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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 CDK?2
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 CDK?2 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.



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 m-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.l! 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



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”.

Naphthalimides (Lucifer Yellow CH)

‘ COOCH,
OO
HoN ) NH,*

Rhodamines (Rhodamine 123) BODIPYs (BODIPY FL NHS ester)
‘058 S0,
H;N (0] o)
(o)
HossmOH N+, = = / N
CH, ) K
AlexaFluors (AlexaFluor 350) Cyanines (Cy5)

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.”l However, the

synthesis of these kinds of probes involves multistep processes which are



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. 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.!
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



salicylaldehyde and acetic anhydride which is a popular method (Scheme

1).BlLarge numbers of coumarin derivatives are available for the use as

lighting materials, fluorescence imaging dyes, and therapeutic agents.
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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.®! Organic Light Emitting Diodes (OLEDSs) 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.l"8] The properly

functionalized derivatives of coumarin have a significant role in these



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 vyields.[**2 Such
materials have been majorly used as the emitting materials for the
Emissive Layers (EML) in OLEDs.*** For example, coumarin 540 (3-
(2-benzothiazole)-7-diethylaminocoumarin) is a coumarin based efficient
emitting material reported by Tang’s group in 1989.1*°*1 As a consequence,
the derivatives of coumarin have been widely studied as the fluorescent
emitters in OLEDs. Three coumarin derivative with relatively high
quantum vyields were reported as emitting materials for OLEDs by Chen
et al. in 2003.1%1 In 2013, J. X. Chen et al. reported a coumarin derivative
as the blue emitter for the hybrid white OLEDs.[*"1 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.®!

o @J@ﬁ sdeel
I &

L

N 0" "0

N

Coumarin 540 DPMC MeC1
o o)
90! OSSO
= AN DN
L0 N ~
N = (o] (@] @/O (o]
Cz-Cm PHzMCO PHzBCO

Figure 2. Selected coumarin derivatives as emitters for OLEDs



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.[*! 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.?%?1 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.l?2231 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



cellular imaging based on the OCI" promoted de-diaminomaleonitrile
reaction (Figure 3).4 The OCI" /HOCI 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).?%1 Similarly, in 2015, C. Zhang et al.
reported a few probes sensitive to the H,S and suitable for bioimaging
(Figure 5).2°1 The H.S is an endogenous signaling molecule and the
concentration of which is correlated with various diseases like
Alzheimer’s disease, diabetes, liver cirrhosis, etc.

CN
CN

NH,

Coum-1 Coum-2

Figure 4. Coumarin based cyanide sensing bioimaging probes
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Figure 5. Coumarin based H-S sensing bioimaging probes and their reactions with H,S

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).1221 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?”] 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



antagonists. Armillarisin A and novobiocin are antibiotics. The

geiparvarin is an antiproliferative agent,

Hymecromone Scopoletin Carbochromen
CH3 CH3
OH o on (% OH o
=aNp X0 oo
00 NO, 07 Y0 0”70
Acenocoumarol Phenprocoumon Warfarin
HO
» i
OH
XY “CHs
A
O HO [0 R ¢
O "0
: Armillarisin A
Difenacoum
HsC N o oo
HsC CH3 Geiparvarin
Novoblocm
S m Q\Nﬂ Iy
H3C Auraptene Ensaculin ? 0" ~o
CHj

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 Kkinase
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.[283% Similarly, 3,8-dibromo-7-hydroxy-4-
methyl coumarin (DBC) (IC50 = 100 nM) is a potent CDK2 inhibitor to

11



suppress neoplastic growth.®32lIn 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).B% 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.B4Furthermore, T. Abdizadeh et al. reported few coumarin based
benzamides as potent histone deacetylase inhibitors and anticancer agents
in 2017.2% These results and ongoing research works showing the
potential of the coumarin derivatives in therapeutics.

N
Q

HoN-S-0 oo
0

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).

2H-chromene 4H-chromene

Figure 10. General structures of 2H-chromene and 4H-chromene
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Chromene constitutes several naturally occurring alkaloids, flavonoids,
anthocyanins and tocopherols.®1There 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.*”) 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 K.COs-catalyzed one-pot synthesis of 4-aryl-4H-chromenes
and NaCOzs-catalyzed one-pot solventless synthesis of 2-amino-4H-

chromenes (Scheme 2).58!

CN

K,CO
RCHO + (  + or s
CN W

HO. OH ,
O/ Yield: 87-93%

R = pheyl, piperonyl, indolyl, 2-chloro-3-quinolyl

(a) K2CO3-catalyzed one-pot synthesis of 4-aryl-4H-chromenes

CN OH Na,CO, o
RCHO + ¢ + R « 0
o 1

T

Yield: 100%

(b) Na2CO3-catalyzed one-pot solventless synthesis of 2-amino-4H-chromenes

Scheme 2. (a) KoCOs-catalyzed one-pot synthesis of 4-aryl-4H-chromenes (b) Na,COs-
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).1%9

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.”*®! 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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aqueous solution

0]
0
n

-S NO,
n
0

Probe 2

Probe 1
Fluorescence OFF Fluorescence ON

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 H,S (Scheme 3).4!]

Fluorescent

Non-fluorescent

Scheme 3. Example for the chromene based H.S 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.[*?]
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Anti-Alzheimer's a
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O OH HO
. 4@
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HO (¢} OH

Hyperxanthone E - anti-tumor Ophioglonin- antihepatitis B virus

Calanone Calophyliolide
activity against leukemia cell L1210 anti-coagulant, antituberculosis, antimicrobial
anti-inflammatory, and anti-arthritis

Vitamin E

Erysenegalensein C
anti-infertility and gonorrhoea

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.*®! As a consequence,

chemists have been taking great efforts to utilize the potential bioactivities

of chromene derivatives to develop new drug candidates. For example,
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calanolide A is chromene based potential therapeutic agent for the

treatment of HIV.
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Figure 14. Potential examples for the synthetic chromene derivatives possessing
different biological activities

Similarly, the S-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 14.1%5%81 |n 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 (MCRsS)

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.[:%! The history of the
MCR begins with the Strecker synthesis of a-amino acids in 1850.[¢1 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,®1  The Biginelli reaction for the synthesis of 3,4-
dihydropyrimidin-2(1H)-ones,®  Debus - Radziszewski synthesis of
imidazoles,® Mannich reaction for p-amino carbonyl compounds,®’
K.COs-catalyzed one-pot synthesis of 4-aryl-4H-chromenes,8 Na,COs-
catalyzed one-pot solventless synthesis of 2-amino-4H-chromenes
(Scheme 2) etc.l®® 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 a-N-acylamino
amides,® Passerini reaction for the synthesis of a-acyloxy amides,®
Van Leusen reaction,®? Bucherer-Bergs for the synthesis of hydantoins
and a-amino acids, etc.®®! 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 Na,COsz-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 a-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.% Depending upon the R groups and
the replacement/removal of starting materials, post-Ugi reactions have

been reported.

The amine (R!NH,) and aldehyde (R2CHO) form the imine 1 with
loss of one equivalent of water. The proton exchange with carboxylic acid
(R*COOH) activates the iminium ion 2 for nucleophilic addition of the
isocyanide (R®N*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 R* acyl group from oxygen to nitrogen.
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R'—NH
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OH 0 R?
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1
N " N C‘l{] 3
1_ N 2 N —_— . =N—R
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| }
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o R H H C N
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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.[®l 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.

R'NH, 0w
MeOH, 40°C .
ArOH : - R N
RCHO + 245 h \Hk( R
R'NC R

Ar: 0-NO,CgH5,

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).1°°]

©;O\B’Nipr2 |

|

R'NHR" H
RCHO 0o R’ N

+

N
R"NC THF, r.t, 12-16 h F‘R e}

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.[®®! 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).

Cly
O/
N

=
ﬁg{éz:]

clopidogrel

00 \ PHH
[sasned
F © CN

bicalutamide

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.

@,

R

H_.O *

Q
C

e ———

MeOH

Cl
RO
U-3CR N
3
N H

6 &

R=H
MeOH R =Me \\
S

éJ
\s

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.[®")

J MsOH, 70°C
[ :[ NTO

N

0%\0

Praziquantel (>75%)

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).%1 They showed a
microwave assisted efficient two-step Ugi/cyclization reaction sequence

for preparing the hydantoins which are drug like molecules.

1) MeOH, rt., o.n. e
RNC AR'NH, 2) removal of volatiles /u\ ,
_Ar
+ N N
ArCHO COCH 3) 1 eq. K,CO3, MeCN,
m MW, 100°C, 10 min o Ar
R: Bn, Cy, tBu

Scheme 9. Genel representation of Post-Ugi Cascade reaction
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1.3.1.2 Na2COs-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.*! The general representation

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

R NH
OH T 2
FN S Na,CO, I
R-CHO + ¢ + P % 0
CcN T

Yield: 100%

General representation of the reaction

OH Sy
-
. . OO A

RCHO + ( — RG —_—
CN CN  Na,co,

Possible mechanism

Scheme 10. The general representation of the Na,COs-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.[* The major
characteristics of the click-reactions are: they are wide in scope,

producing high yields, only non-chromatographic methods (such as

25



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 (1) catalyst can be generated from Cu (1) or Cu (1) 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 o-bond and n-bond with two
copper atoms. In the next step, the alkyne bearing the ¢ and n 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.[%%

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.’°  Additionally, due to the resemblance in
physiochemical properties such as planarity, dipole moment, Ca distance
and H-bond acceptor properties (of the lone pairs in nitrogen atoms),
1,2,3-triazoles are considered as peptide bond isosteres.!*%? |n 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.

OH,_0
=NH P.
| HO OMe
(o] -
2 ) ° /YQ/ ~oNO Y
OH P‘\; /%H NS \ylk\ Fmoc
OH N HO N=N o H
N~ OH \
Anti Hepatitis C Virus (HCV) Anti-cancer agent Anti-viral agent
° FiCIFC)

v

A mi g

Anti-viralulent agent Anti viral and Anti-cancer agent Anti-cancer agent

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.

Chapter2
Multicomponent-Reaction- (MCR-)
Assisted Synthesis of a Coumarin-
Based Deep Blue Fluorescent
Emitter

Ugi EML BLUE
Dual functional
Fluorescent Inhibitor
probe via MCR

&
(Ugi-4CR)

Chapter3 é’

Studies on the applications of Ugi 8
EML BLUE for the CDK2 Targeted gE o
Bio-Imaging and Cytotoxic Activities < 2 B
Chapter 1 on HeLa Cells e 2=z
pler Z E._ "_E
An overview of the Benzopyran g

based Small Molecule £

Fluorophores and Fluorescent E

probes
- —
Chromene-Triazole- Chapter4
Coumarin Triads Chemistry, Chemical Biology and
Photophysics of Certain New
Dual functional = Chromene-Triazole-Coumarin
Fluorescent Inhibitor Triads as Fluorescent Inhibitors
probes, via MCR-Click of CDK2 and CDK4 Induced
protocol Cancers

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.:? 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.®# 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.>
191 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.

i

2
ﬁ Ugi EML BLUE
T

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.***?l 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.[**'4 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.*>28 \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.

CHO

HO. o} o HO. o o
Hexamethylenetetramine/Glacial Aceticacid
= - . =
HCl 1

8-formyl-7-hydroxy-4-methyl coumarin

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

Ethanol Vapour

—

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 70°C 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 70°C 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 26 18.92° is 0.600°, the interplanar distance
(d) is 4.686 A and the approximate particle size is 14.0 nm.[}%2 The
ultrafine particle size of the material allows the preparation of ultrafine

thin layers while constructing the OLED devices.[?1-26:1-10]

8000
l 20-18.92°

7000 ( FWHM = 0.600°
4 ‘ 4
6000 - | l

sooo- |
!

4000 - k
3000-. W [ |
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: . r .
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Intensity (cps)

Figure 5. X-Ray Diffraction Pattern of Ugi EML BLUE
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Figure 6. Thermogravimetric data of Ugi EML BLUE
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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
(178°C) 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.

10 pm x 10 ym AFM image 1pm = 1 ym AFM image

00 02 04 06 08 10 a . Wy 0 ¢ 00 02 04 06 08 10
i um

Topographyimage Cross sectional image along the red line Topography image

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
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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. 27281
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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.?®3% 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
(¢ =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*.*!]
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. %%

tert-butyl groups

' - Carbon
@ - Hydrogen
© - Oxygen

@ - Nitrogen [

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.
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Figure 13(An-AL) reveals that the molecular conformation with two upper
terminal tert-butyl group ensures the prevention of concentration
quenching and enhances the fluorescence.?’?1 The amide groups
adjacent to the tert-butyl groups at each termina