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ABSTRACT

The synergism between therapy and diagnostics is considered as a new
innovation to the treatment techniques. Thus theranostics, the combination of
therapeutics and imaging capabilities into a single package, has emerged as a
powerful tool towards personalized medicine and is anticipated to revolutionize
modern treatment modalities. Transformation of the idea of theranostics from the
lab to the clinic is possible only by the advancements in individual components.
Moreover, rather than depending on the strength of individual components, a single
molecule possessing the desired attributes may contribute significantly to the
realization of the concept. The development of trackable therapeutics will allow the
real-time monitoring of drug release and its pharmacokinetics and thereby increase
the treatment efficacy. The advancements in the field of single molecule based
theranostics are possible only by accelerating the development of novel core
scaffolds. The symbiosis of computational and synthetic chemistries may open new
vistas in the theranostic field, which is rarely explored. In this regard, we formulated
our research problem to design novel core molecules by exploring the hidden
potential of computational and classical chemistry aimed towards contributing
significantly to the growing field of theranostics.

In our search for novel organic functional molecules, we hypothesized the
combination of diverse heterocycle fragments through molecular hybridisation, a
widely adopted technique in drug discovery for the design of core skeleton for the
envisaged theranostic platform. Our longstanding interest in 1,3-thiazole, coupled
with its extensive pharmaceutical relevance and untapped potential as fluorophore
core prompted us to choose this member of azole family as the anchoring unit. A
computer aided fluorophore design strategy was adopted by placing donor-acceptor
fragments as end groups, utilizing the intramolecular charge transfer phenomena
resulting in a novel 5-(hetero-2-yl)-1,3-thiazole core. Molecular engineering around
the thiazole core utilizing its C2, C4 and C5 positions afforded a library of multi-
directional charge transfer molecules. The preliminary structure property study
carried out with the aid of DFT and TD-DFT methods revealed that C5 position of
thiazole was critical in imparting colour tunability. The calculations also helped to
identify the potential of C4 position to emerge as an orthogonal handle.

Motivated by the rational design of novel molecules based on bi(heteroyl)
thiazole-het core, we further proceeded with the retrosynthetic design and
development of facile routes to generate the combinatorial library of fluorophores.
Using the untapped potential of classical chemistry, we identified a classical [4+1]
thiazole ring route where carbonyl compounds, secondary amines and halo methyl
heterocycles served as building blocks for the modular synthesis of multi-
heterocyclic D-A systems. The versatility of the developed method was validated
by the synthesis of a 70 member library built on 5-(thiophene-2-yl)-1,3-thiazole and
5-(furan-2-yl)-1,3-thiazole cores, and out of which 35 members were fully
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characterized. We also attempted to adapt our synthetic strategy to suit green
chemistry protocols and successfully developed a one-pot multi-component
mechanochemical method to synthesize these thiazoles. Compared to the existing
literature methods, utilizing highly expensive transition metal catalysts for
constructing bi(hetero)aryl core, our method is simple, highly versatile, economical,
having a high atom economy and synthesised using readily available reagents.

In order to validate the theranostic potential of the synthetically achieved
systems, we next proceeded with the systematic exploration of their therapeutic and
diagnostic properties. For the validation of the therapeutic potential, both in vitro
and in silico methods were employed. The preliminary in vitro studies using
selected members of the synthesized library confirmed that one of the molecules of
the 5-(thiophene-2-yl)-1,3-thiazole family was active against HL-60 (leukemia) cell
line whereas the same molecule exhibited promising results in MCF-7 (breast
cancer) and HT-29 (colon cancer). Inspired by these findings, and considering the
synthetic feasibility and availability of reagents, we generated a 43200 member
virtual library by diversity amplification around the core. The computation of
pharmaceutically relevant descriptors using ADME predicting tool indicated that
97.5% molecules in the designed library were within the range of properties
recommended for 95% of drugs in the market and hence the druggable nature of the
core scaffold was confirmed. Further in silico analysis were carried out in three
different families of cancer biomarker proteins viz- human estrogen receptor, aurora
kinase, and cyclin dependent kinase using the in-house virtual library. The results
from docking studies were compared with those of respective classes of protein
inhibitors and known anticancer drugs and it was found that the molecules retained
most of the crucial binding interactions with the proteins. Among the studied cores,
molecules built on 5-(furan-2-yl)-1,3-thiazole core was found to have a better
binding affinity for the active site of proteins. Specifically, N-containing
heterocycles viz; 3-pyridyl, 2-substituted quinoxalines and pyrazines played vital
roles in ATP competitive binding in aurora kinase proteins. Thus the designed
scaffold holds the promise for developing potent drug molecules.

Excited by the vast potential of these cores in therapeutics, we next
attempted to evaluate their photophysical properties for the development of
druggable fluorophore molecules for applications in the field of theranostics. The
photophysical properties of developed fluorophores were studied in six different
solvents of varying polarity. The study of structure photophysical relationship shed
light on the importance and influence of different fragments on the photophysical
properties of 5-(hetero-2-yl)-1,3-thiazoles. The significance of C5 position in
developing colour tunable fluorophore was further confirmed by experiments. The
C4 position can be used a gateway for a second charge transfer channel by choosing
appropriate donor and acceptor fragments. All the molecules exhibited solvent
dependant photophysical properties and showed positive solvatochromism with
large Stokes shift values which are desirable attributes for imaging applications.
Additionally, the molecules displayed very high quantum yield values up to 87%,
especially in non polar solvents. These molecules are further capable of exhibiting
colour tunable solid state emission and are thus among one of the smallest family
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of organic molecules capable of exhibiting solid state red emission. The crystal
structure analysis revealed the molecular rigidity obtained by the multiple short
interactions to be responsible for the solid state emission. The preliminary
evaluation of theranostic property in HeLLa and 1929 cell lines identified that the
molecules were potential candidates for the development of theranostic platforms.

We further performed computational calculations to understand the
fundamental nature of the core molecules. A benchmark study using twelve
different functionals identified the hybrid functional PBEO as the best functional to
describe the vertical absorption energy with a mean absolute error less than 0.3 eV.
This result would help in designing molecules with tailored wavelength of interest
in future research. The solvent effect on the photophysical properties was also
verified by computational calculations using polarizable continuum model. The
intramolecular charge transfer was verified by the partial density of states
calculation by identifying the percentage contribution of various fragments to
HOMO and LUMO and the information was used to design the multidirectional
charge transfer compounds. The computational calculations assisted in identifying
the existence of charge separated quinoid state in polar solvents and gave insights
on the conformational preference of the molecules.

After achieving the main objectives of the thesis, we also investigated the
potential of the multi-heterocyclic 1,3-thiazole core in multi-functional material
development by expanding the prospects of thiazole chemistry from drug discovery
to advanced functional materials. The molecules with a nitro substituent at C5 of
thiophene behaved as static functional molecules whereas the aldehyde derivatives
hold promise as dynamic functional systems. The study also revealed the potential
of the core to exhibit the aggregation induced emission phenomena and the
molecular dynamics study confirmed the time dependent formation of aggregates.
The sensitivity of the molecules towards the HCI vapours were detected and a naked
eye sensor for acid vapours was developed. The sensor behaviour was then
rationalised by computational studies. Further, the observed mechanoresponsive
fluorescence behaviour of the aldehyde substituted molecules widens their scope as
advanced functional materials.

It is noteworthy that the present study has successfully and significantly
contributed to the emerging area of theranostics through the development of
trackable therapeutics. The salient features of the work include the combined
approach by utilizing the prospectives of computational chemistry and classical
chemistry to design and develop novel single small organic molecule based
fluorescent therapeutic agents. Further, the concept of molecular hybridisation of
heterocycles was used for the development of a novel 5-(hetero-2-yl)-1,3-thiazole
core scaffold capable of accommodating panoply of substituents around the core.
A simple, economical and highly versatile synthetic route was developed by using
commercially available building blocks. In vitro and in silico methods were used to
reveal the therapeutic potential of the systems and detailed photophysical studies
unveiled the probable imaging capabilities. Further computational calculations
helped us to identify the fundamental nature of the core scaffold. Finally, the
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potential of the bi(hetero)aryl core from medicinal chemistry to materials chemistry
transformations for multi-functional material development was illustrated. The
research has opened new avenues in heterocyclic chemistry research, especially in
thiazole chemistry, by identifying novel molecular systems with a broad spectrum
of tunable properties and is expected to realise its goal of single molecule based
trackable therapeutics for applications in personal medicine in the future.
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CHAPTER 1

INTRODUCTION

The increasing statistics of occurrence of various diseases urge the
development of novel and effective diagnostic and treatment techniques which
typically involves simultaneous improvements in both drug design and diagnostics
parts. Although potent drugs are often discovered for the existing and new diseases,
the population demographics would demand a substantial improvement in research
on the prevention, diagnosis and therapy of various life threatening diseases.
According to WHO report, ischaemic heart disease and stroke are the biggest killers
followed by lung cancer with 1.7 million deaths (WHO, 2015). Cancer,
characterized by the uncontrolled cell proliferation and metastasis (Vogelstein and
Kinzler, 2004), is one of the leading public health problems in the world and the
second largest cause of death in USA (Siegel et al., 2016). From the third largest
death cause in 1990, cancer occupied a second position among largest death causing
diseases in 2013 (Global, 2015). Therefore, there is no surprise that research on
cancer diagnosis and therapy remains topical for both developed and developing

countries.

Focusing further on cancer, which is a heterogeneous and adaptable
disease, it is very essential to diagnose early and decide on various types of
treatments depending upon patients’ characteristics and disease progression.
Among surgery, radiotherapy and chemotherapy, latter is widely used to treat
various kinds of cancer. Conventional chemotherapeutics are based on cytotoxic
agents which kill all the dividing cells and thereby causing severe side effects to
patients (Lu and Mahato, 2009). However, improvements in the molecular
understanding of the malignant progression of cancer led to the development of

targeted drugs which are molecules capable of inhibiting, stimulating or modulating



the activity of the target (Landry and Gies, 2008) and thereby having a profound
effect in controlling cancer. Such molecularly targeted drugs including imatinib,
gefitinib, bortezomib, rituximab, trastuzumab among others (Table 1.1) have
proved their vital roles in the successful treatment of cancer (Huang et al., 2014;
Narang and Varia, 2011). Considering these success stories, it would be worthy to
think about molecular targeted drugs with diagnostic capabilities to address
diagnosis and therapy utilizing a single platform. Research along similar lines
spurred the idea of theranostics which is discussed now, with an emphasis on

anticancer studies.

Table 1.1 Selected molecular targeted drugs

Drugs Targets

Imatinib Bcer-Abl

Dasatinib Multiple tyrosine kinases
Gefitinib Epidermal growth factor receptor (EGFR)
Erlotinib EGFR

Sorafenib Multiple tyrosine kinases

Trastuzumab HER?2 receptor
Rituximab CD20

1.1. Theranostics

It is a known fact that because of the heterogeneous nature of the tumor, it
is often difficult to visualize and treat it properly. The different areas of therapeutics
and imaging techniques have shown tremendous improvement in these years but
were not sufficient to improve the quality of life of the patients. The integrated
method of combining the individual strength of both therapeutics and diagnostics
was not familiar to the scientific community until Funkhouser introduced the term
theranostics in 2002 (Funkhouser, 2002). According to him, theranostics is “a
material that combines the modalities of therapy and diagnostic imaging”.
Theranostics has the potential to revolutionize the field of medicine from the

conventional traditional approach to a one drug fits all approach (Rai et al., 2010).

It allows therapy and imaging simultaneously with the same dosage of the material.



Compared to the conventional approach where the individual items are injected
independently, this single package has the potential to overcome the undesirable
biodistribution and has much better selectivity (Kelkar and Reineke, 2011).
Theranostics enables the diagnostics of a disease, treatment planning, dosimetry,
pre- and post-treatment assessment and moreover is considered to be a giant leap
towards personalized medicine (Amir-Aslani and Mangematin, 2010; Crawley et
al., 2014). This precision therapy allows the effective and economical clinical
output for individual persons with reduced time and cost. The area of theranostics
is still in its infancy and a lot more improvements are needed for its translation into
the clinic. The significant advances in the areas of chemistry, biology,
biotechnology, medicine and imaging technologies contribute remarkably to the
progress of theranostics. The different therapeutical and imaging modalities that
can be used for theranostics are listed in table 1.2 (Bardhan et al, 2011).
Theranostics has currently developed into two separate classes (Zhang et al., 2016)
where biomaterials are developed by- (i) incorporating complexes from the
assemblies of therapeutic and diagnostic units or (ii) covalent conjugation of
molecules combining different chemotherapeutic agents, imaging agents, and

targeting ligands using suitable covalent linkers.

Table 1.2. List of various therapeutical and imaging modalities
Modality Agent

Anticancer drugs (doxorubicin,

Chemotherapy paclitaxel etc)
Radiation therapy X-rays and radio nucleotides
Photodynamic therapy Photosensitizer
Therapeutics

Gene therapy siRNA, DNA
Photothermal therapy Nanoscale materials
Magnetic hyperthermia Magnetic nanoparticles

. . . . Manganese, iron oxide, gadolinium
Imaging Magnetic resonance imaging

agents etc.



Iodine, barium and other contrasting

Computed tomograph
p graphy agents
Organic fluorophores, quantum dots,
Fluorescence & p q
and nano particles
Positron emission ..

Radioisotopes
tomography
Ultrasound Nanoparticles

Currently, there is a growing interest in nanotheranostics where different
drug molecules, targeting ligands, and imaging probes were linked to a common
nanoplatform as evident from the boom in its literature (Chen et al., 2011; Doane
and Burda, 2012; Lim et al., 2014; Ma et al., 2016; Mura and Couvreur, 2012).
Nanoplatforms are important components towards nanotheranostics which include
a wide variety of systems ranging from organic structures like liposomes, polymeric
micelles, and dendrimers to inorganic nanoparticles such as silica nanoparticles,

graphene materials and various core/shell nanoparticles (Ma et al., 2016).

The therapeutic property can be imparted using various strategies. Most
important and widely explored one is the attachment of known chemotherapeutic
drug using covalent and/or non-covalent interactions. The literature is rich enough
with theranostic formulations using chemotherapeutic agents ( Li et al., 2016) like
doxorubicin, paclitaxel, and methotrexate in nanocarriers like liposomes (Huang et
al., 2016), polymeric micelles (Panja et al., 2016), and inorganic nanoparticles
(Ding et al., 2016). Whereas combinations of these drugs are also widely employed
(Yang et al., 2007). Therapeutic outputs are achieved by photothermal therapy
using nanoparticles, magnetic hyperthermia therapy using iron oxide nanoparticles,
photodynamic therapy (PDT) using photosensitizer, gene therapy using siRNA and
DNA, and photoacoustic therapy using carbon nanotubes (Bardhan etz al., 2011).

Different targeting ligands are also frequently employed to improve the
selectivity and specificity of the systems. For example, folic acid for recognizing
folate receptors (Maeng et al., 2010; Y. Zhang et al., 2017), various peptides, (Jo
etal.,2016), antibodies (Conde et al., 2014; Lim et al., 2011; Scarberry et al., 2008;



B. Zhang et al., 2017), and aptamers (Das et al., 2015; Lyu et al., 2016; Yu et al.,
2011) are widely used as targeting agents in nanotheranostics. These targeting
nanocarriers have enhanced uptake by cancer cell lines, localized selectively to the

affected area and hence show much better diagnostics and therapy.

Diagnostics can be performed using several contrasting agents (Bardhan
etal.,2011; Wu et al., 2014). It includes optical imaging using various agents like
organic fluorophores (Zheng et al., 2014), inorganic nanoparticles ( Luo et al.,
2012; Lv et al., 2015; Muthu et al., 2015) like quantum dots and carbon dots,
magnetic resonance imaging using manganese, iron oxide and gadolinium
nanoparticles (Y. Chen et al., 2015b; Zhang et al., 2015), computed tomography
using gold and iodine nanoparticles (Liu et al., 2014), positron emission
tomography using various radioisotopes (F. Chen et al., 2015a; Lopez-Rodriguez

et al., 2015), and ultra sound imaging (Min et al., 2015; Wang et al., 2014).

A multimodal therapy was also developed in which two or more diagnostic
capabilities were introduced into a single platform (Bardhan et al., 2009; Fan et al.,
2014; Song et al., 2015). It is based on the exploitation of individual advantages of
each imaging modality and hence is expected to deliver better theranostic

efficiency.
1.2. Single Molecule Based Theranostic Agents

The idea of integrating all the features required for theranostics into a
single molecule holds a great potential in the future. Even though the idea is still in
its infancy, and a lot more hurdles have to be crossed for the successful
implementation in clinical practices, attempts along these lines have reported
promising results. A number of targeted near-infrared (NIR) fluorophores are under
preclinical studies and till now, approved for clinical use in humans is awaited (R.
R. Zhang et al., 2017). The following sections present the state-of-the-art and

promising developments towards single molecule based theranostics.



1.2.1. PDT in theranostics

PDT is a widely accepted non-invasive treatment modality in which light,
a photosensitizer and molecular oxygen are the major components (Dolmans et al.,
2003). Compared to the current cancer treatments, PDT has an inherent selectivity
feature in which visible or NIR light is directed to the localized photosensitizer. The
photosensitizer is considered to be nontoxic in dark and in the presence of light,
will get excited and transfer energy to molecular oxygen, to produce very reactive
short life singlet oxygen which will destroy the tumor lesions. PDT also has several
shortcomings - the ideal photosensitizer should absorb in the therapeutic window
(650-900 nm), light penetration is limited to a few millimeters and most
importantly, in hypoxia conditions, PDT is ineffective which limit its use in certain
kinds of tumors. Sufficient improvements in photosensitizer and light irradiation
setups have to be made for enjoying all the potential offered by PDT.
Photosensitizers with targeting groups and development of activatable
photosensitizers have led to third generation photosensitizers with improved

selectivity and specificity (Bugaj, 2011).

Photosensitizers with inherent fluorescence can be used for imaging and
hence locating diseases. The manifestation of the required attributes into a sensitizer
will be rather challenging due to the demand for proper balancing between
fluorescence and triplet state quantum yields and these properties are often
contradictory to each other. Pandey and co-workers conjugated a HPPH (2-[1-
hexyloxyethyl]-2-devinyl pyropheophorbide), now in Phase II clinical trials, with
cyanine dye and the conjugate exhibited remarkable photocytotoxicity and imaging
capabilities (Ethirajan et al., 2011). Multi-functional photosensitizer molecule was
developed by conjugating with suitable imaging agents for their use in different
imaging modalities like magnetic resonance imaging, computed tomography,
positron emission tomography, and fluorescence imaging. Hydroporphyrin
derivatives like chlorins have shown potential in imaging and PDT (Singh et al.,

2015). Celli et al. reviewed the plausible applications of imaging and PDT agents,



along with their dosimetry status by monitoring the dose response to various tissues
(Celli et al., 2010). Fluorescence imaging-guided resection and PDT was
successfully used for treating lung cancers (Josefsen and Boyle, 2012). N-(2-
hydroxypropyl) methacrylamide copolymer-conjugated zinc
protoporphyrin systems developed by Fang and co-workers caused necrosis and
70% of the tumors were treated successfully using different tumor models. They
further confirmed the tumor imaging using breast and colon cancer models (Fang
et al., 2015). Recently, thio-heterocyclic fused naphthalimide was reported as a
novel core for theranostics by Zhang and co-workers (Zhang et al., 2016). They
performed in vitro and in vivo analyses and confirmed effective PDT and imaging
potentials which may be considered as a positive step towards the goal of small
single molecule theranostic agents. Ideally, the synergetic imaging and PDT
capabilities in a molecule added a new dimension in cancer treatment. Such a
system offers multiple competencies like diagnostics, therapy guidance, monitoring
of lesions, treatment assessment and understanding the mechanism of cell action

(Celli et al., 2010).

1.2.2. Trackable therapeutics

The idea of trackable therapeutics has recently emerged as a novel concept
spurring much research interest among the scientific community (Bertrand et al.,
2016). Administration of a single molecule for therapy and diagnostics will lead to
the development of multi-functional theranostic agents. The straightforward
approaches would be either to integrate imaging capabilities into an existing drug
or adding therapeutic property to dye molecules. However, conjugation strategy
using a polymer or other carrier molecules would make the systems more complex
and further these higher molecular weight systems would also have poor cell

penetration ability.

In the past few years, research on targeted fluorophores showed

tremendous improvement and a number of molecules reached the preclinical stage.



For example, Cetuximab-800CW was the first tumor targeted fluorophore to reach
clinical trials (Rosenthal et al., 2015). NCT01508572 and NCT01987375 are cancer
biomarker targeted NIR fluorophores used for fluorescence guided surgery to reach

clinical trials (R. R. Zhang et al., 2017).

Indocyanine green (ICG) was the first and the only NIR fluorescent dye to
get approval in clinical trials (Frangioni, 2003). Following that, heptamethine
indocyanine NIR fluorescent dyes with cancer selectivity were developed, among
which IR-808 selectively accumulated in the mitochondria of cancer cells and
exhibited potential cytotoxicity (Tan et al., 2012). The same system also could act
as a PDT agent with imaging and targeting capabilities. Among several other
derivatives of IR-808 which were later developed, IR-808DB showed tumor
inhibition potential greater than that for the therapeutic drug cyclophosphamide
along with NIR imaging competence (Luo et al., 2013). Other fluorophores with
inherent targeting properties that were developed include IR-783 which showed
uptake in prostate, bladder, renal and pancreatic cancers, IR-780, and MHI-148
(Henary et al., 2012; Lee et al., 2011; Tan et al., 2012).

HO™So  po O

MHI-148 5-ALA (Converted
to PPIX)

Figure 1.1. Chemical structures of fluorophores used for cancer detection



Recently a new analogue of ICG, IR-DBI was developed by Tan et al.
capable of exhibiting multimodal therapeutic properties including mitochondrial
targeting, NIR emission, PDT, photothermal and chemotherapeutic effects (Tan et
al., 2017). Figure 1.1 lists the clinically approved fluorophores for cancer detection
among which methylene blue and 5-aminolevulinic acid (5-ALA) have poor

targeting ability and table 1.3 summarises ICG dyes and their tumor targeting areas.

Table 1.3.Tumor targeting of indocyanine dyes

Dye Aabs/em(NIM) Tumor type targeted
ICG 780/812 -
IR-780 777/823 Breast, lung, cervical
IR-783 766/782 Prostate, cervical, breast, lung
MHI-148 785/808 Prostate, leukemia, breast

Among the wide variety of porphyrin dyes, only very few display cancer
selectivity. For instance, porphyrazine derivative Pz 247 is an NIR emissive
fluorophore with selective accumulation in lysosomes of tumor cells and MDA-
MB-231 in breast tumor cells (Trivedi, et al., 2010a). Later naphtha-pz derivative
was synthesized with enhanced photophysical properties (Trivedi, Lee, et al.,
2010b). Some gadolinium conjugates of porphyrazine also exhibited improved

uptake by tumor cells (Song et al., 2010).

Another important class of single molecule based theranostic agents
comprises of the complexes of transition metals, mainly of ruthenium (Ru).
Compounds such as NAMI-A, KP1019 and KP1339 (Gao et al., 2017; Modjtahedi
and Dean, 1994) displayed very good therapeutical and photophysical properties in
which NAMI-A and KP1339 have already entered the clinical trials (Bratsos et al.,
2007). Farrell et al. reported another set of Ru complexes having good cytotoxicity
and localization in cytoplasm and nucleus on fluorescence imaging (Cardoso et al.,
2014). Cyclometalated iridium(III) complexes displayed excellent cytotoxicity
greater than cisplatin with mitochondria targeting and are considered as a promising

candidates towards theranostics (Yi Li et al., 2015).



1.3. Computer Aided Design of Theranostic Agents

It is evident from the previous discussion that there is a growing interest
in the area of single molecules based theranostic agents for the last few years. But,
most of the systems are developed around fewer core structures leading to a serious
crunch in the number of novel cores exhibiting theranostic properties. Further
advancement in single molecule based theranostic agents can gain momentum and
lead to breakthroughs with the development of efficient molecules. This demands
novel cores systems with therapeutic potential along with excellent photophysical
properties to be designed and developed. In this context, considering the
significance and challenges associated with a de novo core design, it is highly
reasonable to rely on computer aided strategies which can guide and accelerate the
design process. Though the computer aided drug design (CADD) strategy is much
familiar in the development of therapeutics, to the best of our knowledge, these
techniques are not at all exploited for the design and development of theranostic
agents. Different computational techniques can be used either individually or in
combined forms for the development of molecules with therapeutic properties along

with very good photophysical properties.
1.3.1. Computer aided drug design

The conventional drug design is a very lengthy and time consuming
process with low success rates. On an average, it takes around 12-15 years and
around $500-800 million to bring a drug into the market (Rawlins, 2004). The
traditional drug discovery involves the synthesis of a large collection molecules and
their screening in a number of target proteins using high throughput screening
(HTS) protocols. Novel potent, selective and highly specific drugs have to be
developed in order to address the drawbacks associated with existing drugs. With
the advancement in chemistry, biology, genomics, proteomics and instrumentation

facilities, the underlying mechanism of drug action was explored and suitable target

10



proteins were identified (Overington et al., 2006). Development of novel drug
molecules with high specificity and with no or reduced side effects is the need of
the hour. The CADD strategies have the potential to resolve the current problems
and avoid unnecessary laboratory illness and expenses associated with the
conventional drug design process. With the improvement in computational power
and development of sophisticated algorithms, it is now possible to perform
computational modelling calculations even in laptops or desktop systems. The

figure 1.2 clearly illustrates the various processes involved in the CADD process.

CADD

4

[ Target
identification

4 IV

Library Q] \Q
Docking m

Il ADME
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Lead optimization

g

Preclinical trials

]

Clinical trials

Figure 1.2. Computer aided drug design

There are many success stories linked to CADD which encouraged the
researchers to use computational methods for drug discovery. For example,
aggrastat, a drug used for the prevention of early myocardial infarction, is

considered as the first drug candidate to originate from a pharmacophore based

11



virtual screening lead. A direct search of Merck Sample Collection resulted in the
identification of a RGD- mimicking lead compound and was suggested as a specific
inhibitor of GP IIb/Illa mediated platelet aggregation (Hartman ez al., 1992).
Further lead optimization through experimental and molecular modelling studies
led to the drug aggrastat and was marketed in 1998 (Cook et al., 1999). Similarly,
PRX-00023, PRX-03140, PRX-08066 and SC12267 are some of the drugs
developed using CADD program. Apart from the discovery of novel drug
molecules, CADD can also be used for increasing the specificity and efficiency of
known drug molecules. For example, Carraro et al. discovered a set of new
compounds with good antiproliferative activity against human leukemia cell lines
but with poor solubility (Carraro et al., 2004). Later, a series of molecules with
better activity and solubility was developed with the help of molecular modelling
(Radi et al., 2011). The remarkable improvement in CADD, allows the medicinal
chemists to use this valuable tools in a variety of stages in the drug discovery

process. (Xiang et al., 2012).

CADD process can also be used for the early stage identification of
pharmacochemical properties. The ADME (absorption, distribution, metabolism
and excretion) and toxicity profiles can be used for identifying molecules with
druggable character in the early stage itself thereby avoiding their later stage
omission. This initial screening from the in-house library can be used to select
molecules with diverse physiochemical properties. CADD can be employed either
in 1) ligand based drug design (LBDD) or 2) structure based drug design (SBDD).
LBDD is an indirect method and used for unknown 3-D target structure. It uses
similarity searching and pharmacophore mapping. A pharmacophore can be
considered as a set of structural features that are recognized at the receptor site and
is responsible for its activity (Gund, 1977). The steric and electronic features
required for the binding will be analysed and subsequently new molecules are
designed. A quantitative structure activity relationship (QSAR) is also developed
using all the experimental and computational properties to get a mathematical

relationship between a set of descriptors and their activity.
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On the other hand, SBDD is a direct method using the 3-D structure of the
target. With the advancement of X-ray crystallography and nuclear magnetic
resonance (NMR) spectroscopy, the determination of the structure of the target
proteins became much easier. If these are not available, homology modelling, a
reliable method to obtain the structural informations in the absence of experimental
data can be performed to make the 3-D models as demonstrated in the case of G-
protein coupled receptors (GPCR) (Evers and Klabunde, 2005). However, the
success of model building is dependent on the sequence identity between the target
and the template. If the sequence identity is above 50%, it is possible to build
reliable models with RMSD falling around 1A. There are plenty of success stories
reported such as the development of first renin inhibitor drug called Aliskiren by
Ciba-Geigy (now Novartis), the development of more selective benzophenone-
based inhibitor drugs by Kohring et al, the discovery of new cardiovascular drug
HAMI 3379 and so on (Franga, 2015). In SBDD, molecular docking is yet another
widely accepted method for the virtual screening of compound libraries. Once the
structure of the target is known, potent ligand molecules capable of binding to the
active site can be determined. Using different searching and scoring algorithms,
ligand molecules are ranked according to their binding energies. Several novel
inhibitors were developed with improved activity using molecular docking
approach (Shoichet ef al., 2002) whereas further improvements by sufficiently
addressing the receptor flexibility is needed for the development of better and

efficient systems (Yuriev and Ramsland, 2013).
1.3.2. Computational methods in materials design

Computational chemistry techniques have emerged as a versatile and
fundamental tool in modern research where the power of quantum mechanical
theories is utilized to accurately and completely describe a system. Various
properties of interest of a molecule such as structure, spectroscopic properties,
reaction mechanism, and other physical properties can be calculated using

molecular mechanics, ab initio, semiempirical methods, density functional theory
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(DFT) and molecular dynamics (MD) (Lewars, 2016). For the last two decades,
computational chemistry has proven its potential in diverse fields of science

including drug design, materials chemistry and nanotechnology (Dykstra et al.,

2011).

The emergence of DFT produced a drastic change in the use of
computational chemistry techniques and now it is possible to perform routine
calculations in desktop computers within few days. Compared to ab intio methods,
DFT uses electron density based methods rather than wave function based methods,
and produces accurate results within short time periods. Later, time dependent
density functional theory (TD-DFT) was developed (Runge and Gross, 1984) as an
extension of DFT for describing the excited state behaviour of molecules. These
methods hold several advantages due to their simplicity and system independent
inputs, the speed of computation with a reliable accuracy of moderate size systems,
and the possibility to couple with different environmental models (Laurent et al.,
2014). But one has to keep in mind that the possibility of systematic improvements
is limited in DFT and hence be cautious in applying it in novel molecules. The
analysis of a number of benchmark studies will provide useful information in the

rational design of molecules.

With the explosion of research in materials science, employing
computational chemistry techniques in molecule to material transformation is
getting significant attention these days. Similar to the usage of CADD in designing
molecules with therapeutical potential, DFT methods can be used to address several
problems in materials design. For example in dye designing process, it has been
used for designing molecules having visible or NIR absorption and emission,
generating colour tunable scaffolds, molecules with large Stokes shift, molecules
for dye sensitized solar cells and so on (Beverina and Salice, 2010; Guillaumont

and Nakamura, 2000; He et al., 2008; Jacquemin et al., 2008; Mishra et al., 2009).
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However, a perusal of literature suggested that the potential of
computational methods has not been fully utilized in the area of theranostics,
although it has been widely used for the design and evaluation of individual
components. The rational design strategy was developed for the photosensitizers
used in PDT and further experimental investigation proved the photodynamic
activity which highlights the strength of these adopted theoretical methods (Alberto
et al., 2013; Quartarolo et al., 2009). Computational methods can also be used for
the fundamental understanding of the molecules and a structure property
relationship can be generated which will guide in the rational design of novel
compounds of interest. So these methods can be considered as green protocols and
environmentally safe since they eliminate the synthesis of large number of
candidates. However, computational chemistry techniques can’t stand alone in
developing theranostic molecules nor it can replace the experiments. The combined
synergetic methods have to be developed where experiment and theory should

complement each other.

1.4. Combinatorial Strategies in  Materials

Development

The demand for large number of diverse, yet closely related molecules, by
the pharmaceutical industry led to the exploration of combinatorial libraries in the
final decade of the twentieth century. Subsequently, a large number of peptides
(Pinilla et al., 1995) and oligonucleotides (Gold et al, 1995) were initially
developed for meeting the requirement of HTS. Later, a combinatorial library of
small organic molecules consisting of diverse and complex structures was
developed (Thompson and Ellman, 1996). A collection of diverse class of drug-like
molecule were synthesized using diversity oriented synthesis (DOS) strategy
(Schreiber, 2000). DOS and combinatorial approach allow the synthesis of

molecular libraries in a limited period of time. Nowadays, these approaches have
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been extended to the field of materials science and engineering (Koinuma and

Takeuchi, 2004; Takeuchi et al., 2005).

Diversity oriented fluorescence library was designed to meet the
requirement of fluorescence probe development (Vendrell ef al., 2012). The same
library may also be used in the molecular docking to identify novel structural motifs
that bind on targets. Similarly, the molecules selected from the virtual screening or
molecular docking protocols can be synthesized simultaneously using
combinatorial methods. Hence this strategy has a huge potential in finding suitable
candidates for the theranostic regime. For achieving it, the de novo designed library
should ideally have multiple diversity multiplication sites positioned around a
chosen core. Moreover, the simple synthetic procedures using readily available
starting compounds will accelerate the efficiency of library design for theranostics.
Further, this strategy can be extended for the development of core skeletons with
multi functionality to boost their realization in varied technological applications.
Considering the significance of heterocycles in the therapeutic realm along with the
growing interest of heterocyclic systems in materials science, a brief discussion on

the importance of these systems is now presented.

1.5. Importance of Multi-heterocyclics

Heterocycles are an elite class of compounds in the chemical space with
vital role in the existence of life in nature. Majority of the natural products and
molecules of biochemical importance like vitamins, amino acids, nucleic acid bases
and many of the natural drugs such as papaverine, codeine, atropine, quinine and
so on (Butler et al., 2014; Joule and Mills, 2010) contain heterocycles. The rich
chemistry possessed by the family heterocycles continues to be successfully utilized

for deriving new drug molecules.

Many of the cytotoxic drugs including alkylating agents, antimetabolites,

alkaloids and antitumor drugs have a heterocycle component. The availability of
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diverse class of heterocycles and possibility to expand the three-dimensional space
around it with different substituents using known chemistry led to the discovery of
novel anticancer drugs. About 30% anticancer drugs approved by food and drug
administration (FDA), contain oxygen and nitrogen heterocycles (Martins et al.,
2015). The heterocycles widely used in anticancer research are pyrimidine (Kamal
et al., 2011; Shiau and Chen, 2013), pyrrole (Gholap, 2016; Gupton, 2006), indole
(Singh Sidhu et al., 2016; Tunbridge et al., 2013), quinolone (Afzal et al., 2015; S.
Chen et al., 2013) and pyrazole (Lv et al., 2010). Heterocyclic anticancer drugs
available in the market are listed in figure 1.3 (Martins et al., 2015). Hence,
including relevant heterocycles in the core scaffold can be thought of as a viable

strategy to increase the druggability of the molecules.
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Figure 1.3. Heterocyclic antitumor drugs approved by FDA

The heterocyclic molecules also important components in plant pigments
such as porphyrin and anthocyanine dyes, and naturally occurring dye indigo. Also
the molecules like psoralen derivatives, porphyrins, and phthalocyanine derivatives
are used for photochemotherapy and PDT (Joule and Mills, 2010). Heterocyclic
fluorophores are important class of compounds in sensing applications as well.
They have large photoresponses, can be used for the design of full colour tunable
fluorophores, are chemically and thermally stable, and have increased polarizability
(Barone et al., 2015; Prampolini et al., 2013). The newly designed NIR dyes for
imaging cancer consist of heterocyclic organic fluorophores (Sun et al., 2016;

Yang et al., 2017).
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In addition to their therapeutic properties, heterocyclic compounds expand
their horizons in the development of advanced functional materials also. They
found potential applications in bulk heterocycle solar cells (Biirckstiimmer et al.,
2011), organic semiconductors (Mishra and Biuerle, 2012), organic photovoltaics
(Roncali et al., 2014), dye sensitized solar cells (Wu and Zhu, 2013), electro-optic
applications (Marder et al., 1997) and so on. Thus heterocycles play a crucial role

in the molecule to material transformations for diverse technological applications.

1.6. Scope and Objectives

As discussed in the previous sections, the synergism between therapy and
imaging capabilities has a huge impact on modern treatment modalities.
Theranostics is considered to be a giant leap towards the concept of personalized
medicine (Crawley et al., 2014). Recently the idea of trackable therapeutics has
been introduced along with the hunt for single molecule capable of exhibiting both
therapeutic and imaging properties. The present work was initiated and intended to
contribute to our long term goal of developing a novel heterocyclic scaffold for
theranostics wherein the designed small molecule will comprise of synergistically
functioning therapeutic as well as imaging units. Our focus in the present research
program is on computation assisted de novo design and the development of a
combinatorial library of fluorophores centered around 1,3-thiazole core as

theranostic agents.

The literature clearly underlines the lack of sufficient core scaffolds and
efficient systems to meet the need of the hour. Thus, our primary objective was to
develop a novel 1,3-thiazole based core with therapeutic property and excellent
photophysical properties. We attempted extending the concept of molecular
hybridisation where potential fragments are hybridised to get a novel
pharmacophore, currently being explored in drug discovery contexts, to the
development of multi-heterocyclic theranostics. Our idea was to combine the

individual strength of different approaches/methods and contribute significantly
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towards an emerging field. A computer aided fluorophore design strategy was
planned for the de novo design of novel core molecules with diverse structural
features and properties. Followed by the multi-heterocyclic core design,
formulation of retrosynthetic routes and accomplishing facile synthetic routes were
the next objectives. Further, we performed an in vitro screening in cancer cell lines,
followed by a detailed in silico binding studies on cancer biomarkers to reveal the
therapeutic potential of the systems. Our next objective was to study the structure
photophysical properties of the core molecules and to explore the imaging
capabilities for theranostic development. We were also interested in thorough
understanding of the nature of the core and its photophysical properties with the aid
of computational tools. An attempt also has been made to explore the multi-

functional application of the developed core molecules.
The specific objectives of the current research work are

» Computational design of de novo multi-heterocyclics with therapeutic and
diagnostic attributes

» Formulating the synthetic routes, chemical synthesis and characterization

» Design of combinatorial libraries by diversity multiplication around the
core

» Evaluation of therapeutic potential of library members by in vitro and in
silico screening

» Detailed study of structure photophysical properties

» Investigation of the potential of chosen systems in imaging application

» Computation assisted detailed understanding of the developed cores
1.7. Organization of the Thesis

The entire research work i1s summarized in eight chapters and contents of

each chapter are briefly discussed below
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Chapter 1 gives the background of the work, literature and state-of-the-art of the
research problem. It starts with describing the current anticancer treatment scenario
and further introduces the concept and scope of theranostics. A briefing on different
theranostic systems developed so far is included in this chapter. Further, the concept
of single molecule based theranostics is described with available literature data. It
also contains a discussion about the possibility of incorporating computer aided
methods like molecular modelling and DFT methods for the development of
theranostic agent. Further, the concept of combinatorial strategies in theranostic
development is also included. The chapter ends with describing the scope and

objective of the research work and the chapter-wise organization of the thesis.

Chapter 2 deals with the computational assisted design of de novo multi-
heterocyclic fluorescent core. The molecular hybridisation of heterocycles along
with D-A concept in designing the novel scaffold is described. The chapter also
analyses the diversity multiplication sites in detail along with the tunable nature of

the core using computational methods.

Chapter 3 describes the development of systematic routes to the designed core
scaffold. The retrosynthetic analysis, chemical synthesis of the library of molecules

along with their characterization details are also presented.

Chapter 4 deals with the evaluation of the therapeutical potential of the synthesized
molecules along with the generation of a virtual library built on the core scaffold.
It also includes in silico ADME property prediction to find out the drug-likeness of
the molecules. Further, detailed binding studies of virtual library members in the

active site of targets chosen from various protein families are also included.

Chapter 5 describes the photophysical properties of the developed thiazole-
heterocycles. The solution and solid state fluorescence, solvatochromism and

photophysical data of all the synthesized molecules along with detailed structure
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photophysical relationship are included in the chapter. The results of theranostic

potential evaluation are also presented in this chapter.

Chapter 6 is an attempt to understand the fundamental nature of the thiazole-
heterocycle core using computational tools. The effect of different functionals,
basis sets and solvent effects on absorption wavelength were analysed and
described. Investigations on the multi-directional charge transfer and quinoid nature

of the core are also presented in this chapter.

Chapter 7 attempts to explore the potential of the thiazole-heterocycle core in
multi-functional applications. The aggregation induced emission and its validation
using molecular dynamics simulation, acid sensing potential and mechanochromic

behaviour of the core are also included in chapter 7.

Chapter 8 includes the conclusion and future direction of the current research

work.
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CHAPTER 2

DE NOVO DESIGN OF MULTI-HETEROCYCLIC
FLUORESCENT CORE

2.1. Background

The hybridisation of fragments with established activity can be a useful
strategy in the design of novel potential molecules for specified applications. For
example, molecular hybridisation has emerged as one of the powerful tools in drug
design process. Here the combination of two or more pharmacophores having well
studied pharmacological and physiochemical features are used in the rational design
of novel molecules with multi-functional properties. Thus designed novel
molecules can be further modified with suitable functional groups for tailored and
enhanced properties. These modified molecules possibly have the potential to
interact with various biological targets with improved selectivity and hence, reduce
the side effects. This strategy has been successfully used for the development of
several new drugs. One advantage of hybridising strategy is that several
pharmaceutically relevant fragments can be coupled to generate a diversity oriented
combinatorial library to contribute to the medicinally relevant chemical space.
Although the term molecular hybridisation is frequently used in the drug design
scenario, the concept is not new to other fields of chemistry. For example, the
hybridisation of known fluorescent dyes into a single molecule for the development
novel fluorophore was reported by several groups (Bochkov et al., 2013; Jiao et al.,
2011; Katori et al., 2015). Yuan et al. developed NIR emissive fluorophores
“Changsha dyes” by the combination of well-known fluorophores rhodamine and
cyanine. (Yuan et al., 2012).. Perusal of literature suggested that the concept of

molecular hybridisation is not well explored in the theranostic regime, despite its
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enormous potential. We felt it would be highly interesting to integrate biologically
active fragments and fluorophore scaffolds into a single platform for the
development of active molecules with imaging capabilities. Such an attempt,
following a rational approach, is expected to contribute significantly for the

development of novel minimal architecture theranostics which is now discussed.
2.2. Results and Discussions

2.2.1. Design of core molecules

Design of novel scaffolds with multi-faceted properties is always
fascinating, but highly challenging and hence remains largely unmet. However,
immense opportunities exist once the core is designed, in that it can be decorated
with different fragments for improving the properties as well as selectivity.
Different aspects are to be kept in mind during these designing processes. We are
particularly interested in the de novo design of novel scaffold which is considered
as a highly complex and yet exciting task. The strategy involves the development
of novel core skeleton by integrating the two important components of the
theranostics, ‘therapeutics and imaging’ into a single platform (figure 2.1) and will

be described in the following sections separately.
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Figure 2.1. The concept of theranostics

2.2.1.1. Selection of cores with therapeutic potential

The expedition of unexplored region of chemical space has a vital role in

the drug discovery process. But the selection of biologically relevant chemical
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space with synthetic flexibility is rather challenging (Deng et al., 2013). In this
regard, exploration of small molecules possessing extraordinary properties is highly
imperative. Small molecule drugs are molecules having relatively small molecular
weight typically below 1000 Daltons and constitute around 90% of drugs available
in the market (Lu and Atala, 2016). They can interact with numerous
macromolecules and interfere in many of the metabolic pathways (Cj et al., 2012),
are relatively inexpensive, can be synthesized rapidly in high purity and can be
appended with a variety of substituents to produce a functionally diverse library

with desired biological activity (Galloway et al., 2010).

In the design of drug-like molecules where the selection of core is
extremely important, 1,3-thiazole skeleton is considered as an important fragment
owing to its pharmaceutical interest. The presence of thiazole ring is considered

significant in a multitude of other applications as well (figure 2.2).
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Figure 2.2. Plausible applications of thiazole containing systems

The nitrogen and sulphur heteroatoms bearing thiazole exhibit a wide
spectrum of biological activities such as anticancer, antibacterial, antifungal,
antiviral, anti-inflammatory, antiparkinsonian, antihypertensive, antiallergic, anti-

HIV, and so on (de Souza, 2005; Kashyap et al., 2012). Therefore thiazole is an



active fragment in many of the drugs such as sulphathiazole (antimicrobial),
ritonavir (antiviral), talipexole (antiparkinsonian), abafungal (antifungal), and
bleomycin (antineoplastic). Inspired by these excellent therapeutic properties of
thiazole and our group’s long-standing interest in thiazole chemistry, and its
potential to exhibit multi-dimensional properties, we decided to choose thiazole as

our central core in the design of novel theranostic platforms.

Considering the requirements of drug-likeness and imaging properties
within the same molecular system, we felt it worth to explore the heterocyclic
toolbox to select fragments for developing multi-heterocyclic core system around
thiazole core. Heterocycles are considered to be privileged medicinal scaffolds
(Bridse, 2015) and found in numerous biologically active molecules and FDA
approved drugs (Ali et al., 2015; Vitaku et al., 2014). A plethora of heterocycles
are known with well-established chemistry and reported to have interesting
biological properties. Further, the chemical space around these heterocycles can be
modified with suitable substituents to enhance the activity. In the present work, we
discuss the systematic design of multi-heterocyclic core system starting with a
simple biheteroyl core, ie; the thiazole-heterocycle (thiazole-het) core, and
subsequent modifications utilising the inherent three site tunability around the
thiazole core. We further aimed to attach various substituents around the core to
populate the three dimensional space around it so as to generate a diversity oriented
library (figure 2.3). Further core design strategy will be described in the respective

sections of fluorophore design and virtual library generation.

Figure 2.3. Diversity oriented library of thiazole-het core
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2.2.1.2. Selection of imaging scaffolds

Because of the wide scope of molecular engineering around the core for
fine tuning of the optical properties, organic fluorophores gained considerable
attraction among researchers. Small organic fluorophores possess a great number
of advantages as their simple structure and low molecular weight allow the
synthesis in good yield and high purity with repeatability. They also hold attractive
features like well-defined tunable structure, high chemical stability, good cell
permeability, predictable and peculiar properties, good signal to noise ratio and so
on (Terai and Nagano, 2013). In the myriad of molecules available in the chemical
space, the expedition for small organic fluorophores is extremely interesting
because of their potential to develop as multi-functional materials (Kowada et al.,
2015; Levi and Miiller, 2016; Miiller and Bunz, 2007; Wysocki and Lavis, 2011;
Yun et al, 2014). Additionally, minimal organic fluorophores achieved a
significant role in biological scenario (Lace and Prandi, 2016; Ueda, 2012) as their
small volumes allow them to access tiny cavities and were used as environmental
sensitive fluorophores, probes for understanding protein folding mechanisms and
in binding site analysis (Kim et al., 2014; Kobayashi et al., 2010; Li et al., 2013;
Terai and Nagano, 2013; Ye et al., 2014).

Despite these excellent attributes and high demand for fluorophores,
reports on novel core skeletons with tunable emission properties are limited in
number (Kim et al., 2008; Lavis and Raines, 2008). The development of new
efficient fluorophore scaffolds are always challenging task because it should ideally
address the critical parameters like colour tunability in both solution and solid state,
high quantum yield, large Stokes shift, simple core structure with synthetic
flexibility, solubility and processability. At the same time, small fluorophores with
drug-likeness are also extremely important whereas remains under developed.
Furthermore, new molecular skeletons coupled with a multitude of properties

attuned for various applications are limited in number which could be attributed to
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the challenges in the rational design of novel core with tunable properties (Cheng

etal.,2016; Liu et al., 2015).

Because of the above mentioned difficulties and due to the complexity
underlying the photophysical phenomena, most of the new fluorophore scaffolds
are developed in a trial and error manner. One of the widely adopted methods for
imparting useful and tunable photophysics in a scaffold is to design push pull
architecture by taking advantage of intramolecular charge transfer (ICT)
phenomena. Conjugated molecules with electron donor (D) and electron acceptor
(A) units have received particular interest in the construction of low band gap
materials for various optoelectronics applications like organic light emitting diodes
(OLEDs) (Muller et al., 2003), field effect transistors (FETSs) (Zhou et al., 2007),
photovoltaic devices (Duan et al., 2012), nonlinear optics (Chemla, 2012), dye
senzitised solar cells (Hagfeldt et al., 2010; Mishra and Biuerle, 2012) and so on.
Push pull molecules have also found widespread applications in biology,
particularly in bioimaging. D-A conjugated molecules have the advantage that their
electronic and optoelectronic properties can be easily modulated by selection of
diverse donor and acceptor groups. These push pull molecules are known as charge
transfer chromophores (Kivala and Diederich, 2008) and are generally excited using
visible light when electrons get transferred to a new molecular orbital formed by
the interaction of D and A groups. The common electron accepting and electron
donor groups are listed in table 2.1 with their Hammett substituent constants
(Hansch et al., 1991) which would guide in the judicious selection of substituents

for fine tuning the properties.

Table 2.1. Electron accepting and electron donating groups with their Hammett
substituent constants

Acceptor (A)
Donor (D) groups Op groups op
NO; 0.78 NMe; -0.83
CN 0.66 NHMe -0.70
CF; 0.54 NH» -0.66
CHO 0.42 NHPh -0.56
COOH 0.45 NPh; -0.22
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COMe 0.50 OH -0.37

COOMe 0.45 OMe -0.27
COCF; 0.80 OPh -0.03
SO,Me 0.72
SO.CN 1.26

D-n-A systems based on heteroaromatic scaffolds have attracted
considerable attention in the area of organic functional materials. As we have
already decided to select thiazole as our central core considering its therapeutic
potentials, imparting push pull nature to thiazole cores would expand their use as
multi-functional materials. Heterocyclic chromophore scaffolds have a plethora of
advantages as reviewed by Bures (Bure§, 2014) such as higher chemical and
thermal robustness, ability to behave as auxiliary acceptors and donors, enhanced
polarizability, improved solubility and conformational stability, acid-base chelating
properties, synthetic flexibility and tunability, and wide scope of biological

properties.

Thiazole building block is a promising candidate in many of the functional
materials but its fluorescence properties are not much explored and limited to very
few scaffolds. A bisazole molecule oxyluciferin is a naturally available thiazole
fluorophore, generated during the bioluminescence of firefly (figure 2.4) with an
intense luminescence emission (Naumov et al., 2009) in the blue region. A few
commercially available thiazole containing fluorophores such as thiazole orange
and SYBR Green I which are being used as DNA labelling agents, generally are
categorised under cyanine class of dyes (figure 2.5). Here the thiazole rings are part
of a benzothiazole fragment whose optical properties were well explored (EI-

Shishtawy et al., 2013; Hrobarik et al., 2004; Hrobarikova et al., 2010).
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Figure 2.4. Generation of oxyluciferin in the bioluminescence of firefly
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Figure 2.5. Commercially available thiazole containing fluorophores

Among the thiazole scaffolds, 4-hydroxythiazoles discovered by Beckert
et al. was the one which has been studied extensively (Stippich et al., 2009),
particularly for its fluorescence properties for different applications. Sekar et al.
reported the fluorescence properties of styryl dyes with thiazole fragment (Thorat
and Sekar, 2017). Recently, a series of novel 5-N-arylaminothiazoles were reported
by Yamaguchi et al. showing emission tunability (Yamaguchi et al., 2015) from
460 to 610 nm along with a positive solvatochromism. Later, D-A thiazoles based
fluorophore with aryl enamine and aryl aza-enamine side groups were synthesized
and reported by Lugovik (Lugovik et al. 2017). These recent literature emphasize
the importance of thiazole core for the development of efficient fluorophore.
Therefore, inspired by the potential of thiazole core for its excellent photophysical
properties, we decided to explore the chemical space around the thiazole for
mutiheterocyclic core development using a D-A strategy assisted by computational

chemistry and will be described in the following sections.

2.2.1.3. Computer aided fluorophore design

As discussed earlier, most of the fluorophore discoveries were either
serendipitous or the result of screening of a number of compounds. However, the
potential of computer aided fluorophore design (CAFD) for the development of
luminogens was not well explored till recently. Few studies met with partial success
in predicting the optical properties of the novel molecules (Terai and Nagano, 2013)
whereas computational chemistry calculations applied in the right direction can

help in accelerating these design and development process. We believe that the
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coupling of computational chemistry tools with the classical approaches in
understanding the structure-property relationship will tremendously improve the

efficiency of fluorophore designing process.

TD-DFT is the most widely used theory in explaining the structural and
optical properties of the dyes (Laurent et al., 2014). Several benchmark studies were
already carried out (Adamo and Jacquemin, 2013; Bousquet et al.; Charaf-Eddin et
al., 2013; Jacquemin et al., 2009; Jacquemin et al., 2008; Laurent and Jacquemin,
2013). Le Guennic et al. designed a series of novel aza-boron-dipyrromethane
(Aza-BODIPY) dyes using TD-DFT approach by evaluating the effect of different
functionals and basis sets (Le Guennic et al., 2012). It has to be admitted that design
of novel series of molecules based on the known Aza-BODIPY framework is not
much challenging as compared to the de novo design and development of a totally

unexplored scaffold.

Inspired by the potential of DFT methods in the design of dye molecules
which received sparse attention, we formulated our strategy to design the
luminescent molecules with the aid of computational chemistry calculations. We
used Gaussian 09 software for the calculations. All the calculations constituted
mainly three processes which started with the optimization of the chosen molecule
using the input geometry followed by the vibrational frequency calculation to
identify the minimum in the potential energy surface. Finally, the absorption
wavelength was predicted using single point calculation using TD-DFT methods

using appropriate theory and basis sets.

Several rationales have been used for the design of novel fluorophore
scaffold (Liu et al., 2013). Our design strategy envisaged the coupling of diverse
heterocycles to generate donor (D)-acceptor (A) cores accommodating tunable
handles around the 1,3-thiazole core guided by computational calculations and
knowledge database on fluorophore design. Our choice for heterocycles stemmed

from their aromatic delocalization energies (eg: thiazole = 25 kcal/mol, thiophene
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= 29 kcal/mol, furan =16 kcal/mol, pyrrole = 22 kcal/mol ) which are generally less
than that of benzene (36 kcal/mol), which would favour ICT (Breitung et al., 2000)
and hence would be significant. Heteroaromatics have the added advantage that
they can act as auxiliary donor and acceptor systems (Albert ef al., 1997). It is well
known that the introduction of push-pull molecules enable the ICT phenomena
which will lead to red shift in the absorption and emission maxima. Further,
increasing the conjugation length along the CT direction would improve the spectral
wavelength along with enhanced molar absorptivity values. Whereas, the
introduction of rotatable groups would enhance the geometric relaxation and

thereby increase the Stokes shift which is a vital parameter for fluorophores.

As discussed before, we particularly focused on the molecular engineering
around the 1,3-thiazole core for the de novo design which started with analysing the
electron densities on different atoms to find the anchoring sites for heterocycles and
functional groups for the development of multi-heterocyclic fluorophore. The three
site tunability available in the thiazole core will give the freedom to attach diverse
substituents to fine tune the properties. The electron rich C5 and electron deficient
C?2 positions impart polarizability to the thiazole core (figure 2.6) and hence it can

behave both as an auxiliary donor and acceptor (Breitung et al., 2000).
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Figure 2.6. Mulliken atomic charges on thiazole ring atoms and atomic contribution to
HOMO and LUMO electron densities

Hypothetically, any heterocycle can be attached to any of the three
positions C2, C4 or C5 of the thiazole ring. We started the fluorophore design by

selecting thiophene as the heterocycle and coupled it to 1,3-thiazole in order to
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construct a thienylthiazole (TT) core. The construction of TT core was visualized
in three orientations by inserting 2-thienyl unit on 2™, 4™, and 5% positions of 1,3-
thiazole core following which absorption maxima was predicted and found to be
299 nm, 277 nm and 295 nm respectively (figure 2.7). It is noteworthy that the
attachment of thiophene at C2 or C5 resulted in almost similar absorption maxima.
Since the coupling of heterocycle to the C5 of thiazole is underdeveloped, we
decided to focus on the design and development of 5-(heteroaryl)thiazole, with TT

core as the first example, for further studies.
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Figure 2.7. The calculated band gap and absorption wavelength of TT core

Attaching D-A fragments as end groups resulted in a push pull system and

considerable change in band gap was observed as demonstrated in the figure 2.8a.
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Figure 2.8: (a) Band gap tunability in TT core and (b) designer D-A systems
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This opens a new avenue for the development of designer systems like D-A diad,
triad, tetrad etc by using diverse heterocycles as indicated in figure 2.8b. HOMO
and LUMO energy levels were modulated by the suitable substitution of D and A
groups (Radhakrishnan and Sreejalekshmi, 2016a). For example, as shown in figure
2.9, when C4 was modified with methyl and nitro groups, the resulting systems
exhibited a noticeable change in the frontier molecular orbital (FMO) energy levels.
Presence of nitro group at C4 stabilized both HOMO and LUMO by 0.58 and 0.52
eV respectively whereas methyl group substitution destabilized the HOMO and
LUMO by 0.11 and 0.14 eV respectively. The HOMO was delocalized all over the
molecule whereas the LUMO was localized to the acceptor fragment which

indicates the possible ICT phenomena in the designed molecules.
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Figure 2.9. Modulation of HOMO and LUMO energies by varying substitution at C4 of

thiazole

Inspired by the preliminary analysis on the designed TT core, we further
expanded the design strategy using different heterocycles. We chose diverse
heterocycles around the 1,3-thiazole core, positioned at the electron rich C5, aiming
at a novel family of band gap controllable systems. Accordingly, nine such
heterocycles were chosen to generate biheteroyl systems and the resulting

variations in the energy gaps were computed to draw first hand information on their
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charge delocalization behaviour (figure 2.10) (Radhakrishnan and Sreejalekshmi,

2018).
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Figure 2.10. Band gap, absorption wavelength and force constant predicted in different
biheteroaryl cores with percentage atomic contribution to HOMO and LUMO electron

densities (in the parenthesis) using PBE0/6-31G(d,p)

From the figure, by looking at the electron densities on different atoms, it
is clear that the charge delocalization behaviour can be well modulated by attaching
different substituents on the heterocycle, and hence a diverse class of D-A
molecules can be generated with probably interesting photophysical properties.
Encouraged by these interesting observations, we appended NMe: at C2 of thiazole
and C5 of the second heterocycle was decorated with NO», to obtain a predicted
band gap variation from 3.44 - 3.75 eV and absorption tunability of 368 - 405 nm
using gas phase calculation at PBE0/6-31g(d,p) (figure 2.11). It is also clear from
the figure 2.12 that the percentage contribution of electron density to HOMO and
LUMO was different for various heterocycles and hence a change in heterocycle
itself is sufficient to perturb the electronic properties of the system (Radhakrishnan
and Sreejalekshmi, 2018). Among the compounds I-IX, when contribution of het
fragment towards the percentage electron density differences between LUMO and

HOMO are considered, it follows the order 16, 6, 1, 5, 1, 11, 7, 18 and 22
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respectively. Overall an 18% variation in HOMO and 28% variation in LUMO was
observed for het fragment. So it may be possible to tune the core systems for
designing molecules such as D-D-D-A, D-D-A-A, D-A-D-A and D-A-A-A by the

judicious selection of fragments for desired properties.
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Figure 2.11. Band gap and absorption wavelength tunability in the designed multi-core
systems
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Figure 2.12. Percentage contribution of each fragment to the HOMO and LUMO
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Analysing the electron densities of HOMO and LUMO (figure 2.6), there
was a significant difference in lobe sizes of HOMO and LUMO noticed at C4. The
lobe size of LUMO was found to be considerably smaller than that of HOMO,
which suggested C4 as a tunable site. To be more precise, the size differences
suggested that introduction of electron donating group at C4 of thiazole will
destabilize HOMO. Hence the energy gap between HOMO and LUMO will
decrease by placing electron rich substituents at C4. To evaluate the potential of C4
for fine tuning the properties associated with the core, we started by substituting C4
with a phenyl group and predicted the absorption spectra of all the 9 biheteroyl
cores and is given in figure 2.13. It is obvious that the C4 substituents also
contribute significantly to electronic perturbations in the core and a red shift in

absorption wavelength was observed among all the investigated cores.
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Figure 2.13. Calculated absorption wavelength among different biheteroyl core with C4
substitution

Hence a core was designed with push pull fragments at both end and D/A

group at C4 of the thiazole (figure 2.14).
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Figure 2.14. The designed multi-heterocyclic core

Next, we conducted a preliminary structure property relationship study by
varying the substituents at C2, C4, and C5 in the TT core. By simply varying the
acceptor strength at C5 of thiophene using the well-known electron accepting
groups like cyano, aldehyde, or nitro and increasing the conjugation along the CT
direction resulted in a substantial shift in absorption wavelength from 295 — 525 nm
and band gap difference of 2.03 eV, attesting to the success of our strategy of
utilizing C2 — C35 as the direction of ICT in the tunable core design (figure 2.15)
(Radhakrishnan and Sreejalekshmi, 2018). Further, it was exciting that the force
constant value which would reflect on molar extinction coefficient also varied
significantly. This is in line with the general concept that attaching a substituent
along the same direction as that of CT intensifies the oscillator strength to a greater
extent and leads to a larger increase in the effective absorption area (Pavlopoulos,

1973).
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Figure 2.15. Calculated absorption wavelength with C5 variation
Next, we studied the effect of different functional groups at C4 of thiazole
by modifying C4 with commercially available building blocks while keeping C2

and C5 substituents intact (table 2.2). Effect of C4 was not that much pronounced

as compared to that of C5, but a 95 nm difference in absorption wavelength was
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observed. As discussed earlier, substitution of electron donating groups gave the
more red shifted absorption among the studied compounds. Also, increasing the
conjugation along C4 had a noticeable effect on the absorption wavelength and

band gap.

Table 2.2. Effect of substituents at C4 on the electronic properties

N_¢ N
oi*ls SJ\/
N |

o

Excitati
HOMO LUMO Band gap xcitation energy

R (nm)
(eV) (eV) (eV) Gas
CH; -5.67 221 3.46 401.64 nm
-NO; -6.36 .86 3.50 41221 nm
-t-Bu 5.83 235 3.48 44527 nm
-NMe; 542 2.03 3.39 421.16 nm
@5— 2570 -2.30 3.40 43521 nm

o Mt -5.83 2.41 3.42 439.35 nm

@5, -5.64 227 3.37 441.93 nm

\N—</_\>—§— -5.16 2.11 3.05 496.85 nm

N -
@“ OE -5.74 -2.45 3.29 490.46 nm

N
[S Vg 588 242 3.46 417.97 nm

Finally, we studied the effect of different amine donors at C2 on the
electronic properties of the molecule by keeping C4 and C5 intact (table 2.3).
However, the variation in absorption wavelength and band gap tunability at C2 were
not much significant as compared to that achieved by C4 and C5 modulations. Then
also a 71 nm variation in absorption and 0.51 eV difference in band gap could be
achieved by a simple change of donor group from 1,8-naphthalimide to

diphenylamine.
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Table 2.3. Effect of substituent at C2 on the electronic properties

Excitation energy

HOMO LUMO Band gap (nm)
R (eV) (eV) (eV) Gas
|
N, -5.70 2.30 3.40 43521 +=0.3106
_\N_g -5.64 228 3.36 439.95 £=0.3214
_/
ol -5.64 227 3.37 438.45 £=0.3351
SN
( N¥ -5.66 228 3.38 440.90 £=0.3183
o N¥ 5.79 2.36 3.43 433.87 £=0.3064
__/
v
©/N\© 5.63 2.36 3.37 458.45 £=0.3037
N
5.95 2.56 3.39 435.47 £=0.3647
)<
O N-3  -6.39 2.64 3.75 387.27 £=0.1905
o)
W
@i“) 5.61 237 3.24 455.99 £=0.3832
o
N 6.01 2.60 3.41 433.95 £=0.3346
/
2.40 3.34 44725 £=0.2888

sesis

*=force constant
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With the help of computational chemistry calculations, we have developed
a novel 5-(hetero-2-yl)-1,3-thiazole core having three site tunability at C2, C4 and
C5 of thiazole (figure 2.16). Further by attaching various heterocycles at C2 and
C4, a multi-heterocyclic core can be developed. DFT calculation revealed the
potential space for further expanding the molecular library. Using the inherent three
site tunability around thiazole core and judicious selection of substituents, there is

considerable room for molecular engineering for designer systems.

M/sﬁiﬁg

Figure 2.16: The designed multi-heterocyclic core

2.3. Experimental Details

2.3.1. Computational details

DFT calculations were performed using Gaussian 09, Rev. B.01 version
(Frisch et al., 2009). The geometry optimization and vibrational frequency
calculations of the selected molecules in the ground state were performed using
hybrid functional PBEO and Pople’s 6-31G(d,p) basis set. Vibrational frequency
calculations confirmed that the molecules were minimum in the potential energy
surface (no imaginary frequency was present). For predicting the absorption
spectrum, single point energy calculations were carried out with TD-DFT
calculations using the same level of theory and absorption spectra were computed
for the first ten excited states. Solvent effects were taken into consideration using
integral equation formalism of polarizable continuum model (IEFPCM). Partial
density of states (PDOS) calculations were performed using GaussSum 3.0 software
(O'boyle et al., 2008). The molecular orbitals were visualized using GaussView 5.0

(Gaussian Inc.).
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2.4. Conclusion

Aiming towards the development of a novel scaffold for theranostics, we
designed a multi-heterocyclic core with the aid of computational tools. Because of
the pharmacophoric potential of thiazole scaffold, we kept it as the central core and
the multitude of therapeutic properties of diverse heterocycles prompted us to
couple them to the thiazole fragment. In order to impart fluorescence property to
the designed biheteroyl core, we adopted the D-A strategy by exploiting the ICT
phenomena. The change in heterocycle at the C5 of thiazole itself produced a
remarkable effect on the electronic property of the systems. C2 and C5 positions of
thiazole were utilized to channelize CT in the molecules. C4 was identified as a
tunable handle, which demonstrated the potential to fine tune the properties for
multi-functional applications. It can behave as an orthogonal handle, can be used to
customize a second ICT channel, can influence the orientations of the molecule
such as planarity and cis-trans conformations and so on. The preliminary structure
property study using DFT and TD-DFT suggested that the C5 position was the
crucial one in the development of colour tunable fluorophore. By utilizing the
inherent three site tunability of thiazole, a combinatorial library of diverse multi-
heterocyclic molecules can be generated. The success of computational assisted
library design can be claimed in totality only with the design and development of
suitable synthetic methods to access the virtual molecules and further experimental
studies to substantiate the predictions. This will be the next hurdle to overcome and

is addressed in the forthcoming chapter.

Computational studies- Summary

Theory- DFT/ PBE0/6-31g(d,p)

No Job No of molecules
1 Optimizations 58
2 Frequency calculations 58
3 TD-DFT single point calculations 56
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CHAPTER 3

DESIGN OF SYNTHETIC ROUTE AND
SYNTHESIS OF 1,3-THIAZOLE BASED MULTI-
HETEROCYCLIC CORE

3.1. Background

The high and increasing demand for functional molecules always possess
challenges to synthetic organic chemists to constantly improve and innovate new
synthetic methodologies (De Moliner et al., 2017). The DOS, with its immense
potential to generate molecular diversity from simple and readily available starting
compounds, has the considerable scope of expanding unexplored regions of
chemical space of small molecules for diverse applications (Burke and Schreiber,
2004). The diversity can be achieved through appendage or building block
diversity, functional group diversity, stereo chemical diversity and skeletal
(scaffold) diversity (Galloway et al., 2010). Combinatorial chemistry emerged as a
powerful tool in the synthesis of diverse chemical libraries by the judicious
combination of different starting materials (Balkenhohl ez al., 1996). Compared to
classical methods, modern synthetic strategies like multi-component reactions
(MCRs), transition metal catalysed reactions, and cycloaddition reactions are also

widely exploited (De Moliner et al., 2017).

When it comes to the synthesis of designed molecules, simplicity,
efficiency, versatility, cost-effectiveness and sustainable routes are highly
preferred. As discussed in the previous chapter, the improvement in computational
chemistry helps the rational design of virtual molecules with desired properties
much easier. Along similar lines, synthetic chemistry should also be matured

enough to handle these hurdles. In this context, the design of functional molecules
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with simple architecture and desired properties would be highly appreciable and
preferred over those with highly complex structures and limited synthetic
feasibility. Hence our efforts, as discussed in this chapter, were focussed on the
design of a simple, yet versatile synthetic route to the newly designed fluorophore

core with minimum number of steps using readily available reagents.

3.2. Results and Discussions

3.2.1. Development of synthetic route to bi(hetero)aryl systems

As detailed in the previous chapter, with the aid of computational
chemistry techniques, we have designed a de novo fluorophore core based on 5-
(hetero-2-yl)-1,3-thiazole. Now, in order to prove and validate the success of design
strategy, synthesis of the designed molecular systems and their property evaluations
need to be carried out. The designed scaffold being built on a bi(hetero)aryl core,
we analysed literature for existing routes to related systems. Bi(hetero)aryl cores
are reported to be generally synthesized using a C-C formation by coupling two
heterocycles of interest (Nishihara, 2012). Transition metal catalyzed cross
couplings like C-X/C-M widely used for achieving the systems have some
limitations like the requirement of prefunctionalization of the coupling partners,
and preactivations of the substrates which are associated with tedious synthetic
steps (Yang et al., 2017). Later, transition metal catalyzed direct oxidative C-H/C-
H cross coupling were developed (Wencel-Delord and Glorius, 2013). Although
transition metal catalyzed reactions are one of the most powerful tools in chemist’s
arsenal, they have some serious drawbacks associated with them. Most of the
transition metal catalysts are highly expensive. Further, they are toxic and hence
their removal from biological samples is highly demanded, which again adds to
their cost. Their sensitivity to moisture and oxygen impose strict manipulation of
reactions conditions; sometimes special additives and co-catalysts are needed for

improving the selectivity and efficiency of the reactions. Finally, the large usage (in
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terms of frequency of usage) of transition metals are not in line with sustainable
chemistry concepts (Sun and Shi, 2014). Because of these reasons, we decided to

explore transition metal free reactions for the synthesis of the designed systems.

For the synthesis of 5-(hetero-2-yl)-1,3-thiazole, we first focussed on the
synthesis of thienylthiazole (TT) core. Almost all the literature on thienylthiazole
synthesis employed transition metal catalyzed coupling reactions (Chen et al.,
2014; Wakamiya et al., 2006), organo lithium/magnesium reagents (Jenkins and
Pickup, 1993; Tao et al., 2013), and Lawesson’s reagent (Kumar et al., 2013;
Ozturk et al., 2007) (figure 3.1). Another method which caught our attention was
the one employed for thiazole ring formation using (substituted) thioureas and a-
halocarbonylthiophenes. Due to our long-standing interest in thiazole synthesis
(Sreejalekshmi et al., 2006; Titus and Sreejalekshmi, 2014), we decided to explore
the latter route which if successful, would be far less expensive in terms of reagents,
catalysts and even reaction conditions. Particularly, since the chemistry of thioureas
is sufficiently developed, a wide choice of reactants would be available to play with.
The reaction of N-acylthioureas with Z-CH>Br, (where Z is a methylene activating
group) was felt interesting because the final products are largely decided by the
substitution pattern in the thioureas. The reaction of benzoylthioureas with a-bromo
compounds sparked controversy in that they form thiazolidene-2-imines (Singh et
al., 2006) rather than imidazole-2-thiones (Zeng et al., 2003). Furthermore, N-
acylthioureas afford thiazoles only when N is disubstituted (Rajappa et al., 1979)
as demonstrated by Ried in the synthesis of morpholinothiazoles (Ried and Kaiser,
1976). Whereas o-halocarbonyl compounds are generally employed in [4+1]
thiazole ring condensation (Rajasekharan er al., 1986), other groups that can
activate the methylene group for cyclization can also be useful as exemplified by
the synthesis of 2-amino-5-heterylthiazoles (Rajappa et al., 1982). The chemistry
of 5-(2-thienylthiazole) seemed to be underdeveloped and hence we were excited
to explore the untapped potential of classical chemistry approach due the following
reasons- 1) [4+1] reaction of 1-(acyl/aroyl)-3,3-(disubstituted)-thioureas with

methylene activated thiophene is not known and ii) once such a synthesis is

45



accomplished without use of any transition metal reagents, we may end up with the
envisaged core with minimal architecture which can be decorated with suitable

substituents to make designer systems.
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Figure 3.1. General synthetic routes reported for the synthesis of TT core
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3.2.2. Retrosynthetic analysis of bi(hetero)aryl scaffold

From the retrosynthetic analysis, TT could result from the reaction of 1-
(acyl/aroyl)-3,3-(disubstituted)thioureas with thiophene bearing an activated
methylene group in a tandem nucleophilic reaction (scheme 3.1). The chemistry of
acylthiourea seemed to be sufficiently developed (Aly et al., 2007; Saeed et al.,
2014), and the precursors of our choice for the synthesis exploration viz; 1-aroyl-

3,3-diaminothioureas have a two-fold diversity amplification (contributions from
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carbonyl and secondary amine components). So the reaction would lead to thiazole
unit with disubstituted amino group on C2 of the ring and a D/A group at the C4 of
thiazole depending on the choice of the reagents. Along similar lines, an electron
withdrawing group (EWG) on the thiophene ring may activate the methylene group
for condensation with the carbonyl group in the aroylthiourea and subsequently
furnish yet another A(EWG)-thiophene(D) unit. Thus, if the thiazole ring
construction proceeds as per envisaged, then we would be successful in
constructing a tetrad with A-D-A-D configuration having a vast scope of molecular

engineering around the core.
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Scheme 3.1: Retrosynthesis of thienylthiazole

3.2.3. [4+1] ring synthesis route to thiazole-het core

To validate the retrosynthetic route, we first synthesized the precursor 1-
(acyl/aroyl)-3,3-(disubstituted) thiourea A using aroyl/heteroyl chloride, KSCN
and secondary amines in a one-pot sequential protocol with due modification in the
literature procedure (Arslan et al., 2003; Douglass and Dains, 1934). In order to
activate the methylene group for nucleophilic reactions, we choose NO; as the
EWG on the thiophene ring and the allylic bromination of 2-methyl-5-
nitrothiophene (Rinkes, 1932) wusing NBS afforded 2-(bromomethyl)-5-
nitrothiophene B (Dullaghan et al., 1952). Now, with both the precursors in hand,
we attempted the synthesis of TT by the reaction of A and B in DMF in the presence
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of a base. The mixture was stirred for 30-45 minutes at room temperature or at
temperatures below 45°C. This was followed by workup and purification by column
chromatography, whereupon we isolated TT molecules in good yield. The products
were characterized by spectroscopic and single crystal XRD studies and detailed

descriptions are included in the synthesis part.

The mechanism of TT core formation can be explained by two consecutive
nucleophilic attacks, wherein the S-alkylisothiourea formed from 1-(acyl/aroyl)-
3,3-(disubstituted) thiourea and 2-(bromomethyl)-5-nitrothiophene, following HBr
elimination, further undergoes base assisted intramolecular Knoevenagel
condensation-cyclization to give the thiazole (scheme 3.2). Thus we prove that NO:
on the C5 position of thiophene ring is strong enough to activate methylene group
in the S-alkylisothiourea for a Knoevenagel condensation under mild conditions
(Radhakrishnan and Sreejalekshmi, 2016a). To best of our knowledge, this is the
simplest method for the construction of TT core using readily available reagents
and without the use of an expensive metal catalyst. It is to be emphasized that the

reaction proceeds with good yield and good atom economy.
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Scheme 3.2. Mechanism of thienylthiazole formation

It’s noteworthy that the synthetically achieved TT core has tunable handles
at C2 and C4 of thiazole ring which are contributions from the carbonyl chloride

and secondary amine. Further, the halomethyl reagent utilized in ring construction

48



step contributed the thiophene unit in the TT core. This would suggest that a
heterocycle bearing a halomethyl unit when suitably activated can contribute its
heterocycle to the thiazole-heterocycle (thiazole-het) core. The facile synthetic
strategy and versatility of the route was successfully established by the synthesis of
22 member library la-v, in a diversity oriented manner utilizing commercially

available reagents (Scheme 3.3) (Radhakrishnan and Sreejalekshmi, 2018).
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Using the simple strategy, we could develop different multi-heterocyclic
cores with varying number of heterocycles attesting to the wide scope of the
synthetic route. For example, 1i, 1j, 1k, 1p, 1q and 1t bear three heterocyclic units
whereas, in 11 four heterocyclic core were incorporated which validated the success

of the route for the development of multi-heterocyclic molecules.

The synthetic simplicity, versatility and availability of wide range of
starting compounds encouraged us to expand the library to other biheteroyl core.
By reacting suitable heterocycle bearing active methylene unit with thioureas would
straightway result in novel biheteroyl core as exemplified in the synthesis of a novel
class of furanylthiazole (FT) core. By reacting appropriate thioureas with
commercially available 2-bromomethyl-5-nitrofuran, we synthesized five members
of the FT family by keeping C#4 of thiazole constant and varying C2 using different

secondary amines.

Inspired by the computational studies on the tunable properties of the
system, we continued molecular engineering around the core and replaced
nitrothiophene unit with thiophene carbaldehyde. This resulted in another family of
5-(thiazol-5-yl)thiophene-2-carbaldehyde, 3 which was successfully synthesized
from the corresponding thiourea and bromomethyl derivative. This modification is
considered as highly significant since it opens new vistas in achieving diversity
oriented fluorophore library by functional group transformation, coupling various
acceptor fragments and extension of m-conjugation along the charge transfer
direction. Hence using aldehyde 3, in simple Knoevenagel condensations with
malononitrile and 1,3-diethyl-2-thiobarbituric acid, we synthesized 4 and §

respectively in good yield (Scheme 3.4).
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Scheme 3.4: Synthesis of -extended thiazoles through heterocycle C5 modification in
thiazole-het core

3.2.4. Development of alternate green synthetic procedures

Recently there is a paradigm shift in the chemical industry towards the use
of greener technologies for product manufacturing. This has imposed an increased
pressure on the researchers to develop sustainable processes in line with green
chemistry principles which prefer to utilize renewable raw materials, eliminate
waste and side products, and avoid the use of toxic/hazardous reagents and solvents
in the manufacturing of chemical products (Sheldon, 2005). The elimination of
organic solvents in chemical reactions or use of alternative reaction media such as
water or ionic liquids and employment of catalytic methodologies are widely used
to tackle these problems. Mechanochemical synthesis uses simple grinding of
reactants without/with minimal use of solvents and has gained considerable
attention (G-W.Wang, 2013) towards the development of green chemical synthesis

methods.

As shown earlier, our synthetic route for the minimal architecture
molecules proceeds with minimum energy consumption in a reduced number of
steps and under milder reaction conditions. We further attempted developing
sustainable chemistry approaches for the synthesis of these thiazoles due to their

potential applications in medicinal and materials field. It was exciting to note that
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simple grinding of 1-(acyl/aroyl)-3,3-(disubstituted) thiourea with 5-nitro-2-
bromomethyl thiophene in the presence of a base using a mortar and pestle for 10
minutes resulted in the formation of thiazole 1a in around 60% yield and the product
was characterized using mass spectrometry. We further verified the versatility of
the method for the synthesis FT and 5-(thiazol-5-yl)thiophene-2-carbaldehyde
cores. Inspired by these interesting results we further attempted a one-pot sequential
protocol for the synthesis of 1a. A one pot mechanochemical synthesis of 1a was
achieved by sequential grinding of carbonyl chloride and KSCN for 15 minutes
followed by the addition of secondary amine and finally bromomethyl thiophene.
This finding is highly encouraging since the versatility and the simplicity of the
routes are highly amenable for the development of combinatorial libraries of multi-

heterocyclic systems for diverse applications.
3.3. Experimental Details

3.3.1. General reagent information

Carbonyl chorides and secondary amines were purchased from either
Sigma Aldrich or Merck chemicals. 2-methylthiophene, thiophene-2-cabaldehyde,
2-bromomethyl-5-nitrofuran and malonitrile were purchased from Sigma-
chemicals. Potassium thiocyanate was purchased from Finar chemicals. The
solvents, DMF and acetone were obtained from Merck chemicals and used after

purification following standard procedures.
3.3.2. General analytical information

The purity of the synthesized compounds was assessed by thin layer
chromatography (TLC) using silica gel 60 F254 (Merck) plates and fluorescence
was visualized using UV lamp of wavelength 365nm. Column chromatography was

performed using 60-120 mesh silica gel. Melting points were determined using
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DSC (DSC Q20, TA Instruments). Single crystal data were obtained using Bruker
Kappa APEXII single crystal X-ray diffractometer. NMR spectra were recorded in
Bruker AV III 500MHz FTNMR spectrometer using CDClz and DMSO-ds as
solvents and TMS as an internal standard. Mass spectra were recorded under

ESI/HRMS using Thermoscientific Exactive mass spectrometer.
3.4. Synthesis

3.4.1. General procedure for the synthesis of aroylthioureas

Aroylthioureas were prepared by the following general procedure. Aroyl
chloride was added slowly to a solution of KSCN (10 mmol) in acetone, refluxed
for 30 minutes and then cooled to room temperature. A solution of the secondary
amine in acetone was then added slowly and stirred for 2 hours. The reaction
mixture was added to crushed ice, precipitated product was filtered, dried and

recrystallized from appropriate solvents.
3.4.2. General procedure for the synthesis of thiazoles

To a solution of 2-bromomethyl-5-nitrothiophene or 2-bromomethyl-5-
nitrofuran (Immol) in DMF (2mL), 1-(acyl/aroyl)-3,3-(disubstituted) thiourea
(Immol) was added followed by triethylamine (1.2 mmol) and stirred for 30-45
minutes at room temperature. The reaction mixture was then added slowly to
crushed ice with vigorous stirring. The precipitated compound was filtered and
dried. (Alternatively, extraction with DCM followed by evaporation of the solvent
can be performed). The residue was subjected to silica gel column chromatography
to yield the  product. Single  crystals suitable  for  XRD
analysis were generated by the recrystallization from suitable solvent by slow

evaporation method.
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3.4.3. Compound characterization details

N, N-dimethyl-5-(5-nitrothiophen-2-yl)-4-phenylthiazol-2-amine (1a)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 202 mg (61%). Red solid, m.p. 160.1- 161.5 °C. '"H NMR (500 MHz,
CDCls, ppm): 6=3.11 (s, 6H), 6.60 (d, J=4.5 Hz, 1H), 7.35-7.36 (m, 3H), 7.45-7.47
(m, 2H), 7.61(d, J=4.5 Hz, 1H); *C NMR (125 MHz, CDCl3, ppm): 5=39.1, 111.6,
122.4, 128.0, 128.1, 128.2, 128.3, 133.6, 143.1, 147.1, 152.1, 168.0. HRMS (ESI)
calc. C15sH14N302S2 [M+H]™: 332.0524, found: 332.0528.

Figure 3.2: Ortep diagram of 1a (recrystallized from methanol) with 50 % probability
ellipsoid (CCDC number: 11424468)
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Figure 3.5: 3*C NMR spectrum of 1a
4-(4-bromophenyl)-N,N-dimethyl-5-(5-nitrothiophen-2-yl)thiazol-2-amine (1b)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 245 mg (60%). Red solid, m.p. 162.7-163.8°C. '"H NMR (500 MHz,
CDCls, ppm): 6=3.10 (s, 6H), 6.63 (d, J=4.5 Hz, 1H), 7.35-7.36 (m, 2H), 7.47-7.48
(m, 2H), 7.64 (d. J=4.5 Hz, 1H); >*C NMR (125 MHz, CDCls, ppm): 6=39.1, 111.5,
122.5, 122.9, 128.3, 129.8, 131.0, 132.4, 142.5, 147.5, 150.4, 168.0. HRMS (ESI)
calc. C15sH13BrN302S2 [M+H]*: 409.9629, found: 409.9641.
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Figure 3.8: *C NMR spectrum of 1b

N,N-dimethyl-5-(5-nitrothiophen-2-yl)-4-(p-tolyl)thiazol-2-amine (1c)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 217 mg (63%). Red solid, m.p. 147.7-148.8 °C. '"H NMR (500 MHz,
CDCls, ppm): 6=2.33 (s, 3H), 3.10 (s, 6H), 6.61 (d, J/=4.4 Hz, 1H), 7.15-7.19 (m,
2H), 7.34-7.35 (m, 2H), 7.62 (d, J=4.5 Hz, 1H); '*C NMR (125 MHz, CDCl3, ppm):
0=21.6, 39.1, 122.2, 127.9, 128.3, 128.7, 130.5, 138.4, 139.0, 143.5, 146.9, 152.4,
167.9. HRMS (ESI) calc. Ci1sHisN302S2 [M+H]*: 346.0680, found: 346.0683.
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Figure 3.9: Ortep diagram of 1c (recrystallized from ethanol) with 20 % probability
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N,N-diethyl-5-(5-nitrothiophen-2-yl)-4-phenylthiazol-2-amine (1d)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 215 mg (60%). Red waxy solid. 'H NMR (500 MHz, CDCls, ppm):
6=1.20-1.23 (m, 6H), 3.45-3.50 (m, 4H), 6.58 (d, J=4.5 Hz, 1H), 7.34-7.36 (m, 3H),
7.45-7.47 (m, 2H), 7.61 (d, J=4.5 Hz, 1H). 3C NMR (125 MHz, CDCl;s, ppm):
0=11.6, 44.6, 110.6, 122.2, 127.9, 128.1, 128.3, 128.3, 133.7, 143.5, 147.5, 152,
166.6. HRMS (ESI) calc. C17H1802N3S2 [M+H]*:360.0836, found: 360.0842.

360.08420
CyrHigO2N3 S,
1.95304 ppm

Relative Abundance

Figure 3.13: HR-MS spectrum of 1d
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4-(4-bromophenyl)-N,N-diethyl-5-(5-nitrothiophen-2-yl)thiazol-2-amine (1e)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 227mg (52%). Red solid, m.p. 94.5-95.0°C. '"H NMR (500 MHz,
CDCls, ppm): 6=1.21(t, J/=7.0 Hz, 6H), 3.44-3.48 (m, 4H), 6.60 (d, J/=4.5 Hz, 1H),
7.35-7.37 (m, 2H), 7.46-7.48 (m, 2H), 7.62 (d, J=4.5 Hz, 1H); '*C NMR (125 MHz,
CDCls, ppm): 0=11.5,44.6, 110.4, 122.4, 122.8, 128.4, 129.8, 131.0, 132.6, 142.8,
147.2,150.4, 166.6. HRMS (ESI) calc. C17H17N302S2Br [M+H]": 437.9940, found:
437.9953.

439.99304
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437.99530
C17H1702N3BrS2

Relative Abundance

a " R 1,
e — - - Y - - R———————

200 250 300 350 400 450 500 850 600
miz

Figure 3.16: HR-MS spectrum of 1e
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N,N-diethyl-5-(5-nitrothiophen-2-yl)-4-(p-tolyl)thiazol-2-amine (1f)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 238 mg (64%). Waxy red solid. 'H NMR (500 MHz, CDCl3, ppm):
0=1.19-1.22 (m, 6H), 3.45-3.49 (m, 4H), 2.33 (s, 3H), 6.57 (d, J=4.5 Hz,1H), 7.15-
7.19 (m, 2H), 7.34-7.36 (m, 2H), 7.61 (d, J=4.5 Hz, 1H); >*C NMR (125 MHz,
CDCl3, ppm): 6=11.6, 20.5, 44.6, 99.0, 122.0, 127.8, 128.0, 128.3, 128.6, 138.3,
143.7, 146.5, 152.4, 166.8. HRMS (ESI) calc. C1sH2002N3S> [M+H]*: 374.0992,
found: 374.0999.

Figure 3.19: Ortep diagram of 1f (recrystallized from ethanol) with 50 % probability
ellipsoid
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Figure 3.22: 3C NMR spectrum of 1f

5-(5-nitrothiophen-2-yl)-4-phenyl-2-(piperidin-1-yl)thiazole (1g)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 241 mg (65%). Red solid, m.p. 177.3-178.6 °C. '"H NMR (500 MHz,
CDCls, ppm): 6=1.57-1.71 (m, 6H), 3.47-3.48 (m, 4H), 6.59 (d, J=4.5 Hz, 1H),
7.34-7.36 (m, 3H), 7.44-7.46 (m, 2H), 7.61 (d, J=4.5 Hz, 1H); '*C NMR (125 MHz,
CDCls, ppm): 6=23.0, 24.1, 48.5, 111.2, 122.4, 127.9, 128.1, 128.3, 128.3, 133.6,
143.2, 147.1, 151.9, 168.1. HRMS (ESI) calc. CisHisO2N3S> [M+H]*: 372.0836,
found: 372.0838.
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Figure 3.23: Ortep diagram of 1g (recrystallized from ethanol) with 50 % probability
ellipsoid (CCDC number: 1440185)
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Figure 3.24: HR-MS spectrum of 1g
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Figure 3.26: *C NMR spectrum of 1g
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5-(5-nitrothiophen-2-yl)-2-(piperidin- 1-yl)-4-(p-tolyl)thiazole (1h)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 223 mg (58%). Red solid, m.p. 118.4-119.5 °C. '"H NMR (500 MHz,
CDCl3, ppm): 6=1.69-1.73 (m, 6H), 2.40 (s, 3H), 3.54-3.55 (m, 4H), 6.67 (d, J=4.5
Hz, 1H), 7.22-7.26 (m, 2H), 7.40-7.42 (m, 2H), 7.67 (d, J=4.5 Hz, 1H)."*C NMR
(125 MHz, CDCl3, ppm): 8=21.5, 24.0, 25.2, 49.5, 112.0, 123.3, 129.0, 129.3,
129.7, 131.6, 139.4, 144.6, 147.6, 153.2, 169.0. HRMS (ESI) calc. C19H2002N3S2
[M+H]*:386.0992, found: 386.0993.

386.09930
CigH2002N3 Sz
0.41285 ppm
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E& 888
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Figure 3.27: HR-MS spectrum of 1h
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Figure 3.29: *C NMR spectrum of 1h
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4-(5-(5-nitrothiophen-2-yl)-4-phenylthiazol-2-yl)morpholine (1i)

Purified by column chromatography with 5% ethyl acetate: petroleum ether.
Yield: 197mg (53%). Red solid, m.p. 193.4-194.1°C. 'H NMR (500 MHz, CDCl;
, ppm): 6=3.49-3.51 (m, 4H), 3.75-3.77 (m, 4H), 6.65 (d, J=4.0 Hz, 1H), 7.35-7.36
(m, 3H), 7.44-7.46 (m, 2H), 7.63 (d, J=4.0 Hz, 1H); '3C NMR (125 MHz, CDCl;,
ppm): 8=47.3, 65.0, 112.0, 123.1, 127.9, 128.1, 128.4, 133.2, 137.8, 142.4, 147.8,
151.4, 168.2. HRMS (ESI) calc. Ci7H16N303S2 [M+H]". 374.0628, found:
374.0618.

Figure 3.30: Ortep diagram of 1i (recrystallized from ethanol) with 50 % probability
ellipsoid (CCDC number: 1585456)
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Figure 3.33: *C NMR spectrum of 1i

4-(4-(4-bromophenyl)-5-(5-nitrothiophen-2-yl)thiazol-2-yl)morpholine (1j)

Purified by column chromatography with 6% ethyl acetate: petroleum
ether. Yield: 208 mg (46%). Red solid, m.p. 172.9-173.6°C. '"H NMR (500 MHz,
CDCls, ppm): 6=3.55-3.57 (m, 4H), 3.82-3.84 (m, 4H), 6.74 (d, J/=4.5 Hz, 1H),
7.41-7.43 (m, 2H), 7.53-7.55 (m, 2H), 7.72 (d, J=4.5 Hz, 1H); '>*C NMR (125 MHz,
CDCls, ppm): 6=29.7, 48.3, 66.0, 112.9, 123.6, 124.7, 129.2, 130.8, 132.1, 133.1,
142.8, 149.2, 150.8, 169.3. HRMS (ESI) calc. C17H15N303S2Br [M+H]*. 451.9733,
found: 451.9730.
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Figure 3.34: HR-MS spectrum of 1j
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Figure 3.36: *C NMR spectrum of 1j

4-(5-(5-nitrothiophen-2-yl)-4-(p-tolyl)thiazol-2-yl)morpholine (1k)

Purified by column chromatography with 5% ethyl acetate: petroleum
ether. Yield: 194mg (52%). Red solid, m.p.127.2-128.1°C. 'H NMR (500 MHz,
CDCls, ppm): 6=2.33 (s, 3H), 3.48-3.50 (m, 4H), 3.77 (m, 4H), 6.65 (d, /=4.0 Hz,
1H), 7.15-7.16 (m, 2H), 7.33-7.35 (m, 2H), 7.63 (d, J=4.0 Hz, 1H); 3C NMR (125
MHz, CDCls, ppm): 6=20.5, 47.3, 65.0, 111.7, 123.0, 128.0, 128.1, 128.7, 130.3,
138.5, 142.7, 147.6, 151.7, 168.1. HRMS (ESI) calc. CisHisN3O3S2 [M+H]":
388.0784, found:388.0776.
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Figure 3.39: 3C NMR spectrum of 1k

4-(4-(furan-2-yl)-5-(5-nitrothiophen-2-yl)thiazol-2-yl)morpholine (11)

Purified by column chromatography with 10% ethyl acetate: petroleum
ether. Yield: 200 mg (55%). Red solid, m.p. 131.2-131.9 °C. '"H NMR (500 MHz,
CDCls, ppm): 6=3.47-3.49 (m, 4H), 3.75-3.77 (m, 4H), 6.43-6.44 (m, 1H), 6.74 (d,
J=3.0 Hz, 1H), 6.98 (d, J=4.0 Hz, 1H), 7.41 (m, 1H), 7.74 (d, J=4.0 Hz, 1H); 1°C
NMR (125 MHz, CDCl3, ppm): 6=48.2, 111.7, 111.8, 112.3, 125.9, 128.9, 140.7,
142.2, 142.9, 148.9, 149.5, 169.0. HRMS (ESI) calc. CisH14N304S> [M+H]":
364.0420, found: 364.0415.
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Figure 3.40: Ortep diagram of 1l (recrystallized from ethanol) with 40 % probability
ellipsoid
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Figure 3.41: HR-MS spectrum of 11

79



20007 0-—

LOLFE
008F°E
L6BF €

89FL"E
mmmr.mN.
8G9L°E

LYED'9
ELEF' 9
mp?.m/
ZhyL 9
L9LE9
£586°9—>
806T"L—"_
mmoq.hu“\
0TTH L
mmmn.h\
TIPL L

|

‘I

o
v

L 1

Y

L s
N BN

w

.ll / |
78 7T TE TE TA T3 T2 71 TO &9 68 67 66 65

L

e

J

Figure 3.42: "H NMR spectrum of 11

1ez”

S0°
6L"

F0
0€

L’
LL
%3
F6 "
k6"
PL®
LT
88"
68
FS

0"

8 —

99—

9L
.ppwv
“LL

11T
.H:v
"TIT

SCT~_
82T —
oFT

ZPT~
ZET"

v

69T —

bpm

180 160 140 120 100 80 60 40 20

200

Figure 3.43: ¥*C NMR spectrum of 11

80



5-(5-nitrothiophen-2-yl)-N,N,4-triphenylthiazol-2-amine (1m)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 264 mg (58%). Red solid, m.p. 194.6-195.7°C. 'H NMR (500 MHz,
CDCls, ppm): 6=6.63 (d, J=4.5 Hz, 1H), 7.18-7.22 (m, 2H), 7.32-7.39 (m, 11H),
7.47-7.49 (m, 2H), 7.59 (d, J=4.5 Hz, 1H); '3C NMR (125 MHz, CDCls, ppm):
0=115.0, 117.8, 121.4, 124.8, 126.0, 126.0, 126.4, 126.4, 126.7, 128.3, 128.8,
129.0, 129.3, 129.3, 129.7, 129.8, 129.9, 134.1, 142.9, 144.3, 149.2, 151.8, 167.6.
HRMS (ESI) calc. C25H1sN302S2 [M+H]*™: 456.0835, found: 456.0840.

456.08397
CasHig02Na 82
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Figure 3.44: HR-MS spectrum of 1m
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4-(4-bromophenyl)-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-amine (1n)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 277 mg (52%). Red solid, m.p. 186.6-187.5°C. '"H NMR (500 MHz,
CDCls, ppm): 6=7.18-7.25 (m, 3H), 7.29-7.40 (m, 9H), 7.42-7.45 (m, 2H), 7.62 (s,
1H); '*C NMR (125 MHz, CDCls, ppm): §=114.8, 123.5, 125.3, 126.0, 126.0,
126.5, 126.8, 129.1, 129.7, 129.8, 130.1, 130.8, 131.5, 132.0, 133.0, 142.2, 144.2,
150.2, 167.8. HRMS (ESI) calc. CosHi7N302S:Br [M+H]*: 533.9940, found:
533.9942.

535.99189
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Figure 3.47: HR-MS spectrum of 1n
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5-(5-nitrothiophen-2-yl)-N,N-diphenyl-4-(p-tolyl)thiazol-2-amine (10)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 281 mg (60%). Red solid, m.p. 174.2-175.1°C. 'H NMR (500 MHz,
CDCls, ppm): 6=2.39 (s, 3H), 6.71 (d, J=4.5 Hz, 1H), 7.19-7.21 (m, 2H), 7.25-7.29
(m, 2H), 7.39-7.45 (m, 10H), 7.67 (d, J=4.5 Hz, 1H); 3C NMR (125 MHz, CDCl;,
ppm): 6=21.5, 114.7, 124.7, 126.0, 126.7, 129.0, 129.1, 129.5, 129.8, 131.2, 139.4,
143.2, 144.3, 149.1, 152.0, 167.5. HRMS (ESI) calc. C26H20N30,.S> [M+H]":
470.0991, found: 470.0987.
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Figure 3.50: HR-MS spectrum of 1o
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5-(5-nitrothiophen-2-yl)-N,N-diphenyl-4-(thiophen-2-yl)thiazol-2-amine (1p)

Purified by column chromatography with 4% ethyl acetate: petroleum
ether. Yield: 281 mg (61%). Red solid, m.p. 138.0-138.8°C. '"H NMR (500 MHz,
DMSO-ds, ppm): 6= 7.12-7.14 (m, 1H), 7.19 (d, J=4.5 Hz, 1H), 7.34-7.37 (m, 3H),
7.48-7.54 (m, 8H), 7.70 (d, J=5 Hz, 1H), 8.00 (d, J=4.5 Hz, 1H); '3*C NMR (125
MHz, CDCls, ppm): 6= 113.3, 121.4, 125.9, 126.4, 126.5, 126.7, 127.5, 127.5,
127.6, 128.9, 129.6, 129.7, 129.9, 136.2, 141.7, 144.1, 144.5, 150.3, 167.3. HRMS
(ESI) calc. C23H16N302S3 [M+H]*: 462.0399, found: 462.0413.

462.04125

Relative Abundance

484 02304

Figure 3.53: HR-MS spectrum of 1p
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4-(furan-2-yl)-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-amine (1q)

Purified by column chromatography with 1% ethyl acetate: petroleum
ether. Yield: 227 mg (51%). Red solid, m.p. 154.0-155.3 °C. '"H NMR (500 MHz,
CDCls, ppm): 6=6.42-6.43 (m, 1H), 6.74 (d, J/=3.5 Hz, 1H), 6.97 (d, /=4.5 Hz, 1H),
7.21-7.24 (m, 1H), 7.33-7.40 (m, 10H), 7.71 (d, J=4.5 Hz, 1H); 3C NMR (125
MHz, CDCl3, ppm): 6=111.8, 111.9, 114.1, 126.0, 126.3, 126.8, 128.8, 129.8,
140.2, 141.7, 142.8, 144.1, 149.0, 167.4. HRMS (ESI) calc. C23H1603N3S2 [M+H]™:
446.0629, found: 446.0630.

Figure 3.56: Ortep diagram of 1q (recrystallized from ethanol) with 50 % probability
ellipsoid (CCDC number: 1440186)
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Figure 3.59: 3C NMR spectrum of 1q

4-([1,1'-biphenyl]-4-yl)-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-amine
(Ir)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 329 mg (62%). Red solid, m.p. 211.5-212.4°C. '"H NMR (500 MHz,
CDClI3, ppm): 6= 6.70 (d, J=4.0 Hz, 1H), 7.17-7.22 (m, 2H), 7.28-7.30 (m, 1H),
7.33-7.40 (m, 10H), 7.54-7.58 (m, 6H), 7.62 (d, J=4.5 Hz, 1H); °C NMR (125
MHz, CDCls, ppm): 6= 114.8, 125.1, 126.0, 126.7, 127.1, 127.4, 127.7, 128.9,
129.1, 129.7, 129.8, 133.0, 140.4, 141.0, 144.3, 142.9, 151.3, 167.7. HRMS (ESI)
calc. C31H22N302S, [M+H]*: 532.1148, found : 532.1149.
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Figure 3.62: *C NMR spectrum of 1r

4-(naphthalen-1-yl)-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-amine (1s)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 303 mg (60%). Red solid, m.p. 207.4-208.2°C. '"H NMR (500 MHz,
CDCls, ppm): 6=6.49 (d, J=4.5 Hz, 1H), 7.25-7.28 (m, 3H), 7.39-7.42 (m, 4H),
7.47-7.50 (m, 5H), 7.52-7.53 (m, 2H), 7.56-7.59 (m, 2H), 7.79 (d, J=8.5 Hz, 1H),
7.92 (d, J=8.0 Hz, 1H), 7.99 (d, J=8.0 Hz, 1H); '*C NMR (125 MHz, CDCls, ppm):
0=118.4, 121.4, 123.3, 125.1, 125.7, 126.0, 126.4, 126.8, 126.8, 128.3, 128.6,
128.8, 129.9, 129.9, 130.2, 131.7, 131.8, 134.1, 142.7, 144.3, 148.8, 151.0, 167.6.
HRMS (ESI) calc. C29H20N302S2 [M+H]" : 506.0991, found: 506.0993.

93



Relative Abundance

C13

Figure 3.63: Ortep diagram of 1s (recrystallized from ethanol) with 20 % probability
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Figure 3.64: HR-MS spectrum of 1s
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4-(benzofuran-2-yl)-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-amine (1t)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 257 mg (52%). Red solid, m.p. 165.8-166.1°C. '"H NMR (500 MHz,
CDCls, ppm): 6=7.13 (d, J=4.5 Hz, 1H), 7.23-7.26 (m, 1H), 7.30-7.33 (m, 3H),
7.43-7.48 (m, 10H), 7.82 (d, J=4.5 Hz, 1H); '3C NMR (125 MHz, CDCl;, ppm):
6=107.9, 111.5, 116.1, 121.5, 123.5, 124.8, 125.4, 126.0, 126.1, 126.6, 126.9,
127.0, 128.2, 128.7, 129.7, 129.8, 139.8, 141.2, 144.2, 150.3, 150.7, 154.8, 167.5.
HRMS (ESI) calc. C27H18N303S2 [M+H]™: 496.0784, found: 496.0796.

Figure 3.67: Ortep diagram of 1t (recrystallized from ethanol) with 50 % probability
ellipsoid
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Figure 3.69: '"H NMR spectrum of 1t
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Figure 3.70: *C NMR spectrum of 1t

4-(4-(dimethylamino)phenyl)-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-

amine (1u)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 130 mg (26%). Red solid, m.p. 133.4-134.7°C. '"H NMR (500 MHz,
CDCls, ppm): 6=3.01 (s, 3H), 6.69 (d, J=9 Hz, 2H), 6.74 (d, J/=4.0 Hz, 1H), 7.25-
7.28 (m, 2H), 7.38-7.45 (m, 10H), 7.68 (d, J=4.5 Hz, 1H); *C NMR (125 MHz,
CDCls, ppm): 6=40.3,112.0, 113.4,122.4,124.3,126.0, 126.6, 129.2, 129.7, 130.3,
144.2,144.4,148.4,151.0, 152.9, 167.2. HRMS (ESI) calc. C27H23N402S; [M+H]":
499.1257, found: 499.1268.
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Figure 3.73: *C NMR spectrum of 1u

4-benzhydryl-5-(5-nitrothiophen-2-yl)-N,N-diphenylthiazol-2-amine (1v)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 251 mg (46%). Red solid, m.p. 206.3-207.5°C. '"H NMR (500 MHz,
CDCl3, ppm): 6=5.58 (s, 1H), 6.69 (d, J/=4.5 Hz, 1H), 7.15-7.19 (m, 3H), 7.21-7.31
(m, 17H), 7.69 (d, J=4.5 Hz, 1H); '3*C NMR (125 MHz, CDCls, ppm): 6= 51.6,
115.8, 124.6, 125.7, 126.1, 126.5, 126.6, 126.8, 127.6, 128.1, 128.4, 128.5, 129.3,
129.4, 129.5, 129.6, 141.9, 142.3, 143.9, 144.1, 149.5, 153.6, 166.9. HRMS (ESI)
calc. C32H24N302S2 [M+H]™: 546.1304, found: 546.1318.
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Figure 3.76: *C NMR spectrum of 1v

N,N-dimethyl-5-(5-nitrofuran-2-yl)-4-phenylthiazol-2-amine (2a)

Purified by column chromatography with 3% ethyl acetate: petroleum
ether. Yield: 230 mg (73%). Red solid, m.p. 166.5-166.9°C. '"H NMR (500 MHz,
CDCl3, ppm): 6=3.20 (s, 6H), 6.03 (d, /=4.0 Hz, 1H), 7.21 (d, J=4.0 Hz, 1H), 7.42-
7.44 (m, 3H), 7.58-7.60 (m, 2H); *C NMR (125 MHz, CDCls, ppm): 6= 40.3,
107.5, 108.5, 115.0, 128.7, 129.0, 129. 3, 135.0, 150.2, 152.3, 154.7, 170.3. HRMS
(ESI) calc. C15H14N303S [M+H]": 316.0750, found: 316.0752.
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Relative Abundance

Figure 3.77: Ortep diagram of 2a (recrystallized from ethanol) with 20 % probability
ellipsoid (CCDC number: 1585486)
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Figure 3.78: HR-MS spectrum of 2a
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Figure 3.80: *C NMR spectrum of 2a
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N,N-diethyl-5-(5-nitrofuran-2-yl)-4-phenylthiazol-2-amine (2b)

Purified by column chromatography with 3% ethyl acetate: petroleum
ether. Yield: 277 mg (81%). Red solid, m.p. 119.3-120.3°C. '"H NMR (500 MHz,
CDCls, ppm): 6=1.22 (t, J=7 Hz, 6H), 3.50 (q, /=7 Hz, 4H), 5.95 (d, /=4.0 Hz, 1H),
7.14 (d, J=4.0 Hz, 1H), 7.35-7.37 (m, 3H), 7.51-7.53 (m, 2H); "*C NMR (125 MHz,
CDCl3, ppm): 6=12.6,45.8, 107.3, 107.4, 115.1, 128.6, 129.0, 129.2, 135.1, 150.5,
152.6, 154.8, 168.9. HRMS (ESI) calc. C17H1sN303S [M+H]": 344.1063, found:
344.1066.

Figure 3.81: Ortep diagram of 2b (recrystallized from ethanol) with 20 % probability
ellipsoid
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Figure 3.82: HR-MS spectrum of 2b
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Figure 3.83: '"H NMR spectrum of 2b
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Figure 3.84: 3*C NMR spectrum of 2b

5-(5-nitrofuran-2-yl)-4-phenyl-2-(piperidin-1-yl)thiazole (2c)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 259 mg (73%). Red solid, m.p. 158.4-158.7°C. '"H NMR (500 MHz,
CDCls, ppm): &= 1.60-1.80 (m, 6H), 3.57-3.58 (m, 4H), 6.05 (d, /=4.0 Hz, 1H),
7.21 (d, J=4.0 Hz, 1H), 7.42-7.45 (m, 3H), 7.58 -7.60 (m, 2H); '*C NMR (125 MHz,
CDCls, ppm): 6=24.0, 25.2, 49.6, 108.0, 115.0, 128.6, 129.0, 129.2, 134.5, 150.2,
152.4, 154.6, 170.4. HRMS (ESI) calc. Ci1gH1sN303S [M+H]": 356.1063, found:
356.1060.
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Figure 3.87: >*C NMR spectrum of 2¢

4-(5-(5-nitrofuran-2-yl)-4-phenylthiazol-2-yl)morpholine (2d)

Purified by column chromatography with 6% ethyl acetate: petroleum
ether. Yield: 292 mg (78%). Red solid, m.p. 200.2-200.5°C. '"H NMR (500 MHz,
CDCls, ppm): 6=3.49-3.51 (m, 4H), 3.75-3.77 (m, 4H), 6.65 (d, J=4.0 Hz, 1H),
7.35-7.36 (m, 3H), 7.44-7.46 (m, 2H), 7.63 (d, J=4.0 Hz, 1H),); °*C NMR (125
MHz, CDCl3, ppm): 6=47.2, 65.0, 107.1, 108.0, 113.7, 127.7, 127.9, 128.4, 133.6,
149.3, 150.6, 153.0, 169.4. HRMS (ESI) calc. C17H1sN304S [M+H]": 358.0856,
found: 358.0867.
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Figure 3.90: *C NMR spectrum of 2d

5-(5-nitrofuran-2-yl)-N,N,4-triphenylthiazol-2-amine (2e)

Purified by column chromatography with 2% ethyl acetate: petroleum
ether. Yield: 329 mg (75%). Yellow brown solid, m.p. 203.4-203.9 °C. 'H NMR
(500 MHz, CDCl3, ppm): 6=6.16 (d, J=4.0 Hz, 1H), 7.20 (d, /=4.0 Hz, 1H), 7.27-
7.31 (m, 2H), 7.40-7.47 (m, 11H), 7.60-7.62 (m, 2H); *C NMR (125 MHz, CDCls,
ppm): 6=108.8, 111.0, 114.5, 126.0, 126.9, 128.6, 129.1, 129.3, 129.8, 134.5, 144.2,
150.5, 151.4, 153.5, 169.0. HRMS (ESI) calc. C2sHisN3O3S [M+H]": 440.1063,
found: 440.1061.
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Figure 3.93: 3C NMR spectrum of 2e

5-(2-(diphenylamino)-4-phenylthiazol-5-yl)thiophene-2-carbaldehyde (3)

To the stirred solution of 2-bromomethyl-5-thiophene aldehyde (1mmol)
in DMF (3ml), corresponding thioureas were added (Immol) followed by
triethylamine (1.2 mmol) and stirred for 30-45 minutes. The reaction mixture was
added to crushed ice, product was filtered, dried and purified by column
chromatography with 5% ethyl acetate: petroleum ether Yield: 110 mg (25%).
Yellow solid, m.p. 200.6-200.9°C. 'H NMR (500 MHz, CDCls, ppm): 6.89 (d,
J=4.0 Hz, 1H), 7.25-7.28 (m, 2H), 7.35-7.36 (m, 3H), 7.39-7.42 (m, 4H), 7.45-7.46
(m, 4H), 7.50 (d, J=4.0 Hz, 1H), 7.55-7.57 (m, 2H), 9.74 (s, 1H); 3*C NMR (125
MHz, CDCl3, ppm): 6=115.9, 125.9, 126.5, 126.9, 128.6, 128.8, 129.3, 129.7,
134.5, 136.6, 141.9, 144.5, 144.6, 150.5, 167.3, 182.3. HRMS (ESI) calc.
C26H19N20S2 [M+H]™: 439.0933, found: 439.0940.
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Figure 3.94: HR-MS spectrum of 3
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2-((5-(2-(diphenylamino)-4-phenylthiazol-5-yl)thiophen-2-

yl)methylene)malononitrile (4)

To 3 (Imol) in chloroform (10ml), malononitrile (1.2mol) and catalytic
amount of triethylamine were added and stirred for one hour. The solvent was
evaporated and the compound was purified by column chromatography with 5%
ethyl acetate: petroleum ether. Yield: 248 mg (51%). Red solid, m.p. 192.4-192.7
°C. '"H NMR (500 MHz, CDCls, ppm): 6.84 (d, J=4.5 Hz, 1H), 7.28-7.31 (m, 2H),
7.40-7.48 (m, 12H), 7.55-7.57 (m, 2H) 7.58 (s, 1H); '*C NMR (125 MHz, CDCls,
ppm): 6=74.1, 112.5, 113.5, 114.6, 116.8, 120.0, 125.0, 125.6, 125.8, 127.8, 128.3,
128.3, 128.8, 143.2, 146.3, 148.6, 151.4, 166.9. HRMS (ESI) calc. C20H19N4S2
[M+H]": 487.1046, found: 487.1050.
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Figure 3.99: *C NMR spectrum of 4

5-((5-(2-(diphenylamino)-4-phenylthiazol-5-yl)thiophen-2-yl)methylene)-1,3-
diethyl-2-thioxodihydropyrimidine-4,6 (1H,5H)-dione (5)

To a solution of 3 in ethanol (10 ml), 1,3-diethyl-2-thiobarbituric acid was
added and heated at 50°C for one hour. The resulting mixture was cooled and
filtered and the product was purified by column chromatography with 10% ethyl
acetate: petroleum ether. Yield: 173 mg (28%). Pink solid, m.p. 275-277°C. 'H
NMR (500 MHz, CDCl3, ppm): 1.14 (m, 6H), 4.46-4.48 (q, 4H), 6.82 (d, J=4.5 Hz,
1H), 7.18-7.22 (m, 2H), 7.30-7.33 (m, 3H), 7.35-7.39 (m, 8H), 7.50-7.52 (m, 3H),
8.42 (s, 1H); 3*C NMR (125 MHz, CDCls, ppm): 6=11.3, 11.4, 42.0, 42.9,108.1,
113.0, 114.9, 115.5, 116.8, 119.9, 112.5, 123.0, 125.7, 125.7, 126.3, 127.6, 128.0,
128.3, 128.8, 133.9, 134.7, 138.3, 143.3, 145.9, 147.7, 151.4, 152.1, 158.8, 160.1,
167.1, 177.6. HRMS (ESI) calc. C3sH2sN402S3 [M+Na]*: 643.1267, found:
643.1283.
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Figure 3.101: *C NMR spectrum of 5
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3.5. Conclusion

Inspired by the rational design of novel core molecules by computational
chemistry tools, we proceeded for the development of synthetic methods to generate
the molecules and validate the findings. We explored the untapped potential of
classical chemistry and identified [4+1] thiazole ring route where carbonyl
compounds, secondary amines and halo methyl heterocycles served as building
blocks for the modular synthesis of multi-heterocyclic D-A systems. The synthesis
of 5-(thiophen-2-yl)-1,3-thiazole and 5-(furan-2-yl)-1,3-thiazole cores were
accomplished by metal free reaction of 1-(acyl/aroyl)-3,3-(disubstituted)thioureas
with respective bromomethyl heterocycle. The versatility of developed synthetic
method was validated by the synthesis of a diverse class of around 70 member
library from which 35 members were fully characterized. We also attempted to
adapt our synthetic strategy to suit green chemistry protocols and successfully
developed a one pot multi-component mechanochemical method to synthesize these
thiazoles. Compared to the existing literature for constructing bi(hetero)aryl core, a
majority of which employs highly expensive transition metal catalysts, our method
inspired by classical chemistry utilizing readily available starting compounds, is
simple, highly versatile, economical, having a high atom economy and amenable to
combinatorial synthesis and green synthetic protocols. Our next goal was to
experimentally evaluate the photophysical and therapeutic properties of selected
molecules from the synthetically accomplished library and the results are now

discussed in the successive chapters.

Synthesis Summary

No No of molecules Characterized
Thiourea derivative Bromo derivative
1
22 4
Thiazole
2 Thienylthiazole Furanylthiazole 35
54 16
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CHAPTER 5

INVESTIGATIONS OF THE PHOTOPHYSICAL
PROPERTIES OF 5-(HETERO-2-YL)-1,3-
THIAZOLES

5.1. Background

The exploration of chemical space of small molecule fluorophores is
exciting due to the plethora of properties, finding multitude of applications
spanning from biology to materials science (Miiller and Bunz, 2007; Wysocki and
Lavis, 2011; Yun et al., 2014). With the increasing demand for fluorophores,
suitable and efficient scaffolds have to be developed with synthetic flexibility. But
the pace in which these new diverse core skeletons developed seems to be rather
slower than expected. One reason for this slow pace may be the lack of fundamental
understanding of the structure photophysical property relationship (SPPS) to assist
in the rational design of novel molecules. The relationship between chemical
structure and property will pave the way towards the development of efficient
systems with tunable properties. For the development of novel cores, a clear
understanding of the fluorophore properties like absorption/emission ranges, molar
extinction coefficients, quantum efficiency, and Stokes shifts are necessary (Kim et
al., 2015). Despite the deep understanding of the fluorescence phenomena for many
years, it was surprising to note that only a few family of fluorophores such as
cyanines (Mishra et al., 2000), BODIPY (Boens et al., 2012; Loudet and Burgess,
2007), fluorescein (Kobayashi et al., 2010), coumarin (Schiedel et al., 2001;
Takadate et al., 2000) and Seoul-Fluor (Kim et al., 2015) were subjected to the
study of fundamental understanding of molecular properties (figure 5.1). For a

SPPS to be carried out, a diverse library of the fluorophore scaffold has to be
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generated. We believe that the synthetic hurdles in achieving these libraries may be

the prime reason for the lack of sufficient studies.
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Figure 5.1. Fluorophore scaffolds with SPPS performed

These problems can be tackled to a great extent by the combinatorial
chemistry techniques where a series of structural analogues of fluorophores with
established chemistries can be synthesized easily and efficiently (Vendrell et al.,
2012). Combinatorial chemistry boosts the process of fluorescence probe
developments with the help of diversity-oriented libraries where structurally diverse
molecules are generated (Yun et al., 2014). The combinatorial methodologies in
fluorophore development are still underdeveloped, but its potential in populating
the small molecule chemical space is very clear and promising results are already

documented in the literature.

Despite these facts, the number of scaffolds possessing emission colour
tunability is quite limited (Lavis and Raines, 2008). A rationally designed core can
generate wide variety of colours using simple substituents, and it will expand the
use of these cores for a variety of applications. Although, solution and solid state
emitting full colour tunable scaffolds were reported (Kim and Park, 2009; Shimizu
and Hiyama, 2010), a single score skeleton capable of exhibiting both solution and

solid state emissions along with full colour tunability is rarely reported.

Recently, the research on D-A systems based on monocyclic 1,3-azoles
has attracted considerable attention (Yamaguchi et al., 2015). However, the
fluorescent properties of thiazole core were not at all explored until last decade and
common thiazole based scaffolds are depicted in figure 5.2. Among these,

substituted 4-hydroxy-1,3-thiazoles were the highly explored class and studies were
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initiated a decade ago by Beckert’s group (Stippich et al., 2009; Tauscher et al.,
2010). Although these molecules possessed good solution emission properties, their
solid state emissions were not well explored. Very recently, a D-A type series of
dyes based on the 4-alkoxythiazoles and azaacenes were reported (Gampe et al.,
2017). Yamaguchi et al. reported a family of 5-N-arylaminothiazoles having colour
tunability from 460-610 nm with good quantum yield (QY) and solvatochromism
(Yamaguchi et al., 2015). Subsequent studies reported the different properties of
these systems like vapochromism, halochromism and white light emission
(Yamaguchi et al., 2016; Yamaguchi et al., 2017). Sekar et al. reported another
class of styryl dyes containing thiazole core, albeit with low QY values in all the
studied solvents (Tayade and Sekar, 2017; Thorat and Sekar, 2017). Recently
thiazole fluorophores bearing aryl enamine/aza-enamine side chains were also
discovered but with very low QY, below 3% (Lugovik et al., 2017). However,
fluorophore cores built on thiazole rings are limited to the above systems, but other
well-known systems having thiazole as a substituent or benzothiazole family of
fluorophores were widely explored. From these reports, it is evident that the
potential of thiazoles as a fluorescence scaffold was largely unrecognized and we

hope that future work on it will unravel its hidden potential.
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Yamaguchi ef al. Beckert et al. Sekar et al.

Figure 5.2. Thiazole based fluorophore scaffolds
5.2. Results and Discussions

5.2.1. Study of structure photophysical properties

With a diverse set of synthesized library of 5-(hetero-2-yl)-1,3-thiazoles in
hand, we decided to undertake a detailed study on the photophysical properties of
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the molecules. This would help to validate our computational chemistry findings
and to understand the chemical structure-photophysical relationship which would
facilitate the rational design of new analogues with improved properties. The
solution state spectra were recorded in 6 different solvents viz;- n-hexane, toluene,
dichloromethane (DCM), tetrahydrofuran (THF), acetonitrile (ACN) and dimethyl
sulphoxide (DMSO) and details are listed in Table 5.1 (Radhakrishnan and
Sreejalekshmi, 2018).

Table 5.1. Photophysical properties of the studied compounds

arn b Stokes . habs®/ Stokes .

Code | Solvent Data®/ demm shift QY Code dem” shift QY
(nm) nm (cm™) (%) (nm) nm (cm™) (%)

n-hexane 440/533 93 (3965) 11.2 436/531 95 (4103) 6.9
Toluene 468/579 111 (4096) 50.9 464/578 114 (4251) 81.2

1a THF 473/614 141 (4855) 2.0 b 469/507 138 (4847) 9.0
DCM 483/641 158 (5103) 0.2 479/636 157 (5153) 0.5

ACN 479/646 167 (5397) NE 478/642 164 (5344) 0.1

DMSO 496/646 150 (4681) NE 494/652 158 (4905) 0.4
n-hexane 443/537 94 (3951) 8.9 446/537 91 (3800) 12.6
Toluene 471/585 114 (4137) 70.0 474/580 106 (3856) 52.5

le THF 476/616 140 (4775) 6.1 1d 479/609 130 (4456) 4.0
DCM 485/651 166 (5258) 0.4 492/642 150 (4749) 0.2

ACN 483/659 176 (5529) 0.2 487/646 159 (4958) 0.05

DMSO 500/658 158 (4802) 0.2 503/654 151 (5243) 0.2
n-hexane 446/538 92 (3800) 9.1 452/544 92 (3742) 16.0
Toluene 471/580 109 (3990) 52.3 477/583 106 (3812) 42.1

le THF 476/612 136 (4669) 7.8 1f 482/617 135 (4539) 3.6
DCM 488/652 164 (5154) 0.3 494/642 148 (4667) 0.1

ACN 484/649 165 (5253) NE 487/647 160 (5078) NE

DMSO 500/655 155 (4733) 0.3 504/656 152 (4597) 0.2
n-hexane 445/543 98 (4056) 10.5 450/545 95 (3874) 8.2
Toluene 471/585 114 (4137) 55.5 474/586 112 (4032) 37.7

1g THF 476/614 138 (4722) 13.0 1h 4771619 142 (4809) 33
DCM 487/644 157 (5006) 1.2 489/644 155 (4922) 0.1

ACN 480/640 160 (5208) NE 483/653 170 (5390) NE

DMSO 497/644 147 (4593) NE 501/652 151 (4623) 0.2
n-hexane 433/532 99 (4298) 3.8 432/530 98 (4280) 1.1
Toluene 457/574 117 (4460) 71.5 456/576 120 (4569) 42.8

L THF 462/611 149 (5278) 7.5 1 455/608 153 (5531) 12.2
DCM 470/644 174 (5749) 0.3 464/647 183 (6096) 0.4

ACN 468/641 173 (5767) NE 466/645 179 (5955) NE

DMSO 483/656 173 (5460) NE 479/658 179 (5679) 0.1

1k n-hexane 434/536 102 (4385) 12.0 1 435/527 92 (4013) 53.0
Toluene 465/581 116 (4294) 45.8 461/578 117 (4391) 55.7
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THF 468/614 146 (5081) 6.1 467/603 136 (4829) 11.1

DCM 474/638 164 (5423) 0.3 476/633 157 (5211) 0.6

ACN 468/647 179 (5912) NE 468/645 177 (5864) 0.3

DMSO 490/659 169 (5234) 0.1 486/654 168 (5286) 0.1
n-hexane | 439/534 95 (4052) 239 439/534 95 (4052) 10.7
Toluene 4571577 120 (4551) 69.1 457/578 121 (4581) 75.3

Im THF 460/601 141 (5100) 18.6 In 461/603 142 (5108) 18.7
DCM 470/653 183 (5963) 1.1 470/652 182 (5939) 1.6

ACN 463/673 | 210 (6739) 0.3 464/672 | 208 (6671) 04

DMSO 483/674 191 (5867) 0.4 474/673 199 (6238) 04
n-hexane | 446/538 92 (3834) 24.0 451/549 98 (3958) 41.6
Toluene 461/578 117 (4391) 64.2 465/593 128 (4642) 42.3

Io THF 466/602 136 (4848) 15.4 1p 466/623 157 (5408) 9.3
DCM 476/660 184 (5857) 0.9 4731657 184 (5921) 0.3

ACN 470/660 190 (6125) 0.2 469/654 185 (6031) NE

DMSO 485/668 183 (5648) 0.4 480/667 187 (5841) 0.1
n-hexane | 446/532 86 (3625) 47.5 447/542 95 (3921) 12.3
Toluene 465/573 108 (4053) 60.9 460/577 117 (4408) 68.3
1q THF 472/605 133 (4658) 24.0 Ir 468/616 148 (5134) 19.0
DCM 472/649 177 (5778) 1.2 476/669 193 (6061) 0.9

ACN 483/641 158 (5103) NE 467/671 204 (6510) 0.1

DMSO 481/649 168 (5382) NE 480/671 191 (5930) 03
n-hexane | 433/532 99 (4298) 17.3 448/533 85 (3560) 6.5
Toluene 460/560 117 (3882) | 40.8 464/575 111 (4160) 71.2
Is THF 468/616 148 (5134) 36.8 1t 467/599 132 (4719) 30.2
DCM 476/669 193 (6061) 12.2 476/652 176 (5671) 4.3

ACN 467/671 204 (6510) 0.7 465/661 196 (6377) 0.2

DMSO 480/671 191 (5930) 1.6 478/667 189 (5928) 0.6
n-hexane | 470/598 128 (4554) 19.2 433/517 95 (3752) 87.1
Toluene 491/671 180 (5463) 3.0 452/556 104 (4138) 49.7

1u THF 493/645 152 (4780) 0.1 v 457/595 138 (5075) 13.7
DCM NM 466/644 178 (5931) 1.5

ACN NM 459/654 195 (6496) 0.1

DMSO NM 472/665 193 (6149) 0.2
n-hexane | 425/507 82 (38006) 53 431/512 83 (3671) 9.6
Toluene 457/550 93 (3700) 2.3 459/544 85 (3404) 2.6

2a THF 455/572 117 (4496) 1.0 2b 461/575 114 (4301) 22
DCM 469/612 143 (4982) 0.4 4771615 138 (4704) 0.6

ACN 465/630 165 (5632) 0.4 469/628 159 (5398) 0.1

DMSO 475/635 159 (5305) 0.2 483/628 145 (4780) 0.3
n-hexane | 429/512 83 (3779) 2.7 424/505 81 (3783) 4.0
Toluene 455/551 96 (3829) 22 447/543 96 (3955) 4.5

2 THF 453/581 128 (4863) 1.6 2d 447/573 126 (4919) 2.8
DCM 478/624 146 (4895) 0.4 454/609 155 (5606) 0.6

ACN 469/635 166 (5574) 0.2 452/632 180 (6301) 0.2

DMSO 474/644 170 (5569) 0.2 464/634 170 (5779) 0.3
n-hexane | 426/512 86 (3943) 0.2 401/493 92 (4654) 3.8
Toluene 446/547 101 (4140) 5.1 412/511 99 (4702) 8.8

2e THF 447/569 122 (4797) 4.2 3 409/521 112 (5256) 3.3
DCM 459/628 169 (5863) 1.6 415/532 117 (5299) 6.9

ACN 443/638 195 (6899) 0.3 408/537 129 (5888) 8.4
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DMSO 459/642 183 (6210) 0.7 416/550 134 (5857) 22.5
n-hexane | 497/558 61 (2200) 2.6 554/595 41 (1244) 4.4
Toluene 499/584 85 (2917) 4.0 560/628 68 (1934) 8.8

4 THF 496/620 124 (4032) 8.0 5 552/657 105 (2895) 21.3
DCM 506/628 122 (3839) 10.7 566/671 105 (2765) 22.8

ACN 491/644 153 (4839) 6.0 548/688 140 (3713) 1.9

DMSO 499/657 158 (4819) 1.4 558/695 135 (3533) 3.5

Photophysical properties measured in solutions of concentration 10~ mol L', “Longest absorption
maxima are only reported. "Emission maximum was obtained at excitation maximum. ‘Quantum
yields (QY) were measured relative to rhodamine 6G in ethanol (0.92). For the measurements in
hexane and for 3, absolute QY was measured using an integrating sphere. NE- very weakly emissive.
NM-Not measured.

The results from the studies revealed that the nature of the core,
substituents, and polarity of solvents all have profound influence on absorption and
emission spectra. All the molecules absorbed in the visible region which is a
favourable attribute to the core structure. In the TT family of molecules la-v
bearing NO; acceptor at C5 of thiophene, Aans wavelength bathochromically shifted
from 432 - 470 nm in n-hexane and from 472 - 504 nm in DMSO. However, on
moving to FT core, where the thiophene ring was replaced by the less aromatic
furan ring, the absorption spectra were blue shifted as evident from the
representative examples 2a-e, where Aaps varied from 424 - 431 nm and from 459 -
483 nm in n-hexane and DMSO respectively. The weaker electronic coupling of
furan compared to thiophene would have contributed to the hypsochromic optical
absorbance shift (Jahnke et al., 2014). These results were as expected and in line
with our computational calculations and signify the choice of heterocycle unit

attached to C5 of thiazole as the first option for tuning the photophysical properties.

The absorption spectra of selected molecules in THF are depicted in figure
5.3. The absorption spectra were characterized by two bands - one high energy band
from an n-m* transition and low energy band contributed by a n-n* transition.
Further, we analysed how the different substituents on thiazole influence the
absorption spectra in different solvents. For example, we kept a phenyl group at C4
and varied the substituent at C2 of the thiazole using secondary amines viz;
dimethylamine, diethylamine, piperidine, morpholine and diphenylamine with pKa

values of 10.72, 10.98, 11.22, 8.36, and 0.79 respectively. The donor strength of
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amine group at C2 of thiazole influenced the Aabs and 13 nm and 20 nm shift was
observed in nonpolar n-hexane and polar DMSO respectively among the studied
compounds. Morpholine substitution at C2 produced the lowest Awps in nonpolar
solvents probably because of the decreased electron donation ability of morpholine
group. Similarly, we studied the substituent effect at C4 on the Aavs by keeping C2
as fixed by substituting diphenyl group and varied C4. Presence of electron
donating groups red shifted the absorption wavelength whereas steric crowding on
C4 blue shifted the absorption wavelength in all studied compounds. We also
studied the influence of C5 of thiazole on absorption tunability. By increasing the
acceptor strength, absorption became more red shifted as evident from the
representative examples of 3, 2e, 1m, 4, and 5 where absorption varied from 401 to
554 nm in n-hexane and 416 to 558 in DMSO. On comparing 1m and 5, absorption
varied from 439 to 483 nm with an increasing solvent polarity from n-hexane to
DMSO in 1m whereas in 5, no significant variation was observed. These

observations suggested the importance of C5 position in tuning the Aaps.
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Figure 5.3. Absorption spectra of selected molecules in THF

Another interesting feature about the molecular design was its capability
to exhibit multidirectional ICT (MICT) as illustrated by the example of 1u. The

electron donation from both amino groups at C2 and C4 to the nitro acceptor on
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thiophene had a synergetic effect on the Aaps. It was evident from the FMO analysis
that CT direction shifted from to C4 to C5 rather than the usual C2 to C5 (figure
5.4). Also, the HOMO had a larger electron density from the dimethylaniline
fragment than from the diphenylamine group. Further evaluation of the MICT

nature of the core will be discussed in chapter 6.
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Figure 5.4. HOMO and LUMO of 1u calculated at PBE0/6-31G(d,p) level of theory to
elucidate the MICT

We also conducted a detailed evaluation of the emission properties in
various solvents. The emission spectra of selected molecules in n-hexane is
depicted in the figure 5.5. Nitro TT derivatives were highly emissive in non polar
solvents whereas in polar solvents, emissions broadened and quenched. This is a
characteristic behaviour of the majority of the push pull molecules (Rettig, 1986).
In non polar solvents, a structured emission was observed with a distinct peak for
FT derivatives whereas for TT derivatives a shoulder was observed (figure 5.6). But
on increasing the solvent polarity, the locally excited emission converted to an ICT
emission with disappearance of the vibrational fine structures accompanied by a red
shift in Aem. The calculated dipole moments values indicated that TT derivatives are
more polar in the ground state than its furan counterpart and hence in non polar
solvents they tend to exhibit a CT state whereas less polarized FT molecules

produced a much clear structured emission.
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Figure 5.5. Emission spectra of selected compounds in n-hexane
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Figure 5.6. Comparison of emission spectra of thiazole-thiophene/furan in n-hexane

All the molecules were characterized by excitation independent emission.
The excitation spectra of selected molecules in THF recorded at their emission

maxima are depicted in the figure 5.7.

The decrease in emission intensity in the polar solvents can be explained
by twisted intramolecular charge transfer (TICT) phenomena, mainly found in
many of the molecular rotors. As polarity increased, molecule adopted a twisted
structure in the excited state with a shift in the Aas. A charge separated state was
generated which was stabilized by polar solvents and leading to internal conversion

and thermal deactivation. In high viscous solvents, the molecular rotation is
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kinetically less favourable and enhanced emission is generally observed. To verify
this we measured emission intensity in varying fraction of methanol-glycerol. On
increasing the glycerol fraction emission intensity increased and in neat glycerol, a
20 fold enhancement in the emission intensity was observed as depicted in the

figure 5.8, which confirmed the presence of TICT behaviour.
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Figure 5.7. Excitation spectra of selected compounds in THF
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Figure 5.8. Fluorescence spectra of 1o in the binary mixture of methanol-glycerol
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We also evaluated the substituent effects on the emission behaviour (figure
5.9). Derivatives of TT core with NO acceptor on thiophene C5 were highly
emissive in nonpolar solvents (QY upto 87%) whereas emission nearly quenched
and broadened with increase in solvent polarity as expected for most of the push
pull molecules. Consider 1a, 1d, 1g, 1i and 1m where C4 was fixed by phenyl group
and C2 was varied using different secondary amines. Here, in non polar n-hexane
emission spectra were hardly affected (only 9 nm variation) whereas in polar
DMSO a 30 nm variation was observed. In non polar solvents, morpholine
produced the lowest (532 nm in 1i) and piperidine substitution produced the highest
Aem (543 nm in 1g) whereas in polar solvents, piperidine afforded the least (644 nm
in 1g) and diphenyl substitution brought the maximum (674 nm in 1m) in Aem.
Similarly, we fixed C2 by diphenyl group and varied C4 by different substituents.
By changing the substituent from diphenylethyl to dimethylaniline, an 81 nm shift
(517 nm for 1v and 598 nm for 1u) in Aem was obtained. As observed in the
absorption spectra, a MICT emission was also produced by placing a stronger
electron donor fragment in C4. A 64 nm and 94 nm variations were observed in n-
hexane and toluene respectively by varying the substituent from phenyl to dimethyl
aniline (for 1m -534 and 577 nm whereas for 1u - 598 and 671 nm in n-hexane and
toluene respectively). The synergetic influence of two electron donating groups
from C2 and C4 red shifted the Aem. Likewise, electron rich heteroarenes at C4
produced a red shifted emission. For example in 1p, substitution of electron rich
heterocycle thiophene at C4 produced a 15 and 16 nm red shifted emission
respectively in n-hexane and toluene compared to 1m. Steric effects and expansion
of m-conjugation at C4 also strongly influenced the fluorescence behaviour. In n-
hexane and DCM, 1s fluoresce at 532 and 642 nm, 1v emits at 517 and 644 nm
whereas 1r emits at 542 and 669 nm, which suggested another possibility of tuning
the Aem along C4. Steric crowding contributed to blue shifted emission whereas
increasing conjugation along C4 red shifted the spectrum. It is also to be noticed
that Aem of FT were blue shifted in all studied solvents as compared to their TT

analogues.
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Figure 5.9. Substituent effect at C2 and C4 on emission spectra

Further, we evaluated the substituent effect at C5 of the heterocycle on

fluorescence spectrum. Replacing nitro substituent with an aldehyde group,

dicyanovinyl or 1,3-diethyl-2-thiobarbituric acid had a dramatic influence on the

emission behaviour. In n-hexane, 3, 4 and 5 emitted at 493, 558, 595 nm whereas

in DMSO they emitted at 550, 657 and 695 nm respectively. Colour tunability

among the studied compounds in toluene and THF are represented in the figure
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Figure 5.10. Emission colour tunability in toluene and THF
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It was interesting to notice that the chemical modification at C35 is critical
in colour tunability of the designed core (figure 5.11). Manipulation of push pull
effect and conjugation along C5 with diverse substituents will give the freedom to

design custom made fluorophores with varying properties.
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Figure 5.11. Substituent effect at C5 on emission spectra

Fluorophores with large Stokes shift (SS) values are always demanding
especially in bio-imaging where self-quenching and reabsorption can be minimized
by the use of such compounds (Lakowicz, 2006). Small organic fluorophore
scaffolds with large SS are limited in number. All the nitro and aldehyde substituted
compounds of TT and FT showed large SS values whose magnitude was dependent
on solvent polarity. In excited state, molecules underwent reorganization where
polar solvents stabilized these states better than the non polar ones and hence
resulted in larger SS. In the nitro TT 1a, 1d, 1g, 1i and 1m, SS varied between 93,
91, 98, 99 and 95 nm in n-hexane whereas in polar DMSO, it varied between 150,
151,147, 173 and 191 nm respectively. Substituent effect on SS is depicted in figure
5.12. Among C4 substituents, morpholine and diphenyl units produced the largest
SS values in nonpolar and polar solvents respectively. The SS values of FT family

were smaller than that for the TT family.
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Figure 5.12. Substituent effect on Stokes shift

Next we tried to understand the structure-QY relationship among the
studied compounds. Many of the push molecules are highly emissive in nonpolar
solvents but they become nonemissive in polar solvents. Similarly, nitro TT were
highly emissive in toluene and moderately emissive in THF and n-hexane whereas
in polar solvents emissions quenched. This extremely opposite relationship between
quantum efficiency and polarity will help in designing environmental sensitive
fluorophores that will behave differently in hydrophobic and hydrophilic
environments (Vazquez et al., 2005). The substituent effect on the QY variation
was not fully understood with the synthesized library of compounds and a further
study has to be carried out with a larger set of molecules for a reasonable conclusion
about the structure-quantum yield relationship. But the significant results which
were obtained (figure 5.13) have to be verified with the expanded set of the library.
Diphenyl substituent at C2 generally produced larger QY values. It was interesting
to note that the presence of a bulky group like naphthyl had a profound effect on
the QY value. For example, among 1m and 1s, QY values decreased in toluene, but
there was an 11, 2 and 4 fold increase observed in DCM, THF, and DMSO
respectively. Changing the C5 substituent also had notable effect on the QY with
changing solvent polarity. Replacing nitro group by aldehyde group at C5 brought

down the QY in nonpolar solvents, but a 6, 33 and 59 fold increase in QY value
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was observed for compound 3 compared to that for 1m in polar solvents DCM,
ACN and DMSO respectively. Similarly low energy emissive molecules 4 and 5
produced considerable increase in QY values in polar solvents. The interesting
thing to notice was that FT analogues exhibited much lesser QY values in studied
solvents compared to their TT counterparts. For example, there was a 22, 12, 25,
16 and 13 fold decrease in QY observed in toluene for compounds 2a-e compared

to their TT analogues.
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Figure 5.13. Substituent effect on quantum yield

The main findings from the structure photophysical property relationship
are now summarised. 1) The nature core and substituents around it have a profound
effect in deciding the photophysical properties. 2) Modification of charge transfer
directions has a major effect on absorption and emission spectra. 3) C5 position of
heterocycle is crucial in achieving the full colour tunability (figure 5.14). 4)
Presence of electron donating groups at C4 induce red shift in absorption and
emission whereas steric substituents blue shift the spectra. 5) Electron donation
ability of secondary amine groups at C2 of thiazole influences the absorption
spectrum. 6) Solvents have a vital role in the absorption and emission properties

and photophysical properties can be tuned according to the solvents.
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Figure 5.14. Overall variation in absorption and emission wavelengths

5.2.2. Solvatochromism

In line with our expectations, the molecules are sensitive to the

perturbations in solvent environment and exhibited positive solvatochromism in

absorption and emission spectra. All the 5-(hetero-2-yl)-1,3-thiazoles with nitro

and aldehyde substituents at C5 displayed positive solvatochromism. This feature

is expected to allow the design and development of environmental sensitive

fluorophores (Yang et al., 2014). The positive solvatochromism can be explained

by the difference in ground and excited state geometries and the better stabilization

of excited state by more polar solvents. For example, in 1a, emission shifted from

533 nm to 614 nm in THF and to 647 nm in ACN. The detailed values are in the

table 5.2.
Table 5.2: Spectroscopic properties of 1a
Solvent Ex(30) | Af (ﬁ;ﬁ) (i:;) Stokes shift (cm™)

n-Hexane | 31.0 | 0.002 | 440 533 3965

Toluene 33.9 | 0.016 468 579 4096

Ethyl acetate | 38.1 0.2 469 604 4765

THF 374 | 021 473 614 4855

DCM 407 | 0218 | 483 641 5103
Acetonitrile | 456 | 0306 | 479 646 5397
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The solvatochromism was better studied using Lippert—-Mataga and

Reichardt plot and good correlations were observed.

The Lippert—Mataga equation (Lippert, 1955; Mataga et al., 1956) is given

by
2Af 2
A9 = Daps = Dem = 1—3 (te — 1g)” + constant
(e-1) ®@-1)

Af = -
/ (2e+1) (2n%2+1)
where AJ is the Stokes shift —the difference between absorption (J,) and
emission maxima (J,,,) in wavenumbers, h is Planck’s constant, ¢ is the speed of
light, a is the Onsager cavity radius, u, and u, are the ground and excited state
dipole moments. Af is the orientational polarizability which can be calculated using

the dielectric constant (¢) and refractive index of the solvent (n).

For 1a, the Onsager radius was 5.25A, calculated quantum mechanically
using B3LYP/6-31g(d,p) level of theory. The plot of orientational polarizability
(Af) against Stokes shift furnished a linear fit with a slope of 4545.06. Using this
value, the difference between the ground and excited state dipole moments was
calculated and found to be 8.08D. The large difference in the dipole moment
between the ground and excited state indicate a strong ICT which accounts for the
solvatochromism. The fluorescence solvatochromism and Lippert—Mataga plot are

depicted in the figure 5.15.

173



Normalized intensity

——n-hexane

—— toluene

—— ethyl acetate
——— tetrahydrofuran
—— dichloromethane
—— acetonitrile

500 550 600 650 700 750 800
Wavelength(nm)

Stokes shift(cm™)

5600 -
5400 -
5200-
5000 -
4800
4600
4400
4200
4000

3800

Adj.R-Square-0.966
Intercept-3975.99
Slope-4545.06

0.00 005 010 015 020 025 030 0.35
Af

Figure 5.15. Emission spectra (left) and Lippert—Mataga plot of 1a (right) in various
solvents

Similarly, Lippert—Mataga analysis was carried out for 1b. The calculated

Onsager radius was 5.48A. The plot of orientational polarizability Af against
Stokes shift furnished a linear fit with a slope of 4392.39 (figure 5.16). The dipole

moment difference between ground and excited was calculated to be 8.47D, which

rationalize the positive solvatochromism.
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Figure 5.16. Emission spectra (left) and Lippert—Mataga plot of 1b (right) in various
solvents

Solvatochromism was further analyzed with the help of another well-

known empirical solvent polarity parameter E¥ | where its values are correlated with

the polarity probe pyridinium N-phenolate betaine (Reichardt, 1994). The change

in dipole moment between ground and excited states can be calculated using the

equation (Ravi et al., 1995),

174



2

Aﬂ ap 3
AY = 11307. — (=) |EX
V) 307.6 l(AMD> ( " ) l T + constant

where AJ is the Stokes shift, a is the Onsager cavity radius, Au change
in dipole moment and ap and Ay, are that of betaine dye (Reichardt and Welton,

2011) (ap= 6.2 A and Aup=9D).
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Figure 5.17. Emission spectra of 1m (left) and the plot of Stokes shift against E¥ (right)
in various solvents

For 1m, the plot of Stokes shift as a function of EYwas correlated by a
linear fit (without DMSO) with a slope of 6094.66 (figure 5.17). The change in

dipole moment calculated was 7.04D which explains the positive solvatochromism.

5.2.3. Photostability measurements

The photostability of dye molecules are extremely important for their use
in practical applications. Hence we measured the photostability of a randomly
selected molecule 1m, in non polar solvent toluene where it was highly emissive.
The molecules was irradiated with Xe arc lamp of 150 W continuously for one hour
and fluorescence spectra were recorded in every 2 minutes intervals (figure 5.18).
It was interesting note that no obvious change in the emission intensity was
observed and the molecule was highly stable in toluene. The excellent
photostability would give an added advantage to the developed molecules for their

technological applications.
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Figure 5.18. Photostability measurements of 1m in toluene. Excitation wavelength was
470 nm and emission was recorded at 570 nm

5.2.4. Solid state fluorescence

The population of solid state emissive scaffolds are much less in number
compared to their solution state counterparts. Majority of the well known highly
emissive organic fluorophores are non-emissive in the condensed state due to
aggregation caused quenching phenomena (Hong et al., 2011; Mei et al., 2014).
Efficient organic solid state emissive materials have widespread applications in
OLEDs (Li, 2015b), OFETs (Zaumseil and Sirringhaus, 2007), fluorescent sensors
(Thomas et al., 2007) and so on. The high demand of novel scaffolds spurred the
research in solid emissive fluorophores and a number of novel cores with blue,
green, yellow, orange and red emissions were reported (Shimizu and Hiyama,
2010). Molecules which are highly emissive in the red regions are limited due to
aggregation caused fluorescence quenching resulting from the n-m stacking or
dipole-dipole interaction owing to donor and acceptor substituents (Shimizu and
Hiyama, 2010). Several multicolour emissive scaffolds were also reported with
good quantum yields by utilizing the donor and acceptor strengths and thereby
tuning the ICT (Anthony, 2012; Lee et al., 2014; Wakamiya et al., 2007; Wang et

al., 2013b). Recently minimum architecture organic solid state emitters are gaining
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considerable attention due to their simple structural features (Beppu et al., 2015;

Cheng et al., 2016).

After the detailed and systematic exploration of solution state emission
behaviour of the synthesized library, we next studied the solid state emission
properties. Similar to solution state, the solid state emission of thiazole fluorophores
were also not much explored in the literature. Solid state emission measurements
of a few selected compounds resulted in exciting findings. For example, compounds
1a, 1b, 1d, 1g, 1i and 1q emit at 649, 636, 638, 650, 642, and 622 nm respectively
(figure 5.19) and proved to be among the smallest family of organic solid red
emissive fluorophores reported so far as represented by 1a having a formula weight
(FW) of 331 and with emission at 649 nm. Along the same time, Cheng et al.
reported a novel molecule of Indazo-Fluor with FW of 274 having an emission at

725 nm (Cheng et al., 2016).
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Figure 5.19. Solid state emission spectra (left) and photographs of solid samples under
UV lamp of 365 nm (right)

In order to rationalize the observed solid state emission, we examined the
solid state landscapes of these systems by single crystal X-ray diffraction (figure

5.20).
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1q

Figure 5.20. Solid state crystal packings in 1a, 1g and 1q

In 1a, thiazole and thiophene rings aligned trans to each other with a
dihedral angle of 177.49° and the phenyl ring on C4 of thiazole ring made a

torsional angle of 62.11° with thiazole plane which imparted non-planarity to the
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molecular system and prevented the n-n stacking. Thiazole and thiophene on the
adjacent layers were separated by a distance of 3.89A. The strong C-H &
interactions (C4-Hiniophene. . -Thenzene) With distances of 2.86A provided structural
rigidity to the molecular system which blocked non radiative channel and hence led
to solid state emission. Similarly for 1g and 1q, the C4 substituent played a vital
role in the non-planarity of the system and analysis of supramolecular structures
revealed the presence of multiple short range interactions (C-Hx interaction, H-
bonding). All these would have contributed to the structural rigidity and hence
minimized the non radiative decay which further signifies the success of our core

design strategy and relative positioning of substituents.
5.2.5. Evaluation of theranostic potential

Theranostics is a new treatment modality where therapeutics and
diagnostics components are integrated into to a single platform. Recently the idea
of ‘trackable therapeutics’ emerged where a single molecule can be used for both
imaging and therapeutic applications (Bertrand et al, 2016). Although a few
number of reports are available (Langdon-Jones et al., 2017), the potential of this
novel concept is clear, and significant improvements are needed for transferring it

from lab to clinic.

We initiated a preliminary study to evaluate the theranostic potential of the
synthesized family of 5-(hetero-2-yl)-1,3-thiazole. The theranostic potential of the
molecule 3 was studied against cancer cell line HeLLa and normal cell line 1.929.
Cellular uptake was studied after one-day growth. In normal cell line, cellular
uptake was observed with bright green fluorescence without affecting the cell
morphology (figure 5.21). In HeLa cell line, a bright green emission was observed
along with majority of dyes localized in cytoplasm (figure 5.22). Membrane
blebbing and a small nuclear fragmentation leading to cell apoptosis and cellular
fragmentation was observed. These results clearly indicate that 3 is cytotoxic to

cancer cell line HelLa, where as it is noncytotoxic to L.929 within the studied
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concentrations. These results are promising that a single molecule can act as a
therapeutic as well as imaging agent. Since we already established the therapeutic
potential of the 5-(hetero-2-yl)-1,3-thiazole using the molecular modelling studies
and fluorescence fine tuning by structure photophysical studies, a further detailed
study by the judicial selection substituents by incorporating both these aspects is

expected to result in the successful development of theranostic platforms.

Magnification: 10 x 190LT B Magnification: 20 x S04, fMagnification: 40 x

Figure 5.21. Fluorescence image of 3 in L929 cell lines under different magnification

100 Ll Magnification: 20 x 5_°J‘L" Magnification: 40 x

Figure 5.22. Fluorescence image of 3 in HeLa cell lines under different magnifications
5.3. Experimental Details

5.3.1. UV-Visible absorption studies

Spectroscopic/hplc grade solvents from Merck Chemicals/ Spectrochem
were used for all spectral measurements without further purification. Varian Cary
100 Bio UV-Vis spectrophotometer was used for UV-Vis spectroscopy
measurements. All the measurements were performed with 10° M concentration of

the compounds.
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5.3.2. Fluorescence studies

Fluorescence spectra were recorded using Horiba Jobin Yvon Fluoromax-
4 spectrometer and molecules were excited at their absorption maximum. Sample
concentrations were kept at 10° M. A UV lamp of wavelength 365nm was used for
visualization and fluorescence imaging. Absolute QYs of the samples were
recorded on Horiba Fluoromax Quanta-¢ with a calibrated integrating sphere
system under laboratory conditions. The relative QYs were calculated using
Rhodamine 6G in ethanol as standard (QY=0.94) (Brouwer, 2011) at an excitation

wavelength of 488nm using the equation

I X 0Dy X n?
Rlxx 0D xn?

where @ and @y are fluorescence QY of sample and reference, I and I are
integrated area of sample and reference, OD and ODy are optical density of sample
and reference, and n and nj are the refractive indices of sample and reference

respectively.

5.4. Conclusion

We have studied the photophysical properties of a 30 member library in
six solvents. Molecular engineering around the thiazole core led to interesting
photophysical properties. For absorption, 173, 169, 163, 172, 159, 161 nm and for
emission, 158, 192, 189, 191, 184, 186 nm variations were obtained in n-hexane,
toluene, THF, DCM, ACN and DMSO by simply modifying the substituents on
thiazole. SPPR study revealed some interesting facts about the tunable sites. The
C5 of thiazole proved crucial in attaining colour tunability of the system and can be
modified with acceptor fragments of varying strengths. Electron donating groups at
C4 of thiazole imparted a red shift to both the absorption and emission spectra,

whereas bulky substituents blue shifted the spectra. Photophysical properties of the
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molecules were solvent dependent and all the derivatives with nitro and aldehyde
substituents at C5 show positive solvatochromism in both absorption and emission.
Most of the molecules were characterized by large SS values in all the studied
solvents. High QY values were obtained with non polar solvents. The solid state
emission studies on selected molecules indicated that they are emissive in
condensed state and crystal structure analysis hinted the role of molecular rigidity
attained by multiple short interactions to be responsible for the solid state emission.
Finally, evaluation of theranostic property identified that these molecules are
potential candidates for the development of theranostic platforms. Computational
chemistry calculations were used to rationalize the experimentally observed

properties and will be discussed in the next chapter.

Photophysical studies- Summary

No No of molecules studied Solvents
| Thienylthiazole Furanylthiazole n-Hexane, Toluene, THF
25 5 DCM, ACN and DMSO
Solid state fluorescence
2 6
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CHAPTER 8

CONCLUSION AND FUTURE PERSPECTIVES

8.1. Conclusion

Inspired by the vast possibilities and opportunities in theranostics research,
we attempted to contribute to this growing field by the development of a novel
family of molecules based on 1,3-thiazole core. The journey undertaken during the
design and development of the multiheterocyclic core and its property evaluation
using both computational and experimental methods for trackable therapeutics is

summarized in the following sections.

We explored the hidden potential of computational chemistry tools in the
development of novel scaffolds for theranostics. We have selected 1,3-thiazole as
our central core due to its pharmacophoric potential and by coupling diverse
heterocycles with it, designed a novel 5-(hetero-2-yl)-1,3-thiazole core.
Fluorescence property was imparted to the newly designed core by a D-A strategy
using the ICT phenomena through a CAFD approach assisting the selection of D
and A units. Utilizing the inherent three site tunability around the core, a
combinatorial library of fluorophore was designed and preliminary structure

photophysical properties were evaluated with the aid of QM calculations.

Followed by the rational design of novel scaffolds, we attempted the
synthetic feasibility of these cores. Inspired by the untapped potential of classical
synthetic chemistry methods, we developed a simple and economical [4+1] thiazole
ring construction route for the synthesis of multiheterocyclic D-A systems using
carbonyl compounds, secondary amines and halomethyl heterocycles by avoiding
highly expensive transition metals. The versatility of the developed method was

validated by the synthesis 70 member library consisting of 5-(thiophene-2-yl)-1,3-
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thiazole and 5-(furan-2-yl)-1,3-thiazole core, and out of which 35 members were
fully characterized. The synthesis of 5-(thiazole-5-yl)thiophene-2—carbaldehyde
opened new vistas enabling the functional group transformation and extending the
n-conjugation. We also transformed our synthetic methodology to green synthetic

protocols and developed a one-pot multicomponent mechanochemical method.

Further, the therapeutical potential of the core was evaluated by both in
vitro and in silico methods. The preliminary cytotoxic studies of selected molecules
against cancer cell lines showed 1a to be active towards HL-60 and promising
results were obtained in MCF-7 cell lines. A virtual library was built using
commercially available building blocks having diverse substituents for in silico
analysis. From the ADME property prediction, it was found that 97.5% molecules
of the in house library had properties that fall within the range of that for known
drug molecules. In silico binding analysis was performed in three different family
proteins viz- human estrogen receptor, aurora kinase and cyclin dependant kinase
to explore the potential of designed molecules for multitargeted drug design.
Furanylthiazole core was found to have better binding affinity in the active site of
proteins and 3-pyridyl, 2-substituted quinoxalines and pyrazines played vital roles

in ATP competitive binding in aurora kinase proteins.

After identifying the therapeutical potential of the core molecules, we
explored the photophysical properties in both solution and solid state. A structure
photophysical property relationship was established using a 30 member library in
six different solvents of varying polarity. The study revealed the importance of
different substituents at the periphery of the core in imparting the wide range of
photophysical properties. The C5 of the heterocycle was found to play a vital role
in the full colour tunability of the system. C4 of the thiazole have the potential to
behave as an orthogonal handle and also can be used for the design of MICT
molecules. The photophysical properties of the molecules were solvent dependent
and they exhibited positive solvatochromism in both absorption and emission. The

nitro and aldehyde substituted TT/FT derivatives were characterized by large
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Stokes shift and all the TT derivatives showed high quantum yield values up to 87%
in non polar solvents. The solid state fluorescence property revealed the potential
of the molecules to develop into one of the rare class of full colour tunable emissive
molecules both in solution and solid state. The fluorescence imaging in HeLa and
L929 cell lines indicated that these molecules are potential candidates for

theranostic platforms.

Detailed QM calculations were performed to understand the fundamental
nature of the core. Twelve different functionals were evaluated for the accurate
prediction of vertical excitation energies and PBEO was found to be the best among
them with MAE less than 0.3 eV. The solvent effect on the absorption wavelength
was studied using PCM calculations. The ICT and MICT nature was confirmed by
the percentage contribution of fragments to HOMO and LUMO using PDOS
calculations. Computational chemistry calculations further helped to identify the
existence of charge separated quinoid state in polar solvents and conformational

preferences within the crystal structure.

In order to expand the thiazole chemistry from drug discovery to materials
chemistry, we explored the multifunctional properties of the 5-(hetero-2-yl)-1,3-
thiazoles. Static and dynamic functional molecules were found within the
developed library. The molecules were capable of exhibiting AIE phenomena and
further, the aggregate formation was studied using MD simulations. The prototype
of naked eye sensor for acid vapours was developed. Derivatives with aldehyde
substitution at C5 of thiophene exhibited mechanoresponsive fluorescence
phenomena, which would open a new avenue for the use of these novel class

molecules for multifunctional molecular materials.

In summary, we have successfully designed a novel multiheterocyclic
core, the 5-(hetero-2-yl)-1,3-thiazole by molecular hybridisation for theranostics
applications. A simple and highly versatile synthetic strategy was developed using

readily available building blocks and a combinatorial library of molecules was
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designed and synthesized. Therapeutic properties of the designed molecules were
studied using in vitro and in silico analyses. A SPPR was established by the in depth
photophysical study using the fluorophore library. The potential of the system for
theranostics was confirmed by the imaging capabilities and cytotoxicity studies on
normal and cancer cell lines. Computational chemistry calculation was used to
understand the fundamental nature of the core and to rationalize the observed
phenomena. And finally, the potential of the developed molecules for

multifunctional applications was evaluated.

8.2. Future Perspectives

We believe that this work is a small but significant step towards our long term
journey for the development of multifunctional materials from organic heterocyclic
molecules. We anticipate that the complete potential applications of these newly
designed cores are yet to emerge and we continuing to improve the design by
resolving the shortcomings and expanding the chemical space around the core.
Using the diversity oriented synthetic strategy, the library can be expanded by
integrating various heterocycle fragments for the development of
multiheterocyclics. Due to the versatility and simplicity of the synthetic methods,
we have already initiated the development of designer systems such as dendritic
architecture using thiazole-heterocycle hybrids. Further optimizations needed for
the development of theranostic platforms are in progress. By utilizing the advantage
of the design strategy based on D-m-A, the systems have the potential to be
developed as multifunctional materials. Further detailed study has to be carried out
for design and property optimizations to explore their prospective applications in
optoelectronics, nonlinear optics and similar fields to tap the full potential of these

molecular materials.
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