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PREFACE 

 

Fluorescent peptides are an important class of compounds since 

such moieties have a plethora of applications in medicinal chemistry, 

drug discovery, diagnosis and therapy. The peptide fluorophores are 

used in visualizing intracellular processes and have vast applications as 

fluorescent inhibitors and drug carriers.  However, the preparation of 

such probes requires multistep synthetic protocols, large resources, 

manpower and expensive machinery leading to the escalation of 

manufacturing costs. Hence the search for new cost-effective 

alternatives in terms of the utility of potential new synthetic 

methodologies is highly demanding. Multicomponent reactions (MCR) 

and Click-Chemistry are examples of such potential synthetic 

protocols useful for the step economic and cost-effective synthesis of 

functional scaffolds. Inspired with these thoughts, two widely accepted 

bioactive heterocycles such as coumarin and chromene were selected 

and decorated with suitable functionalities using MCR-Click protocols 

to obtain peptidomimetic fluorophores. The discussion on the synthesis 

and the evaluation of the photophysical and biological properties of 

these new fluorescent inhibitors are the subject matter of this thesis. 

The thesis has been divided into five chapters. The first chapter 

presents an overview of the significance of simple and properly 

functionalized fluorescent probes for material applications, cellular 

level bioimaging, and medicinal applications, with a special focus to 

coumarin and chromene derivatives. Various features and applications 

of the derivatives of these two moieties have been summarized in this 

chapter. Moreover, brief descriptions of a few potential synthetic 



strategies which can be used for the proper functionalization of the 

aforesaid molecules are also included in this chapter.  

Chapter 2 presents a multicomponent reaction (MCR) assisted 

step economic protocol for the synthesis of coumarin based deep blue-

emitting fluorescent molecule named as “Ugi EML BLUE” suitable for 

various light emission based applications. The solution state and solid-

state fluorescence, pH sensitivity and significant physical properties 

were evaluated, interpreted and documented. A plausible mechanism 

for the origin of light emission from this molecule is also presented 

based on experimental and computational methods.  

Chapter 3 is the continuation of chapter 2 and in this chapter, 

the biological applications of the Intramolecular Charge Transfer (ICT) 

based blue emitting fluorescent probe Ugi EML BLUE is presented. 

The binding properties of the Ugi EML BLUE against human CDK2 

protein were studied via docking methods. The docking studies 

showed that Ugi EML BLUE can effectively interact with the ATP 

binding sites of CDK2. The positive results obtained from the docking 

studies were extended to the bioimaging as well as antineoplastic 

applications on HeLa cells. The in vitro biological activity studies 

revealed the remarkable potential of Ugi EML BLUE as a dual 

functional molecule that can be used not only as a CDK2 targeted 

fluorescent probe for bioimaging but also as a CDK2 targeted inhibitor 

for HeLa cells. 

Chapter 4 presents a new series of Chromene-Triazole-

Coumarin Triads synthesized through the employment of a solvent free 

mechanochemical multicomponent reaction followed by copper 

catalyzed (3+2) azide-alkyne cycloaddition (click chemistry). The 



molecules were investigated for their fluorescence and CDKs induced 

anticancer properties. Half numbers of the molecules showed the 

fluorescence in the solution state through ICT based electronic 

transitions whereas, the other half showed solid state fluorescence 

through aggregation induction. Computational studies on binding 

affinity revealed that all the molecules are in general selective towards 

CDK2 and CDK4. The studies on in vitro biological activity showed 

that the selected molecules are promising lead structures for 

undertaking further studies to develop fluorescent inhibitors of 

CDK2/CDK4 induced tumors. They showed appreciable IC50 values 

against the human cervical cancer cell line (HeLa). 

Chapter 5 presents the conclusions and future aspects of the 

work presented in this thesis. As discussed in chapters 2 to 4, this study 

has demonstrated the facile synthetic routes to the efficient fluorescent 

inhibitors decorated with the appropriate functionalities and their 

applications in various fields such as light emission devices, 

bioimaging, and anticancer agents, etc. We hope that further in-depth 

studies based on this work will make an impact on the development of 

cost effective cancer therapeutics and efficient fluorescent probes for a 

broad spectrum of applications.  
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CHAPTER 1 

AN OVERVIEW OF THE BENZOPYRAN BASED 

SMALL MOLECULE FLUOROPHORES AND 

FLUORESCENT PROBES   

 

 The fluorophores or fluorescent probes are the class of molecules 

which are capable to re-emit light upon excitation via absorbing the 

radiation from the appropriate region of electromagnetic spectra. In 

general, the fluorescent probes constitute the combined aromatic moieties 

or cyclic or planar molecules with long -conjugations. Normally, the 

fluorophores re-emit light at longer wavelengths after absorbing the 

spectral energy of a specific wavelength in the electromagnetic spectra. 

The nature of fluorescence and other photophysical properties are 

depending on the structure and chemical environment of the fluorophore, 

which implies the properties of the fluorophores can be tuned according 

to the various requirements. In the recent decade, fluorescent probes 

become an integral part of various smart applications such as Light 

Emitting Diodes (LEDs), sensors,  bioimaging, spectroscopy, microscopy, 

forensics, engineering, signage, etc.[1] Fluorescence-based bioimaging 

techniques are capable to provide high resolution images of cellular 

entities useful for accurate medical diagnosis. Fluorescence based lighting 

techniques are also very significant since they provide a cost-effective 

alternative to energy efficient lighting systems. The small molecule 

fluorescent probes have received considerable importance in recent years 

due to their structural simplicity, high efficiency, metal-free and bio-

friendly nature, appreciable cell permeability, etc. Hence, these probes are 
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highly focused by fields like organic electronics, bioimaging, drug 

designing, environmental analysis, chemosensor, etc. Typical examples of 

such potential small molecule fluorescent probes are presented in Figure 

1.  A recent attraction in this field is the development of “fluorescent 

inhibitors”. 

 

Figure 1. Representative examples for potential small molecule fluorescent probes 

The fluorescent inhibitors are dual-functional probes capable of inhibiting 

and characterizing intracellular substrates simultaneously, where the 

inhibition of such target substrate leads to curing.[2] However, the 

synthesis of these kinds of probes involves multistep processes which are 
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resource-intensive even though they are small molecule based. This will 

lead to the escalation of manufacturing costs. Moreover, the integration of 

the aforementioned dual properties in the development of such dual-

functional fluorescent inhibitor probes may be complicated. Hence the 

search for new cost-effective and property oriented alternatives in terms 

of the utility of potential new synthetic methodologies is highly desirable. 

The multicomponent reactions (MCR) and Click Chemistry, which is a 

facile route to synthesize the peptidomimetics, can be utilized as a perfect 

solution for the step-economic, cost-effective and property oriented 

synthesis. In this manner, the dual-functional peptidomimetic 

fluorophores can be afforded by introducing the appropriate fluorophores 

as scaffolds in the MCR-Click protocols. The best two examples for such 

fluorophores are the coumarin and chromene, which are well known for 

their fluorescence as well as the biological activities. Several derivatives 

of coumarin and chromene have been reported for their applications as 

light emitting material and  Donor/Acceptor part in many fluorescent dyes 

etc.[3] Moreover, plenty of natural as well as synthetic derivatives of the 

coumarin and chromene has been reported as potential therapeutic agents 

against various diseases including cancers.[4]  

1.1 Coumarin 

The coumarin or 2H-chromene-2-one is an aromatic compound 

belongs to the class of benzopyrones. Coumarin was primarily isolated in 

1820 from Tonka beans by A. Vogel and the same was primarily 

synthesized in 1868 by the chemist W. H. Perkin. Coumarin can be 

synthesized by different types of reactions like Pechmann or Knevenagal 

type condensation reactions and also by the Perkin reaction between 
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salicylaldehyde and acetic anhydride which is a popular method (Scheme 

1).[5]Large numbers of coumarin derivatives are available for the use as 

lighting materials, fluorescence imaging dyes, and therapeutic agents.   

 

 

Scheme 1.  Different types of coumarin synthesis 

1.1.1  Coumarin scaffolds in light emission  

The fluorescence ability makes coumarin a potential core scaffold 

for the development of cost-effective and high efficiency lighting 

systems.[6] Organic Light Emitting Diodes (OLEDs) are the best examples 

for such lighting technologies based on the fluorescence. Most of the 

trendy researches in these fields have targeted on the small molecule 

organic fluorescent materials or fluorophores since they are easy to 

synthesize, highly efficient, simple and cost-effective.[7,8] The properly 

functionalized derivatives of coumarin have a significant role in these 
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kinds of material researches. The derivatives of coumarin are widely 

accepted for the various fluorescence related applications due to their 

promising high fluorescence intensity and quantum yields.[9-12] Such 

materials have been majorly used as the emitting materials for the 

Emissive Layers (EML) in OLEDs.[13,14] For example, coumarin 540 (3-

(2-benzothiazole)-7-diethylaminocoumarin) is a coumarin based efficient 

emitting material reported by Tang’s group in 1989.[15] As a consequence, 

the derivatives of coumarin have been widely studied as the fluorescent 

emitters in OLEDs. Three coumarin derivative with relatively high 

quantum yields were reported as emitting materials for OLEDs by Chen 

et al. in 2003.[16] In 2013, J. X. Chen et al. reported a coumarin derivative 

as the blue emitter for the hybrid white OLEDs.[17] In 2016, Patil’s group 

reported a coumarin derivative (7-(9H-carbazol-9-yl)-4-methylcoumarin) 

with high quantum yield in a doped matrix which is suitable for the deep 

blue OLEDs.[18] 

 

Figure 2. Selected coumarin derivatives as emitters for OLEDs 
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Again, J. X. Chen et al. reported two derivatives of coumarin, 3-methyl-6-

(10H-phenoxazin-10-yl)-1H-isochromen-1-one (PHzMCO) and 9-(10H-

phenoxazin-10-yl)-6H-benzo[c]-chromen-6-one (PHzBCO), as the 

thermally activated delayed fluorescence (TADF) emitters.[19] These kinds 

of extensive reports have proved the significance of coumarin derivatives 

as the materials in lighting related applications. Few selected coumarin 

derivatives from the aforesaid research outputs are presented in Figure 2. 

1.1.2 Fluorescence bioimaging applications of coumarin derivatives 

As discussed early, the coumarin derivatives possess relatively 

high fluorescence and quantum yields. Hence, many of them have widely 

accepted as imaging probes. The fluorescence based microscopic 

techniques and bioimaging techniques are useful for cellular level 

imaging diagnosis methods.[20,21] The fluorescence based bioimaging 

techniques have a high impact on medical diagnosis since it allows the 

cellular level imaging, where the other classic imaging techniques 

provides only morphological imaging. The majority of the trendy 

researches in these fields have targeted on the ICT/FRET based small 

molecule organic fluorescent materials or fluorophores since they are 

metal free, bio-friendly, easy to synthesize, highly efficient, simple and 

cost-effective.[22,23] Coumarin derivatives are the perfect examples for this 

kind of small molecule fluorescent probes. Plenty of researches have been 

conducting with these coumarin derivatives for various bioimaging 

applications. Few interesting examples are discussed here. In 2011, L. 

Yuan et al. reported a coumarin based fluorescent hypochlorite probe for 
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cellular imaging based on the OCl- promoted de-diaminomaleonitrile 

reaction (Figure 3).[24] The OCl- /HOCl is a significant reactive Oxygen 

Specious (ROS) and which plays a crucial role in different biological 

processes. X. Cheng’s group reported a coumarin based fluorescent and 

colorimetric probes, Coum-1 and Coum-2 for the Cyanide sensing and 

bioimaging applications (Figure 4).[25] Similarly, in 2015, C. Zhang et al. 

reported a few probes sensitive to the H2S and suitable for bioimaging 

(Figure 5).[26] The H2S is an endogenous signaling molecule and the 

concentration of which is correlated with various diseases like 

Alzheimer’s disease, diabetes, liver cirrhosis, etc. 

 

Figure 3. Coumarin based fluorescent hypochlorite probe for cellular imaging 

 

 

Figure 4. Coumarin based cyanide sensing bioimaging probes 
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Figure 5. Coumarin based H2S sensing bioimaging probes and their reactions with H2S 

 In 2017, B. X. Zhao’s group developed an ICT/FRET platform 

based on coumarin-hemicyanine dyad which is highly sensitive to the 

endogenous sulphite in a living cell and is suitable for the bioimaging 

(Figure 6).[22] Overall, these kinds of ongoing research works imply that 

the coumarin derivatives are suitable candidates for developing the 

dyes/probes for the fluorescence bioimaging. 
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Figure 6. Coumarin-Hemicyanine based Sulphite sensing bioimaging probes and their 

reactions with sulphite 

1.1.3 Coumarin derivatives as the promising scaffolds for developing 

therapeutics 

 Coumarin and coumarin derivatives are part of flavonoid groups 

and have a plethora of therapeutic applications like anti-inflammatory, 

antioxidant, anti-nociceptive, hepatoprotective, antithrombotic, antiviral, 

antimicrobial, anti-tuberculosis, anticarcinogenic, antidepressant, 

antihyperlipidemic and anticholinesterase activities.[27] Selected examples 

of the clinically proven therapeutic agents containing natural/synthetic 

coumarin moieties are presented in Figures 7 and 8. Among them, 

hymecromone (4-methylumbelliferone) has been used as a choleretic and 

antispasmodic drug. Scopoletin has properties such as antioxidant, 

hepatoprotective, anti-inflammatory and antifungal. Carbochromen was 

suitable for the treatment of coronary disease. 4-Hydroxycoumarin 

derivatives acenocoumarol, phenprocoumon, warfarin, difenacoum, and 

brodifacoum are anticoagulant agents that can act as vitamin K 
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antagonists. Armillarisin A and novobiocin are antibiotics. The 

geiparvarin is an antiproliferative agent,  

 

Figure 7. Selected examples of coumarin containing natural/synthetic therapeutic agents 
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Figure 8. Selected examples of simple coumarins with cytotoxic activities 

auraptene is a chemoprotective agent and ensaculin used in treatment for 

dementia and which are medicinally potential agents that have been 

studied and extensively used in therapeutics. The coumarin and 7-

hydroxycoumarin are potent cytotoxic agents against renal cancer. 

Similarly, 6-nitro-7-hydroxycoumarin, scopoletin (6-methoxy-7-

hydroxycoumarin) and esculetin (6,7-dihydroxycoumarin) are anti-

proliferative agents induces the apoptosis through Cyclin Dependent 

Kinase (CDK) inhibition and other mechanisms. In summary, a major part 

of coumarin derivatives has the capability to show the anticancer activity 

against different cancers through different mechanisms like kinase 

inhibition, apoptotic cell induction, cell cycle blocking, etc. Therefore, 

extensive researches have been ongoing in this field for developing 

coumarin based anticancer molecules with improved selectivity and 

efficiency. Few selected studies are discussed here. The tricyclic 

coumarin sulfamate (STX64)(Figure 9), (IC50 = 8 nM) a non-steroid 

based irreversible aromatase-steroid sulfatase (STS) inhibitor provides 

remarkable activity against the prostate cancer, and its clinical trials have 

been accomplished in 2011.[28-30] Similarly, 3,8-dibromo-7-hydroxy-4-

methyl coumarin (DBC) (IC50 = 100 nM) is a potent CDK2 inhibitor to 
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suppress neoplastic growth.[31,32]In 2014, Narayanachar’s group reported 

few iodinated-4-aryloxymethylcoumarins which has the anticancer 

activity against human adenocarcinoma mammary gland (MDAMB) and 

human lung carcinoma (A-549).[33] In 2016, Malic’s group reported 4-

substituted 1,2,3-triazole core in designed coumarin hybrids with 

cytotoxic activity against hepatocellular carcinoma HepG2 

cells.[34]Furthermore, T. Abdizadeh et al. reported few coumarin based 

benzamides as potent histone deacetylase inhibitors and anticancer agents 

in 2017.[35] These results and ongoing research works showing the 

potential of the coumarin derivatives in therapeutics. 

 

Figure 9. Potential example for the coumarin based anticancer drug under clinical trials 

 

1.2 Chromene 

 Chromene or benzopyran is a bicyclic molecule in which benzene 

is fused to a pyran ring. Chromenes are divided into different classes like 

2H-chromene or 2H-1-benzopyran and 4H-chromene or 4H-1-

benzopyranas based on the position of the double bond in the pyran ring 

(Figure 10). 

 

Figure 10. General structures of 2H-chromene and 4H-chromene 
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Chromene constitutes several naturally occurring alkaloids, flavonoids, 

anthocyanins and tocopherols.[36]There are plenty of chromene derivatives 

where, the chromenes like furochromenes, bezofurochromenes, 

pyranochromenes, benzochromenes, naphthochromenes, etc. are isolated 

from various plants and which have potent drug properties.[37] Similarly, 

chromene derivatives are also synthesized in laboratories as per the 

structural requirements. There are multiple synthetic routes available to 

synthesize the chromene derivatives and among them, the two efficient 

examples are K2CO3-catalyzed one-pot synthesis of 4-aryl-4H-chromenes 

and Na2CO3-catalyzed one-pot solventless synthesis of 2-amino-4H-

chromenes (Scheme 2).[38] 

 

Scheme 2. (a) K2CO3-catalyzed one-pot synthesis of 4-aryl-4H-chromenes (b) Na2CO3-

catalyzed one-pot solventless synthesis of 2-amino-4H-chromenes  
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1.2.1 Material applications of Chromene derivatives 

 Several chromene derivatives have a significant role in the fields 

of light emitting devices, optical brighteners, dyes and imaging probes 

since they possess excellent chromophoric and fluorescent properties. 

Yoon et al. reported two series of di-tert-butyl chromene containing red 

fluorescent materials suitable for the emissive layers of OLEDs (Figure 

11).[39] 

 

 

Figure 11. Examples for the chromene based red-emitting materials for OLEDs 

 

Similarly, Feng et al. reported a conjugated 

dicyanomethylenebenzopyran molecule near IR (NIR) fluorescent probe 

for the detection of thiophenols in living cells.[40] The compound 2,4-

dinitrobenzene-1-sulfonamide used as the reaction site for the turn-on 

fluorescence detection of thiols is shown in Figure 12. 
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Figure 12. Examples for the chromene based thiol sensing probe suitable for bioimaging 

Furthermore, Y. Zheng et al. reported a dicyanomethylene-4H chromene 

derivative which is sensitive to hydrogen sulphide based on the reduction 

reaction of azide to an amine by H2S (Scheme 3).[41] 

 

 

Scheme 3. Example for the chromene based H2S sensing probe 

1.2.2 Chromene derivatives as the promising lead scaffolds for 

therapeutics 

 The chromene derivatives are part of flavonoid groups and have 

vast applications in medicinal chemistry. Many natural or synthetic 

chromene derivatives show antibacterial, antimicrobial, antioxidant, anti-

HIV, anti-vascular, antiviral and antiproliferative activities.[42] 
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Figure 13. Chromene based naturally occurring biologically active molecules 

The key feature of the benzopyran derivatives is their lipophilic nature 

which helps them to cross the cell membrane easily.[43] As a consequence, 

chemists have been taking great efforts to utilize the potential bioactivities 

of chromene derivatives to develop new drug candidates.  For example, 



17 

calanolide A is chromene based potential therapeutic agent for the 

treatment of HIV.  

 

Figure 14. Potential examples for the synthetic chromene derivatives possessing 

different biological activities 

Similarly, the β-Lapachones are potent agents against malignant gliomas 

cells. Selected examples of naturally occurring chromene derivatives with 

potential therapeutic applications are presented in Figure 13.[43,44-58]  

Furthermore, plenty of synthetic chromene scaffolds are also available for 

drug discovery purpose. For example, bimakalim and rilmakalim are the 
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potential openers of KATP channels. Nonabine is an effective antidote for 

cisplatin induced vomiting. Robalzotan is a selective antagonist at the 

serotonin 1A (5-HT1A) receptor. HA141 and MX58151 are small 

molecule antagonists for anti-apoptotic Bcl-2 proteins which are now 

developed as anticancer agents. A collection of synthetic chromene 

derivatives possessing different biological activities are presented in 

Figure 14.[43,59-80] In summary, the naturally occurring and synthetic 

derivatives of chromene scaffolds have a plethora of medicinal 

applications with major focus as anticancer agents. From the above 

discussions, structure optimized chromene derivatives are promising 

scaffolds for developing the therapeutic agents against various diseases 

including cancers. 

1.3 Property oriented synthesis of functional scaffolds: MCR-Click 

strategy 

1.3.1 Multicomponent Reactions (MCRs) 

Reactions are the tool kits of organic chemists for the assembly of 

novel molecules having essential properties. In former times, chemists put 

much efforts to discover and new reactions, whereas today’s chemist’s 

efforts have shifted more towards other questions (e.g. improvements of 

stereoselectivity, catalysis and total synthesis of complex natural 

products, improvements in the percentage of yields, etc.). Almost no new 

reactions are discovered anymore in the chemistry of two-component 

reactions. In the field of MCRs, this seems to be different: one notices a 

growing number of publications on novel MCRs than ever before. 
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 Multicomponent reactions (MCRs) are special types of 

synthetically useful organic reactions in which three or more starting 

materials react to give a product. Essential parts of the starting materials 

must be part of the product. In the last two decades, multicomponent 

reactions have demonstrated themselves to be very powerful in the 

synthesis of natural products, as well as in combinatorial chemistry. The 

combination of three or more different series of reagents allows the 

straightforward construction of large libraries while accepting a broad 

variety of chemical functionality. Most applications of MCRs described 

are in the area of drug discovery where it is often crucial to access rapidly 

and efficiently a large diversity of structures. Indeed, the ease of 

performance, the time saving aspect, versatility, the diversity of obtained 

scaffolds and the very large chemical space explored have makes the 

MCRs very significant in molecular designing.[81-85] The history of the 

MCR begins with the Strecker synthesis of α-amino acids in 1850.[86] The 

first important application of MCRs in natural product synthesis was 

Robinson’s tropinone synthesis from succinic dialdehyde, methylamine, 

and dimethyl acetone dicarboxylate. Subsequently, many MCRs were 

reported for the synthesis of heterocyclic or non-heterocyclic scaffolds. 

For example, Hantzsch synthesis of dihydropyrimidine as well as 

pyrroles,[87] The Biginelli reaction for the synthesis of 3,4- 

dihydropyrimidin-2(1H)-ones,[88] Debus‐Radziszewski synthesis of 

imidazoles,[89] Mannich reaction for β-amino carbonyl compounds,[90] 

K2CO3-catalyzed one-pot synthesis of 4-aryl-4H-chromenes,[38] Na2CO3-

catalyzed one-pot solventless synthesis of 2-amino-4H-chromenes 

(Scheme 2) etc.[38] are few of the perfect examples of MCR synthesis of 

privileged scaffolds. Furthermore, the Isocyanide base Multicomponent 
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reaction (IMCRs) such as Ugi reaction for the synthesis of α-N-acylamino 

amides,[85] Passerini reaction for the synthesis of α-acyloxy amides,[91] 

Van Leusen reaction,[92] Bucherer–Bergs for the synthesis of hydantoins 

and α-amino acids, etc.[93]
 were emerged as classical examples of 

multicomponent synthesis of medicinally active scaffolds. The molecules 

presented in the coming chapters are synthesized with aforesaid 

Isocyanide based Ugi four-component reaction and Na2CO3-catalyzed 

one-pot solventless synthesis of 2-amino-4H-chromenes. 

1.3.1.1 Ugi four-component reaction (Ugi-4CR) 

 In 1959, Ugi et al. reported the most important variants of the 

four-component condensation to represent a powerful one-pot method to 

assemble α-acylamino carboxamides from a primary amine, a carbonyl 

compound, a carboxylic acid, and an isocyanide. The general 

representation and the plausible mechanism for the Ugi four-component 

reaction are presented in Scheme 4.[85] Depending upon the R groups and 

the replacement/removal of starting materials, post-Ugi reactions have 

been reported. 

The amine (R1NH2) and aldehyde (R2CHO) form the imine 1 with 

loss of one equivalent of water. The proton exchange with carboxylic acid 

(R4COOH) activates the iminium ion 2 for nucleophilic addition of the 

isocyanide (R3N+C-) with its terminal carbon atom to form the nitrilium 

ion. A second nucleophilic addition takes place at this intermediate with 

the carboxylic acid anion to 3. The final step is a rearrangement with the 

transfer of the R4 acyl group from oxygen to nitrogen.  
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Scheme 4. General representation of Ugi four-component reaction (Ugi-4CR) and 

plausible mechanisms 

 

The high diversity of Ugi reaction products originate from the four 

substitutable diversity points present in it. Since there are large numbers 

of diversely substituted aldehydes, amines, carboxylic acids and 

isocyanides are available, it is facile to develop a large collection of 

carboxamides, where the carboxamide derivatives are well known for 

their biological activities. Hence, the research works have been ongoing 

in the field of Ugi reaction. Typical examples are discussed here.  
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 In 2005, Kaim et al. reported the phenol Ugi-Smiles systems 

strategies for the N-arylation of the primary amines.[94] In Ugi reaction, 

they replaced the carboxylic acid by o-nitrophenol, p-nitrophenol, or 

salicylate (Scheme 5). The final step is then a smiles rearrangement, in 

Ugi reaction which is a Mumm type rearrangement.  

 

 

Scheme 5. General representation of phenol Ugi-Smiles strategy 

In 2007, Tanaka et al. developed an aminoborane mediated Ugi 

type reaction in which the aminoborane act as an iminium ion generator 

which facilitates the effective usage of the various secondary ammines in 

Ugi reaction (Scheme 6).[95]  

 

Scheme 6. General representation of aminoborane mediated Ugi reaction 

In 2008, Ross and co-workers proved that multicomponent 

reaction can be used to prepare already marketed therapeutic compounds 

quite simply.[96] They showed two examples of this concept by preparing 

clopidogrel (Plavix) and bicalutamide (Casodex) using MCR chemistry 
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(Ugi, Passerini, Petasis), where the Plavix is an antiplatelet agent used to 

inhibit the formation of blood clots in coronary artery disease (Figure 15).  

 

Figure 15. Structures of clopidogrel (Plavix) and bicalutamide (Casodex). 

 They presented the preparation of racemic clopidogrel in 3 steps 

from commercially available starting materials employing U-3CR as the 

key step (Scheme 7). After acidic hydrolysis of the enamide and 

subsequent methyl ester formation, rac-clopidogrel is obtained in 73% 

yield. This is a very efficient synthetic route in which the product is 

obtained as a racemate, where the drug is administered as the (R)-

enantiomer. 

 

Scheme 7.  Synthesis of rac-clopidogrel. 
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In 2012, Domling et al. reported a very short multicomponent 

synthesis of praziquantel employing an Ugi four-component reaction 

followed by Pictet–Spengler cyclization (Scheme 8) to give the 

Praziquantel in 75% overall yield.[97] 

 
 

Scheme 8. Synthesis of Praziquantel through a U-4CR followed by a Pictet-Spengler 

cyclization. 

 

In 2018, Xu et al. reported the synthesis of Hydantoin scaffolds 

through a Post-Ugi Cascade reaction (Scheme 9).[98] They showed a 

microwave assisted efficient two-step Ugi/cyclization reaction sequence 

for preparing the hydantoins which are drug like molecules.  

 

Scheme 9. Genel representation of Post-Ugi Cascade reaction 
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1.3.1.2 Na2CO3-catalyzed one-pot solventless synthesis of 2-amino-

4H-chromenes 

 In 2010, Jamal et al. reported a Solvent-free one-pot three-

component reaction for the synthesis of 2-amino-4H-chromene scaffold 

using sodium carbonate as a catalyst with excellent yields, which is 

efficient, simple and environment-friendly.[38] The general representation 

of the reaction and the possible mechanisms are presented in Scheme 10. 

 

Scheme 10. The general representation of the Na2CO3-catalyzed one-pot solventless 

synthesis of 2-amino-4H-chromenes and the possible mechanisms 

1.3.2 Click-reaction 

 In 2001, K. B. Sharpless et al. introduced the click-chemistry 

which represents an ideal set of near perfect reactions.[99] The major 

characteristics of the click-reactions are: they are wide in scope, 

producing high yields, only non-chromatographic methods (such as 
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crystallization or distillation) are required for purification since it 

produces only inoffensive by-products, simple reaction conditions, readily 

available starting materials and reagents, the use of no solvent or a solvent 

that is benign (such as water) or easily removed, etc. In recent years, click 

chemistry has emerged as a fast and powerful approach for the synthesis 

of novel compounds with desired properties. 

 There are various types of click reactions such as cycloaddition 

reaction, nucleophilic substitution reaction, addition reaction, thiol-ene 

click reaction, etc. Among the various click reactions, the copper 

catalyzed [3+2] azide and alkyne cycloaddition (CuAAC) resulting in the 

formation of 1,2,3-triazoles has drawn considerable attention as an 

archetypical example of click chemistry. In fact, the CuAAC is the 

modified Huisgen 1,3-dipolar cycloaddition of an alkyne and an azide. 

The active Cu (I) catalyst can be generated from Cu (I) or Cu (II) salt by 

the in situ reduction using sodium ascorbate as a reducing agent. The 

addition of a slight excess of sodium ascorbate prevents the formation of 

oxidative homo-coupling products. This Cu (I) catalyzed cycloaddition 

results a regioselective 1,4-disubstituted 1,2,3-triazole derivative as the 

product. General representation of the CuAAC reaction and plausible 

mechanisms are depicted in Scheme 11. 
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Scheme 11. General representation and plausible mechanisms of CuAAC 

The same alkyne molecule forms σ-bond and π-bond with two 

copper atoms. In the next step, the alkyne bearing the σ and π bonded 

copper atoms coordinates the azide. Then, an unusual six-membered 

copper metallacycle is formed. The second copper atom acts as a 

stabilizing donor ligand for the moiety. Finally, the ring contraction to a 

triazolyl-copper derivative is followed by protonolysis that affords the 

triazole product and closes the catalytic cycle.[100] 

The CuAAC is particularly useful for the synthesis of a variety of 

molecules ranging from enzyme inhibitors to molecular materials. 1,2,3-
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Triazoles are an important class of target molecules due to their 

interesting biological properties such as anti-allergic, antibacterial and 

anti-HIV activity.[101] Additionally, due to the resemblance in 

physiochemical properties such as planarity, dipole moment, Cα distance 

and H-bond acceptor properties (of the lone pairs in nitrogen atoms), 

1,2,3-triazoles are considered as peptide bond isosteres.[102] In addition to 

this, the 1,2,3-triazole ring is chemically stable under hydrolytic as well as 

reductive and oxidative conditions. Consequently, amide-to-triazole 

substitutions are now common in the synthesis of drug-like molecules 

whose amide bonds are known to be crucial for biological activity. 

Selected examples for triazole based biologically active molecules are 

presented in Figure 16. 

 

Figure 16. Representative examples for the triazole based biologically active molecules 

1.4 Conclusion 

 The coumarin and chromene moieties have a plethora of 

applications in various fields like lighting, materials, imaging, 
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therapeutics, etc. The literature survey revealed the multifaceted 

applications and significance of the coumarin and chromene scaffolds. 

Furthermore, the perspective to the MCR-Click synthetic strategies has 

given clear ideas about the facile synthetic routes to the designing of 

molecules capable to show good photophysical as well as biological 

applications. Hence, we decided to develop new molecules with dual 

applications as fluorescent inhibitors. MCR/MCR-Click assisted the 

synthesis of a collection of new molecules, their detailed photophysical 

and biological studies are discussed in the coming chapters. The work 

presented in this thesis is summarised in Figure 17.  

 

Figure 17. Summary of the work 
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CHAPTER 2 

MULTICOMPONENT-REACTION- (MCR-) 

ASSISTED SYNTHESIS OF A COUMARIN-BASED 

DEEP BLUE FLUORESCENT EMITTER  

 

2.1 Introduction 

 The fluorescence is the phenomenon of light emission after 

absorbing the radiation from the appropriate region of electromagnetic 

spectra. During these decades, the fluorescent lamps and fluorescent 

LEDs (Light Emitting Diodes) have replaced the other conventional 

lighting methods and Displays. Among the different LEDs, the Organic 

Light Emitting Diodes (OLEDs) have potential applications in the area of 

ultra-thin full-color displays as well as solid state lighting.[1,2] Hence there 

is an ongoing interest in developing suitable fluorescent-materials for 

light emission and related applications. In general, an OLED consists of 

three organic layers sandwiched between the electrodes. The organic 

layers adjacent to cathode and anode are the Electron Transport Layer 

(ETL) and Hole Transport Layer (HTL) respectively. The electrons and 

holes are injected from the opposite poles to these organic layers and are 

collected at the Emissive Layer (EML). The electron-hole recombination 

at the emissive layer leads to the formation of singlet excitons that decay 

radiatively.[3,4] The emissive layer usually consists of light emitting dyes 

or such small organic molecules which plays a crucial role in the external 

quantum efficiency (EQE) of the LED or OLED. The full color display is 

generally achieved by mixing equal intensity and equal stability red, 

yellow, green and deep blue emitters together. In this combination, the 
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blue emitter helps to reduce the power consumption of the device as well 

to generate other colors. Highly conjugated fluorescent or phosphorescent 

molecular systems are currently used as deep blue emitters in OLEDs.[5–

10] However, an inherent problem with these blue emitters is their wide 

bandgap causing poor charge injection, exciton instability, and 

consequent poor device performance. Molecules based on pyrene, 

anthracene, fluorene, di(styryl)arylene, etc. are the most studied systems 

in this category showing excellent fluorescent quantum yield in solutions. 

However, these molecules suffer fluorescence quenching in the solid state 

due to aggregation.  

 

Figure 1. Structure of coumarin derivatives and their Photoluminescence under UV light 

One of the methods to overcome the fluorescence quenching at the solid 

state is the introduction of bulky substituents to the emission core to attain 
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non-coplanar structures of the emitters with restricted rotation.[11,12] Such 

rational strategies have been employed to attain non-coplanar structures of 

anthracene, pyrene and coumarin derivatives by integrating bulky 

substituents such as tetraphenylsilane, triphenylbenzene, spirobifluorene 

or various carboxamide derivatives to them.[13,14] However, the synthesis 

of such molecules involves multistep protocols leading to the escalation 

of manufacturing cost. As an attempt to address these challenges, we 

decided to integrate various bulky carboxamide groups to the 8-position 

of 4-methyl-7-hydroxy coumarin core as shown in Figure 1. 

 Three new compounds such as 2, 3 and Ugi EML BLUE (we 

coined this name to this new molecule since its synthesis involved the 

classical Ugi reaction) were synthesized of which Ugi EML BLUE 

showed strong fluorescence in solution as well as in the solid state. The 

synthetic methodology was based on an Ugi four-component 

condensation (Ugi-4CC) which is a unique multicomponent reaction 

(MCR) for the diversity oriented synthesis of N-

acylaminocarboxamides.[15-18] Weak emission was observed for 2 and 3 

with carboxamide groups at the 8 position of the coumarin. However, a 

significant enhancement in the blue emission was observed with Ugi 

EML BLUE which is obtained by substituting chlorine or the azide in 2 

and 3 with a tert-butyl carbamate group. 

2.2 Results and Discussion 

2.2.1 Synthesis and Fluorescence Study 

 The studies were started with the introduction of a carboxamide 

moiety at the 8 position of the coumarin core. For this, we decided to use 
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Ugi-4CR as our synthetic tool. Since Ugi reaction needs an aldehyde 

component, we decided to introduce an aldehyde group to the 8 position 

of the coumarin. This reaction was carried out as shown in Scheme 1 and 

the coumarin aldehyde 1 was obtained in high purity. 

 

Scheme 1. Synthesis of 1, 2, 3 and Ugi EML BLUE 

The coumarin aldehyde 1 was then reacted with chloroacetic acid, 

benzylamine (electron rich), tert-butyl isocyanide (contains an electron 

pushing tert-butyl group and ‘–NC’ bond which makes the molecule 

electron dense) to form the carboxamide chloride 2 as shown in Scheme 

1. 2 showed a weak fluorescence under UV light (Figure 2E) and no 

fluorescence in the solid state under UV irradiation. Subsequently, 

chlorine in 2 was substituted with an azide moiety to obtain 3 by reacting 
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2 with sodium azide as shown in Scheme 1. This compound also showed 

a very weak fluorescence in the solution sate (Figure 2F) and no 

fluorescence in the solid state.  

 

Figure 2. Fluorescence of 7-hydroxy-4-methyl coumarin at pH 7 (A) and pH 8 (B), 

Fluorescence of 1 at pH 7 (C) and pH 8 (D), Fluorescence of 2 (E) and 3 (F). 

 

The weak fluorescence observed for the starting 7-hydroxy-4-methyl 

coumarin and its aldehyde derivative 1 in neutral and alkaline pH are 

shown in Figures 2A-D. Since all the three compounds showed only weak 

fluorescence, we decided to introduce a more bulky group to the 8 

position of the coumarin. For this, we used Boc-glycine as our carboxylic 

acid component in the Ugi-4CR, as shown in Scheme 1. The Ugi EML 

BLUE thus obtained showed significant enhancement in fluorescence in 

the solution state as shown in Figure 3. 
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Figure 3. Fluorescence of Ugi EML BLUE in G) pH 2.3, H) pH 3.6, I) pH 7.2, J) pH 

8.2, K) pH 8.4, L) pH 8.5, M) pH 8.7, N) pH 9.3 

 

Figure 4. Solid state Fluorescence of Ugi EML BLUE: O) an air dried film made by 

drop-casting an ethanol solution of Ugi EML BLUE on a glass substrate. P) Yellowish 

green fluorescence showed by film O when subjected to thermal annealing at 70C for 

15 minutes. Q) Reinstating the bluish fluorescence by ethanol vapor etching. 

A thin film of this material was prepared by drop-casting an 

ethanol solution of this material on top of a glass substrate. This thin film 

also showed strong fluorescence as shown in Figure 4. The film was then 

kept in ambient and its fluorescence was monitored in various time 

intervals. The film did not show any significant decrease in fluorescence 

even after one day. However, the same film when subjected to heat 

treatment at 70C for 15 minutes showed a yellowish-green fluorescence 

as shown in Figure 4P. 
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2.2.2 The Structural and Photo-physical Characterization 

The structural and photo-physical characterization of Ugi EML 

BLUE was carried out using XRD, NMR, AFM, TGA, UV-Vis and 

Fluoresce measurements. Figure 5 show the X-Ray Diffraction pattern of 

the Ugi EML BLUE and from the graph it is clear that the molecule is 

crystalline in nature. The Full Width at Half Maxima (FWHM) of the 

prominent peak observed at 2 18.92 is 0.600, the interplanar distance 

(d) is 4.686 Å and the approximate particle size is 14.0 nm.[19,20] The 

ultrafine particle size of the material allows the preparation of ultrafine 

thin layers while constructing the OLED devices.[21-26,1-10] 

 

Figure 5. X-Ray Diffraction Pattern of Ugi EML BLUE 
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Figure 6. Thermogravimetric data of Ugi EML BLUE 

 

Figure 7. AFM Histogram: Size distribution of Ugi EML BLUE particles 
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In addition to this, the molecule possesses a sharp melting point 

(178C) and which is in good agreement with the same obtained from the 

thermogravimetric analysis (Figure 6). The sharp melting at relatively 

high temperature also ensures good physicochemical properties towards 

light emission applications. 

Figure 7 shows the AFM histogram of the particle size distribution 

and Figure 8 shows the AFM images of Ugi EML BLUE. The AFM study 

of Ugi EML BLUE showed uniformly dispersed particles with an average 

size of 14-15 nm, which is in good agreement with the approximate 

particle size obtained from X-Ray diffraction analysis. 

 

 

Figure 8. AFM images of Ugi EML BLUE 
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Figure 9. UV-Vis absorption (dashed lines) and fluorescence spectra (solid lines) for 

Ugi EML BLUE at pH 7 and pH 8 

 

Figure 10. Solid state absorption and emission spectra of Ugi EMLBLUE 
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 The UV-Vis and fluorescence spectra of the Ugi EML BLUE (50 

ppm solution in DMSO) are shown in Figure 9 (pH 7). The solution state 

UV-Vis absorption maxima and fluorescence emission maxima are 

observed at 338 nm and 443 nm respectively with a large Stokes shift of 

105 nm. Ugi EML BLUE showed strong fluorescence in the solid state 

also. The solid state UV-Vis absorption maxima and fluorescence 

emission maxima of Ugi EML BLUE are observed at 470 nm and 541 nm 

respectively (Figure 10).  The solid state fluorescence observed for the 

molecule is attributed to the unconventional phenomenon of Aggregation 

Induced Emission (AIE). The observed redshifts in the solid state 

absorption and emission are due to the restriction of intramolecular 

rotation (RIR) due to aggregation which intern helps to create a pool of 

electrons conjugated within the system leading to the redshifts in the 

absorption and emission spectra. The solid state and solution state 

fluorescence emission peaks at longer wavelengths (541 nm and 443 nm) 

reveal the presence of a transition like a donor (coumarin core) to 

acceptor (introduced bulky groups) intramolecular charge transfer (ICT) 

transition in the system.[27,28]  
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Figure. 11 Summarized fluorescent properties of Ugi EML BLUE 

 

2.2.2.1 Effect of  pH on the fluorescence of  Ugi EML BLUE 

Interestingly, the solution state fluorescence of Ugi EML BLUE is 

sensitive to the changes in pH. The UV-Vis absorption and fluorescence 

spectra of the Ugi EML BLUE (50 ppm solution in DMSO) at neutral pH 

( pH 7) and higher pH ( pH 8) are shown in Figure 9. At pH 8 the UV-Vis 

absorption maxima and emission maxima are red-shifted to 390 nm and 
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458 nm respectively, whereas at acidic pH the fluorescence was found to 

be quenched.  

In Ugi EML BLUE, the intramolecular charge transfer (ICT) type 

electronic transitions between the coumarin core and the bulky substituent 

at the 8 position are responsible for the characteristic absorption and 

emission properties observed at various pH. At neutral pH, the electronic 

transitions occur normally on excitation and show the absorption and 

emission peaks at 338 nm and 443 nm respectively. However, in basic 

conditions, the hydroxyl proton of coumarin core are in the deprotonate 

which is susceptible to resonance transformations. Due to this resonance, 

the overall electron density in the coumarin core increases and which in 

turn reduces the energy required for the ICT type electronic transitions 

within the system. This causes the redshift of the absorption and emission 

peaks to 390 nm and 458 nm respectively. Similarly, at acidic pH, the 

abstraction of transitive electrons by the hydrons will hinder the electronic 

transitions from the coumarin core leading to the quenching of the 

fluorescence.[29,30] These observations are summarized in Figure 11. 

2.2.2.2 Quantum Yield of Ugi EML BLUE 

The fluorescence quantum yields of the material Ugi EML BLUE 

at pH 7and 8 were measured in DMSO, using anthracene as the standard 

(ɸ = 0.27) and were found to be 0.12 and 0.21 respectively. 

2.2.3 The DFT Studies on Light emission mechanism 

 The ground state geometry, HOMO/LUMO energies and the 

theoretical absorption wavelength of the Ugi EML BLUE in the gas phase 

were obtained by means of density functional theory (DFT) and TD-DFT 
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using the GAUSSIAN 09 software with the basis set B3LYP/6-31G*.[31] 

The B3LYP/6-31G* chosen for the DFT calculations was on the basis of 

the structural features of the molecule as well as on the basis of previous 

reports on its use in small organic molecules.[32-36] 

 

Figure 12. The optimized ground state geometry of Ugi EML BLUE 

In the present study with B3LYP/6-31G* basis set showed stable ‘ground 

state absorption energy’ and which is very close to the experimental 

values.  Figure 12 shows the optimized ground state geometry of Ugi 

EML BLUE and Figure 13 shows the images of HOMO and LUMO 

obtained by DFT method from which we can understand the extending of 

electron delocalization through the bulkier substituents introduced to the 

coumarin core. 



51 

Figure 13(AH-AL) reveals that the molecular conformation with two upper 

terminal tert-butyl group ensures the prevention of concentration 

quenching and enhances the fluorescence.[21-26] The amide groups 

adjacent to the tert-butyl groups at each terminal pull the electrons while 

the tert-butyl groups push the electrons and the electron rich phenyl group 

shuttles the electron through the bonds inside and outside the ring. This 

push-pull mechanism enhances easier electronic movements. The 

optimized ground state geometry for Ugi EML BLUE supports the above 

mechanism perfectly. 

 

Figure 13. The images of HOMO and LUMO computed by DFT/B3LYP/6-31G* 

method. 

 

The DFT study also accounts for the ICT type transition within the 

Ugi EML BLUE molecule which we already understood from its 

observed longer emission peaks. The HOMO consist the electron dense 

orbitals of coumarin core alone while the LUMO consists the orbitals of 
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coumarin core and the bulky groups (Figure 13 (BH-BL), which implies 

the transfer of electrons from the coumarin core (donor) to the bulky 

groups (acceptor) on excitation. This extended electronic delocalization 

observed in between the coumarin core and bulky groups to facilitate the 

ICT type transitions in the molecule. From the TD-DFT calculations, the 

absorption wavelength and the bandgap at the gas phase (theoretical) are 

482 nm and 2.6 eV. The HOMO/LUMO energy levels of the Ugi EML 

BLUE are -5.12 eV/-2.42 eV respectively and the bandgap is 2.7 eV 

which are responsible for the intense blue radiative decay of the 

excitons.[1-4] 

The TD-DFT computations were also carried out in a solvent 

(DMSO) environment using the solvent model IEFPCM. [35,37,38] The 

solvent phase TD-DFT showed an absorption maxima at 346 nm and a 

bandgap of 2.8 eV for the material. The solvent phase calculations are 

also in good agreement with the experimental data obtained. 

CIE coordinates 
Ugi EML 

BLUE pH7 

Ugi EML 

BLUE pH8 

NTSC 

standard 
EBU Standard 

IEC Standard 

(sRGB) 

CIE (x) 0.16 0.14 0.14 0.15 0.15 

CIE (y) 0.01 0.03 0.08 0.06 0.06 
 

Table 1. Comparison of CIE chromaticity coordinates 

Appearance 
Melting 

Point(oC) 

UVabs 

Max 

(nm) 

PLems 

Max 

(nm) 

Color 

C.I.E. 

(x, y) 

(pH7) 

C.I.E. 

(x, y) 

(pH8) 

HOMO 

(eV) 

LUMO 

(eV) 

Number 

of 

Synthetic 

Steps 

Yellowish-

brown solid 
178 

338  

(pH 7), 

390  

(pH 8) 

443  

(pH 7), 

458  

(pH 8) 

Deep 

Blue 

0.16, 

0.01 

0.14, 

0.03 
-5.12 -2.42 2 

 

Table 2. Properties of Ugi EML BLUE. 
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Figure 14. CIE 1931 Color System: CIE blue colors of Ugi EML BLUE (at pH 7 and pH 

8), NTSC standard, EBU standard and IEC (sRGB) standard 

 

The C.I.E. chromaticity coordinates for this intense blue color 

were calculated and compared with the standards. Figure 14 shows the 

positions of the blue color of Ugi EML BLUE (at pH 7 and pH 8), NTSC 

standard, EBU standard and IEC (sRGB) standard in the CIE-1931 color 

space. Similarly, Table 1 shows the comparison of the CIE-1931 color 
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space. The CIE coordinates of the Ugi EML BLUE at pH 7 (0.16, 0.01) 

and pH 8 (0.14, 0.03) are very near to the standard Blue CIE coordinates 

by the National Television System Committee (NTSC) (0.14, 0.08),[39,40] 

European Broadcasting Union (EBU) (0.15, 0.06)[41] and IEC (sRGB) 

(0.15, 0.06)[42] television display criterion. As summarized in Table 2, the 

Ugi EML BLUE possesses excellent properties for the application as a 

blue emitter for a broad spectrum of applications.  

2.3 Conclusions 

In summary, we have demonstrated an efficient synthesis of a 

deep blue emitting material Ugi EML BLUE based on a multi-component 

coupling strategy. The integration of a bulky carboxamide moiety to the 

8-position of the coumarin scaffold afforded excellent deep blue emission 

in the solution state with a remarkable color purity ( CIE (X) 0.16 and 

CIE (Y) 0.01). The origin of this light emission is systematically 

established with the aid of experimental and computational techniques.  

2.4 Structural Characterization of Ugi EML BLUE  

 

Figure 15. Structure of Ugi EML BLUE 
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 The structure of Ugi EML BLUE is numbered as in Figure 15 and 

the FTIR, 1H NMR, 13C NMR, HRMS spectra are shown in supporting 

information. The FT-IR spectrum of the compound shows major 

absorptions at 3385, 3347, 1700, 1677, 1641 and 1545 cm-1. The bands at 

3385 and 3347 cm-1 are due to the stretching of the secondary NH groups. 

The bands at 1700, 1667 and 1641 cm-1 are due to the stretching of CO 

groups. The band at 1545 cm-1 is due to the aromatic C=C. The initial 

information obtained from FT-IR spectrum was further confirmed by 1H 

NMR analysis. The two singlets at  1.32 and  1.41 are due to the nine 

methyl protons at positions 9, 10, 11 and nine methyl protons at 38, 39, 

40.  The singlet at  2.49 is due to the three methyl protons at C-25. The 

doublet observed at  3.75-3.80 with the J value 26Hz is due to the two 

methyl protons at C-2. The singlet at  4.83 is due to the two methyl 

protons at C-27. The singlet for the one proton at C-5 is observed at  

5.87. The aromatic protons were observed as, a one proton singlet at  

6.05, 6.31 (1H, s, Ar-OH), one proton doublet at  6.76-6.77 with the J 

value 9Hz, one proton doublet at  6.93-6.94 with J value 5Hz, one proton 

doublet at  7.13-7.14 with J value 7Hz, three proton multiplet at  7.24-

7.46 and one proton doublet at  7.48-7.50 with J value 9Hz. The singlet 

at  6.31 is due to the hydroxyl proton at position 21. The singlets 

observed at  8.83 and  9.07 are due to the NH protons at the positions 1 

and 7. The structure was further confirmed by 13C NMR. The peaks at 

18.77, 18.95, 27.72, 28.34, 28.39, 28.60, 29.48 are corresponds to the 

carbons at the positions 9, 10, 11, 38, 39, 40 and 25. The signals observed 

at 43.08 and 49.38 are due to the C-2 and C-27 carbons. The peak at 

60.17 is due to the C-5 carbon. The peaks at 63.73 and 79.54 are due to 
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the C-8 and C-37 carbons. The signals due to the aromatic carbons are 

observed at 109.71, 110.38, 114.96, 116.95, 126.06, 127.15, 127.42, 

127.74, 128.02, 128.49, 136.46, 151.40, 153.71. The peak at 155.45 and 

155.65 are due to the C-34 and C-20 carbons. The signals observed at 

160.38, 163.06 and 168.74 are due to the carbons at C-13, C-3, and C-6. 

Finally, the peak observed at m/z 552.27095 ([M+H]+) in the mass 

spectrum further confirms the structure of the compound. 

2.5 Experimental Section 

2.5.1 Materials and Methods 

All materials were obtained from commercial suppliers and used 

without further purification. IR spectra were recorded on a JASCO-

FT/IR-4100 Fourier-transform infrared spectrometer. 1H NMR and 13C 

NMR spectra were obtained by Bruker amx 500 MHz spectrometer in 

CDCl3 solutions. The chemical shifts (δ) values are given relative to 

tetramethylsilane (TMS) and the coupling constants (J) are represented in 

Hertz (Hz). HRMS was obtained using ESI ionization. Quantum 

mechanical calculations were done with Gaussian 09 software.  UV-Vis 

absorption spectra were recorded on a Jasco V-550 UV-VIS 

Spectrophotometer. Fluorescence spectra were measured using Perkin 

Elmer LS 45 and LS 55 Spectrometers. PXRD measurements were 

performed on a Rigaku MiniFlex 600 X-ray Diffractometer with Cu-K 

Monochromator of wavelength 1.541 Å. The AFM studies were done 

with cAFM (Asylum Research MFP3D). 
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2.5.2 Synthetic Procedures 

2.5.2.1 Synthesis of Ugi EML BLUE 

Step 1: Synthesis of 8-formyl-7-hydroxy-4-methyl-coumarin 1: A 

mixture of 7-hydroxy-4-methylcoumarin (1.76 g) and 

hexamethylenetetramine (3.5g) in glacial acetic acid (14ml) were heated 

on a water bath for six hours. The hexamine adduct thus formed was 

hydrolyzed with 20% hydrochloric acid (26.3 ml) and the mixture was 

heated for another 30 minutes. After cooling, the reaction mixture was 

extracted with diethyl ether (15 ml x 3) and the combined ether extracts 

were evaporated under vacuum to obtain a pale yellow colored solution. 

The solution thus obtained was poured into crushed ice to obtain 8-

formyl-7-hydroxy-4-methylcoumarin 1. Pale yellow crystalline solid; 

Yield: 22%; M.P.: 172-174C; IR (KBr, max/cm-1): 3448 (OH), 1745 

(C=O), 1649 (C=O), 1595 (C=C); 1H NMR H(500 MHz, CDCl3, Me4Si, 

 ppm): 2.43 (3H, s, Me), 6.18 (1H, s, Ar-H), 6.88-6.90 (1H, d, J=8.5Hz, 

Ar-H), 7.71-7.72 (1H, d, J=8.5 Hz, Ar-H), 10.60 (1H, s, Ar-CHO), 12.19 

(1H, s, Ar-OH); 13C NMR C(CDCl3, 125 MHz, δ ppm): 18.74, 18.91, 

108.67, 111.89, 112.08, 114.24, 115.05, 132.75, 152.43, 156.18, 158.95, 

165.29, 193.28; HRMS(ESI): m/z ([M+H]+) calculated for C11H8O4: 

205.05008, found: 205.05012 

Step 2: Synthesis of Ugi EML BLUE: 8-formyl-7-hydroxy-4-

methylcoumarin 2 (204 mg) and benzylamine (107.16 mg) were dissolved 

in 8 ml methanol and stirred for 28 hours in a dry round-bottomed flask to 

form the immine. To this, Boc-protected glycine (175.18 mg) was added 

and stirred for another 15 minutes. Finally, tert-butyl isocyanide (83.13 
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mg) was added and stirred the whole mixture for 96 hours to complete the 

Ugi 4 CC. The solvent was then evaporated under vacuum and solid 

obtained was washed with petroleum benzene (5x3) to obtain   “Ugi 

EML BLUE” (tert-butyl (2-(benzyl (2-(tert-butylamino)-1-(7-hydroxy-4-

methyl-coumarin-8-yl)-2-oxoethyl) amino)-2-oxoethyl) carbamate 

(Scheme 2). Yellowish-brown crystalline solid; Yield: 73%; M.P.: 178C; 

IR (KBr, max/cm-1): 3385 (NH), 3347 (NH), 1700 (CO), 1677 (CO), 1641 

(CO), 1545 (C=C); 1HNMR H(500 MHz, CDCl3,  ppm): 1.32 (9H, s, 

Me), 1.41 (9H, s, Me), 2.49 (3H, s, Me), 3.75-3.80 (2H, d, J=26Hz, CH2), 

4.83 (2H, s, CH2), 5.87 (1H, s, CH), 6.05 (1H, s, Ar-H), 6.31 (1H, s, Ar-

OH), 6.76-6.77 (1H, d, J=9Hz, Ar-H), 6.93-6.94 (1H, d, J=5Hz, Ar-H), 

7.13-7.14 (1H, d, J=7Hz, Ar-H), 7.24-7.46 (3H, m, Ar-H), 7.48-7.50 (1H, 

d, J=9Hz, Ar-H), 8.83 (1H, s, NH), 9.07 (1H, s, NH); 13CNMR C 

(CDCl3, 125MHz, δ ppm): 18.77, 18.95, 27.72, 28.34, 28.39, 28.60, 

29.48, 43.08, 49.38, 60.17, 63.73, 79.54, 109.71, 110.38, 114.96, 116.95, 

126.06, 127.15, 127.42, 127.74, 128.02, 128.49, 136.46, 151.40, 153.71, 

155.45, 155.65, 160.38, 163.06, 168.74; HRMS (ESI): m/z ([M+H]+) 

calculated for C30H37N3O7: 552.27098, found: 552.27095. 

2.5.2.2 Synthesis of Ugi Chloride (2) 

An equimolar amount of coumarin aldehyde (8-formyl-7-hydroxy-

4-methylcoumarin (204 mg)) and benzylamine (107.16 mg) were 

dissolved in 8 ml methanol and stirred for 30 minutes in a dry round-

bottomed flask. The completion of imine formation was monitored by 

TLC. To this, one equivalent of Chloroacetic acid (94.5 mg) is added and 

stirred for another 15 minutes. Finally added one equivalent of tert-butyl 
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isocyanide (83.13 mg) and stirred the whole mixture for 96 hours. The 

solvent was evaporated under vacuum and the crude product obtained 

upon repeated washings with petroleum benzene (5 x 15mL) afforded the 

pure Ugi chloride (N-benzyl-N-(2-(tert-butylamino)-1-(7-hydroxy-4-

methyl-coumarin-8-yl)-2-oxoethyl)-2-chloroacetamide). 

2.5.2.3 Conversion of Ugi Chloride to Ugi Azide (3) 

An equimolar amount of Ugi chloride (N-benzyl-N-(2-(tert-

butylamino)-1-(7-hydroxy-4-methyl-coumarin-8-yl)-2-oxoethyl)-2-

chloroacetamide, 470 mg) and sodium azide (65 mg) were dissolved in N, 

N-dimethyl formamide (5 mL). To this, potassium carbonate (414 mg) is 

added and stirred at room temperature for 6 hours. The mixture was 

diluted with cold water. The white precipitate obtained was filtered, 

washed repeatedly with water and dried under vacuum to afford the pure 

Ugi azide (2-azido-N-benzyl-N-(2-(tert-butylamino)-1-(7-hydroxy-4-

methyl-2-oxo-2H-chromene-8-yl)-2-oxoethyl) acetamide). 

2.5.3 Measurements of Fluorescence in various pH 

Prepared a 50 ppm solution of Ugi EML BLUE in Ethanol and 

divided into equal portions. For obtaining various pH ambiances, added 

different volumes of 0.5M K2CO3 solution to each portion. Studied the 

fluorescence of each and selected two perfect samples (pH 7 and pH 8) 

for analyzing the pH sensitivity. 
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2.5.4 Thin film of Ugi EML BLUE for measuring the solid state UV-

Visabs & PLems 

 The Solid state UV-Visabs & PLems Data of Ugi EML BLUE were 

taken by preparing a thin film of it on a glass plate. 

 

Figure 15. Ugi EML BLUE: Thin-film coated on a glass plate 

 

2.5.5 Fluorescence Quantum Yields 

The photoluminescent quantum yield of a fluorophore is 

determined relative to a reference compound of known quantum yield. If 

applied the same excitation wavelength, slit and gain bandwidths for the 

sample and the reference compound, then the quantum yield is calculated 

as 
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Quantum Yield (ɸ) =  
𝑄𝑌𝑟×𝐼𝑠× 𝐴𝑟× 𝜂𝑠

2

𝐼𝑟× 𝐴𝑠× 𝜂𝑟
2   

Where, 

o QYr : Quantum yield of the reference compound  

o Is : The Integrated fluorescent intensity of the sample 

o Ir : The Integrated fluorescent intensity of the reference 

o As : Absorbance at the excitation wavelength of the sample 

o Ar : Absorbance at the excitation wavelength of reference 

o ηs : Refractive index of the solvent used for sample 

o ηr : Refractive index of the solvent used for reference 

(Concentration range: In order to reduce the reabsorption effects, absorbance in the 

10mm fluorescence cuvette is adjusted to the range below 0.1 at and above the excitation 

wavelength.) 

Results: 

Solvent: DMSO 

Reference Compound: Anthracene 

Reference Compound Quantum Yield (ɸ) = 0.27 

Ugi EML Blue, Quantum Yield (ɸ) = 0.12 

Ugi EML Blue at higher PH, Quantum Yield (ɸ) = 0.21 
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Spectral details of 8-formyl-7-hydroxy-4-methylcoumarin (1) 

 

 

1HNMR Spectra: 

 



68 

13C NMR Spectra: 

 

HRMS(ESI): 
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IR Spectra: 

 

 

Spectral Details of Ugi Chloride (2) 

 

IR absorptions (KBr, max/cm-1): 3442 (OH), 3301 (NH), 1668 (CO), 1654 

(CO), 1545 (C=C) 
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Spectral Details of Ugi Azide (3) 

 

IR absorptions (KBr, max/cm-1): 3454 (OH), 3291 (NH), 2103 (CN3), 1658 

(CO), 1561 (C=C) 
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Spectral Details of Ugi EML BLUE 

 

1H NMR Spectra: 

 

13C NMR Spectra: 
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HRMS (ESI): 

 

IR Spectra: 
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CHAPTER 3 

STUDIES ON THE APPLICATIONS OF UGI EML 

BLUE FOR THE CDK2 TARGETED BIOIMAGING 

AND CYTOTOXIC ACTIVITIES ON HELA CELLS 

 

3.1 Introduction 

 In the previous chapter we have discussed the synthesis and 

fluorescent properties of ‘Ugi EML BLUE’ which is having a coumarin 

carbamate core unit. Scaffolds functionalised with coumarin carbamate 

core units are known for their broad spectrum of biological activities. 

Hence, we decided to undertake a systematic study on the applications of 

this new molecule as inhibitor as well as imaging agent.  

As we know, various bioimaging techniques have been developed 

over the past few decades for the early detection of cancer.[1] The use of 

conventional imaging methods like Computed Tomography (CT), 

Magnetic Resonance Imaging (MRI), X-Ray, etc. are limited to the 

generation of information about anatomical and macroscopic tumoral 

details. However, today, the advanced fluorescence-based imaging 

techniques enable us to visualize the expression and activity of specific 

molecules such as proteases and protein kinases etc. [2-6] These kind of 

fluorescence imaging techniques are playing a pivotal role in the selective 

and sensitive monitoring of the intracellular proteins whose expression or 

activity is drastically altered in tumor cells compared to the normal cells. 

For example, the Cyclin Dependent Kinase 2 (CDK2) which is essential 



74 

for the G1to S phase transition in the eukaryotic cell divisions,[7,8] is 

overexpressed in many cancer cell lines.  

 

Figure 1. Dual functional applications of Ugi EML BLUE 

 

 

Figure 2. (A) Comparison of the structure and fluorescence properties of Alexa Fluor 

350 and Ugi EML BLUE. (B) Comparison of structural features of Ugi EML BLUE and 

few carbamate drugs showing different metabolic stability. 

 

For targeting this kind of specific intracellular moieties,the fluorescent 

probe should have decorated with appropriate functionalities to bind with 

specific target molecules or biomarkers. However, in many cases, the 
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integration of different functionalities to the fluorescent probe may lead to 

the loss of its cytoplasmic membrane permeability or suffer a quenching 

effect in its fluorescence. In recent years, FRET or ICT based small 

molecule fluorescent probes has emerged as a principal solution to such 

issues.[9-11] Among them, ICT based probes are more potential due to their 

structural simplicity, high efficiency and membrane permeability.[12-17] 

Alexa Fluor 350 is one of the interesting examples of such a small 

molecule probe that has been widely used for stable signal generation in 

imaging and flow cytometry.[18] As we discussed in the earlier chapter, 

the Ugi EML BLUE is an ICT based blue-emitting small molecule 

coumarin carbamate probe19 with superior photoluminescence properties 

comparable with that of Alexa Fluor 350[18] (Figure 2A). Coumarin and 

carbamate moieties are well known for a plethora of medicinal 

applications including anticancer, antibacterial, antifungal and 

anticoagulant activities (Figure 2B).[20-25] Similarly, coumarin derivatives 

functionalized with carbamate groups are efficient for inhibiting the cell 

cycle arrest activity of HIV-1Vpr.[26,27]  Moreover, few recent studies 

show that the coumarin derivatives are capable of fluorescence 

chemosensory applications too.[28-30] At the same time, coumarin 

molecules functionalized with a hydroxy group at the 7-position are 

efficient fluorophores since the presence of an electron donating group at 

the 7-position are known to enhance the fluorescence of such probes. [31-

38] 

 Based on the efficiency of our Ugi EML BLUE as a strong 

fluorescent probe and also due to the presence of a medicinally active 

carbamate-amide moiety on its coumarin core, we decided to investigate 
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the potential of Ugi EML BLUE as a duel functional probe for imaging 

and subsequent inhibition of cancer cells so as to avoid the process of cell 

washing after imaging for therapy. We have studied the CDK2 binding 

properties of the Ugi EML BLUE using Auto Dock Vina [39] and also 

performed the biological studies with the HeLa cells. The Auto Dock 

Vina is open-source software for doing the molecular docking. By using 

this software we can evaluate the binding affinities of drug molecules 

towards any proteins or such moieties. The results obtained from 

computational and experimental studies showed that Ugi EML BLUE can 

efficiently locate and image the cellular morphology and, simultaneously 

act as an effective CDK2 suppressor in HeLa cells as shown in Figure 1. 

3.2 Results and Discussion 

3.2.1 Evaluation of the CDK2 targeted imaging potential of Ugi EML 

BLUE 

Fundamentally, cancer/tumor developments are due to the 

uncontrolled cell proliferation and hence it can be controlled by 

preventing the abnormal cell divisions.[40,41] Eukaryotic cell divisions are 

taking place through the four cellular phases such as G1, S, G2, and M 

and are mainly promoted by different types of specific Cyclins and Cyclin 

Dependent Kinases (CDK).[8,42] Among the various cyclins, Cyclin-

dependent kinase 2 (CDK2) is essential for the G1 to S phase transition 

during the mitotic cell divisions and its rate is high in abnormal cell 

divisions.[8,42-44] The irregular cell divisions can be controlled by the arrest 

of G1 to S phase transition through the inhibition of CDK2. The imaging 

and therapy can be more facile if the fluorescent probe can work as a dual 
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functional material which can selectively light up and inhibit CDK2. 

Keeping this in mind, we started our study by evaluating the binding 

ability of Ugi EML BLUE with CDK2 using Auto Dock Vina 1.1.239 The 

docking was performed using the crystal structure of the human CDK2 (in 

complex with the ligand 3-hydroxychromone, PDB code 2DUV) [45] and 

Ugi EML BLUE for calculating its binding ability.   

 

Figure 3. (A) Ugi EML BLUE in the active site of CDK2. (B) Human CDK2 (PDB ID 

2DUV) in complex with Ugi EML BLUE. 

 
Figure 4. Encapsulation of the ligand Ugi EML BLUE into the hydrophobic pocket of 

CDK2 
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The active site of CDK2 comprises the amino acid residues such 

as  GLY 11 (Glycine), ILE 10 (Isoleucine), VAL 16, VAL 64 (Valine), 

ALA 144, ALA 31 (Alanine), LEU 134, LEU 83 (Leucine), PHE 80, PHE 

82 (Phenylalanine), ASP 86, ASP 145 (Aspartic acid), ASN 132 

(Asparagine) and GLN 131 (Glutamine) (Figure 3A). Most of these 

amino acids have hydrophobic side chains favorable for the formation of a 

tight ‘hydrophobic pocket’ in it.[46,47] Our docking studies showed binding 

energy of -8.0 kcal (Figure 3B) and which is due to the strong 

hydrophobic interaction between Ugi EML BLUE and the target protein. 

The bulky carbamate-amide functionalities present in Ugi EML BLUE 

also helps to encapsulate it into such hydrophobic pockets of the CDK2 as 

shown in Figure 4.  We have also carried out the docking studies of Ugi 

EML BLUE with other kinases involved in cell cycles such as CDK1 

(PDB ID 4Y72),[48] CDK4 (PDB ID 1H00)[49] and CDK6 (PDB ID 

3NUP).[50] The binding affinity values obtained from these studies are 

very less (-1.3 kcal, -0.8 kcal and +5.0 kcal respectively) compared to the 

same obtained from the docking study of Ugi EML BLUE with CDK2 (-

8.0 kcal). The less binding affinity values obtained for other kinases 

clearly indicate the selectivity of Ugi EML Blue towards CDK2 (see 

supporting information for the docking mode of Ugi EML BLUE in the 

active site of various kinases). The impressive results obtained from the 

docking studies prompted us to evaluate the potential of Ugi EML BLUE 

as a bifunctional fluorescent probe for both imaging and inhibition of 

CDK2 present in cervical cancer cell line HeLa by in vitro bioactivity 

studies.  
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Figure 5. Summary of fluorescence and photo-physical data of Ugi EML BLUE (50 

ppm solution in DMSO): a) fluorescence at pH 7, b) fluorescence at pH 8 (no significant 

change in intensity was observed for pH>8). 

 Ugi EML BLUE was obtained from the formylation of 4-methyl-

7-hydroxy coumarin and subsequent ‘Ugi four-component reaction’ as 

discussed in Chapter 2. The photophysical properties of the Ugi EML 

BLUE were measured and obtained as reported earlier.[19] The UV-Vis 

absorption maxima and PL emission maxima of Ugi EML BLUE at 

neutral pH (pH 7) are observed at 338 nm and 443 nm respectively with a 

large Stoke‘s shift of 105 nm. The summary of fluorescence, photo-

physical data and the values for its HOMO/LUMO energy levels, etc. are 

shown in Figure 5. 

 Figure 6 shows fluorescence intensity (A) and the confocal images 

(B) of the HeLa cells incubated with the Ugi EML BLUE at its respective 

IC25 and IC50 concentrations (IC25 0.25 µg/mL and IC50 0.5 µg/mL, in 

PBS (pH 7.4), 1% DMSO). An intense bright fluorescent image of the 

cell morphology was observed (Figure 6B-c) when the cells were stained 

with Ugi EML BLUE at its IC50 concentration.   
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Figure 6. (A) Fluorescence intensity of the Ugi EML BLUE (in PBS (pH 7.4), 1% 

DMSO) when it incubated in the HeLa cells at its IC25 (0.25 μg/mL) and IC50 (0.5 

μg/mL) concentrations. (B) Confocal images of HeLa cells incubated with Ugi EML 

BLUE (in PBS (pH 7.4), 1% DMSO): a) bright-field image, b) Fluorescence image at 

IC25, c) Fluorescence image at IC50, d) Overlay image of panels a to c. 

This intense fluorescence obtained was due to the occurrence of 

intramolecular charge transfer transitions (ICT) in Ugi EML BLUE under 

such conditions. Moreover, as we understood from the docking studies, 

Ugi EML BLUE is able to bind the CDK2 on incubation due to their high 

binding affinity towards CDK2. From these studies, it is clear that Ugi 

EML BLUE can effectively target and image the CDK2 present in cancer 

cell lines (in this case HeLa cells). 

3.2.2 Evaluation of the cytotoxicity of Ugi EML BLUE targeted 

against CDK2 present in human cervical cancer (HeLa) cells. 

3.2.2.1 In vitro cytotoxic effect of the Ugi EML BLUE against the 

HeLa cells and primary H8 cells 

 We have then extended our studies to determine the effect of Ugi 

EML BLUE on human cervical cancer (HeLa) cells by various methods 
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such as MTT assay, analysis of mitochondrial membrane potential (Δψm), 

analysis of cell cycle progress and the downregulation of CDK2 behind 

the apoptosis by Western blot analysis. The studies were started with the 

MTT assay. Figure 7 shows the In vitro cytotoxic effect of the Ugi 

EML BLUE  

 

Figure 7. In vitro cytotoxicity activity of the Ugi EML BLUE against HeLa cells and 

primary H8 cells 

(0, 0.125, 0.25, 0.5, 1.0, 2.0, 4.0 and 8.0 μg/mL concentrations, in PBS 

(pH 7.4), 1% DMSO (10µL) against the HeLa cells and primary H8 cells. 

The experimental results demonstrate that the Ugi EML BLUE has the 

ability to inhibit cell proliferation in a dose dependent manner. The IC50 

value of Ugi EML BLUE against HeLa cells was calculated as 0.5 μg/mL 

(cell viability 49.4±1.25). At the same time, the cytotoxicity effect of Ugi 

EML BLUE against H8 cells did not show significant cytotoxicity at 

lower concentration and cytotoxicity increases very slightly with 

increasing concentration from 0.5 to 8.0 μg/ml in 24 hrs. From the control 

experiment with primary H8 cells and the cytotoxicity study with HeLa 

cells, it is clear that the Ugi EML BLUE is able to reduce the cell viability 
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of HeLa cells in a dose dependent manner and can be used effectively at 

low concentrations. 

3.2.2.2 Morphology study 

The morphology of the HeLa cells in the presence and absence of 

Ugi EML BLUE were also studied using inverted phase contrast 

microscopy. The cells of the different concentration groups are shown in 

Figure 8.  

 

Figure 8. Inverted phase contrast microscopy images of the HeLa cells in the presence 

and absence of Ugi EML BLUE: a) Undamaged HeLa cells observed in the control 

(untreated), b) 25% cell death and its apoptotic morphology changes were  observed in 

the HeLa cells treated with the Ugi EML BLUE at its IC25 concentration (0.25 µg/mL), 

c) 50% cell death and its apoptotic morphology changes were observed in the HeLa cells 

treated with the Ugi EML BLUE at its IC50 concentration (0.5 µg/mL). 

 

The cells pretreated with Ugi EML BLUE were different in nature 

with the control (untreated). In control, the cells were closely packed and 

spindle shaped whereas, inhibition of cell growth was observed in the 

cells treated with the Ugi EML BLUE, although many of the cells were 

still attached to their culture plates. Many of the cells had irregular cell 

membranes and signs of blebbing and are serves as apparent evidence for 

apoptotic activation. Moreover, these apoptotic morphological change of 
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the Ugi EML BLUE treated HeLa cells could be visualized by using the 

fluorescence ability of the Ugi EML BLUE (Figure 6B) itself. 

3.2.2.3 Mitochondrial membrane potential analysis 

 The mitochondrial membrane potential (∆ψm) loss of HeLa cells 

was analyzed with fluorescence microscopy using the dye Rh-123. As 

shown in Figure 9, a decrease in the mean fluorescence intensity was 

observed after the treatment of the cells with Ugi EML BLUE at its IC25 

and IC50 concentrations respectively, where the quenching of 

fluorescence observed is indicating the loss of mitochondrial membrane 

potential. 

 

Figure 9. Fluorescence microscopy images of Rh-123 stained HeLa cells treated with 

Ugi EML BLUE revealing the effect of Ugi EML BLUE on the mitochondrial 

membrane potential (∆ψm): a) Intense fluorescence of Rh-123 stained HeLa cells control 

(untreated), b) Quenching of fluorescence observed in the Rh-123 stained HeLa cells 

treated with the Ugi EML BLUE at its IC25 concentration (0.25 µg/mL), c) Significant 

quenching of fluorescence observed in the Rh-123 stained HeLa cells treated with the 

Ugi EML BLUE at its IC50 concentration (0.5 µg/mL). 

The loss of mitochondrial membrane potential (∆ψm) is due to 

mitochondrial membrane depolarization, which is considered as an initial 

and irreversible step of apoptosis.[51] Mitochondria play an important role 

in an intrinsic apoptotic pathway by releasing cytochrome c, leading to 
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the activation of the caspase cascade.[52] From the present study, it is clear 

that the Ugi EML BLUE could disrupt the functions of mitochondria at 

the early stages of apoptosis. 

3.2.2.4 Cell cycle analysis 

 For understanding the cell death mechanism, the Ugi EML BLUE 

was investigated for its effect on cell cycle and induction of apoptosis in 

HeLa cells by flow cytometry. The proliferation may track from 

disturbing the cell cycle and to test the hypothesis, cell cycle analysis was 

conducted after 12 hrs exposure of the HeLa cells to the Ugi EML BLUE 

and the dyes under their respective IC25 and IC50 concentrations.  

 

Figure 10.  Cell cycle analysis of Ugi EML BLUE-treated HeLa cells by PI flow 

cytometry: a) Normal cell phase distribution observed in control group (untreated), b) 

Mild accumulation of cells in G2/M phase was observed in HeLa cells treated with Ugi 

EML BLUE at its IC25 (0.25 µg/mL), c) Significant accumulation of cells in G2/M 

phase was observed in HeLa cells treated with Ugi EML BLUE at its IC50 (0.5 µg/mL). 

A normal cell phase distribution was observed in the untreated control 

cells (Figure 10a), whereas a dose dependent incrementing accumulation 

of the cells at G2 phase of the cell cycle was observed in the HeLa cells 

treated with Ugi EML BLUE at its IC25 and IC50 concentrations (Figure 

10b,c). At the same time, no such significant changes were observed in 
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the S phase cell distribution. The accumulation of cells at G2/M phase 

accompanied by the respective cell cycle arrests will serve as evidence for 

the CDK2 inhibition activity of Ugi EML BLUE, by means of the 

requirements of the CDK2 for the G1-S and G2/M phase transitions.[53,54] 

This confirms that the Ugi EML BLUE could induce significant growth 

inhibition of HeLa cells through the induction of G2/M phase cell cycle 

arrest. The protein level of CDK2 was significantly elevated, whereas, the 

kinase activities of CDK2 were inhibited simultaneously in the Ugi EML 

BLUE treated cells (which was confirmed from Western blot analysis). 

From these results, it is clear that Ugi EML BLUE could arrest the cell 

cycle at G2/M checkpoint that controlled the progression of cells from G2 

to M phase. The G2/M is the “DNA damage checkpoint” which evaluates 

the DNA content to detect the damages if any before permitting the cell to 

mitotic phase. Here the Ugi EML BLUE could induce damages to the 

DNA that leads to the G2/M cell cycle arrest in the HeLa cells to ensure 

its apoptosis.   

3.2.2.5 Western Blot analysis and mechanisms 

The western blot analysis was also performed to verify the 

expression of CDK2 protein in the HeLa cells treated with Ugi EML 

BLUE (Figure 11) using beta-actin as standard. In this study, we observed 

that the CDK2 expression was significantly enriched in control cells 

whereas the protein levels of CDK2 were significantly down-regulated in 

Ugi EML BLUE treated cells. All these findings serve well as evidence 

for the CDK2 down-regulation protocol behind the observed cell 

apoptosis with Ugi EML BLUE. 
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Figure 11. Western blot analysis for the CDK2 expressions in HeLa cells treated with 

Ugi EML BLUE at its IC50 and IC25 concentrations. 

 

 Moreover, the comparative study between the Ugi EML BLUE-

CDK2 and ATP-CDK2 (PDB ID 1HCK) binding interactions were 

carried out to find out the location where Ugi EML BLUE is binding with 

CDK2. From the binding interaction studies (described before) we have 

obtained a strong hydrophobic interactions between the Ugi EML BLUE 

and the amino acid residues GLY 11 (Glycine), ILE 10 (Isoleucine), VAL 

16, VAL 64 (Valine), ALA 144, ALA 31 (Alanine), LEU 134, LEU 83 

(Leucine), PHE 80, PHE 82 (Phenylalanine), ASP 86, ASP 145 (Aspartic 

acid), ASN 132 (Asparagine) and GLN 131 (Glutamine). Among them, 

the ILE 10, ALA 144, ASP 145, ASP 86, ASN 132, GLN 131 are the 

hinge residues where ATP usually binds within CDK2 (Figure 12).[55,56] 

This implies the potential of Ugi EML BLUE to interact with the ATP 

binding sites of the CDK2. One of the major functions of activated CDK2 

is to transfer the phosphate groups from its bound ATP to the Serine and 

Threonine residues of the target substrates involved in DNA transcription 

and replication initiated in the G1 cell cycle phase.[57]  
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Figure 12. Comparison between the binding sites of ATP and Ugi EML BLUE in 

CDK2: a) ATP bound to the active site of CDK2, where the hinge residues are ILE 10, 

ALA 144, ASP 145, ASP 86, ASN 132 and GLN 131. b) Ugi EML BLUE bound to the 

active site of CDK2, where the hinge residues are GLY 11, ILE 10, VAL 16, VAL 64, 

ALA 144, ALA 31, LEU 134, LEU 83, PHE 80, PHE 82, ASP 86, ASP 145, ASN 132 

and GLN 131. 

 

Figure 13.  The hindrance effect around the ATP by the ligand Ugi EML BLUE at the 

ATP binding site of CDK2: (a) Superimposed structure of ATP (Yellow colored) and 

Ugi EML BLUE (Blue colored) in the active site. (b) Showing the dominating surface of 

Ugi EML BLUE over the surface of ATP in the active site. (c) ATP and Ugi EML 

BLUE in the hydrophobic pocket of CDK2. (d) Showing the dominating surface of Ugi 

EML BLUE over the ATP surface from the hydrophobic pocket. 
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However, the binding of Ugi EML BLUE to the active site of CDK2 

creates a hindrance effect around the ATP or hide it from the vicinity of 

the target substrates as shown in Figure 13. This means that, due to the 

hindrance effect generated by Ugi EML BLUE around the ATP,  the 

target substrates can’t access the ATP even after the complete activation 

of CDK2 by the Cyclin E and CDK2 activating Kinase (CAK). This will 

lead to the breakdown of phosphate transfer from CDK2 to the target 

substrates involved in DNA replication and thereby leading to the 

unsuccessful DNA replication. Thus the prevention of replication causes 

the damaging of DNA which leads to the G2/M cell cycle arrest. Hence 

the Ugi EML BLUE can effectively interrupt the functioning of the 

CDK2 by preventing the phosphate transfer and down-regulates its 

activity in the eukaryotic cells. The results obtained from the cell cycle 

analysis and Western blot analysis are well in agreement with this CDK2 

down regulation mechanism. The observed biological properties of the 

molecule are summarized in Table 1. 

Compound name Ugi EML BLUE 

Solubility DMSO, Ethanol, Ethanol-Water 

Studied cell line Human Cervical Cancer (HeLa) 

Targeting protein CDK2 

IC50 0.5 µg/mL 

Plausible inhibition 

mechanism 

Perturbing the target 

phosphorylation from active 

CDK2 

Table 1. Properties of Ugi EML BLUE 
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3.3 Conclusions 

 In short, we have demonstrated the use of Ugi EML BLUE for the 

imaging and inhibition of CDK2 present in cervical cancer cell line HeLa. 

The probe-cum-drug was obtained in a two-step process in which the 

second step is based on a multicomponent coupling strategy which is a 

typical example of green synthesis. The docking studies and the 

biological activity evaluation of Ugi EML BLUE against the human 

cervical cancer cell line (HeLa cell) revealed the potential of this new 

probe for bioimaging as well the CDK2 targeted antineoplastic 

applications in HeLa cells. The main advantage of this dual functionality 

is, it can locate the tumor cells, visualize the morphology and at the same 

time, it can control the cell proliferation through a CDK2 down regulation 

protocol accompanied by the G2 to M cell cycle arrest. This will enable 

the therapy without any cell washing process to remove the imaging 

agent. The overall properties of the probe are superior to some of the 

commercially available probes belongs to Alexa Fluor family. The 

observed drug properties can be optimized by systematic structure-

activity studies to bring out its potential for imaging and inhibition of a 

variety of other cancer cell lines. The success of such studies will make an 

impact on the development of cost effective cancer therapeutics. 

3.4 Experimental Section 

3.4.1 Materials and Methods 

 The human cervical cancer cell line (HeLa) and human primary 

cervical cell line (H8) were procured from National Center for Cell 

Science (NCCS, Pune), 3-(4,5-dimethylthiazolyl-2)-2,5- 
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diphenyltetrazolium bromide (MTT), was purchased from Sigma-Aldrich 

(Bangalore, India). Analytical grade reagents were purchased from 

Sigma-Aldrich (Bangalore, India). All the samples were prepared in 

Milli-Q water. 

3.4.1.1 Cell culture 

 Cervical cancer (HeLa) cells were procured from the National 

Center for Cell Sciences (NCCS), Pune, India. The cancer cells were 

maintained in Dulbecco’s modified eagles medium (DMEM) 

supplemented with 2mM l-glutamine and balanced salt solution (BSS) 

adjusted to contain 1.5 g/L Na2CO3, 0.1 mM nonessential amino acids, 1 

mM sodium pyruvate, 2 mM l-glutamine, 1.5 g/L glucose, 10 mM (4-(2-

hydroxyethyl)-1-piperazineethane sulfonic acid) (HEPES) and 10% fetal 

bovine serum (GIBCO, USA). Penicillin and streptomycin (100 

IU/100µg) were adjusted to 1mL/L. The cells were maintained at 37ºC 

with 5% CO2 in a humidified CO2 incubator. 

3.4.1.2 Evaluation of cytotoxicity against cervical cancer (HeLa) cells 

 The inhibitory concentration (IC50) value was evaluated using an 

MTT [3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assay. Cancer cells were grown (1×104cells/well) in a 96-well plate for 48 

h into 75% confluence. The medium was replaced with fresh medium 

containing serially diluted synthesized compound (0.125µg/mL, 

0.5µg/mL, 1µg/mL, 2 µg/mL, 4 µg/mL, 8 µg/mL prepared in the PBS (pH 

7.4) with 1% DMSO (10µL/sample)) and the cells were further incubated 

for 48 h. The culture medium was removed, and 100µL of the MTT [3-

(4,5-dimethylthiozol-2-yl)-3,5-diphenyl tetrazolium bromide] (Hi-Media) 
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solution was added to each well and incubated at 37ºC for 4 h. After 

removal of the supernatant, 50 µL of DMSO was added to each of the 

wells and incubated for 10 min to solubilize the formazan crystals. The 

optical density was measured at 620 nm in an ELISA multi-well plate 

reader (Thermo Multiskan EX, USA). The OD value was used to 

calculate the percentage of viability using the following formula. 

% of cell viability =
OD value of experimental sample

OD value of experimental control 
× 100 

3.4.1.3 Evaluation of cytotoxicity against primary cervical (H8) cells 

The effect of Ugi EML BLUE on the primary cervical (H8) cells 

was evaluated using an MTT [3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay. The cells were grown (1×104 

cells/well) in a 96-well plate for 48 h into 75% confluence. The medium 

was replaced with fresh medium containing serially diluted synthesized 

compound (0.125µg/mL, 0.5µg/mL, 1µg/mL, 2 µg/mL, 4 µg/mL, 8 

µg/mL prepared in the PBS (pH 7.4) with 1% DMSO (10µL/sample)) and 

the cells were further incubated for 48 h. The culture medium was 

removed, and 100µL of the MTT [3-(4,5-dimethylthiozol-2-yl)-3,5-

diphenyl tetrazolium bromide] (Hi-Media) solution was added to each 

well and incubated at 37ºC for 4 h. After removal of the supernatant, 50 

µL of DMSO was added to each of the wells and incubated for 10 min to 

solubilize the formazan crystals. The optical density was measured at 620 

nm in an ELISA multi-well plate reader (Thermo Multiskan EX, USA). 

The OD value was used to calculate the percentage of viability using the 

following formula. 
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% 𝑜𝑓 𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑂𝐷 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒

𝑂𝐷 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 

3.4.1.4 Cell cycle analysis 

 HeLa cells (1x105) were seeded in a 6-well plate. After 24 hrs 

incubation at 37˚C (5% CO2), the medium was changed with fresh, 

supplemented or not (control) with the compound. After 24 hrs 

incubation, cells were harvested with trypsin, washed by PBS, fixed in 

70% ethanol and stored at -20˚C for 1h. The cellular nuclear DNA was 

stained by propidium iodide (PI) as described, briefly, followed by 

removing the ethanol, washed with PBS, the cells were suspended in 0.5 

ml PBS containing 50 µg/ml PI and 100 µg/ml RNase and incubated at 

37˚C for 30 min. Flow cytometry was performed in duplicate with a BD 

FACS flow cytometer. From each sample, 10,000 events were collected 

and fluorescent signal intensity was recorded and analyzed by CellQuest 

and Modifit. 

3.4.1.5 Rhodamine 123 Staining 

 Rhodamine 123 is a fluorescent dye that binds to metabolically 

active mitochondria. HeLa cells were treated with the Ugi EML BLUE 

for 24 h. The cells were washed with PBS (pH 7.4) and fixed with ice-

cold 70% ethanol and incubated with 5 μg/mL Rhodamine 123 at 37°C for 

30 min. The cells were then washed with PBS and examined under Nikon 

Eclipse fluorescence microscope (Nikon Instruments Inc., NY, USA). 
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3.4.1.6 Western Blot Analysis 

 Western blotting was performed to detect the proteins of CDK2. 

The HeLa cells (1 × 106) were seeded onto 100-mm culture dishes in the 

presence or absence of Ugi EML BLUE were treated for 48 h. Cells were 

then washed twice with ice-cold PBS and incubated in lysis buffer. The 

lysates were centrifuged at 10,000 × g for 5 min at 4ºC and were used as 

the cell protein extracts. Each of the extracts was applied to 12% SDS 

polyacrylamide gel electrophoresis after which the proteins were 

transferred onto a nitrocellulose membrane, and then blocked for 1 h 

using 10% skim milk in water. After washing in a PBS containing 0.1% 

Tween 20 for 3 times, the primary antibodies were added at a v/v ratio of 

1:1000. After overnight incubation at 4ºC, the primary antibodies were 

washed away and the secondary antibodies were added for 1 h incubation 

at room temperature. Finally, the enhanced chemiluminescence detection 

reagents were used to develop the signal of the membrane. 

3.4.1.7 Bioimaging 

 HeLa cells were grown in 48-well culture plates at 3 × 104 

cells/well or in a 35 mm confocal microscope dish with 5 × 104 cells. 0.25 

µg/mL and 0.5 µg/mL Ugi EML BLUE solutions (PBS (pH 7.4) with 1% 

DMSO) were transplanted into the wells after removed culture medium 

and washed with PBS buffer solutions. The cells were detached by 

incubation with EDTA trypsin after 24 h incubation at 37°C, washed with 

PBS twice times, and collected by centrifugation. Then, HeLa cells were 

co-cultured in wells within coverslips for multiple cell passages. HeLa 

cells were trypsinized, suspended at appropriate intervals. Then, 4% of 
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paraformaldehyde was used to fix the cells for 15 min. The CLSM images 

of the stained cells were obtained from general imaging by an inverted 

Olympus BX51 fluorescence microscope and an OLYMPUS FV 1000 

confocal fluorescence microscope for detailed imaging. 

3.4.1.8 Docking Analysis 

CDK2-Ugi EML BLUE: 

The Docking studies were performed using the software 

AutoDock Tools (ADT) 1.5.6 and AutoDock Vina 1.1.2. The crystal 

structure of human CDK2 in complex with 3-hydroxychromones (PDB 

ID: 2DUV) was taken from the RCSB Protein Data Bank (PDB, 

http://www.rcsb.org/pdb). The 3-hydroxychromone and all water 

molecules were removed from the structure and added the polar hydrogen 

atoms. Assign the atoms as AD4 type and choose the computer gesture 

charges for the molecule.  To assign the docking site, all maps were 

calculated with 1 Å spacing between grid points and the Gridbox 

coordinates are center x=27.189, y=28.347, z=27.122 and size x=16, 

y=14, z=12. The configuration file was created using these values with 

exhaustiveness 8 and finally saved the protein in the ‘PDBQT’ format. 

The three-dimensional structure of the compound Ugi EML BLUE was 

prepared by using the software GaussView and Gaussian 09. The proper 

torsions were assigned and saved in the PDBQT format using AutoDock 

Tools. Executed the docking with the command prompt using the 

configuration file and the results were split using the vina-split. The 

obtained results were analyzed using the AutoDock Tools and UCSF 

Chimera. 

http://www.rcsb.org/pdb
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CDK1-Ugi EML BLUE: 

 The docking procedure is same as given in the experimental 

section. The receptor is CDK1 (PDB ID: 4Y72) and the ligand is Ugi 

EML BLUE. The Gridbox coordinates were set up accordingly. The 

obtained binding affinity is -1.3 kcal. 

 

 

Figure 14. Ugi EML BLUE (Pink colored) in the active site of CDK1 (Green colored) 
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CDK4-Ugi EML BLUE: 

 The docking procedure is same as given in the experimental 

section. The receptor is CDK4 (PDB ID: 1H00) and the ligand is Ugi 

EML BLUE. The Gridbox coordinates were set up accordingly. The 

obtained binding affinity is -0.8 kcal. 

 

Figure 15. Ugi EML BLUE (Pink colored) in the active site of CDK4 (Green colored) 
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CDK6-Ugi EML BLUE: 

 The docking procedure is same as given in the experimental 

section. The receptor is CDK6 (PDB ID: 3NUP) and the ligand is Ugi 

EML BLUE. The Gridbox coordinates were set up accordingly. The 

obtained binding affinity is +5.0 kcal. 

 

Figure 16. Ugi EML BLUE (Pink colored) in the active site of CDK6 (Green colored) 
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CHAPTER 4 

CHEMISTRY, CHEMICAL BIOLOGY AND 

PHOTOPHYSICS OF CERTAIN NEW CHROMENE-

TRIAZOLE-COUMARIN TRIADS AS FLUORESCENT 

INHIBITORS OF CDK2 AND CDK4 INDUCED CANCERS 
 

4.1 Introduction 

 In the earlier chapters, we have discussed the synthesis and 

medicinal chemistry applications of a coumarin based small molecule 

probe (Ugi EML BLUE) which shows the fluorescence imaging ability as 

well as the CDK2 targeted anticancer activities. As we concluded in 

chapter 3, the cost-effective cancer therapeutics, as well as cost-effective 

diagnostic or imaging agents, are highly desired in the fields of medicinal 

chemistry and drug discovery. Inspired by the promising results discussed 

in the previous chapters, we decided to continue our work on 

functionalizing the coumarin core with potentially privileged scaffolds 

such as chromene and triazole to obtain CDK inhibitors of various 

cancers. The Cyclin Dependent Kinases (CDKs) are the part of 

serine/threonine-protein kinase family with a significant role in 

modulating the various stages of the cell division cycle.[1-3] It is widely 

accepted that the deregulation of CDKs causes its overexpression as well 

as chromosomal instability leading to various types of human cancers. 

Hence, CDKs are considered as one of the major targets in cancer 

therapy.[4] Among the various CDKs, overexpressed CDK2 and its 

binding Cyclin partners have been observed in many tumors and some of 

these tumors are selectively sensitive to the inhibition of CDK2. Hence, in 

recent years CDK2 has emerged as a potential target in cancer therapy.[5-8] 

Similarly, it is proved that CDK4 is also cooperatively involved along 

with CDK2 in promoting the G1 phase progression.[9,10] 
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Figure 1. (a) Example for the small molecule CDK inhibitor under clinical trials (b) 

Example for the drug tagged with fluorescent dye (c)&(d) Example for the chromene 

based CDK inhibitor under clinical trials 

Furthermore, overexpression of CDK4 has been observed in many tumors 

such as gliomas, sarcomas, lymphomas, melanomas, carcinomas of the 

breast and leukemias. This implies that CDK4 is also a key factor in 

promoting the initiation and development of tumors.[11]Consequently, a 

large number of CDK inhibitors, particularly for CDK2 and CDK4 have 

been developed and many such small molecule inhibitors are under 

various phases of clinical trials and some are already in the market. 

Selected examples are presented in Figure 1.[12-15] 

A recent trend in this field is the use of fluorescent inhibitors in 

which a drug tagged with a fluorescent dye has been used for monitoring 

the pathways involved in tumor inhibition.[15] However, this method often 

retards the drug performance by affecting the selectivity, cell permeability 

and target binding properties due to the presence of an additional dye in 

the drug molecule which apparently doesn’t have any significant 
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influence on these drug properties. An alternative strategy is the use of 

inherently fluorescent drug molecules for tracking and annihilation of the 

tumors.[15]This method appears to be more interesting since it is based on 

the use of privileged scaffolds [16-18] to construct the fluorescent drug core. 

However, the field is still in its infancy and a lot more to do in developing 

efficient and selective CDK inhibitors.  

Since chromene is known for its CDK inhibition properties [12,13] 

and coumarin is known for its photophysical (fluorescence) as well as 

biological properties,[19-22] we decided to integrate a coumarin scaffold 

with various chromene moieties through a linker triazole to design 

fluorescent inhibitors of CDKs. We presumed that the three nitrogen 

atoms, as well as the two sp2 carbon atoms on the triazole ring, could 

make the system electron rich and enable the electron transfer through it 

by acting as a bridge between the fragments to enhance the fluorescence. 

The synthesized molecules were then systematically investigated for their 

fluorescence and CDK inhibition properties on human cervical cancer cell 

lines (HeLa). 

4.2 Results and Discussions 

 The overall chemistry is depicted in Scheme 1. Six alkyne 

derivatives of 2H-chromenes were synthesized through a solvent free 

multicomponent reaction (MCR) between coumarin or naphthalene with 

an alkyne functionalized aldehyde and malononitrile. This solvent free 

mechanochemical synthesis resulted in the formation of the desired 

chromene scaffolds in high yield and purity under simple solvent wash. 

The azide derivative was obtained by brominating the side chain of 4- 

methylumbelliferone followed by azide substitution.   
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Scheme 1. Synthesis of chromene-alkynes, coumarin-azide, and Chromene-Triazole-Coumarin Triads 
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This two-step synthesis also afforded the required material in 

moderate yield and high purity. The alkyne and the azide fragments were 

then assembled through copper catalyzed azide-alkyne (3+2) 

cycloaddition (CuAAC) under click chemistry conditions to obtain the 

Chromene-Triazole-Coumarin Triads T1-T6.   

4.2.1 Evaluation of Fluorescence Properties  

 The fluorescence properties of the starting alkynes Ch1-Ch6, the 

coumarin azide, and the chromene-triazole-coumarin triads were analyzed 

by preparing a 50 ppm solution of each in DMSO. No characteristic 

fluorescence was observed for the starting alkynes and coumarin azide 

under UV exposure (Figure S1 in Suppo. Info.). 

Sample Name UV Abs (nm) PL Ems (nm) 
Stoke’s shift 

(nm) 

Quantum Yield 

(Φ)* 

T1 326 442 116 0.95 

T2 349 461 112 0.12 

T3 370 465 95 0.08 

T4 328 429 101 0.68 

T5 331 410 79 0.72 

T6 358 461 103 0.16 

* with respect to the standard Quinine sulfate 

Table 1 Fluorescence properties of Chromene-Triazole-Coumarin Triads, T1 to T6 

 

However, the triad molecules T1, T4 and T5 showed blue emissions 

under UV exposure as shown in Figure 2a (same under Daylight gave in 

Suppo. Info. Figure S2). The UV-Visible and emission spectra of the 

compounds T1 to T6 (50 ppm solution in DMSO) were measured and 

their quantum yields were also calculated by using quinine sulfate 

(Φ=0.54) as standard.  
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Among T1, T4, and T5, the highest quantum yield was obtained 

from T1. Figure 3A shows the emission spectra of all the triads and 

Figure 3B-(a) shows the absorption and emission spectra of T1. (The 

same of T4 and T5 are given in Suppo. Info., Figure S3). The 

photophysical characterization data of all the triads are presented in  

Table 1.  

 We have then investigated the effect of pH on the fluorescence of 

these triads under UV exposure. For that, we prepared a 50 ppm solution 

of each with varying pH. The pH was regulated by adding K2CO3 and 1% 

HCl. The compounds which are non-fluorescent at neutral pH did not 

show any fluorescence at acidic pH as well as basic pH. We have also 

studied the effect of pH on the fluorescence of those compounds which 

are fluorescent at neutral pH. However, we have not observed any visible 

change in the fluorescence of these molecules with respect to changes in 

pH other than the observed quenching at acidic pH. A typical example of 

such study with triad T1 at various pH (50 ppm solution in DMSO, under 

UV light) is presented in Figure 2b. In order to check whether there is any 

change in the absorption and emission maxima of these compounds with 

respect to  changes in pH, we have plotted the absorption  and emission 

spectra of T1 at neutral pH (Figure 3B-(a), absorption maxima: 326 nm 

and emission maxima: 442 nm) and at pH 9.1. 
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Figure 2. (a) Fluorescence of the samples T1 to T6 under UV-light (b) Fluorescence of 

compound T1 at various pH under UV light 

 

 

Figure 3. (A) Fluorescence spectra of T1 to T6 (50 p.p.m. solution in DMSO) (B) 

Normalized UV-PL spectra of (a) T1 at neutral pH and (b) T1 at pH 9.1 

 



112 

We have observed a significant redshift in the absorption 

maximum and slight red shift in the emission maximum of T1 at alkaline 

pH (Figure 3B-(b); absorption maximum: 412 nm and emission 

maximum: 444 nm). This redshift is due to the presence of a free 

hydroxyl group on T1. At acidic pH, this hydroxyl group will get 

protonated and causes a decrease in the electron density in the moiety 

which leads to the quenching of fluorescence. However, at basic pH, the 

aforesaid hydroxyl group will get deprotonated and causes an increase in 

the electron density on the moiety which enables the easier electronic 

movements at lower energy leading to the redshift in the absorption 

spectra.[23] 

4.2.2 Fluorescence properties of the Chromene-Triazole-Coumarin 

triads in solid state 

 We have also studied the solid-state fluorescence of these 

compounds under UV exposure in solid state and also by plotting their 

solid state absorption and emission spectra. As shown in Figure 4, 

compound T2, T3, and T6 showed fluorescence in the solid state which is 

absent in the solution state (All solid samples under UV/Day-light images 

are given in Suppo. Info. Figure S4). The normalized solid state UV-Vis 

and emission spectra of these three compounds were recorded as shown in 

Figure 5a.  

 

Figure 4. Solid state fluorescence of the Chromene-Triazole-Coumarin Triads T2, T3, 

and T6 under UV-light 
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Figure 5. (a) Normalized solid state UV-PL spectra of T2, T3 and T6 (b) Summary of 

fluorescence observed for the Chromene-Triazole-Coumarin Triads T1 to T6 

We observed a considerable red shift in the absorption and emission 

spectra of these molecules justifying the emission color observed for these 

molecules under UV exposure. 

From the fluorescence measurements in the solid state and 

solution state, the overall observation is that the compounds T1, T4, and 

T5 show intense fluorescence in solution and it is quenched at the solid 

state. At the same time, strong solid state fluorescence is observed for the 

samples T2, T3, and T6 which does not have fluorescence in solution 

state (Figure 5b).  

For elucidating the mechanism behind the observed fluorescent 

properties, we decided to carry out the density functional theory (DFT) 

studies of these molecules. 

4.2.3 DFT Studies and Fluorescence Mechanisms 

 We have obtained the ground state geometry (optimized 

structure), HOMO/LUMO orbital images and energies of T1 to T6 by 
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means of computational Density Functional Theory (DFT) using the 

GAUSSIAN 09 software with the basis set B3LYP/6-31G*.[24] The DFT 

results obtained are then (Figure 6a-f) analyzed for drawing plausible 

mechanisms for the observed fluorescence properties of T1-6.  

 

Figure 6. Optimized structure and HOMO/LUMO orbital images of Chromene-Triazole-

Coumarin Triads (T1 to T6) with their energies: (a) T1 (b) T2 (c) T3 (d) T4 (e) T5 (f) 

T6 
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In T1, the HOMO orbitals comprised of the orbitals of chromene part, 

cyanide group, amino group, and oxy-benzene part whereas the LUMO 

comprised of the orbitals of coumarin and triazole rings (Figure 6a). 

Among these, the chromene, triazole and coumarin rings 

(HOMO/LUMO) are in the same plane (coplanar) to facilitate an ICT type 

transition to make the compound highly fluorescent.[25] 

In T2 and T3, the orbitals of the chromene part, cyanide group, 

amino group, and oxy-benzene part combined to form the HOMO orbitals 

and the orbitals of coumarin and triazole combined to form the LUMO 

orbitals (Figure 6b and c). However, in their optimized structures, (Figure 

6b and c), the chromene, triazole and coumarin rings (HOMO/LUMO) are 

not in coplanar state and which disables the easier electron transfer 

through ICT process. In compounds T4 and T5, the HOMO orbitals 

include the orbitals of pyran moiety, cyanide group, amino group, and 

oxy-benzene part, whereas the LUMO orbitals include the orbitals of 

whole chromene part with the fused coumarin system, cyanide group and 

amino group (Figure 6d and e). The electronic transitions in these 

molecules have occurred only through one section of the molecule and the 

triazole-coumarin rings are not effectively participating in the same. This 

implies that there will only a mild ICT type transitions in these molecules. 

However, the optimized structure of T4 and T5 (Figure 6d and e) shows 

that their HOMO/LUMO orbitals are coplanar with each other to make 

easier electronic transitions. The mild ICT type transitions, as well as the 

coplanar orbital structures, make T4 and T5 fluorescent. In T6, the 

HOMO orbitals formed by the orbitals of pyran moiety, cyanide group, 

amino group, and oxy-benzene part and the LUMO orbitals formed by the 
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orbitals of whole chromene part with the fused coumarin system, cyanide 

group and amino group (Figure 6f). Here also the possibility of the mild 

ICT type transition exists.  

 

Figure 7. Plausible fluorescence mechanisms of the Chromene-Triazole-Coumarin 

Triads (T1 to T6) 

 

However, due to its distorted and non-coplanar structural orientation 

(Figure 6f), an easier electronic transition is not feasible and which leads 

to fluorescence quenching in solution. 

 In T1, T4, and T5, the coplanar nature of the HOMO/LUMO 

orbitals permits very close molecular arrangements in the solid state. This 

leads to the quenching of fluorescence in solid state due to intermolecular 
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sandwich-type - stacking interactions.[26] T2, T3, and T6 have non-

coplanar HOMO/LUMO orbitals and no significant - stacking.[27] We 

assume that the solid state fluorescence observed for these samples could 

be due to the phenomenon of Aggregation Induced Emission (AIE).[28-31] 

A plausible mechanism for the whole process is depicted in Figure 7. 

4.2.4 Docking Studies of Chromene-Triazole-Coumarin Triads 

against CDKs 

 Having completed the photophysical characterization, we proceed 

to evaluate the anticancer properties of these molecules. Since CDKs are 

involved in the proliferation of various cancers, we decided to carry out a 

computational study on the docking properties of these molecules against 

major kinases such as CDK1, 2, 4 and 6 using the open-source software 

AutoDock Vina[32] to estimate the binding affinities. The proteins PDB ID 

4Y72 (CDK1),[33] PDB ID 2DUV (CDK2),[34] PDB ID 1H00 (CDK4)[35] 

and PDB ID 3NUP (CDK6)[36] were downloaded from protein data bank 

to carry out the docking studies with T1-T6. The binding affinity values 

obtained are presented in Table 2. 

Sample Name CDK1 CDK2 CDK4 CDK6 

T1 +82.0 kcal -6.3 kcal -7.4 kcal +23.9 kcal 

T2 +113.1 kcal -9.1 kcal -9.6 kcal +30.1 kcal 

T3 +120.1 kcal -9.4 kcal -8.6 kcal +37.7 kcal 

T4 +106.9 kcal -9.0 kcal -8.3 kcal +22.5 kcal 

T5 +120.1 kcal -10.5kcal -9.4 kcal +62.5 kcal 

T6 +115.0 kcal -9.0 kcal -7.7 kcal +35.4 kcal 

 

Table 2. Binding affinities of Chromene-Triazole-Coumarin Triads T1 to T6 in the 

active site of CDK2 and CDK4 
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Figure 8. (A) Chromene-Triazole-Coumarin Triads T2 and T5 in the active site of 

CDK2 and CDK4 with their docking score (B) Chromene-Triazole-Coumarin Triads T2 

and T5 encapsulated into the hydrophobic pockets of the CDK2 and CDK4: (a) T2 with 

CDK2, (b) T2 with CDK4, (c) T5 with CDK2 and (d) T5 with CDK4 

 

The studies revealed that, in terms of binding affinity, the molecules are 

selective towards CDK2 and CDK4. Figure 8A shows the docking mode 

of T2 and T5 (these molecules showed highest binding affinity towards 

CDK2 and CDK4 (Table 2)) in the active site of CDK2 and CDK4 and 

the corresponding docking scores (same of the remaining triads are given 

in Suppo. Info. Figure S5). The compounds T1 to T6 have the binding 

affinities of -6.3 kcal, -9.1 kcal, -9.4 kcal, -9.0 kcal, -10.5 kcal and -9.0 

kcal against CDK2, where the active site of CDK2 comprised of the 

amino acid residues such as GLY 11 (Glycine), ILE 10 (Isoleucine), VAL 

16, VAL 64 (Valine), ALA 144, ALA 31 (Alanine), LEU 134, LEU 83 

(Leucine), PHE 80, PHE 82 (Phenylalanine), ASP 86, ASP 145 (Aspartic 

acid), ASN 132 (Asparagine) and GLN 131 (Glutamine). Similarly, The 

compounds T1 to T6 have the binding affinities of -7.4 kcal, -9.6 kcal, -

8.6 kcal, -8.3 kcal, -9.4 kcal and -7.7 kcal against  CDK4, where the 
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active site of CDK4 comprised of the amino acid residues such as ILE 10 

(Isoleucine), VAL 18 (Valine), GLY 11 (Glycine), LEU 83 (Leucine), 

GLU 12 (Glutamic acid), LYS 89 (Lysine), ALA 31 (Alanine), ASP 86 

(Aspartic acid), PHE 80, PHE 82 (Phenylalanine). Most of these amino 

acids have hydrophobic side chains favorable for the formation of a tight 

‘hydrophobic pocket’ in the kinase.[37,38] The observed high binding 

energies for the triads were due to the strong hydrophobic interaction 

between the compounds and the target proteins. The bulky coumarin, 

triazole, chromene moieties present in triads also helps to encapsulate 

them into such hydrophobic pockets of the CDK2 and CDK4 (Figure 8B). 

Moreover, In the cases of CDK4, apart from hydrophobic interactions, 

there is a possibility of hydrogen bonding and -cation interactions 

between the inhibitor molecule and the kinase to enhance the binding 

affinities (Figure 8a and Figure S5). The absence of significant binding 

affinity of the molecules towards CDK1 and CDK6 implies that the 

molecules are more selective towards CDK2 and CDK4. Since the 

molecules T2 and T5 showed highest binding affinity towards CDK2 and 

CDK4, these two molecules have been selected for in vitro screening 

against human cervical cancer cell line (HeLa). 

4.2.5 Evaluation of in vitro cytotoxic activities of T2 and T5 against 

Human Cervical Cancer Cell line (HeLa) 

 The cytotoxic effects of the Chromene-Triazole-Coumarin Triads 

T2 and T5 were evaluated with the MTT Assay analysis. The cell cycle 

analysis and Western Blot analysis were performed to study their 

plausible apoptotic mechanisms. Figure 9 shows the in vitro cytotoxic 

activity of the compound T2 (1.5, 3, 4.5, 6, 7.5, 9, 10.5 and 12 μg/mL 
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concentrations, in PBS (pH 7.4), 1% DMSO (10µL) and compound T5 (1, 

2, 3, 4, 5, 6, 7 and 8 μg/mL concentrations, in PBS (pH 7.4), 1% DMSO 

(10µL) against the HeLa cells. As shown in Figure 9, molecules T2 and 

T5 exhibited dose-dependent cytotoxicity on HeLa cells. The IC50 values 

of T2 and T5 against HeLa cells were calculated as 7.5 µg/mL and 4 

µg/mL (in 48 hrs) respectively. 

 

Figure 9. (a) In vitro cytotoxicity activity of the compound T2 against HeLa cells (b) In 

vitro cytotoxicity activity of the compound T5 against HeLa cells 

 

4.2.6 Morphology Study 

The morphology of the HeLa cells in the presence and absence of 

the T2 and T5 were also studied using inverted phase contrast 

microscopy. The cells of the different concentration groups are shown in 

Figure 10A and B. The cells pretreated with the T2 and T5 were different 

in nature with the control (untreated). In control, the cells were closely 

packed and spindle shaped whereas, inhibition of cell growth was 

observed in the cells treated with the T2 and T5, although many of the 

cells were still attached to their culture plates. Many cells had irregular 

cell membranes and signs of blebbing and are serves as apparent evidence 



121 

for apoptotic activation. Further, we extended our studies to the Western 

Blot analysis and the Cell cycle analysis to understand the plausible 

mechanisms behind the apoptosis with T2 and T5. 

 

Figure 10. (A) Inverted phase contrast microscopy images of the HeLa cells in the 

presence and absence of T2: a) Undamaged HeLa cells observed in the control 

(untreated), b) 25% cell death and its apoptotic morphology changes were observed in 

the HeLa cells treated with the T2 at its IC25 concentration (4.5 µg/mL), c) 50% cell 

death and its apoptotic morphology changes were observed in the HeLa cells treated with 

the T2 at its IC50 concentration (7.5 µg/mL). (B) Inverted phase contrast microscopy 

images of the HeLa cells in the presence and absence of T5: a) Undamaged HeLa cells 

observed in the control (untreated), b) 25% cell death and its apoptotic morphology 

changes were observed in the HeLa cells treated with the T5 at its IC25 concentration (2 

µg/mL), c) 50% cell death and its apoptotic morphology changes were observed in the 

HeLa cells treated with the T5 at its IC50 concentration (4 µg/mL). 

4.2.7 Western Blot Analysis 

The cervical cancer HeLa cells were treated with IC25 and IC50 

concentrations of the samples T2 and T5 separately for 24 hrs and then 

performed the western blotting using beta-actin as an internal standard. 

We identified that CDK2 and CDK4 expression were significantly 

enriched in cervical cancers and was functionally required for the tumor 
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proliferation in vitro. The Western Blot analysis shows that the protein 

levels of 

 

Figure 11. (a) Western blot analysis for the CDK2 and CDK4 expressions in HeLa cells 

treated with compound T2 at its IC25 and IC50 concentrations (b) Western blot analysis 

for the CDK2 and CDK4 expressions in HeLa cells treated with compound T5 at its 

IC25 and IC50 concentrations 

 

CDK2 and CDK4 (components of the Cyclin-CDK complexes that are 

active in G1 and S phase) were altered after T2 and T5 treatments (Figure 

11). Our findings reveal that the protein levels of CDKs were significantly 

down-regulated in T2 and T5 treated cells when compared to the control. 

The result from the Western Blot analysis justifies the data obtained from 

the docking studies as well as the CDK2/CDK4 inhibition protocol behind 

the observed apoptosis. 

4.2.8 Cell cycle analysis 

Figure 12 shows the Cell-cycle analysis of T2 and T5 treated 

HeLa cells by PI flow cytometry. In the case of T2 treated HeLa cells, a 

significant increase in the S phase cell distribution was observed when 

compared to the control cells. The S phase fraction increased from 18.39 

to 30.51 and 34.58 in HeLa cells after treatment with the IC25, IC50 of 

the sample T2 respectively (Figure 12A). No such significant increments 

were observed for the G0/G1 or G2/M phase distributions. This implies 
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the accumulation of cells at the S phase and the S phase cell cycle arrest 

which leads to the apoptosis. Similarly, in the case of T5 treated HeLa 

cells, a significant increase in the G1 phase cell distribution was observed 

when compared to  

 

Figure 12. (A) Cell cycle analysis of compound T2-treated HeLa cells by PI flow 

cytometry: a) Normal cell phase distribution observed in control group (untreated), b) 

Mild accumulation of cells in S phase was observed in HeLa cells treated with T2 at its 

IC25 (4.5 µg/mL), c) Significant accumulation of cells in S phase was observed in HeLa 

cells treated with T2 at its IC50 (7.5 µg/mL). (B) Cell cycle analysis of compound T5-

treated HeLa cells by PI flow cytometry: a) Normal cell phase distribution observed in 

control group (untreated), b) Mild accumulation of cells in G1 phase was observed in 

HeLa cells treated with T5 at its IC25 (2 µg/mL), c) Significant accumulation of cells in 

G1 phase was observed in HeLa cells treated with T5 at its IC50 (4 µg/mL). 

 

the control. The G1 phase fraction increased from 41.67 to 45.48 and 

64.93 in HeLa cells respectively after the treatment with the IC25, IC50 

concentrations of the sample T5 (Figure 12B). No such significant 
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increments were observed for the S or G2/M phase distributions. This 

implies the accumulation of cells at the G1 phase and the G1 phase cell 

cycle arrest which leads to the apoptosis. From the Western Blot results, 

we already observed that the selective down regulation of the kinases 

CDK2/CDK4 which are crucial for the G1 as well as S phase 

progressions. These results obtained from the Western Blot and the Cell 

cycle analysis together would give account for the CDK2/CDK4 

inhibition protocol behind the observed apoptosis with the Chromene-

Triazole-Coumarin Triads T2 and T5. 

4.3 Comparison between Chromene-Triazole-Coumarin Triads T1, 

T2, T5, and Ugi EML BLUE 

 The Chromene-Triazole-Coumarin Triads and Ugi EML BLUE 

were prepared by integrating different organic moieties to the various 

positions of the 7-hydroxy-4-methylcoumarin (Figure 13). The 

preparation of Ugi EML BLUE was through the formylation of 7-

hydroxy-4-methylcoumarin (at 8th position of coumarin) followed by the 

Ugi four-component reaction (Ugi-4CR) which is discussed in the 

chapter-2. At the same time, the preparation of Triads were through the 

azidification of the 7-hydroxy-4-methyl coumarin (on the methyl group at 

4th  position) followed by a Copper catalysed Alkyne-Azide 

Cycloaddition (CuAAC) Click reaction, where the alkynes were 

synthesized through an ‘active methylene-intermediated’ multicomponent 

reaction (MCR) (discussed early in this chapter). 
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Figure 13. Comparison between Chromene-Triazole-Coumarin Triad-1 (T1) and Ugi 

EML BLUE 

Parameters 

Name of sample 

Chromene-Triazole-Coumarin 

Triad 1 

(T1) 

Ugi EML BLUE 

UV AbsMax (nm) (solution) 326 338 

PLMax (nm) (solution) 442 443 

Stoke’s Shift (nm) 116 105 

Quantum Yield (Φ) 
0.95  

(Ref: Quininesulfate, Φ=0.54) 

0.12 

(Ref: Anthracene, Φ=0.27) 

Number of synthetic steps Three Two 

Synthetic protocol MCR-Click MCR 

Table 3. Fluorescence properties of T1 and Ugi EML BLUE 

Thus the synthesis of Ugi EML BLUE is a multicomponent reaction 

(MCR) based two-step process, where the synthesis of Triads is an MCR-

Click based three-step process. The appropriate integration protocols and 

the selection of scaffolds or functionalities made the molecules T1 and 

Ugi EML BLUE highly fluorescent. The Ugi EML BLUE shows strong 

fluorescence in the solution state as well as solid state, but the T1 shows 

the fluorescence only in solution. The solid state fluorescence of the T1 

quenched due to the intermolecular - stacking interactions, which is 

discussed early in this chapter. Hence, the solution state fluorescence 
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properties of Ugi EML BLUE and the T1 are summarized in table 3. The 

presence of Chromene moiety (another benzopyran based well-known 

fluorophore) coupled to the coumarin core, through the electron rich 

triazole bridge causes the large intramolecular charge transfer transitions 

(ICT) within the molecule. Moreover, the integration of more electron 

rich groups to the core enhances the number of electrons involving the 

electronic transitions lead to high fluorescence. All these factors are 

contributing towards the high quantum yield (Φ) and fluorescence 

intensity observed for the T1 when compared to the Ugi EML BLUE. 

 Similarly, the T2, T5 and Ugi EML BLUE were shown cytotoxic 

activities against human cervical cancer (HeLa) cells (Figure 14). All the 

samples were shown the appreciable binding affinities to their targeting 

kinases and all are evaluated against the HeLa cells for their cytotoxic 

activities. The IC50 values obtained for the T2, T5 and Ugi EML BLUE 

are 7.5 µg/mL, 4 µg/mL and 0.5 µg/mL respectively. The overall 

biological properties of these samples are summarized in table 4. Even 

though the T2 and T5 show the high binding affinities and having the 

more biologically active specious with them, the Ugi EML BLUE shows 

the better IC50 value. This may be due to the effect of the large size of the 

Chromene-Triazole- Coumarin Triads on comparison with the Ugi EML 

BLUE. The large size may negatively affect the permeability of the 

compound to the cell membranes. 
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Figure 14. Comparison between Chromene-Triazole-Coumarin Triads (T2 and T5) and 

Ugi EML BLUE 

Parameters 

Name of the sample 

Chromene-Triazole 

Coumarin Triad-2 

(T2) 

Chromene-Triazole-

Coumarin Triad-5 

(T5) 

Ugi EML BLUE 

Targeting kinase CDK2/CDK4 CDK2/CDK4 CDK2 

Binding Affinity (kcal) -9.1/-9.6 -10.5/-9.4 -8.0 

IC50 (µg/mL) 7.5 4 0.5 

Apoptotic Path S phase arrest G1 phase arrest G2 phase arrest 

Table 4. Cytotoxic properties of T2, T5, and Ugi EML BLUE 

4.4 Conclusions 

We have successfully synthesized six Chromene-Triazole-

Coumarin Triad molecules T1 to T6. The synthesis includes the azide 

substitution on 7-hydroxy-4-methylcoumarin followed by a copper 

catalyzed azide-alkyne cycloaddition (CuAAC), where the alkynes were 

prepared through a solvent free mechanochemical multicomponent 
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reaction (MCR). Among the six compounds, T1, T4, and T5 showed 

strong fluorescence in solution in which T1 afforded the highest quantum 

yield. T2, T3, and T6 showed strong fluorescence in the solid state. The 

mechanism related to the origin of the fluorescence was derived from 

computational studies and the data obtained are perfectly in agreement 

with the experimental results. The photophysical studies revealed that the 

fluorescence properties of these new molecules are comparable with some 

of the commercial fluorophores based on functionalized coumarin 

heterocycles. Binding affinity calculation revealed that the molecules are 

selective towards CDK2 and CDK4 kinases. Among the six molecules, 

T2 and T5 showed highest docking scores and hence these molecules 

were systematically investigated for their tumor suppression activities on 

human cervical cancer cells (HeLa). The results obtained from MTT, 

Western Blot and Cell cycle analysis are promising to undertake further 

investigations on selectivity, toxicity, etc. to promote these molecules as 

affordable fluorescent inhibitors of CDK2/CDK4 induced cancers. 

4.5 Structural Characterizations 

4.5.1. Structural characterization of 2-amino-5-oxo-4-(2-(prop-2-yn-1-

yloxy)phenyl)-4,5-dihydropyrano[3,2-c]chromene-3-carbonitrile (Ch4) 

 

Figure 15. Structure of sample Ch4 
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The alkyne functionalized chromene Ch4 is taken as a 

representative example for a general discussion on structure elucidation. 

The atoms in the sample Ch4 are numbered as shown  in Figure 15 and 

the FTIR, 1H NMR, 13C NMR, HRMS are shown in supporting 

information. The FT-IR spectrum of the compound shows major 

absorptions at 3576, 3354, 3278, 3147, 2925, 2892, 2191, 2130, 1675, 

1606 and 1576 cm-1. The bands at 3576 and 3354 cm-1 are due to the 

presence of the NH2 group. Similarly, the bands at 3278 and 2130 cm-1 

are due to the stretching of alkyne CH and alkyne C-C bond respectively. 

The bands at 3147, 2925 and 2892 cm-1 correspond to the stretching of 

aromatic alkene and alkane CH. The band at 2191 cm-1 is due to the CN 

stretching. The band for the group C=O found at 1675 cm-1. The bands at 

1606 and 1576 are due to the aromatic alkenes. The initial information 

obtained from FT-IR spectrum was further confirmed by 1H NMR 

analysis. The singlet at  3.86 is due to the alkyne CH proton at the 

position C-27. The singlet at  4.66 is due to the methyl proton at the 

position C-11. The singlet at  4.77 is due to the two methyl protons at the 

position C-25. The aromatic protons were observed as, a one proton 

singlet at  6.03, two proton multiplet at  6.91-6.92, two proton multiplet 

at  7.07-7.14, two proton singlet at 7.25, one proton doublet at  7.39-7.41 

with J value 8Hz, one proton multiplet at  7.60-7.63. The singlet at  

7.85 is due to the two protons at position 16 (NH2). Finally, the peak 

observed at m/z 371.1021 ([M+H]+) in the mass spectrum further 

confirms the structure of the compound. 
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4.5.2. Structural Characterization of 4-(azidomethyl)-7-hydroxy-2H-

chromene-2-one (Coumarin-azide) 

 

Figure 16. Structure of coumarin-azide 

The coumarin-azide is numbered as in Figure 16 and the FTIR, 

1H NMR, 13C NMR, HRMS are shown in supporting information. The 

FT-IR spectrum of the compound shows major absorptions at 3502, 3068, 

2918, 2120, 1682, 1610, 1566 cm-1. The band at 3502 cm-1 is due to the 

stretching of OH. The bands at 3068 and 2918 cm-1 are due to the 

stretching of aromatic alkene C-H and alkane C-H respectively. The band 

at 2120 cm-1 is the characteristic band due to the azide linked to the 

carbon. The band at 1682 cm-1 is due to the stretching of C=O. The bands 

at 1610 and 1566 cm-1 are due to the stretching of alkene C=C. The initial 

information obtained from FT-IR spectrum was further confirmed by 1H 

NMR analysis. The singlet at  2.14 is corresponding to the two methyl 

protons at position C-13. The aromatic protons were observed as, a one 

proton singlet at  6.66, one proton doublet at  6.73-6.76 with the J value 

12Hz, one proton doublet at  6.82-6.84 with the J value 8Hz, one proton 

doublet at  7.36-7.38 with the J value 9Hz, one proton doublet at  7.66-

7.69 with the J value 9Hz. The singlet at  8.22 is due to the one proton at 

position 9 (OH). The structure was further confirmed by 13C NMR. The 
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peaks observed at 167.01 and 163.01 are due to the carbons C-1 and C-8. 

The signals due to the other aromatic carbons C-3 to C-7, C-10, C-11 

were observed at 156.67, 154.65, 129.31, 127.95, 125.01, 113.65, 112.75, 

112.31, 102.13. The peak observed at 56.303 is due to the carbon at C-13. 

Finally, the peak observed at m/z 217.0118 (M+) in the mass spectrum 

further confirms the structure of the compound. 

4.5.3. Structural Characterization of 2-amino-4-(2-((1-((7-hydroxy-2-

oxo-2H-chromene-4-yl)methyl)-1H-1,2,3-triazol-4-yl)methoxy)phenyl)-

5-oxo-4,5-dihydropyrano[3,2-c]chromene-3-carbonitrile (T4): 

 

Figure 17. Structure of T4 

The Chromene-Triazole-Coumarin Triad 4 (T4) is taken as a 

representative example for a general discussion on structure elucidation. 

The structural constituents of the sample T4 are numbered as in Figure 17 

and the FTIR, 1H NMR, 13C NMR, HRMS are shown in supporting 

information. The FT-IR spectrum of the compound shows major 

absorptions at 3505, 3441, 3386, 2922, 2952, 2189, 1706, 1674, 1606, 

1572 cm-1. The band at 3505 cm-1 is due to the stretching of OH group. 

The bands at 3441 and 3386 cm-1 correspond to the stretching of primary 

amine. The band at 2952 cm-1 is due to the stretching of CH at C-16. The 
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band at 2189 cm-1 is due to the stretching of CN group in the moiety. The 

bands for the C=O groups were observed at 1706 and 1674 cm-1. The 

bands at 1606 and 1572 cm-1 correspond to the stretching of aromatic 

C=C groups. The initial information obtained from FT-IR spectrum was 

further confirmed by 1H NMR analysis. The singlet at  4.60 is due to the 

two protons at the position C-43. The singlet at  4.92 is due to the one 

proton at the position C-16. The one proton singlet for the OH proton at 

the position O-39 was observed at  5.15. The signal for the two protons 

at the position C-30 was observed as a doublet at 5.36-5.42 with the J 

value 20Hz. The aromatic protons were observed as, one proton singlet at 

 6.24, three proton multiplet at  6.77-7.06, three proton multiplet at  7.20-

7.31, one proton triplet at  7.52-7.50, five proton multiplet at  7.86-7.92. The 

singlet at  8.24 is due to the two protons of the primary amine group at 

the position N-21. The structure was further confirmed by 13C NMR. The 

signals observed at 33.39, 55.97, 56.59, 67.91, 77.61 and 78.71 are due to 

the carbons at the positions C-16, C-17, C-43, and C-30. The signals 

observed at 152.04, 155.38, 158.52, 159.64 are due to the carbons at the 

positions C-13, C-15, C-28, C-31, C-38. The signals due to the other 

aromatic carbons were observed at 103.01, 113.03, 113.15, 116.38, 

121.26, 122.53, 124.55, 128.46, 129.78, 130.72, 131.03 and 132.69. 

Finally, the peak observed at m/z 588.1510 ([M+H]+) in the mass 

spectrum further confirms the structure of the compound. 

4.6 Experimental Section 

4.6.1 Materials and Methods 

All reagents and solvents were obtained from commercial 

suppliers and used without further purification. IR spectra were recorded 
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on a JASCO-FT/IR-4100 Fourier-transform infrared spectrometer. 1H 

NMR and 13C NMR spectra were obtained by Bruker amx 400/500 MHz 

spectrometer in DMSO/CDCl3 solutions. The chemical shifts (δ) values 

are given relative to tetramethylsilane (TMS) and the coupling constants 

(J) are represented in Hertz (Hz). HRMS was obtained using ESI 

ionization. Quantum mechanical calculations were done with Gaussian 09 

software.  UV-Vis absorption spectra were recorded on a Jasco V-550 

UV-VIS Spectrophotometer. Fluorescence spectra were measured using 

Perkin Elmer LS 45 and LS 55 and Horiba Fluoromax-4 Spectrometers. 

The human cervical cancer cell line (HeLa) was procured from 

National Center for Cell Science (NCCS, Pune), 3-(4,5-dimethylthiazolyl-

2)-2,5-diphenyltetrazolium bromide (MTT), was purchased from Sigma-

Aldrich (Bangalore). Analytical grade reagents were purchased from 

Sigma-Aldrich (Bangalore). All the samples were prepared in Milli-Q 

water. 

4.6.2. Synthetic Procedures 

(1) 3-amino-1-(2-(prop-2-yn-1-yloxy)phenyl)-1H-benzo[f]chromene-2 

carbonitrile (Ch1): A mixture of propargylated salicylaldehyde (160 mg, 

1mmol), 2-naphthol (144mg, 1 mmol), malononitrile (66mg, 1mmol) and 

sodium carbonate (0.106 mg, 0.01mmol) were mixed together by using a 

mortar and pestle. The mixture was heated in an oven at 80ºC for 5 

minutes and mixed again. The process was repeated thrice. After cooling, 

the mixture was washed with hot water and the solid separated was 

filtered and dried. The product was then recrystallized from hot ethanol to 

obtain pure Ch1: 320mg (Yield 86%) White solid M.P.: 112ºC. IR 
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absorptions (KBr, max/cm-1): 3475, 3317, 3299, 3188, 3066, 2916, 2862, 

2172, 2127, 1909, 1646, 1583, 1515, 1490, 1451, 1415, 1376, 1293, 1255, 

1232, 1183. 1H-NMR H (500 MHz, DMSO,  ppm): 3.31 (1H, s, CH), 

3.69 (2H, s, -OCH2), 5.0 (1H, s, Ar-H), 7.08-7.40 (8H, m, Ar-H), 7.67-

8.00 (3H, m, Ar-H), 8.46 (2H, s, Ar-NH2). 
13C NMR C (DMSO, 

125MHz, δ ppm): 22.30, 56.24, 59.15, 78.17, 79.15, 112.98, 117.05, 

117.98, 121.72, 122.72, 126.82, 128.45, 128.48, 129.83, 130.43, 132.66, 

133.88, 138.75, 156.42, 171.97, 200.79. EIMS: m/z ([M+H]+) calculated 

for C23H16 N2O2: 353.12, found: 353.37 

(2) 3-amino-1-(4-(prop-2-yn-1-yloxy)phenyl)-1H-benzo[f] chromene-2-

carbonitrile (Ch2): A mixture of propargylated 4-hydroxy benzaldehyde 

(160 mg, 1mmol), 2-naphthol (144mg, 1 mmol), malononitrile (66mg, 

1mmol) and sodium carbonate (0.106 mg, 0.01mmol) were mixed 

together by using a mortar and pestle. The mixture was heated in an oven 

at 80ºC for 5 minutes and mixed again. The process was repeated thrice. 

After cooling, the mixture was washed with hot water and the solid 

separated was filtered and dried. The product was then recrystallized from 

hot ethanol to obtain pure Ch2: 315mg (Yield 85%) White solid M.P.: 

113ºC. IR absorptions (KBr, max/cm-1): 3462, 3379, 3272, 3084, 3031, 

2930, 2972, 2222, 2129, 1652, 1584, 1554, 1507, 1455, 1429, 1373, 1316, 

1257, 1235, 1191. 1H NMR  H(400 MHz, DMSO,  ppm): 3.31 (1H, s, 

CH), 3.68 (2H, s, Ar-O-CH2), 4.97 (1H, s, Ar-H), 7.07-7.23 (2H, m, Ar-

H), 7.25 (2H, s, Ar-H), 7.37-7.40 (1H, t, Ar-H), 7.67-7.68 (1H, d, 8Hz, 

Ar-H), 7.74-7.77 (1H, t, Ar-H), 7.99-8.00 (2H, d, J=8Hz, Ar-H), 8.42 

(2H, s, Ar-NH2). 
13C NMR C (DMSO, 100MHz, δ ppm): 22.38, 56.24, 

59.15, 78.17, 79.15, 112.98, 117.05, 117.98, 121.72, 122.72, 126.82, 
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128.45, 128.48, 129.83, 130.43, 132.66, 133.88, 138.75, 156.42, 171.97, 

200.79. EIMS: m/z ([M+H]+) calculated for C23H16 N2O2: 353.12, found: 

353.35 

(3) 3-amino-1-(3-methoxy-4-(prop-2-yn-1-yloxy) phenyl)-1Hbenzo[ 

f]chromene-2-carbonitrile (Ch3): A mixture of propargylated 4-hydroxy-

3- methoxybenzaldehyde (190 mg, 1mmol), 2-naphthol (144mg, 1 mmol), 

malononitrile (66mg, 1mmol) and sodium carbonate (0.106 mg, 

0.01mmol) were mixed together by using a mortar and pestle. The 

mixture was heated in an oven at 80ºC for 5 minutes and mixed again. 

The process was repeated thrice. After cooling, the mixture was washed 

with hot water and the solid separated was filtered and dried. The product 

was then recrystallized from hot ethanol to obtain pure Ch3: 340mg 

(Yield 85%) as Yellow solid M.P.: 115ºC. IR absorptions (KBr, max/cm-

1): 3502, 3369, 3277, 3068, 3031, 2969, 2928, 2220, 2128, 1673, 1583, 

1563, 1510, 1451, 1417, 1377, 1342, 1305, 1288, 1204, 1182, 1143. 1H 

NMR H(400 MHz, DMSO,  ppm): 3.33 (1H, s, CH), 3.67 (2H, s, Ar-O-

CH2), 3.82 (3H, s, Ar-O-CH3), 4.98 (1H, s, Ar-H), 7.08-7.31 (7H, m, Ar-

H), 7.37-7.40 (1H, t, Ar-H), 7.67-8.00 (3H, m, Ar-H), 8.46 (2H, s, Ar-

NH2). 
13C NMR C (DMSO, 100MHz, δ ppm): 27.82, 54.24, 56.15, 

59.28, 78.17, 79.15, 112.98, 117.05, 117.98, 121.72, 122.72, 128.70, 

128.76, 128.93, 129.77, 130.43, 132.66, 134.96, 139.76, 157.30, 172.82. 

EIMS: m/z ([M+H]+) calculated for C24H18 N2O3: 382.13, found: 382.32 

(4)  2-amino-5-oxo-4-(2-(prop-2-yn-1-yloxy)phenyl)-4,5 

dihydropyrano 

[3,2-c]chromene-3-carbonitrile (Ch4): A mixture of propargylated 

salicylaldehyde (160 mg, 1mmol), 4-hydroxy coumarin (162mg, 1 mmol), 
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malononitrile (66mg, 1mmol) and hexamethylenetetramine (0.140 mg, 

0.01mmol) were dissolved in minimum amount of ethanol. The reaction 

mixture is refluxed in a round bottom flask for one hour. The reaction 

mixture was then poured into cooled water and the precipitated solid was 

washed with water, filtered and dried. The product was recrystallized 

from hot ethanol to obtain pure Ch4: 313 mg (Yield 81%) as White solid, 

M.P.:122ºC. IR absorptions (KBr, max/cm-1): 3576, 3354, 3278, 3147, 

2925, 2892, 2191, 2130, 1675, 1606, 1576, 1489, 1449, 1411, 1377, 1337, 

1310, 1272, 1247, 1229, 1212, 1174, 1111, 1064. 1H NMR H(500 MHz, 

CDCl3,  ppm): 3.86 (1H, s, CH), 4.66 (1H, s, Ar-H), 4.77 (2H, s, Ar-O-

CH2), 6.03 (1H, s, Ar-H), 6.91-6.92 (2H, m, Ar-H), 7.07-7.14 (2H, m. Ar-

H), 7.25 (2H, s, Ar-H), 7.39-7.41 (1H, d, 8Hz, Ar-H), 7.60-7.63 (1H, m, 

Ar-H), 7.85 (2H, s, Ar-NH2). HRMS: m/z ([M+H]+) calculated for C22H14 

N2O4: 371.0953, found: 371.1021 

(5)  2-amino-5-oxo-4-(4-(prop-2-yn-1-yloxy)phenyl)-4,5 dihydropyrano 

[3,2-c]chromene-3-carbonitrile (Ch5): A mixture of propargylated 4-

hydroxy benzaldehyde (160 mg, 1mmol), 4-hydroxy coumarin (162mg, 1 

mmol), malononitrile (66mg, 1mmol) and hexamethylenetetramine (0.140 

mg, 0.01mmol) were dissolved in minimum amount of ethanol. The 

reaction mixture is refluxed in a round bottom flask for one hour. The 

reaction mixture was then poured into cooled water and the precipitated 

solid was washed with water, filtered and dried. The product was 

recrystallized from hot ethanol to obtain pure Ch5: 318 mg (Yield 82%) 

as White solid, M.P.:125ºC. IR absorptions (KBr, max/cm-1): 3388, 3291, 

3200, 3073, 2224, 2198, 2122, 1708, 1669, 1602, 1558, 1507, 1454, 1402, 
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1374, 1352, 1305, 1263, 1232, 1214, 1178, 1092. 1H NMR H(500 MHz, 

CDCl3,  ppm): 3.83 (1H, s, CH), 4.66 (1H, s, Ar-H), 4.77 (2H, s, Ar-O-

CH2), 6.03 (1H, s, Ar-H), 6.91-6.92 (2H, m, Ar-H), 7.07-7.14 (2H, m, Ar-

H), 7.25 (2H, s, Ar-H), 7.38-7.41 (1H, d, 12Hz, Ar-H), 7.60-7.66 (2H, m, 

Ar-H), 7.85 (2H, s, Ar-NH2). HRMS: m/z (M+) calculated for C22H14 

N2O4: 371.0953, found: 371.0965  

(6) 2-amino-4-(3-methoxy-4-(prop-2-yn-1-yloxy)phenyl)-5-oxo-4,5-

dihydropyrano[3,2-c]chromene-3-carbonitrile (Ch6): A mixture of 

propargylated 4-hydroxy-3-methoxybenzaldehyde (190 mg, 1mmol), 4-

hydroxy coumarin (162mg, 1 mmol), malononitrile (66mg, 1mmol) and 

hexamethylenetetramine (0.140 mg, 0.01mmol) were dissolved in 

minimum amount of ethanol. The reaction mixture is refluxed in a round 

bottom flask for one hour. The reaction mixture was then poured into 

cooled water and the precipitated solid was washed with water, filtered 

and dried. The product was recrystallized from hot ethanol to obtain pure 

Ch6: 330 mg (Yield 79%) as Yellow solid, M.P.:123ºC. IR absorptions 

(KBr, max/cm-1): 3406, 3324, 3278, 3032, 2960, 2931, 2217, 2196, 2118, 

1693, 1671, 1601, 1588, 1565, 1509, 1454, 1418, 1380, 1344, 1310, 1266, 

1213, 1179, 1141, 1112, 1062, 1011. 1H NMR H(400 MHz, DMSO,  

ppm): 3.44 (2H, s, -O-CH2), 3.73 (3H, s, Ar-OCH3), 3.81 (1H, s, CH), 

4.42 (1H, s, Ar-H), 6.72-6.97 (3H, m, Ar-H), 7.23-7.25 (1H, d, 10Hz, Ar-

H), 7.42-7.49 (1H, m, Ar-H), 7.58-7.93 (1H, m, Ar-H), 8.31 (2H, s, Ar-

NH2). HRMS: m/z ([M+H]+) calculated for C23H16 N2O5: 401.1059, 

found: 401.1118 
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(7) 4-(azidomethyl)-7-hydroxy-2H-chromen-2-one (Coumarin-azide): 4-

bromomethyl-7-hydroxycoumarin (255 mg, 1mmol) and sodium azide (65 

mg, 1mmol) were dissolved in minimum quantity of N, N-

Dimethylformamide (DMF) in a round bottomed flask. The reaction 

mixture was stirred for 18 hrs at 60ºC. The mixture was then poured into 

excess of ice cold water. The solid product obtained was washed with 

water, filtered and dried. The product was recrystallized from hot ethanol 

to obtain pure coumarin-azide: 186 mg (Yield 58%) as Brown solid, 

M.P.:186ºC. IR absorptions (KBr, max/cm-1): 3502, 3068, 2918, 2827, 

2744, 2196, 2120, 1682, 1610, 1566, 1515, 1471, 1334, 1362, 1342, 1312, 

1253, 1205, 1152, 1098. 1H NMR H(400 MHz, DMSO,  ppm): 2.14 

(2H, s, CH2), 6.66 (1H, s, Ar-H), 6. 73-6.76 (1H, d, J=12Hz, Ar-H), 6.82-

6.84 (1H, d, J=8Hz, Ar-H), 7.36-7.38 (1H, d, J=9Hz, Ar-H), 7.66-7.69 

(1H, d, J=9Hz, Ar-H), 8.22 (1H, s, Ar-OH). 13C NMR C (DMSO, 

100MHz, δ ppm): 167.01, 163.01, 156.67, 154.65, 129.31, 127.95, 

125.01, 113.65, 112.75, 112.31, 102.13, 56.30. HRMS: m/z (M+) 

calculated for C10H7 N3O3: 217.0487, found: 217.0118 

(8) 3-amino-1-(2-((1-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-

1,2,3-triazol-4-yl)methoxy)phenyl)-1H-benzo[f]chromene-2-carbonitrile 

(T1): Ch1 (88 mg, 0.25 mmol) and coumarin-azide (54.3 mg, 0.25 

mmol) were dissolved in 2 mL of DMSO. To this mixture, 8 mL of t-

BuOH, 4 mL of water, CuSO4 5H2O (40 mg), and sodium ascorbate (80 

mg) were added and stirred at room temperature for 48 hrs. The reaction 

mixture was then poured in to cold water. The precipitated solid was 

collected, washed with water and dried. The dried product was washed 

with diethyl ether (5 mL) to afford T1: 110 mg (Yield 77%) as White 
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solid, M.P.: 192ºC. IR absorptions (KBr, max/cm-1): 3467, 3443, 3359, 

3181, 3067, 2921, 2190, 1763, 1727, 1696, 1647, 1598, 1513, 1486, 1455, 1406, 

1321, 1292, 1213, 1174, 1136, 1083, 1016. 1H NMR H(400 MHz, DMSO,  

ppm): 5.02 (1H, s, Ar-OH), 5.30 (1H, s, Ar-H), 5.50 (2H, s, ArN-CH2), 

5.58 (2H, s, Ar-O-CH2), 6.50 (1H, s, Ar-H), 6.87 (2H, s, Ar-H), 7.24 (1H, 

s, Ar-H), 7.41-7.46 (3H, d, J=20Hz, Ar-H), 7.69-7.98 (4H, m, Ar-H), 8.25 (2H, 

s, Ar-NH2), 8.48-8.52 (3H, d, J=16.8Hz, Ar-H). 13C NMR C(DMSO, 

100MHz, δ ppm): 18.95, 55.52, 56.55, 64.03, 78.32, 108.71, 112.09, 

114.29, 126.58, 126.88, 127.46, 127.76, 128.89, 128.97, 132.89, 146.03, 

152.64, 157.79, 165.29. HRMS (ESI): m/z (M+) calculated for C33H23 

N5O5: 569.1699, found: 569.1683 

(9) 3-amino-1-(4-((1-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-

1,2,3-triazol-4-yl)methoxy)phenyl)-1H-benzo[f]chromene-2-carbonitrile 

(T2): Ch2 (88 mg, 0.25 mmol) and coumarin-azide (54.3 mg, 0.25 

mmol) were dissolved in 2 mL of DMSO. To this mixture, 8 mL of t-

BuOH, 4 mL of water, CuSO4 5H2O (40 mg), and sodium ascorbate (80 

mg) were added and stirred at room temperature for 48 hrs. The reaction 

mixture was then poured in to cold water. The precipitated solid was 

collected, washed with water and dried. The dried product was washed 

with diethyl ether (5 mL) to afford T2: 116 mg (Yield 82%) as White 

solid, M.P.:196ºC. IR absorptions (KBr, max/cm-1): 3441, 3405, 3346, 

3083, 3030, 2925, 2223, 1729, 1598, 1585, 1509, 1475, 1430, 1375, 1317, 1260, 

1236, 1184, 1089, 1048, 1010. 1H NMR H(400 MHz, DMSO,  ppm): 

4.61-4.69 (3H, m, Ar-H, ArN-CH2), 5.15-5.22 (3H, m, Ar-OH, Ar-O-

CH2), 6.93 (1H, s, Ar-H), 7.04 (2H, s, Ar-H), 7.15-7.22 (6H, t, Ar-H), 7.38-

7.48 (3H, m, Ar-H), 7.65-7.75 (3H, m, Ar-H), 7.91-7.93 (1H, d, J=9Hz, Ar-H), 



140 

8.27 (2H, s, Ar-NH2). 
13C NMR C (DMSO, 100MHz, δ ppm): 18.98, 

53.88, 61.98, 74.02, 108.70, 112.08, 114.31, 127.85, 128.08, 129.35, 

132.91, 138.21, 152.69, 156.17, 159.25, 165.29. HRMS (ESI): m/z (M+) 

calculated for C33H23 N5O5: 569.1699, found: 569.1685 

(10) 3-amino-1-(4-((1-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-

1,2,3-triazol-4-yl)methoxy)-3-methoxyphenyl)-1H-benzo[f]chromene-2-

carbonitrile (T3): Ch3 (95.6 mg, 0.25 mmol) and coumarin-azide (54.3 

mg, 0.25 mmol) were dissolved in 2 mL of DMSO. To this mixture, 8 mL 

of t-BuOH, 4 mL of water, CuSO4 5H2O (40 mg), and sodium ascorbate 

(80 mg) were added and stirred at room temperature for 48 hrs. The 

reaction mixture was then poured in to cold water. The precipitated solid 

was collected, washed with water and dried. The dried product was 

washed with diethyl ether (5 mL) to afford T3: 112 mg (Yield 75%) as 

Yellow solid, M.P.:198ºC. IR absorptions (KBr, max/cm-1): 3561, 3472, 

3368, 3086, 3028, 2928, 2220, 1729, 1694, 1570, 1509, 1456, 1418, 1376, 1338, 

1270, 1201, 1146, 1010. 1H NMR  H(400 MHz, DMSO,  ppm): 3.28 (3H, 

s, -O-CH3), 4.62-4.69 (3H, m, Ar-H, ArN-CH2), 5.15-5.22 (3H, m, Ar-

OH, Ar-O-CH2), 6.93 (1H, s, Ar-H), 7.04 (2H, s, Ar-H), 7.15-7.22 (4H, t, 

Ar-H), 7.38-7.48 (3H, m, Ar-H), 7.65-7.75 (3H,m, Ar-H), 7.91-7.93 (1H, d, 

J=7Hz, Ar-H), 8.26 (2H, s, Ar-NH2). 
13C NMR C(DMSO, 100MHz, δ 

ppm): 21.08, 55.54, 56.20, 64.08, 77.58, 112.46, 113.40, 113.87, 114.64, 

124.79, 126.38, 148.95, 151.86, 160.36, 162.21. HRMS (ESI): m/z (M+) 

calculated for C34H25 N5O6: 599.1804, found: 599.1839 
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(11) 2-amino-4-(2-((1-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-

1,2,3-triazol-4-yl)methoxy)phenyl)-5-oxo-4,5-dihydropyrano[3,2-

c]chromene-3-carbonitrile (T4): Ch4 (92.6 mg, 0.25 mmol) and 

coumarin-azide (54.3 mg, 0.25 mmol) were dissolved in 2 mL of 

DMSO. To this mixture, 8 mL of t-BuOH, 4 mL of water, CuSO4 5H2O 

(40 mg), and sodium ascorbate (80 mg) were added and stirred at room 

temperature for 48 hrs. The reaction mixture was then poured in to cold 

water. The precipitated solid was collected, washed with water and dried. 

The dried product was washed with diethyl ether (5 mL) to afford T4: 100 

mg (Yield 68%) as White solid, M.P.:198ºC. IR absorptions (KBr, 

max/cm-1): 3505, 3441, 3386, 2922, 2952, 2611, 2189, 1706, 1674, 1606, 

1572, 1491, 1454, 1377, 1329, 1234, 1174. 1H NMR H(400 MHz, 

DMSO,  ppm): 4.60 (2H, s, ArN-CH2), 4.92 (1H, s, Ar-H), 5.15 (1H, s, 

Ar-OH), 5.36-5.42 (2H, d, J=20.4Hz, Ar-O-CH2), 6.241 (1H, s, Ar-H), 

6.77-7.06 (3H, m, Ar-H), 7.20-7.31 (3H, m, Ar-H), 7.52-7.50 (1H, t, Ar-H), 

7.86-7.92 (5H, m, Ar-H), 8.24 (2H, s, Ar-NH2). 
13C NMR C (DMSO, 

100MHz, δ ppm): 33.39, 55.97, 56.59, 67.91, 77.61, 78.71, 103.01, 

113.03, 113.15, 116.38, 121.26, 122.53, 124.55, 128.46, 129.78, 130.72, 

131.03, 132.69, 152.04, 155.38, 158.52, 159.64. HRMS (ESI): m/z 

([M+H]+) calculated for C32H21 N5O7: 588.1441, found: 588.1510 

(12) 2-amino-4-(4-((1-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-

1,2,3-triazol-4-yl)methoxy)phenyl)-5-oxo-4,5-dihydropyrano[3,2-

c]chromene-3-carbonitrile (T5): Ch5 (92.6 mg, 0.25 mmol) and 

coumarin-azide (54.3 mg, 0.25 mmol) were dissolved in 2 mL of 

DMSO. To this mixture, 8 mL of t-BuOH, 4 mL of water, CuSO4 5H2O 

(40 mg), and sodium ascorbate (80 mg) were added and stirred at room 
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temperature for 48 hrs. The reaction mixture was then poured in to cold 

water. The precipitated solid was collected, washed with water and dried. 

The dried product was washed with diethyl ether (5 mL) to afford T5: 108 

mg (Yield 74%) as White solid, M.P.:190ºC. IR absorptions (KBr, 

max/cm-1): 3494, 3477, 3388, 3072, 2916, 2227, 1660, 1603, 1504, 1384, 1311, 

1250, 1173, 1116, 1021. 1H NMR H(400 MHz, DMSO,  ppm): 4.68 (2H, 

s, ArN-CH2), 4.94 (1H, s, Ar-H), 5.15 (1H, s, Ar-OH), 5.38-5.40 (2H, d, 

J=10Hz, Ar-O-CH2), 6.20 (1H, s, Ar-H), 6.77-7.01 (4H, m, Ar-H), 7.25-7.34 

(3H, m, Ar-H), 7.51-7.59 (1H, t, Ar-H), 7.81-7.98 (5H, m, Ar-H), 8.256 (2H, s, 

Ar-NH2). 
13C NMR C(DMSO, 100MHz, δ ppm): 30.94, 55.55, 56.20, 

73.96, 77.59, 102.15, 112.47, 113.41, 114.64, 115.85, 123.48, 123.62, 

124.80, 126.38, 131.45, 135.85, 148.96, 151.86, 152.02, 160.59, 163.41. 

HRMS (ESI): m/z ([M+Na]+) calculated for C32H21 N5O7: 610.1441, 

found: 610.1327 

(13) 2-amino-4-(4-((1-((7-hydroxy-2-oxo-2H-chromen-4-yl)methyl)-1H-

1,2,3-triazol-4-yl)methoxy)-3-methoxyphenyl)-5-oxo-4,5-

dihydropyrano[3,2-c]chromene-3-carbonitrile (T6): Ch6 (100.1 mg, 

0.25 mmol) and coumarin-azide (54.3 mg, 0.25 mmol) were dissolved in 

2 mL of DMSO. To this mixture, 8 mL of t-BuOH, 4 mL of water, CuSO4 

5H2O (40 mg), and sodium ascorbate (80 mg) were added and stirred at 

room temperature for 48 hrs. The reaction mixture was then poured in to 

cold water. The precipitated solid was collected, washed with water and 

dried. The dried product was washed with diethyl ether (5 mL) to afford 

T6: 115 mg (Yield 74%) as Yellow solid, M.P.: 202ºC. IR absorptions 

(KBr, max/cm-1): 3558, 3440, 3362, 3085, 3028, 2929, 2612, 2220, 1728, 

1695, 1563, 1509, 1455, 1420, 1376, 1338, 1269. 1H NMR H(400 MHz, 
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DMSO,  ppm): 3.80 (3H, s, -OCH3), 4.39 (1H, s, Ar-OH), 4.64 (2H, s, 

ArN-CH2), 4.95 (2H, s, Ar-O-CH2), 5.44 (1H, s, Ar-OH), 6.13 (1H, s, Ar-

OH), 7.23-7.30 (3H, t, Ar-H), 7.55-7.64 (4H, m, Ar-H), 7.88-7.90 (2H, d, 

J=6Hz, Ar-H), 8.25 (2H, s, Ar-NH2), 8.32 (2H, s, Ar-H). 13C NMR C 

(DMSO, 100MHz, δ ppm): 35.20, 53.55, 55.20, 57.90, 63.56, 73.56, 

77.59, 103.61, 106.72, 114.11, 115.49, 119.46, 123.04, 124.02, 127.56, 

131.08, 152.35, 154.69, 164.66, 167.30. HRMS (ESI): m/z (M+) 

calculated for C33H23 N5O8: 617.1546, found: 617.1519 

4.6.3 Biochemical Procedures  

4.6.3.1 Cell culture 

 Cervical cancer (HeLa) cells and were procured from the National 

Center for Cell Sciences (NCCS), Pune, India. The cancer cells were 

maintained in Dulbecco’s modified eagles medium (DMEM) 

supplemented with 2mM l-glutamine and balanced salt solution (BSS) 

adjusted to contain 1.5 g/L Na2CO3, 0.1 mM nonessential amino acids, 1 

mM sodium pyruvate, 2 mM l-glutamine, 1.5 g/L glucose, 10 mM (4-(2-

hydroxyethyl)-1-piperazineethane sulfonic acid) (HEPES) and 10% fetal 

bovine serum (GIBCO, USA). Penicillin and streptomycin (100 

IU/100µg) were adjusted to 1mL/L. The cells were maintained at 37ºC 

with 5% CO2 in a humidified CO2 incubator. 

4.6.3.2 Evaluation of cytotoxicity [MTT Assay] 

 The inhibitory concentration (IC50) value was evaluated using an 

MTT [3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assay. Cancer cells and were grown (1×104 cells/well) in a 96-well plate 
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for 48 h into 75% confluence. The medium was replaced with fresh 

medium containing serially diluted synthesized compounds, and the cells 

were further incubated for 48 h. The culture medium was removed, and 

100µL of the MTT [3-(4,5-dimethylthiozol-2-yl)-3,5-diphenyl tetrazolium 

bromide] (Hi-Media) solution was added to each well and incubated at 

37ºC for 4 h. After removal of the supernatant, 50 µL of DMSO was 

added to each of the wells and incubated for 10 minutes to solubilize the 

formazan crystals. The optical density was measured at 620 nm in an 

ELISA multi-well plate reader (Thermo Multiskan EX, USA). The OD 

value was used to calculate the percentage of viability using the following 

formula. 

% of viability =
OD value of experimental sample

OD value of experimental control 
× 100 

4.6.3.3 Morphological study 

The HeLa cells that were grown on coverslips (1 ×105 

cells/coverslip) were incubated with disintegrin at the IC50 concentration, 

and they were then fixed in ethanol: acetic acid solution (3:1, v/v). The 

coverslips were gently mounted on glass slides for the morphometric 

analysis. Three monolayers per experimental group were 

photomicrographed. The morphological changes of the HeLa cells were 

analyzed using Nikon (Japan) bright-field inverted light microscopy at 

40× magnification. 

4.6.3.4 Cell cycle analysis 

HeLa cells (1x105) were seeded in a 6-well plate. After 24 hrs 

incubation at 37˚C (5% CO2), the medium was changed with fresh, 
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supplemented or not (control) with the compound (1, 2 and 4µM). After 

24 hrs incubation, cells were harvested with trypsin, washed by PBS, 

fixed in 70% ethanol and stored at -20˚C for 1h. The cellular nuclear 

DNA was stained by propidium iodide (PI) as described, briefly, followed 

by removing the ethanol, washed with PBS, the cells were suspended in 

0.5 ml PBS containing 50 µg/ml PI and 100 µg/ml RNase and incubated 

at 37˚C for 30 min. Flow cytometry was performed in duplicate with a 

BD FACS flow cytometer. From each sample, 10,000 events were 

collected and fluorescent signal intensity was recorded and analyzed by 

CellQuest and Modifit. 

4.6.3.5 Western Blot Analysis 

Western blotting was performed to detect the proteins of CDK2 

and CDK4. The HeLa cells (1 × 106) were seeded into 100mm culture 

dishes in the presence or absence of compound T2 and compound T5 

were treated for 48 h. Cells were then washed twice with ice cold PBS 

and incubated in lysis buffer. The lysates were centrifuged at 10,000 × g 

for 5 min at 4ºC and were used as the cell protein extracts. Each of the 

extracts was applied to 12% SDS polyacrylamide gel electrophoresis after 

which the proteins were transferred onto a nitrocellulose membrane, and 

then blocked for 1 h using 10% skim milk in water. After washing in a 

PBS containing 0.1% Tween 20 for 3 times, the primary antibodies were 

added at a v/v ratio of 1:1000. After overnight incubation at 4ºC, the 

primary antibodies were washed away and the secondary antibodies were 

added for 1 h incubation at room temperature. Finally, the enhanced 

chemiluminescence detection reagents were used to develop the signal of 

the membrane. 
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Figure S1. Starting alkynes Ch1 to Ch6 and Coumarin-azide under UV exposure: (a) 

samples under UV light (b) samples under Day-light 

 
Figure S2. Compounds T1 to T6 (50 ppm solution in DMSO) under Day-light 

 
Figure S3. Absorption and emission spectra of (a) T4 and (b) T5 

 

 
Figure S4. Triads T1 to T6, solid samples under (a) UV-light (b) Daylight 
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Figure S5. Docking mode of Chromene-Triazole-Coumarin Triads T1, T3, T4 and T6 in 

the active site of CDK2 and CDK4 with their corresponding docking score 
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Spectral Details 

Spectral Details of Chromene-Alkyne 1 (Ch1) 

 

 

 

1H-NMR spectra: 
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13C-NMR Spectra: 

 

EIMS: 
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IR Spectra: 

 

Spectral Details of Chromene-Alkyne 2 (Ch2) 

 

1H-NMR spectra: 
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13C-NMR Spectra: 

 

EIMS: 
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IR Spectra: 

 

Spectral Details of Chromene-Alkyne 3 (Ch3) 

 

1H-NMR spectra: 

 



158 

13C-NMR Spectra: 

 

EIMS: 
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IR Spectra: 

 

Spectral Details of Chromene-Alkyne 4 (Ch4) 

 

1H-NMR spectra: 
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HRMS: 

 

IR Spectra: 
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Spectral Details of Chromene-Alkyne 5 (Ch5) 

 

1H-NMR spectra: 

 

HRMS: 
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IR Spectra: 

 

Spectral Details of Chromene-Alkyne 6 (Ch6) 

 

1H-NMR spectra: 
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HRMS: 

 

IR Spectra: 
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Spectral Details of 4-azidomethylumbelliferone (Coumarin-azide) 

 

1H-NMR spectra: 

 

13C-NMR Spectra: 
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HRMS: 

 

IR Spectra: 
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Spectral Details of T1: 

 

1H-NMR spectra: 

 

13C-NMR Spectra: 
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HRMS: 

 

IR Spectra: 
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Spectral Details of T2: 

 

1H-NMR: 

 

13C-NMAR Spectra: 

 



169 

HRMS: 

 

IR Spectra: 
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Spectral Details of T3: 

 

1H-NMR Spectra: 

 

13C-NMR Spectra: 
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HRMS: 

 

IR Spectra: 
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Spectral Details of T4: 

 

1H-NMR Spectra: 

 

13C-NMR Spectra: 
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HRMS: 

 

IR Spectra: 

 

 

 

 



174 

Spectral Details of T5: 

 

1H-NMR Spectra: 

 

13C-NMR Spectra: 

 



175 

HRMS: 

 

IR Spectra: 
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Spectral Details of T6: 

 

1H-NMR Spectra: 

 

13C-NMR Spectra: 
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HRMS: 

 

IR Spectra: 
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CHAPTER 5 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

As discussed in chapters 2 to 4, this study has demonstrated the 

development of facile synthetic routes to the efficient fluorescent 

probes/inhibitors decorated with the appropriate functionalities and their 

applications in various fields such as material, bioimaging and anticancer 

agents.  

The thesis is divided into five chapters. The first chapter presents 

an overview of the importance of simple and properly functionalized 

coumarin/chromene derivatives in the fields of material applications, 

cellular level bioimaging and medicinal applications. Moreover, few 

potential synthetic strategies which can be used for the proper 

functionalization of the aforesaid molecules also discussed in this chapter.  

In chapter 2, presented a multicomponent reaction (MCR) assisted 

step economic protocol for the synthesis of coumarin based deep blue 

emitting fluorescent molecule named as “Ugi EML BLUE” suitable for 

the applications related to light emission. The solution state and solid state 

fluorescence, pH sensitivity and significant physical properties were 

evaluated. The integration of a bulky carboxamide moiety to the 8-

position of a coumarin scaffold through MCR afforded an excellent deep 

blue emission in the solution state with remarkable color purity (λems 

443nm; C.I.E. X=0.162, Y=0.012; HOMO/LUMO=-5.94eV/-1.60eV) 

suitable for a broad spectrum of applications. A plausible mechanism for 
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the observed fluorescence is also provided based on experimental and 

computational data analysis. A graphical representation of the work 

presented in chapter 2 is given in Scheme 1. 

 

Scheme 1. Graphical representation of the work presented in chapter 2 

Chapter 3 is the continuation of chapter 2 and presented the biological 

applications of the Intramolecular Charge Transfer (ICT) based blue-

emitting fluorescent probe Ugi EML BLUE. The binding properties of the 

Ugi EML BLUE against human CDK2 protein were studied via docking 

methods. The docking studies showed that Ugi EML BLUE can 

effectively interact with the ATP binding sites of CDK2. The positive 

results obtained from the docking studies were extended to the 

bioimaging as well as antineoplastic applications on HeLa cells. The in 
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vitro biological activity studies revealed the remarkable potential of Ugi 

EML BLUE as a dual functional molecule that can be used not only as a 

CDK2 targeted fluorescent probe for bioimaging (λabs 338 nm, λems 

443nm) but also as a CDK2 targeted inhibitor for HeLa cells (IC 50: 0.5 

µg/mL). At the subcellular level, Ugi EML BLUE can selectively interact 

with the ATP binding sites of the activated CDK2 to arrest the transfer of 

phosphate groups from its bound ATP to the serine and threonine residues 

of the target substrates involved in DNA transcription and replication 

initiated at the G1 cell cycle phase and which will lead to the inhibition of 

tumor growth. Graphical abstract of the work presented in chapter 3 is 

presented in Scheme 2. 

 

Scheme 2. Graphical representation of the work presented in chapter 3 
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 In chapter 4, presented a new series of Chromene-Triazole-

Coumarin Triads (T1 to T6) synthesized through the employment of a 

solvent free mechanochemical multicomponent reaction followed by 

copper catalyzed (3+2) azide-alkyne cycloaddition (click chemistry). The 

molecules were investigated for their fluorescence and CDKs induced 

anticancer properties. 

 

Scheme 3. Graphical representation of the work presented in chapter 4 
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Half numbers of the molecules such as T1, T4 and T5 showed 

fluorescence in the solution state through ICT based electronic transitions 

whereas, the other half such as T2, T3 and T6 showed solid state 

fluorescence through aggregation induction. Computational studies on 

binding affinity revealed that all the molecules are in general selective 

towards CDK2 and CDK4. The studies on in vitro biological activities 

showed that the molecules T2 and T5 are promising for undertaking 

further studies to develop them as fluorescent inhibitors of CDK2/CDK4 

induced tumors. T2 and T5 showed an IC50 of 7.5µg/mL and 4µg/mL 

respectively against human cervical cancer cell line (HeLa). A graphical 

representation of the work presented in chapter 3 is given in Scheme 3. 

In conclusion, during this whole work, we have decorated the 

Coumarin and Chromene moieties with suitable functionalities using the 

MCR-Click protocols and obtained the simple or triazole linked 

peptidomimetic fluorophores. The overall photophysical, as well as 

biological properties observed for such probes, are comparable with many 

of the commercially available probes. However, the observed properties 

can be optimized by in-depth photophysical, structure-activity studies and 

biochemical analysis to bring out their potential for various material 

applications as well as the imaging and inhibition of a variety of the 

cancer cells. The success of such studies will make an impact on the 

development of cost-effective cancer therapeutics and efficient 

fluorescent probes for the broad spectrum of applications. The 

photophysical and biological properties of the selected molecules in this 

work are summarized in Table 1 to Table 4.  
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Compound name Ugi EML BLUE 

Appearance Yellowish-brown solid 

Melting Point(oC) 178 

UVabs Max (nm) (solution) 338  (pH 7), 390  (pH 8) 

PLems Max (nm) (solution) 443  (pH 7), 458  (pH 8) 

Quantum Yield (Φ) 0.12  (pH 7), 0.21  (pH 8) 

Color Deep Blue 

C.I.E. (x, y) (pH7) 0.16, 0.01 

C.I.E. (x, y) (pH8) 0.14, 0.03 

UVabs Max (nm) (solid) 470 

PLems Max (nm) (solid) 541 

HOMO (eV) -5.12 

LUMO (eV) -2.42 

Number of Synthetic Steps 2 

Synthetic strategy MCR 

Solubility DMSO, Ethanol, Ethanol-Water 

Studied cell line Human Cervical Cancer (HeLa) 

Targeting protein CDK2 

IC50 0.5 µg/mL 

Plausible inhibition mechanism Perturbing the target phosphorylation from active CDK2 

 

Table 1. Photophysical and Biological properties of Ugi EML BLUE 
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Compound name Chromene-Triazole-Coumarin Triad 1 (T1) 

Appearance White solid 

Solubility DMSO 

Melting Point(oC) 192 

UV AbsMax (nm) (solution) 326 

PLMax (nm) (solution) 442 

HOMO (eV) -6.06 

LUMO (eV) -2.52 

Stoke’s Shift (nm) 116 

Quantum Yield (Φ) 
0.95 

(Ref: Quininesulphate, Φ=0.54) 

Number of synthetic steps Three 

Synthetic protocol MCR-Click 
 

Table 2. Photophysical properties of Chromene-Triazole-Coumarin Triad 1 

 

Compound name Chromene-Triazole-Coumarin Triad  2 (T2) 

Appearance White solid 

Melting Point(oC) 196 

Solubility DMSO 

UVabs Max (nm) (solid) 379 

PLems Max (nm) (solid) 515 

HOMO (eV) -6.04 

LUMO (eV) -2.39 

Targeting kinase CDK2/CDK4 

Binding Affinity (kcal) -9.1/-9.6 

Studied cell line Human Cervical Cancer (HeLa) 

IC 50 (µg/mL) 7.5 

Apoptotic Path S phase arrest 
 

Table 3. Photophysical and Biological properties of Chromene-Triazole-Coumarin  

Triad 2 



186 

 

Compound name Chromene-Triazole-Coumarin Triad 5 (T5) 

Appearance White solid 

Melting Point(oC) 190 

Solubility DMSO 

UVabs Max (nm) (solution) 331 

PLems Max (nm) (solution) 410 

Stoke’s Shift (nm) 79 

HOMO (eV) -6.30 

LUMO (eV) -2.40 

Quantum Yield (Φ) 
0.72 

(Ref: Quininesulphate, Φ=0.54) 

Targeting kinase CDK2/CDK4 

Binding Affinity (kcal) -10.5/-9.4 

Studied cell line Human Cervical Cancer (HeLa) 

IC 50 (µg/mL) 4 

Apoptotic Path G1 phase arrest 

 

Table 4. Photophysical and Biological properties of Chromene-Triazole-Coumarin Triad 5 
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