distance of 4.218 and 4.630 Å in alternate layers (Figure 3.16).  

 

Compound D−H∙∙∙A 
D−H/ 

Å 

H∙∙∙A)/

Å 

D∙∙∙A/ 

Å 

D−H∙∙∙A/ 

deg 

 

CyHAT-1 

 

N(12)-H(12)...N(23) )#1 0.861 2.177 3.001 160.26 

N(22)-H(22)...N(13) 0.860 2.107 2.945 164.73 

N(14)-H(14)...O(16) 0.859 2.069 2.678 127.30 

a Symmetry codes: (#1) –x, -y, -z 
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Figure 3.16. Calixarene type of arrangement of CyHAT-1 along a axis; Thiazole S-S 

distance is marked with a black line; All the atoms are shown in capped stick 
representation 

 

Moreover a continuous hydrophobic channel formed by the cyclohexane 

unit in B1 and the phenyl ring on B3 observed along c axis resembled cyclohexane 

ring in its chair form (Figure 3.17) was observed as in the case of organic porous 

materials (Tian et al., 2012). 

 

 
Figure 3.17. Views of hydrophobic cavity observed along c axis of CyHAT-1 crystal 

packing; Cyclohexane unit and phenyl ring (purple colour) on B3 are in CPK 
representation 
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These unique molecular skeletons which assemble predominantly through 

H-bonding and π-π stacking to generate unique channels is expected to serve as 

suitable starting points for the design and development of synthetic biomimetic 

channels based on thiazole core.  This aspect is currently being explored in our 

laboratories and is not further discussed in this thesis.  Having gathered preliminary, 

yet significant knowledge on the crystalline structures of HAT we next proceeded 

with the prediction of properties which are highly relevant for qualifying the 

candidates for their appropriateness in drug discovery schedule. 

 

3.2.2. ‘Drug-likeness’ of 4-hydrazinothiazoles: ADME property 
calculation 

 

The introduction of Lipinski’s ‘Rule of five’ (RO5) (Lipinski, 2004) lend

a hand to the medicinal chemist to understand the ‘drug-likeness’ of biologically 

active small molecules and the application of which has gained wide acceptance as 

an approach to reduce the later stage attrition in drug discovery and development. 

Hence, one of the key trends in the modern pharmaceutical industry is the 

calculation of pharmacokinetic properties (PK) with the aim of filtering candidate 

molecules that are unlikely to survive later stages of drug development. ‘Drug-

likeness’ of compounds is measured in terms of their ADME (absorption, 

distribution, metabolism, excretion)  and toxicity properties that can ensure the 

completion of human Phase I clinical trials. To this end in silico ADME screening 

has been implemented in the drug discovery phase, especially in the early stages of 

discovery, for a cost effective elimination of poor candidates.  The computational 

methods in prediction of PK properties are mainly focusing on general ‘drug-

likeness’ by applying RO5 (Table 3.4) for calculating the pharmaceutically relevant 

descriptors.  Since oral ingestion is the preferred route of administration for most 

of the drugs, computational filtering process is also applied in the prediction of 

intestinal absorption. 
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Table 3.4. The preferred range of physical descriptor values in Lipinski’s RO5 

 

Descriptor Preferred Range

Molecular weight (MW) ≤500 

Calculated logP (ClogP) ≤5 

H-bond donor ≤5 

H-bond acceptors ≤10 

 

Motivated by the preliminary results on the aurora inhibiting nature of 4-

hydrazinothiazoles, we decided to study the ‘drug-likeness’ of the designed library 

of compounds in this family. In the present study QikProp was used for the ADME 

property prediction by calculating physically significant descriptors and 

pharmaceutically relevant properties. Among the 120 derivatives studied, 65% of 

the molecules were found to obey the RO5 without any failure while the remaining 

compounds had one violation in the descriptor values which is acceptable. The 

molecular weight (MW) of all the molecules analysed from the library were in a 

range of 350-488 Da. All the structures were predicted with one H-bond donor and 

5-7 H-bond acceptor functionalities in an aqueous solution. The octanol/water 

partition coefficient (logP) is a measure of the lipophilicity of compounds and the 

calculated values of the compounds were found to be falling under the 

recommended range (≤ 5) for 78 derivatives from the designed 120 member library 

of compounds whereas the remaining 42 were violating the rule with logP values 

in the range of 5-6.  

 

High oral bioavailability is a key concern in the development of bioactive 

molecules as therapeutic agents. The measure of polar surface area (PSA) and the 

number of rotatable bonds are found to be good predictors of oral bioavailability 

(Veber et al., 2002). The literature suggest that molecules with less than 10 rotatable 

bonds and PSA less than 140 Å2 are observed with good bioavailability. The 
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analysis of our molecules showed that all the molecules were having rotatable 

bonds in the recommended range and it was found that  96 % of the molecules are 

having a PSA of <132  Å2  and thus predicted with good bioavailability. The 

molecules in all the four classes (IPHAT, IBHAT, CyHAT and BzHAT) with p-

nitophenyl substitution at both C2 and C5 of 2-aminothiazole core exceeded the 

PSA value probably due to the polarizing ability of the electron withdrawing –NO2 

group. Table 3.5 shows the predicted values of physical descriptors for the top 

scored ligands from all four classes of compounds in 3LAU active site. 

 

Screening of oral absorption ability of compounds related to intestinal 

membrane permeability is an important part of assessing oral bioavailability. Caco-

2 (Colon carcinoma) cell monolayers and MDCK (Madin-Darby canine kidney) 

cells are widely used as the model for membrane permeability properties of new 

chemical entities. The calculated Caco-2 cell permeability of 4-hydrazinothiazole 

suggested that 66% of the compounds in the library had great permeability (>500 

nm/s).  It was observed that 4–nitrophenyl substitution at R3 and R4 led to lowest 

predicted oral bioavailability in the tested library of molecules. Permeability across 

blood-brain barriers (BBB) is a crucial factor determining effectiveness of central 

nervous system drugs (CNS) or CNS side effects of various drugs. The analysis of 

the library of molecules predicted that all the molecules possessed QPlogBB values 

in the recommended range (-3.0-1.2) with an exception of one molecule in the 

IPHAT family (R3 & R4 = 4-nitrophenyl) which had a slightly lower predicted value 

(-3.12) than the recommended range. Table 3.6 shows the predicted membrane 

permeability values of top scored ligands from all four classes of 4-

hydrazinothiazoles in 3LAU active site. 
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Table 3.5. The physical descriptors of top scored ligands of 4-hydrazinothiazoles in 3LAU  

 

Entry Structure 
QPlogP 

(-2.0-
6.5)a 

H-bond 
donor 

(0.0-6.0) a 

H-bond 
acceptor 

(2.0-
20.0) a 

No. of 
rotatable 

bonds 
(0.0-15) a 

PSA(7.0-
200) a 

       
 

1 

 

4.89 1.0 6.2 9 78.16 

2 

 

4.85 1.0 5.7 9 84.98 

3 

 

4.97 1.0 5.7 8 84.29 

4 

 

4.91 1.0 5.0 7 78.49 

a Recommended range of properties 
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Table 3.6. The predicted permeability properties of top scored ligands of 4-

hydrazinothiazoles in 3LAU 

 

Entry Structure 

QPPcaco 
(<25 poor, 

>500 
great)a 

QPPMDCK 
(<25 poor, 

>500 great)a

QPlogBB 
(-3.0-1.2)a 

 

1 

 

1615.05 1133.14 -0.74 

2

 

1456.69 
 

2279.85 
 

-0.63 
 

3 

 

1411.51 
 

1677.58 
 

-0.64 
 

4 

 

1206.02 
 

1999.58 
 

-0.63 
 

a Recommended range of properties 

 

In addition to the calculation of pharmaceutically relevant properties, the 

percentage similarity of the tested ligands with an existing library of 1712 drug 
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molecules were also calculated using the software. Interestingly, we have found that 

within the ligands tested, the cyclohexylidene and benzylidene class of compounds 

in which R3/R4 with 4-nitrophenyl or 4-methoxyphenyl substitution showed 

similarity with gefitinib, a drug used for the treatment of certain breast and lung 

cancer, with a percentage of similarity ranging from 79.2-86.9% (Figure 3.18a).  

Moreover two derivatives in the cyclohexylidene class in which R3/R4 with 4-

nitrophenyl showed a similarity towards raloxifene used in the prevention of 

osteoporosis in post-menopausal women (Figure 3.18b). 

 

 
Figure 3.18. (a) The derivatives of BzHAT and CyHAT having similarity with gefetinib; 

(b) Derivatives of CyHAT showing similarity with raloxifene 
 

The in silico evaluation of the ADME properties of the designed library of 

compounds further strengthened the potential of the 4-hydrazinothiazoles as a drug design 

scaffold which was further evaluated by in vitro anticancer screening experiments.  
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3.2.3. In vitro anticancer screening of 4-hydrazinothiazoles 
 

Normal human cells have a limited life span and the dead cells are 

continuously replaced by new ones. Any irregularity in this programmed cell death 

or apoptosis lead to the uncontrolled multiplication of cells which is referred to as 

cancer. The conventional anticancer drugs has a factor of toxicity with different 

effects on different cell lines and are able to kill these rapidly dividing cells. In the 

anticancer drug discovery the preclinical screening is necessary to prioritize novel 

compounds for further development.  In vitro cell culture assays (Monks et al., 

1991) are commonly used to evaluate the anticancer activity of new drug candidates 

and the ability of the tested compounds to inhibit the growth of cancer cells 

established either from human or animal tumors is taken as an indication of 

potential in vivo therapeutic efficacy.  

 

To experimentally investigate the effect of 4-hydrazinothiazoles on tumor 

cell growth, in the present study, selected compounds from the synthesized library 

of 4-hydrazinothiazoles were screened for their anticancer activity against six 

human cancer cell lines (Table 3.7) using SRB (Sulforhodamine B) assay (Skehan 

et al., 1990) and the studies were carried out at ACTREC, Mumbai. The anticancer 

drug Adriamycin (ADR) was used as a positive control for the comparison of the 

results. 

 

Table 3.7. Cell lines used for the anticancer screening 

 

 

 

 

 

 

 

 
 

Name of cell line Name of panel 

MCF-7 Breast 

SW-620 Colon 

HL-60 Leukemia 

OVCAR-3 Ovary 

SK-MEL-2 Melanoma 

A549 Lung 
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From the synthesized library of 4-hydrazinothiazoles, thirteen compounds 

were screened individually for their anticancer activity and five compounds were 

screened in a mixture. Three consecutive experiments were carried out at four 

different concentrations of the compounds to access their ability to inhibit human 

cancer cell lines and the average dose response data was used to calculate three 

different parameters GI (Growth Inhibition), TGI (Total Growth Inhibition) and LC 

(Lethal Concentration). The screening results suggested that the breast cancer cell 

line, MCF-7, to be more fragile towards our tested compounds and all the tested 

compounds were showing GI50<40µg/mL. The preliminary screening identified one 

isobutylidene (IBHAT-6) and one benzylidenehydrazinothiazole (BzHAT-5) (R3: 

4-OMeC6H4 & R4: H) as active against MCF-7 (Figure 3.19a) and the 

cyclohexylidene (CyHAT-4) (R3: 4-OMeC6H4 & R4: H) counterpart as active 

against A549 (Figure 3.19b) with GI50=2.32, 8.16 and 1.61 µg/mL respectively. 

The GI50 values obtained for the tested compounds in six cancer cell lines are given 

in Table 3.8. 

 

 
Figure 3.19. Growth inhibition curve of active compounds against (a) MCF-7; b) A549 
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Table 3.8. In vitro screening results of tested compoundsa 

 

Sl.

no. 

Compound 

tested 

GI50 value (μg/mL) 

MCF-7 SW620 HL-60 A549 
OVCAR-

3 

SK-

MEL-2 

 

1 

 

31.29 >100 >100 >100 >100 >100 

2 

 

34.31 >100 >100 >100 >100 >100 

3 

 

34.42 >100 >100 >100 >100 >100 

4 

 

26.98 >100 35.59 29.95 59.7 >100 

5 

 

34.57 77.16 32.64 56.6 >100 >100 

6 

 

17.14 >100 50.07 64.15 66.7 91.7 

7 

 

16.51 >100 49.26 >100 95.4 >100 
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8 

 

41.00 >100 >100 42.75 26.9 >100 

9 

 

2.32 a 39.12 29.26 11.52 55.02 35.14 

10 

 

24.87 >100 41.19 92.3 >100 >100 

11 

 

88.50 >100 48.4 96.8 >100 >100 

12 

 

16.27 29.70 35.40 1.61 a 22.70 22.70 

13 

 

8.16 a 43.06 37.36 27.60 36.09 30.80 

 a Active compound  

 

 

The identified active compounds could be considered as structural 

analogues of DAT1, a well-known anticancer agent reported in the literature 

(Sengupta et al., 2005) and we found that the analogues from all the four classes of 

4-hydrazinothiazoles were active (GI50<10µg/mL) or potentially active 

(GI50<40µg/mL) against the tested cell lines. The activity of the compounds 

correlated with the predicted property similarity with anticancer drug gefetinib. The 

GI50 values obtained for the active compounds are shown in Figure 3.20.  
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Figure 3.20. GI50 chart of the active compounds in six cancer cell lines 

 

The in vitro anticancer screening indicated that most of the compounds 

tested from 4-hydrazinothiazoles had a <50μg/mL dose-response towards the 

breast, leukemia and lung cancer cell lines whereas the colon, ovarian and skin 

melanoma cancer cells were found to be less prone to the tested compounds. 

 

3.3. Experimental Details 
 

3.3.1. Single crystal X-ray diffraction 
 

Diffraction quality crystals of IPHAT-1 (C19H20N4O2S), IPHAT-2 

(C19H19ClN4O2S) and CyHAT-1 (C22H22N4OS) were developed from 1:1 

EtOH/H2O mixture by slow evaporation at room temperature. A similar procedure 

was followed for the development of BzHAT-2.EtOH (C25H23ClN4O2S) and 

BzHAT-2.MeOH (C24H21ClN4O2S) from aqueous ethanol (1:1) and aqueous 
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methanol (1:1) respectively. The crystals with 0.25 x 0.20 x 0.15 mm (IPHAT-1) 

and 0.30 x 0.20 x 0.20 mm (IPHAT-2), 0.25 x 0.20 x 0.15 (BzHAT-2.EtOH), 0.25 

x 0.20 x 0.20 (BzHAT-2.MeOH) and 0.50 x 0.15 x 0.15 (CyHAT-1) were used for 

the XRD measurements and structural refinement. 

 

Diffraction data were collected on Bruker Kappa APEX-II single crystal 

X-ray diffractometer equipped with graphite-monochromated Mo-Kα radiation (λ 

= 0.71073 Å) for  molecules IPHAT-1, BzHAT-2 and CyHAT-1. Enraf Nonius 

CAD4-MV31 single crystal X-ray diffractometer with graphite-monochromated 

Mo-Kα radiation source (λ = 0.71073 Å) was used for the data collection of IPHAT-

2. Crystallographic details for crystals were collected at T =296 K (IPHAT-1, 

BzHAT), T = 293K (IPHAT-2) and T = 302 K (CyHAT-1). Least-squares global 

refinement was used for the calculation of crystal cell constants. The structures were 

solved by direct methods using SHELXS and were refined by constrained full least-

squares on F2 with SHELXTL (Sheldrick, 1997). Graphics were generated using X-

ray crystal analysis software, MERCURY 3.3. Packing coefficients of the 

compounds were calculated as:  

Packing coefficient =
Z × Volume/atom
Unit cell volume

 

Where Z is the number of molecules per unit cell. The volume/atom was determined 

using the crystallographic software Olex-2. Summary of structural data for the 

molecules is provided in Table 3.9.  All the crystal data were submitted to CCDC 

(The Cambridge Crystallographic Data Centre) and reference numbers are provided 

to enable the readers to access complete details of structure refinement. 
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Table 3.9. Summary of crystallographic data and structure refinement summary  

 

 

 

 

Compound IPHAT-1 
 

IPHAT-2 
 

BzHAT-2. 
MeOH 

BzHAT-2. 
EtOH 

 

CyHAT-1 
 

CCDC reference 1002352 1002353 1052981 1052982 1052983 

Formula weight 368.48 402.89 464.96 478.98 390.49 

Space group P21/c P21/c P2(1)/n P2(1)/n P -1 

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Triclinic 

a/Å 14.450 (5) 14.858 (5) 9.6388 (3) 9.6720 (2) 11.987 (16) 

b/Å 4.956 (5) 4.854 (10) 16.1889 (4) 16.4163  (3) 12.649 (16) 

c/Å 26.730 (5) 26.819 (8) 14.8442 (5) 15.2160 (3) 14.39 (2) 

α (º) 90.0 90.0 90.0 90.0 102.66 (3) 

β (º) 96.3 (5) 90.2 (10) 91.1 (10) 90.8 (10) 106.82 (2) 

γ (º) 90.0 90.0 90.0 90.0 93.196 (12) 

V/Å3 1902.68 (2) 1934.19 (10) 2315.90 
(12) 

2415.73 (8) 2021.00 (5) 

ρcald 1.286 1.384 1.334 1.317 1.283 

Z 4 4 4 4 4 

Goodness-of-fit 1.094 1.025 1.036 1.055 0.605 

R1 (all data) 0.0964 0.0612 0.0421 0.0515 0.1780 

wR2 [for 
I>2σ(I)] 

0.1826 0.1098 0.0897 0.1028 0.1079 

Reflections 
(collected/indep

endent) 

12978/3337 13987/3394 17752/4084 17553/4119 8003/1748 



119 
 

3.3.2. ADME property calculation 

 
All the ligand structures used in this study were constructed using the 

graphical tool, Maestro 9.6 available in Schrodinger LLC. Geometry optimization 

and partial atomic charge assignment of ligands were done with the help of Ligprep 

(Schrodinger LLC) using the Optimized Potentials for Liquid Simulations-all atom 

(OPLS-AA) force field. All the pharmaceutically relevant properties and physical 

descriptors of the optimized ligands were calculated using Qikprop 3.5 available in 

Schrodinger LLC. The recommended ranges for the descriptors were derived by 

comparing those with 95% known drugs. The physical descriptor values such as 

MW, octanol/water partition coefficient, H-bond donor/acceptor were compared 

with classical Lipinski’s RO5. The oral bioavailability was calculated using Caco-

2 and MDCK cell membrane models available in the software. The property 

similarity search of the compounds was done with a default library of 1712 known 

drug molecules to identify five similar orally available drug molecules.  

 

3.3.3. In vitro anticancer screening 
 

The compounds were screened for their anticancer activity using the 

colorimetric Sulforhodamine B (SRB) assay following the general protocol 

(Skehan et al., 1990). The ability of the aminoxanthane dye (bright-pink) is used 

for measuring the cellular protein content. Six human cancer cell lines namely 

MCF-7, SW-620, HL-60, A549, OVCAR-3 and SK-MEL-2 were selected from the 

NCI’s (National Cancer Institute) cell line panel. Three consecutive screening 

experiments were carried out for each compound in a 96 well plate (5x103 

cells/well). The dose-response in each of the experiments was measured at four 

different concentrations (10, 20, 40 and 80μg/mL) of the compounds in DMSO or 

alcohol and in each experiment Adriamycin was used as a positive control at the 

same concentration levels. The percentage growth was evaluated 

spectrophotometrically against controls that are not treated with test compounds. 

Using the seven absorbance measurements [time zero, (Tz), control growth, (C), 

and test growth in the presence of drug at the five concentration levels (Ti)], the 
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percentage growth was calculated at each of the drug concentrations levels. 

Percentage growth inhibition was calculated as 

 

(𝑇𝑖 − 𝑇𝑧)

 (𝐶 − 𝑇𝑧)
 × 100  for Ti ≥ Tz   and

(𝑇𝑖 − 𝑇𝑧)

 (𝑇𝑧)
 × 100  for Ti < Tz 

 

Three dose response parameters were calculated for each experimental 

agent. Growth inhibition of 50 % (GI50) was calculated from [(Ti-Tz)/(C-Tz)] x 100 

= 50, which is the drug concentration resulting in a 50% reduction in the net protein 

increase (as measured by SRB staining) in control cells during the drug incubation. 

The drug concentration resulting in total growth inhibition (TGI) was calculated 

from Ti = Tz. The LC50 (concentration of drug resulting in a 50% reduction in the 

measured protein at the end of the drug treatment as compared to that at the 

beginning) indicating a net loss of cells following treatment was calculated from 

[(Ti-Tz)/Tz] x 100 = -50. Values were calculated for each of these three parameters 

and compounds with GI50 < 10μg/mL were considered to be active and a marginal 

value of 40μg/mL was set for potentially active molecules. 

 

3.4. Conclusions 
 

In conclusion, the crystalline forms from the four classes of 4-

hydrazinothiazoles were studied by taking representative examples. The role of 

hydrazone moiety in the formation of unique nitrogen rich channels and the crystal 

packing arrangement were studied in detail. We found that the unique molecular 

assemblies formed by H-bonding and π-π stacking interactions can serve as suitable 

starting points for the design and development of synthetic channels for water/ions 

based on thiazole core. The in silico calculation of the pharmaceutically relevant 

properties of the designed 120 member library of molecules identified them to be 

with ADME properties in the recommended range for orally active drug molecules 

which suggest the ‘drug-likeness’ of the molecules. The experimental screening of 

thirteen compounds in six human cancer cell lines had identified two structural 

analogues of DAT1 as active against MCF-7 and one against A549 cancer cell lines. 
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Moreover, the in vitro screening has identified the tested compounds to be more 

prone toward breast, leukemia and lung cancer cell lines than towards colon, 

ovarian and skin melanoma cancer cells which were studied. 
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CHAPTER 4 
 

VIRTUAL SCREENING OF  

4-BENZYLIDENEHYDRAZINOTHIAZOLES IN 

AURORA KINASE PROTEINS 
 

4.1. Background 
 

The modern anticancer drug discovery is driven by pharmaceutically 

relevant macromolecular biological targets, often proteins, with significant roles in 

cellular signalling pathways. With the availability of a wide range of target proteins 

and large number of potentially active chemical compounds, the conventional 

methods of drug discovery becomes all the more risky to identify compounds with 

the right combination of selectivity and activity. Hence, considering the drawbacks, 

the time and cost expensive conventional methods in drug discovery have been 

replaced with computer aided drug design (CADD) over the past three decades 

(Jorgensen, 2004). The computational methods permeates through all the aspects of 

modern drug discovery (Sliwoski et al., 2014) and can be broadly classified in to 

structure-based or ligand-based methods. Ligand-based drug design (LBDD) is 

indirect and based on the similarity of the ligand to previously known active ligands 

whereas structure-based drug design (SBDD) is a direct method that utilizes the 

information of both the target and the ligand for the prediction of the activity of a 

new chemical entity. Earlier by 2000, using the SBBD methods, about 42 

compounds have reached clinical trials and seven compounds have become 

approved and marketed as drugs (Hardy and Malikayil, 2003).  

 

Molecular docking is one of the most frequently used SBDD strategies due 

to its wide range of applications in the analysis of molecular recognition events such 

as binding energetics, molecular interactions and induced conformational changes. 

One of the main uses of this method is the screening of virtual compound libraries 
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known as virtual high-throughput screening (vHTS) for the identification of ‘hits’ 

from the library of compounds and further for the lead generation and optimization. 

This SBDD approach exploits the molecule’s ability to interact with a specific 

protein and to exert a desired biologic effect depending on its ability to favourably 

interact with a particular binding site on that protein. It is based on the hypothesis 

that the molecules that share those favourable interactions will be having similar 

biological effects and thereby novel compounds can be elucidated through the 

careful analysis of a protein’s binding site. The vHTS relies on large compound 

libraries and their impact on target proteins.  

 

Protein phosphorylation, the addition of a phosphate group to one of the 

amino acid side chains of a protein, act as a molecular switch that turn the 

functioning of a protein and has been recognized as a global regulator of cellular 

activity (Cohen, 1982). The transfer of phosphates on to the proteins is catalysed 

by various enzymes that have certain common structural characteristics and falls in 

to one family of proteins called protein kinases (Ubersax and Ferrell Jr, 2007). 

Deregulation of these kinase activities leads to the aberrant phosphorylation of 

proteins which in turn drive to the hallmarks of cancer such as unchecked cell 

growth and proliferation. In clinical oncology, protein kinases constitute the second 

largest group of drug targets and are considered to be the major drug targets of the 

twenty first century (Cohen, 2002; Rask-Andersen et al., 2014; Zhang et al., 2009). 

So far different classes of kinase proteins have been studied as targets in anticancer 

drug development (Lapenna and Giordano, 2009) of which aurora kinases have 

gained much attraction (Carvajal et al., 2006).  
 

4.1.1. Structure and function of AURK-A and AURK-B
 

Aurora kinases (AURKs) are subgroup of serine/threonine protein kinases 

that are essential for accurate and equal segregation of genetic materials from parent 

to daughter cells and are overexpressed in a variety of tumor cell lines including 

(but not limited to) breast, colon, ovary and skin (Mountzios et al., 2008; Nikonova 

et al., 2013). There are three human homologues of Aurora kinases A, B and C with 
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difference in cell function during the mitosis of which AURK-A and AURK-B have 

been extensively studied for their efficiency as target for anticancer drug 

development (Andrews, 2005; Dar et al., 2010; Kollareddy et al., 2012). All the 

three classes of AURK are having an amino acid sequence length ranging from 309-

403 with an N-terminal domain of β-pleated sheets and a C-terminal domain of α-

helices. The catalytic C-domain of AURK-A and B are 71% identical with the 

conservation of amino acid residues. Adenosine triphosphate (ATP) is the natural 

ligand and the phosphate donor in AURK and the binding site for the ligand is lined 

by 26 amino acid residues. The C-terminal domain of AURKs are having conserved 

homology and all the Aurora proteins contain a destruction box, or D-box 

sequencing PxxRxxL recognized by APC/C (anaphase-promoting 

complex/cyclosome) at the C-terminal that mediates the proteasome degradation of 

a D-box containing protein. A conserved KEN motif, spanning 11-18 residues is 

present in both AURK-A and B which acts as a Cdh1 (Cadherin-1)-dependent APC 

recognition signal. Destruction also requires a short region in the N-terminal, which 

contains the A-box (activation domain) which is conserved in vertebrate Aurora 

kinases and contains a Ser53, which is phosphorylated during M phase. Mutation 

of Ser53 to aspartic acid, which can mimic the effects of phosphorylation, 

completely blocks Cdh1-dependent destruction of Aurora A. Figure 4.1 depicts the 

structures of AURK-A and B (Bolanos-Garcia, 2005; Libertini et al., 2010). 

 

 
Figure 4.1. Domain organisation of AURK-A and B 
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AURK-A regulates the cell cycle events occurring from late S phase 

through M phase which include centrosome maturation, mitotic entry, centrosome 

separation, bipolar-spindle assembly, chromosome alignment, cytokinesis and 

mitotic exit. Whereas AURK-B is involved in chromosome segregation, spindle-

checkpoint and cytokinesis. The phosphorylation of the threonine residue, Thr288, 

present in the activation loop of AURK is essential for the activity of the protein. 

The less conservative N-terminal domain of the AURKs determines selectivity 

during protein-protein interactions and this domain is believed to be involved in 

substrate binding and cellular localization. The small molecules which are able to 

occupy the catalytic binding site of AURK can affect the enzymatic activity of 

proteins and there by induce the cell mitosis. It is to be noted that since AURKs are 

only expressed and activated during mitosis, drugs that target these proteins will 

not be having any aversive effect towards non-proliferating cells. Furthermore, 

alteration in p53 pathways are common in human cancers and it is found that cells 

lacking a p53-mediated post-mitotic checkpoint are highly responsive to Aurora 

inhibition. Last but not least, since AURK inhibitors do not bind to tubulin, they do 

not induce neuropathy, which one of the main side effects on classical antimitotic 

drugs. All these factors increase the therapeutic index of aurora inhibitors in cancer 

treatment. 

 

4.1.2. Different modes of kinase inhibition 
 

The hydrophobic cleft alias hinge region formed between the N-lobe and 

C-lobe acts as the ATP-binding site in the protein kinases in such a way that the 

adenine moiety of ATP is H-bonded with hinge region and the phosphate backbone 

will be oriented towards the solvent exposure region. A set of conserved residues 

in the catalytic domain catalyses the transfer of γ-phosphate of ATP to the hydroxyl 

oxygen of Serine (Ser), Threonine (Thr) or Tyrosine (Tyr) residue of protein 

substrate bind to the hydrophobic cleft. Majority of the protein kinases share a 

common DFG (Asp-Phe-Gly) motif in the ATP site that can exist in two 

conformations (DFG-in and DFG-out) in response to the phosphorylation. 

Inhibitors which are able to stabilize the inactive DFG-out conformation are 
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considered to be superior in terms of specificity than the inhibitors with DFG-in 

conformation. The 2D (Two dimensional) diagram of ATP binding site of protein 

kinases is shown in Figure 4.2. The inhibitors that are bound to the ATP binding 

site through H-bonding interactions with the hinge region will block the protein-

protein interaction between the AURK-A and cofactor or the substrate to be 

phosphorylated and are termed as Type I inhibitors. If the inhibitor is bound to the 

ATP binding site exploiting the H-bonding interactions, and the DFG residues in 

the activation loop are folded away from the binding site then, the phosphate group 

transfer will be blocked and such type of inhibition is termed as Type II inhibition. 

 

 
Figure 4.2.  2D representation of the kinase binding site (Ghose et al., 2008) 

 

The clearly established role for the AURKs in mitosis and the evidence of 

their overexpression in a number of cancers continue to motivate the researchers to 

develop novel small molecule inhibitors of these proteins and make use of it as a 

powerful antitumor strategy.   With ample background on different modes of AURK 

inhibitions, coupled with the promising preliminary docking result from the 

designed 120 member library of 4-hydrazinothiazoles in AURK protein active site, 
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we were encouraged to proceed with the detailed study of binding interactions with 

an expanded library of compounds. 

 

4.2. Results and Discussion 
 

4.2.1. Expansion of virtual library 
 

The designed trivariant scaffold (diversity elements at C2, C5 and C4 of 

thiazole ring) allows for a wide range of diversity multiplication in its structure and 

by exploring the possibilities of diversity at C4, four classes of 4-hydrazinothiazoles 

were designed. These include isopropylidene (IPHAT), isobutylidene (IBHAT), 

cyclohexylidene (CyHAT) and benzylidene (BzHAT) family of molecules by 

varying the carbonyl components. Among these classes, benzylidene family of 4-

hydrazinothiazoles has still wider scope of introducing more number of functional 

groups at the C4, owing to the presence of phenyl ring.  Hence BzHAT family was 

chosen for the expansion of virtual library and for further molecular docking studies 

in AURK pockets. The unsubstituted phenyl rings have been designated as A, B 

and C in the core structure for the expansion of virtual library of 4-

benzylidenehydrazinothiazole (Figure 4.3) and monosubstituted benzenoids (ortho, 

meta and para) were chosen as the functional group variants. For the present study, 

a virtual library of 22500 (R1xR2xR3: 36x25x25) ligands of BzHAT was designed 

by choosing different combinations of functional groups as given in Table 4.1. The 

functional groups for the designed library was chosen by considering the 

commercial availability of reagents for the synthesis of 4-

benzylidenehydrazinothiazoles by the optimized [4+1] route. The designed 

structures in the expanded library were then optimized using OPLS force field and 

the 3D geometries thus obtained were used for further studies.  
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Figure 4.3. The structure of the core compound used 

for the expansion of virtual library 
 

Table 4.1. List of functional groups used for the expansion of virtual library 

R1 (o/m/p) R2 (o/m/p) R3 (o/m/p) 

H H H 

-CH3 -CH3 -CH3 

-OCH3 -OCH3 -OCH3 

-OCH2CH3 -OCH2CH3 -OCH2CH3 

-F -F -F 

-Cl -Cl -Cl 

-Br -Br -Br 

-I -I -I 

-NO2 -NO2 -NO2 

-OH - - 

-CHO - - 

-COOH - - 

-NH2 - - 
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4.2.2. In vitro anticancer screening of BzHATs 
 

As mentioned previously, in vitro anticancer screening of the tested 4-

hydrazinothiazoles (BzHATs) has identified a derivative of 4-

benzylidenehydrazinothiazole, BzHAT-5 (R1=H, R2=4-OMeC6H4 & R3=H) as 

active against breast cancer cell line MCF-7 in micromolar concentrations. It was 

found that the molecule is having potential activity against all the other five cancer 

cell lines (A549, SW-620, HL-60, SK-MEL-2, OVCAR-3) tested. Motivated by the 

preliminary results obtained for the BzHAT derivative, eight more derivatives from 

the expanded library were screened for their anticancer activity against the 

previously tested six human cancer cell lines- MCF-7, SW620, HL-60, A549, 

OVCAR-3 and SK-MEL-2. It was found that all the eight compounds tested were 

responsive towards MCF-7 cell lines and are having a GI50<50 μg/mL. From the set 

of compounds tested, we have found that halogen substitution on ring A or B 

reduces the dose response of the compounds towards the tested cancer cell lines 

whereas methyl or nitro substitution increases the dose responsiveness of the 

compounds. The molecules were screened by SRB assay using Adriamycin as 

positive control and the studies were done at ACTREC, Mumbai. The structure of 

the derivatives that were screened for their anticancer activity along with the 

corresponding GI50 values in different cell lines are listed in Table 4.2. The 

experimental screening results suggest that 4-benzylidenehydrazinothiazole with –

Me substitution on both ring A and B is responsive (GI50<35 μg/mL) towards all 

the cell lines tested except the leukemia cell line HL-60 (Figure 4.4).  

 

 



130 
 

 
Figure 4.4. Comparison of GI50 values of active compound

and methyl derivative of BzHAT 
 
 
Table 4.2. In vitro screening results of tested BzHAT derivatives 

 

Sl.

no. 

Compound 

tested 

GI50 value (μg/mL) 

MCF-7 SW620 HL-60 A549 OVCAR-3 

SK-

MEL-

2 

 

1 

 

43.55 >100 >100 >100 >100 >100 

2 

 

30.62 >100 >100 >100 >100 45.62 
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3 

 

38.46 >100 >100 >100 >100 >100 

4 

 

38.04 >100 >100 >100 >100 68.85 

5 

 

40.58 >100 >100 >100 >100 >100 

6 

 

27.00 53.26 >100 75.40 >100 64.89 

7 

 

15.56 15.17 NE# 26.82 31.93 21.22 

8 

 

18.69 >100 >100 22.35 47.43 35.29 

#Not examined 

 

The phase contrast microscopic images showing morphological 

changes observed in cells exposed to methyl compound along with the control are 

given in Figure 4.5. It was found that the cells exposed to the BzHAT derivative 

lost their normal morphology and shape. The cells treated with the compound was 

observed to be more rounded and less adherent than the control.  
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Figure 4.5. Phase contrast images of cell lines treated with methyl derivative of BzHAT 

 

4.2.3. In silico ADME property calculation 
 

The ‘drug-likeness’ of the expanded library of 4-

benzylidenehydrazinothiazoles were studied by the in silico ADME prediction 

using Qikprop. It was found that the molecular weight of 99% designed molecules 

were in the range of 398-724 in comparison with the inbuilt library of orally active 

drug molecules. All the molecules in the library were predicted with 1-2 H-bond 

donor and 5-8 H-bond acceptor functionalities in aqueous solution which is within 

that recommended by RO5. Lipophilicity of the molecules calculated as a function 

of octanol/water partition coefficient was found to be in the range of 2.5-6.5 for 

92% of the molecules whereas for 8% of the molecules it exceeded the value. Polar 

surface area of the molecules were found to be in the range of 74-193 Å2 which is 

very much in the recommended range for drug molecules and the results predict  

the good oral bioavailability of the designed molecules. It was found that the 

calculated number of rotatable bonds of the molecules are also well within the 

recommended range. Table 4.3 shows the calculated values of physical descriptors 

of BzHAT molecules that were screened for their anticancer activity.  
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Table 4.3. The physical descriptors of BzHAT derivatives screened for anticancer activity 

 

Entry Structure 
QPlogP 

(-2.0-
6.5)a 

H-bond 
donor 

(0.0-6.0) 

a 

H-bond 
accepto
r (2.0-
20.0) a 

No. of 
rotatable 

bonds 

(0.0-15) a 

PSA(7.0
-200) a 

 

1 

 

4.89 1.0 6.2 9 78.16 

2 

 

5.59 1.0 5.5 8 67.69 

3 

 

4.38 1.0 6.5 9 112.61 

4 

 

5.65 1.0 5.5 8 67.68 

5 

 

6.16 

 
1.0 5.5 8 67.69 

6 

 

5.98 1.0 5.5 8 67.69 

7 

 

4.69 1.0 6.5 9 112.61 
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8 

 

5.83 1.0 5.5 8 72.79 

9 

 

3.66 1.0 7.5 10 157.53 

a Recommended range of properties 

 

The intestinal membrane permeability properties, an indirect measure of 

oral absorption ability of the compounds, were calculated using Caco-2 (Colon 

carcinoma) cell monolayers and MDCK (Madin-Darby canine kidney) cell models. 

The calculated results suggested that 99% of the molecules had both Caco-2 cell 

and MDCK cell permeability above 500 nm/s which would suggest a good oral 

absorption of the molecules. It was observed that most of the derivatives with nitro 

group substitution at R1, R2 or R3 had lowest predicted oral bioavailability. 

Permeability across blood-brain barriers (BBB) of 99% of the designed molecules 

were found to be in the recommended range (-3.0-1.2). Table 4.4 shows the 

predicted membrane permeability values of BzHAT molecules that were screened 

for their anticancer activity.  

 

Table 4.4. The predicted permeability properties of BzHAT derivatives screened for 
anticancer activity 

 

Entry Structure 
QPPcaco 

(<25 poor, 
>500 great)a 

QPPMDCK 

(<25 poor, 
>500 great)a 

QPlogBB 

(-3.0-1.2) a 

 

1 

 

1615.05 1133.14 -0.74 
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2 

 

1886.51 3320.22 -0.49 

3 

 

224.22 134.56 -1.78 

4 

 

1889.79 2433.06 -0.56 

5 

 

1884.60 8805.88 -0.32 

6 

 

1885.55 3568.09 -0.50 

7 

 

224.19 134.53 -7.3 

8 

 

1406 928 -0.91 

9 

 

26.69 13.48 -7.38 

a Recommended range of properties 

 

The calculated ADME properties of the molecules indicated that 

pharmaceutically relevant properties of 90% of the molecules in the designed library are 

well within the recommended range for drug molecules which would suggest the ‘drug-

likeness’ of the tested compounds and justify the potential of the system in drug discovery. 
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4.2.4. In silico binding studies of 4-benzylidenehydrazinothiazoles  
 

The in vitro anticancer screening of synthesized derivatives of BzHAT has 

proven that all the tested compounds are having potential growth inhibitory activity 

against MCF-7 cell lines. We correlated our results with the protein overexpression 

in breast cancer cell lines which are reported with overexpression of AURK 

proteins. This prompted us to conduct a detailed study of interactions of the 

designed library of BzHAT molecules in AURK proteins. The in silico binding 

studies were carried out in the active sites of six AURK-A isomers and one AURK-

B protein crystal structures obtained from the protein data bank (PDB). The details 

of the protein crystal structures are given in Table 4.5. 

 

Table 4.5. Details of the protein crystal structures used for molecular docking 

 

 

 

 

 

 

 

 

 

 

 

All the X-ray crystal structures obtained for the protein inhibitor complex 

were optimized prior to the docking studies using protein preparation and 

refinement utility provided by Schrodinger LLC and partial atomic charges were 

Class of 

protein 

PDB 

ID 

Resolution 

(Å) 

Chain 

length 

AURK-A 2BMC 2.6 306 

AURK-A 2X6D 2.8 285 

AURK-A 3E5A 2.3 268 

AURK-A 3COH 2.7 268 

AURK-A 3HA6 2.3 268 

AURK-A 3UOK 2.9 279 

AURK-B 4AF3 2.7 292 
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assigned using OPLS-AA force field. The predicted binding modes of the co-

crystalized ligands in the active sites of the respective proteins by re-docking were 

in cross correlation with the interactions obtained from the PDB data bank and thus 

the docking protocol has been validated (Figure 4.6).  

 

Figure 4.6. The predicted 2D interaction diagram of native ligands in active sites of (a) 
2BMC, (b) 4AF3; The interactions obtained by X-ray diffraction are shown on the right 

side of the figure 
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4.2.4.1. Binding interactions of the core structure 

 

The core molecule, BzHAT-1, selected for the expansion of BzHAT 

library had unsubstituted benzenoid rings A, B and C. The in silico binding studies 

of BzHAT-1 in the active sites of 2BMC protein (Figure 4.7a) showed that the 

molecule was bound to the front pocket I (FP-I) located between solvent exposed 

loop and the DFG-motif of the hydrophobic front cleft of ATP binding site with 

DFG-out like conformation. The molecule was bound to the cleft in such a way that 

ring B occupied in the adenine pocket (AP) of ATP and was completely enclosed 

by the hydrophobic residues of the hinge whereas ring A and ring C were in the 

solvent exposure regions of the protein. The molecule was found to be non-hinge 

binder i.e., no H-bonding interactions were predicted with the hinge residues, 

whereas the –NH at the C4 of thiazole ring was acting as a H-bond donor to the 

gate area (GK) residue Ala273 (dA..H=2.6Å) similar to that reported in bisindolyl 

maleimide based PDK1 (3-phosphoinositide dependent protein kinase-1) inhibitor 

LY333531 (Komander et al., 2004). In 2X6D protein, the molecule bound to the 

same hydrophobic front cleft of the hinge region where the molecule was H-bonded 

to Arg137 (dA..H =2.6Å) and ring C formed π-π stacking interaction with the same 

residue with a DFG-in (active) conformation (Figure 4.7b). The core molecule 

occupied the FP-I of 3COH with ring B in the AP and ring A in the phosphate 

binding pocket as in the case of 2BMC (Figure 4.7c). The molecule was stabilized 

in the pocket by H-bonding interactions between C2 –NH and Leu139 residue of 

the β2 sheet with a distance of dA..H =2.5Å. Moreover a π-π stacking interaction was 

observed between Tyr219 of αD in the C-lobe with an inactive DFG-out 

conformation. In 3E5A, the molecule occupied the FP-I (Figure 4.7d) with a 180º 

ring flip of the thiazole ring which resulted in hydrophobic enclosure of ring A and 

C whereas ring B was completely exposed to the solvents. The molecule appeared 

to be stabilized in the binding pocket through π-π stacking interaction between 

thiazole ring and Phe144 of the G-loop with active DFG-in conformation. In 3HA6, 

the core molecule was bound to the front cleft (Figure 4.7e) of the hinge region 

(ring B) and extended towards the gate area (ring A and C) due to the 

conformational change of G-loop especially Phe144 and Lys143 residues. The 
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DFG-motif of the protein attained an active conformation by the binding of 

molecule. The binding pose of the molecule was stabilized by π-cation interaction 

formed between ring B and Lys162 in the β3 sheet along with H-bonding (dA..H 

=2.2Å) with –N at C4. The molecule was further observed with π-π stacking 

interaction of ring C with DFG+1 residue Trp277 in the catalytic loop.  

 

 
Figure 4.7. The 3D binding site of BzHAT-1 (core structure) in AURK-A proteins; Asp 

residue of DFG-motif is shown in purple colour and the ligand C-atoms are shown in 
green colour; FP-1(yellow) and gate area (purple) are represented in coloured spheres 

 

In 3UOK, the molecule was found to be hinge binder, the C2 –NH was H-

bonded to Ala213 (dA..H =2.1Å) of the hinge region of the protein with DFG-out 

conformation (Figure 4.7f). The molecule occupied the front pocket of the ATP 
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binding site with a thiazole ring flip due to the conformational change of the Tyr212 

residue of the hinge in such a way that the ring B of the molecule was in the adenine 

pocket. The molecule was further stabilized by H-bonding between C4 –NH and 

Pro214 of the linker loop along with that between C=O and Arg137. Moreover ring 

C exhibited π-cation and π-π stacking interaction with Arg220.  

 

In the AURK-B (4AF3) binding site, the core molecules was bound to the 

hydrophobic cleft of the hinge region and extended towards the GK area (Figure 

4.8). The adenine pocket of the ATP binding site was occupied by ring C whereas 

ring B pointed towards the activation loop with DFG-motif.  

 

 
Figure 4.8. The 3D binding site of  BzHAT-1 (core structure) in AURK-B protein 4AF3; 
Asp residue of DFG-motif is shown in purple colour and the ligand C-atoms are shown in 

green colour; FP-1(yellow) and gate area (purple) are represented in coloured spheres; 
The 2D interaction diagram of the molecule is given in the right hand side of the figure 

 

Hence in AURK-A the core structure without substitution on ring A, B, 

and C was found to be a front cleft binder irrespective of the conformation of DFG-

motif except in the case of 3HA6. In AURK-B the molecule was occupying both 

the FP-I and gate area. 
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4.2.4.2. Binding interactions of the active compound, 5-benzoyl-4-

benzylidenehydrazino-2-(4-methoxyphenylamino)thiazole 

 

The in vitro anticancer screening of the synthesized members from the 

library of 4-benzylidenehydrazinothiazole proved the dose responsiveness of the 

tested derivatives against breast cancer cell line MCF-7 with an average GI50 value 

of 28 µg/mL. The experimental screening of nine molecules from the synthesized 

library has identified an active compound (R1=H, R2=p-OMe, and R3=H) from the 

BzHAT library with GI50 < 10 µg/mL. The reported overexpression of aurora 

proteins in breast cancer cells motivated us to select the derivative as a ‘hit’ for the 

detailed binding site interaction studies of BzHAT library of compounds in the 

active sites of the aurora family of proteins. The molecule was bound to the FP-I of 

the 2BMC protein and as in the case of the core structure. The molecule was found 

to be a hinge binder with H-bonding interaction between Ala213 of the active site 

and C2 –NH of the ligand at a distance of 2.0Å (dA..H). Apart from this –NH at the 

C4 of the thiazole ring was H-bonded to Leu139 (dA..H =1.9Å) and the C=O was 

forming a salt bridge with Arg137 which also contributed to the affinity of the 

compound towards the binding pocket. It was observed that ring A and C were 

completely exposed to the solvents whereas ring B was in the hydrophobic 

enclosure of adenine binding pocket with DFG-out conformation. The predicted 

binding pocket and the interactions of the molecule are comparable with a 

pyridoindole Aurora inhibitor TAK-901 in phase I trial and Adriamycin, a well-

known anticancer drug in the market. In 2X6D, were the DFG-motif is adopting an 

active conformation, the molecule demonstrated an ATP competitive Type I 

binding mode through H-bonding interactions between Ala213 of the hinge region 

and C2 –NH of the ligand at a distance of 2.3Å (dA..H) with ring B occupying the 

adenine pocket. Further, the molecule was stabilized by π-π stacking interaction of 

ring B with Arg137 residue. The comparison of binding interactions of the 

molecules with known aurora inhibitors identified that the binding mode of the 

compound was comparable with CCT137690, an imidazopyridine derivative. In 

3COH, the molecule was found to be a hinge binder through H-bonding interaction 

with the Ala213 of the hinge region through the p-OMe (dA..H=2.0Å) substituent on 
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the ring B. Here the molecule was located in FP-I of the protein and was further 

stabilized in the pocket through H-bonding interaction of C2 –NH with Leu139 

(dA..H =2.0Å) residue of β2 sheet. Ring C occupied in the ribose binding site of ATP 

formed a π-π stacking interaction with Tyr219 of the C-lobe. Comparison of the 

docked structures obtained for well-known kinase inhibitor imatinib and the drug 

Adriamycin in the proteins were found to be having the same binding pocket of the 

protein with similar binding interactions. The active molecule was bound to the 

hinge region of the 3E5A protein with H-bonding interaction between C2 –NH and 

Pro214 with a distance of 2.1Å (dA..H) in a Type I manner. The ring B was exposed 

to the solvent regions of the protein whereas ring A and C were completely buried 

in the hydrophobic residues of the protein. The binding mode of the compound was 

found to be comparable with a highly selective 2-aminothiazole containing AURK-

A inhibitor, VX-689. In 3HA6 protein, the molecule was bound to the hinge region 

in Type I manner through H-bonding interaction between p-OMe and Ala213 (dA..H 

=2.0Å). Here the binding pocket of the molecule extended towards the gate area as 

in the case of core structure BzHAT-1 and the molecule was stabilized by π-cation 

interaction between ring A and Ly162 of β3 sheet. The binding pose of the molecule 

was found to be similar to that of imatinib and a thiazole containing aurora inhibitor 

SNS-314. The molecule was bound to 3UOK active site in Type I interaction mode 

where the C2 –NH of the ligand was H-bonded to Ala213 of the hinge region. 

Further, the ligand was stabilized by a salt bridge formed between –N at C4, C=O 

and Arg137 residue, π- π stacking between ring C and Arg220. The kinase 

inhibitors imatinib and VX-689 are found to be bound to the same binding pocket 

of the compound with similar interactions. Figure 4.9 shows the 3D binding mode 

of the active molecules in tested AURK-A proteins.  
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Figure 4.9. The 3D binding site of the BzHAT-5 (active molecule) in AURK-A proteins; 
Asp residue of DFG-motif is shown in purple colour and the ligand C-atoms are shown in 

green colour 
 

In all the cases the binding of the molecules in the hydrophobic front 

pocket resembled the binding mode of the well-known 2-aminothiazole containing 

anticancer drug dasatinib in Abl (Abelson murine leukemia) kinase (Tokarski et al., 

2006).  As in the case of dasatinib, 2-aminothiazole part of the active compound 

which include ring B was found to be the hinge binder and occupied in the adenine 

binding pocket. Ring A and C of the compound were pointing towards ribose site 

or phosphate binding site whereas in dasatinib substitution at the C5 of thiazole was 

extending towards the back cleft of the protein binding site (Figure 4.10).  

 

 
Figure 4.10. Binding modes of (a) dasatinib in the active site of c-Abl, (b) BzHAT-5 in 

the active site of AURK-A 
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The binding site prediction of the active compound in 4AF3 (AURK-B) 

showed that the molecule is a hinge binder which is H-bonded to the hinge region 

through C=O of the ligand and it was found that the ring B was pushed towards the 

solvent exposure region of the protein. Both ring C along with the thiazole ring 

occupied the adenine pocket whereas and ring A was towards the phosphate binding 

site of the protein where the DFG-motif is in the inactive form (Figure 4.11). The 

binding mode of the molecule resembled that of a quinazoline derivative of aurora 

inhibitor ZM447439.  

 

 
Figure 4.11. The 3D binding site of BzHAT-5 (active molecule) in AURK-B protein 

4AF3; Asp residue of DFG-motif is shown in purple colour and the ligand C-atoms are 
shown in green colour;The 2D interaction diagram of the molecule is given in the right 

hand side of the figure 
 

The binding studies of the active compound in the tested aurora proteins 

proved the potential of the molecule to act as ATP competitive inhibitor in both 

AURK-A and B. In both classes of proteins the molecule was predicted as acting 

as H-bond donor (AURK-A) or H-bond acceptor (AURK-B) which would bind to 

the hinge region. With the promising  in silico binding results by selecting the  

active compound viz; 5-benzoyl-4-benzylidenehydrazino-2-(4-

methoxyphenylamino)thiazole BzHT-5, as the ‘hit’ we then proceeded with the 

study of effect of substituent at ring A and C of active compound  on protein binding 

as our preliminary studies on  hit to lead generation and optimization. 
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4.2.4.3. Effect of substitution on ring A of active compound 5-benzoyl-4-

benzylidenehydrazino-2-(4-methoxyphenylamino)thiazole   

 

It was identified that the selected ‘hit’ molecule bound to the hydrophobic 

pocket formed by the hinge residues where ring B of the compound was completely 

immersed in the pocket whereas both ring A and C were exposed to the solvents. 

The influence of substitution on ring A was next studied using the list of substituents 

as given in Table 4.3. Substitution on ring A resulted in low docking score for the 

derivatives in the 2BMC protein as the binding of the molecules shifted with a 

distance of ~9Å (with respect to thiazole core) from the Ala213 residue of the hinge 

region and extended towards the gate area of the protein. Irrespective of the 

substituent on ring A, the derivatives were bound to the hinge region through H-

bonding between Ala213 residue and the –OMe (dA..H ~2.4Å) substitution on ring 

B. It was also observed that the orientation (para, meta and ortho) of substituents 

on ring A has little effect on the binding interactions of the molecules as all of the 

three derivatives were attaining a similar binding pose in the 2BMC active site. In 

2X6D, ring A with bulky groups such as –OEt or –Br and highly electron 

withdrawing groups such as –NO2 and –CHO at the para position resulted in 

binding of the derivatives to the DFG-motif through the hydrazone -NH. Whereas 

all the other substituents showed the similar interaction pattern as that of the active 

compound and were bound to the FP-I of the active site of the protein with a slight 

shift of ~8Å in thiazole core position towards the linker. It was observed that in 

3COH, the substituents on ring A had shifted the compound slightly towards the 

gate area of the active site of protein as in the case of 2BMC. No marked difference 

was observed in the binding pattern with change in substituent. In 3E5A, the effect 

of substitution on ring A followed the same trend as in the case of 2X6D where the 

substituents –OEt, –Br,–NO2 and –COOH has extended the binding of molecules 

toward the gate area through π-π interaction of aromatic rings A, B or C with 

Phe144 residue of G-loop. Whereas all other derivative were bound to the FP-I of 

the protein active site. In 3HA6, protein the –OH and –OMe substituted compounds 

were found to be shifted more towards the linker region of the FP-I though all the 
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other derivatives were found to be in the gate area and with a similar interaction 

pattern as shown by active compound.  

 

It was found that the substitution on ring A of the active compound had a 

remarkable effect on the binding pattern of the compounds in proteins with DFG-

in conformation. In the active state of the protein the molecules with substitution 

on ring A was found to be mainly occupying the gate area of the protein and 

interacting with the residues in G-loop and/or activation loop. However, in proteins 

with DFG-motif in the inactive form, the derivatives of the active compound was 

bound to the hinge region as in the case of the active compound but the binding is 

slightly extended towards the gate area. Figure 4.12 shows the ring A substituent 

effect on the binding pattern of active compound in tested AURK-A proteins. 

 

 
Figure 4.12. Effect of ring A substitution on the binding pattern of BzHAT-5 (green) in 

AURK-A proteins; FP-I (yellow) and gate area (purple) region of active site are 
represented in coloured spheres 

 

The substitution on ring A of active compound had no marked effect on 

the binding of derivatives in the active site of AURK-B protein. The molecules were 

observed to be binding to the front cleft of the hinge region and simultaneously to 

the Lys85 residue of the G-loop through π-cation interaction (Figure 4.13). 
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Figure 4.13. Effect of ring A substitution on the binding pattern of BzHAT-5 (green) in 

AURK-B protein 
 

4.2.4.4. Effect of substitution on ring C of active compound 5-benzoyl-4-

benzylidenehydrazino-2-(4-methoxyphenylamino)thiazole 

 

In comparison with the active compound in 2BMC protein active site 

substitution of ring C with – NO2, -OMe and -Br has shifted the binding of the 

derivatives towards the gate area where the molecules interact with the DFG-motif 

through H-bonding irrespective of the orientation of substituent on the ring. The 

binding of all other derivatives of the active compound were found to be 

comparable with that of active compound. It was observed that in derivatives with 

meta and ortho ethoxy/methyl substituents on ring C, the binding site had shifted 

towards the gate keeper (GK) area whereas in halogens the meta substituent was 

found to be a GK binder. In 2X6D, no substitution or orientation effect was 

observed for the derivatives which were occupying the FP-I of protein active site. 

It was observed that in 3COH the substituents on ring C had shifted the compound 

slightly towards the gate area of the active site of protein as in the case of 2BMC. 

But substitution/orientation had little effect on the binding pattern of derivatives. In 

3E5A also -NO2, -OMe and -Br substitution resulted in the shift of binding area 

towards the GK but the change was less pronounced when compared with that of 

the ring A substitution. The other derivatives occupied exactly the same binding 

site of the active compound with similar interaction pattern. Here also substituent 

orientation had no effect on the binding of compounds. The substitution effect was 
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absent in the case of 3HA6 protein since all are binding in the same binding pocket 

as that of active compound whereas orientation of the substituents has found to be 

having remarkable effect on the binding pocket determination of derivatives. 

Derivatives with ortho halo substituents on ring C was found to be more shifted to 

FP-I with hinge interaction whereas the ortho substitution of other substituents 

bound to the DFG/DFG+1 residue in the GK. In 3UOK active site, all derivatives 

were found to be in FP-I as in the case of active compound with similar interactions 

irrespective of the orientation of the substituents. It was observed that derivatives 

of active compound with substitution on ring C had a tendency to extend the binding 

site towards the gate area of protein active site irrespective of the conformation of 

DFG-motif. In the active state of the protein, the molecules with substitution on 

ring A was found to be mainly occupying the gate area of the protein and interacting 

with the residues in G-loop and/or activation loop. Figure 4.14 shows the ring C 

substituent effect on the binding pattern of active compound in tested AURK-A 

proteins. 

 

 
Figure 4.14. Effect of ring C substitution on the binding pattern of BzHAT-5 (green) in 

AURK-A proteins; FP-I (yellow) and gate area (purple) region of active site are 
represented in coloured spheres 

 

In 4AF3 protein, the substitution and orientation effects were found to be 

remarkable in the case of –NO2 and -Br substituents. In both the cases changes in 

para substitution resulted in the binding of corresponding derivative towards the 
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gate area through interaction with Phe88 residue of G-loop and the ortho and meta 

substituted derivatives were found to be hinge binders through interaction with 

Ala157 residue. All other derivatives were found to be occupying the same binding 

pocket as that by the active compound irrespective of their orientation. Figure 4.15 

represents the substituent and orientation effect of –NO2 and -Br derivatives of 

active compound in 4AF3. 

 

 
Figure 4.15.  Substituent and orientation effect of –NO2 and -Br derivatives of BzHAT-5 

(red) in 4AF3; Hinge binding ortho and meta derivatives (blue) are shown in left and G-

loop binding para derivatives (blue) are shown in right 

 

4.3. Conclusions 
 

In conclusion, utilizing the possibility of diversity multiplication in our 

designed scaffold (HAT) an expanded virtual library of 22500 members of 4-

benzylidenehydrazinothiazole was designed and their optimized 3D structures were 

created. The ADME property prediction of the library of compounds showed 90% 

compounds to be having pharmaceutically relevant properties in the recommended 

range. The dose responsiveness of a set of synthesized compounds in BzHAT 

library was studied using SRB assay. The in vitro screening has identified eight 

compounds as promisingly active and one compound was identified as active 

against breast cancer cell line MCF-7. The in silico binding studies of the active 

compound in AURK protein binding sites identified it as an ATP competitive Type 

I inhibitor irrespective of the class of proteins. By selecting the active compound as 

‘hit’ we have initiated the hit to lead generation and optimization procedure in the 
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designed library by studying the effect of ring (A and C) substituents on the binding 

of compounds. It was found that the effect of ring A substitution on the binding site 

and interaction pattern to be more pronounced in AURK-A proteins with DFG-in 

conformation whereas ring C substitution had an impact on the binding of all the 

tested AURK-A proteins irrespective of the conformation of DFG-motif. In AURK-

B, ring A substitution had no remarkable effect on the binding pattern while the 

change in binding site of the derivatives was observed with –NO2 and -Br 

substitution on ring C.  The expansion of the virtual library of the tetravarient 

scaffold HAT and the lead optimization procedure is continuing in our laboratories 

and is not further discussed in this thesis. 

The drug discovery process being a time consuming one, along with our 

small molecule research we have initiated preliminary studies on the development 

of a carrier system based on dendrimers. Due to its wide acceptance for drug, gene 

and other biomolecule delivery applications, polyamidoamine (PAMAM) 

dendrimer was our primary choice. To contribute to our long term goal of 

developing a multifunctional carrier system based on PAMAM, the possibility of 

introducing heterocyclic ring systems on to the periphery of PAMAM dendrimers 

was investigated. Owing to our specific interest in 2-aminothiazole core, we have 

next proceeded with the design and development of a PAMAM-2-aminothiazole 

conjugate and will be discussed in part B of this thesis. 
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PART B 

  

 

Design and synthesis of a dendrimeric nanoprobe based 

on 2-aminothiazole template 
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Specific Objectives of Part B 
 

 

 Design of PAMAM -2-aminothiazole conjugate with tunable sites. 

 Formulation of divergent synthetic strategy, chemical synthesis and 

characterization of conjugate. 

 Development of the conjugate as fluorescent nanoprobe. 

 Photophysical studies on the conjugate to evaluate its potential as a 

fluorescent probe. 

 Molecular dynamics simulation of the conjugate under different pH and 

solvent conditions. 
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CHAPTER 5 
 

PAMAM DENDRIMERS AS MULTIFUNCTIONAL 

CARRIERS IN BIOMEDICAL APPLICATIONS 
 

5.1. Introduction 
 

Chemotherapy is one of the effective treatment techniques used in cancer 

therapy. But, the conventional chemotherapy is often afflicted by the low 

therapeutic index of anticancer agents due to their high plasma concentration that 

leads to the lack of sensitivity of the drugs used. Therefore researchers in this field 

are focused much towards the development of chemotherapeutics that can either 

passively or actively target cancerous cells. The abnormal angiogenesis occurring 

in tumor tissues results in the fast development of vasculature in contrast to that in 

healthy tissues which causes hyperpermeability of the endothelial cells of the 

inherent pores in the vessel walls (~400nm) of tumor. This characteristic feature of 

the tumor tissue is termed as enhanced permeability and retention (EPR) effect. One 

of the effective ways to achieve the passive targeting of tumor cells is found to be 

the use of nanocarriers as drug delivery systems (DDS) that utilizes this 

characteristic features of tumor biology (Maeda et al., 2000). The intracellular gaps 

in tumor vasculature allow the extravasation of these DDS from the blood plasma 

to tumor tissues.  The size of the carriers used for the targeting plays a critical role 

in the efficacy of such systems. Usually drug carriers with diameter larger than 3 

nm (to prevent rapid clearance by the kidneys) but smaller than 200 nm (to avoid 

the reticuloendothelial system (RES) are considered to be ideal for targeting. The 

surface properties of the drug carrier are yet another crucial factor which determines 

their biocompatibility, biodistribution and retention of the DDS within the 

circulatory system. Thus, in recent years, research is heading towards the surface 

modifications of nanocarriers to control their biological properties in a desirable 

fashion and make them multifunctional to perform various therapeutic and 

diagnostic functions simultaneously (Torchilin, 2012). In this context conjugation 
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of nanocarrier scaffolds with multiple copies of targeting ligands, drugs and dyes 

has become a popular approach for achieving the aim of theranostics materials 

useful for both diagnosis and treatment of diseases. Different nanocarriers (Kumari 

et al., 2015) are reported in the literature such as liposomes, micelles and polymeric 

nanoparticles to name a few, among which dendrimers have a significant position 

owing to their unique structural features.  The higher degree of control over the 

highly branched structure and the ability to tailor properties mark dendrimers 

different from polymers and made them ideal for targeted drug-delivery, 

macromolecular carriers, surface engineering and biomimetic applications. 

 

5.1.1. Dendrimers and their unique structural features

 
The term dendrimer is derived from Greek words dendron meaning ‘tree’ 

and meros meaning ‘part’. The core, the interior and the end groups are the three 

basic architectural features of dendrimers and the physical as well as chemical 

properties, the overall size, shape and flexibility are strongly influenced by each 

one of this architectural components (Figure 5.1) that exhibits a specific function, 

and at the same time, defines unique properties for these monodisperse 

nanostructures (Klajnert and Bryszewska, 2000).  

 

 
Figure 5.1. Schematic representation of structural components of dendrimer architecture 

(Sharma and Kakkar, 2015) 
 

The core is positioned at the centre and is responsible for the shape, 

directionality and multiplicity of the dendrimer. The branched wedges that are 
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attached to the core constitute the interior and the number of branched points 

encountered upon moving outward from the core to the periphery represent the 

generation number. The number of generations is the deciding factor of branching 

density which determines the amplification of the peripheral functionalities and 

thereby the globularity of the structure which offer internal cavities for the 

encapsulation of guest molecules. The end groups present at the periphery of 

dendrimeric structure, when appropriately functionalized, will allow for the 

modulation of interfacial properties and the interaction with the surrounding 

environment and thus act as tunable handles enabling the design of multifunctional 

dendrimers. Moreover, they are the reactive gates for the controlled release of 

encapsulated guest molecules from the interior of the dendrimer.  

 

The high level of control achievable over the architecture of dendrimers, 

their size, shape, branching length and density and their surface functionality, make 

these compounds ideal carriers in biomedical applications such as drug delivery, 

gene transfection and imaging applications either by encapsulation into the interior 

or by attachment to the dendrimer surface. This also facilitates tailoring the 

properties of the carrier to meet the specific demands for its therapeutic 

applications. In the molecular dimensions, globular conformation and 

compartmentalized structure make these symmetrical three dimensional 

macromolecular architectures as mimics of certain globular proteins and enzymes 

and are often referred to as artificial enzymes (Darbre and Reymond, 2006; Javor 

et al., 2007). Their unique architecture and terminal groups amenable to wide 

chemistries make them an excellent platform for covalent/supramolecular 

modification and hence the best among all the nanodevices (Petros and DeSimone, 

2010; Wolfbeis, 2015) known for different applications (Wu et al., 2015; Zhu and 

Shi, 2013). To be more specific, in cancer nanomedicine dendrimers have found 

application in almost all the stages starting from prevention, diagnosis, monitoring 

and control to therapy (Figure 5.2). 
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Figure 5.2. Applications of dendrimers in cancer therapy 

 

5.1.2. PAMAM dendrimer in biomedical applications  

 
Being one of the most wide spread topologies observed in nature spanning 

from meter (tree branches and roots) to nanometer dimension (glycogen and 

amylopectin), dendrimers rule the supramolecular regime ever since their synthesis 

was reported  by Tomalia (Tomalia et al., 1985) (polyamidoamine), Vögtle 

(Buhleier et al., 1978)  and Meijer (Sijbesma et al., 1997) (polypropylene imine) 

earlier in 2000. Among various dendrimeric structures studied for biomedical 

applications, poly(amidoamine) (PAMAM) dendrimers hold specific interest due 

to their compact size, high surface charge density and ability to penetrate across the 

intestinal epithelial barrier. The comparatively high biocompatibility and solubility 

of PAMAM becomes an add-on advantage when considering the biological 

applications. These were originally developed by Tomalia, et al. (1985) with an 

ethylenediamine core bearing amido amine branching units and are commercially 

available as cationic full generations with amine termini and anionic half 

generations with carboxylic acid terminal functionalities. These molecules are 

available in nanometre dimension growing from 1.1nm-12.4nm in diameter 

(generation 1-10) (Tomalia, 2005). The chemical structure of PAMAM generation 

3 is shown in Figure 5.3.  
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Figure 5.3. Chemical structure of PAMAM generation 3 

 

Considering their size resemblance with biomolecules such as insulin (~3 

nm), cytochrome C (~4nm) and haemoglobin (~5.5nm), PAMAM dendrimers have 

found wide spread applications in the biomedical field. For example, the use of 

different generations of modified PAMAM as protein and peptide mimics (Liu and 

Breslow, 2003; Yang et al., 2013) are widely studied in immunodiagnostics. Drug 

delivery is another application were PAMAM dendrimers have made a superior 

position. There are many reports available for the use of these molecules as 

solubility enhancers of hydrophobic drug molecules by utilizing the interaction 

between dendrimer and the drug molecule (Svenson and Chauhan, 2008; Tekade et 

al., 2008). The use of PAMAM dendrimers as carriers for the targeted delivery of 

anticancer drugs through non-covalent interactions, covalent binding and spacer 

mediated conjugates (D'Emanuele and Attwood, 2005; Kesharwani and Iyer, 2015; 

Menjoge et al., 2010) is also well documented. The PAMAM dendrimers have 

offered great potential to develop materials with improved therapeutic efficacy 

including target specificity, controlled drug release, lower therapeutic doses and 

minimum exposure to normal tissues and the applications of these nanomaterials 

and their modifications further extend to the field of cancer diagnosis (Qiao and 

Shi, 2015; Wolinsky and Grinstaff, 2008), gene delivery (Pack et al., 2005; Yang 
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et al., 2015), photodynamic therapy (Tao et al., 2013) and neutron capture therapy 

(Kobayashi and Brechbiel, 2005) to cite a few. 

 

5.1.3. Fluorescent dendritic nanoprobes (FDNs) 
 

Bioimaging is an essential tool in biological research to visualize the 

morphological details of the cells. The common imaging modalities used in the 

clinical studies rely on photons with wavelengths ranging from gamma emission to 

infrared with the exception of MRI (magnetic resonance imaging) which uses 

magnetic properties of atomic nuclei with half-integer spin. The high energy 

photons used in these imaging techniques are found to be potentially harmful 

because of the reactions they can trigger in the cells. But, photons in the visible and 

infrared wavelengths are found to be possessing no or little damage to cells due to 

their low penetration power. Thus, the fluorescence imaging techniques are 

considered to be more reliable which in the last ten years has become an essential 

tool in preclinical studies extending in  the macroscopic to the microscopic range, 

and attaining as further as sub-cellular resolution (Mérian et al., 2012). Apart from 

this, the inherent superiorities such as high sensitivity, high selectivity, convenience 

and non-destructive nature made this optical imaging modality a widely accepted 

one in biomedical applications (Azhdarinia et al., 2012). The technique relies on a 

probe that emit light on excitation with suitable wavelength. Since nanostructure-

based detection platforms have many advantages over traditional approaches in 

terms of sensitivity, signal stability and multiplexing capability, research in this 

field is more on the design and development of fluorescent nanostructures (FNSs) 

as fluorescent probes in bioimaging (Liu et al., 2011).  

 

FNSs are widely classified into three classes - organic FNSs, inorganic 

FNSs and organic/inorganic hybrid FNSs (Figure 5.4). Control over the 

functionalization stoichiometry together with less potential toxicity effects and 

reproducibility are very important for implementing these fluorescent nanoprobes 

to real world applications.  In this case, most of the fluorescent nanoprobes studied 

such as silica nanoparticles, quantum dots and carbon dots are failures either in 
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terms of their toxicity effect or reproducibility and use of these molecular systems 

is not recommended for many applications (Wolfbeis, 2015). Thus the development 

of size tunable, multifunctional fluorescent systems with superior photostability and 

desirable pharmacokinetic behaviour is a need of the hour and in this regard organic 

FNSs are gaining much importance due to the synthetic feasibility and thereby the 

reproducibility and photostability.  

 

 
Figure 5.4. Classification of FNSs based on their chemical composition (Chen and Yin, 

2014) 
 

Multifunctionality, monodispersity, biocompatibility and tunable 

chemical properties of dendrimers make them superior among all the other organic 

molecules. Research in the field of development of dendrimer based 

FNSs/fluorescent dendritic nanoprobes (FDN) is taking a fast pace in the recent 

years (Kim et al., 2013; Oesterling and Müllen, 2007; Reilly et al., 2015). Among 

various dendrimers, the non-toxic nature and biocompatibility of PAMAM 

dendrimers make them an excellent scaffold for biomedical applications. Moreover, 

the surface amino groups on PAMAM provide useful moieties for the functional 
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modification of dendrimers since they allow covalent coupling reactions under mild 

conditions in a controlled fashion. Although the intrinsic fluorescence of this class 

of dendrimer seems to be promising for straight monitoring of biological changes 

(Lee et al., 2004; Pistolis et al., 1997; Wang and Imae, 2004), the real world 

applications of the same is limited by their low quantum yield (QY). There are a 

number of reports available on the derivatization of PAMAM dendrimers with 

fluorescent dyes to track targeting and cellular internalization (Lesniak et al., 2013; 

Thomas et al., 2010), in protein labelling (Wängler et al., 2008), in ion sensing 

(Lamy et al., 2012) and theranostic applications (Krasia-Christoforou and 

Georgiou, 2013; Kukowska-Latallo et al., 2005). The severe drawbacks of 

traditional small molecule organic fluorophores such as lack of targeting efficacy, 

poor solubility and cell leakage can be successfully overcome by the use of 

fluorescent dendritic nanoprobes. But as mentioned before, the practical 

applications of these FNSs are limited because of the low fluorescent properties 

when compared to small organic dye molecules especially in terms of QY and life 

time. Thus the researchers in this field are working on the development of novel 

FDNs with fluorescent properties essential for imaging and having superior 

biocompatibility. 

 

5.1.4. Molecular dynamics simulation studies on dendrimers 

 

Molecular dynamics (MD) is a force-field based simulation method used 

for understanding the atomic level mechanism of physical phenomena at nonzero 

temperatures on a picosecond timescale. It calculates the time dependent behaviour 

of molecular systems and in recent years this computational tool has attained 

considerable interest in biomedical field as it can provide detailed information about 

the fluctuations and conformational changes occurring in biomacromolecules 

(Karplus and McCammon, 2002). Molecular interactions being the key factor 

controlling the biological functions, the study of the macromolecular structures is 

essential in the understanding of biology. Thus, the MD method is now routinely 

used to investigate the structure, dynamics and thermodynamics of biological 
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molecules and their complexes. Moreover it has become a major tool in the design 

of novel bioactive molecules and to study their mode of action.  

 

One of the great challenges in nanomedicine is the development of novel 

carriers with maximum therapeutic potential and minimum side-effects for drug and 

gene delivery. Dendrimers being one of the top most architectures used in 

biomedical applications, understanding the structural properties of dendrimers in 

solution is important as the dendrimer structure is tightly linked with function. The 

size, shape, effective charge, and terminal chemistry of the dendrimers, which can 

be tuned by the surroundings, such as temperature, pH, and salt ions, play 

significant roles in their application as delivery vectors. In this regard MD 

simulations on these factors affecting the structure of dendrimer could facilitate the 

progress in understanding the delivery process of these bioactive molecules (Cagin 

et al., 2000; Han et al., 2005).  

 

PAMAM dendrimer being one of the most studied class of dendrimers, 

MD simulations has been carried out for getting a clear understanding of its 3D 

structure in solutions (Lee et al., 2006). Three ionic states are reported for PAMAM 

at different pH ranges and there are reports on the pH responsive conformational 

changes on the structure (Chen et al., 2000; Maiti et al., 2005). Therefore the 

dynamics of the structure at different pH conditions and their dependence on the 

dendrimer's behaviour and functions gained much attention from the researchers 

(Liu et al., 2009; Maiti and Goddard, 2006). Understanding the interaction between 

drugs and dendrimers at the molecular level is crucial to optimize the use of the 

systems as carrier where MD simulations of dendrimer–drug systems are found to 

be a suitable choice for such optimizations. The structural differences in the interior 

pockets of the dendrimer exhibit interesting physicochemical implications for the 

host–guest behaviour and MD simulations has found complementary role in the 

design and optimization of such dendrimer based host–guest systems (Miklis et al., 

1997; Tanis and Karatasos, 2009). The globular shape of dendrimers leads to 

multivalency at the surface and shielding effects at the core which facilitate the 

application of the molecules in different fields. Hence, the determination of the 3D 
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structures and the change in topology due to surface modifications are very 

significant. The study of dynamics of functional group conjugation on PAMAM 

dendrimer surface and the possible molecular interactions arising therein are 

gaining much importance in the recent past with respect to their biomedical 

applications (Ma, 2013). Since the understanding of interactions involved in the 

drug delivery process can be used in the development of highly efficient and low 

toxicity carriers, the dynamics simulation studies can help in the rational design of 

dendrimer size, shape, or surface properties for applications in nanomedicine.  

 

Coming to the field of medicinal chemistry, as already discussed 

heterocyclic compounds are the corner stones and thus the effective targeting and 

delivery of the heterocyclic systems  to the diseased site have much significance in 

the field of medicine. However, despite their versatility and potential, low 

solubility, degradation, fast clearance rates and non-specific toxicity limit the wider 

applications and further development of such compounds into market drugs. To 

overcome these drawbacks and to improve the pharmacokinetic/ 

pharmacodynamics properties of heterocycles, one of the explorable strategies 

would be nanovectorization of such compounds on to suitable nanocarriers. Our 

interest being in heterocyclic ring systems especially 2-aminothiazole based ones 

and motivated by our preliminary findings on the 2-aminothiazole based HAT 

systems in drug discovery we set out our plans for the design and development of 

multifunctional PAMAM based carriers  these systems. As a preliminary step, we 

planned for the covalent immobilization of 2-aminothiazole template on PAMAM 

dendrimer and the study of the behaviour of such systems by MD simulations.  
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CHAPTER 6 
 

DESIGN, SYNTHESIS AND MD SIMULATIONS OF 

PAMAM-2-AMINOTHIAZOLE CONJUGATE 
 

6.1. Background 
 

As mentioned in previous sections, heterocyclic ring compounds find 

applications in diverse fields of science and are an inseparable part of human life. 

The ability of the heterocyclic compounds to manifest the substituents around a 

core scaffold in a defined three dimensional manner is one of the striking structural 

features that keeps them on the top of all the synthetic organic scaffolds discovered 

so far. Moreover, due to their ability to hydrogen bond, alter polarity, solubility, 

and their electronic and optical properties, heterocycles serve as unique scaffolds in 

all kinds of organic compounds of interest in electronics, biology, optics, 

pharmacology and materials science. In pharmacology, the wide-spread 

applications of heterocycles range from antibacterial, antifungal, anti-HIV, 

antitubercular, antimalarial, anti-inflammatory to anticancer activity. 

  

Considering the importance of this class of compounds, heterocyclic 

systems and their vectorization onto nanocarriers attract researchers from both 

medicine and materials science disciplines (Martins et al., 2015). With an 

expanding database on various properties and applications of heterocyclic systems, 

especially related to their bioactivity (Dua et al., 2011), the choice of the vector and 

effective strategies for linking the vector-heterocycle becomes significant and 

highly reliant on the application. For example, in nanomedicine and allied fields 

encapsulation is the common strategy (Pérez-Herrero and Fernández-Medarde, 

2015) used for nanovectorization of heterocyclic ring systems. However, the unique 

properties of nanocarriers that would arise from covalent conjugation (Zhang et al., 

2008) can further expand the applicability of such nanovector conjugates in diverse 

fields.  
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Our interest being in 2-aminothiazole based heterocyclic ring systems, 

along with our small molecule research we are aiming at the covalent vectorization 

of this heterocyclic rings on to nanocarriers. PAMAM dendrimer being one of the 

most explored class of nanocarriers in different applications, the nanovectorization 

of heterocyclic ring systems on to the periphery of PAMAM have great significance 

from an application point of view. Thus, to contribute to the long term goal of 

developing a multifunctional carrier system based on PAMAM, the possibility of 

introducing heterocyclic ring systems on to the periphery of PAMAM dendrimers 

was investigated. Owing to the specific interest in 2-aminothiazole core, as a very 

first step, we have designed a PAMAM conjugate bearing 2-aminothiazole on the 

periphery as shown in Figure 6.1.  

 

 
Figure 6.1. Designed PAMAM-2-aminothiazole conjugate 

 

Since the PAMAM dendrimers are available commercially, it was felt 

worth exploring PAMAM modification so as to have a divergent approach. Albeit 

the well proven biocompatibility of PAMAM dendrimers (Svenson and Tomalia, 

2012) very less is explored on their covalent modification with biologically relevant 

heterocycles for applications as prodrug and/or theranostics. This may, in part be 

due to the lack of novel and reliable strategies for their covalent nanovectorization 

on to the dendrimer periphery.  In this regard, we hypothesised the construction of 

2-aminothiazole ring on PAMAM periphery using [4+1] ring closure for thiazole 
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ring formation. Depending on the synthons employed, the attachment of the 

dendrimer to C2, C4 or C5 of thiazole ring was envisaged as in Figure 6.2.   

 

 
Figure 6.2. Designed divergent strategies for PAMAM-2-aminothiazole conjugate 

 

A common synthon that can be used for the synthesis of diverse 

heterocycles on the PAMAM periphery would be further interesting and in the 

present work we have initiated an effort to develop such a versatile platform for the 

synthesis of PAMAM-heterocyclic conjugate following a divergent synthetic 

strategy.  

 

6.2. Results and Discussions 
 

6.2.1. Design of PAMAM based versatile synthon for heterocyclic 

ring construction 

 

The search for a common platform for synthesis of heterocycles has 

identified a biguanidine analogue amidinothiourea (ATU) as a useful synthon in the 

construction of a number of heterocyclic ring systems such as triazole (Yerande et 
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al., 2014a), imidazole (Kaila et al., 2009), thiazole (Binu et al., 1998), oxadiazole 

(Yerande et al., 2014b) and triazine (Glotova et al., 2004). PAMAM being our 

choice of interest as nanocarriers, the vectorization of an amidinothiourea fragment 

on to the periphery of PAMAM might be a breakthrough for the divergent 

construction of a number of heterocyclic rings of interest on to a well-proven 

biocompatible nanovector. With this aim in mind, we have designed an 

amidinothiourea conjugated PAMAM (PAMAM-ATU) dendrimer which can 

theoretically be used for the construction of various heterocycles with the 

appropriate choice of reagents during the cyclization step as shown in Figure 6.3. 

 

 
Figure 6.3. PAMAM dendrimer bearing amidinothiourea unit as a universal platform for 

nanovectorization of diverse heterocycles 
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6.2.2. Retrosynthesis of amidinothiourea conjugated PAMAM 
 

In our envisioned divergent strategy, we aimed at achieving the covalent 

anchoring of an amidinothiourea fragment on to the PAMAM periphery and the 

synthesis of which was designed by retrosynthetic analysis (Scheme 6.1). The 

retrosynthesis of the designed PAMAM-ATU showed that the construction of such 

a synthon would be possible by a thiocarbamoylamidine transfer to the primary 

amino groups of PAMAM. Since the dendrimer possess multiple nucleophilic sites 

with varying reactivity, the choice of reagents and reaction conditions are critical 

to the synthesis of the proposed amidinothiourea unit. In this regard a regiospecific 

reagent which would attack the terminal amine would be the best choice, for which 

an amidine transfer strategy using thiocarbamoylamidine transfer agent (TCT) 

(Jenardanan et al., 1997) was felt worth examining. Our rationale for choosing TCT 

strategy was further encouraged by the facile synthesis of the transfer reagent (Scott 

and Reilly, 1952) accomplished from commercially available 3,5-dimethyl-1-

amidinopyrazole and diverse set of isothiocyanates. Further, the solid phase 

synthon for 2,4-diaminothiazole synthesis has also been accomplished on 

polystyrene (Sreejalekshmi et al., 2006) using the TCT strategy.  

 

 
Scheme 6.1. Retrosynthesis of amidinothiourea conjugated PAMAM (PAMAM-ATU) 

 



168 
 

Moreover the proposed regiospecific thiocarbamoylamidine transfer on to 

primary amino groups of PAMAM would ensure selective modification of 

dendrimer terminals through R1 and hence would have profound influence on 

dendrimer properties.  

 

6.2.3. Validation of retrosynthetic routes to PAMAM-ATU 
 

The divergent synthesis of amine terminated PAMAM with 

ethylenediamine (EDA) core was carried out following the reported procedure 

(Esfand and Tomalia, 2001) in which the first step was the Michael addition of 

primary amine to methyl acrylate which resulted in the formation of half generation 

PAMAM (G-0.5) with ester termini. The multiester formed on amidation with 

excessive EDA gave the full generation PAMAM (G0) with amine termini and the 

reactions were continued for the synthesis of higher generations as shown in 

Scheme 6.2.  

 

 
Scheme 6.2. Divergent synthesis of amino terminated PAMAM 

 

To test our hypothesised divergent synthesis of PAMAM-ATU, we have 

chosen the synthesized PAMAM G0 with four terminal amino groups. The 

formation of G0 was confirmed by spectroscopic techniques and the number of 

terminal amino groups were estimated by potentiometric titration (Mullen et al., 
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2012) which was calculated to be 3±1. The thiocarbamoylamidine transfer agent, 

1-(N-phenylthiocarbamoyl)amidino-3,5-dimethylpyrazole, was obtained from the 

reaction between 1-amidino-3,5-dimethylpyrazole and phenylisothiocyanate as 

reported earlier by Jenardanan et al. in 1997.  The treatment of one of the terminal 

amino groups with 1equv. of TCT, resulted in the formation of the desired 

compound G0-ATU with the elimination of 3,5-dimethyl pyrazole. The reactions 

were carried out in four different  polar solvents (DMF, DMAc, MeOH and ACN) 

and the optimized  reaction procedure for the thiocarbamoylamidine transfer along 

with the literature procedure for the preparation of TCT are shown in Scheme 6.3. 

The viscous liquid obtained was purified by column chromatography using 

sephadex LH-20 and characterized using spectroscopic techniques and molecular 

mass determination. The thiocarbamoyl transfer reaction was confirmed by the 

presence of C=S stretching and C-H bending corresponding to monosubstituted 

benzenoids at 1095 and 819 cm-1 respectively along with amide I (1631cm-1) and 

amide II (1543 cm-1) band of PAMAM. The 1H NMR spectra accounted for five 

aromatic protons in a range of δ=6.93 to 7.55 ppm and molecular mass as 

determined by MALDI-TOF analysis was found to be 693, as expected for 

PAMAM G0 with one of the arms bearing a phenylthiocarbamoylamidine unit. 

 

 
Scheme 6.3. Divergent synthesis of G0-ATU 
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The results suggested the success of our synthetic strategy to build an 

amidinothiourea platform on PAMAM dendrimer and establish the utility of TCT 

for modifying amine terminated PAMAM dendrimers. Higher generations of 

PAMAM (G1-G4) were also subjected to the TCT strategy and in all the cases the 

thiocarbamoylamidine transfer was confirmed by the characteristic peaks obtained 

in IR spectra of the resulted compounds and also by the formation of 3,5-dimethyl 

pyrazole. To establish the functional group diversity and the generality of the 

synthesis, we next used 4-nitrophenylisothiocyanate for the preparation of TCT 

agent and the corresponding transfer reaction was carried out on PAMAM G0 

following the same procedure as already discussed. The transfer reaction was 

confirmed by recording IR spectrum of the viscous liquid (G0-ATU-2), obtained 

after petroleum ether wash, which showed the characteristic nitro group stretching 

frequencies (1583 and 1325 cm-1), the C-N stretch (847 cm-1)  along with the amide 

I and amide II band of PAMAM. The presence of pyrazole in the petroleum wash 

also indicated the transfer reaction to be successful. Thus a mild and efficient 

reaction procedure was established for the synthesis of a PAMAM based 

amidinothiourea synthon. To the best of our knowledge, such a conjugate with 

potential as a versatile synthon for diverse heterocyclic rings on to the periphery of 

PAMAM has been accomplished for the first time. With the commercial availability 

of a number of isothiocyanates, the designed synthetic route provides a feasible way 

to obtain an amidinothiourea conjugated PAMAM with diverse functional groups 

(through R1) attached to the periphery of the PAMAM. 

 

6.2.4. Synthesis of PAMAM-2-aminothiazole conjugate 
 

With the successful synthesis of C-N-C-S unit tethered to PAMAM, our 

next aim was the construction of 2-aminothiazole on to PAMAM periphery using 

PAMAM-ATU as a precursor for the thiazole ring synthesis. In this context,  

Hantzsch thiazole synthesis using thioamides and thioureas are widely explored for 

2-aminothiazole synthesis but Rajasekharan et al. (1986) has established a mild and 

efficient [4+1] ring synthesis for 2,4-diaminothiazole from suitably substituted 

amidinothioureas and α-haloketones. The successful anchoring of amidinothiourea 
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on PAMAM dendrimer has provided the C-N-C-S unit for thiazole ring 

construction and based on the literature data available on the solid phase 

aminothiazole synthesis (Sreejalekshmi, et al., 2006), we planned for achieving the 

nanovectorization of 2-aminothiazole template onto PAMAM by covalent 

modification as shown in Scheme 6.4. Here the PAMAM-ATU conjugate would 

act as the C-N-C-S fragment donor whereas the C5 of the thiazole could be a 

contribution from active methylene compounds, say α-haloketones. It is to be noted 

that the designed synthetic route provide a 2-aminothiazole conjugated PAMAM 

with two sites for diversity multiplication/property tuning in its structure which 

could be afforded from commercially available isothiocyanates and α-haloketones. 

 

 
Scheme 6.4. Synthetic route to 2-aminothiazole conjugated PAMAM G0 

 

The heterocyclization is expected to proceed through S-alkylation of the 

thiocarbamoyl unit that result in the formation of an acyclic S-alkylthiourea 

intermediate. The cyclisation of this intermediate in presence of base can result in 

the formation of five membered thiazoline which on competitive eliminative 

aromatization could afford the 2-aminothiazole ring. Such an elimination may result 

in the formation of either 2-aminothiazole conjugated PAMAM (PAMAM-ATz) 

as the lone product or as a mixture with 2,4-diaminothiazole as the bi-product. 

Scheme 6.5 gives the mechanistic insight to the hypothesized heterocyclization 

leading to PAMAM-ATz. 
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Scheme 6.5. Mechanism of heterocyclization of PAMAM-ATU 

 

To test the hypothesis, the amidinothiourea conjugate G0-ATU in DMSO 

was reacted with p-nitrophenacylbromide and p-chlorophenacylbromide (in two 

separate reactions) at room temperature in the presence of organic base Et3N for 3h. 

The IR spectra of the respective purified products obtained after the reaction was 

identified with the characteristic amide I and amide II bands of PAMAM along with 

the nitro group/ C-Cl stretching frequencies. The amide I and amide II bands of p-

nitrophenyl substituted PAMAM-ATz was observed at 1646 and 1552 cm-1 

respectively whereas that for the p-chlorophenyl substituted product was found to 

be at 1632 and 1589 cm-1. The product formations were further confirmed by the 

characteristic nitro group stretching frequencies at 1544 and 1348 cm-1, the C-N 

stretch at 847 cm-1 for p-nitrophenyl and Ar-Cl stretching at 1090 cm-1 for p-

chlorophenyl substituted PAMAM-ATz. Along with the realization of the

nanovectorization of aminothiazole on to PAMAM, it is to be noted that our 

strategy succeeded in the accomplishing a divariant conjugate PAMAM-ATz, 

which offers the flexibility of tuning dendrimer property by varying isothiocyanate 

(R1 during formation of PAMAM-ATU) and α-halo compounds (R2 during 

cyclization), both of which are commercially available in large numbers.  
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Among many properties of PAMAM conjugates with commercial 

implications, one which require amplification would be its fluorescence (Chen and 

Yin, 2014; Soršak et al., 2015), which is mostly quenched in solvents hence 

impairing practical application of such conjugates. Thus along with the successful 

vectorization of the well-recognized drug discovery fragment, 2-aminothiazole on 

to PAMAM, we set out with yet another objective to explore the possibilities of 

developing useful photophysical properties on the dendrimer. To this end, the 

simplest strategy would be to introduce a photounit during the thiazole formation 

step, for which we preferred a coumarin ring, primarily because of its wide 

occurrence in laser dyes (Trenor et al., 2004) and interesting photophysical 

properties. We were further stimulated by the dearth of synthetic routes to coumarin 

conjugated dendrimers and studies on their photophysics (Adronov et al., 2000). 

Thus by using 3-bromoacetylcoumarin as the active methylene component in the 

cyclization of G0-ATU, we synthesized coumarinoyl-2-aminothiazole conjugated 

PAMAMG0 (G0-CouTz) under optimized conditions (Scheme 6.6).  

 

 
Scheme 6.6. Chemical synthesis of coumarinoyl-2-aminothiazole conjugated PAMAM 

 

The desired product was obtained as a minor one (yield= 25%) along with 

the formation of 5-coumarinoyl-2,4-diaminothiazole (CouTz) as expected from the 
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mechanism. The identity of column purified G0-CouTz was confirmed by 

spectroscopic techniques and molecular mass determination. The 1H NMR 

spectrum of the conjugate accounted for the aromatic protons and amide protons in 

a range of δ=7.03 to 7.65 ppm and the characteristic coumarinoyl –CH proton was 

observed at δ=8.46 ppm as a singlet. Further the molecular mass as determined by 

MALDI-TOF analysis was found to be 861, as expected for G0-CouTz. The 

molecular size of the thiazole conjugate was determined by AFM analysis. The 

topographic image of G0-CouTz showed grain shaped particles with an average 

diameter of 120 nm along the minor axis and 260 nm along the major axis (Figure 

6.4) indicating unique folding of the dendrimer arms, possibly due to non-covalent 

interactions. 

 

 
Figure 6.4. Topographic AFM images (1μm x 1μm) and corresponding cross sectional 

analysis of G0-CouTz on mica surface 

 

The synthesized G0-CouTz exhibited solid state green emission along 

with excellent photophysical properties in presence of solvents whereas the 

precursor G0-ATU was found to be non-fluorescent in nature. The luminescence 

properties of the thiazolyl conjugate could be thought of as a synergistic 

contribution from coumarin unit, the thiazole bridge with an amino substituent on 

C2 and PAMAM. Since, the fate and function of the dendrimer conjugate depends 
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on the chemistry and structure of the solvated form of the conjugate we have carried 

out molecular dynamics (MD) simulations of G0-ATz to rationalize the 

observations. 

 

6.2.5. Molecular dynamics simulation studies on PAMAM-CouTz 
 

The microstructure and surface properties of dendrimers and their 

conjugates determine their potential behaviour and applicability. The 

comprehensive understanding of the structure and dynamics of the dendrimer 

conjugates is highly significant in order to use them in various applications. 

Experimental diffraction techniques such as small angle neutron scattering (SANS) 

and small angle X-ray scattering (SAXS) have helped to elucidate the effect of 

important variables such as the generation, surface functionalization, and pH on the 

microstructure of dendrimer (Caminade et al., 2005). But, due to the presence of 

numerous energetically favourable confirmations and their rapid interchange in 

solutions there is a gap in the atomic level determination of position of functional 

surface group and their interactions by the diffraction techniques. In order to 

overcome this researchers are focusing on the computational simulation studies of 

such conjugate to elucidate relevant information about the variables that affect the 

properties of the dendrimer conjugate. Since the structure and gyration radius of the 

dendrimer depends on the pH and solvent conditions, in the present study, we have 

investigated the effect of these two parameters on the structure and conformation 

of the PAMAM G0 and the newly developed G0-CouTz conjugate.   

 

6.2.5.1. Structural minimization of G0 and G0-CouTz  

 

PAMAM dendrimers are polyelectrolytes and in aqueous solution 

protonation can take place at termini (primary amines) and/or at branch points 

(tertiary amines) depending on the pH of the solution. At low pH (≤ 4) all the 

primary as well as tertiary amines are found to be protonated whereas at 

physiological pH 7.4 only the primary amines in PAMAM are reported to be 
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protonated and at high pH (≥10) the dendrimer exists in the neutral form (Maiti et 

al., 2005). To study the change in the interaction and dynamics of the dendrimer 

and dendrimer conjugate, structure minimization was carried out with MacroModel 

at the different protonation levels and the minimized structures were used as the 

input structure for the molecular dynamics (MD) studies. The minimization of the 

structures were carried out in water with a convergent threshold of energy 0.05 

J/Åmol (RMS gradient of energy) in 5000 iterative steps. The minimization of the 

structures at all the three pH (4, 7.4 and 10) were carried out with different force 

fields MM2, MMFF, MMFFs, AMBER and OPLS-2005. In all the cases the lowest 

energy for the minimized structure was obtained with OPLS-2005 and hence those 

structure were selected for further studies. The energy minimized conformational 

structures of PAMAM G0 and G0-CouTz at different protonation levels are given 

in Figure 6.5.  

 

 
Figure 6.5. Energy minimized structures of G0 and G0-CouTz at pH 4, 7.4 and 10; Angle 

between the branching point and terminal N atoms of arms are represented 
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At pH 4, both the primary (TI
N and TII

N) as well as the tertiary (CI
N and 

CII
N) N-atoms are reported to be in the protonated state. The minimized structure of 

the unmodified dendrimer shows that the terminal N-atoms are inclined to the 

branch point N at an angle of ~89º with the two branching points (CI
N and CII

N ) in 

the opposite plane with a dihedral angle of 180º.  The distance between the terminal 

amino groups and the branching point was observed to be 8.74Å units. At the same 

pH, in G0-CouTz, were one of the terminal amino groups was modified with 

coumarinoyl-2-aminothiazole moiety, we have observed an increase in the angle 

between the terminals and the branching points (<TI
N1CI

NTI
N2=100º and 

<TII
N1CII

NTII
N2=96º). Here also CI

N and CII
N are occupying the opposite planes and 

the distances between the terminal and core N-atoms were found to be 

TI
N1CI

N=8.75, TI
N2CI

N=8.37, TII
N1CII

N=8.23 and TII
N2CII

N=8.75Å units. The 

coumarinoyl moiety was occupying the space between the arms and was stabilized 

by π-cation interaction between the positively charged CII
N and the coumarin ring. 

 

At physiological pH (7.4) in the minimized structure of the G0, the angle 

formed between the N-atoms of terminal amino (TI
Ni and TII

Ni) groups and the 

branching point N-atoms of EDA core (CI
N and CII

N) was found to be ~94º and the 

terminal amino groups were away from the branching point at an average distance 

of 8.72Å units. The dihedral angle between CI
N and CII

N was found to be reduced 

to ~161º. But, in the structure G0-CouTz, the angle between the unmodified arms 

and the corresponding branching point (<TI
N1CI

NTI
N2) was slightly increased to 99º 

when compared to that in G0 whereas that formed by the branching point bearing 

the modified arm (<TII
N1CII

NTII
N2) was reduced to 79º. The distance between the 

terminal amino groups of unsubstituted arms and branching point was retained in 

the conjugate also whereas, the terminal amino groups TII
N1 and TII

N2 were found to 

be at a distance of 8.40 and 8.48 Å from CII
N respectively and the coumarinoyl 

moiety was pushed away from the CII
N probably due to the electrostatic repulsion 

between the N-atom atom and the π electrons of the coumarin ring.  
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At high pH (10), were none of the N-atoms are protonated, the minimized 

structure of the dendrimer G0 the terminal N-atoms were inclined to the core N with 

an angle of 95º with CI
N and CII

N dihedral angle of 158º. The distance between the 

terminal amino groups and the branching points was found to be ~8.80 Å units. In 

the structure of G0-CouTz the <TI
N1CI

NTI
N2 is reduced to 94º and <TII

N1CII
NTII

N2 

to 74º with CI
N and CII

N dihedral angle of 157º. The distances TI
N1CI

N, TI
N2CI

N, 

TII
N1CII

N and TII
N2CII

N were found to be 8.63, 8.44, 8.35 and 8.46 Å units 

respectively. The coumarinoyl moiety was pushed away from the CII
N probably due 

to the electrostatic repulsion between the N-atom atom and the π electrons of the 

coumarin ring as in the case of pH 7.4. The results obtained for the minimization are 

summarised in Table 6.1. The results clearly reveals the structural changes occurring 

in different protonated states of dendrimer and conjugate. 

 

Table 6.1. Distances and angles obtained for minimized structures of G0 and G0-CouTz  

 

pH Structure 

Distance (Å) Angle (º) 
Dihedral 

angle (º) TI
N1

CI
N 

TI
N2

CI
N 

TII
N1

CII
N 

TII
N2

CII
N 

TI
N1CI

N

TI
N2 

TII
N1CII

N

TII
N2 

 

4 

G0 8.74 8.75 8.75 8.74 89.0 88.9 180.0 

G0-

CouTz 
8.75 8.37 8.23 8.75 100.9 96.0 177.9 

7.4 

G0 8.70 8.76 8.67 8.76 94.8 94.3 161.2 

G0-

CouTz 
8.68 8.73 8.40 8.48 99.6 79.0 157.5 

10 

G0 8.62 8.70 8.46 8.70 95.7 94.1 158.2 

G0-

CouTz 
8.63 8.44 8.35 8.46 94.1 74.9 157.3 
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Using these minimized structures of G0 and G0-CouTz we then proceeded 

with the MD simulations to predict the time dependent behaviour of the conjugates 

with respect to solvent and pH of the solution.  

 

6.2.5.2. Effect of solvent on the structure and dynamics of G0  

 

In order to study the effect of solvents on the structure and dynamics of 

the lowest generation PAMAM G0 with four terminal amino groups, MD 

simulations have been carried out with two different solvent models- water and 

DMSO. The simulation quality structures were obtained using respective solvent 

models at physiological pH. The simulations were carried out for 5ns using 

Desmond in an orthorhombic periodic box of volume 103Å3 in presence of Cl-

counter ions. The studies were performed using isothermal-isobaric ensemble NPT 

at temperature of 300K and pressure of 1.013bar. Figure 6.6 shows the snaps shots 

of PAMAM G0 in water and DMSO at the beginning (0ns), after 2.5ns and at the 

end of 5ns simulations. 

 

 
Figure 6.6. Snapshots of G0 during simulations in DMSO and water at pH7.4; DMSO 
(purple) and water (aquamarine) molecules at the vicinity of 3Å distance are displayed 
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A quantitative estimate of the dendrimer size can be described by mean 

square radius of gyration (Rg
2). For a dendrimer with N atoms, the mean square 

radius of gyration is given  

 

where rmean is the centre of dendrimer, (rk- rmean) is the distance of kth atom from the 

centre, mk is the mass of the kth atom and M is the molar mass of dendrimer. The 

time-evolution of Rg (Figure 6.7) of G0 reveals that the molecule had a 

comparatively larger size in DMSO than in water. 

  

 
Figure 6.7. Time-evolution of radius of gyration of G0 in DMSO and 

water during the course of 5ns molecular dynamics simulations 
 

The value of mean radius of gyration was found to be 5.63± 0.23 in DMSO 

where as in water the value was found to be 4.78±0.23. The difference in the size 

of the dendrimer may be due to the extent of flexibility of the arms which can be 

attributed to the variation in the intramolecular interaction energy (Eint). The time-

evolution of various energy components of G0 (EintG0) in DMSO and water are 

given in Figure 6.8. 
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Figure 6.8. Variation of energy components of G0 in DMSO and water during the course 

of molecular dynamics simulations 
 

The mean value of the distances between the core and terminal N-atoms 

were found to be 7.70±0.31 and 7.12±0.11 in DMSO and water respectively which 

correlates with the Rg values obtained in the respective solvents. We have also 

observed that the change in shape of G0 dendrimer is more pronounced in case of 

water than in DMSO. 

 

6.2.5.3. Effect of solvent on the structure and dynamics of G0-CouTz  

 

The dynamics simulations of G0-CouTz at pH 7.4 showed that in DMSO 

the molecule tend to attain a more open structure where the coumarinoyl-2-

aminothiazole moiety at the periphery (TII
N1) was extended outwards from the core 

after 5ns where as in water that was inclined towards the space between the arms 

of dendrimer and was stabilized by π-cation interaction between TII
N2 and coumarin 

ring (Figure 6.9). 
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Figure 6.9. Snapshots of G0-CouTz during simulations in DMSO and water at pH7.4; 
DMSO (purple) and water (red) molecules at the vicinity of 3Å distance are displayed 

 

The changes observed in the distance between the core and the modified 

terminal N-atom (CII
NTII

N1) and the including angle (<TII
N1CII

NTII
N2) during the 

course of simulations are given in Figure 6.10. 
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Figure 6.10. Time-evolution of the distance and angle between the core and 

modified terminal N-atom 
 

In DMSO, after 5ns, the distance between the core N-atom and the 

functionalized N-atom increased by 1.1 Å unit whereas in water, the distance was 

reduced by 0.16 Å unit. In both the solvents the change in the angle between the 

arms were more pronounced. In DMSO, the increment in the included angle was 

found to be ~21° whereas in water the angle reduced by ~16°. The change observed 

in the angle is mainly due to the difference in the intramolecular interactions of G0-

CouTz in the solvents. Time-evolution of intramolecular H-bonding interactions 

observed in the conjugate is given in Figure 6.11.  

 

 
Figure 6.11. Time-evolution of intramolecular H-bonding interactions formed in G0-

CouTz in DMSO and water 
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As in the case of G0, the conjugate also had more flexibility in water than 

in DMSO as indicated by the various Eint profile (Figure 6.12). The values of 

distances and angles obtained after 5ns simulation is shown in Table 6.2. 

 

 
Figure 6.12. Variation of energy components of G0-CouTz in DMSO and water during 

the course of molecular dynamics simulations 

 

Table 6.2. Distances and angles obtained for G0-CouTz after 5ns of simulations  

 

Solvent 

Distance (Å) Angle (º) 
Dihedral 

angle (º) TI
N1

CI
N 

TI
N2

CI
N 

TII
N1

CII
N 

TII
N2

CII
N 

TI
N1CI

N

TI
N2 

TII
N1CII

N

TII
N2 

DMSO 8.17 5.50 7.94 7.03 97.06 109.9 -127.3 

Water 6.88 6.81 6.55 6.54 38.7 59.6 87.3 

 

The time-evolution of Rg (Figure 6.13) of G0-CouTz revealed that the 

molecule attained a comparatively large size in DMSO than in water. The mean 

radius of gyration was found to be 7.00±.29 and 6.25±0.36 in DMSO and water 

respectively. 
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Figure 6.13. Time-evolution of radius of gyration of G0-CouTz in DMSO and water 

during the course of 5ns molecular dynamics simulations 

 

The results obtained from MD confirmed the solvent dependent nature of 

the conjugate with a more open structure in DMSO with an increase in the radius 

of gyration. Under neutral pH, in water, the thiazole bearing arm was in close 

contact with unsubstituted arms of the dendrimer through π-cation interaction 

(~5Å) which imparted them a spiral-like structure. Whereas in DMSO, the 

conjugate at the end of 5ns, hardly showed any interactions with the free arms. The 

study revealed that the two ring systems- coumarin at C5 and phenyl at C2 in the 

thiazole ring attain parallel to perpendicular orientation with one another and the 

conjugate attained a completely open structure. 

 

6.2.5.4. Effect of pH on the structure and dynamics of G0  

 

The experimental studies have proven that PAMAM dendrimers are 

present in different protonation levels depending on the pH of the solution and the 

gyration radius of dendrimers changes as function of pH. Hence, in the present 

study, we have decided to study the difference in the structure and interactions of 

G0 and G0-CouTz at three different pH values- 4, 7.4 and 10 in aqueous solution.  
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The MD simulations were carried out in G0 for 5ns using an NPT 

ensemble at 300K and 1.013bar pressure in an orthorhombic box with 10x10x10 Å3 

dimension. At acidic pH (pH=4), when the core as well as the terminal N-atoms are 

protonated the dendrimeric shape of the molecule was retained after 5ns. This may 

be due to the electrostatic repulsion between the positively charged N-atoms of the 

molecule which reduces the intramolecular H-bonding between the arms of the 

dendrimer. At physiological pH (pH=7.4), when only the terminal N-atoms are 

protonated, the flexibility of the arms of the dendrimer were more pronounced and 

it overcome the electrostatic repulsion between the atoms and trying to attain more 

compact structure through  intramolecular H-bonding between the arms of the 

dendrimer. At higher pH all the N-atoms were found to be non-protonated after 5ns 

of simulations the dendrimer is observed to attain a completely compact structure 

with intramolecular H-bonding.  The snapshots of the structures obtained for G0 

during the MD simulations at different pH conditions is given in Figure 6.14 and 

the time-evolution of radius of gyration (Figure 6.15) revealed that the size of the 

dendrimer after 5ns was in the order pH4 (5.38±0.31)> pH7.4(4.62±0.27)> 

pH10(4.20±0.25). 
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Figure 6.14. Snapshots of G0 during simulations under different pH in water. Water 

(red/aquamarine) molecules at the vicinity of 3Å distance are displayed 
 

 

 
Figure 6.15. Time-evolution of radius of gyration of G0 in under different 
pH conditions during the course of 5ns molecular dynamics simulations 
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The total Eint of the dendrimer followed the same order which suggested 

that the flexibility of the dendrimer arms increase as the pH of the solution 

increases. The intramolecular H-bonding interactions were also pH dependent as 

shown in Figure 6.16. 

 

 
Figure 6.16. Time-evolution of intramolecular H-bonding interactions 

formed in G0 in water under different pH 
 

The results obtained clearly proved the dependence of shape of the 

dendrimer on the pH of the solution. 

6.2.5.5. Effect of pH on the structure and dynamics of G0-CouTz 

 

The MD simulations of the conjugate G0-CouTz under the same 

experimental conditions revealed that the shape of the conjugate was changing 

during the course of simulations. Under all the tested pH conditions it was observed 

that as the time progressed the coumarinoyl ring at the C5 of the thiazole at the 

termini of dendrimer tend to move away from the cavity and at the end of 5ns, 

occupied the periphery (Figure 6.17). Here also the more compact structure was 

obtained at pH 10 primarily due to the intramolecular H-bonding interaction 

between the arms of the dendrimer under this pH. The mean values of different 

energy components along with the standard deviation obtained for the conjugate at 

different pH is given in Table 6.3. 
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Table 6.3. Mean values of various energy components of G0-CouTz obtained during MD 
simulation 
 

Energy component pH4 pH7.4 pH10 

Coulomb E -100.92±5.6 -152.0±4.6 -151.53±5.7 

vdW E 18.00±4.1 13.3±4.4 14.87±4.8 

Bond E 23.61±3.9 23.53±4.0 23.83±4.0 

Angle E 60.46±6.0 59.85±5.9 58.27±5.8 

Torsion E 21.47±4.7 26.38±5.0 39.11±6.0 

Total E 669.96±20.2 641.10±14.0 743.0±12.5 

  

The total Eint profile obtained at different pH revealed that the flexibility 

of the conjugate was higher at pH 10 as in the case of G0. 
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Figure 6.17. Snapshots of G0-CouTz during simulations under different pH in water; 

Water (red) molecules at the vicinity of 3Å distance are displayed and the coumarin ring 
is represented in the CPK model for clarity 

 

The size determination during the simulation revealed that the conjugate had a 

lower size at pH10 with mean Rg =5.73 ±0.3 Å units whereas at pH 4 and 7.4 the 

mean value was found to be 6.54 ±0.3 and 6.25±0.3 respectively. Figure 6.18 shows 

the time-evolution of Rg during the course of MD simulations. 
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Figure 6.18. Time-evolution of radius of gyration of G0-CouTz in under different pH 

conditions during the course of 5ns molecular dynamics simulations 

 

The structures obtained after 5ns simulation showed that under all pH 

conditions the coumarinoylthiazole unit migrated away from the dendrimer core. 

Table 6.4 gives the values of distances and angles obtained after 5ns simulation 

under different pH. 

 

Table 6.4. The values of distances and angles obtained in G0-CouTz after 5ns at different 
pH 
 

pH 

Distance (Å) Angle (º) 
Dihedral 

angle (º) TI
N1

CI
N 

TI
N2

CI
N 

TII
N1

CII
N 

TII
N2

CII
N 

TI
N1CI

N

TI
N2 

TII
N1CII

N

TII
N2 

4 6.94 8.42 6.08 7.64 123.3 89.6 165.7 

7.4 6.88 6.81 6.54 6.55 38.7 59.6 87.3 

10 7.89 7.02 6.30 5.95 105.5 61.5 -81.2 

 

At acidic pH, the thiazole ring formed π-cation interaction with the 

protonated core N-atom and thereby pushing the substituents at C2 and C5 of the 

ring outwards and consequently Rg of the conjugate at this pH was increased.  Under 
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physiological pH, the coumarin moiety formed π-cation interaction with the 

terminal charged N-atom which caused the bending of the modified arm. This led 

to a reduced cavity space between the arms of the dendrimer. Whereas at pH 10, 

the conjugate was stabilized by intra molecular H-bonding interactions between the 

arms of the molecule, thus attaining a globular like structure with reduced Rg. The 

internal cavity radius observed in the conjugate which can be indirectly determined 

by the angle between the arms of the dendrimer after the simulation was in the order 

of pH4>pH7.4>pH10. The information about the internal cavity radius and its pH 

dependent variation observed for the conjugate can be utilized to determine the 

encapsulation efficiency and thereby the release mechanism of suitable guest 

molecules. 

 

6.3. Experimental Details 
 

6.3.1. General reagent information 

 
Aminoguanidine nitrate, acetyl acetone, methyl acrylate, isothiocyanates, 

3-bromoacetyl coumarin, 4-nitrophenacylbromide and 4-chlorophenacylbromide 

were purchased from Aldrich chemical company.  Triethylamine, ethylenediamine 

and solvents were purchased from Merck chemicals and were purified using 

standard methods before use. Sephadex LH-20 for column chromatography and 

deuterated solvents for NMR spectroscopy were obtained from Aldrich chemical 

company.  

 

6.3.2. General analytical information 
 

Purity of the compounds were checked using TLC on silica coated plates 

obtained from Merck, India and spots were visualized under UV light or in iodine 

chamber. All the synthesized compounds were characterized by spectroscopic 

techniques (NMR, MS, IR). NMR spectra were recorded using Bruker AV III 500 

MHz FT NMR spectrometer using appropriate deuterated solvents. Molecular mass 
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determination was carried out using Bruker Ultraflex-TOF and ESI/HRMS using 

Thermoscientific Exactive Orbitrap mass spectrometer. Infrared (IR) spectra were 

obtained using Perkin Elmer Spectrum 100 FT-IR spectrometer.  

 

6.3.3. General computational details 
 

The chemical structures of the dendrimer and the conjugate was drawn 

using the graphical interface Maestro available in Schrodinger software suite. The 

charges on the dendrimer at different protonation levels were added manually and 

the stable conformations at different pH were obtained using MacroModel 

minimization panel available in the software suite. The minimizations were carried 

out using different force fields MM2, MMFF, MMFFs, AMBER and OPLS-2005 

and OPLS-2005 has been chosen as the optimized one considering the energy of 

the optimized structure. All the minimizations were done in water as the solvent 

using PRCG minimization method with convergent threshold of energy 0.05 

J/Åmol (RMS gradient of energy) in 5000 iterative steps. The minimized structure 

obtained using MacroModel was taken for the molecular dynamics simulations.  

 

All the MD simulations were carried out using Desmond (version 4.5) for 

5ns with a time step of 2fs. The preparation of the structures for simulation studies 

were done in selected solvents (DMSO and water) with the inbuilt solvent models 

available in the software. For the studies in water, TIP3P solvent model was used 

for modelling water molecules. We have selected orthorhombic box with a buffer 

size of 10Å for the MD simulations. All the simulations were carried out using an 

isothermal-isobaric ensemble (NPT) at 300K and 1.01325bar pressure using OPLS-

2005 force field. 
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6.4. Synthesis 
 

6.4.1. Synthesis of PAMAM G0 

 

 PAMAM G0 was synthesized by Tomalia’s divergent method (Esfand 

and Tomalia, 2001). The half generation (G-0.5) dendrimer was synthesized by 

reacting EDA with 4 molar excess of methyl acrylate in MeOH at 0ºC under N2 

atmosphere for 24h. The solvent was then removed and the dried product was then 

treated with excess EDA in MeOH under N2 for 5days. After the completion of the 

reaction excess EDA was removed by azeotropic distillation using toluene/MeOH 

(9:1) and excess of toluene was removed by MeOH (10mL). The product obtained 

was dried under vacuum and purified using column chromatography on Sephadex 

LH-20 with CH2Cl2/MeOH (1:1) as eluent. 

  

(aCH2aCH2)[N(bCH2cCH2dCOeNHfCH2gCH2hNH2)2]2: IR (UATR) ʋ cm-1: 3344, 

3281 (N-H), 2933, 2865 (C-H), 1633 (amide I), 1550 (amide II);  1H NMR (500 

MHz, D2O):   (ppm) 2.37-2.34 (m, c), 2.52 (m, a), 2.65-2.63 (m, g), 2.74-2.69 (m, 

b), 3.17-3.15 (m, f ) ; 13C NMR (125MHz , D2O):  (ppm) 32.7, 39.8, 41.6, 49.2, 

50.0, 175.0; ESI-MS (M+H)+: 517.4 (50%). The  values were compared with the 

literature (Hung et al., 2011) values. The mass spectra was also compared with the 

reported data (Uclés et al., 2013) and was in complete agreement. 
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Figure 6.19. 1H NMR spectrum of PAMAM G0

 
Figure 6.20. 13C NMR spectrum of PAMAM G0 
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Figure 6.21. ESI-MS spectrum of PAMAM G0 

 

6.4.2. Synthesis of G0-ATU  

 
One of the amino groups of G0 dendrimer was selectively reacted with 

1equv. of 1-(N-phenylthiocarbamoyl)amidino-3,5-dimethylpyrazole  in MeOH at 

50ºC for 12h. The reaction mixture was then washed with petroleum ether to remove 

the free 3,5-dimethyl pyrazole and the solvent was removed under reduced pressure. 

The product obtained was dried under vacuum at room temperature for 24h and 

purified by column chromatography on Sephadex LH-20 with MeOH as eluent. 

 

C30H55N13O4S: Viscous liquid (yellow). Yield 68%. IR (UATR) ʋ cm-1: 3340, 3280 

(N-H), 3066 (aromatic C-H), 2940, 2835 (C-H), 1631 (amide I), 1543 (amide II), 

1095 (C=S), 819 (aromatic);  1H NMR (500 MHz, DMSO-d6):  (ppm) 2.11-2.19 

(m, -NH2), 2.35-2.42 (m, -NH2), 2.49-3.72 (m, -CH2), 6.93-7.55 (m, ArH), 7.60-

8.07 (m, -NHC=O), 8.65 (s, =NH), 9.08 (-NHC=S), 9.51 (s, -ArNH);  MALDI-TOF 

MS (M) +: 693.4. 
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Figure 6.22. 1H NMR spectrum of G0-ATU 

 
Figure 6.23. MALDI-TOF-MS spectrum of G0-ATU 
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6.4.3. Synthesis of G0-ATU-2 
 

One of the amino groups of G0 dendrimer was selectively reacted with 

1equv. of 1-(N-(4-nitrophenylthiocarbamoyl))amidino-3,5-dimethylpyrazole  in 

MeOH at 50ºC for 12h. The reaction mixture was then washed with petroleum ether 

to remove the free 3,5-dimethyl pyrazole and the solvent was removed under 

reduced pressure. The product obtained was dried under vacuum at room 

temperature for 24h and purified by column chromatography on Sephadex LH-20 

with MeOH as eluent. 

 

C30H54N14O6S: Viscous liquid. Yiled 52%. IR (UATR) ʋ cm-1: 3359, 3290 (N-H), 

3094 (aromatic C-H), 2925, 2841 (C-H), 1625 (amide I), 1596 (amide II), 1108 

(C=S), 847 (C-N stretch for ArNO2), 819 (aromatic).  

 

6.4.4. Synthesis of G0-CouTz 
 

Conjugate G0-ATU (1mmol) in DMSO was treated with 3-bromoacetyl 

coumarin (0.9mmol) in presence of Et3N (1.12mmol) for 3h at room temperature. 

The reaction mixture was then added to crushed ice and the precipitate obtained 

was filtered and dried. The product was purified by column chromatography on 

Sephadex LH-20 using petroleum ether/EtOAc (1:1) as eluent.  

 

C42H60N12O6S: Pasty solid (yellow). Yield 25%. IR (UATR) cm-1: 3378, 3269 (N-

H), 3068 (aromatic C-H), 2941, 2851 (C-H), 1714 (C=O, lactone), 1636 (amide I), 

1546 (amide II), 809 (aromatic);  1H NMR (500 MHz, CDCl3)  (ppm): 0.79-

0.81(m, -NH2), 1.18-3.83 (m, -CH2),  7.04-7.44 (m, ArH), 7.45-7.64 (m, -NHC=O), 

7.76 (s, ArNH), 8.46 (s, coumarin CH); MALDI-TOF MS (M) +: 861.0. 
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Figure 6.24. 1H NMR spectrum of G0-CouTz 

 

 
Figure 6.25. MALDI-TOF-MS spectrum of G0-CouTz 
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6.5. Conclusions 
 

In summary, towards an effort to modify the PAMAM periphery with 

heterocyclic ring systems, we have designed and synthesized PAMAM 

amidinothiourea conjugate as a potential precursor platform for building diverse 

heterocycles on to the periphery of PAMAM through divergent covalent amidine 

transfer chemistry. To demonstrate the applicability of the synthon in heterocyclic 

nanovectorization we have designed and formulated novel synthetic routes for 

anchoring of the 2-aminothiazole moiety on to the periphery of PAMAM 

dendrimer. The 2-aminothiazolyl conjugates were synthesized by a [4+1] ring 

closure between amidinothiourea conjugated PAMAM and α-haloketone. With an 

intension of developing the conjugate as a potential nanoprobe for imaging 

applications PAMAM-coumarinoyl-2-aminothiazole conjugates was synthesized 

using 3-bromoacetylcoumarin as the haloketone component. The conjugate 

obtained was identified with green fluorescence. The changes observed in the 

microstructure of PAMAMG0 and the corresponding PAMAM-coumarinoyl-2-

aminothiazolyl conjugate were studied using MD simulation in DMSO and water 

at different pH conditions. The studies revealed the change in the structural features 

with a larger radius of gyration in DMSO than in water. The pH dependence studies 

by MD provided an insight into the change in the cavity radius of the conjugate 

which is an indication on the encapsulation efficiency enabling use of such systems 

as carrier for suitable guest moieties. 
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CHAPTER 7 
 

EVALUATION OF THE POTENCY OF NOVEL 

FLUORESCENT DENDRIMERIC NANOPROBE 

(FDN) FOR IMAGING APPLICATIONS 
 

7.1. Background 
 

The design of systems that can change their chemical and/or physical 

properties with their microenvironment has great significance in science and 

technologies for developing devices for environment protection and human health. 

As mentioned in the previous chapter, inherent superiorities such as high sensitivity, 

high selectivity, convenience, diversity and non-destructive character make 

fluorescence-based techniques most effective for such molecular devices. The 

potential of this detection or imaging technique is determined by the 

physicochemical properties of the fluorophores used. Though low molecular weight 

organic dye molecules are having high fluorescent intensity and quantum yield, 

poor solubility, lack of biocompatibility, low photostability and wide emission 

range have restricted their usage in many of the real world applications especially 

in biomedical field (Kumar, 2007). Thus, the development of highly fluorescent 

agents which have advantages over the conventional small molecular fluorescent 

systems in terms of sensitivity, specificity and signal strength (Koo et al., 2011) has 

paramount significance in different fields of application. The need for improving 

the sensitivity and specificity of fluorophores continue to motivate researchers in 

exploring novel nanostructure based fluorescent probes (Chen and Yin, 2014). 

Considering the multivalent nature, structural control, comparatively less toxicity 

effects and the reproducibility of results have given fluorescent dendrimeric 

nanoprobes (FDNs) a significant position among all the fluorescent nanostructures 

studied so far.  
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The ease of modification of the functional groups and the relatively high 

biocompatibility of PAMAM dendrimers motivated the researchers to use them as 

medium-sized, bright, photostable platform for the development of FDNs with 

multiple options of bioconjugation for different imaging or diagnostic applications. 

Most of the PAMAM based FDNs studied so far are developed by the inclusion or 

covalent attachment of fluorescent labels. The amenable chemistry of PAMAM 

dendrimers allows the covalent attachment of the fluorescent compounds to the 

periphery (Grabchev et al., 2002), to the core (Zhang et al., 2010) or to both the 

positions (Bojinov et al., 2008). In the present study, with the newly developed 

divergent synthetic method for PAMAM-2-aminothiazole conjugate we have 

attempted to impart useful photophysical properties by the introduction of a 

coumarin ring which is a well-known photounit with wide spread applications in 

biological activities (Borges et al., 2005; Kontogiorgis & Hadjipavlou-Litina, 

2005), laser dyes (Trenor et al., 2004), fluorescence brighteners (Berthiaume et al., 

1998) and fluorochromophores (Taziaux et al., 2004), to the periphery of the 

conjugate. This chapter discusses on the evaluation of the potential of the newly 

developed coumarinoyl-2-aminothiazole conjugated PAMAM (G0-CouTz) its 

photophysical properties in an attempt to demonstrate it for imaging applications. 

The absorption, emission, quantum yield, photostability and fluorescence lifetime 

were studied and are discussed in the following sections. 

 

7.2. Results and Discussion 
 

7.2.1. Absorption characteristics of the conjugates 
 

The UV-visible absorption spectrum of PAMAM G0 in DMF exhibited 

absorption maxima corresponding to the n-π* transition at 276nm which is in 

correlation with the literature value (López-Cabaña et al., 2015). Whereas 

amidinothiourea substitution on one of the arms of G0 resulted in red shift of the 

peak to 284nm with the appearance of a shoulder peak at 313nm. The absorption 

spectra of conjugate, G0-CouTz, showed two absorption bands with λmax value  of 
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294 (band I) and 380nm (band II) in which the latter one would be certainly from 

the n-π* transition of the coumarinoyl moiety (Gangopadhyay et al., 2015) attached 

to the C5 of the thiazole ring. The absorption spectra of the compounds in DMF are 

shown in Figure 7.1.  

 

 
Figure 7.1. Comparison of UV-visible absorption spectra of PAMAM G0 and the 

conjugates in DMF 

 
The thiazole moiety in the conjugate G0-CouTz can be considered as a π-

bridge between the dendrimer and the photounit. The frontier molecular orbital 

(FMO) analysis of the conjugate revealed a π-polarized framework obtained on the 

periphery of PAMAM by the construction of the coumarinoyl-2-aminothiazole. The 

HOMO (highest occupied molecular orbital) was found to be localized on the 2-

aminothiazole template whereas the LUMO (lowest unoccupied molecular orbital) 

was found to be localized on the coumarin moiety at C5 of the thiazole ring which 

suggested a possible charge transfer from the donor to acceptor (Figure 7.2.)  
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Figure 7.2. Schematic representation of possible charge transfer in G0-CouTz 

 

It was observed that the absorption peaks of the conjugate was affected by 

the nature of the solvents. The maximum absorption wavelength (λmax) of the band 

I and II of G0-CouTz in neat solvents along with relevant solvents parameters 

(Marcus, 1993) are summarized in Table 7.1. In nonpolar solvents, the absorptions 

were found to be at 286 and 369nm which corresponds to the n-π* transitions of 

dendrimer and coumarin moiety respectively. The polychlorinated solvents (CHCl3 

and DCM) used have little or no effect on the absorption band II whereas the 

absorption peak of the dendrimer, i.e., band I, was slightly red shifted (5nm) in these 

solvents. In electron pair donating (EPD) solvents (Acetone, DMF and DMSO), a 

bathochromic shift was observed for both the bands with increase in polarity of 

solvents. In this group of solvents, the maximum shift was observed for DMSO 

where the λmax values were found to be 298 (band I) and 383nm (band II). Figure

7.3 represents the comparison of the absorption spectra of compounds in three 

representative solvents. 
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Table 7.1. Solvatochromic shift in the absorption spectra of G0-CouTz 

 

Solvent λ1 (nm) λ2 (nm) αa βb π*c 

Cyclohexane 286 369 0.00 0.00 0.00 

Hexane 286 368 0.00 0.00 -0.04 

Toluene 291 369 0.00 0.11 0.54 

CHCl3 291 370 0.20 0.10 0.58 

DCM 291 369 0.13 0.10 0.82 

Acetone - 374 0.08 0.43 0.71 

DMF 293 380 0.00 0.69 0.88 

ACN 288 369 0.19 0.40 0.75 

DMSO 298 383 0.00 0.76 1.00 

a Hydrogen bond donation ability of solvent b Hydrogen bond acceptance 
ability of solvent c polarity parameter 

 

 

 
Figure 7.3. UV-visible absorption spectra of G0-CouTz in different solvents 
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The conjugate was found to be exhibiting a red shift of 12 and 14nm in 

wavelength maxima of band I and II respectively, when recorded in least polar 

cyclohexane to most polar DMSO. It is to be noted that the solvatochromic shifts 

observed in the absorption bands of the conjugate is affected by the HBA 

(Hydrogen bond acceptance) abilities and polarity/polarizibility of the solvents 

(high values of β and π*). 

 

7.2.2. Emission characteristics of the conjugate 
 

As mentioned in the previous chapter, the coumarinoyl-2-aminothiazole 

conjugate of PAMAM G0 (G0-CouTz) was showing a bright green fluorescence 

in the solid state. Enthused by the observation, we next proceeded with fluorescence 

emission studies of the conjugate in detail. The emission spectra of PAMAM G0 

(1μM) in DMSO at the excitation wavelength of 298nm was observed with an 

emission maxima of 441nm with a fluorescence intensity of 1.24 x 104. The 

conjugation of an amidinothiourea unit on to the periphery of PAMAM had no 

effect on the emission wavelength of the dendrimer but a decrease in the 

fluorescence intensity of the molecule (0.79 x 104) was observed when compared 

with the unmodified dendrimer. Whereas the emission spectra of the conjugate G0-

CouTz (1μM) at an excitation wavelength of 294nm was observed with λem at 

557nm with an intensity of 2.59 x 105. The detailed analysis of the fluorescence 

emission of the conjugate in different solvents identified the potential of G0-CouTz 

as a solvent polarity indicator. The conjugate was observed with positive 

fluorescence solvatochromism (Figure 7.4) in presence of the solvents listed in 

Table 7.1.  Coumarin dyes are well known examples of compounds showing 

solvatochromism due to change in the dipole moment in the ground and excited 

state (Ravi et al., 1995). Since in the conjugate G0-CouTz, the periphery of the 

PAMAM dendrimer is having a π-rich framework a difference in the polarization 

of the conjugate in the excited state with polarizability of the solvents is expected. 

The emission maxima of the conjugate shifted from 467 to 557nm as the solvent 

changed from non-polar cyclohexane to polar DMSO. The emission spectra 

obtained for the conjugate in nine different solvents are shown in Figure 7.5. 
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Figure 7.4. Photographs of solid state green fluorescence (left) and positive 

solvatochromism obtained for G0-CouTz conjugate at an excitation wavelength of 
365nm 

 

 
Figure 7.5. Emission spectra of G0-CouTz (1μM) in different solvents  

 

With the absorption and emission spectral of the conjugate in hand, we 

next examined its Stokes shift (difference in band maxima of excitation and 

emission) values which are critical to the evaluation of fluorophore for bioimaging 

applications. Since large Stokes shift can separate the emission and excitation lights 

well and increase the sensitivity of fluorescence detection, the possible self-
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quenching as well as fluorescence detection errors due to the excitation source will 

be efficiently avoided when such probes are used. Thus fluorescent probes with 

fluorescence tunability and large Stokes shifts (particularly those with Stokes shifts 

>80nm) are very promising, since in that case low background interference in 

bioimaging can be achieved (Bochkov et al., 2013). Interestingly, we have found 

that along with the tuning of the fluorescence with polarity of solvents, the 

conjugate exhibited high to exceptionally large Stokes shift values in the solvents 

as listed in Table 7.2 where the values change from 98 to 175nm as the solvent 

changes from non-polar cyclohexane to polar DMSO.  

 

Table 7.2. Stokes shift values calculated for G0-CouTz in different solvents 

Solvent λabs (nm) λem(nm) 
Stokes 

shift (nm) 

Cyclohexane 
369 467 98 

Hexane 
368 465 97 

Toluene 
369 472 103 

CHCl3 
369 514 136 

DCM 
368 515 146 

Acetone 
368 525 151 

DMF 
380 543 163 

CH3CN 
369 543 171 

DMSO 
383 557 175 

 

The fluorescence solvatochromism was better explained by Lippert-

Mataga plot (Mataga et al., 1956). The plot (Figure 7.6) of Stokes shift (cm-1) versus 

solvent orientation polarizability furnished a linear fit (R2= 0.95) and we anticipate 
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that this sensitivity to solvent polarity could be an attribute arising from the thiazole 

π-bridged coumarin moiety on the periphery of PAMAM. 

 

 
Figure 7.6. Lippert-Mataga plot of G0-CouTz 

 

The absorption properties of the conjugate was almost independent on the 

solvent properties, which indicated that the electronic ground-state is not 

experiencing a particular stabilization by the employed solvent. But, the shift in the 

emission maxima was consistent with a process after excitation, which leads to an 

excited state where its energy was decreased in solvents with high π*.  

 

For any photoluminescent species, the quantum yield (QY) of its 

luminescence is a basic property, and its measurement is an important step in the 

characterization of the species. Fluorescence quantum yield (φf) is the ratio of 

photons emitted to that absorbed and that for the conjugate was calculated using 

quinine sulphate (φf = 0.55) as the standard at an excitation wavelength of 366nm 

(Brouwer, 2011). The conjugate was observed with moderate to good QY in all the 

solvents tested where the maximum quantum yield was observed in toluene (φf 

=0.77). In dichloromethane, the conjugate with single arm of G0 modified with 

coumarinoyl-2-aminothiazole was observed with QY of 0.09. This value, which 
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was the lowest for our conjugate was found to be higher than that reported 

(Grabchev et al., 2002) for PAMAM G0 labelled with 1,8-naphthalimide (well-

known dye)  in all the four arms, where the QY varied from 0.01-0.08 depending 

on the substitution on naphthalimide ring.  

 

Fluorescence lifetime being another significant criteria for selection of 

fluorophores in single-molecule fluorescence spectroscopy, we next investigated 

the fluorescence decay of the conjugate using time-correlated single-photon 

counting (TCSPC) at an excitation wavelength of 340nm. The decay profile of the 

conjugate in the solvents is given in Figure 7.7 which suggested a two component 

decay in all the solvents tested. The summarized results of φf and life time of the 

conjugate in the tested solvents is listed in Table 7.3. 

 

 
Figure 7.7. Fluorescence decay profile of G0-CouTz in different solvents 

 

The photostability of the conjugate was studied in DMSO (excellent 

Stokes shift) by continuous irradiation of the solution with two UV lamps (16W) at 

a wavelength of 365nm for 2h. The fluorescence intensity (FI) of the solution was 

measured at an interval of 15min and it was found that the conjugate was 
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photostable up to 1.5h as the FI remains almost constant and after that the intensity 

got dropped drastically (Figure 7.8). 

 

Table 7.3. Fluorescence lifetime and QY of G0-CouTz 

 

Solvent 
φf 

 

Life time (ns) 

τ1 τ2 

Cyclohexane 
0.22 2.5 10.1 

Hexane 
0.12 0.56 2.2 

Toluene 
0.77 2.7 10.9 

CHCl3 
0.23 1.7 4.3 

DCM 
0.09 3.3 13.3 

Acetone 
0.20 2.5 10.3 

DMF 
0.15 1.2 4.7 

CH3CN 
0.20 1.7 3.7 

DMSO 
0.05 9.9 3.9 
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Figure 7.8. Change in fluorescence intensity with time at an irradiation wavelength 
of 365nm 

 

7.3. Experimental Details 
 

7.3.1. UV-Vis absorption studies 
  

Varian Cary 100 Bio UV-Vis spectrophotometer was used for UV-Vis 

spectroscopy measurements. Spectroscopic grade solvents obtained from Merck 

chemicals/ Spectrochem were used for the studies without further purification. All 

the absorption spectra were recorded with 10-5 M concentration of compounds.  

 

7.3.2. Fluorescence emission studies 
 

All the fluorescence studies were carried out using Horiba Jobin Yvon 

Fluoromax-4 spectrometer and molecules were excited at their absorption 

maximum. The studies were carried out using 10-6 M concentration of the 

compounds. The photographs of the solid-state fluorescence and fluorescence 

solvatochromism were take inside the UV chamber with a lamp of wavelength 

365nm. The quantum yields of the samples were calculated with quinine sulphate 

as the standard at an excitation wavelength of 366nm using the equation,  
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where Fi is the integrated area of sample, Fs is the integrated area of 

standard, ni is the refractive index of sample solution, ns is the refractive index of 

standard solution and fx is the absorption factor (fx =1-10-Ax , A=absorbance). 

 

Fluorescence life time of the samples were analysed using time-correlated 

single-photon counting (TCSPC) with preset number of counts of 10000 photons at 

an excitation wavelength of 340nm. The photostability of the conjugate was 

investigated in a photo reactor equipped with two 16W UV lamps of 365nm 

wavelength. The sample solution in DMSO (10-6 M) was kept inside the reactor and 

the emission spectra of the sample solution was recorded at an interval of 15min up 

to 2h. 

 

7.4. Conclusions 
 

In summary, the synthesized coumarinoyl-2-aminothiazole-PAMAM 

conjugate, G0-CouTz was highly soluble in most of the organic solvents and was 

found to be an excellent a solvent polarity indicator as revealed from the 

fluorescence emission studies. This would further suggest the potential to develop 

the conjugate as labelling agents for cell membranes, protein binding sites and 

liposomes. The conjugate was identified with positive solvatochromism with 

emission maxima ranging from 467 to 557nm depending upon the polarity of the 

solvent. The Stokes shift values of the conjugate were found to be exceptionally 

high ranging from 98 to 175nm with moderate to good quantum yield (0.05-0.77). 

The photophysical studies of the conjugate has indicated the potential of the 

conjugate to be developed as a fluorescent dendrimeric nanoprobe. To the best of 

our knowledge our system achieved highest value of Stokes shift and quantum yield 

reported ever in a PAMAM system and our laboratories are further expanding the 

study to develop the FDN conjugate for imaging applications.  
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CHAPTER 8 
 

CONCLUSIONS AND FUTURE PERSPECTIVES 
 

8.1. Conclusions 
 

Motivated by the importance of heterocyclic scaffolds in the bioactive 

chemical space, a novel 2-aminothiazole based template has been designed for 

small molecule drug design. PAMAM, being one of the best biocompatible carrier 

for biomedical applications, a divergent synthetic strategy for the development of 

PAMAM-2-aminothiazole conjugate has been developed in the present work. To 

summarise the results the key conclusions of the present work are as follows.  

 

A novel 2-aminothiazole template based small molecule drug design 

scaffold, 4-hydrazinothiazoles, had been designed and developed with immense 

scope of diversity multiplication around the core. An efficient two-step as well as 

one- pot sequential multicomponent synthesis following a [4+1] ring closure were 

accomplished and optimized for the highly substituted scaffold. Utilizing the 

diversity components around the 2-aminothiazole core, four families of the 

identified scaffold were designed and representative members from each family 

were synthesized and structural elucidation was carried out using spectroscopic 

techniques. Solid-state screening of the synthesized compounds identified unique 

nitrogen rich channels in the crystal packing of the molecules which has the 

potential to serve as a suitable starting point for the development of thiazole based

synthetic channels. The role of hydrazone moiety in the formation of these 

channels and there by the control over the solvate formation was established using 

representative examples.  

 

The anticancer activity of the molecules was evaluated by in vitro 

anticancer screening of synthesized molecules against six human cancer cell lines. 

The molecules were found to be more prone towards breast, lung and leukemia 
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cancer cell lines and two structural analogues of DAT1, a well-known anticancer 

agent, were identified as active against MCF-7 and one against A549 cell lines 

was identified from a library of twenty one compounds screened. 

 

Molecular docking studies with a 120 member virtual library of the 

designed scaffold has identified AURK family of proteins as a promising target 

for the newly developed drug design scaffold, 4-hydrazinothiazoles. Structure 

based ligand docking of a library of 22500 molecules of 4-

benzylidenehydrazinothiazole identified the novel library of molecules as ATP 

competitive Type I AURK inhibitors. In an effort towards lead generation, the 

effect of ring substituents on the binding of the compounds in AURK A and B 

protein active sites was studied using hydrazone analogue of  DAT1 viz; 5-

benzoyl-4-benzylidenehydrazino-2-(4-methoxyphenylamino)thiazole as the hit. 

Ring C substitution had a substantial effect on the binding interaction of the 

compounds in both AURK A and AURK B proteins whereas ring A substitution 

was pronounced effect in AURKA protein with DFG-in conformation. ADME 

property prediction of the library of molecules had proven the ‘drug-likeness’ of 

the scaffold and –NO2 group substitution was predicted with lowest oral 

bioavailability. 

   

Being interested in nanovectorization of heterocyclic ring compounds on 

to PAMAM periphery, novel synthetic routes for achieving a potential versatile 

synthon, amidinothiourea conjugated PAMAM, for building diverse heterocycles 

on PAMAM periphery was designed and formulated.  The utility of the synthon in 

heterocycle-PAMAM conjugate development was demonstrated by the synthesis 

of a bivariant PAMAMG0-2-aminothiazole conjugate following a [4+1] ring 

closure between amidinothiourea conjugated PAMAMG0 and α-haloketone. The 

use of the novel divergent conjugate in tuning of properties was demonstrated by 

the development of PAMAMG0-coumarinoyl-2-aminothiazole conjugate with 

green solid-state fluorescence which showed exciting photophysical properties 

such as bright fluorescence, high Stokes shift and moderate to good quantum yield 
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in solution state. Studies on the novel conjugate were carried out to identify the 

potential of developing a fluorescent nanoprobe.  

 

The solvent dependence and pH dependence on the microstructure of 

PAMAMG0 and the PAMAM-coumarinoyl-2-aminothiazolyl conjugate were 

evaluated using MD simulations in DMSO and water at three different pH 

conditions.  The studies revealed the swelling of the molecules in DMSO with 

larger radius of gyration. The pH dependence studies have proven a larger internal 

cavity radius of the conjugate at lower pH which can be utilized in using the 

conjugate for encapsulation of suitable guest moieties. 

 

In summary, in the present work we have developed a novel small 

molecule anticancer drug design scaffold based on 2-aminothiazole template and 

identified it as a promising ATP competitive Type I Aurora inhibitor by molecular 

docking studies. We have succeeded in the development of a 2-aminothiazole 

template on to a very useful biocompatible nanocarrier PAMAM and in the 

development of a PAMAM-2-aminothiazole conjugate with excellent 

photophysical properties which have the potential to be developed as a nanoprobe 

for bioimaging applications. 

 

8.2. Future Perspectives 
 

The designed 4-hydrazinothiazole was found to be an excellent scaffold 

with large possibility of structural alterations. The virtual library of the template 

can be expanded further and can be screened in the active sites of different target 

proteins. Apart from these single crystal XRD studies on the template can be 

extended further to use such supramolecular synthons in the development of 

biomimetic membranes and water/ion channels. The designed PAMAM-thiazolyl 

conjugate has the potential to be developed as a carrier for drug molecules either 

by utilizing the internal cavity or by peripheral conjugation to the free amino 

groups. The large Stokes shift values and extremely good quantum yields obtained 

for the fluorescent dendrimeric probe based on PAMAM-coumarinoyl thiazole 
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can be made use in imaging application and the studies are in progress in our 

laboratory.  
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