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Summary

A series of novel 3-bromoaniline-based heterocyclic derivatives was synthesised and structurally
characterised using *H and *C NMR spectroscopy, FTIR analysis, and elemental analysis. The
compounds were divided into three main classes: 2-aminothiazole derivatives 5a-h, chalcone
derivatives 9a—k, and imidazole-2-thione derivatives 11-17a,b. Chemical transformations of the
obtained intermediate compounds 4, 8, and 11 were carried out, enabling the stepwise introduction
of the desired functional fragments into the molecular structure. The chalcone derivatives 9a—k were
synthesised by the condensation of 5-acetylthiazole 8 with various substituted aldehydes, allowing
for systematic structural modification.

The anticancer activity of the synthesised compounds 4-17 was evaluated in the human non-small
cell lung cancer A549 cell line. The results revealed a clear structure-activity relationship: several
compounds reduced cell viability to less than 50%. The anticancer activity of the synthesised
compounds was evaluated in the human non-small cell lung cancer A549 cell line. The results
revealed a clear structure—activity relationship, with several compounds reducing cell viability to
below 50%. The most pronounced antiproliferative activity was observed for
(E)-3-((3-bromophenyl)(5-(3-(2,6-dichlorophenyl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic
acid (9e), 3-((3-bromophenyl)(5-cinnamoyl-4-methylthiazol-2-yl)amino)propanoic acid (9a), and
1-(3-bromophenyl)-4-(naphthalen-2-yl)-1,3-dihydro-2H-imidazole-2-thione ~ (11a). Enhanced
antiproliferative activity was associated with the presence of heterocyclic azole systems, particularly
thione-containing moieties, as well as halogen-substituted aryl groups. These results suggest that 3-
bromoaniline-based heterocyclic derivatives are a promising basis for the development of new
anticancer drugs.
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Santrauka

Susintetinta nauja 3-bromanilino pagrindu sudaryty heterocikliniy dariniy serija, kurios struktiira
patvirtinta *H ir 3C BMR spektroskopija, FTIR analize ir elementy analize. Junginiai suskirstyti j tris
pagrindines klases: 2-aminotiazolo dariniai 5a-h, chalkono dariniai 9a—k ir imidazolo-2-tiono
dariniai 11-17a,b. Atliktos gauty tarpiniy junginiy 4, 8 ir 11 cheminés transformacijos, kurios leido
nuosekliai jvesti norimus fragmentus j molekulés struktiirg. Chalkono dariniai 9a—k buvo susintetinti
kondensuojant 5-acetiltiazolg (8) su jvairiais pakeistais aldehidais, leidzianciais sistemingai
modifikuoti.

Susintetinty junginiy 4-17 prieSvézinis aktyvumas buvo jvertintas Zmogaus nesmulkialgstelinio
plauciy vezio (NSCLC) A549 lasteliy linijoje. Rezultatai rodo aiSky struktiiros ir aktyvumo rysj, nes
keli junginiai sumazino lgsteliy gyvybinguma iki maziau nei 50 %. RySkiausias antiproliferacinis
aktyvumas nustatytas junginiams — 3-((3-bromfenil)(5-cinamoil-4-metiltiazol-2-il)amino)propano
ragstis (9a), (E)-3-((3-bromfenil)(5-(3-(2,6-dichlorfenil)akriloil)-4-metiltiazol-2-il)amino)propano
ragsciai (9e), 3-((3-bromfenil)(5-cinamol-4-il)aminotiazol(5-cinamol-4-il)metil-1-(3-bromfenil)-4-
(naftalen-2-il)-1,3-dihidro-2H-imidazol-2-tionui (11a). Nustatyta, kad padidéjes antiproliferacinis
aktyvumas susijes su heterocikliniy azolo fragmenty, ypac tiono grupiy, taip pat halogenu pakeisty
arilo grupiy, buvimu. Gauti rezultatai rodo, kad 3-bromanilino pagrindo heterocikliniai dariniai yra
perspektyvus pagrindas kuriant naujus prieSvézinius vaistus
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Abbreviations
ABC — ATP-binding cassette
ADMET - Absorption, distribution, metabolism, excretion, and toxicity
AKT — Protein kinase B
AraC — Cytarabine (arabinosylcytosine)
ATCC — American Type Culture Collection
BCL-2 — B-cell lymphoma 2 protein
CDK - Cyclin-dependent kinase
CML — Chronic myelogenous leukemia
DMSO — Dimethyl sulfoxide
DOX — Doxorubicin
EGFR — Epidermal growth factor receptor
FASN — Fatty acid synthase
FTIR — Fourier transform infrared spectroscopy
HER2 — Human epidermal growth factor receptor 2
ICso — Half maximal inhibitory concentration
JAK/STAT - Janus kinase/signal transducer and activator of transcription
MAPK — Mitogen-activated protein kinase
MTT — 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NCI — National Cancer Institute
NMR — Nuclear Magnetic Resonance
NSCLC — Non-Small Cell Lung Cancer
PI3K — Phosphatidylinositol 3-kinase
P-gp — P-glycoprotein (ABCB1)
Rb — Retinoblastoma protein
ROS — Reactive oxygen species
RTK — Receptor tyrosine kinase

SAR — Structure-activity relationship



SD — Standard deviation

TLC — Thin layer chromatography
TMP — 3,4,5-trimethoxyphenyl
TMS — Tetramethylsilane

VEGFR — Vascular endothelial growth factor receptor.



Introduction

Cancer remains a major global health problem and a leading cause of mortality worldwide. It is
characterised by uncontrolled cell proliferation, often accompanied by invasion of surrounding tissues
and metastasis to distant organs. Under normal physiological conditions, cell division is tightly
regulated; however, genetic mutations, inactivation of tumour suppressor genes, and disruptions in
signalling pathways can result in abnormal cell growth. Although current treatments, including
chemotherapy, radiotherapy, and targeted therapy, have demonstrated considerable efficacy,
significant limitations persist, such as poor selectivity, drug resistance, and adverse side effects.
Therefore, the development of novel small molecules with improved anticancer activity and enhanced
safety profiles remains essential in medicinal chemistry [1], [2].

Heterotricyclic compounds play an important role in drug discovery, especially those containing
nitrogen and sulphur atoms. These structural motifs are widely found in clinically approved drugs
and are valuable scaffolds for the development of anticancer drugs. Heterocyclic compounds exhibit
diverse mechanisms of action, including inhibition of protein kinases, DNA replication, and tubulin
polymerisation, making them important candidates for anticancer drug development [3]. In recent
years, anticancer therapy has shifted from nonselective cytotoxic agents to more targeted approaches.
Key molecular targets, such as epidermal growth factor receptor (EGFR), tubulin, and topoisomerase
Il, regulate essential cellular processes, including cell division and signalling. Their inhibition
disrupts tumour growth and may improve therapeutic selectivity while reducing side effects [4].
Chalcones, a class of o,-unsaturated flavonoids, are known for their antiproliferative activity, mainly
attributed to their interaction with tubulin and Michael acceptor properties. These properties make
them attractive scaffolds for the development of anticancer drugs. In this study, a series of novel 3-
bromoaniline-based heterocyclic derivatives containing thiazole, chalcone and imidazole-2-thione
pharmacophores were synthesised and evaluated in the A549 lung cancer cell line to investigate
structure-activity relationships. Cancer is characterised by uncontrolled cell proliferation resulting
from genetic mutations and dysregulation of signalling pathways. The ability of cancer cells to evade
apoptosis and develop resistance to conventional therapies remains a major challenge. Therefore,
targeted therapeutic strategies have become a major focus of medicinal chemistry, aiming to
selectively interfere with tumour-specific pathways and improve treatment outcomes [5][6], [7].

The project objective is to synthesise new 2-aminothiazole, chalcone-thiazole hybrid and imidazole-
2-thione derivatives based on the 3-bromoaniline scaffold and evaluate their anticancer activity in
vitro against A549 cells.

Research tasks:

1. To synthesise thioureic acid derivatives from 3-bromoaniline and study their reactions with
a-haloketones, as well as to determine the properties of the obtained products.

2. To synthesise imidazole-2-thione derivatives based on the 3-bromoaniline fragment and to
study the properties of the synthesised compounds;

3. To evaluate the anticancer activity of the synthesised compounds in vitro against a human
non-small cell lung cancer (A549) cell line;

4. To analyse structure-activity relationships to identify biologically important structural
features.



1. Literature review
1.1. Problems and challenges related to chemotherapy in malignancy

Cancer remains a leading cause of death worldwide in the 21st century. In 2022, about 20 million
new cases were reported, with 9.7 million cancer-related deaths worldwide [8]. This information
highlights the significant problem of cancer on health care systems. Malignancy is characterised by
unrestrained cell proliferation, invasion of adjacent tissues, and metastasis to distant organs. Cancer
expansion is a multi-step procedure involving the accumulation of genetic alterations, epigenetic
changes, dysregulated signalling pathways, and irregular intercellular communication [9]. Around
200 different types of cancer have been recognised, each exhibiting exceptional molecular features,
biological behaviour, and clinical responses, which complicates the expansion of universal
therapeutic approaches [9]. At the molecular level, cancer is related to the modifications in the
signalling pathways changeable cellular homeostasis, proliferation, differentiation, existence, and
apoptosis. Among the most extensively studied pathways are the phosphatidylinositol 3-kinase
(PIBK)/AKT/mTOR pathway, the Ras/MAPK cascade, and the Janus kinase/signal transducer and
activator of transcription (JAK/STAT) signalling system [9], [10].

Chemotherapy remains one of the main treatment methods, and it is widely employed either alone or
in combination with surgical treatment and radiation therapy. Nevertheless, despite its clinical
reputation, chemotherapy is accompanied by significant barriers that reduce treatment effectiveness.
Conventional chemotherapeutic agents primarily target quickly multiplying cells but lack specificity
between malignant and normal proliferating cells. As a result, vigorous tissues such as the
gastrointestinal epithelium, hair follicles, and reproductive cells are often exaggerated, leading to
adverse effects, together with nausea, vomiting, fatigue, and immunosuppression [11].

In response to these restrictions, medicinal chemistry efforts have progressively focused on the design
and synthesis of low-molecular-weight compounds with enhanced anticancer activity and selectivity.
Heterocyclic compounds play a dominant role in drug discovery due to their structural diversity and
capability to interact with biological targets. Notably, many FDA-approved drugs contain
heterocyclic scaffolds [12], [13]. Heterocycles containing nitrogen and sulphur atoms display a robust
interaction with biological targets through hydrogen bonding, m—m stacking, and hydrophobic
interactions, by means of management with active-site residues. Among these, thiazole, chalcone,
and imidazole scaffolds are extensively recognised pharmacophores in anti-cancer drug expansion
due to their structural adaptability and broad biological activity [12].

The incorporation of thiazole, chalcone, and imidazole scaffolds into small-molecule frameworks,
therefore, represents a valuable strategy for the development of multi-target anticancer agents with
promising therapeutic potential [10], [11], [12].

1.2. Signalling pathways and metabolic reprogramming in cancer biology

Cancer development is driven by the accumulation of molecular alterations that promote cell survival
and proliferation. The hallmarks of cancer include independence from growth signals, evasion of
apoptosis, limitless replicative potential, invasion, and metastasis [15]. These changes are mediated
by dysregulation of signalling pathways, cell-cycle control, and metabolism (Fig. 1.1).

The PIBK/AKT/mTOR pathway is frequently dysregulated in cancer. Activation of receptor tyrosine
kinases leads to PI3K-mediated formation of phosphatidylinositol-3,4,5-trisphosphate, which
activates AKT and downstream signalling, promoting cell growth and survival. PTEN negatively
regulates this pathway, and its loss results in sustained pathway activation and tumour progression
[14].
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Disruption of cell-cycle control is another key feature. Cyclin-dependent kinases (CDKSs) regulate
progression through the cell cycle, and their overactivation, combined with loss of inhibitors such as
p21 and p27, leads to uncontrolled proliferation. CDKs are therefore important targets in anticancer
drug development [15].

Metabolic reprogramming is characterised by increased glycolysis and glutamine utilisation,
supporting rapid energy production and biosynthesis required for cell growth [18] [17]. Alterations
in lipid metabolism and redox homeostasis further contribute to tumour progression and resistance to
oxidative stress [18][19]

Resistance to apoptosis is regulated by the balance between pro- and anti-apoptotic proteins.
Overexpression of BCL-2 family proteins promotes tumour survival and therapy resistance.
Activation of apoptosis involves mitochondrial membrane permeabilisation, cytochrome c release,
and caspase activation. Targeting these processes represents a key anticancer strategy [21].

(A) PI3K/AKT/mTOR Pathway (B) RAS/MAPK Cascade
Z —CEo—rr. tl‘:’ PTg RIK —(RAF)—(MEK —»@N
— GEF/GAP
L Transcription
4_ Factors Gene
N Nucleas —_ Expreission
S6K 4E-BP1
JUN Proliferation

(D) BCL-2 Family and Mitochondrial Apoptosis

(C) CDKI/Cyclin Cell Cycle Control

Anti-apoptotic Pro-apoptotic J_
BCL-2 | -BAD (BAD))—(BAD)
MCL-1 g (BIM)

4—/
f /A MOMP

Cytochrome ¢

BH3-onl!
Phosphorylation ;T%ny -

¥ (Caspase-3/7)
S-phase —> Activation
Gene Expression — Inhibition Apoptosis

Fig. 1.1. The central role of important oncogenic signalling pathways and their deregulation in
cancer cells. Arrows indicate activation (—) and inhibition ().

These cancer signalling and metabolic pathways deliver well-defined targets for small molecule
mediations. CDK inhibitors normally contain heterocyclic nitrogen-holding scaffolds, which enable
the formation of hydrogen bonding within the ATP -binding hinge region of kinases. In the case of
PI3K/AKT/mTOR pathway inhibitors widely used in heterocyclic core to interact with kinase active
sites through hydrogen bonding, hydrophobic, lipophilic and electrostatic interactions [16], [17].
BCL-2 inhibitors occupy at BH3- binding site due to their strong hydrophobic aromatic system and
show pro-apoptotic activities [21]. These signalling pathways support us in designing the heterocyclic
thiazole, chalcone, and imidazole scaffolds and derivatives. This scaffold exhibits a wide range of
electronic, hydrophobic interactions with cancer-linked molecular targets.
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1.3.  Small-molecules as therapeutic targets

The development of anticancer therapy has shifted from non-selective cytotoxic agents towards
targeted small molecules acting on specific oncogenic pathways. This changeover was justified by
the clinical accomplishment of imatinib, a BCR-ABL tyrosine kinase inhibitor that was used in the
treatment of chronic myeloid leukaemia [15]. Targeted treatments are intended to inhibit specific
proteins connected with tumour development, by this means reducing toxicity likened with
conventional chemotherapy, which primarily affects quickly dividing cells.

Small-molecule anticancer agents comprise kinase inhibitors, polymerase inhibitors, and apoptosis-
regulating complexes. These fragments are typically structurally adaptable and capable of interacting
with well-defined binding sites on target proteins [22], [23]. Specifically, cyclin-dependent kinases
(CDKs) represent key regulators of the cell cycle, and their dysregulation contributes to uncontrolled
cell multiplication. CDK inhibitors, such as palbociclib, have demonstrated clinical efficacy,
predominantly in hormone receptor-positive breast cancer [24] [24] [25] [26] Apoptosis-related
targets, together with BCL-2 family proteins (BCL-2, BCL-XL, and MCL-1), characterise an
additional significant class of therapeutic targets [6] Heterocyclic frameworks containing nitrogen
and sulphur atoms, such as imidazole, chalcone, and thiazole, are normally found in anticancer agents
due to their capability to form hydrogen bonds, n—m connections, and electrostatic interactions with
biological marks [7].

These belongings support the usage of thiazole, chalcone, and imidazole pharmacophores in the
design and synthesis of novel compounds with possible anticancer activity.

1.4. Clinically approved drugs include fragments encompassing thiazole, chalcone or
imidazole rings.

Thiazole and imidazole are connected heterocycles characterised by core pharmacophores in many
clinically accepted anti-cancer representatives. Some of the drug structures are shown in Fig. 1.1.
Dasatinib, used in the treatment of severe myeloid leukaemia and Philadelphia chromosome-positive
acute lymphoblastic leukaemia, encompasses an aminothiazole moiety that allows key hydrogen
bonding within the BCR-ABL kinase hinge region [26],[27].

Dabrafenib is a clinically approved thiazole-containing inhibitor of mutant BRAF kinase (V600E),
normally related to melanoma, and acts by overcoming MAPK signalling, by this means reducing
tumour cell propagation [28]. In contrast, ixabepilone, a semi-synthetic correspondent of epothilone
B encompassing a thiazole unit, exhibits. Its activity through microtubule stabilisation, followed by
mitotic arrest and tumour cell death [29].

Imidazole by-products also display significant anticancer activity. Dacarbazine is a triazene prodrug
used for the treatment of metastatic melanoma in addition to Hodgkin lymphoma, which acts via
DNA methylation, subsequent metabolic activation [30]. Ketoconazole, even though recently
developed as an antifungal agent, has demonstrated importance in oncology through inhibiting the
action of CYP17Al, by this means reducing androgen production and tumour growth in prostate
cancer [31].

12



Tazofelone Pentostatin

Ixabepilone

Fig. 1.2. Clinically available Anti-Cancer drugs approved by FDA

In contrast to the thiazole and imidazole-based drugs, chalcone derivatives are principally considered
as investigational anticancer scaffolds and widely approved therapeutics. Chalcones contain an a,3-
unsaturated carbonyl system, which functions as a Michael acceptor and enables communications
with cellular nucleophiles. These structural characteristics are associated with numerous anticancer
mechanisms. Which including inhibition of tumour cell proliferation, improvement of apoptosis,
induction of oxidative stress, and interference with tubulin polymerisation [32]. Chalcones are
structurally multipurpose and can be easily modified, making them suitable for the synthesis of hybrid
molecules with improved biological activity. Clinically used drugs such as dasatinib, dabrafenib,
ixabepilone, and ketoconazole underline the therapeutic relevance of heterocycles, including thiazole
and imidazole, in anticancer drug design. Consequently, the development of novel thiazole-,
imidazole-, and chalcone-based derivatives represents a promising approach for the synthesis of low-
molecular-weight compounds with potential anti-cancer activity.

1.5. Thiazole moiety in anticancer drug design

In medicinal chemistry, thiazole-containing compounds signify an important class of scaffolds for
anticancer drug expansion due to their structural adaptability and ability to interact with multiple
biological targets. Thiazole is a five-membered aromatic heterocycle containing nitrogen and sulphur
atoms, which exhibits favourable electronic properties for molecular interactions. The thiazole core
is commonly synthesised via Hantzsch-type cyclisation reactions, typically relating to the
condensation of a-haloketones with thiourea derivatives, allowing structural modification through
substitution at different positions of the ring [33],[34]. Such substitutions, including electron-donating
and electron-withdrawing groups, significantly influence the biological activity of the resulting
compounds. The anticancer activity of thiazole derivatives is primarily associated with their
interactions with targets such as protein kinases, tubulin, DNA-associated enzymes, and apoptosis-
regulating proteins. The nitrogen atom acts as a hydrogen bond acceptor, while the sulphur atom and
aromatic m-system contribute to hydrophobic interactions, enhancing binding affinity to biological
targets [35].

Due to their availability, structural flexibility, and biological relevance, thiazole scaffolds are widely
used in the development of novel anticancer drugs with improved activity, selectivity, and structure-
activity relationships.

The Hantzsch method was used for the synthesis of thiazole derivative 3, as shown in Scheme 1.1. 1-
(5-Methyl-2-(pyridin-3-yDthiazol-4-yl)ethan-1-one (3) was synthesised from pyridine-3-
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carbothioamide (1) by the reaction with 2-chloro-1-phenylethan-1-one (2) in ethanol in the presence
of triethylamine reflux [39].

H2N S (0]
N
Cl o |
N + EtOH N 4
> ~
_N triethylamine, reflux >§‘§\,S
1 2

(3]

Scheme. 1.1. General synthetic method of thiazole fragments.

Kassem et al [36] reported the synthesis of 2-methyl-5-aminothiazole hydrosulphate (6), which was
obtained via condensation followed by cyclisation of aminoacetonitrile (4) with ethyl dithioacetate
(5). The reaction was carried out in methanol at room temperature in the presence of triethylamine to
afford the corresponding 5-aminothiazoles 6 with good yield, as shown in Scheme 1.2.

NH s\ N
stoy 2 /& EtsN JI H—
. —_—

N// S methanol, r. t. H,NT S
4 5 6

Scheme 1.2. Synthesis of 2-methyl-5-aminothiazole hydrosulphate (6)

Ayoub Boualli et al [37], [38]. reported the synthesis of a series of 2-aminothiazole derivatives 9
from thiosemicarbazide derivative 7. The compounds 9 were obtained by treating of different of
2-benzylidenehydrazine-1-carbothioamide 7 with phenacyl bromide derivative 8 in ethanol at room
temperature for 24 h, affording the desired products in good yield (Scheme 1.3). After evaluating the
synthesised compounds of series 9, it was found that compound DBT9 significantly increased
apoptosis in MCF-7 breast cancer cells, from 6.3% + 1.1% in untreated controls to 57.8% + 6.3%
after treatment.

Br
NH2 O
H,N"&
=N S O\ H S
—_— \
EtOH NN /A
— >
r.t,24h
R
R
7 8 9

R = 4-metyl, 4-ethyl; 4-F; 3,4-F; 4-Cl; NOy;

Scheme 1.3. Syntheses of 2-aminothiazole derivatives 9

The synthesis of novel thiazolyl hydrazones 11 was reported by the authors [39], as shown in Scheme
1.4. (E)-2-(4-((4-methylpiperazin-1-yl)methyl)benzylidene)hydrazine-1-carbothioamide (10) was
reacted with various bromoacetophenones in ethanol under reflux for 6 h, affording the corresponding
compounds 11 in good yield up to 85%.
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NNH RCOCH,Br H
N ethanol, reflux, 6 h
<_) I\

—N
/ =

1
R = a) CgHs; b) 4-FCgHy; c) 4-CICgH,; d) 4-BrCgHy; €) 4ANO,-CgHy;

Scheme 1.4. Syntheses of hitherto new thiazolyl hydrazones.

A series of 2-aminothiazole derivatives 11 was synthesised and evaluated for anticancer activity. The
compounds 11 were tested against relevant cancer models, including A549 cells. Among the
synthesised compounds, compound 11, bearing a 4-fluorophenyl substituent, exhibited significant
activity against the EGFR kinase binding site.

The synthesis of compound 13 was described by the authors [40], as shown in Scheme 1.5. The
compound 13 was obtained by condensing 2-[2-(1-(2-hydroxyphenyl)ethylidene)hydrazinyl]-1,3-
thiazol-4(5H)-one (12) with 5-bromo-2-hydroxybenzaldehyde in acetic acid in the presence of
condensed sodium acetate at reflux for 4-6 h. Compound 13 was subsequently acetylated with acetic
anhydride at reflux for 1-2 h to give the corresponding acetylated derivative 14, as shown in Scheme

1.5.
OH (0]
OH
<M 20 e
N Br -
N \\//\FO > o Ss
S Acetic acid, AcONa H HO

reflux, 4-5 h

reflux, 1-2 h

o
=
LG
NS Br
0” o \N)N/\n/
o}
14

Scheme 1.5. Synthesis of compound 14 from compound 13.

Upon evaluation, compound 14 exhibited a broad spectrum of activity, especially antiproliferative
properties. It was found to induce apoptosis in HepG2 and MCF-7 cells and to exhibit significant anti
tubulin activity. These outcomes further demonstrate the importance of thiazole scaffolds in the
expansion of anticancer drugs [40].
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1.6. Chalcones moiety in the development of anticancer scaffolds

Chalcones signified as a important scaffolds in medicinal chemistry due to their simple framework,
ease of synthesis, and wide-ranging of biological activities. They encompassed with two aromatic
rings connected by an a,B-unsaturated carbonyl system, which help as a the key pharmacophore and
functions as a Michael acceptor, permitting interactions with biological targets [41]. Chalcone
derivatives have been described to exhibit anticancer activity through mechanisms such as inhibition
of tubulin polymerization and modulation of signalling pathways [42]. Their structural features allows
the formation of hybrid molecules with improved biological properties. Therefore, chalcone
derivatives remain valuable candidates intended for further investigation and structure-activity
relationship studies in anticancer drug development [43].

OH

g A,
Seon Ul e vo¥ean s

Metochalcone
Sofalcone

Fig. 1.3. commercially available chalcone derived drug approved by FDA.

Chalcone-based hybrids are well recognized for their anticancer activity, predominantly their ability
to interrelate with multiple biological targets. This multifunctional property allows them to inhibit a
variability of receptors and signalling pathways, making these compounds particularly important in
surpass drug resistance related with compensatory signalling and tumour heterogeneity. Chalcones
are most commonly synthesised via the Claisen-Schmidt condensation reaction, in which substituted
benzaldehydes 15 react with substituted acetophenones 16 in the presence of bases such as NaOH or
KOH to form o,B-unsaturated carbonyl derivatives 17 [40] (Scheme 1.6.).

(0]
alcohol A
+ et
NaOH or KOH, . t.
17

15 16

Scheme 1.6. Synthesis of chalcones 17.

Kaur et al stated that intermediate 18 has reacted with 4-methoxybenzaldehyde in methyl alcohol
using KOH as a base at room temperature to synthesise the product 19 was represented in (Scheme
1.7). Compound 19 showed important anticancer activity compared to various cell lines, such as
MCF-7, HepG2, and HCT116. It remained also found to encourage apoptosis, by confirming its
possible as an anticancer agent.
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Scheme 1.7. Synthesis of compound 19 by condensation reaction.
As from reported [41]of acetylation reaction of compound 20 as shown in Scheme 1.8. The

synthesised compound 21 from 1-[4-methoxy-2-(3,4,5-trimethoxyphenoxy)phenyl]ethan-1-one (20)
via reaction with an acyl chloride in THF for 8 h with good yield.

(0] (0] Cl
(0] Cl
Z
y RJLCI o)
o
O O THF, 8 h RJLN
HaN H 21
20 21

R1 = CGH5; 4-CH3-CGH4; 4-FC6H4; 4-C|-CGH4; 4-CH3COC6H4;

Scheme 1.8. Acetylation of 1-[4-methoxy-2-(3,4,5-trimethoxyphenoxy)phenyl]ethan-1-one (20)

The conducted studies demonstrated that chalcone analogues bearing an o,B-unsaturated ketone
exhibit enhanced anticancer activity. Compound 21 was identified as the most potent derivative,
showing significant antiproliferative effects against NCI-H460, A549, and H1975 cell lines. Its
activity was associated with ROS-mediated, caspase-3-dependent proptosis and supported by
favourable in vivo safety, indicating its potential as a lead compound.

oH OH 3/\>
R CHO R s s
N N
2-aminothiazole,
N ethanol, reflux, 3h A
R (@] R (o)
22 23

R= aliphatic; R; = aromatic;
Scheme 1.9. Synthesis of chalcone-thiazole hybrid 23.

The studies [42] reported that chalcone derivatives can be synthesised via acid-catalysed
condensation reactions. In this approach, compound 23 was obtained by reacting compound 22 with
2-aminothiazoles in ethanol under reflux for 3 h (Scheme 1.9). The synthesised chalcone-thiazole
hybrids exhibited significant antibacterial activity against Staphylococcus aureus. It exhibited low
haemolytic activity and negligible toxicity to mammalian cells, and in vivo studies showed efficacy
comparable to vancomycin, highlighting its potential as a primary antibacterial agent.

Chalcone-thiazole hybrids have been reported to exhibit anticancer activity, primarily through the
induction of apoptosis [43] For example, a series of thiazole—chalcone derivatives 26a-f described in
the literature [44] [44] demonstrated significant anticancer activity (Scheme 1.10). These compounds
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26a-f showed high selectivity, induced apoptosis, and inhibited cyclin-dependent kinases,
highlighting their potential as promising antitumour agents.

o]
NaOH/EtOH N G
_< HN—(/

HN \ [:tl\ HaC :IfLV/\T::E}x

CHO Reflux 4h 3 S cH

3
26 a-f
X: a, OCHj3; b, CH3; ¢, H; d, F; e, Cl; f, 2,4-Cl,

Scheme 1.10. Synthesis of thiazolyl chalcone derivatives 26af.

Fathi et al. [45] reported the synthesis of bisarylchalcone derivatives 28 obtained from 4,4'-(ethane-
1,2-diylbis(oxy))dibenzaldehyde (27) through condensation with various substituted acetophenones.
The reaction was carried out in DMF using 40% KOH as a base under microwave irradiation for
approximately Scheme 1.11.

COCH,

© ~ 0
() ’
Ov©/ KOH, MWI, 90 W, 7m|n

R =a) NHy; b) OCHj3; ¢) H; d) Br; e) CI; f) NO, R
Scheme 1.11. Synthesis of different bischalcone type derivatives 28

All the synthesised compounds exhibited significant anticancer activity [45]. In particular,
(2E,4E,6E)-1-(4-aminophenyl)-7-(2-(4-((E)-3-(4-aminophenyl)-3-oxoprop-1-en-1-yl)phenoxy)eth-

oxy)-4-methylhepta-2,4,6-trien-1-one 28 demonstrated pronounced cytotoxic activity in in vitro
studies against the CAL51 breast adenocarcinoma cell line.

1.7.  Imidazole-based compounds in cancer therapy

Imidazole derivatives are nitrogen-containing heterocyclic compounds that play a significant role in
medicinal chemistry. Several imidazole-based structures are present in FDA-approved anticancer
drugs due to their function as key heterocyclic pharmacophores [55].
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Fig. 1.4. Clinically approved anticancer drugs containing imidazole moieties

Imidazole is a nitrogen-containing heterocycle with two nitrogen atoms, which allows hydrogen
bonding and coordination with metal ions, thereby facilitating interaction with the active sites of
enzymes. Due to these properties, imidazole scaffolds can bind to a variety of biological targets. The
anticancer activity of imidazole derivatives is mainly determined by their structural properties, and
substituted imidazoles have shown cytotoxic activity against various cancer cell lines, including
breast and lung cancer [47]. Recent studies have shown that imidazole-based hybrids obtained by
combining imidazole with other pharmacophores, such as chalcone, thiazole, and benzimidazole,
exhibit enhanced anticancer activity and selectivity [48]. Therefore, imidazole derivatives are
promising scaffolds for the development of anticancer drugs due to their structural versatility and
ability to interact with a variety of biological targets.

Imidazole 31 can be synthesised by cyclisation of a-keto aldehydes, which are obtained by oxidation
of aryl methyl ketones with selenium dioxide (SeO2) [49], followed by treatment with ammonium
acetate in ethanol at room temperature as shown in Scheme 1.12.

O H
Q Se0, NH,OAc AN o)
Ar)J\ 1,4-dioxane, reflux Ar | EtOH, rt I /
0 N Ar
29 30 31 Vv

Scheme 1.12. Shows the general synthesis method of imidazole 31

Substituted 1,2-diphenylethane-1,2-dione (32) was reacted with substituted aldehydes (33) in the
presence of ammonium acetate to give trisubstituted imidazoles 34 as shown in Scheme 1.13. The
reaction was carried out under suitable conditions, and in some cases, A-MFGO was used as a catalyst
to facilitate the coupling process [50].

L O

. NH,OAc
N, — > N
0 R™ S0 EioH A-MFGO )I\\ O
120 min R N
H
R
32 33 34

Scheme 1.13. The synthesis of trisubstituted imidazoles 34

The synthesis of compound 35 was reported [51], as shown in Scheme 1.14. The compound was
obtained by reaction with 3,4,5-trimethoxyphenyl isocyanate (36) in the presence of acetic acid and
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zinc as a catalyst at room temperature for approximately 2 h, affording the desired 1-acetyl-1,3-
dihydro-3,4-diaryl-2H-imidazol-2-ones 37. The synthesised imidazole derivatives exhibited
significant anticancer activity, with selected compounds demonstrating cytotoxicity comparable to
standard drugs and effective tumour inhibition in vitro and in vivo.

NCO

H3C

):o
o)
/O YN
o 0 y)
o) N
K s -
N7 CcH
H ® ACOH, zn,r.t 2h ~o
R 0
~ R
37

R = a) 4-OCHj3; b) 3,4-(OCHg3),; ¢) 3-NO, and 4-OCHj3; d) H; f) 4-Br; g) 4 -Cl; h) 4-NOy; i) 2,4-F

—O

Scheme 1.14. Synthesis of imidazole derivatives 37

According to the reported study [52], compound 40 was synthesised starting from phenylenediamine
38, which was reacted with chloroacetic acid to yield a benzimidazole intermediate 39. The
compound 39 was additionally transformed into the desired compound 40 through response with
secondary amines via a dithiocarbonates intermediate, as shown in Scheme 1.15.

R NH R

11:[ 2 CICH,COOH !
—_—

R NH, 4NHCL100°C g

2

Cl
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N
7~

H

38

R, =H, Cl; H CS,

Ry =H, Cl; [ j KsPO,
X=0; N; CHy; DMF

H
Ry N S—\
T
Ry
P
Scheme 1.15. Synthesis scheme for compound 40

Benzimidazole derivatives 40 covering dithiocarbonate and Thio propyl linkers were synthesised and
assessed for anticancer activity (Scheme 1.15). Numerous compounds showed significant
cytotoxicity in contrast to MCF-7 cells, with selected by-products showing ICso values below 10
png/mL. Their activity was back upped by binding connections with the Pinl enzyme and established
by molecular docking, which indicate their potential as promising anticancer agents [61].

The synthesis of 1H-benzimidazole derivatives 42 was labelled, as shown in Scheme 1.16. Compound
42 was synthesised from sodium hydroxy(4-hydroxyphenyl)methanesulfonate (41) by reaction with
several o-phenylenediamines. Among the synthesised compounds, the methyl-substituted derivative
displayed notable topoisomerase | inhibitory activity, representing its potential anticancer belongings.
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Scheme 1.16. Synthesis of (1H-benzimidazole derivatives 42

According to the literature [53], compound 43 was treated with 2-hydroxybenzimidazole in the along
with of caesium carbonate in DMF solution to develop compound 45, as shown in Scheme 1.17. This
intermediate was then further transformed to obtain the final product, which exhibited androgen
receptor (AR) antagonist activity.

CN CN

CF3 CF3

OH
CN @ >_
DMF, 082003
/©i > >=O oo >—OH
Br CFs DMF, Cs,CO3 110 °C 110 °C

43

R = toulene
Scheme 1.17. Synthesis of benzimidazole derivative 45

Androgen receptor signalling plays a critical role in the progression of prostate and certain breast
cancers by regulating cell growth, differentiation, and survival [53]. As a result, AR has become an
important therapeutic target. Oxo benzimidazole derivatives 45 were developed as potent AR
antagonists using structure-based drug discovery approaches (Scheme 1.17). Among them, selected
compounds showed significant cytotoxic activity against prostate (PC-3, LNCaP) and breast (MCF-
7, MDA-MB-231) cancer cell lines. These results highlight the potential of oxobenzimidazole
scaffolds for the development of targeted anticancer therapies.

1.8.  Summary of the literature review

The literature review highlights that thiazole, chalcone and imidazole scaffolds are the main structural
frameworks for the development of modern anticancer drugs. Their chemical versatility and ability
to interact with multiple biological targets allow the modulation of key pathways in cancer
progression, including cell cycle regulation, apoptosis and signalling cascades. Numerous studies
have shown that the incorporation of functional groups and hybridisation of these heterocyclic motifs
significantly enhance biological activity, selectivity and target affinity.

In particular, thiazole-based compounds contribute to the inhibition of kinases, chalcone derivatives
form reactive a, -unsaturated systems, and imidazole scaffolds facilitate strong interactions with the
active sites of enzymes. Overall, these results confirm that thiazole, chalcone and imidazole
derivatives are promising platforms for the development of novel multifunctional anticancer drugs
with improved efficacy and reduced drug resistance.

21



2. Experimental part
2.1 Chemistry

Reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without
further purification. Elemental analysis (C, H, N, S) was performed on an EA3100 series CHNSO
analyser (EuroVector S.p.A., Pavia, Italy) using Weaver software CFR 21 art.11, and the results were
consistent with the theoretical values with an accuracy of +0.3%. IR spectra (v, cm™) were recorded
on a Vertex70 FT-IR spectrometer (Bruker, JAV, Billerica, MA, USA) using KBr pellets. NMR
spectra were recorded on a Bruker Avance 11l (400, 101 MHz) spectrometer (Bruker BioSpin AG,
Féallanden, Switzerland). Chemical shifts were reported in (5) ppm relative to tetramethylsilane
(TMS), with the residual solvent as internal reference (DMSO-ds, § = 2.50 ppm for *H NMR and &
=39.50 ppm for 3C NMR). Data are reported as follows: chemical shift, multiplicity, integration,
coupling constant [Hz], and assignment. The reaction course and purity of the synthesised compounds
were monitored by TLC using aluminium plates pre-coated with Silica gel (F254, Merck KGaA,
Darmstadt, Germany). Melting points were determined using a Mel-Temp melting point apparatus
(Laboratory Devices Inc., Holliston, MA, USA) in capillary tubes sealed at one end and are
uncorrected.[58]

The main reagents used in this study, along with their suppliers and purities, are listed in Table 2.1.

Table 2.0. Chemicals and Reagents Used in the Experimental Work

Chemical/Reagent Manufacturer/ seller Purity Purpose in Synthesis
3-Bromoaniline ,»Sigma-Aldrich” 98% Core precursor scaffold
Potassium thiocyanate ,»Sigma-Aldrich” 97% Thiocyanate source for cyclisation
Substituted aldehydes ,»Sigma-Aldrich” 98% Chalcone formation
Substituted ketones ,»Sigma-Aldrich” 99% Condensation reactions
Ammonium acetate ,,Sigma-Aldrich” 98% Imidazole cyclisation
Ethanol ,,Sigma-Aldrich” 99% Reaction solvent

Methanol ,»Sigma-Aldrich” 99% Recrystallisation solvent
Chloroform ,»Sigma-Aldrich” 98% Extraction and purification
DMSO ,»Sigma-Aldrich” 98% Solubility and analysis
Acetic acid ,»Sigma-Aldrich” 98%

Hydrochloric acid ,»Sigma-Aldrich” 99.5%

Sodium hydroxide ,»Sigma-Aldrich” 98%

Potassium carbonate ,»sigma-Aldrich” 98%

Silica gel TLC plates Reaction monitoring
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Method for the synthesis of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4)

A mixture of 3-bromoaniline (1) (0.1 mol, 17.20 g), acrylic acid (0.11 mol, 7.92 g) and toluene (100
ml) was stirred at 50 °C for 24 h. The reaction mixture was slowly poured into 5% aqueous sodium
hydroxide solution, mixed, and the layers were separated. The organic layer was washed with distilled
water. The aqueous layer was combined with alkali and extracted with toluene (2 x 20 ml). The
aqueous fraction was acidified with glacial acetic acid to pH 6. The resulting resin was allowed to
settle, the supernatant was decanted, and the residue was washed with distilled water (2 x 50 ml) by
repeated decantation. 3-((3-Bromophenyl)amino)propanoic acid (2) was used in the next reaction
without further purification. The resin of the 3-((3-bromophenyl)amino)propanoic acid (2) was
dissolved in glacial acetic acid (100 ml), and potassium thiocyanate (0.1 mol, 9.72 g) was added to
the solution. The reaction mixture was heated under reflux for 48 h. Subsequently, 15% hydrochloric
acid (30 ml) was added to the reaction mixture, and heating was continued for another 30 min. The
mixture was cooled, and the precipitate was filtered and washed with water and diethyl ether. 1-(3-
bromophenyl)-2-thioxotetrahydropyrimidin-4(1H)-one (3) (0.05 mol, 14.26 g)was dissolved in 5%
aqueous sodium hydroxide solution (50 ml) by heating to boiling. The alkaline solution was cooled
and filtered, and the filtrate was slowly acidified with 10% acetic acid to pH 6. The resulting
precipitate was filtered and washed with water. 3-(1-(3-Bromophenyl)thioureido)propanoic acid (4)

was recrystallised from water.

1-(3-Bromophenyl)-2-thioxotetrahydropyrimidin-4(1H)-one (3)
Br S>\_NH Off white, yield 17.96 g (63%), m. p. 200-203 °C, *H NMR (400 MHz, DMSO-
%}N\_FO ds) & (ppm) 11.35 (s, 1H, NH), 7.65 (s, 1H, Har), 7.54 (d, J = 6.4 Hz, 1H, Har), 7.46—
7.30 (m, 2H, Har), 3.91 (t, J = 6.9 Hz, 2H, NCH?>), 2.82 (t, J = 6.9 Hz, 2H, CH,CO). *C NMR (101
MHz, DMSO-ds) ¢ (ppm) 179.58 (C=S), 167.03 (C=0), 146.36, 130.96, 130.46, 130.29, 126.54,
121.23 (Ca), 48.64 (NCH,), 30.34 (CH2CO). FTIR (v, cm™): 3141 (NH), 1432 (C=0). Anal. Calc for
C10H9BrN2OS (285.16 g/mol): C, 42.12%, H, 3.18%, N, 9.82%, S,11.24%. Found: C, 42.24%; H,
3.13%; N, 9.73%; S,11.02%.

3-(1-(3-Bromophenyl)thioureido)propanoic acid (4)
N /_(}LOH White solid, yield 13.19 g (87%), m. p. 154-155 °C, *H NMR (400 MHz, DMSO-
GN de) & (ppm) 12.29 (s, 1H, OH), 7.55 (d, J = 8.1 Hz, 1H, Ha), 7.49 (s, 1H, Har),
s}‘“”z 7.39 (t, J = 8.0 Hz, 1H, Har), 7.25 (d, J = 7.9 Hz, 1H, Ha), 6.85 (br. s, 2H, NH>),
4.15 (t, J = 7.5 Hz, 2H, NCHy), 2.54 (t, J = 7.6 Hz, 2H, CH.CO). 3C NMR (101 MHz, DMSO-ds) &
(ppm) 181.80 (C=S), 172.45 (C=0), 143.76, 131.61, 130.92, 130.86, 127.29, 122.10 (Ca), 50.17
(NCH>), 32.16 (CH2CO). FTIR (v, cm™): 1705 (C=0), 2583 (OH), 3358 (NH.), Anal. Calc for
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C10H11BrN202S (303.17 g/mol): C, 39.62%; H, 3.66%; N, 9.24%; S, 10.57%. Found: C, 39.56%; H,
3.66%; N; 9.39%, S, 10.22%.

General procedure for the synthesis of 1,3-thiazole derivatives 5a-h.
A mixture of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4) (1 mmol, 0.303g) corresponding to

bromoacetophenone (1 mmol) and 20 ml of acetone was stirred at room temperature for 2—6 h. The
precipitate was filtered, washed with acetone, then diethyl ether and dried. The corresponding crystals
were dissolved in methanol by heating, then the solution was filtered and diluted with 10 ml of 10%
sodium acetate aqueous solution; the precipitate was filtered and washed with water. The products

5a-h was purified by crystallisation from propan-2-ol.

3-((3-Bromophenyl)(4-phenylthiazol-2-yl)amino)propanoic acid (5a)

Br White solid, yield 0.19 g (62%), m. p. 105-106 °C, *H NMR (400 MHz, DMSO-
N/\)'LOH ds) 5 (ppm) 12.34 (s, 1H, OH), 7.87 (d, J = 7.7 Hz, 2H, Har), 7.77 (S, 1H, Har), 7.54

N)\S (t, J=8.9 Hz, 2H, Har), 7.48-7.36 (M, 3H, Har), 7.30 (t, J = 7.4 Hz, 1H, Ha), 7.23

= (s, 1H, Har), 4.21 (t, J = 7.1 Hz, 2H, NCH,), 2.72 (t, J = 7.1 Hz, 2H, CH,CO0). 13C
d_/ NMR (101 MHz, DMSO-dg) § (ppm) 172.65 (C=0), 168.08 (C=N), 150.37,

146.03, 134.47, 131.77, 130.57, 129.96, 129.22, 128.61, 127.65, 125.68, 125.60, 122.77, 122.24,
103.30 (Car), 48.76 (NCHy), 32.33 (CH2CO). FTIR (v, cm™): 1700 (C=0), 2912 (OH), Anal. Calc for
C18H1sBrN20-S (403.29 g/mol): C, 53.61%; H, 3.75%; N, 6.96%; S, 7.95%. Found: C, 53.65%; H,
3.86%; N, 7.10%; S, 7.85%.

3-((3-Bromophenyl)(4-(4-hydroxyphenyl)thiazol-2-yl)amino)propanoic acid (5b)

Br White solid, yield 0.20 g (65%), m. p. 158-160 °C, *H NMR (400 MHz, DMSO-
N/\)?\OH de) & (ppm) 12.32 (s, 1H, OH), 9.55 (s, 1H, OH), 7.77-7.63 (m, 3H, Hay), 7.52

A (t, 3= 9.0 Hz, 2H, Ha), 7.43 (t, J = 7.9 Hz, 1H, Hay), 6.95 (s, 1H, Har), 6.79 (d, J

= = 8.1 Hz, 2H, Ha), 4.18 (t, J = 7.2 Hz, 2H, NCHy), 2.70 (t, J = 7.1 Hz, 2H,
d_/ CH2CO). 3C NMR (101 MHz, DMSO-ds) & (ppm) 172.67 (C=0), 167.82

HO

(C=N), 157.16, 150.67, 146.13, 131.72, 129.85, 129.81, 129.11, 127.09, 125.87,
125.54, 125.51, 122.20, 115.31, 100.35 (Car), 48.71, 32.36 (2CH_). FTIR (v, cm™): 3246 (OH), 1703
(C=0), Anal. Calc for C1gH15BrN2O3S (419.29 g/mol): C, 51.56%; H, 3.61%; N, 6.68%; S, 7.65%.
Found: C, 51.41%; H, 3.29%; N, 6.39%; S, 6.85%.
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3-((3-Bromophenyl)(4-(4-fluorophenyl)thiazol-2-yl)amino)propanoic acid (5c)
Br White solid, yield 0.195 g (64%), m. p. 123-125 °C, *H NMR (400 MHz, DMSO-
N/\)OLOH de) & (ppm) 12.38 (s, 1H, OH), 7.90 (t, J = 6.2 Hz, 2H, Ha), 7.75 (s, 1H, Hay),
N)\S 7.58-7.40 (m, 3H, Har), 7.28-7.11 (m, 3H, Har), 4.19 (t, J = 7.2 Hz, 2H, NCH>),
= 2.70 (t,J=7.2 Hz, 2H, CH,CO). **C NMR (101 MHz, DMSO-ds) 6 (ppm) 172.66
dJ (C=0), 168.21 (C=N), 162.88, 160.46, 149.31, 145.98, 131.78, 131.10, 130.03,
129.26, 127.70, 125.66, 122.24, 115.56, 115.35, 103.01, (Ca), 48.79 (NCH>),
32.36 (CH2CO). FTIR (v, ecm™): 1700 (C=0), 2677 (OH). Anal. Calc for C1gH14BrFN,O2S (421.28
g/mol): C, 51.32%; H, 3.35%; N, 6.65%; S, 7.61%: Found: 51.47%; H, 3.32%; N, 6.55%, S, 7.41%.

F

3-((3-Bromophenyl)(4-(4-chlorophenyl)thiazol-2-yl)amino)propanoic acid (5d)

Br White solid, yield 0.20 g (67%), m. p. 83-85 °C, *H NMR (400 MHz, DMSO-
N/\j\w de) & (ppm) 12.37 (s, 1H, OH), 8.41 (s, 1H, Har), 8.05-7.87 (m, 3H, Har), 7.80 (s,

A 1H, Har), 7.60-7.44 (M, 3H, Har), 7.38 (s, 1H, Har), 4.27 (t, J = 7.1 Hz, 2H, NCH>),

= 2.75 (t, J = 7.1 Hz, 2H, CH2CO). 3C NMR (101 MHz, DMSO-ds) J (ppm)
ﬁ_/ 172.69 (C=0), 168.27 (C=N), 150.34, 145.97, 133.14, 132.52, 131.80, 130.04,

Cl

129.33, 128.11, 127.61, 126.46, 125.69, 124.20, 122.27, 104.14, 48.69, 32.42.
FTIR (v, em): 1705 (C=0), 2925 (OH), Anal. Calc for C1sH14BrCIN2O2S (437.74 g/mol): C,
49.39%; H, 3.22%: N, 6.40%; S, 7.32%. Found: C, 49.76%: H, 3.54%; N, 6.23%; S, 7.52%,

3-((3-Bromophenyl)(4-(4-bromophenyl)thiazol-2-yl)amino)propanoic acid (5e)
Br White solid, yield 0.19 g (62%), m. p. 112-114 °C, *H NMR (400 MHz, DMSO-
N/\)OLOH ds) & (ppm) 12.33 (s, 1H, OH), 7.85-7.64 (m, 3H, Ha), 7.64-7.34 (m, 5H, Har),
A 7.31(s, 1H, Har), 4.19 (t, J = 7.2 Hz, 2H, NCH>), 2.70 (t, J = 7.4 Hz, 2H, CH,CO).
= 13C NMR (101 MHz, DMSO-ds) 6 (ppm) 172.62 (C=0), 168.33 (C=N), 167.34,
d_/ 149.15, 146.58, 145.91, 133.65, 131.82, 131.54, 130.15, 129.36, 127.67, 125.78,
120.65, 120.65, 104.16 (Ca), 48.71 (NCH2), 32.30 (CH2CO). FTIR (v, cm™):
1695 (C=0), 2730 (OH). Anal. Calc for C1gH14BraN202S (479.91 g/mol): C, 44.84%; H, 2.93%; N,

5.81%; S, 6.65%. Found: C, 44.47%; H, 2.84%; N, 5.91%; S, 6.91%.

Br

3-((3-Bromophenyl)(4-(4-nitrophenyl)thiazol-2-yl)amino)propanoic acid (5f)

Br Yellow solid, 0.18 g (61%) m. p. 184-185 °C, *H NMR (400 MHz, DMSO-ds)
/\j\ d (ppm) 12.36 (s, 1H, OH), 8.27 (d, J = 8.9 Hz, 2H, Ha), 8.12 (d, J = 8.8 Hz,

N OH
A, 2H, Ha), 7.77 (s, 1H, Ha), 7.62-7.43 (m, 4H, Ha), 422 (t, J = 7.2 Hz, 2H,
= NCHs), 2.71 (t, J = 7.2 Hz, 2H, CH2CO). 3C NMR (101 MHz, DMSO-ds) &
(ppm) 172.61 (C=0), 168.68 (C=N), 148.30, 146.30, 145.73, 140.44, 131.91,

O,N

130.40, 129.57, 129.52, 126.48, 126.00, 125.94, 124.12, 122.34, 108.03 (Ca),
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48.76 (NCHy), 32.29 (CH2CO). FTIR (v, cm?): 1710 (C=0), 2950 (OH). Anal. Calc for
C1sH14BrNsO4S (448.29 g/mol): C, 48.23%; H, 3.15%: N, 9.37%; S, 7.15%. Found: C, 47.95%: H,
2.99%; N, 9.40%; S, 6.95%.

3-((3-Bromophenyl)(4-(naphthalen-2-yl)thiazol-2-yl)amino)propanoic acid (5g)

Br White solid, yield 0.20 g (68%), m. p. 89-91 °C, 'H NMR (400 MHz, DMSO-
N/\)‘j\OH de) 5 (ppm) 12.36 (s, 1H, OH), 8.40 (s, 1H, Har), 8.05-7.87 (M, 4H, Har), 7.80

A (s, 1H, Har), 7.60-7.42 (m, 5H, Har), 7.38 (s, 1H, Har), 4.27 (t, = 7.1 Hz, 2H,

= NCHy), 2.75 (t, J = 7.1 Hz, 2H, CH2CO). 3C NMR (101 MHz, DMSO-ds) J
QO (ppm) 172.68 (C=0), 168.27 (C=N), 150.34, 145.97, 133.14, 132.51, 131.95,

131.81, 130.05, 129.33, 128.14, 128.11, 127.61, 126.46, 126.03, 125.69,
124.20, 124.07, 122.26, 104.14 (Car), 48.68 (NCHy), 32.40 (CH,CO). FTIR (v, cm™): 1708 (C=0),
2924 (OH), 3421 (NHz); Anal. Calc. for C22H17BrN202S (453.35 g/mol): C, 58.29%, H, 3.78%, N,
5.18%, S,7.07%. Found: C, 58.51%; H, 3.58%; N, 5.32%; S, 6.81%.

3-((3-Bromophenyl)(4-(3,4-dimethoxyphenyl)thiazol-2-yl)amino)propanoic acid (5h)
. /_O>L0H White solid, yield 0.19 g (62%), m. p. 150-151 °C, *H NMR (400 MHz, DMSO-
@_N ds) 8 (ppm) 12.33 (s, 1H, OH), 7.78 (s, 1H, Har), 7.56-7.39 (M, 5H, Har), 7.13 (s,
s 1H, Har), 6.98 (d, J = 8.4 Hz, 1H, Hay), 4.20 (t, J = 7.1 Hz, 2H, NCH), 3.79 (d, J
=13.6 Hz, 6H, 20CHs), 2.72 (t, J = 7.1 Hz, 2H, CH,CO). 3C NMR (101 MHz,
_on, DMSO-Ge) & (ppm) 172.66 (C=0), 167.67 (C=N), 150.37, 148.69, 148.59,
O\CH3 146.02, 131.69, 129.71, 128.98, 127.57, 125.24, 122.17, 118.34, 111.75, 109.44,
101.58 (Car), 55.52 (OCH3), 55.49 (OCHs), 48.76 (NCH2) 32.37 (CH2CO). FTIR (v, cm™): 1718
(C=0), 2642 (OH). Anal. Calc for C20H19BrN204S (463.35 g/mol): C, 51.84%; H, 4.13%; N, 5.05%;

S, 6.92%. Found: C, 52.00%; H, 4.01%; N; 5.21%; S, 6.83%.

Synthesis of 3-((3-bromophenyl)(4-oxo0-4,5-dihydrothiazol-2-yl)amino)propanoic acid (6).
0 3-(1-(3-Bromophenyl)thioureido)propanoic acid (4) (3 mmol, 0.91 g) was
B@ /—>LOH dissolved in 10 ml of propan-2-ol. Sodium acetate (10 mmol, 0.82 g) was
N),~s dissolved in 10 mL of water and added to the organic solution. Chloroacetic acid
Tl) (5 mmol, 0.47 g) was then added, and the reaction mixture was stirred at 70 °C
° for 6 h. The mixture was cooled, and the precipitate was filtered and dissolved in
a 5% sodium bicarbonate solution. The solution was filtered again and then acidified with acetic acid
to pH 6. The resulting precipitate was collected by filtration and washed with water. Purification of
thiazolone 6 was carried out by recrystallisation from propan-2-ol. White, yield 0.25 (73%) m. p.

169-171 °C, 'H NMR (400 MHz, DMSO-ds) & (ppm) 12.48 (s, 1H, OH), 8.05-7.28 (m, 4H, Har),
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4.16 (t, J = 7.4 Hz, 2H, NCHy), 3.95 (s, 2H, SCH), 2.58 (t, J = 14.8 Hz, 2H, CH,CO), *C NMR (101
MHz, DMSO) 6 (ppm) 186.95 (C=N), 183.12 (C=0), 172.03, (C=0), 141.61, 132.63, 131.67, 131.09,
12751, 121.99 (Car), 50.07 (NCHy), 40.66 (CH2CO), 31.96 (SCH2). FTIR (v, cm™): Anal. Calc for
C12H11BrN20sS: C, 42.00%: H, 3.23%; N, 8.16%:; S, 9.36%. Found: C, 41.95%; H, 3.29%; N, 7.98%:
S, 9.21%.

Synthesis of  3-((3-bromophenyl)(4,9-dioxo-4,9-dihydronaphtho-[2,3-d]thiazol-2yl)amino)-
propanoic acid (7)

Br A mixture of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4) (2 mmol, 0.61

N/\)OLOH g), 2,3-dichloronaphthalene-1,4-dione (1.9 mmol, 0.43 g), 20 ml of acetic acid and

)\ sodium acetate solution (30 mmol, 2.50 g) was stirred at 70 °C about 24h. Then,

N S

6 the reaction mixture was cooled down, and the precipitate was filtered. The filtrate
° O ’ was diluted with 50 ml of water, and the precipitate was filtered and washed with
water. The product 7 was recrystallised from propan-2-ol. Brick red, yield 0.276 ¢
(60%), m. p. 265-267 °C, *H NMR (400 MHz, DMSO-ds) 6 (ppm) 12.47 (s, 1H, OH), 8.00-7.84 (m,
3H, Har), 7.76 (dd, J = 17.3, 8.3 Hz, 2H, Har), 7.64-7.51 (m, 3H, Har), 4.34 (t, J = 7.2 Hz, 2H, NCH>),
2.72 (t, J = 7.1 Hz, 2H, CH2CO).*C NMR (101 MHz, DMSO-ds) J (ppm) 179.85, 174.97, 172.29
(3C=0), 170.20 (C=N), 160.03, 153.25, 144.00, 135.19, 132.28, 132.20, 131.79, 130.85, 130.04,
128.92, 126.47, 125.87, 122.57, 120.94 (Car), 49.47 (NCH>), 32.20 (CH2CO). FTIR (v, cm™): 1589
(C=N), 1700 (C=0), 3060 (COOH). Anal. Calc for C20H13BrN204S (457.30 g/mol): C, 52.53%; H,

2.87%; N, 6.13%; S, 7.01%. Found: C, 52.30%; H, 2.67%, N, 5.97%; S, 7.24%.

Synthesis of 3-((5-acetyl-4-methylthiazol-2-yl)(3-bromophenyl)amino)propanoic acid (8)
A mixture of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4) (1 mmol, 0.303.17g), 3-
chloropentane-2,4-dione (1.3 mmol, 0.175g) and 20 ml of acetone was heated under reflux for 4 h.
The reaction mixture was cooled down; the precipitate was filtered, washed with acetone and dried.
The corresponding crystals were dissolved in 10 ml of methanol, filtered, and the filtrate was added
to sodium acetate (3 mmol, 0.24 g), and diluted with water (30 ml). Then, the corresponding crystals
were filtered and purified by crystallisation from propan-2-ol. White solid, yield 0.256 g (84.5%), m.
N /_(}LOH p. 108-110 °C, *H NMR (400 MHz, DMSO-ds) 5 (ppm) 12.34 (s, 1H, OH), 7.84—
@N 7.68 (m, 1H, Har), 7.64 (s, J = 6.1, 2.4 Hz, 1H, Ha), 7.49 (d, J = 4.8 Hz, 2H, Ha),
N)—/s 4.14 (t, J = 7.3 Hz, 2H, NCHy), 2.61 (t, J = 7.3 Hz, 2H, CH2CO), 2.33 (m, 3H,
CHs). 3C NMR (101 MHz, DMSO-ds) 6 (ppm) 188.87 (CH3CO), 172.34 (C=0),
169.77 (C=N), 157.19, 144.68, 132.08, 131.33, 130.06, 126.50, 122.90, 122.41 (Car), 48.35 (NCH>),
32.20 (CH2CO), 29.61 (CHs), 18.52 (CHg3). FTIR (v, cm™): 1717 (C=0), 3363 (OH), Anal. Calc for
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C15H1sBrN20sS (383.26 g/mol): C, 47.01%; H, 3.95%; N, 7.31%; S, 8.37%. Found: C, 46.87%; H,
4.10%; N, 7.18%; S, 8.36%.

General procedure for the synthesis of chalcone derivatives 9a—k

A mixture of 3-((5-acetyl-4-methylthiazol-2-yl)(3-bromophenyl)amino)propanoic acid (8) (1 mmol,
0.383 g), the corresponding benzaldehyde (1.30 mmol), and 20 mL of methanol was stirred at room
temperature until completely dissolved. The solution was cooled to 0-5 °C, and 4 mL of 40% aqueous
sodium hydroxide solution was added. The reaction mixture was allowed to warm to room
temperature and stirred for 2-6 h. The resulting precipitate was filtered, washed with ethyl acetate,
and dried. The obtained solid was dissolved in methanol, and the solution was filtered. The filtrate
was subsequently acidified with acetic acid to approximately pH 6 and diluted with water. The
solution was stored in a refrigerator overnight, and the precipitate was collected by filtration and
washed with a large amount of water. The products 9a—k were purified by recrystallisation from
propan-2-ol.

3-((3-Bromophenyl)(5-cinnamoyl-4-methylthiazol-2-yl)amino)propanoic acid (9a)

Q Yellow solid, yield 0.252 g (66.2%), m. p. 180-183 °C, *H NMR (400 MHz,
Br, OH
@ /—>L DMSO-ds) 6 12.40 (s, 1H, OH), 7.76 (d, J = 23.7 Hz, 3H, Ha), 7.69-7.36 (m, 7H,
N
N},-s . Ha), 7.25(d, J=155Hz, 1H, Har), 4.17 (t, = 7.3 Hz, 2H, NCH;), 2.71-2.55 (m,
2

J = 7.2 Hz, 5H, CH2CO and CHs). **C NMR (101 MHz, DMSO-dg) ¢ (ppm)

180.46 (C=0), 172.32 (C=0), 170.10 (C=N), 158.49, 144.62, 141.91, 134.44,

132.12, 132.07, 131.43, 130.40, 130.11, 128.92, 128.59, 128.54, 126.58, 124.51,
122.68, 122.48 (Car), 48.53 (NCHy), 32.18 (CH2C0), 19.02 (CHs). FTIR (v, cm™): 1650 (C=N), 1715
(C=0), 2540 (OH), Anal. Calc for C22H19BrN20sS (471.37 g/mol): C, 56.06%; H, 4.06%; N, 5.94%;
S, 6.80%. Found: C, 56.23%; H, 3.94%; N, 6,17%; S, 6.56%.

7

(E)-3-((3-Bromophenyl)(5-(3-(4-fluorophenyl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic
acid (9b)

o ? on Yellowish solid, yield 0.266 g (70%), m. p. 178-179 °C, ‘H NMR (400 MHz,
GN) DMSO-dg) 0 (ppm) 12.43 (s, 1H, OH), 7.81 (d, J = 14.7 Hz, 2H, Har), 7.65 (d, J
N//S o = 7.5 Hz, 1H, Har), 7.60-7.45 (m, 2H, Har), 7.28-7.17 (m, 5H, Har), 4.17 (t, J=

7.3 Hz, 2H, NCHy), 2.62 (m, d, J = 8.3 Hz, 5H, CH.CO and CHs). 3C NMR (101
MHz, DMSO-ds) & (ppm) 180.36 (C=0), 172.35 (C=0), 170.10 (C=N), 164.48,
162.01, 158.55, 144.63, 140.71, 132.12, 131.43, 131.14, 130.92, 130.12, 126.58,
124.42, 122.58, 122.48, 116.01, 115.79 (Ca), 48.55 (NCHy), 32.22 (CH2CO),
19.01 (CHs). FTIR (v, cm%): 1650 (C=N), 1757 (C=0), 2575 (OH), Anal. Calc for C22H1sBrFN20sS

F
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(489.36 g/mol): C, 54.00%; H, 3.71%; N, 5.72%; S, 6.55%. Found: C, 53.76%; H, 3.79%; N, 5.88%);
S, 6.63%.

(E)-3-((3-Bromophenyl)(5-(3-(4-chlorophenyl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic
acid (9c)

o Q on Yellowish solid, yield 0.255 g (67%), m. p. 178-179 °C, 'H NMR (400 MHz,
@7“/_} DMSO-ds) 6 (ppm) 12.38 (s, 1H, OH), 7.78 (d, J = 9.0 Hz, 3H, Ha), 7.69-7.60
N//S o (m, 1H, Ha), 7.59-7.40 (m, 5H, Hax), 7.25 (dd, J = 15.4, 1.7 Hz, 1H, Har), 4.17 (t,

J=7.3 Hz, 2H, NCH2), 2.62 (m, J = 10.8 Hz, 5H, CH.CO and CH3). *C NMR
(101 MHz, DMSO-ds) & (ppm) 180.26 (C=0), 172.30 (C=0), 170.19 (C=N),
158.75, 144.59, 140.46, 134.82, 133.42, 132.13, 131.47, 130.39, 130.33, 130.32,
130.13, 128.92, 126.60, 125.26, 122.56, 122.49 (Ca), 48.52 (NCHo), 32.15
(CH2CO), 19.03 (CHs). FTIR (v, cm™): 1641 (C=N), 1757 (C=0), 2537 (OH), Anal. Calc for
Ca2H1sBrCIN,0sS (505.81 g/mol): C, 54.00%; H, 3.59%; N, 5.54%: S, 6.34%. Found: C, 53.76%; H,
3.58%; N, 5.83%: S, 6.26%.

Cl

(E)-3-((3-Bromophenyl)(5-(3-(2-chlorophenyl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic
acid (9d)

. }OH Yellowish sold, yield 0.232 (62%), m. p. 147-148 °C, 'H NMR (400 MHz,

%}N DMSO-ds) 6 (ppm) 12.28 (s, 1H, OH), 7.87 (d, J = 7.8 Hz, 1H, Har), 7.76-7.21

s (m, 8H, Har), 7.18 (d, J = 15.4 Hz, 1H, Har), 4.04 (m, J = 14.8, 6.9 Hz, 2H, NCHy),

2.51 (m, J = 6.3 Hz, 5H, CH,CO and CHs. 3C NMR (101 MHz, DMSO-ds) ¢

¢ (ppm) 180.02 (C=0), 172.30 (C=0), 170.40 (C=N), 159.25, 144.54, 136.55,

134.07,132.15, 132.10, 131.75, 131.51, 130.14, 129.98, 128.47, 127.73, 127.33,

126.60, 122.50,122.37 (Ca) 48.56 (NCHy), 32.16 (CH.CO), 19.08 (CHa3). FTIR (v, cm™): 1646

(C=N), 1712 (C=0), Anal. Calc for C22H1sBrCIN203S: C, 52.24%; H, 3.59%; N, 5.54%; S, 5.63%.
Found: C, 52.54%); 3.36%; N, 5.65%); S, 5.75%.

(o)

(E)-3-((3-Bromophenyl)(5-(3-(2,6-dichlorophenyl)acryloyl)-4-methylthiazol-2-
yl)amino)propanoic acid (9e)

o /_O>—OH Yellowish solid, yield 0.288 g (75%). m. p. 182-183 °C, *H NMR (400 MHz,
@N DMSO-ds) 6 (ppm) 12.30 (s, 1H, OH), 7.81-7.21 (m, 9H, Ha), 4.17 (t, 1 =7.2
5 Hz, 2H, NCHy), 2.68-2.55 (m, 5H, CH,CO and CHs). *C NMR (101 MHz,
DMSO-ds) J (ppm) 179.60 (C=0), 172.26 (C=0), 170.64(C=N), 160.64, 159.27,
al ¢ 144.43,134.62,134.04, 132.30, 132.11, 131.76, 131.52, 130.92, 130.91, 130.06,
129.17, 126.49, 122.70, 122.45(Car), 48.54, 32.12 (CH>), 19.00 (CH3). FTIR (v,
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cml): 1649 (C=N), 1710 (C=0), 2531 (OH). Anal. Calc for CoH17BrCl:N,0sS: C, 48.91%; H,
3.17%: N, 5.19%; S, 5.93%. Found: C, 48.62%:; H, 3.19%; N, 5.13%, S, 5.64%:

(E)-3-((3-Bromophenyl)(5-(3-(4-bromophenyl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic
acid (9f)
/_O>~0H Yellowish solid, yield 0.245 g (64%), m. p. 163-164 °C, *H NMR (400 MHz,
%}N DMSO-ds) 5 (ppm) 12.45 (s, 1H, OH), 8.00-7.40 (m, 10H, Ha), 7.26 (d, J = 15.4
/A Hz, 1H, Har), 4.17 (t, J = 7.3 Hz, 2H, NCHy), 2.61 (m, J = 8.2 Hz, 5H, CH.CO
and CHs).vi*C NMR (101 MHz, DMSO-ds) 6 (ppm) 180.25, 172.34 (C=0),
170.19, 158.79, 144.60, 140.55, 133.74, 132.13, 132.05, 131.85, 131.84, 131.46,
130.53, 130.12, 126.59, 125.31, 123.69, 122.54, 122.49 (Car), 48.59, 32.24 (CH>),
19.03 (CHs). FTIR (v, cm™): 1636 (C=N), 1728 (C=0), 2684 (OH). Anal. Calc
for C22H18BraN20OsS (550.27 g/mol): C, 48.02%; H, 3.30%; N, 5.09%; S, 5.83%. Found: C, 48.12%j;
H, 3.35%; N, 5.18%; S, 5.76%.

Br

(E)-3-((3-Bromophenyl)(4-methyl-5-(3-(naphthalen-1-yl)acryloyl)thiazol-2-
yl)amino)propanoic acid (99)
o /_0>\&OH Yellowish solid, yield 0.254 g (67%), m. p. 174-175 °C, *H NMR (400 MHz,
GN DMSO-ds) 6 (ppm) 12.40 (s, 1H, OH), 8.23 (s, 1H, Har), 7.92 (s, 4H, Har), 7.83—
s 7.61 (m, 3H, Har), 7.62-7.44 (m, 4H, Har), 7.36 (d, J = 15.3 Hz, 1H, Har), 4.18
) (t, J = 7.3 Hz, 2H, NCHy>), 2.64 (m, J = 6.5 Hz, 5H, CH2CO and CHs). 3C
NMR (101 MHz, DMSO-dg) ¢ (ppm) 180.37 (C=0), 172.32 (C=0), 170.08
OO (C=N), 158.61, 144.63, 142.00, 133.80, 132.95, 132.13, 132.07, 131.45,
130.28,130.12, 128.52, 128.49, 127.69, 127.35, 126.75, 126.59, 124.78, 124.27, 122.64, 122.50 (Car),
48.54 (NCH,), 32.16 (CH,CO) 19.07 (CHs). FTIR (v, cm™): 1716 (C=0), 1648 (N=C), 2887 (OH).
Anal. Calc for C26H2:BrN203S: C, 59.89%; H, 4.06%; N, 5.37%; S, 6.16%. Found: C, 59.53%; H,
4.15%; N, 5.34%; S, 6.12%.

O

(E)-3-((3-Bromophenyl)(4-methyl-5-(3-(thiophen-2-yl)acryloyl)thiazol-2-yl)amino)propanoic
acid (9h)
o /_O>—OH Yellowish solid, yield 0.275 g (72%), m. p. 191-193 °C, *H NMR (400 MHz,
@N DMSO-dg) 0 (ppm) 12.39 (s, 1H, OH), 7.81-7.45 (m, 7H, Ha), 7.14 (s, 1H, Har),
s 6.92 (d, J = 15.2 Hz, 1H, Har), 4.17 (t, J = 7.2 Hz, 2H, NCHy), 2.61 (m, J = 16.5
Hz, 5H, CH,CO and CHs). 3C NMR (101 MHz, DMSO-ds) 6 (ppm) 179.76
(C=0), 172.31 (C=0), 169.94 (C=N), 158.22, 144.60, 139.45, 134.72, 132.52,
132.11, 131.42, 130.06, 129.91, 128.74, 126.54, 122.74, 122.58, 122.47 (Ca),
48.52 (NCH?>), 32.17 (CH2CO0), 18.94 (CHa). FTIR (v, cm™): 1722 (C=0), 3443 (OH), 1633 (C=N).

O
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Anal. Calc for CooH17BrN203S;: C, 50.32%:; H, 3.59%:; N, 5.87%:; S, 13.43%. Found: C, 50.43%:; H,
3.56%:; N, 6.01%; S, 13.52%.

(E)-3-((3-Bromophenyl)(5-(3-(furan-2-yl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic acid
(9i)
o /_O>\~0H Yellowish solid, yield 0.268 (70%), m. p. 185-186 °C, 'H NMR (400 MHz,
ON DMSO-ds) d (ppm) 12.41 (s, 1H, OH), 7.90-7.32 (m, 6H, Har), 7.04-6.87 (m, 2H,
s Har), 6.63 (s, 1H, Har), 4.17 (t, J = 7.3 Hz, 2H, NCHy), 2.61 (d, J = 17.3 Hz, 5H,
CH2CO and CHs). *C NMR (101 MHz, DMSO-ds) 6 (ppm) 179.59 (C=0),
172.31 (C=0), 169.88 (C=N), 158.30, 150.83, 145.96, 144.61, 132.11, 131.42,
130.07, 128.55, 126.52, 122.52, 122.46, 121.17, 116.72, 113.02 (Ca), 48.51
(NCH?>), 32.19 (CH,CO), 18.89 (CHs). FTIR (v, cm™): 1713 (C=0), 1646 (C=N), 3383 (OH). Anal.
Calc for CooH17BrN204S: C, 52.07%; H, 3.71%; N, 6.07%; S, 6.95%. Found: C, 52.12%; H, 3.39%;
N, 5.79%; S, 7.14%.

(E)-3-((3-Bromophenyl)(5-(3-(4-bromothiophen-2-yl)acryloyl)-4-methylthiazol-2-
yl)amino)propanoic acid (9j)
. }OH Yellowish solid, yield 0.264 g (77%), m. p. 205-207 °C, 'H NMR (400 MHz,
@N DMSO-ds) & (ppm) 12.32 (s, 1H, OH), 7.81-7.32 (m, 7H, Har), 6.92 (d, J = 15.2
>/‘S Hz, 1H, Har), 4.08 (t, J = 7.3 Hz, 2H, NCH), 2.69-2.48 (m, 5H, CH.CO and
CHs). $3C NMR (101 MHz, DMSO-ds) J (ppm) 179.55 (C=0), 172.30 (C=0),
170.18 (C=N), 158.73, 144.55, 140.64, 133.20, 132.98, 132.12, 131.47, 130.08,
N 126.90, 126.55, 126.54, 124.08, 122.49, 110.21 (Ca), 48.55 (NCH>), 32.17
(CH2CO0), 18.99 (CH3). FTIR (v, cm™): 1646 (C=N), 1711 (C=0). Anal. Calc for C20H16Br,N203S::
C, 43.18%; H, 2.90%; N, 5.04%; S, 11.53%. Found: C, 42.97%; H, 3.12%; N, 4.98%, S, 11.23%.

o)
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(E)-3-((5-(3-(5-Bromofuran-2-yl)acryloyl)-4-methylthiazol-2-yl)(3-
bromophenyl)amino)propanoic acid (9k)

Yellowish solid, yield 0.265 g (69%). m. p. 164-165 °C, *H NMR (400 MHz,
Br. /_>—OH DMSO-ds) 6 (ppm) 12.39 (s, 1H, OH), 7.83-7.44 (m, 4H, Ha), 7.31 (d, J = 15.2
@N Hz, 1H, Har), 7.05 (s, 1H, Har), 6.92-6.71 (m, 2H, Har), 4.17 (t, J = 7.2 Hz, 2H,
NA® NCHy), 2.61 (d, J = 17.5 Hz, 5H, CH,CO and CHs). 13C NMR (101 MHz,
2~ DMSO-ds) 6 (ppm) 179.37 (C=0), 172.29 (C=0), 169.99 (C=N), 158.58,
7o 153.05, 144,55, 132.11, 131.45, 130.04, 127.41, 126.51, 125.49, 122.47, 122.38,
B 121.54,118.84,115.14 (Car), 48.53 (NCH>), 32.15 (CH.CO), 18.93 (CH3). FTIR
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(v, cml): 1708 (C=0), 1650 (C=N), 3126 (OH). Anal. Calc for CaoH1sBraN204S: C, 44.47%: H,
2.99%; N, 5.19; S, 5.93%. Found: C, 44.28%, H, 2.77%: N, 5.29%; S, 6.14%.

General procedure for the synthesis of compounds (10a, b)

A mixture of 3-bromoaniline (3 mmol, 0.52 g), the corresponding 2-bromoacetophenone (2.9 mmol),
sodium bicarbonate (3 mmol, 0.36 g), and 10 mL of propan-2-ol was stirred at room temperature for
12-16 h. The resulting precipitate was filtered, washed with water, and dried. The product was
purified by recrystallisation from ethyl acetate.

2-((3-Bromophenyl)amino)-1-(naphthalen-2-yl)ethan-1-one (10a)
Br White solid, yield 0.412 g (80%), m. p. 160-162 °C, *H NMR (400 MHz, DMSO-
©/o de) 6 (ppm) 7.33 (s, 1H, Har), 6.78 (dd, J =43.3, 17.0, 8.4 Hz, 4H, Ha), 6.49-6.35
OO (m, 2H, Har), 6.05 (s, 1H, Har), 5.87 (t, J = 8.0 Hz, 1H, Har), 5.68 (s, 2H, Har), 5.48
(d, J = 8.2 Hz, 1H, NH), 3.51 (s, 2H, CHy). *C NMR (101 MHz, CDCls-ds) 6
(ppm), 194.45 (C=0), 148.38, 136.14, 132.60, 132.07, 130.77, 129.77, 129.69, 129.13, 129.05,
128.05, 127.30, 123.55, 123.41, 120.73, 115.50, 112.31, 50.20. (Ca), 12.56 (CHy). FTIR (v, cm™):
1862 (C=0), 3368 (N-H). Anal. Calc for C1sH14BrNO (340.22 g/mol): C, 63.55%; H, 4.15%; N,

4.12%. Found: C, 63.74%; H, 3.98%; N, 4.19%.

HN

2-((3-Bromophenyl)amino)-1-(3,4-dimethoxyphenyl)ethan-1-one (10b)
White solid, yield 0.174 g (85%) m. p. 106-107 °C, 'H NMR (400 MHz,
Q/Br DMSO-ds) 6 (ppm) 7.78 (d, J = 8.4 Hz, 1H, Ha), 7.52 (s, 1H, Ha), 7.15-6.59
T o (M, 5H, Ha), 6.18 (s, 1H, NH), 4.65 (d, J = 5.3 Hz, 2H, CH), 3.85 (m, J = 7.9,
VU\@O/ 2.3 Hz, 6H, CHs). 1*C NMR (101 MHz, DMSO-ds) & (ppm) 194.62 (C=0),
153.40, 149.98, 148.63, 130.56, 127.83, 122.62, 122.33, 118.28, 114.47, 111.68, 110.99, 110.25 (Car),
55.83 (OCHa), 55.64 (OCH3), 49.21 (CH>). FTIR (v, cm™): 1681 (C=0), 3381 (C=N). Anal. Calc for
C1sH16BrNO3 (350.21 g/mol): C, 54.87%: H, 4.61%, N, 4.00%. Found: C, 53.21%; H, 6.21%:; N,

3.86%.

General procedure for the synthesis of compounds 11a, b

A mixture of the corresponding compound 10a or 10b (10 mmol), potassium thiocyanate (12 mmol,
1.16 g) and 40 mL acetic acid was stirred at room temperature for 24 h. The precipitate was filtered
off, washed with water, then with propan-2-ol and dried. The products 11a, b was purified by

crystallisation from propan-2-ol.
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1-(3-bromophenyl)-4-(naphthalen-2-yl)-1,3-dihydro-2H-imidazole-2-thione (11a)
s White solid, yield 0.451 g (80%), m. p. 223-225 °C, *H NMR (400 MHz, DMSO-
©/ ds) & (ppm) 13.19 (s, 1H, NH), 8.36 (s, 1H, Har), 8.10-7.24 (m, 11H, Ha). °C
\NKS NMR (101 MHz, DMSO-ds) ¢ (ppm) 162.99 (C=S), 138.96, 132.95, 132.32,
O 130.69, 130.67, 128.54, 128.44, 127.85, 127.72, 126.89, 126.37, 124.99, 124.86,
Q 124.81, 122.64, 122.49, 121.16, 116.51 (Car+imia.). FTIR (v, cm™): 1590(C=C),
Anal. Calc for C19H13BrN2S (381.29 g/mol): C, 59.85%; H, 3.44%; N, 7.35%; S, 8.41%. Found: C,

59.66%; H, 3.45%; N, 7.62%; S, 8.24%.

1-(3-Bromophenyl)-4-(3,4-dimethoxyphenyl)-1,3-dihydro-2H-imidazole-2-thione (11b)
5 Qrange solid, yield 0.308 g (88%) m. p. 219-220 °C, *H NMR (400 MHz, DMSO-ds) ¢
(N;/S (ppm) 12.94 (s, 1H, NH), 8.02 (t, J = 1.9 Hz, 1H, Ha), 7.89-7.74 (m, 2H, Har), 7.64 (d,
LT J=8.0 Hz, 1H, Hay), 7.50 (t, J = 8.0 Hz, 1H, Har), 7.44-7.28 (m, 2H, Har), 7.00 (d, J =
8.3 Hz, 1H, Ha), 3.79 (dd, J = 13.8 Hz, 6H, CH3). *C NMR (101 MHz, DMSO-ds) &
N (ppm) 162.11(C=S), 148.99, 148.62, 139.06, 130.69, 128.82, 128.28, 124.76, 121.13,
120.26, 116.77, 114.59, 112.02, 108.19, 66.38 (Car+imid.), 55.64 (OCHs3), 55.57 (OCH3). FTIR (v, cm®
1): 3568 (N-H). Anal. Calc for C17H15BrN20,S (391.28 g/mol): C, 52.18%; H, 3.86%, N, 7.16%, S,

8.19%. Found: C, 52.31%; H, 3.80%; N, 6.91%; S, 7.10%.

General methods of synthesis of derivatives 12-16a, b
A mixture of the corresponding compound 1la and 11b (0.5 mmol), the corresponding 2-
bromoacetophenone (0.51 mmol), and 20 mL of acetone was stirred at room temperature for 2—4 h.
The resulting precipitate was filtered, washed with acetone, then with a small amount of diethyl ether,
and dried. The obtained solid was dissolved in methanol, and the solution was filtered and diluted
with 10 mL of 10% aqueous sodium acetate solution. The precipitate was filtered and washed with
water. The products 12-16a, b were purified by recrystallisation from propan-2-ol.
2-((1-(3-Bromophenyl)-4-(naphthalen-2-yl)-1H-imidazol-2-yl)thio)-1-phenylethan-1-one 12a
o White solid, yield 0.138 g (72%), m. p. 130-132 °C, *H NMR (400 MHz,
EN;/S o DMSO-ds) 6 (ppm) 8.21-8.06 (M, 4H, Har), 7.89-7.39 (m, 13H, Ha), 4.85
Ve \/‘b (s, 2H, CHz). ®C NMR (101 MHz, DMSO-dg) & (ppm) 194.25 (C=0),
QO 141.42, 141.12, 137.92, 135.96, 133.79, 133.55, 133.19, 132.14, 131.45,
131.39, 130.78, 128.79, 128.50, 128.02, 127.74, 127.67, 127.64, 126.37,
125.53, 124.16, 123.26, 122.05, 122.02, 119.80, 118.81 (Car+imid.), 38.89 (CH2). FTIR (v, cm™): 1602
(C=N), 1700 (C=0). Anal. Calc for C27H19BrN20OS (499.43 g/mol): C, 64.93%; H, 3.83%; N, 5.61%);
S, 6.42%. Found: C, 65.84%; H, 3.86%; N, 5.64%; S, 6.65%.
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2-((1-(3-Bromophenyl)-4-(3,4-dimethoxyphenyl)-1H-imidazol-2-yl)thio)-1-phenylethan-1-one
(12b)

Br White solid, yield 0.243 g (62%), m. p. 138-140 °C, 'H NMR (400 MHz,
©/ 0 DMSO-dg) 6 (ppm) 8.06-7.49 (m, 10H, Har), 7.21 (d, J = 12.3 Hz, 2H, Har), 6.89
(d, J = 8.2 Hz, 1H, Har), 4.78 (s, 2H, CH>), 3.73 (s, 3H, OCH3), 3.63 (s, 3H,
OCHj3). 3C NMR (101 MHz, DMSO-ds) 6 (ppm) 193.93 (C=0), 148.73, 148.72,
/ 147.86, 143.01, 141.34, 140.40, 138.01, 135.77, 133.46, 131.37, 131.19, 128.74,
128.37, 127.59, 126.27, 124.07, 121.97, 118.18, 116.57, 111.82, 108.12 (Car+imid.), 55.47 (OCHj3),
55.24 (OCHjs), 38.89 (CH2). FTIR (v, cm™): 1697 (C=0). Anal. Calc for CzsHx1BrN20sS (509.48
g/mol): C, 58.94%; H, 4.16%; N, 5.50%); S, 6.29% Found: C, 58.69%; H, 3.88%; N, 5.67%); S, 6.52%:

2-((1-(3-Bromophenyl)-4-(naphthalen-2-yl)-1H-imidazol-2-yl)thio)-1-(4-fluorophenyl)ethan-1-
one (13a)

White solid, yield 0.132 g (69%), m. p. 146-147 °C, *H NMR (400 MHz,
DMSO-ds) J (ppm) 8.22-8.11 (m, 3H, Har), 8.07 (s, 1H, Har), 7.88-7.80

\N»/SV‘ZQ (m, 4H), 7.72 (t, = 8.9 Hz, 2H, Har), 7.63-7.38 (M, 6H, Har), 4.81 (s, 2H,
N
O F

Br

CH.).1*C NMR (101 MHz, DMSO- ds) ¢ (ppm) 192.94 (C=0), 141.30,

141.13, 137.90, 133.18, 132.71, 132.68, 132.16, 131.62, 131.52, 131.45,

131.39, 130.78, 128.04, 127.75, 127.67, 127.61, 126.39, 125.56, 124.18,
123.26, 122.04, 122.00, 119.85, 115.92, 115.70 (Car+imid.), 39.52 (CHz). FTIR (v, cm™): 1591 (C=N),
1686 (C=0). Anal. Calc for C27H18BrFN20OS (517.42 g/mol): C, 62.68%; H, 3.51; N, 5.41; S, 6.20%.
Found: C, 62.45%; H, 3.60%; N, 5.43%; S, 6.12%.

2-((1-(3-Bromophenyl)-4-(3,4-dimethoxyphenyl)-1H-imidazol-2-yl)thio)-1-(4-
fluorophenyl)ethan-1-one (13b)

Br White solid, yield 0.272 g (70%) m. p. 132-133 °C, *H NMR (400

Q/ MHz, DMSO-ds) ¢ (ppm) 8.15-7.90 (m, 3H, Har), 7.79-7.17 (M, 8H, Har),
\N»/s 7 6.90 (d, J = 8.2 Hz, 1H, Har), 4.75 (s, 2H, CH>), 3.74 (s, 3H,CHs), 3.66 (s,

N 3H,CHs). 3C NMR (101 MHz, DMSO-ds) 6 (ppm) 192.59, (C=0),
F166.41, 163.91, 148.74, 147.96, 141.18, 140.25, 137.93, 132.45, 131.49,

NP 131.40, 131.25, 127.65, 126.04, 124.13, 121.95, 118.32, 116.65, 115.86,

115.64, 111.83, 108.19 (Car+imid.), 55.48 (OCHs), 55.24 (OCHs), 38.89 (CH.). FTIR (v, cm™): 1592
(C=N), 1699 (C=0). Anal. Calc for CzsH20BrFN20sS (527.41 g/mol): C, 56.93%; H, 3.82%; N,
5.31%; S, 5.89%. Found: C, 56.81%; H, 3.68%; N, 5.46%; S, 5.69%.
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2-((1-(3-Bromophenyl)-4-(naphthalen-2-yl)-1H-imidazol-2-yl)thio)-1-(4-chlorophenyl)ethan-1-
one (14a)

Br White solid, yield 0.132 g (69%), m. p. 145-150 °C, 'H NMR (400

©/ . MHz, DMSO-de) ¢ (ppm) 8.20 (s, 1H, Har), 8.09 (d, J = 8.2 Hz, 2H,

Nh’s Har), 7.99 (s, 1H, Har), 7.83 (q, J = 8.5 Hz, 4H, Har), 7.74-7.41 (m, 8H,

" \/K@\ Har), 4.80 (s, 2H, CH,). *C NMR (101 MHz, DMSO-ds) & (ppm)

193.46 (C=0), 141.32, 141.11, 138.49, 137.89, 134.72, 133.17,

132.14, 131.48, 131.39, 130.74, 130.45, 128.91, 128.02, 127.69, 127.66, 127.64, 126.38, 125.56,

124.11, 123.23, 122.06, 121.99, 120.71, 119.84, 115.82 (Car+imid.), 39.31 (CH2). FTIR (v, cm™): 1632

(C=N), 1666 (C=0). Anal. Calc for C27H1sBrCIN2OS (533.87 g/mol): C, 60.74%; H, 3.40%; N,
5.25%; S, 6.01%. Found: C, 60.59%; H, 3.28%; N, 5.56%); S, 6.02%.

oy .

2-((1-(3-Bromophenyl)-4-(3,4-dimethoxyphenyl)-1H-imidazol-2-yl)thio)-1-(4-
chlorophenyl)ethan-1-one (14b)

Br White solid, yield 0.256 g (65.5%), m. p. 156-157 °C, *H NMR
Q/ o (400 MHz, DMSO-ds) ¢ (ppm) 8.05-7.96 (m, 3H, Har), 7.79-7.49 (m,
é\iﬁ/s\/‘(@ 6H, Har), 7.18 (d, J = 14.4 Hz, 2H, Har), 6.89 (d, J = 8.3 Hz, 1H, Har),
. 4.74 (s, 2H, CHy), 3.74 (s, 3H, OCHs), 3.64 (s, 3H, OCH3).1*C NMR
g % (101 MHz, DMSO-ds) ¢ (ppm) 193.10 (C=0), 148.71, 147.89,
A 141.34, 140.22, 138.39, 137.96, 134.45, 131.37, 131.19, 130.30,
128.83, 127.58, 126.20, 124.23, 124.06, 121.96, 118.25, 116.61, 116.60, 111.81, 108.13 (Car+imid.),
55.47 (OCHj3), 55.18 (OCHg), 38.89 (CHy). FTIR (v, cm™): 1691 (C=0), 1610 (C=N). Anal. Calc for

C25H20BrCIN203S (543.86 g/mol): C, 55.21%; H, 3.71%; N,5.15%; S, 5.89%. Found: C, 54.92%; H,
3.72%; N, 5.27%; S, 5.65%.

1-(4-Bromophenyl)-2-((1-(3-bromophenyl)-4-(naphthalen-2-yl)-1H-imidazol-2-yl)thio)ethan-1-
one 15a
White solid, yield 0.128 g (67%), m. p. 140-143 °C, 'H NMR (400
MHz, DMSO-ds) ¢ (ppm) 8.19 (s, 1H, Har), 8.05-7.95 (m, 3H, Ha),
s P 7.89-7.76 (m, 6H), 7.70 (t, J = 7.6 Hz, 2H, Har), 7.63-7.41 (m, 4H, Ha),
\)(@ 4.79 (s, 2H, CH,).*3C NMR (101 MHz, DMSO-ds) § (ppm) 193.69
s (C=0),141.34,141.10, 137.89, 135.08, 135.03, 133.16, 132.14, 131.87,
131.49, 131.39, 130.73, 130.54, 128.02, 127.73, 127.67, 126.38,
125.57,124.09, 123.22, 122.07, 122.07, 121.99, 119.90, 119.86, 119.83 (Car+imid.), 39.73 (CH2). FTIR
(v, cm™): 1632 (C=N), 1669 (C=0). Anal. Calc for C2;H1sBr.N,0S (578.32 g/mol): C, 56.08%; H,
3.14%; N, 4.84%; S, 5.54%. Found: C, 55.87%; H, 2.95%; N, 5.01%, 5.74%.

Br

&
5
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1-(4-Bromophenyl)-2-((1-(3-bromophenyl)-4-(3,4-dimethoxyphenyl)-1H-imidazol-2-
yl)thio)ethan-1-one (15b)
White solid, yield 0.257 g (66%) m. p. 170-172 °C,H NMR (400 MHz,
DMSO-dg) J (ppm) 8.04—7.46 (m, 9H, Har), 7.24-7.13 (m, 2H, Har), 6.89

Br
(N;(S 0 (d, J = 8.3 Hz, 1H, Har), 4.73 (s, 2H, CH>), 3.74 (s, 3H, CHs), 3.64 (s,
\ 47/ VKQ 3H, CHs). ¥C NMR (101 MHz, DMSO-ds) & (ppm) 193.33 (C=0),
B 148.71, 147.88, 141.33, 140.22, 137.99, 137.95, 136.83, 134.79,
NP 131.79, 131.37, 131.19, 130.38, 127.60, 127.57, 126.20, 124.04,
121.97, 118.23, 116.60, 111.80, 108.11 (Car+imid.), 55.47 (OCHs), 55.19 (OCHs), 38.89, (CHy). FTIR
(v, cm™): 1610 (C=N), 1690 (C=0). Anal. Calc for C2sH20Br.N.0sS (588 g/mol): C, 51.04%; H,

3.43%; N, 4.75%; S, 5.43%. Found: C, 50.85%; H, 3.42%; N, 4.82%; S, 4.54%:

2-((1-(3-Bromophenyl)-4-(naphthalen-2-yl)-1H-imidazol-2-yl)thio)-1-(naphthalen-2-yl)ethan-
1-one (16a)

Br White solid, yield 0.134 g (70%), m. p. 135-145 °C'. *H NMR (400
Q MHz, DMSO-ds) J (ppm) 8.87 (s, 1H, Har), 8.19-7.59 (m, 14H, Har),
\“»/S { 7.56-7.28 (m, 4H, Ha), 4.97 (s, 2H, CH). *C NMR (101 MHz,
" DMSO-ds) 6 (ppm) 194.33 (C=0), 141.53, 141.13, 137.92, 135.22,
QO 133.35, 133.08, 132.22, 132.06, 131.44, 131.36, 130.71, 130.67,
129.77, 128.88, 128.38, 127.94, 127.77, 127.68, 127.54, 127.51, 127.06, 126.19, 125.46, 124.11,
123.91, 123.20, 122.04, 122.01, 119.80 (Car+imid.), 39.86 (CH2). FTIR (v, cm™): 1627 (C=N), 1678

(C=0). Anal. Calc for C31H21BrN2OS (549.49 g/mol): C, 67.76%; H, 3.85%; N, 5.10%; S, 5.83%.
Found: C, 67.49%; H, 3.68%; N, 5.18%; S, 5.57%.

2-((1-(3-Bromophenyl)-4-(3,4-dimethoxyphenyl)-1H-imidazol-2-yl)thio)-1-(naphthalen-2-
yl)ethan-1-one (16b)
White solid, yield 0.278 g (71%) m. p. 153-155 °C, *H NMR (400 MHz,
Q/Br DMSO-ds) 5 (ppm) 8.78 (s, 1H, Har), 8.14-7.14 (m, 13H, Har), 6.80 (d, J
N s [ = 8.4 Hz, 1H, Har), 4.90 (s, 2H, CH2), 3.70 (s, 3H, OCHs), 3.45 (s, 3H,
) (T OQ OCHs).1*C NMR (101 MHz, DMSO-ds) 6 (ppm) 193.92 (C=0), 148.66,
147.81, 141.38, 140.44, 138.00, 135.14, 133.06, 132.16, 131.35, 131.17,
NP 130.52, 129.65, 128.83, 128.34, 127.69, 127.58, 127.00, 126.23, 124.08,
123.80, 121.95, 118.23, 116.61, 111.76, 108.05 (Car+imid.), 55.43 (OCHs), 54.99 (OCHs), 38.89 (CH>).
FTIR (v, cm™): 1626 (C=N), 1684 (C=0). Anal. Calc for Ca9H23BrN20sS (559.48 g/mol): C, 62.26%;
H, 4.14%; N, 5.01%; S, 5.73%. Found: C, 62.05%; H, 4.01%; N, 5.240%; S, 5.52%:
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General method of synthesis of compounds 17a, b
A mixture of the corresponding compound 1la or 11b (1 mmol), 2-(chloromethyl)-1H-
benzo[d]imidazole (1.2 mmol, 0.20 g), sodium bicarbonate (2 mmol, 0.168 g), and 7 ml of DMF was
stirred at room temperature for 48 h. Then the reaction mixture was diluted with 20 mL of water. The
precipitate was filtered, washed with water, then with a small amount of propan-2-ol, and dried. The
products 17a, b were purified by recrystallisation from methanol.
o Light orange, yield 0.378 g (74%), m. p. 193-196 °C, *H NMR (400
Q/ MHz, DMSO-ds) o (ppm) 12.50 (s, 1H, NH), 8.36 (s, 1H, Har), 8.24 (s,
\N»/s\/HZ\N‘Q 1H), 8.01-7.40 (m, 12H, Har), 7.15 (s, 2H, Har), 4.65 (d, J = 1.7 Hz, 2H,
N CH>). *C NMR (101 MHz, DMSO-ds) ¢ (ppm) 150.35, 143.12, 143.11,
OO 141.41, 140.97,137.91, 134.39, 133.31, 132.25, 131.42, 131.22, 130.87,
128.16, 128.12, 127.86, 127.68, 126.45, 125.63, 124.51, 123.40, 122.26, 121.90, 121.34, 120.27,
118.56, 111.24 (Car + imid. + benzimid.), 31.47 (CH2). FTIR (v, cm™): 3117 (N-H), 1627 (C=N). Anal. Calc
for Co7H19BrN4S (511.44 g/mol): C, 63.41%; H, 3.74%; N, 10.95%; S, 6.27%; Found: C, 63.39%; H,
3.62%; N, 10.99%; S, 6.48%:

2-(((1-(3-Bromophenyl)-4-(2,3-dimethoxyphenyl)-1H-imidazol-2-yl)thio)methyl)-1H-
benzo[d]imidazole (17b)
o Pinkish white solid, yield 0.236 g (60%), m. p. 110113 °C,'H NMR (400
Q/ MHz, DMSO-ds) ¢ (ppm) 12.48 (s, 1H, NH), 8.02 (s, 1H, Har), 7.75-7.59
N N m, 2H, Ha), 7.52-7.30 (m, 6H, Har), 7.14 (s, 2H, Ha), 6.98 (d, J = 8.3
{ »/S\/A\N ( ar) ( ar) ( ar) (
N Hz, 1H, Har), 4.57 (s, 2H, CH2), 3.79 (s, 3H, CHs), 3.77 (s, 3H, CH3). 13C
NMR (101 MHz, DMSO-ds) ¢ (ppm) 150.45, 148.85, 148.01, 147.98,
A / 141.67, 141.64, 139.99, 138.01, 131.28, 131.23, 131.12, 127.98, 126.32,
124.42, 121.82, 121.62, 121.58, 118.75, 118.70, 116.77, 111.91, 108.35 (Car + imid. + benzimid), 55.51
(OCHs), 55.47 (OCHg), 31.60 (CH2). FTIR (v, cm™): 1613 (C=0). Anal. Calc for C2sH21BrN4O,S
(521.43 g/mol): C, 57.59%; H, 4.06%; N, 10.75%; S, 6.15%. Found: C, 57.56%, H, 4.04%; N,
10.55%; S, 6.22%.
2.2. Biological Evaluation by the MTT Cytotoxicity Assay
The in vitro anticancer activity of compounds 4-17 was evaluated using A549 human pulmonary
adenocarcinoma cells (ATCC CCL-185). The cells were cultured in DMEM/F12 medium
supplemented with GlutaMAX, 10% heat-inactivated fetal bovine serum (FBS), and
penicillin/streptomycin (Thermo Fisher Scientific) at 37 °C in a humidified atmosphere containing
5% COs.. For the MTT assay, the cells were seeded in 96-well plates and incubated overnight. The

test compounds were dissolved in DMSO (stock solution: 10 mM) and added to the wells at a final
concentration of 100 uM, with the DMSO content maintained at <0.1%. Doxorubicin (DOX),
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cisplatin (CP), and cytarabine (AraC) were used as positive controls. After 20 h of exposure to the
compounds, MTT solution (0.5 mg/mL) was added to each well, and the plates were incubated for 4
h at 37 °C. The resulting formazan crystals were dissolved in anhydrous DMSQO, and the absorbance
was measured at 580 nm using a Multiskan microplate reader (Thermo Fisher Scientific). Cell
viability was calculated according to the following equation: ([A. — A_b] /[A ¢ — A _b]) x 100%,
where A. represents the absorbance of treated cells, A c corresponds to untreated control cells, and
A b denotes the blank. All experiments were performed in triplicate, and the data are presented as
the mean * standard deviation (SD). Statistical analysis was carried out using GraphPad Prism v9
(unpaired t-test), and differences were considered statistically significant at p < 0.05.
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3. Results and discussion
3.1 Synthesis of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4)

The precursor of thioureic acid 4 was synthesised using a literature procedure [66], which was adapted
to 3-bromoaniline. The synthesis was carried out in a multistep manner, starting from commercially
available 3-bromoaniline (1), as shown in Scheme 3.1. Compound 2 was obtained by a classical aza-
Michael coupling reaction between 3-bromoaniline (1) and acrylic acid. The reaction was carried out
in toluene at 50 °C for 24 h. Subsequently, 1-(3-bromophenyl)-2-thioxotetrahydropyrimidin-4(1H)-
one (3) was synthesised from 3-((3-bromophenyl)amino)propanoic acid (2) by reaction with
potassium thiocyanate in glacial acetic acid. Compound 4 was obtained by alkaline hydrolysis from
compound 3. After acidification of the alkaline solution with dilute acetic acid, the intermediate free
base was converted to the target 3-(1-(3-bromophenyl)thioureido)propanoic acid (4) in 87% yield
Scheme 3.1.

O,
Br Br /_>¥0H
CH,=CHCOOH
NH; NH
tolune, 50 °C, 24 h
1 2
KSCN
acetic acid,
reflux, 48 h
(0]
) /} O 5% NaOH), Br. N
10% acetic acid >_NH
N - » N\_):O
}—NHZ HCI, reflux, 30 min
4 S 3

Scheme 3.1. The synthesis of thioureido acid 4.

The structures of the synthesised compounds 3 and 4 were confirmed by H and 3C NMR, FTIR
spectroscopy and elemental analysis. In the *tH NMR spectrum, two triplets with a coupling constant
J=7.6 Hzat 5 4.15 and 2.54 ppm were assigned to methylene (CH-) protons. A broad singlet observed
at 8 6.93 ppm was assigned to the NH: group, confirming the structure of compound 4.

In the *H NMR spectrum of compound 3, the NH signals were observed to be sharp and not
broadened, as shown in Fig. 3.1., suggesting that no tautomerisation of exchangeable protons takes
place in DMSO. This interpretation is further supported by the FTIR spectrum, in which an absorption
band characteristic of an NH group was detected at 3141 cm™!. Taken together, these findings indicate
that 1-(3-bromophenyl)-2-thioxotetrahydropyrimidin-4(1H)-one (3) predominantly exists in the
thione form.
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Fig. 3.1. The NH proton signal in the *H NMR spectrum of compound 3

The *H NMR spectrum of compound 4 was characterised by a doublet at & 7.25 ppm, a triplet at &
7.39 ppm, and doublets at 6 7.49 and 7.55 ppm, which were assigned to aromatic protons. In addition,
a broad singlet at & 12.25 ppm was assigned to the hydroxyl (OH) proton. An expanded region of the
'H NMR spectrum of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4) is presented in Fig. 3.2.
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Fig. 3.2. Section of the *H NMR spectrum of 3-(1-(3-bromophenyl)thioureido)propanoic acid (4)

The thiol-thione tautomerism effect was also observed, as the migration of the NH2 proton to the
sulphur atom led to the appearance of two broad singlets in the aromatic region, which is consistent
with proton exchange processes. The characteristic resonance at & 181.80 ppm in the *C NMR
spectrum, corresponding to the C=S group, indicated that thioureic acid 4 in DMSO solution exists
predominantly in the thione tautomeric form. This assignment was further supported by FTIR data,
where the absorption band characteristic of the NH- group at 3358 cm™ confirmed the dominance of
the thione form in the solid state.
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3.2Thioureic acid 4 reaction with a-haloketones

A literature review indicates that thiazoles bearing a 4-aryl substituent exhibit significant anticancer
activity [66]. In this study, thiazole derivatives were synthesised from thioureic acid 4 by reacting
various 2-bromoacetophenone derivatives using a Hantzsch-type cyclisation mechanism. It has also
been reported [67] that in the absence of a base catalyst and when the reactions are carried out in
aprotic solvents, the reaction produces hydrogen bromide, and the products form insoluble salts.
Accordingly, treatment of thioureic acid 4 with various 2-bromoacetophenones in acetone at room
temperature gave the corresponding thiazole salts 5a—h. These salts 5a—h was subsequently converted
to the corresponding free bases by dissolving them in methanol and treating with sodium acetate. The
yields of the final products 5a—h ranged from 62% to 68% (Scheme 3.2). The structures of the
resulting compounds 5a—h were confirmed by *H NMR spectroscopy, as indicated by an increased
number of signals in the chemical shift region corresponding to aromatic protons, along with the
absence of signals attributed to the NHa group.

In this project, the reactions of compound 5a were also tested in tetrahydrofuran and acetonitrile
solvents. During the work, it was found that the products were also formed quickly, but the reaction
mixture was obtained in lower yields compared to acetone. It was also observed that impurities may
form when dissolving the corresponding hydrobromide salts of the products for a longer time and at
higher temperatures. This is most likely related to the heating conditions under which Fischer
esterification can occur. In addition, it was observed that a small amount of water can initiate an acid-
catalysed cyclocondensation, resulting in the formation of 1-(3-bromophenyl)-2-
thioxotetrahydropyrimidin-4(1H)-one (3), which can further participate in side reactions. Therefore,
the use of dry aprotic solvents is recommended. In addition, the conversion to free bases should be
carried out by dissolving the salts in methanol at room temperature, avoiding heating.
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Fig. 3.3. Section of the *H NMR spectrum of compound 5¢

In the *H NMR spectrum of compound 5c, a broad singlet at § 12.38 ppm was observed and attributed
to the OH group proton. Additionally, signals corresponding to nine aromatic protons were detected
within the characteristic chemical shift region. In the *3C NMR spectrum, a signal at approximately
0 172 ppm was assigned to a carbonyl carbon (C=0), confirming the presence of a carbonyl functional

group.
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Scheme 3.1. General synthesis of 2-aminothiazole derivatives 5, 7 and thiazolone 6.

The thiazole acid 4 was treated with chloroacetic acid in 5% aqueous sodium acetate in propan-2-ol
at 70 °C for 6 h to give the 4-oxothiazoline derivative 6 in 73% yield (Scheme 3.2). The reaction was
further investigated in aqueous systems using potassium carbonate, sodium carbonate and sodium
bicarbonate, as well as in a mixture of water and propanol containing sodium bicarbonate. In all cases,
the target products were not isolated or only very small amounts were obtained.
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Fig. 3.4. The *H NMR spectrum of 4-thiazolinone derivative 6

In the *H NMR spectrum of compound 6, a singlet was observed at § 3.95 ppm, which was assigned
to the protons of SCH> group. However, the remaining signals in the spectrum were not well resolved
into individual multiplets, which can be attributed to the presence of several nucleophilic centers in
the molecule 6 (Fig. 3.4). This interpretation was supported by the *3C NMR data, in which signals

42



corresponding to carbonyl-type carbon atoms were detected at 6 186.95 ppm (C=N), 183.12 ppm
(C=0) and 172.03 ppm (C=0), indicating to thiazolone structure 6 formation.

According to the literature[68], it is known that thiazole derivatives fused to a naphthoquinone moiety
exhibit notable biological activity. In the project, the target naphthoquinone-thiazole hybrid 7 was
obtained by treating thioureic acid 4 with 2,3-dichloronaphthalene-1,4-dione in acetic acid/sodium
acetate at 70 °C for 12 h (Scheme 3.2). According to the literature, acetonitrile and potassium
carbonate under reflux are suitable conditions for the synthesis of this class of compounds. However,
the application of these conditions did not give the desired result, and the target products were not
isolated from the reaction mixture. The formation of the thiazole ring in all compounds was confirmed
by H NMR spectroscopy, as indicated by the appearance of a characteristic aromatic CH: signal at §
6.95-7.23 ppm, accompanied by an increase in the number of signals in the aromatic region and the
disappearance of the thioureic acid 4 NH: proton signal.
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Fig. 3.5. Expanded region of the *C NMR spectrum of compound 7
In the 13C NMR spectrum, signals assigned to the NCH: carbon atoms were observed in the range of
0 48.7-32.3 ppm, and the corresponding resonances of aromatic carbon atoms appeared between 0
100 and 155 ppm. In the case of compound 7, the formation of the naphthoquinone-thiazole bicyclic
system was confirmed by three carbonyl signals at & 179.85, 174.97 and 172.29 ppm, corresponding
to two naphthoquinone carbonyl groups and one carboxylic acid group, as shown in Figure 3.5. In

addition, the compound was characterised by a characteristic brick-red colour. FTIR absorptions
confirmed the formation of the bicyclic system at 1700 cm™ (C=0) and 1588 cm™ (C=N).

3.3 Synthesis of chalcone-type derivatives 9a-k

The bifunctional intermediate 8, bearing both a reactive 5-acetyl group suitable for Claisen—Schmidt
condensation and a carboxylic acid moiety, was synthesised from thioureic acid 4 and
3-chloropentane-2,4-dione in acetone under reflux with 85% yield (Scheme 3.3). The reaction
proceeds via a regioselective Hantzsch-type cyclisation of the unsymmetrical a-chlorodiketone. The
mechanism is involved where nucleophilic attack of the thiourea sulphur occurs at the less hindered
a-chlorocarbon, followed by intramolecular cyclisation to afford the 4-methyl-5-acetylthiazole
scaffold in derivative 8, in agreement with literature reports [62].
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Scheme 3.3. Synthesis of derivatives 9a—k by Claisen-Schmidt condensation reaction.

Compound 8 was subsequently subjected to base-mediated Claisen-Schmidt condensation with a
series of aryl and heteroaryl aldehydes in methanol using aqueous NaOH, affording chalcone—thiazole
hybrids 9a-k in 62—77% yield (Scheme 3.3). The transformation proceeds via enolate formation at
the acetyl group, nucleophilic addition to the aldehyde, and subsequent dehydration to yield the
thermodynamically favoured E isomer of chalcone products. The formation of chalcones was
confirmed by *H NMR spectroscopy through the appearance of two characteristic -CH=CH- group
absent in compound 8, with coupling constants (J = 15-16 Hz) consistent with E-configuration[63] .
In contrast, compound 8 exhibited only the acetyl methyl singlet at & 2.33 ppm. According to the
literature, thiazole-chalcone hybrids preferentially adopt the E configuration. In the present study, no
signal splitting attributable to isomerisation was observed in the NMR spectra of the synthesised
chalcones, indicating the exclusive formation of the E-isomers.

To obtain compounds 9a-k, a Claisen—Schmidt condensation was carried out in a small volume of
an alcoholic solvent by adding saturated aqueous sodium hydroxide to the reaction mixture. Notably,
the products crystallised directly from the reaction mixture as the corresponding sodium salts, which
were readily converted into the free acids by dissolution in methanol followed by acidification with
acetic acid. However, this procedure proved unsuitable for several chalcone-type derivatives 9a—kK.
Therefore, calcium carbonate was employed as an alternative base. Under these conditions, the
reaction proceeded significantly more slowly, and reflux was required to obtain compounds 9c and
9j. The solvent selection was found to play an important role in both the reaction rate and the yield
of compound 9a. Prolonged reaction times were associated with an increased formation of side
products, which consequently diminished the formation of the desired compound.
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Fig. 3.6. Expanded region of the *H NMR spectrum of compound 9a

In the *H NMR spectrum of compound 9a, a broad singlet at § 12.39 ppm was attributed to the
hydroxyl proton. Signals in the region 6 7.79—7.25 ppm were observed predominantly as multiplets
and were assigned to the aromatic protons of the phenyl ring. A triplet at 6 4.17 ppm was attributed
to the CH: group, while an additional multiplet at & 2.71-2.55 ppm further supports the formation of
the chalcone structure in molecule 9a (Fig. 3.6).

3.4 Synthesis of imidazole-2-thione derivatives 11-17a,b

It is well established in the literature that compounds containing an imidazole ring exhibit significant
anticancer activity [69]. Therefore, in the present study, imidazole derivatives based on a
3-bromoaniline scaffold were synthesised, and their properties were investigated. Compounds 10a,b
were obtained by the reaction of 3-bromoaniline (1) with the corresponding 2-bromoacetophenones
in propan-2-ol with sodium bicarbonate The imidazole-2-thione precursors 11a,b were subsequently
prepared by treating the 2-aminoketone intermediates 10a,b with potassium thiocyanate in glacial
acetic acid at room temperature for 24 h.

In this study, several N-alkylation reaction conditions were investigated by varying both the solvent
and the base. It was observed that the reaction could proceed via competing pathways, leading to the
formation of side products. In particular, the use of methanol or stronger bases resulted in an increased
formation of by-products. The structure of compound 10b was confirmed by H and *C NMR
spectroscopy. In the *H NMR spectrum, a characteristic NH group proton resonance was observed at
0 6.18 ppm, along with a singlet at 6 4.65 ppm attributed to the CH: group protons.
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Fig. 3.7. The part of the *H NMR spectrum of compound 10b

The 3C NMR spectrum showed signals at & 194.62 ppm and 49.21 ppm, assigned to the carbonyl
(C=0) and methylene (CH:) carbons, respectively. Additionally, an increased number of signals in
the aromatic region further supported the proposed structure 10b.
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Scheme 3.4. Synthesis of imidazole-2-thione derivatives 12-16a,b.

According to the literature, alkylation of imidazole-2-thiones with bromoacetophenone derivatives
affords compounds that exhibit promising anticancer activity against various cancer cell lines.
Therefore, in this study, a series of S-alkylated imidazole-2-thione derivatives 12—16 was synthesised.
These reactions were efficiently carried out in polar aprotic solvents, where in situ-generated
hydrogen halides formed salts with the products. These salts are usually precipitated directly from
the reaction mixtures and can be easily converted to the corresponding free bases by treatment with
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sodium acetate. Imidazole-2-thiones 1l1la and 11b were then reacted with various 2-
bromoacetophenones to yield S-alkylated imidazole derivatives 12-16a,b.
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Fig. 3.8. The part of the *H NMR spectrum of compound 14a

The 'H NMR spectrum exhibited a singlet at § 4.80 ppm, confirming the presence of a proton of the
NCH2 group. Signals in the region & 7.0-8.5 ppm were attributed to aromatic protons, indicating the
presence of phenyl and heteroaromatic moieties. Compounds 17a and 17b were synthesised from
precursors 11a and 11b via reaction with 2-(chloromethyl)-1H-benzo[d]imidazole in the presence of
sodium bicarbonate in DMF at room temperature for 48 h, leading to the formation of benzimidazole-
substituted derivatives (Scheme 3.4). The reaction mixture was stirred at room temperature for
2-4 h. The S-alkylated products were obtained after standard work-up, treated with sodium acetate,
and subsequently crystallised from methanol, affording yields in the range of 67—-72%.

It is also known that compounds containing a benzimidazole moiety exhibit favourable biological
properties and often enhance overall biological activity [65]. 2-(Chloromethyl)-1H-
benzo[d]imidazole was synthesised from 2-chloroacetic acid and o-phenylenediamine and then used
in S-alkylation reactions of imidazole-2-thiones 11a,b to give the corresponding derivatives 17a,b.
All obtained compounds were converted to free bases before analysis. Structural confirmation was
based on spectroscopic data, which were consistent with those of structurally related compounds
described in the literature [66].

The structures of the obtained compounds were confirmed by NMR spectroscopy, as presented in fig.
3.9.
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Fig. 3.9. The part of the *H NMR spectrum of compound 17a

The 'H NMR spectrum exhibited a signal at & 12.50 ppm, which was attributed to NH protons,
confirming the presence of a heterocyclic thione moiety. Signals in the 6 7.0-8.5 ppm region were
assigned to aromatic protons, while a signal at approximately 6 4.5 ppm was attributed to a proton of
the methylene (CH2) group.

3.5 Biological activity studies of synthesised compounds 4-17 on A549 cells

The synthesised compounds were evaluated for their potential in vitro antiproliferative activity. The
assays were carried out using the human lung cancer cell line A549 at a fixed concentration of 100
uM. The A549 cell line is widely employed in preliminary anticancer screening studies.
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Fig. 3.10. Antiproliferative activity of all synthesised compounds (corresponding to series 4, 5a-h,
9a—k and 12-17a, b) against A549 human non-small cell lung cancer cells at 100 uM. The cell
viability (%) is normalised with the untreated control (UC). Reference drugs: cytarabine (CRI/AraC),
cisplatin (CP), gefitinib (GEF) and doxorubicin (DOX) are shown for comparison. Data are mean +
SD (n=3). Viability < 50% (dashed threshold) is considered active.

Cell viability was normalised to the untreated control (set at 100%) and compared with reference
anticancer agents, including crizotinib (CRI), cisplatin (CP), gefitinib (GEF), and doxorubicin
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(DOX). Reduced cell viability was interpreted as indicative of enhanced antiproliferative activity.
The obtained data demonstrate a discernible structure—activity relationship. Early-stage intermediates
and selected heterocyclic derivatives (compounds 4, 8, 5a-5h, and 7) exhibited minimal activity
against A549 cells, as evidenced by high viability values (83—102%). These findings indicate that, at
100 pM, the compounds exert negligible inhibitory effects on cancer cell proliferation. Therefore,
under the applied experimental conditions, these derivatives may be classified as biologically inactive
or weakly active. Conversely, several later-stage derivatives demonstrated pronounced inhibition of
A549 cell growth. The most active compounds — 9e, 9a, and 1la — reduced cell viability to
approximately 12%, indicating strong antiproliferative activity. These results suggest that compounds
9e, 9a, and 1la possess significant anticancer potential. Notably, compound 9a exhibited a cell
viability of approximately 17%, which is comparable to that of the reference drug doxorubicin
(DOX), for which cell viability was approximately 18%. Furthermore, compounds 9a, 9b, and 11a
demonstrated superior activity relative to the reference agents crizotinib (CRI), cisplatin (CP),
gefitinib (GEF), and doxorubicin (DOX) in this preliminary screening assay.

In conclusion, the antiproliferative activity of the compounds may be ranked as 9e > 11a > 9a. These
results indicate a clear correlation between biological activity and molecular structure. In particular,
the presence of a chalcone moiety, as observed in compounds 9a-9j, appears to contribute
significantly to enhanced antiproliferative effects, with compound 9e exhibiting the highest activity.
Similarly, compounds bearing imidazole-based frameworks 11a-15b demonstrated measurable
anticancer activity; however, their efficacy was generally lower than that of the chalcone-containing
derivatives. As the present evaluation was conducted at a single concentration (100 uM), further
studies are required to comprehensively assess the therapeutic potential of these compounds. Such
investigations should include ICso determination, apoptosis assays, and selectivity profiling against
normal cell lines prior to any consideration of their further development.

3.5.1 Activity of thiazole derivative compounds

Thiazole is an important heterocyclic compound that contains nitrogen and sulfur atoms on its core.
The area of thiazole derivatives is widely studied in medicinal chemistry since their ability to interact
with diverse biological targets through different interactions related with its SAR. Several thiazole-
containing molecules display different biological activities, such as anti-cancer [70], ant-microbial
[71], anti-inflammatory [72]. Therefore, thiazole might be considered as a useful scaffold in anti-
cancer drug design.

In this synthesised sequence of compounds having a thiazole ring from 5a-h and 7, tested against
A549 cell lines. The results confirm that the thiazole ring alone is adequate for better antiproliferative
activity. The results from the bar graph show that the synthesised compounds did not significantly
reduce A549 cancer cell growth in the test. The action could be affected by the absence of strongly
active pharmacophore clusters.
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3.5.2 Activity of chalcone derivatives

Chalcones are very important compounds in anti-cancer research due to the occurrence of
a,B-unsaturated carbonyl system. This enone scheme may act as a Michel acceptor, which may
interact with nucleophilic sites in the biological targets. Chalcones are well recognised for their anti-
cancer properties [73].

In my work, the chalcone-bearing thiazole hybrid series from 9a-9k shows good anti-cancer
properties. Compared to the different reference drugs, in contradiction of A549 cell lines and some
compounds show activity better than Doxorubicin (DOX). Most of the compounds show in this series
a medium range cell viability of approximately 36-57%, which shows moderate activity at 100 uM.
The most active compound in our entire series of synthesis was found to be compound 9e, which
reduces lung cancer A549 cell line viability to nearly 12%o, which is stronger than that of the reference
drug doxorubicin, which demonstrates an activity range of 18% of viability. The strong activity of
compound 9e could be based on its structural properties. Mostly related to the presence of the 2,6-
dichlorophenyl substituent. The two chlorine atoms are strong electron-withdrawing groups, and they
might be improving the electrophilic character of this a,p-unsaturated carbonyl arrangement. This
helps the compound to advance the interaction with the biological target and increases the cytotoxic
action. Similarly, compound 9a, a phenyl-substituted chalcone derivative, also shows strong activity
with 17% viability. This is almost equivalent to that of doxorubicin. Moreover, the derivatives 9b,
9d, 9f, 9h, 9i, 9j, and 9k display a weaker effect compared to the compounds 9e and 9a. We could
say that the substation on the aromatic ring plays a significant part in the biological activity.
Throughout, chalcone derivatives exhibited better anticancer activity than the simple thiazole
intermediate. The results show the chalcone moiety plays a major role in improving biological
activity. Among these compounds, 9e and 9a show strong activity against lung cancer A549 in the
cell viability test.

3.5.3 Activity of imidazole and imidazole derivatives

Five-membered heterocyclic rings covering two nitrogen atoms are a core in medicinal chemistry due
to their capability to form hydrogen bond exchanges with receptors, enzymes and improve binding
capability with biological targets. Many imidazole derivatives have shown decent anti-cancer[74],
ant-inflammatory [75], anti-fungal properties [76]. In my study, compound 11a, which belongs to
imidazole derivatives, shows good anti-proliferative activity against A549 cell lines with a viability
range of around 12%. The activity was stronger than that of doxorubicin and much stronger than
other reference drugs in the same screening assessment. The activity of 11a could be related to the
presence of an imidazole ring bearing a 2-naphthyl substituent. The imidazole ring can expand the
interaction with biological targets with the help of nitrogen atoms, while the naphthyl group increases
the aromatic surface and improves hydrophobicity by n-n interaction. In a comparison with thiazole
derivatives, imidazole displays good activity against the A549 cell line. The imidazole series
compound 11a shows good activity, while some other derivatives from 12a,b—17a,b show reasonable
activity. which states that the imidazole core is not only sufficient for strong anti-cancer activity. The
attached substituted groups are also very important for their activity.
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3.6 SAR of active compounds

Structure-activity relationship analysis revealed a clear dependence of antiproliferative activity on the
nature of the substituents. Of the tested compounds, the 2,6-dichlorophenyl-substituted chalcone-
thiazole derivative 9e exhibited the highest activity, which can be attributed to the presence of an
a,pB-unsaturated carbonyl system and electron-withdrawing chlorine atoms, which enhance
electrophilicity and interaction with biological targets. However, this compound exhibited slightly
reduced drug similarity due to its higher molecular weight (537.95), increased lipophilicity (LogP =
5.07), and one violation of Lipinski's rule.

The unsubstituted phenyl chalcone-thiazole derivative 9a also exhibited potent antiproliferative
activity, indicating that the chalcone-thiazole system itself is intrinsically favourable for anticancer
activity. Compared to compound 9e, compound 9a exhibited better drug similarity, lower molecular
weight (380), LogP 4.67, and no Lipinski rule violations, indicating a more balanced pharmacological
profile. The naphthalenyl-substituted imidazole derivative 11a also exhibited significant activity,
which may be related to the ability of the imidazole ring to form hydrogen bonds and polar
interactions, along with enhanced hydrophobic interactions provided by the naphthalene moiety.
Although compound 11a exhibited acceptable drug similarity (MW = 470.03, LogP = 4.49), the
expected CYP inhibition, high plasma protein binding, and potential toxicity require further
investigation. Overall, structure-dependent activity was observed in the A549 cell screening, and
compounds 9e, 9a, and 11a were identified as the most active. Chalcone-thiazole hybrids 9e and 9a
exhibited potent anticancer activity due to their electrophilic a,p-unsaturated system, while the
imidazole derivative 11a exhibited activity related to its heterocyclic interaction capabilities

3.7 ADMET analysis of active compounds 9a, 9, and 11a

The ADMET profiles of compound 9e,9a and 11a were compared using very important drug-related
activities such as physicochemical, pharmacokinetics, drug likeness and toxicity parameters.
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Fig. 3.11 Radar plot comparing physicochemical and drug-likeness properties of compounds 9a (A),
9e (B), and 11a (C).

All three compounds exhibited high plasma protein binding (>90%), indicating that only a small free
fraction is available for pharmacological activity. The blood—brain barrier (BBB) permeability was
predicted to be low for all compounds, suggesting limited central nervous system penetration.

In these compared compounds, compounds 11a and 9a showed better Lipinski-drug-likeness, and
compound 9e shows 1 violation due to high molecular weight and lipophilicity. The rest of the 2

51



compounds have molecular weights within the range. All 3 compounds showed hydrogen bond
acceptance and donations and TPSA values, which remark their basic physicochemical properties are
more likely within drug-like range. In terms of absorption, compound 9a shows better Caco-2
permeability, while compound 11a shows less permeability. And compounds 9a and 11a showed a
higher probability of P-gp inhibition. The predicted oral bioavailability profile was acceptable. But
very high lipophilicity

and high plasma protein of all 3 compounds may affect their free drug availability in systemic
circulation.

Table 3.1. Selected ADMET parameters and drug-likeness comparison of the most active compounds
9a, 9, and 11a.

ADMET Compound Compound Compound Observations

parameter number 9e number 9a number 11a

Molecular weight 537.95 380 470.03 Compound number 9a,11a are
following Lipinski limit, 9e is
slightly high

Logp 5.07 4.670 4.492 1la have most acceptable
lipophilicity

Lipinski rule | 1 0 0 Compound number 9a, 11a has

violation the highest predicted drug
likeness

BBB penetration 0.270 0.198 0.186 All have low BBB penetration
probability

Plasma protein | 99.546% 98.252% 99.267% All  compounds have high

binding plasma protein binding

CYP inhibition | High Moderate High Compound number 9e and 1la

risk inhibit more CYP enzymes

Plasma clearance 0.782 4.681 0.525 All 3 compounds show low
clearance

P-gp inhibitor 0.505 0.957 0.864 Compound number 9a and 1la
strongly inhibit p-gp

DILI risk 0.995 0.995 0.967 All shows predicted liver injury
risk

Caco-2 -5.153 -4.928 -5.387 1la shows better predictable

permeability permeability

Half-life 1,8h 0.584h 1.434h 9e shows longest half-life

hERG blocker risk | 0.142 0.243 0.148 All show low basic hERG
blocker probability

Genotoxicity 0.998 0.994 0.997 All  shown high predicted
genotoxicity

Skin sensitization 0.804 0.447 0.815 Compound 9e and 1la maybe

skin sensitizer

In terms of metabolism, compounds 9e and 11a were predicted to inhibit several cytochrome P450
(CYP) enzymes, indicating a potential risk of drug—drug interactions. In contrast, compound 9a
exhibited comparatively lower CYP inhibition, particularly toward CYP1A2 and CYP2CS8.

The excretion profile indicated generally low clearance for all compounds, although compound 9a
showed relatively higher plasma clearance compared with the others.

Toxicity assessment revealed several concerns, including predicted high risk of drug-induced liver
injury (DILI) and potential genotoxicity. Additionally, compounds 9e and 1la showed a higher
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probability of skin sensitisation, whereas the risk of hERG channel inhibition was low for all
compounds.

Overall, compound 11a demonstrated a balanced profile between biological activity and ADMET
properties, whereas compound 9e, despite its high activity, showed reduced drug-likeness due to its
higher molecular weight and violation of Lipinski’s rule. All compounds exhibited promising activity,
although further optimisation is required to improve their pharmacokinetic and toxicity profiles.

3.8 In silico study of active compounds 9a, 9e, and 11a.

A structure-based pharmacophore modelling and molecular docking study was performed to evaluate
the binding potential of selected compounds against the bacterial DNA gyrase B active site. The
crystal structure of the target protein was obtained from the Protein Data Bank (PDB ID: 3RHK),
which represents the ATP-binding domain complexed with a known inhibitor, 1-[(3R,4R)-4-(1H-
indol-3-yl)-2,5-dioxopyrrolidin-3-yl]pyrrolo[3,2,1-ij]Jquinolinium (PubChem CID: 53322946). The
target protein was selected based on literature data [74], which indicates that benzimidazole
derivatives exhibit inhibitory activity against DNA gyrase B. Due to the essential role of this enzyme
in bacterial DNA replication and the structural features of the ATP-binding pocket, DNA gyrase B
represents a well-established target for the design of novel antibacterial agents. The protein—ligand
complex was imported into LigandScout 4.5 Advanced, and a structure-based pharmacophore model
was generated. Key interaction features, including hydrogen bond donors and acceptors, hydrophobic
regions, and aromatic interactions, were identified and refined to retain only the most relevant binding
elements.

A set of synthesised compounds (9a, 9e, and 11a) was prepared as SDF structures using Chem3D
15.1 and energy-minimised by MMFF94 before analysis. These compounds were subjected to
pharmacophore screening and molecular docking within the active site of the 3RHK protein. Docking
results were evaluated based on binding affinity (kcal/mol) and RMSD values. The results are provide
to table 3.2.

Table 3.1. Docking results were evaluated based on binding affinity (kcal/mol) and RMSD values.

-13.20 1 0.00
-10.70 1 0.00
-10.10 1 0.00
-9.70 1 0.00

The reference ligand (M971) exhibited the strongest binding affinity with a docking score of -13.20
kcal/mol, confirming the reliability of the docking protocol. Among the tested compounds, compound
11a demonstrated the highest binding affinity (-10.70 kcal/mol), indicating a strong interaction with
the active site. Compound 9e showed moderate binding (-10.10 kcal/mol), while compound 9a
exhibited weaker interaction (-9.70 kcal/mol).

53



PHEL 2Z3ALA1226A ALIORZA

ALL092A ‘a—-<\\ f\/\Q - 5

— LEULL
;
D A
E71160A /k
NP
ALALLOSA
PHE 1089A
HO
o ILE1O84A o
9a PHE1089A LE 1082A 96
71160

(3RHK) [A] M971

Br PRO1158A
ALAL226A "
S

N
-—( LEU1157A nid MET1160A
A

kS
HEL1223A
LAL226A
%

Vv

N\ _NH
PHE1223A PHE1089A ALALLO8A
VAL1092A
_—
N MET1211A PHE1223A
LEUL157A
ALALI2ZE6A

METI1211A

D) - o8
ALA1108A VAL 1092A PHE1089A ILE1084A

1la
Fig. 3.10. Binding interactions of compounds 9a, 9e and 11a within the active site of the 3RHK
binding pocket. The ligand forms key contacts with amino acid residues through hydrogen bonding
and hydrophobic interactions, contributing to its stabilisation within the ATP-binding site of DNA
gyrase B.

All best-ranked conformations showed RMSD values of 0.00 A, indicating optimal docking poses
without structural deviation from the predicted orientation. The observed ranking suggests that
compound 11a most effectively mimics the key pharmacophoric features required for binding.

The in silico analysis demonstrated that compound 11a is the most promising candidate among the
tested molecules, exhibiting the binding affinity closest to the reference inhibitor. The results suggest
that effective binding within the 3RHK active site is primarily driven by key hydrogen bonding
interactions (notably with Asp73) and hydrophobic contacts within the binding pocket. Compounds
9e and 9a showed moderate to weak binding, indicating partial compatibility with the pharmacophore
model.
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Recommendations

Based on the results of my project, future studies are highly recommended to prove the anticancer
potential of the synthesised thiazole, imidazole and chalcone derivatives based on 3-bromoaniline.
Some of the synthesised compounds were highly active against the lung cancer cell line A549.
Therefore, further studies are needed to prove their therapeutic suitability as a commercial drug.
Future studies can also be extended to different cancer cell lines as well as normal cell lines to
determine their safety profile. Further automated studies, such as apoptosis assay, molecular target
validation, etc., molecular docking could also be considered to determine how the active compounds
bind to the receptor and how important this is for different targets. It is also recommended to modify
the existing structure to determine how electron attraction or acceptance in the heterocyclic rings can
affect the activity. It would also be possible to analyse how this property improves potency,
selectivity, solubility, etc., and pharmacokinetics could be analysed. Analysis of the most promising
compounds for IC50 studies could be considered. This could be done in light of advanced preclinical
studies. These recommendations will help in future studies to obtain a good anticancer drug
synthesised from 3-bromoaniline.
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Conclusions

. The synthesis of novel thiazole and imidazole derivatives was carried out, revealing that 3-
bromoaniline possesses favourable properties and can be considered a suitable synthon as well as
a biologically relevant fragment for the development of new potential anticancer agents.

. Structural modification of 3-bromoaniline derivatives containing thiazole or imidazole moieties
demonstrated that these scaffold are not only convenient for the synthesis of new compounds but
also play a significant role in determining biological activity.

. The analysis of the synthesised derivatives demonstrated antiproliferative activity against A549
human non-small cell lung cancer cells. The highest activity was exhibited by (E)-3-((3-
bromophenyl)(5-(3-(2,6-dichlorophenyl)acryloyl)-4-methylthiazol-2-yl)amino)propanoic  acid
(9e), 3-((3-bromophenyl)(5-cinnamoyl-4-methylthiazol-2-yl)amino)propanoic acid (9a), and 1-
(3-bromophenyl)-4-(naphthalen-2-yl)-1,3-dihydro-2H-imidazol-2-thione (11a).

. The structure—activity relationship analysis, supported by ADMET studies and molecular
modelling, indicated that specific structural features contribute significantly to anticancer activity.
Among the investigated compounds, 1-(3-bromophenyl)-4-(naphthalen-2-yl)-1,3-dihydro-2H-
imidazol-2-thione (11a) was identified as a promising candidate for further development.
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