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ABSTRACT

Thiosemicarbazones are synthetic compounds which are formed by the condensation
of carbonyl compounds with thiosemicarbazides. In thiosemicarbazone, sulphur (S) and
nitrogen (N) as donor atoms which are the combination of hard soft donor character
and having versatile co-ordination character. They have many chemical, biological and
medical properties e.g., antiviral. Thiosemicarbazones are believed to inhibit
ribonucleotide reductase, a necessary enzyme for DNA synthesis, as part of their
anticancer properties. As a viral enzyme involved in DNA synthesis and a major target
for the production of anticancer drugs, ribonucleotide reductase transforms

ribonucleotides into deoxy ribonucleotides.

All of the compounds (1-26) had greater inhibitory effects on the cancer cell lines MCF-
7, A431, A549, MDA-MB-231, and PNT-2 than the positive control (DMSO), with
ICso; values for MCF-7 (ICsp; 2.93 UM, 2), A431 (ICsp; 4.80 puM, 3), A549 (ICsp; 2.52
puM, 3), MDA-MB-231 (ICsp; 2.47 uM, 20) and PNT-2 (ICso; 2.54 uM, 20).

In this study, a series of 5-substituted (-OMe, -OH) and 5,7-disubstituted (-Br) N(4)-
thiosemicarbazones were synthesized and analyzed by elemental analysis, FTIR,
'H-NMR, ¥C-NMR, ESI-HRMS, UV-Vis, and single crystal X-ray crystallography.
The CHN, UV-Vis, and ESI-HRMS data all agreed with the hypothesized structures.
S 1
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CHAPTER 1

1. INTRODUCTION

1.1 Introduction

Cancer is a class of diseases that are characterized by uncontrolled cell proliferation
combined with malignant activity, and it is the major cause of death globally
(Paulmurugan, 2012). According to the International Agency for Research on Cancer's
GLOBOCAN series, there were 14.1 million new cases recorded and 8.2 million deaths
worldwide in 2012. As with the reported rate, the main causes of death were stomach
cancer (745 000 fatalities), liver cancer (1.6 million fatalities), and (723,000 deaths),
followed by breast cancer (1.67 million), colorectal cancer (1.82 million), and lung
cancer (1.36 million) (Ferlay et al., 2015). The estimated number of new cases of cancer
in 2018 was 18.1 million, with 9.5 million fatalities. Lung cancer is the leading cause
of cancer death in men, followed by prostate and stomach cancer, whereas breast cancer
is the leading cause of cancer mortality in women, followed by lung and colorectal
cancer (Bray et al., 2018). With 24.1 million new cases and 13.0 million deaths
anticipated from cancer by 2030, the mortality and morbidity of the disease would
likely continue to rise (Sanchez et al., 2019). GLOBOCAN 2018, in Nepal, estimated
new cancer were 103.7 and death rate were 77.8 per 100,000 population (Shrestha et
al., 2020). According to GLOBOCAN, there can be estimated 4,820,000 and 2,370,000
cancer cases in China and the United States, respectively, and 3,210,000 and 640,000
cancer fatalities in 2022 (Xia et al., 2022).

There are many cancer treatment methods like chemotherapy, surgery radiation,
immunotherapy, gene therapy and nanomedicine (Arruebo et al., 2011). A significant
obstacle for chemotherapy is the impact of multidrug resistance as cancer progresses.
MDR to biochemically unrelated medicines is caused by genetic changes in the drug-
induced apoptotic mechanism, which result in resistance to chemotherapy-induced
cancer cell death (Aung et al., 2017). Most genotoxic chemotherapy drugs have
devastating side effects, as well as causing cellular senescence in healthy tissues.
Senescent cells persist in the body for a long time, where they can induce or intensify
various chemotherapy adverse effects by promoting systemic and local inflammation
(Demaria et al., 2017).



Drugs used in chemotherapy destroy healthy tissues in addition to malignant cells. It
also has a number of side effects, including bone marrow suppression, nausea and
vomiting, neurotoxicity, and temporary baldness, due to less accurate drug carriers and
less effective targeting medicines (Haiguang et al., 2015). Reactive oxygen species are
responsible for or contribute to a number of anticancer medicine adverse effects,
including gastrointestinal toxicity and mutagenesis. It has specific side effects such
doxorubicin-induced cardiotoxicity, cisplatin-induced nephrotoxicity, and bleomycin-

induced pulmonary fibrosis (Conklin, 2000).
1.2 General structure of thiosemicarbazones

Thiosemicarbazones are an important class of Schiff bases that synthesize by reacting
thiosemicarbazides with carbonyl compounds (aldehydes or ketones). In
thiosemicarbazone sulphur (S) and nitrogen (N) act as donor atoms which are the
combination of hard soft donor character and having versatile co-ordination character
(Harness et al., 2008). The nitrogen (N) and sulphur (S) act as chelating agents which
cause decrease in solubility of the complexes and allow the complex to be isolated from
the solution. These chelating agents give complexes with many metal ions by linking

with thionate sulphur and hydrazine nitrogen atoms (Suvarapu & Baek, 2015).
1

R
H S >:O H S
3 \N R 1 \N_/<
: H,N N-H  aAcoH =N N—H
Amine |3 2 | 3
R R R
Thiosemicarbazide Thiosemicarbazone

Figure 1: Systematic procedure of N-substituted thiosemicarbazones

1.2.1 Tautomerization of thiosemicarbazone

The isatin ring and the thiosemicarbazone chain combine to form isatin-3-
thiosemicarbazone. The isatin moiety has planar six and five membered rings. An -NH>
group, a keto group, an imine linkage (C=N), a hydrazine hydrogen (NH), and a thione
(C=S) group are all possible hydrogen bond donors and acceptors. The presence of the
-NH group next to the keto group, as well as the -NH and -NH> groups next to the thione
group (C=S), results in a significant number of possible tautomer (Kohli et al., 2014).
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Figure 2: The possible tautomer of isatin-3-thiosemicarbazone (I-VI)

1.2.3 Synthetic procedures of N(4)-substituted thiosemicarbazides /

thiosemicarbazones
Thiosemicarbazides can be synthesized by reacting hydrazine hydrate with 4-methyl-

4-phenyl-3-thiosemicarbazide (4-mpt), carbon disulphide, sodium chloroacetate, and 2°
amine (Scovill, 1991, El-Sawaf et al., 2018).

HN™
/Rl
+ S=C==S + CICH,COONa H—N_ , + S=C=S + NaOH + CICH,COONa
R
N-methyl aniline 2°amine
N J L J
4 v
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R i
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R E .
D=N_ _R
R NHN

Thiosemicarbazone

Figure 3: General procedures of N(4)-substituted thiosemicarbazones.
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Thiosemicarbazones can be synthesized using a variety of methods like condensation
of an equimolar amount of aldehyde or ketone with thiosemicarbazide in the presence

of a catalytic amount of acetic acid (Ali et al., 2014, Muralisankar et al., 2016).

1.3 Modes of action of anticancer drug

Chemotherapy treatments are classified based on their mode of action, chemical
structure, composition, and homology to other drugs. Due to its various modes of

action, several drugs may fit into more than one category (Ratain, 2003).
1.3.1 Alkylating agent

Alkylating agents cause direct DNA damage to cancer cells, which stops them from
dividing and is effective at all phases of the cell cycle. Alkylating drugs are used to treat
a variety of malignancies, including lymphoma, leukemia, multiple myeloma,
Hodgkin's disease, and sarcomas (Abbas & Rehman, 2018). Examples; ifosfamide, and
melphalan, busulfan, thiotepa and altretamine (Ralhan & Kaur, 2007). Despite being
categorized as an alkylating anti-neoplastic drug, it is unknown exactly how altretamine
causes its cytotoxic effects. N-demethylation is the mechanism by which the drug is
converted into alkylating agents. As a result, these alkylating species damage tumor
cells (Keldsen et al., 2003).
H2(|3—CH2—CI [> N7

N‘ //O D /N N
L whs I
0 CH,—CH,—Cl ’\\‘> | |

Ifosfamide Thiotepa Altretamine

Figure 4: Structure of ifosfamide, thiotepa, altretamine

1.3.2 Antimetabolites

These drugs prevent DNA and RNA from growing. They have a strong influence on
the S phase and have been used to treat leukemia, ovarian, breast, intestinal cancers
and many others (Abbas & Rehman, 2018). Examples of antimetabolites are 5-
Fluorouracil (5-FU), 6-Mercaptopurine (6-MP), Cytarabine (Damaraju et al., 2008).
Mercaptopurine is converted to thioinosinic acid (TIMP) by the enzyme hypoxanthine-
guanine phosphoribosyltransferase (HGPRTase) in competition with hypoxanthine and
guanine. TIMP blocks a number of inosinic acid (IMP)-dependent processes, including

the conversion of IMP to xanthylic acid (XMP) and the conversion of IMP to adenylic



acid (AMP) via adenylosuccinate (SAMP). TIMP is methylated to create 6-
methylthioinosinate (MTIMP), which in addition to inhibiting TIMP, also inhibits
glutamine-5-phosphoribosylpyrophosphate amidotransferase. The first enzyme
specific to the de novo pathway for purine ribonucleotide synthesis is glutamine-5-

phosphoribosylpyrophosphate amidotransferase (Sahasranaman et al., 2008).

O SH
HN i NE
A PR
07 "N XN
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Figure 5: Structure of 5-FU and 6-MP
1.3.3 Anthracyclines

These drugs are a class of antibiotics effect all phase of cell cycle by targeting DNA
replication of enzymes. Excess dose can damage heart permanently (Abbas & Rehman,
2018). Examples of anthracyclines are Daunorubicin, Doxorubicin, Epirubicin,
Idarubicin (Le Bot et al., 1988). Epirubicin exhibits cytotoxic and antimitotic effects.
Through a number of proposed mechanisms of action, it prevents the synthesis of
proteins and nucleic acids (DNA and RNA): Epirubicin binds to DNA to form
complexes by intercalating between base pairs, and by stabilizing the DNA-
topoisomerase Il complex, it inhibits the activity of topoisomerase Il by preventing the
religation step of the ligation-religation reaction that topoisomerase Il catalyzes. By
preventing DNA helicase function, it also hinders DNA replication and transcription
(Cersosimo & Hong, 1986).

Daunorubicin Epirubicin

Figure 6: Structure of daunorubicin and epirubicin

1.3.4 Topoisomerase inhibitors
Topoisomerase inhibitors drugs stop DNA replication and are used to treated ovarian,

gastrointestinal and lung cancers (Abbas & Rehman, 2018). Examples of topoisomerase



| inhibitors are topotecan and irinotecan (CPT-11), and topoisomerase Il inhibitors are
etoposide (VP-16) and teniposide (VM-26) (Sorensen et al., 1995). Teniposide does
not facilitate the interaction into DNA or have a strong DNA-binding affinity, hence
the mechanism of action seems to be associated to the inhibition of type II
topoisomerase activity. DNA topoisomerase Il interacts to and is inhibited by
teniposide. Teniposide has cytotoxic effects on cells based on the proportion of double-
stranded DNA breaks that are generated in cells as a result of the stabilization of a

topoisomerase 11-DNA intermediate (Hande, 2008).
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Figure 7: Structure of etoposide and teniposide

1.3.5 Mitotic inhibitors

These drugs are plant alkaloids and inhibit mitotic phase of the cell cycle by damaging
another phase also. They are used to treat lung, breast, myelomas, leukemia and
lymphoma cancer (Abbas & Rehman, 2018). Example of mitotic inhibitors are
paclitaxel, docetaxel, vinblastine, vincristine and vinorelbine (Lugmani, 2005).
Vincristine is believed to have an anticancer effect principally through inhibiting
mitosis at metaphase through its interaction with tubulin (Graf et al., 1996).

Vinblastin Vincristine

Figure 8: Structure of vinblastin and vincristine



1.4 Rationale

Cancer is a major global health issue that affects both developing and advanced
countries. Cytotoxic activity refers to the ability of synthetic or natural chemotherapy
agents to inhibit, slow, or stop the progression of cancer.

The isatin molecule is a multifunctional moiety with a wide range of biological
capabilities, including cytotoxic activity. Anticancer pharmacophores were
incorporated into the isatin moiety to produce isatin derivatives, which showed promise
in overcoming medication resistance while reducing adverse effects (Ding et al., 2020).
The sulphur present in the thiosemicarbazone increase the anticancer potency that can
be compared with the corresponding semicarbazones (Osman et al., 2020). The
modification of N(4) position in cyclic ring of thiosemicarbazones enhance the
antitumor activities, increase solubility in organic solvent as well as inorganic solvent
and decrease toxicity. The synthetic adaptability of isatin has made it possible to
produce a wide range of derivatives with different structural characteristics, such as
those in which the aryl ring has been substituted and/or the nitrogen of isatin and C2/C3
carbonyl moieties have been modified. The mode of action of isatin derivatives consists
of the inhibition and/or modulation of proteases, translation initiation, neo-
vascularisation and tubulin polymerization (Vine et al., 2012). With regard to cancer
cell lines like breast, lung, and leukemia, a number of isatin-hydrazine hybrid structures
shown effective anticancer properties (Ferraz de Paiva et al., 2021). Isatin-triazole
hydrazones were identified as anticancer drugs but also powerful inhibitors of breast
cancer cell migration and Microtubule affinity-regulating kinase 4 (MARK4) (Hou et
al., 2020).

1.5 Objectives
The objectives of the present study are classified into two parts:
1.5.1 General objectives

i. Synthesis, characterization and exploration of anticancer activity of 5-methoxy,

5-hydroxy and 5,7-dibromoisatin thiosemicarbazones
1.5.2 Specific objectives

i. The synthesis of a series of 5-methoxy, 5-hydroxy and 5,7-dibromoisatin derived
N(4)-substituted thiosemicarbazones having general structure shown in Fig. 9.
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Figure 9: Synthetic scheme of 5-OMe, 5-OH and 5,7-disubstituted (-Br) isatin derived N(4)-
thiosemicarbazones

ii. Characterization of thiosemicarbazones by CHN analysis and various

spectroscopic techniques viz. IR, NMR, Mass spectrometry and UV-Visible
spectroscopy.

iii. To study the structure of the thiosemicarbazones by single crystal X-ray
diffraction crystallographic methods.

iv. Study the influence of different derivatives of isatin thiosemicarbazones on
anticancer activity against Breast cancer cells (MCF-7, MDA-MB-231),
Epidemoid carcinoma (A431), Human lung adenocarcinoma (A549) and Normal
prostate epithelial cell (PNT2)

v. To predict the structure of the ligand-receptor complex using computational

methods, look at the molecular docking of a molecule with a single X-ray crystal.



CHAPTER 2

2. LITERATURE REVIEW

2.1 Biological importance of thiosemicarbazones

The biological activity of thiosemicarbazones depends upon the nature of parent
aldehyde or ketone (Padhye, 1985). Medicinal importance of thiosemicarbazones is
well known due to a range of biological activities like antineoplastic (Yu et al., 2009),
antimicrobial (Souza et al., 2013), antibacterial (Aly et al., 2010), antifungal (Agarwal
etal., 2006), antiviral (Arora et al., 2014), and antimalarial (Khan et al., 2018). Triapine
(3-aminopyridine-2-carboxaldehyde thiosemicarbazone, 3-AP) is the most interesting
compound conducting clinical phase Il research among the thiosemicarbazones (De
Oliveira et al., 2015). The enzyme ribonucleotide reductase (RR), which facilitates the
conversion of ribonucleotides to deoxyribonucleotides, is highly inhibited by 3-AP,
which slows or stops DNA synthesis and cellular proliferation (Nutting et al., 2009).
Thiacetazone, also known as p-acetamidobenzaldehyde thiosemicarbazone, is one of
the most effective and affordable medications used to treat tuberculosis (Kaplancikli et
al., 2016). Mycolic acid cyclopropanation is inhibited by thiacetazone (TAC) and its
chemical equivalents. After receiving the medications, significant changes in the
amount and ratio of mycolic acids were seen in both the vaccination strain
Mycobacterium bovis BCG and the associated pathogenic species Mycobacterium
marinum (Alahari et al., 2007).
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Figure 10: Structure of triapine and thiacetazone
Methisazone is an effective compound against variola and vaccinia viruses (Pandeya et
al., 2005). In the treatment of smallpox, 1-methylisatin-3-thiosemicarbazone was
discovered to be effective (Khan et al., 2016). Inhibitors of types 1 and 2 of the herpes

simplex virus were tested using a variety of thiosemicarbazones synthesized from 2-



acetylpyridine, 2-acetylquinoline, and l-acetylquinoline, some of which were very
active (Haribabu et al., 2016). Isatin-B-thiosemicarbazones selectively kill multidrug

resistant P-glycoprotein over expressing tumor cells (Balachandran et al., 2018).

Amino substituted pyridine-2-carboxaldehyde thiosemicarbazones (5-AP) were tested
for their ability to inhibit ribonucleotide reductase activity as well as growth in culture
and in vivo in the L-1210 leukemia with ICso value 3.0 = 0.6 uM (Cory et al., 1995).
The ability of 5-AP to obstruct the thymidine and uridine incorporations into DNA and

RNA was examined.
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Figure 11: Structure of methisazone, and 5-AP
Di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) has been found to
exhibit a paradoxical hypertoxicity against the P-gp-overexpressing cervix carcinoma
cell line KB-V1 as compared to parental cell line KB-3-1 (Pape et al., 2016). Compared
to non-Pgp-expressing tumors in mice, Dp44mT more effectively targeted
chemotherapy-resistant human Pgp-expressing xenografted tumors in vivo.
Additionally, human tumor in mice demonstrated that Dp44mT had substantial anti-
cancer effect when applied to Pgp-expressing MDR cells as opposed to drug-sensitive
cells (Jansson et al., 2015). 6-methoxycarbonyl-substituted indolinones were identified
potent inhibitors of VEGFR-2 related endothelial cell proliferation with efficacy on
pericyctes and smooth muscle cells with ICso value 36 = 36 nM (Roth et al., 2009).
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Dp44mT 6-methoxycarbonyl substituted indolinone

Figure 12: Structure of Di-2-pyridylketone-4,4-dimethyl-3-thiosemicarbazone and 6-methoxycarbonyl
substituted indolinone

At lower doses, a-heterocyclic thiosemicarbazones and copper complexes were

reported to catalytically suppress topoisomerase-Ila (0.3-7.2 uM) and lowering the
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proliferation of breast cancer cells expressing excessive quantities of topoisomerase-
Ila (SK-BR-3). Micromolar Glso was found in antiproliferation assays with the breast
cancer cell lines SK-BR-3 (1.9 + 0.3 uM) and MCF-7 (2.0 = 0.2 uM), which express
high and low levels of Topo-Ila, respectively (Zeglis et al., 2011). Histone deacetylase
(HDAC) inhibitors and anti-proliferative efficacy against cervical carcinoma cell lines
have been described for 5-chloroisatin capped hydroxamic acid, with 1Csg = 0.97+ 0.26
uM (Singh et al., 2017). The cytotoxicity of isatin-p-thiosemicarbazones is increased
due to the presence of thiosemicarbazone part, a hydrogen bond acceptor atom and a
hydrophobic/aromatic moiety on the hydrazinic part. The methoxy group or halogenic
group increase the electron density of aromatic ring system which helps to enhance
reactivity. As MDRI inhibitors, compounds missing any of the parts (acceptor,
hydrophobic, aromatic ring, or thiosemicarbazone portion) are ineffective (Pelosi,

2010).
NH—OH

S\>’Nﬁ° 0

Clm Hydrophobic/aromatic i N-NH.~” 5
N

5-chloroisatin capped hydroxamic Isatin-B-thiosemicarbazones

acid

Figure 13: Structure of 5-chloroisatin capped hydroxamic acid and isatin-f-thiosemicarbazone and key
part shows cytotoxicity

2.2 lsatin

Isatin (1H-indole-2,3-dione) and its derivatives have a wide range of biological
activities and play an important role in medicine. Due to their biological activity, isatin
derivatives are synthetic substrates employed in the synthesis of a wide range of

heterocyclic compounds as well as being used as medicinal raw materials (Muglu et al.,

2019).
O
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Figure 14: Structure of isatin (1H-indole-2,3-dione)
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Isatin was first produced in 1841 by Erdman and Laurent from oxidizing indigo dye
with nitric acid and chromic acids (Vandana et al., 2017). It has been identified in plants
Isatis genus (lsatis tinctoria) (B), in the fruit of the cannon ball tree, Couroupita
guianensis Aubl (A), and Calanthe discolor Lindl, but in animals, parotid gland of the
Bufo frog (D) (lbrahim & Elsaman, 2018). These plants can be found in northern and
central China, and are used in traditional Chinese medicine (Khan & Maalik, 2015). It
is also found in mammalian brain, peripheral tissues, and body fluids. The investigation
of isatin levels in conventional and germ-free rats revealed a significant decrease in
urine isatin, but not tissue isatin, suggesting that gut flora mainly contributes to urinary
isatin (Medvedev et al., 2018). Its derivatives are also identified in fungi, Dicathais
orbita, an Australian marine mollusc (E) (Vine et al., 2012). It has also been found in
coal tar (Da Silva et al., 2001). It takes part in many synthetic reactions and play main

role of starting molecules in medical application.

Figure 15: Couroupita guianensis Aubl (A) Isatis tinctoria (B) Bufo frog (D) The marine mollusc (E)
The recent approval of a number of medicines that target tyrosine kinases has rekindled
interest in the development of synthetic protein kinase inhibitors as anticancer
medications. The USFDA has approved isatin-based compounds, compounds
undergoing various clinical trials, and several synthetic analogs substituted in their

place to block a variety of RTKs (Prakash & Raja, 2012). Isatin and its derivatives have
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various biological properties like antifungal, anti-inflammatory and analgesic;
antimicrobial; antiviral; antiasthmatic; antioxidant; herbicide; anticancer, among others
(Britto et al., 2020). The biological properties of isatin have increased by the
modification at position N-1, C-3, C-4, C-5, and C-7 of the isatin ring. Some anticancer
medicines that contain isatin, including indirubin, sunitinib, sesmaxanib, nintedanib, and
hesperidin, have the potential to treat a variety of cancers, including tumors that are

resistant to treatment (Hou et al., 2020).
2.3 Reactivity of isatin

Isatin showed various reaction like addition, substitution, chemoselective reductions,
oxidations, ring-expansions and spiro annulations at different position. Nucleophilic
addition at 3" position, aromatic substitution at 5" and 7" position in aryl ring,
nucleophilic addition and N-derivatization reaction at 2% position (Chauhan et al.,
2020).

C-3 substitution; imine, hydrazone,
spiro and oxindole derivatives

0

4

mono, di- and | 5 32

tri-substitution of | 0 C'g _SUC?S“E!U%H, spiro, indigo

the aryl ring A : TH and indirubin derivatives
N-alkyl, aryl, acyl substitution

Figure 16: Various substitution patterns for the development of different isatin analogues

N-alkylated isatins are thought to react more quickly than non-N-alkylated isatins. Even
though the nitro group has a meta interaction with the ketone carbonyl group, it was
revealed that the existence of a nitro group resulted in shorter reaction times (Garden
& Skakle, 2002). By increasing the number of electron-withdrawing groups on the ring
to produce combinations of dibromo-, tribromo-, iodo-, and nitroisatin derivatives, the
overall activity against a panel of human cancer cell lines was increased by up to 100-
fold. In the H1299 lung cancer cell line, O-acyl oximes suppressed neuronal ubiquitin
C-terminal hydrolase (UCH-L1) at sub-micromolar concentrations. After 48 hours,
human colon (DLD-1) and ovarian (PA-1) cancer cell lines exposed to C3-substituted
aminomethylene-lysine indolinone demonstrated cytotoxicity (ICso values varied from
10-17 uM) (Vine et al., 2013). In U937 cells, Vine et al. reported that 5,6,7-
tribromoisatin is anti-proliferative (and induces apoptosis) at low concentrations (4
uM), but cytotoxic (and induces necrosis) at high concentrations (130 uM) (Vine et al.,
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2007). In DAG-1 and RT112 bladder tumor cell lines, the most active compound,
azaaurone, suppressed proliferation and caused mortality via a fibroblast growth factor
receptor-3 (FGFR)-dependent mechanism (Gerby et al., 2007).

7 NH COOH
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5,6,7-tribromoisatin

Azaaurone

Figure 17: Structure of O-acyl oximes, aminomethylene-lysine indolinone, 5, 6, 7-tribromoisatin,
azaaurone

2.4 Cytotoxic effects of isatin

Isatin was revealed to be a crucial part of tribulin, an endogenous monoamine oxidase
type B selective inhibitor. It causes a lowering in food consumption by boosting
serotonin levels and directly altering the medial hypothalamus in the brain (Glover et
al., 1998). Higher levels of isatin have been observed in the cerebral fluid of people
suffering from bulimia nervosa (Brewerton et al., 1995). Isatin was evaluated against a
number of human cancer cell lines, such as HL60 (promyelocytic), PC12
(pheochromocytoma), and N1E-115 (neuroblastoma), and shown to be a cell
proliferation inhibitor in all of them. At a concentration of 100 uM, isatin induced DNA
disintegration and chromatin condensation during apoptosis, reducing cell proliferation
by 80% compared with controls. Only 20% of cells died at 10 uM, indicating that the
impact was concentration dependent (Cane et al., 2000). The efficacy of isatin on cell
growth was dose and time dependent, according to further research utilizing human
neuroblastoma SH-SY5Y cells with lower concentrations of isatin commenced to
apoptose after 48 h, whereas cells with higher concentrations of isatin displayed a late
apoptotic/necrotic response. With an apoptotic response of 82 %, cells having 400 uM

of isatin showed the most cell death (Igosheva et al., 2005).
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2.5 Cytotoxic effect of isatin derivatives

Tyrindoleninone (6-bromo-2-methylthio-3H-indol-3-one), was evaluated towards
U937 cells with ICso = 4 uM by using human monocyte-like, histiocytic lymphoma
cells. The 6-bromoisatin was more stable and showed minimal cytotoxic against U937
cells with ICsp = 74.8 uM (Vine et al., 2007). At an ICs of 223 uM (0.05 mg/mL), 6-
bromoisatin prevented HT29 cells from proliferating while also inducing apoptosis
without raising caspase 3/7 activity. 6-bromoisatin was observed to substantially
increase the apoptotic index (p <0.001) and decrease cell proliferation (p <0.01) in the
distal colon when treated in vivo at a concentration of 0.05 mg/g. However, 6-
bromoisatin led to a drop in plasma potassium levels, indicating a diuretic action.
Muricidae isolates include 6-bromoisatin, a good approach for the treatment of
colorectal cancer (Esmaeelian et al., 2014). N-phenethyl derivatives were found to have
moderate to sub-micromolar cytotoxic effects towards U937 cells (ICso = 0.78 uM),
with the most active compounds containing a hydrophobic bromo substituent in the

meta or para position.
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Figure 18: Highly cytotoxic brominated derivatives and structure of N-phenethyl derivative
Furthermore, the tumor cells exhibited elongated cell shape after exposure to these
substances, indicating that these analogues affect microtubule dynamics (Matesic et al.,
2008).

Isatin derivative (isatin-benzothiazole) had good action against MDA-MB-231, MDA-
MB-468 and MCF-7 cancer cells, with ICso values of 14.99, 5.26, and 4.23 mM,
respectively (Eldehna et al., 2015). Isatin-benzothiazole may allow us to efficiently
control tumors with few adverse effects and could destroy cancer cells 10-15 times
more effectively than non-cancer cells (Solomon et al., 2009). The non-small cell lung
cancer cell line HOP-92, the colon cancer cell line HCT-116, the CNS cancer cell line
SNB-75, the ovarian cancer cell line OVCAR-3, and the renal cancer cell line RXF 393

were all discovered to be highly active growth inhibitors of the 5-bromoisatin derivative
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with Glso; 0.01 uM, 0.018 pM, 0.0159 uM, and 0.0197 puM, respectively. The SAR
investigation showed that, in compared to 5-unsubstituted isatin analogs, attaching a
halogen (Br or Cl) to the 5-position of the isatin scaffold allowed for a gain of one log
unit of activity (Glso level) (Havrylyuk et al., 2012). Significant activity was
demonstrated by 5-chloroisatin with a 3,4-dimethoxy substitution in the aryl ring, with
Glso values of 8.54, 4.16, and 3.59 uM against MDA-MB-231, MDA-MB-4468, and
MCF-7, respectively. Due to their excellent electron-donating properties, the ketonic
groups of isatin is crucial. Potent activity was seen in the 3,4-disubstituted-isatin ring,
but not for bulky groups. A slight increase in potency against the cancer cell line MDA-
MB-231 was seen when chlorine was substituted at the 5™ position of the isatin ring
(Nath et al., 2020).
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Figure 19: Structure of isatin-benzothiazole, 5-bromoisatin derivative and 5-chloroisatin derivative

2.6 Biological activities of isatin thiosemicarbazones derivatives

The antituberculosis activities of 5-fluoro-isatin-3-thiosemicarbazones and 5-fluoro-1-
morpholino/piperidinomethyl-isatin-3-thiosemicarbazones were screened against
Mycobacteriumtuberculosis H37Rv using the microplate alamar blue assay (MABA)
or the BACTEC 460 radiometric system in BACTEC 12B (Ozkiitiik et al., 2010). In
vitro  antiproliferative  activity of (Z)-2-(5-fluoro-2-oxoindolin-3-ylidene)-N-
phenylhydrazinecarbothioamide against human colon cancer cell line (HCT 116) with
ICs0 = 31.4 uM was observed.

S\>/NH2 S\>/NH\Ph

N-NH N—NH
F / F /
N N
H H
5-fluoro-isatin-3-thiosemicarbazone ((2)-2-(5-fluoro-2-oxoindolin-3-ylidene)-N

phenylhydrazinecarbothioamide)

Figure 20: Structure of 5-fluoro-isatin-3-thiosemicarbazone and (Z)-2-(5-fluoro-2-oxoindolin-3-
ylidene)-N-phenylhydrazinecarbothioamide
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It is evident that the compound interfered with the cells of the group of ability to divide,
causing the majority of the cells to lose their pseudopodial extensions and viability

while only cellular debris remained in the growing media (Qasem et al., 2014).

With an in vitro PLA2 (~50% inhibition at ~200 mg/mL concentration) inhibition assay
and an in silico molecular docking analysis, 5-methoxyisatin-3-thiosemicarbazone was
explored in vitro antioxidant behavior and cytotoxicity against MCF-7 (50% inhibition
at 100 mg/mL). As evidenced by multiple hydrogen bonding and hydrophobic
interactions, in silico molecular docking investigations of the compounds at the active
region of PLA2 demonstrated the binding potential of the compounds (Saranya et al.,
2019).

N(4)-substituted 5-nitroisatin-3-thiosemicarbazones (a-c) have been found to be
effective antileishmanial agents with 1Cso values 1.78 £ 0.35, 0.44 + 0.02, 1.91 + 0.04
pg/mL respectively, outperforming the conventional medication pentamidine in terms
of leishmanicidal effectiveness. While the para-substituted drug (b) demonstrated
outstanding leishmanicidal action (ICso = 0.44 + 0.02 mg/mL), the ortho-substituted
molecule (a) indicated substantial activity with an ICso value of 1.78 = 0.35 mg/mL.
With 1Cso values of 1.91 + 0.04 mg/mL, the monofluoro-substituted compounds (c), on

the other hand, exhibited significant activity (Pervez et al., 2014).
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Figure 21: Structure of 5-methoxyisatin-3-thiosemicarbazone and 5-nitroisatin-3-thiosemicarbazones
derivatives (a-c)

5-chloro-1H-indole-2,3-dione 3-thiosemicarbazones were investigated against several
DNA and RNA viruses in CRFK, HelLa, HEL, MDCK and Vero cells. An inhibition
percentage of 50.41% was found for ethyl substituted. Methyl and n-butyl substitutes
had inhibitory rates of 38.19% and 40.55%, respectively. When compared to the alkyl
substituted compounds, the activity was much lower in the benzyl and 4-nitro-phenyl
substituted derivatives (Ermut et al., 2013).
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Using the MTT assay, Juranic et al., found that isatin-p-thiocarbohydrazone and N-
ethylisatin-B-thiocarbohydrazone exhibit cytotoxic effects on B16 (murine melanoma),
HeLa (human cervical cancer), and human peripheral blood mononuclear cell (PBMC)
lines. N-ethylisatin-p-thiocarbohydrazone was three times more effective than isatin-f-
thiocarbohydrazone against both neoplastic cell lines (ICso = 10.4 uM vs. 34.2 uM for
B16 and ICs0=21.9 uM vs. 61.7 uM for HeLa). The isatin-B-thiocarbohydrazone has a
higher cytotoxicity against non-stimulated human blood mononuclear cells (ICso = 17.6
uM vs.> 47.0 uM, respectively) than N-ethylisatin-p-thiocarbohydrazone (Vine et al.,
2012). HelLa cells were the most resistant to the cytostatic isatin-p-thiocarbohydrazone
activity, whereas non-stimulated human PBMC appeared to be the most sensitive.
When compared to HeLa or PBMC cells, N-ethylisatin-B-thiocarbohydrazone had an
antiproliferative effect that was more than 2 to 5 times stronger for B16 cells, and it was
more than three times as intense as isatin-p-thiocarbohydrazone for melanoma cell

growth suppression (Juranic et al., 1999).
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Figure 22: Structure of 5-chloro-1H-indole-2,3-dione 3-thiosemicarbazones derivatives and isatin-f3-
thiosemicarbazones

It has been reported using a single dosage of 1-(4-dimethylamino) benzylidene)-5-(2-
oxoindolin-3-ylidene)thiocarbohydrazone with 1Cso value 1500 mg/kg, and test doses
of 50 and 100 mg/kg were used to assess hepatotoxicity in rats. As evidenced by the
existence of mild to moderate hepatic cords, lack of necrosis, and decreased fatty
infiltration, it demonstrated considerable dose dependent liver protection against the

toxicant (Tejasree et al., 2013).

Anticancer activity of 5-nitroisatin-4-thiomorpholinyl-3-thiosemicarbazone against
MCF-7, MDA-MB-231, A431 and PNT2 was investigated in vitro with 1Cso value 1.53
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uM, 0.71 uM, 1.34 uM and 0.38 uM respectively. When compared to alkyl groups, the
substitution of the N(4) position by a heterocyclic group, thiomorpholinyl group, had
more anticancer activity (Singh et al., 2021).
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Figure 23: Structure of 1-(4-dimethylamino) benzylidene)-5-(2-oxoindolin-3-ylidene)
thiocarbohydrazone and 5-nitroisatin-4-thiomorpholinyl-3-thiosemicarbazone

A series of 5-chloroisatin derivatives with piperazine moiety have been shown to have
anti-proliferative effects against two human cancer cell lines. Those compounds were
particularly effective against A549 lung cancer cells, with ICso values of 3.59 and 5.58
MM, respectively, and shown high activity against HCT-116 colon cancer cells with
ICso values of 4.57 and 3.49 uM. The antiproliferative activity was influenced by the
presence of a substituent at the 5-position, with 5-chloro substituted compounds being
the most effective with ICsg values of 3.49 uM against HCT-116 cells. The insertion of
a phenyl group attached to the piperazine ring as a substituent at position 2 was helpful
in maintaining the activity, and the steric effect of substituents was more significant for
potency than the electronic effect (Lin et al., 2013).

Solomon et al. examined a variety of 4-piperazinylquinoline-isatin-thiosemicarbazone
derivatives for their cytotoxic effects on the MDA-MB-468 (Glso; 15.88 + 0.15 — 28.41
+ 1.21uM) and MCF-7 (Glso; 15.12 + 0.34 — 16.93 + 0.68 uM) human breast cancer
cell lines, as well as the 184B5 (Glso; 49.02 + 1.68 — 47.43 + 1.23 uM) and MCF10A
(Glso; 65.62 £ 1.68 — 24.03 £ 1.02 uM) non-cancer breast epithelial cell lines. In
comparison to isatin ring systems with 4-chloro or 6-chloro substitution, 7-chloro
substitution on 4-piperazinylquinoline ring systems hybridized with 4-bromo
substituted isatin ring systems showed an increased cytotoxic effect on MDA-MB-468
and MCF-7 cells. In comparison to isatin ring systems with 4-chloro or 6-chloro
substitution, 7-trifluoromethyl substitution on 4-piperazinylquinoline ring systems
hybridized with 4-bromo or 6-bromo substituted isatin ring systems showed less

cytotoxicity on two breast cancer cell lines studied. This finding makes it abundantly
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evident that a substantial steric bulk (CFs) substitution on the 4-piperazinylquinoline
ring system's 7" position is not advantageous for increasing cytotoxicity on breast
cancer cells (Solomon et al., 2010).
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Figure 24: Structure of 5-chloroisatin derivatives and 4-piperazinylquinoline-isatin-thiosemicarbazone

The antiproliferative effects against cervical cancer (HelLa) and kidney fibroblast
carcinoma (COS-7) cell lines were assessed by Gabr et al., using synthetic isatin--
thiocarbohydrazone derivatives with 1Cso values of 1.51 and 2.19 yuM. The anticancer
activity against Hela and COS-7 cell lines was significantly increased by adding a 2,6-
dihalogen substituted phenyl ring to isatin-B-thiocarbohydrazones. Additionally,
compared to its 2,6-dichlorophenyl analog, the inclusion of a 2-chloro-6-fluorophenyl

moiety showed increased activity (Gabr et al., 2017).
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Figure 25: Structure of isatin-B-thiocarbohydrazone

2.7 Biological importance of 5-methoxyisatin

In addition to its anticancer properties, carboxyethenyl isatin derivatives are made using
5-methoxyisatin. 5-Methoxyisatin is also exploited in the COMFA and CoMSIA
procedures for 3D-QSAR study of anti-cancer drugs with ICsg value 3.74 and 3.45 uM
(Pourbasheer & Amanlou, 2014). SU9516 (5-methoxyisatin derivative) is a possible
CDK inhibitor that has the ability to cause apoptosis in colon cancer cells (Pakravan et
al., 2013). Cyclin-dependent kinase (cdk) inhibitor SU9516 had reported ICso values
for cdk2, cdkl, cdk4, and cdk9 of 0.02, 0.04, 0.2, and 0.9 uM, respectively. It promoted
G1 and G2-M cell cycle arrest and inhibited pRb phosphorylation, which increased the
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development of the pRB/E2F complex. It was a strong cdk2 inhibitor, and compared to

cdk4 and cdkl, it was 1.8 and 9 times more selective for cdk2 (Lane et al., 2001).
I o J ’\\'

o] | \
0 0 /  NH
N =0
H NH
5-methoxyisatin SU9516

Figure 26: Structure of 5-methoxyisatin and its derivative (SU9516)

2.8 Biological importance of 5-hydroxyisatin

Medvedev et al., investigated a number of isatin derivatives for their ability to inhibit
human MAO A (ICso; 8.4 £ 1.4 uM) and B (ICso; >100 uM) in vitro. 5-Hydroxyisatin
inhibits MAO A more effectively and selectively than isatinic acid , with an I1Cso of 8.4
uM (Medvedev et al., 1992). Treatment with 5-hydroxyisatin dramatically reduced the
endogenous activity of ERK. It was more effective than isatin at preventing the
phosphorylation of ERK2. Due to the fact that neither substance affected the
phosphorylation of ERK1, these effects seem to be very selective (Medvedev et al.,
2007). With regard to the proliferation of the BALB/c3T3, BBC, and N1E-115 cell
lines, the ECso of 5-hydroxyisatin was 15-25 uM; comparable efficacy was also
attained with the PC12, HL60, and NIH 3T3 cells (ECso values of 54.7 £ 6.3.6, 58.2 £
11.7, and 34.8 + 6.3.2 uM, respectively). In comparison to the C-3 ketone function
(isatin), the presence of a hydroxyl radical at the C-5 position (5-hydroxyisatin)
appeared to confer increased potency (Cane et al., 2000).

0 0
HO
0 OH
N
H NH,
5-hydroxyisatin Isatinic acid

Figure 27: Structure of 5-hydroxyisatin and isatinic acid
The cytotoxic activities of 5-hydoxyisatin were evaluated on human promyelocytic
leukemia HL60 cell which were lower than 2,6-di(tert-butyl)-4-hydroxytoluene (BHT)
as well as screened towards rat liver microsome/tert-butylhydroperoxide system-
induced lipid peroxidation and hydrogen peroxide-induced intracellular oxidative
stress. It was evaluated 15.7-times stronger DPPH radical scavenging activity than uric

acid, and having lower cytotoxicity in HL60 cells (Yasuda et al., 2013).

21



2.9 Biological importance of 5, 7-dibromoisatin analogue

The cytotoxicity of 5,7-dibromoisatin analogue was investigated towards four human
cancer cell lines: colon HT29 (ICso; >50 uM), breast MCF-7 (ICsg; 22.45 + 1.12 uM),
lung A549 (ICsp; >50 uM), and melanoma UACC903 (ICso; 26.5 £ 1.8 uM)
(Bheemappa, 2021). The N-benzylation analogue of 5,7-dibromoisatin enhanced
apoptosis in lymphoma cells by inducing microtubules and was effective against a
variety of human cancer cell lines, as well as a metastatic breast adenocarcinoma cell
line (MDA-MB-231 with ICsp; 1.91 uM) (Krishnegowda et al., 2011). The cytotoxic
effect of 5,7-dibromoisatin was tested against U937 cells (ICso = 10.5 uM), whereas the
nitro (5-nitroisatin with 1Cso; 132 uM) and methoxy (5-methoxyisatin with ICso; 420
uM) substituents at position 5 of isatin reduced cytotoxic activity against U937 cells.
The activity of isatin was significantly boosted by the addition of electron-withdrawing
groups at positions 5, 6, and 7, with substitution at position 5 being the most

advantageous (Vine et al., 2007).
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Figure 28: Structure of 5,7-dibromoisatin and its hybrid
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CHAPTER 3

3. MATERIALS AND METHODS

3.1 Materials

5-methoxyisatin (98%), 5,7-dibromoisatin (98%), thiomorpholine (98%), morpholine
(98%), 2,6-dimethylmorpholine (98%), 1-(2-pyridyl)piperazine (98%),
hexamethyleneimine (98%), hydro bromic acid (HBr) (48%), and N-methyl aniline
(98%) were purchased from Alfa Aesar. Piperidine, pyrrolidine, 4-methyl-3-
thiosemicarbazide (98%) and 4-ethyl-3-thiosemicarbazide (98%) were purchased from
Sigma-Aldrich. Carbon disulphide (99%) (Qualigens fine chemicals), sodium
chloroacetate (98%) (Chemical center, India), hydrazine hydrate (98%) (Fisher
scientific), dimethylamine (Sod Fine Chemical Limited, SDFL), acetonitrile (99%)
(Merck), methyl alcohol (99%) (Merck), ethyl alcohol (99.9%) (Analytical CS reagent),
diethyl ether (99%) (Merck), glacial acetic acid (99%) (Fisher scientific), concentrated
hydrochloric acid (Merck), sodium hydroxide (98%) (Fisher Scientific), Ethyl acetate
(98%) (Qualigens Fine Chemicals), Sodium sulphate (98%) (Fisher Scientific) and used

as received. Solvents were purified according to the standard procedures.
3.1.1 Cell lines of compounds (1 — 6)

A549, MCF-7 and A431 cell lines were cultured in complete DMEM media.

3.1.2 Cell viability assay

Cell viability of A431, MCF-7, and A549 cells were assessed by crystal violet assay.
Approximately 5x10° cells were seeded in each well of 96 wells plate. Cells were
treated with different concentration of compounds and incubated for 48 h. After 48 h,
the media was discarded. Cells were stained with 80 mL (0.4%) crystal violet that is
prepared in 50% methanol and incubated for 30 minutes on a bench rocker with 20
oscillations per minute. After that, cells were washed by dipping in a beaker filled with
tap water; this prevents the washout of cells. Culture plates were kept overnight for air
dry at room temperature. Next day, 150 pL of methanol was added in each well and
kept on a rocker for 30 minutes. Finally, optical density was measured in micro-plate

reader at 570 nm.
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3.1.3 Colony formation assay

A431 cells were analyzed to form colonies. 1000 cells were seeded in each well of six-
well plates and incubated for 24 hrs. The cells were treated with the respective
compounds in different concentration (0.1 % DMSO as a control, 0.3 uM, 1 uM, 3 uM,
and 10 uM). Fresh media was added by replacing the used one in every 72 h, followed
by the treatment with respective concentration of compounds. The cell culture was
maintained for 10 days with change of media after every two days. After 10 days
colonies were washed with DPBS, fixed with methanol and stained with 0.4% crystal
violet which was prepared in 50% methanol. The culture plate was air dried and

colonies were counted using Image J software.
3.1.4 Propidium iodide staining

Around 1.5x10° cells/well were seeded in a six-well plate and after 24 h, treated with
different concentration of compound (0.1 % DMSO as a control, 0.3 uM, 1uM, 3 uM,
10 uM). Cells were incubated for 48 h. The cell along with media from the same tube
was harvested after 48 hours in 1.5 mL micro-centrifuge tubes. Micro-centrifuge tubes
were centrifuged at 3000 rpm for 5 minutes and washed with DPBS twice. Immediately
after that, 80% ice-cold ethanol was added while vertexing the tube to minimize the
clumping of cells. After that samples were centrifuged and given a DPBS wash twice.
After adding PI, cells were incubated at 40° C for 30 minutes. The cells were then

analyzed with Flow Cytometry.
3.1.5 Cell cycle analysis

For cell cycle analysis, around 1.5 x 10° cells/well were seeded in a six-well plate and
were harvested after 48 hours of treatment. After three PBS washes, cells were fixed
with 80% ice-cold ethanol. After incubation with RNase and PI stain for 30 minutes,
cells were analyzed by FACS machine and cells in different phase were quantified. The

percentage of cell with GO/G1 DNA content was used as a measure of apoptosis.
3.1.6 Cell lysate preparation

After 48 hours incubation, cells were washed with DPBS and 50-80 pL of 2X SDS lysis
buffer was added (depends upon confluence of cells). The cells were collected with the
help of cell scrapper and collected into the MCT. After that cell were sonicated at 30%

of amplification for 10 seconds with 10 seconds interval for three cycles. Sonication
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was done by keeping MCT in a 50 mL beaker filled with ice to avoid protein
degradation. Samples were centrifuged at 16000 g for 20 minutes at 40° C. Supernatant
was collected in fresh MCT and kept at -80° C.

3.1.7 Protein estimation by BCA kit

Pierce ™ BCA protein assay kit was used to know the total protein concentration in the
samples. BCA reagent A and reagent B were mixed in 50:1 ratio respectively. Then,
200 pL mixtures were added in each well containing 25 pL of protein samples (Protein
samples can be diluted by adding PBS). After that, plate was incubated for 30 minutes
at 37° C. The absorbance was taken at 562 nm. After plotting the absorbance (Y -axis)
vs concentration graph (X-axis), an equation was obtained. From that equation the
concentration of protein samples was calculated. To see the expression of particular
protein, in each well of SDS gel, add equal amount (25 ug) of total protein. Thus, while
dividing 25ug with concentration of protein each MCT gives the volume of protein
should be withdrawn for one well. Protein concentration and loading dye should be in
1:0.25.

3.1.8 SDS gel running

According to the molecular weight of protein that is of interest, the percentage of gel is
determined. For higher molecular weight protein gel with lower percentage of gel is
prepared and vice-versa. After transferring the gel into running buffer and then samples

were loaded into the separate well.
3.1.9 Transferring proteins from gel to PVDF membrane

1X transfer buffer was prepared and kept in ice to chill down. Foam pads and filter
paper was soaked in 1X transfer buffer. Polyvinylidene difluoride (PVDF) membrane
was taken the same size of the gel and activated by dipping it in Methanol for 2 minutes.
On a transfer cassette, the gel sandwich was prepared in the order: Sponge, filter paper,
gel, PVDF membrane, filter paper, and sponge. While putting PVDF membrane above
gel, 1X transfer buffer was flooded to avoid the bubbles in between. The transfer
cassette was then arranged in a transfer apparatus, which was kept on the gel tank filled
with 1X transfer buffer. Ice-pack is kept inside the tank and tank is kept on the ice box.

Transfer was done at 90 volt for 2 hours.
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3.1.10 Blocking the membrane

After the transfer is over, the PVDF membrane is kept in 5% skimmed milk for one
hour for the blocking of unspecific proteins. 5% skimmed milk was prepared in TBST.

3% BSA is also used as a blocking agent.
3.2 Biological screening of compounds (7-26)

3.2.1 Materials

Human cancer cell line MCF-7, and MDA-MB-231 (breast cancer), A431 (epidermoid
carcinoma), A549 and, NCIH-460 (Lung Cancer), PC-3 prostate cancer cell lines were
purchased from National Center for Cell Science, Pune, India and PNT-2 prostate
normal epithelial cell lines were received from Seoul National University, South Korea.
Cells were cultured in DMEM media, purchased from Invitrogen (California, USA)
supplemented with 10,000 units/mL, penicillin and 10 mg/mL streptomycin in 0.9%
normal saline, purchased from HIMEDIA and 10% heat-inactivated fetal calf serum
purchased from Invitrogen (California, USA). Cell culture grade DMSO and Crystal
Violet reagents were purchased from Sigma Aldrich (USA).

3.2.2 Cell culture and treatment

MCF-7, MDA-MB-231, A431, A549, NCIH-460, PC-3 and PNT-2 cells were cultured
in DMEM medium supplemented with 10% fetal bovine serum and penicillin-
streptomycin at 37° C in 5% CO- incubator. Cells were treated with 10 uM synthetic

thiosemicarbazones for 72 h for screening and compared cell viability with PNT-2 cells.

3.2.3 Cell viability assay

Cell viability was assessed with Crystal Preparation of 0.5% Crystal

Violet Assay; 3000 of each MCF-7, MDA- | violet: For 100 mL CV solution —

MB-231, A43L, A549, NCIH-460, PC-3 and | 0- 9 Of methyl violet added in100
) mL Milli-Q water.

PNT-2 2500 cells per 100 pL of medium per

well in 96-well plate. After attachment of cells to the surface treatment with different

concentration of NP-4301 was done including control (DMSO), further incubated for
next 72h. Then removed the medium and added 50 uL of 0.5% Crystal Violet solution
to each well, incubated at room temperature on a bench rocker with a frequency of 20
oscillations per minute for 20 minutes. Appropriately washed and kept for drying, then

added 200 pL of methanol to each dried well and again kept on bench rocker at room
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temperature for 20 minutes. Utilize a microplate reader to determine the optical density
(OD570) of each well at 570 nm.

3.3 Instrumentation

The synthesized compounds were characterized by Elemental analysis, FT-IR, NMR,

HR-MS, UV-Vis and single crystal X-ray analysis.
3.3.1 Melting point determination

Melting point of synthesized compound were determined by using Philip Haris Melting

apparatus at Central Department of Chemistry (CDC), Nepal.
3.3.2 Elemental analysis

Elemental analysis was performed by using a LECO Truspec Micro analyzer at 1T

Madras, India.
3.3.3 Infrared Spectroscopy

IR spectra were measured in the range of 4000-400 cm™ by using a SHIMADZU,
Tracer 100 FTIR spectrometer at Central Department of Chemistry (CDC), Nepal. The
neat samples were used and the data collection was made by using Origin software

version 9.0.
3.3.4 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra were collected in DMSO-deg at room temperature on 400 MHz by using
TMS as an internal standard on a Bruker advance Il HD NMR spectrometer at 11Sc,
Bangalore, India. The magnetic properties of deuterium atoms are sufficiently different
from those of ordinary hydrogen that they do not exhibit peaks in the region of the

spectrum.
3.3.5 High Resolution Mass Spectroscopy (HRMS)

Mass spectra were recorded in the range 600-200 m/z using a LC-QTOF-HRMS Mass

Spectrometer at 1IT, Madras, India.
3.3.6 UV-Visible Spectroscopy

UV-Visible spectra were recorded in the range of 600-200 nm using a SPECORD®200
PLUS UV-visible spectrophotometer in the solvent EtOH, MeOH and CHClI; solution
at Tribhuvan University, Central Department of Chemistry (CDC), Nepal.
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3.3.7 Single Crystal X-ray Crystallography Study

The single crystal of some synthesized thiosemicarbazones were recorded by using
Bruker D8 VENTURE diffractometer with PHOTON |1 detector diffractometer at 11T
Madras, India. The single crystal diffraction data were collected at 298 K on Bruker D8
VENTURE diffractometer with PHOTON |l detector with Mo/K, radiation (A =
0.71073 A). The data were corrected for Lorentz and polarization effects. Multi-scan
absorption correction was applied. The structure was solved by direct methods using
ShelXT (Sheldrick, 2015) and refined by full-matrix least-squares refinement
techniques on F?, using ShelXL-2018/3 (Sheldrick, 2015). All calculations were done
with the help of OLEX? version 1.5 crystallographic software (Dolomanov et al., 2009).
For the molecular graphics, the programme OLEX? (Dolomanov et al., 2009) and
Mercury (Macrae et al., 2020) were used. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were fixed geometrically with Uiso values of 1.2
times the Uiso values of their respective carrier atoms. The hydrogen on lattice water

were located from difference fourier map and refined using the riding model.
3.4 Synthesis of thiosemicarbazones precursors

3.4.1 Synthesis of N-substituted carbothiohydrazide

The required N-substituted carbothiohydrazide were synthesized by the method
described by El-Sawaf (El-Sawaf et al., 2018). The synthesis of N-substituted

carbothiohydrazide may be depicted as follows:

1 S
R CIcH,cooNa Re
H—N_ , + S=C=S + NaOH —2—» >N S/\COONa
Amine lHCI
R
2/N S/\COOH
0
NH,.NH,.H,0
&
N /NH2
2/N NH

(I
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Figure 29: Systematic scheme for N-substituted carbothiohydrazide
To a solution of N-substituted amine (100 mmol) was added sodium hydroxide (100
mmol) and carbon disulphide (100 mmol). The reaction mixture was stirred overnight
(17 h) allowing to disappear organic layer. Freshly prepared sodium chloroacetate (100
mmol) was added and the solution was stirred at room temperature for 1 hour. To the
yellow solution conc. HCI (10 mL) was added dropwise and white solid product of S-

carboxymethyl N-substituted dithiocarbamate (I) was precipitated out. (Scheme-1)

Rl . S
v 1. NaOH, CS RO
H—N 2 > N7 >N
Ng2 2. CICH,COONa R2” COOH

3. HCI

N-Substituted amine S-carboxylmethyl N-Substituted

dithiocarbamate (1)

Scheme 1: Synthesis of S-carboxymethyl N-substituted dithiocarbamate (I)
S-carboxymethyl N-substituted dithiocarbamate (500 mmol) was dissolved in 30 mL
hydrazine monohydrate (98% pure) in 100 mL round bottom flask and refluxed at 40°
C for 20 min with stirring. The resulting mixture was diluted by adding 10 mL water.
The white precipitate of N-substituted carbothiohydrazide (I1) was collected by
filtration and washing with cold water. The white solid was re-crystallized with EtOH
and dried. (Scheme-2)

S
1S 1
R R
N )J\ ~ NH,, HO N ){
R R
Q) N-Substituted carbothiohydrazide (I1)

Scheme 2: Synthesis of N-substituted carbothiohydrazide (IT)
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Table 1: N-substituted carbothiohydrazide

Name and Structure M.P. Yield References
Pyrrolidine-1-carbothiohydrazide 184° C 51% (Dayal et al., 2011)
)?\ (Muralisankar et al.,
201
(" N7 ONH—NH, 016)
Piperidine-1-carbothiohydrazide 94° C 44% (Krause et al., 2020)
|S (Kang et al., 2011)
( |\|/kNH—NH2
Morpholine-4-carbothiohydrazide 182° C 71% (El-Sawaf et al., 2018)
ﬁ (Kang et al., 2011)
/~ \ (Bala & Mishra, 2014)
0 N/\NH—NHZ
N (Huetal., 2017)
Thiomorpholine-4-carbothiohydrazide 162° C 87% (Yadav et al., 2022)
i
N
S N NH—NH,
\__/
2,6-dimethylmorpholine-4- 120° C 41% (De Sousa et al., 2006)
carbothiohydrazide
S
—~ N
O N~ "NH—NH,
Azepane-1-carbothiohydrazide 114°C 55% (Scovill, 1991)
X
CN NH—NH,
N, N-dimethylhydrazinecarbothioamide 155°C 58% (Bisceglie et al., 2016)

S
H
3C:N)LNH—NH2
HC

(Kang et al., 2011)
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3.4.2 4-(pyridin-2-yl)piperazine-1-carbothiohydrazide (Scovill, 1991)
Step 1:
Preparation of carboxymethyl-N-methyl-N-phenyldithiocarbamate (1)

A mixture of 12 mL (200 mmol) of CSz and 21.6 mL (200 mmol) of N-methylaniline
was treated with 250 mL of NaOH solution (8.4 g, 210 mmol) and the solution was
stirred at room temperature for 4 hours until the organic layer was disappeared. The
straw colour solution was then treated with sodium chloroacetate (23.2 g, 200 mmol)
and allowed to stand for 17 hours at room temperature. The solution was acidified with
conc. HCI (25 mL) to yield the buff-coloured precipitate of carboxy methyl-N-methyl-
N-phenyldithiocarbamate (1). (Yield = 60%, M.P. = 198° C) (Scheme-3)

_ +
O Na s s
Cl +C_+ ©\ ~H - __NaOH _ “Na*
R
| |

Sod. chloroacetate N-methylaniline

VAN

Carboxymethyl-N-methy-N-phenyldithiocarbamete (1)

Scheme 3: Synthesis of carboxy methyl-N-methyl-N-phenyldithiocarbamate (I)
Step 2:

Preparation of 4-methyl-4-phenyl-3-thiosemicarbazide (4-mpt) (I1)

A mixture of 17.8 g of carboxymethyl-N-methyl-N-phenyl dithiocarbamate (1), 20 mL
of hydrazine hydrate and 10 mL of water was heated on the rings of the water bath for
22 minutes. The N-methyl-N-phenyl-3-thiosemicarbazide (Il) separated was filtered,
washed with water, dried and recrystallized from EtOH. (Yield = 78%, M.P. =124-125°
C). (Scheme-4)

S . S
| : H,N-NH, @ OH
N/U\s/\”/OH > N/”\N/NHz + HS/Y
| o) | o)
Carboxymethyl-N-methyl-N-phenyldithiocarbamate N-methyl-N-phenyl-3-thiosemicarbazide
Q) (1

Scheme 4: Synthesis of N-methyl-N-phenyl-3-thiosemicarbazide (II)
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Step 3:
Preparation of 4-(pyridin-2-yl) piperazine-1-carbothiohydrazide (I11)

A solution of 2.77 g 4-mpt (15 mmol) in 15 mL acetonitrile was treated with 2.5 g 1-(2-
pyridyl)piperazine (15 mmol). The mixture was refluxed at 80° C for 40 minutes. The
solution was chilled (overnight) and fine colourless crystals were separated out. The
solution was filtered and washed with cold acetonitrile (MeCN). The white crystals of
4-(pyridin-2-yl)piperazine-1-carbothiohydrazide (I11) was re-crystallized with EtOH.
(M.P. =198’ C, Yield = 52%) (Scheme-5)

S
| 0o/ \ N S/H
’T : ' — — Nk ?
H
N-methyl-N-phenyl-3-thiosemicarbazide 1-(2-Pyridyl)piperazine | '\L/N

0 \(N;\
]~
HN” S
© * </:’\{>*N/_\N/lKNH/NH2
— __/

N-methylaniline 4-(Pyridin-2-yl)piperazine
-1-carbothiohydrazide
[
Scheme 5: Synthesis of 4-(pyridin-2-yl)piperazine- 1-carbothiohydrazide (IIT)

3.5 General procedure for the synthesis of 5-methoxyisatin N (4)-substituted
thiosemicarbazones (1-6)

A solution of 5-methoxyisatin (2.82 mmol) and 20 mL ethyl alcohol was taken in 250
mL round bottom flask. The mixture was stirred by adding 3 drops of glacial acetic acid
as a catalyst about 10 minutes at room temperature. N-substituted carbothiohydrazide
(2.82 mmol) was added and the mixture was refluxed at 80° C for 6 h. After cooling at
room temperature, the coloured product was filtered, washed with EtOH and dried. The
product was re-crystallized with EtOH to get 5-methoxyisatin N(4)-substituted

thiosemicarbazone.
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Figure 30: General structure of synthesized thiosemicarbazones

3.6 Synthesis of 5-hydroxyisatin (Yasuda et al., 2013)

A solution of 5-methoxyisatin 1 g (5.6 mmol) and 10.21 mL HBr (48%) were refluxed
for 3 h. The solution was diluted by adding water and extracted with ethyl acetate. The
organic layers were separated and dried with anhydrous sodium sulphate. The dark

brown solid of 5-hydroxyisatin was re-crystallized with MeOH (Scheme-6).

| 0 0
o) . HO
0 HBr 48% . 0
NH A,3h NH
5-methoxyisatin 5-hydroxyisatin

Scheme 6: Synthesis of 5-hydroxyisatin
3.7 General procedure for the synthesis of 5-hydroxyisatin N(4)-substituted

thiosemicarbazones (7-16)

A solution of 5-hydroxyisatin (3 mmol) and 20 mL ethyl alcohol was taken in round
bottom flask. The mixture was stirred by adding 3 drops of glacial acetic acid as catalyst
about 10 minutes at room temperature. N-substituted carbothiohydrazide (3 mmol) was
added to the flask. The mixture was refluxed at 80" C for 6 h. After cooling at room

temperature, coloured product was filtered, washed with EtOH and dried. The product
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was re-crystallized with EtOH to get 5-hydroxyisatin N(4)-substituted
thiosemicarbazone.
S 1

0 N /“\N:

HO 3 NH
- /|k R1 Reflux at 80 °C HO /
0] + HzN\ 4 [ —— . —0
N N N., 2 EtOH, AcOH
| R N

H H
H
5-hydroxyisatin Thiosemicarbazide N(4)-substituted thiosemicarbazone
(7-16)

1
/R / 0\ / N\ /_(
_N\R2 = _N [} _N ]

—N O —N s —N o, — ,

2°amine  Pyrrolidine Piperidine Morpholine Thiomorpholine 2,6-dimethylmorpholine Azepane

() ®) ) (10) (11) (12)
N= / / /[
—N N , —N | —NH, —NH
N\ 7 \
(Pyridin-2-yl)piperazine Dimethyl amine Methyl amine Ethyl amine
(13) (14) (15) (16)

Figure 31: Systematic scheme of 5-hydroxyisatin N(4)-substituted thiosemicarbazones

3.8 General procedure for the synthesis of 5,7-dibromoisatin N(4)-substituted
thiosemicarbazones (17-26)

5,7-dibromoisatin (0.82 mmol) and 20 mL ethyl alcohol was taken in 250 mL round
bottom flask. The mixture was stirred by adding 3 drops of glacial acetic acid about 10
minutes at room temperature. N-substituted carbothiohydrazide (0.82 mmol) was added
to the round bottom flask. The mixture was refluxed at 80" C for 6 h. After cooling at
room temperature, yellow product was filtered, washed with EtOH and dried. The
product was re-crystallized with EtOH to get 5,7-dibromoisatin N(4)-substituted

thiosemicarbazone.

S 1
0 J_ R
Br S / NH g2
J\ R Refluxat 80°C
O + H,N_ N —0
N I}I N\RZ EtOH, AcOH N
g H H N
r Br
5,7-dibromoisatin Thiosemicarbazide N(4)-substituted thiosemicarbazone
(17-26)
Where,
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Figure 32: Systematic scheme of 5,7-dibromoisatin N(4)-substituted thiosemicarbazones
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1 SYNTHESIS, CHARATERIZATION AND ANTICANCER ACTIVITY OF

N(4)-SUBSTITUTED 5-METHOXYISATIN THIOSEMICARBAZONES

4.1.1 General discussion

The N-substituted carbothiohydrazide were synthesized by the method of El-Sawaf

(El-Sawaf et al, 2018)

and Scovill

(Scovill, 1991).

5-Methoxyisatin

thiosemicarbazones were synthesized by refluxing 5-methoxyisatin with N-substituted

carbothiohydrazide in the presence of absolute ethanol and few drops of glacial acetic

acid for 6 h (Singh et al., 2021).

Table 2: The physical properties of N(4)-substituted 5-methoxyisatin thiosemicarbazones (1-6)

Compd Mol. Formula  Melting point  Colour  Yields (%)
(Mol. Weight) (°C)
S 11 1 C14H16N40sS 202°C Red 51%
2 320.36
| N IEIH/|1]6,\|/4_\o ( )
0.5 :“ g 3<// 1
o
6 9~N1
" H
(MeOlstMor/1)
S 1 1 C14H16N40.S; 198°C Orange 56%
2 IL 4 (336.4324)
N Mo N
0s 3/ 1413
2o
6 9~N1
H
(MeOlstTmor/2)
15 C16H20N403S 206°C Red 79%
) |5 1/1_42 (348.42)
N.3 ~s=N% O
o : ; 3{ N e
2 0 16
6 9~N1
7

(MeOlstDmMor/3)
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The thiosemicarbazones were obtained in low to moderated yield % (51-86) having
melting point in the range of 198-282"C. The thiosemicarbazones were stable in air at
room temperature. They were highly soluble in Me,CO, CHCIs;, MeOH, EtOH, DCM,
DMSO and DMF. They were insoluble in water. The synthesized compounds were

characterized by FT-IR, NMR, UV-Vis Spectroscopic technique. The molecular mass

was confirmed by ESI-HRMS mass spectrometry.

The elemental analysis results of compounds (1-6) revealed that the experimental data

agree with the calculated data within the margins of experimental error.

Table 3: Elemental analysis data of N(4)-substituted 5-methoxyisatin thiosemicarbazones (1-6)

Compd C H N
1 52.55 (52.49) 4.98 (5.03) 17.26 (17.49)
2 49.42 (49.98) 4.60 (4.79) 16.26 (16.65)
3 55.11 (55.16) 5.54 (5.79) 16.04 (16.08)
4 51.87 (51.78) 4.97 (5.07) 20.02 (20.13)
5 50.58 (49.99) 4.44 (4.58) 21.15 (21.20)
6 51.65 (51.75) 5.04 (5.07) 20.05 (20.13)
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4.1.2 Spectral studies

4.1.2.1 IR spectra

The assignment of IR spectral bands is most useful in identifying the functional group
in the synthesized compound (1-6) and are listed in the Table 4.

The symmetric and asymmetric stretching vibrations of indole N-H and azomethine N-
H exhibited broad spectral information in the range of 3313-3037 cm? in the
thiosemicarbazones (Swathy et al., 2016). The slight shift to higher wavenumbers in
indole N-H (3313 cm™) is probably a consequence of changes in hydrogen bonding
(Casas et al., 2000). The stretching vibrations of the v(C=0) and (C=N) groups of
thiosemicarbazones exhibited significant spectral bands in the regions 1696-1681 cm™
and 1575-1529 cm™?, respectively. The lack of an IR band at 2600-2500 cm, which is
distinctive of the S-H group, proved that the solid form of thiosemicarbazones persisted
in thione form (Tiirkkan et al., 2017). The significant IR bands in the 1155-1126 cm™
range were ascribed to the thiosemicarbazone moiety of v(N-N) stretching vibration
(Joseph et al., 2006). In the range of 1196-1168 cm™ and 783-697 cm™, strong
absorption bands due to the stretching vibration of v(C=S) of thiosemicarbazones were
seen (Sagdinc et al., 2009). This is based on by vibrations involving interactions
between C=S stretching and C-N stretching of the C=S group coupled to a nitrogen
atom. The stretching vibration of the methoxy group v(-OCHs) isatin moieties of
thiosemicarbazones represents a substantial absorption band in the region 1300-1251
cm® (Esme et al., 2014). The broad stretching vibrations of compound 4, 5, 6 (N-H
indole and N-H azomethine) were found in the range 3267-3313 cm™. This is owing to
the presence of an alkyl group at the N(4) position of thiosemicarbazones, whereas the
compound 1, 2, 3 was found in the 3172-3178 cm™ range. This is due to the presence
of a heterocyclic substituent at the N(4) position of thiosemicarbazone. When compared
to compound (2), the methoxy (-OCHz) stretching vibration in compound (1) was
downfield i.e., 1294 cm™. The variation in electronegativity in the heterocyclic ring
connected to the thiosemicarbazone moieties is to account for this. In the case of
compound (3), the methoxy (-OCHs) stretching vibration (1251 cm™) found downfield
than rest of compound. This is caused by the morpholinyl moieties in the

thiosemicarbazone having two methyl substituents at positions 2 and 6.
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Table 4: Diagnostic bands in the IR spectra (cm™) of compounds (1-6)

Compd v (N-H) v (C=0) v (C=N) v(C=S) v (-OCHs) v (N=N)

1 3178 (br) 1693 (s)  1575(s)  1168(s) 1294 (s) 1126 (s)
3055 (m) 722 (m)

2 3172 (br) 1685(s)  1539(s)  1174(s) 1282 (s) 1155 (s)
3037 (m) 783 (m)

3 3176 (br) 1681 (s)  1568(s)  1179(s)  1251(s) 1151 (s)
3064 (m) 697 (m)

4 3267 (br) 1691 (s)  1537(s) 1182(s) 1300 (s) 1126 (s)
3176 (m) 775 (m)

5 3303 (br) 1696 (s)  1555(s)  1196(s) 1291 (s) 1132 (s)
3233 (m) 745 (m)

6 3313 (br) 1683 (s) 1529 (s) 1184 (s) 1288 (s) 1139 (s)
3257 (m) 783 (m)

s = strong, m = medium, br = broad

100 +
[ 5
95 - S 8
™
S
& S o ]
/\ ™
§ 90 | Ny HJLN S =t N ®
é @) / o~ 9 —
%) 0 ©
& ° S °g
i NH ©
0
85 = 8 < O ™
Ln ~ 0 [o0]
X o3 ™
—
80 T T T T I 1
3000 2500 2000 1500 1000 500

Wave number (cm™)

Figure 33: IR spectrum of compound (2)
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4.1.2.2 NMR spectra

The *H NMR spectral values (8, ppm) of the synthesized compounds (1, 2, 3, 4, 5, 6)

are enumerated in Table 5.

The 'H-NMR (400 MHz) spectrum that didn’t exhibit any peak at § 4 ppm assigned to
thiol (-SH) proton (Jouad et al., 2001) and revealed distinct singlet peaks in the range
of 6 13.48-12.58 ppm attributable to protons attached to the most polar group; N(3)H
of thiosemicarbazone moiety, indicating that Schiff's base ligands exist in solution as
neutral thione tautomeric form (Munikumari et al., 2019). The Sharp singlet peaks
attributed to indole N-H protons were detected in the range of 6 11.10-11.01 ppm
(Labisbal et al., 2000). Due to their increased external magnetic field, which causes a
chemical shift toward downfield (613.48-11.01 ppm), these protons require a higher
frequency to achieve resonance (Yadav et al., 2022). The isatin C(6)-H was deshielded
due to the electron-releasing inductive effect of the methoxy group (-OMe) at position-
5, and appeared as a doublet at 7.13-6.83 ppm, whereas the isatin C(7)-H appeared as a
doublet at & 7.87-7.01 ppm. Due to the electron-releasing methoxy group and C=N
function, the C(4)-H had a significant deshielding effect and resonated further
downfield as a doublet at 6 7.75-6.89 ppm (Pervez et al., 2010). Due to CH> coupling,
in the thiosemicarbazone (5) N(4)-H resonance was detected as a triplet at 6 9.26-9.24
ppm (Pervez et al., 2012). All the aromatic protons (isatin) of the ligands were recorded
doublet peak at the region 6 7.87-6.83 ppm (Balachandran et al., 2018). The singlet
signals of methoxy proton (-OCHzs) was recorded in the region 6 3.79-3.73 ppm (Britto
et al., 2020). While C(11) & C(14) proton nearer nitrogen displayed a triplet peak at 6
3.99 ppm, C(12) & C(13) proton nearer oxygen resonated to create a broad peak at 6
3.43 ppm in morpholine ring. Due to differences in electronegativity, the
thiomorpholine ring proton C(11) & C(14) displayed a triplet peak at 6 4.24 ppm while
the C(12) & C(13) proton displayed a triplet peak at 6 2.81 ppm. Compound (4)
included two methyl proton whose appearance at 6 value as multiplet of 6 3.75 ppm
demonstrated magnetic equivalency. In the case of the thiosemicarbazone (6), CH. of
the N(4)-ethyl substituent reverberated as a quartet peak at about & 3.84 ppm and CHs
of the N(4)-ethyl substituent resonated as a triplet peak at around & 1.35 ppm (Kassab
et al., 2010).

40



Table 5: "H NMR spectral assignments (& ppm) of compounds (1-6) (400 MHz)

Compd— 1 2 3 4 5 6
Solvent— DMSO-d6 DMSO-d6 DMSO-d6 DMSO-d6 DMSO-d6 CDCls
Proton |

“N(1)H 11.10(s) 11.10(s) 11.04(s) 11.07(s) 11.01(s) -
-N@3)H 13.27(s) 13.23(s) 13.19(s) 13.48(s) 12.58(s) 12.69(s)
N()H - - - - 9.26(s) 7.26(s)
“H(4) 6.94(d) 6.92(d) 6.90(d) 6.89(d) 7.25(d) 7.75(d)
-H(6) 6.92(d) 6.86(d) 6.88(d) 6.83(d) 6.94(d) 7.13(d)
-H(7) 7.04(d) 7.01(d) 6.94(d) 7.06(d) 6.94(d) 7.87(d)
“H(11) 3.99(t) 4.24(1) 3.68(t) 3.75(m) 3.76(m) 3.84(q)
-H(12) 3.43(1) 2.81(1) 2.94(t) 3.75(m) - 1.35(t)
-H(13) 3.43(t) 2.81(t) 2.94(1) - - -
“H(14) 3.99(t) 4.24(t) 3.68(1) - - -
-H(15) - - 1.16(m) - - -
-H(16)
3H(OCHz3) 3.76(s) 3.76(s) 3.74(s) 3.73(s) 3.76(s) 3.79(s)
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Figure 34: 'H NMR spectrum (400 MHz, DMSO-d6) of compound (2)



The compound (2) displayed the doublet signals of aromatic protons at 6 7.01 - 6.86
ppm and two separate singlets for N-NH of thiosemicarbazone and indole N-H moiety
at 6 13.23 ppm and 6 11.10 ppm respectively. The triplet signals of thiomorpholinyl
protons in compound (2) were observed at 6 4.24-2.81 ppm. The singlet signals of

methoxy proton (-OCHs) were seen at 6 3.76 ppm.

The BC NMR (400 MHz) spectral values (5, ppm) of the compounds (1, 2, 3, 4, 5, 6)

are recorded in Table 6.

Chemical shift values for *C NMR spectra of synthesized compounds were found to
be quite similar to those of related N(4) substituted thiosemicarbazones. The
magnetically non-equivalent carbon atoms of the thiosemicarbazones had *C NMR
spectra at 6 179.93-177.16 ppm, ¢ 163.39-163.18 ppm, and 6 136.82-133.86 ppm,
which were ascribed to the m bonded carbon atoms of the C=S, C=0, and C=N groups,
respectively (Akinchan et al., 2002). The chemical shift of C(3) carbon revealed the
difference in the spectra of mono- and di-alkyl substituted thiosemicarbazones, with the
former appearing 2-3 ppm farther downfield (6 136.37) than the latter (6 133.86) (Bain
et al., 1997). The sharp peaks of the sp? hybridized carbon atoms, i.e., aromatic carbon
atoms of isatin, were found around 6 156.64-105.65 ppm (Cavus et al., 2020). Due to
the presence of mono- and di-/cycloalkyl thiosemicarbazones, the chemical shift of
C(9) carbon was seen to differ by 2-3 ppm; the former was downfield (6 135.04 ppm)
than the latter (6 132.29 ppm). In addition, aliphatic carbon atoms (-CH.) were allocated
broad signals in the downfield region & 71.43-27.04 ppm (Al-Sanea et al., 2021), while
aliphatic carbon atoms (-CHs) were assigned broad signals in the upfield region 6 39.90-
14.48 ppm (Saranya et al., 2019). Chemical shift (3) values for C(12) and C(13) of
compound (2) were found to be significantly lower than those for compound (1)

because of the difference in electronegativity.

Table 6: 3C NMR spectral assignments (8 ppm) of compounds (1-6) (400 MHz)

Compd— 1 2 3 4 5 6
Solvent— DMSO-d6 DMSO-d6 DMSO-d6 CDCl3 DMSO-d6 DMSO-d6
Carbon|
C=0viz. C(2) 163.27 163.25 163.18 163.39 163.21 163.20
C=N viz. C(3) 136.04 136.08 136.82 133.86 136.21 136.37
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-C(4) 105.94 105.95 105.65 106.56 106.43 106.60
-C(5) 155.82 155.80 155.75 156.64 155.77 155.75
-C(6) 112.41 112.43 112.36 111.68 112.27 112.24
-C(7) 121.20 121.20 121.18 121.59 121.27 121.21
-C(8) 117.66 117.63 117.53 ; 117.65 117.62
-C(9) 135.04 134.96 134.80 133.86 132.29 132.38
C=S viz. 179.93 179.80 179.58 180.37 178.17 177.16
C(10)
-C(11) 66.17 53.36 71.43 29.92 31.78 39.90
-C(12) 50.50 27.04 55.97 29.92 - 14.48
-C(13) 50.50 27.04 55.97 - - -
-C(14) 66.17 53.36 71.43 - - -
-C(15) - - 18.85 - - -
-C(16) - - 18.85 - - -
-C(OCHs) 56.08 56.07 55.97 56.26 56.08 56.09
2 T % 77T 7O ¥
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Figure 35: '*C NMR spectrum (400MHz, DMSO-d6) of compound (2)
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The Compound (2) exhibited **C NMR spectra at § 179.80, § 163.25 and & 136.08 ppm
attributed to C=S, C=0 and C=N groups respectively. The chemical shift (8) values of
aromatic carbons were observed in the region 6 155.80-105.95 ppm. The spectra of
thiomorpholine carbons were observed at & 53.36-27.04 ppm. The chemical shift (3)
values of methoxy carbons of the synthesized thiosemicarbazone was observed at 6
56.07 ppm (Cavus et al., 2020).

4.1.2.3 Mass spectroscopy

Positive mode and negative mode in mass spectrometry both relate to the ionization
polarity employed during the investigation. In positive mode, the analyte molecules are
ionized by losing one or more electrons from them, resulting in the creation of
positively charged ions (cationic species). In negative mode, the analyte molecules are
ionized by gaining one or more electrons, which results in the creation of negatively
charged ions (anionic species). The precursor ion, which stands in for the entire analyte

molecule, is responsible for the mass spectrum’s most strong peak.

Table 7: The mass spectral data of the synthesized compounds (1-6)

m/z [M+H]* m/z [M+Na]*
Compd | Found Calculated Found Calculated
1 321.1016 321.1015 343.0838 343.0835
2 337.0789 337.0787 359.0611 359.0606
3 349.1332 349.1330 371.1150 371.1149
4 279.0910 279.0910 301.0734 301.0729
5 265.0766 265.0753 287.0569 287.0573
6 279.0910 279.0910 301.0733 301.0729

In order to better understand the behavior and structures of synthesized compounds in
solutions, high resolution electron spray ionization mass spectrometry (ESI-HRMS)
investigation was done in positive mode. Both protonated molecular ion peak [M+H]*
and alkali adduct analyte molecular ion peak [M+Na]® were found in all of the
compounds, indicating the positive fragmentation mode (Matesic et al., 2008). The
compound (1, 2, 3, 4, 5, 6) exhibited mass spectral peaks at m/z (amu): 321.1016(calc.,
321.1015), 337.0789 (calc., 337.0787), 349.1332 (calc., 349.1330), 279.0910 (calc.,
279.0910), 265.0766 (calc., 265.0753), and 279.0910 (calc., 279.0910) respectively
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thus by showing the existence of [M+H]* (Pawar et al., 2021). The compound (1, 2, 3,
4, 5, 6) exhibited the peaks at m/z (amu): 343.0838 (calc., 343.0835), 359.0611(calc.,
359.0606), 371.1150 (calc., 371.1149), 301.0734 (calc., 301.0729), 287.0569 (calc.,
287.0573) and 301.0733 (calc., 301.0729) respectively indicating the presence of the
sodium ion [M+Na]*. Because numerous alkali salts are employed in the manufacturing
of glass, the alkali metals detected in mass spectra of thiosemicarbazones could have
come from glassware. Na* can originate from the laboratory glassware. Moreover, Na*
can be found in H2O (water). As a result, in LC-ESI-MS investigations utilizing both
organic and aqueous (H20-based) solvents, there is a greater probability of Na* forming
adducts with molecules, resulting in peaks in the mass spectra corresponding to [M +
Na]" (Arafa & Badry, 2016). The sample is dissolved in a solvent containing sodium
ions (Na*) during electrospray ionization (ESI). The ions of the organic compound may
form adducts with the sodium ions when the sample solution is sprayed into the mass
spectrometer. As a result, the sodium molecular ion (Na*) and other fragment ions can

be seen in the mass spectrum.

The compound (1), which contains the fragment N(4) morpholinyl [C14H16N4Os + H]*
ion, is the cause of the notable peak at m/z 289.1297 (calc., 289.3097). In the compound
(2), the fragment N(4) thiomorpholinyl [C14H15N4SO2 + H]* ion was responsible for the
prominent peak at m/z 304.3006 (calc.,304.3675). Due to the existence of the fragment
N(4) 2,6-dimethylmorpholinyl [C1sH20N4O3 + H]* ion, the major peak for compound
(3) was found at m/z 317.1606 (calc., 317.3630). Because of the presence of the
fragment N(4) dimethylamine [C12H14N4O2 + H]" ion, the compound (4) exhibits a
prominent peak at m/z 247.1185 (calc., 247.2731). Since the fragment N(4) methyl
[C11H12N4O + H]" ion was present, in the compound (5), major peak at m/z 217.1040
(calc., 217.2471) was identified (El-Saied et al., 2019). When the fragment N(4) ethyl
[C12H14N4O2 + H]" ion is present, the compound (6) has a strong peak at m/z 247.1195
(calc., 247.2731). All fragmentation is characterized by loss of an one sulfur atom,
abbreviated SH (m/z; 33 amu). (Almeida et al., 2020, El-Saied et al., 2019). However,
the fragments matching to the thiosemicarbazone portion that were produced when N-
N and NH-CS bonds were broken provided evidence of their structural integrity (Pervez
etal., 2011).
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Figure 36: ESI-HRMS of compound (2)
All of the mass spectral data acquired for compounds (1, 2, 3, 4, 5, 6) agree with the

calculated data for those compounds with the postulated molecular structures.
4.1.2.4 UV-Visible spectroscopy

The UV-Visible spectra of the synthesized compounds (1, 2, 3, 4, 5, 6) are listed in
Table 8.

The electronic spectra of compound were recorded in CHCIz and MeOH (25 uM)
solutions in the region of 600-200 nm to verify the distinct absorptions of non-bonded
electrons and aromatic ring electrons. Because of the electronic transitions m—m*,
n—7*, the synthesized compounds showed broad absorption bands in the UV-Visible
region (Netalkar et al., 2015).

The absorption bands caused by the n—n* electronic transitions of >C=0, >C=N, and
—NH-C=S were found as two strong peaks in thiosemicarbazones (Turkkan et al.,
2017). Since they are covered by the more intense n—n* type, in the case of
thiosemicarbazone portion of the molecule did not show any transitions that could be

classified as an n—n* type (Kandemirli et al., 2009).
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The bands due to the n—n* electronic transitions were found in higher wavelength than
that in m—7* electronic transitions because the former transitions absorb lower energy
than that of later transitions. When compared to N-alkyl thiosemicarbazone, it was
reported that the absorption peak of N,N-dialkyl substituted thiosemicarbazone was
smaller (350 nm). The compound (1) was revealed to have a smaller absorption peak
than compound (2) because of the difference in electronegativity between oxygen and
sulphur atoms. Nearly identical absorption broad shoulder and sharp peaks were
observed for all produced thiosemicarbazones at 350 nm and 284 nm, respectively. This

1s due to the electronic transition of n—n* and T—mw*.

Table 8: UV-Visible spectroscopic data of compounds (1-6)

Solvent CHCls MeOH
Compd— 1 2 3 4 5 6
Amax(nm)|
T —* 284 nm 283 nm 284 nm 284 nm 282 nm 283 nm
n—n* 353 nm 356 nm 355 nm 350 nm 356 nm 358 nm

Absorbance

0.0 T T T T T T T T T T T T T 1
250 300 350 400 450 500 550 600
A (nm)

Figure 37: UV-Visible spectra of compound (2)
In the compound (2), the electronic one absorption band at 356 nm was assigned to the
n—7* transition of the C=N, C=0 and (-NH-C=S) groups, while the other absorption
band at 283 nm was attributed to the m—n* transitions of w-electrons of aromatic

benzene ring (Hussain, 2015).
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4.1.2.5 Single crystal X-ray crystallographic study

Single crystals of MeOlstDm and MeOlstDmMor suitable for X-ray diffraction
studies were grown by slow evaporation in CHCIs and EtOH (1:4). For MeOlstDm, a
total of 47022 reflections were measured of which 4418 were unique and 3148 were
considered observed (I > 2o (I)]. The final residual index is; R1 = 0.0646, wR> = 0.1546
for the observed and Ry =0.1035, wR> = 0.1768 for all reflections using 175 parameters.
For MeOlstDmMor, a total of 74084 reflections were measured of which 6574 were
unique and 5048 were considered observed (I > 2o (I)]. The final residual index is; R
0.0997, Rw 0.1943 for the observed and R 0.1280, Rw 0.2063 for all reflections using

467 parameters 25 restraints.
4.1.2.6 Crystal structure description

The structure of compound MeOlstDm and MeOlstDmMor together with the atom
labelling scheme is shown in Fig. 38 and Fig. 39 respectively. The compound
MeOlstDm crystallizes in monoclinic space group P21/c (P = Primitive lattice, 21 =
two fold rotation along axis, /c = mirror place perpendicular along axis) with one
molecule in the asymmetric unit (Fig. 38). In compound (MeOlstDm), the comparison
of C-N and N-N bond distances with typical single and double bond lengths [C(9)-N(4)
1.358, C(10)-N(2) 1.378, C(10)-N(3) 1.335, C(11)-N(3) 1.467, C(12)-N(3) 1.448, C(8)-
N(1) 1.293, N(1)-N(2)1.354 A] also indicates that charge delocalization is widespread
throughout the thiosemicarbazone skeleton (Matesanz et al., 2016). The compound
MeOlIstDmMor crystallizes in orthorhombic P na2; (P = Primitive lattice, na = Lattice
number absent, 21 = two fold rotation along c-axis) space group with two molecule of
compound and with two lattice water molecules in the asymmetric unit (Fig. 38). The
quality of data for MeOlstDmMor is not very good. The value of Rixt is 13.2% and the
Poor Data/Parameter Ratio of 7.21 The crystal is a weak diffractor and diffract very
weakly beyond 20 = 42° . In compound MeOlstDmMor, a comparison of C-N and N-
N bond distances with typical single and double bond lengths [C(9)-N(1) 1.322, C(5)-
N(1) 1.405, C(10-N(3) 1.358, C(10)-N(4) 1.334, C(16)-N(4) 1.473, C(11)-N(4) 1.428,
C(8)=N(2) 1.279, N(2)-N(3)1.354 A] indicates that charge delocalization is widespread
throughout the thiosemicarbazone skeleton. All bond distances are normal in the 5-
methoxyisatin moiety in the compound (MeOIlstDmMor), except for the elongated
C(9)-C(8) single bond is 1.525 A whereas in compound (MeOlstDm) C(9)-C(8) single
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bond is 1.518 A. In 5-methoxyisatin moiety C(9)-O(2) distance for studied
MeOlstDmMor crystal structure is 1.242 A whereas in (MeOlstDm) C(9)-O(2) bond
distance is 1.228 A (Kandemirli et al., 2009). In comparison to the 5-methoxyisatin
derivative  (Z)-N-(5-methoxy-2-oxoindolin-3-ylidene)  pyrrolidine-1-carbothiohy
drazide, the bond lengths C-N, N-N, C(9)-C(8), and C(9)-O(2) of the compounds
MeOlstDmMor and MeOlstDm are similar (Aneesrahman et al., 2019). Indole-3-
thiosemicarbazone, {1.696 (3) A}, and 5-bromo indole-3-thiosemicarbazone, {1.699(2)
A} have identical C=S bond lengths of 1.679(9) A in MeOIstDmMor and 1.6735(19)
Ain MeOlIstDm (Khan et al., 2018). The bond angle of N2-N1-C8-C6 is 179.62° (19),
indicating that MeOlstDm of the imine N2 atom undergone sp? hybridization whereas
the torsion angle C5-C4-C8-N2 is 179.11°(9), indicating that the compound
MeOlstDmMor has an E (trans) configuration, resulting in the double bond character
of C=N (Arafath et al., 2017).

Figure 38: ORTEP diagram of compound MeOlstDm drawn in 30% thermal probability ellipsoids

showing atomic numbering scheme.
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Figure 39: ORTEP diagram of MeOIstDmMor drawn in 20% thermal probability ellipsoids showing
atomic numbering scheme. The asymmetric unit contains two crystallographically independent units

and two water molecules in the crystal lattice.
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Figure 40: Hydrogen bonding interactions in the crystal lattice of MeOIstDmMor viewed along the
crystallographic c-axis (Hydrogen bonding interactions with max D—A distance 2.9 A and minimum

angle 120°).
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The two molecules in the asymmetric unit of MeOlstDmMor are involved in intra as
well as intermolecular H-bonding via two lattice water molecules (Fig. 40). The
Sulphur atom S2 shows H-bonding with hydrogen atom H8A of lattice water molecule
(O8-HSA...... S2 = 2.535(4) A), this water molecule further involved in H-bonding
with second water molecule (O7-H7C...... 08 =2.097(10) A), and oxygen atom (O7)
of this water molecule involved in H-bonding with hydrogen atom attached to ring
nitrogen (N1) of neighboring molecule (N1-H1...... 07 = 2.080(8) A). The oxygen
atom on this molecule involved in intra as well as intermolecular H-bonding, it shows
intramolecular H-bonding with hydrogen (H3A) attached to nitrogen (N3-H3A...... 02
= 1.989(6) A) and intermolecular H-bonding with hydrogen H5 attached to the ring
nitrogen (N5) of neighboring molecule (N5-HS5...... 02 = 2.028(6) A) forming a two-
dimensional H-bonding network (Fig. 41).

Figure 41: Two-dimensional hydrogen bonding networks in the crystal lattice of MeOIstDmMor
viewed along crystallographic a-axis. (Hydrogen bonding interactions with max DA distance 2.9 A

and minimum angle 120°).
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4.1.3 Anticancer activity

Breast cancer is the major largest risk factor for mortality among women from cancer.
Breast cancer is a multi-step process that includes various cell types, and prevention is
still difficult around the world. Every year, about 1.5 million women worldwide (25%)
are diagnosed with breast cancer (Sun et al., 2017). One of most active compound was
5-chloro-3-(2-(3,4-dimethoxyphenyl)-2-oxoethylidene)indolin-2-one, which had Glso
values of 8.54, 4.76, and 3.59 against many breast cancer MDA-MB-231, MDA-MB-
468, and MCF-7 cells, respectively (Karthikeyan et al., 2013).The cytotoxic activity of
4-bromo-1-diethylaminomethyl-1H-indole-2,3-dione was identified 10-15 times more
effective on cancer cells than non-cancer cells, can be very successful for the treatment
of breast cancer with few side effects, and exhibited efficient cytotoxicity on MCF-7
cells, arresting them at G2/M at normal doses (Solomon et al., 2009). Benzoxazole
combined with benzofuran and 1,2,4-oxadiazole exhibited cytotoxic efficacy towards
human breast cancer (MCF-7), lung (A549), melanoma (A375), and colon (HT-29) cell
lines (Ghoshal & Patel, 2020). In vitro antiproliferative activities of 2-(phenyl)-3H-
benzo[d]imidazole-5-carboxylic acids against three breast cancer cell lines (MDA-MB-
231, MDA-MB-468 and MCF-7) were investigated (Karthikeyan et al., 2017). The
MTT assay method was used to test 7-azaisatin derivatives for their in vitro cytotoxic
effects against MCF-7, A549, and HEPG2 cell lines, respectively (Rekulapally et al.,
2015).The antiproliferative effect of 3-hydroxypyridine thiosemicarbazone was
discovered in MCF-7 and MDA-MB-231 cell lines (Shahi et al., 2021). The anti-
proliferative effect of isatin-pyridine hybrids was tested in vitro against three human
cancer cell lines: HepG2 hepatocellular carcinoma, A549 lung cancer, and MCF-7
breast cancer (Eldehna et al., 2015). Spirocyclic tetrahydrofuran- and isoxazolidine-2-
oxindole collections ability to inhibit lung adenocarcinoma (A549), hepatocellular
carcinoma (HepG2), and MCF-7 human breast cancer cell line growth (Peddibhotla,
2009).

Skin cancer accounts for 30% of all newly diagnosed cancers worldwide, and around
1.2 million new skin cancer cases are in the USA each year whereas in India, skin cancer
accounts for 1-2%. Skin cancer can be caused by oxidative stress in the skin, which
causes DNA damage , protein-DNA crosslinking, and single and double strand DNA
breaks (Nirmala et al., 2017). Lung cancer is the most frequent cancer worldwide, and
it may be substantially avoided by quitting smoking (Ferkol & Schraufnagel, 2014). In
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vitro cytotoxicity of 3-hydroxy-3-(2-imino-3-methyl-5-oxoimidazolidin-4-yl)indolin-
2-one analogs towards A549/ATTC non-small cell lung cancer and LOX IMVI
melanoma cell lines was investigated (Penthala et al., 2010). Sparfloxacin-isatin
hybrids showed anticancer activity against SW480 (human colon adenocarcinoma
cells), HeLa (human cervical cancer cells), A549 (human lung carcinoma cells), and
HepG2 (human hepatic carcinoma cells) with an ICs of 18.31->50 ug/mL (Xu et al.,
2019).

4.1.3.1 Anticancer activity of 5-methoxyisatin N(4)-substituted thiosemicarbazones

Breast cancer cells (MCF-7), Lung cancer cells (A549), and Skin cancer cells (A431)
were cultured in 96 well plates in DMEM medium for 12 hours and treated cells with
different concentration i.e., 1, 3, 10, and 30 uM of MeOlstTmor, MeOlstDmMor,
MeOlstMor, MeOlstDm, MeOlstMet and MeOlstEth respectively and incubated for
72 h as shown in Fig. 42 A, B, C and D respectively. All the synthesized compounds
showed high to moderate inhibitory effects toward cell viability. Table 9, shows the
ICso value of different synthetic compounds against different cell lines, the compound
MeOlstDmMor has exhibited broad spectrum activity towards A549 with 1Cso value
2.52 uM than rest of compounds whereas the compound MeOlstTmor has exhibited
high anticancer activity against MCF-7 with ICsp; 2.93 uM. All the compounds have
shown moderate activity towards A431 with 1Cso ranging from 4.80 to 36.49 uM.

Table 9: Cell viability (uM) against cancer cell lines for 72 h.

Compd| Cancer cell lines (ICsp) in uM
Cell lines— MCF-7 A431 A549
1 5.41 uM 6.84 uM 5.64 M
2 2.93 M 5.29 uM 6.81 uM
3 4.41 uyM 4.80 uM 2.52 uM
4 7.41 yM 7.25 M 3.55 uM
5 8.26 uM 8.09 uM 14.54 M
6 6.66 UM 36.49 uM 6.54 uM

Cells were seeded at a density of 3000-4000 cells/well in a 96 well plate and incubated

at 37°C for 24 h. Then, the medium was removed, and freshly prepared solutions of the

compounds were added (Control, 0.3 uM, 1uM, 3uM, and 10 uM). After a 72h
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treatment, crystal violet assay was performed. A, B, C, D shows the effect of

MeOlstTmor, MeOlstDmMor, MeOlstMor and MeOlstDm on different cell lines

respectively. Data are represented as mean + SD of three independent experiments. With

an ICsp of 2.93 uM compared to other compounds, the compound MeOIstTmor

demonstrated strong anticancer activity against MCF-7.
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Figure 42: Cell viability assay synthetic compounds with different concentration.

Out of screened compounds for their effects in cell viability in different cancer cell lines

MeOlstDmMor showed a better antiproliferative effects against the A431 cell line, it
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was selected for further studies. To determine the ability of the cells to form colonies
in presence of MeOlstDmMor in a dose dependent manner. A431 cells were seeded
in six well plates with low numbers of 3000 cells/well and treated compound in
different concentrations (C, 0.3, 1, 3, and 10 uM), every after 72 h fresh media was
added with compound. After two weeks of incubation, it is observed that
MeOlstDmMor inhibit the size and number of colonies in dose dependent manner
(Fig. 43 A and B). The colonization of cell was inhibited 100% above 3 uM as
compared to control after two weeks.
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Figure 43: Colony formation assay and flow cytometric analysis of apoptosis by propidium iodide (PI)
staining.

The number of colonies drastically decrease as compare to that of control with

compound treatment, however the ability to formed colony has completely inhibited in

3 uM and 10 uM of concentration.

To analyze the effect on cell death of A431 cells by flow cytometry assay using
propidium iodide staining, cells were treated in different concentrations, i.e., control,
0.3 uM, 1uM, 3uM, and 10 uM of MeOlstDmMor. As shown in Fig. 43, in comparison
with the control, treatment with MeOIlstDmMor led to an increase in apoptotic cell
population significantly in a concentration dependent manner, which might be due to
DNA damage or other survival stresses induced by MeOlstDmMor similar to many
other thiosemicarbazone derivatives (Shakya et al., 2019). Furthermore, the effect
MeOlstDmMor in cell cycle was evaluated, A431cells were treated with a lower dose
of MeOlstDmMor i.e., control, 0.3 uM, and 1pM. Compared to control significant
percentage of cells were arrested in the GO/G1 phase treated with 0.3 uM, and 1puM
(Fig. 44 A, B, C, D). It was found that MeOIstDmMor changed the profile of the cell

cycle with an increase in GO/G1 cell population associated with decline G2/M and S
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cell population. This increase in percentage of cells in S-phase arrest might be attributed
to irreparable DNA damage (Zhang et al., 2008).

A431 cells were seeded in six well plates with low numbers of 3000 cells/well and

treated compound in different concentrations (C, 0.3, 1, 3, and 10 uM), every after 72

h fresh media was added with compound for 14 days and crystal violet staining was

performed B. A431 cells were seeded at a density of 30,000 cells/well in a 12-well plate

and incubated at 37° C for 24 h and treated compound in different concentrations of
MeOlstDmMor (C, 0.3, 1, 3, and 10 uM). After a 72 h PI staining was performed.

Data represented as mean = SD of three independent experiments p**< 0.01, *p<0.05.

Bar graph showing the percentage of cell death compared to vehicle control (DMSO).
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Figure 44: MeOlIstDmMor causes GO/G1 cell cycle arrest in A431 cell line (A) control (DMSO).

Hectograph representing Pl area vs number of cells when treated with 0.3 uM (B) and
1 uM (C) of MeOlstDmMor were fixed and permeabilized with 80% chilled ethanol

and stored for overnight at 4° C. Then cells were washed and subjected to RNase
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treatment and PI staining for 30 min at room temperature for flow cytometry to analyze
DNA content.

To identify the mechanism of action affected by treatment of MeOlstDmMor in skin
cancer cell line, examine downstream molecules associated with MAPK signaling path
ways that regulate major cellular events including cell proliferation, survival and
migration. Improper functioning of MAPK pathways leads to the development and
progression of cancer (Shahi et al., 2021). Treat MeOlstDmMor in A431 skin cancer
cell line, downregulate the expression of MAPK pathway molecules c-jun. Where in
cancer condition, the highly express c-Jun are associated with cell proliferation and
angiogenesis (Shakya et al., 2019). MeOIlstDmMor induced cell death and apoptosis
in A431 cells significantly, to understand its effects in the expression of proteins which
are responsible for cancer cell proliferation by performing western blot analysis. As
shown in Fig. 45 A, the expression level of B-catenin, C-Jun and Akt significantly
inhibited after the treatment of cells with MeOIlstDmMor in concentration dependent
manner. It shows that compound MeOIlstDmMor induce cytotoxic activity with the
regulation of B-catenin, C-Jun and Akt which are responsible for cell proliferation,

migration and apoptosis in cancer.
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Figure 45: A Western blotting analysis of compound MeOIstDmMor in A431 cell line.

Cleavage of chromosomal DNA into oligonucleosomal size fragment is an integral part
of apoptosis. So, to evaluate the role of compound MeOlstDmMor in A431cell, DNA
fragmentation assay was conducted. As shown in Fig. 45 B that uncut DNA that is
control as well as drug control shows distinct band of DNA. However, typical ladder
DNA fragments of 180-200 base pairs and multiples thereof on an agarose gel should
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be present as the concentration of the drugs increases but, in our experiment, only the

formation of DNA smear has been observed as concentration of drugs has increases.

A431 cells were treated with different concentrations of the MeOlstDmMor (Control,
03 uM, 1 pM, 3 uM and 10 pM) and PB-actin was used as loading control.
MeOlstDmMor inhibit B-Catenin, C-Jun and AKT protein expression in dose
dependent manner. B Agarose gel showing fragmentation of DNA, Lane 1 contains
control DNA sample while lane 2 contain drug control i.e., DMSO. Lane 3 and 4

contain samples for MeOlstDmMor 3 uM and 10 uM respectively.
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Figure 46: Graphical abstract of MeOIstDmMor mediated anticancer activity in A431 cells lines

4.1.3.2 Molecular docking of compound MeOlstDmMor

Molecular docking studies were carried out by using Molecular Operating Environment
(MOE) software package. Three-dimensional (3D) crystal structure of VEGFR2 was
obtained from Protein Data Bank (PDB). The accession code for the downloaded
enzyme was 4ASD. Before docking studies, the docking protocol was validated by
using re-dock method. Native co-crystallized ligand sorafenib was re-docked into the
binding site of prepared enzyme. Comparison of the binding orientation was carried out
between the re-docked ligand and experimental ligand. The validated protocol with
root-mean square deviation less than 2 A was used for further docking simulations. The

3-D / 2-D interaction plots of native ligand sorafenib are shown in Fig. 47 (a-b). Native
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ligand sorafenib forms hydrogen bond interactions with Asp1044, Cys919 and Cys919.
While a n-m stacking interaction was also observed between Phe1047 and Phenyl ring
of sorafenib. Trifluoromethyl (CF3) group forms halogen interactions with 1le1044. The
synthesized 5-methoxyisatin derivative was also docked into the binding site of
VEGFR2 enzyme. Its 3-D / 2-D dimensional interaction plots are shown in Fig. 48 (a-
b). The synthesized compound interacts with Asp1046 and Lys868 via hydrogen bond
interactions. The strength of ligand-enzyme complex was computed in terms of binding
energy of the docked poses. The computed binding energy value for native sorafenib
was -9.0855 kCal mol™. While for isatin derivative, it was -6.4015 kCal mol™?. The
interaction plots of 5-methoxyisatin derivative are shown in Fig. 49 (a-b). The
compound forms two hydrogen bond interactions with 11e1025 and Argl1027.The
computed binding energy value for MeOlstDmMor, it was -6.3185 kCal mol™.
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Figure 47: (a-b) 3D and 2D interaction plots of native ligand sorafenib into the binding site of
VEGFR2 enzyme (PDB ID = 4ASD)
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Figure 48: (a-b) 3D and 2D interaction plots of MeOIstDmMor into the binding site of VEGFR2
enzyme (PDB ID = 4ASD)
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Figure 49: (a-b) 3D and 2D interaction plots of MeOIstDmMor into the binding site of VEGFR2
enzyme (PDB ID = 4ASD)

4.1.4 Molecular docking of compounds MeOlstEth and MeOlstMet

4.1.4.1 Density functional theory

Quantum mechanical calculations in the frame work of density functional theory (DFT)
as implemented in an open-source software suite, CP2K was used (Kihne et al., 2020).
The molecular geometry of the studied compounds was calculated and models were
proposed for molecular docking studies. BFGS optimizer was employed in locating the
global minima of the molecules. Localized basis sets (DZVP-MOLOPT-SR-GTH) and
exchange-correlation functional (BLYP) were used with 300 Ry cutoff of Kinetic
energy in minimizing the molecular structure up to the energy convergence of 1.0x10°
Ry and the force convergence (MAX and gradient) of 1.0 x 10 Ry/Bohr.

4.1.4.2 Molecular docking

ADFR suite was used in accessing the best docked pose of the small molecules with
the receptor proteins (Ravindranath et al., 2015) The active site was located by an
option in the molecular docking program and also from the protein database. In some
cases, CASTp server results were also considered for unanimous inferences (Tian et
al., 2018). The number of independent GA searches were set to 50 with each using up
to 10,000,000 evaluations of the scoring functions. This high value ensured that the
chances of capturing the best possible docked pose was maximized and instead of local
minima of the scoring function, a global minima was reached in a solvated environment.
The water map setting with the default weight of 0.60 and entropy of -0.20 were chosen
for hydrated docking. The amino acids residues (up to 15) of the receptors at the
orthosteric site were assigned to be flexible and the small molecule possessed rotational

degrees of freedom during the docking process by default. The box sizes for different
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proteins had large variations depending upon the size of the active site. The largest box
of size 22 x 28 x 19 points was chosen for the protein with PDB ID of 7BJ6 as an
example. The padding of 2.00, grid spacing of 0.375 A and smoothing of 0.500 were
adopted for all the receptors.

Different clusters of docking results related to different searches were obtained and the
pose with best affinity was taken for further analysis. The reference ligand was not
provided and consequently the RMSD value of each distinct output was not obtained.
As a representative case, one of the receptors with its active site occupied by a small

molecule ligand is depicted in Fig. 50.

Orthosteric site

MeOlIstEth

Receptor
protein

Figure 50: Cartoon representation of a docked pose of MeOlstEth in the active site of protein with

PDB ID: 4ASD (carbon gray, nitrogen blue, oxygen red, sulfur yellow, hydrogen cream spheres)

4.1.4.3 Target proteins

The various proteins represented as different PDB ID as receptors of the ligands are
tabulated in Table 10. The search for alternate prophylactics of cancerous cell
addressing different types of growth factors and other enzymes were considered for
spanning a broad range of possible targets. Here, in silico approach addresses targeted
therapy that deals with the treatment of specific cancer by obstructing the pathways or
mutations causing tumor cell proliferation. The receptor with maximum amino acid
residue count of 1014 and minimum of 98 were used in this work and the PDB
structures were retrieved from RCSB website (rcsh.org) (Berman et al., 2000). The
protein structures were cleaned by removing water molecules, ions, metals, ligands and

other small molecules. The polar hydrogens were added along with Gasteiger charges.
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4ASD is a vascular endothelial growth factor receptor (VEGFR2) with 353 residue
count. It is a protein tyrosine kinase receptor that regulate tumor-induced blood vessels
formation. 3VHE is a similar target with 359 residue count. 3MJG is a platelet-derived
growth factor receptor (PDGFR) and is involved in the development of different types
of cancerous cells (Board & Jayson, 2005). Its antagonist could be a good therapeutic
candidate. 3MJK is a protein associated with platelet-derived growth factor precursor
with 1014 residues. Only A and B chains were considered for molecular docking. 7BJ6
is @ murine double minute 2 protein and is considered vital in p53 regulation and cancer
cell suppression. 2VTA has been top ranked (fit score of 2.488) by an online program
PharmMapper (http://59.78.96.61/pharmmapper) (Wang et al., 2017) as potential target
(cell division protein kinase 2) in cancer treatment. It consists of a single chain with
298 residues and ligands based on its docking have been currently subjected to clinical
trials (Wyatt et al., 2008). 6LVK is a fibroblast growth factor receptor 3 used in
specially the therapeutics of bladder cancer has been shown to have significant results
over VEGFR2 proteins (Kuriwaki et al., 2020). This protein is a monomer with 626
residues. These target proteins were selected from different domains and class to
encompass broad spectrum in the development of therapeutics against different types
of cancer by computational methods. The evaluation of protein structure was performed
by Protein Structure Analysis and Verification Server (Mazumder et al., 2022) using
ERRAT (Colovos & Yeates, 1993) and PROCHECK (Mohan, et al., 2013) programs.
The results showed acceptable quality of the deposited structures that could be used for
molecular docking studies without any additional corrections or modifications.

Table 10: Short details of receptors used in molecular docking

Receptor class Feature Overall Quality

PDBID | Factor (Disallowed %)
4ASD VEGFR2 A monomer with 353 residues 98.64 (0.4%)
3MJG  PDGFR A hetero-4-mer with 922 residues 82.25 (0%)
3MJK PDGF precursor A homo-2-mer with 1014 residues 85.96 (0%)
7BJ6 MDM2 protein A monomer with 98 residues 100.00 (0%)
2VTA Cyclin dependent kinase 2 A monomer with 298 residues 88.02 (0%)
3VHE VEGFR2 kinase domain A monomer with 359 residues 97.25 (0%)
6LVK FGFR3 A monomer with 626 residues 98.49 (0%)
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4.1.4.4 Test compounds and control drugs

Thiosemicarbazones and their derivatives are nitrogen and sulfur containing
compounds having diverse biological and therapeutic values (Sibuh et al., 2021).
Herein, specifically their anti-cancer potentials have been explored by using
computational methods. The molecular structures (ball and stick models) of these two
compounds obtained from DFT calculations are shown in Fig. 51. In order to compare
the performances of the test compounds, some FDA drugs (Imatinib, Ruxolitinib and
Lenalidomide) have also been considered as references (Kim et al., 2021). The
structures were optimized by molecular mechanics using conjugate gradient algorithm
with Newton’s method as line search technique. Universal force field was used for the
atoms with energy convergence of 10 units. The molecular structures were obtained
as PDB files and the minimization was performed by Avogadro software (Hanwell et
al., 2012) without any constraints. Their druglikeness, pharmacodynamics and
pharmacokinetics have also been studied by computational methods. Imatinib and
Ruxolitinib are anti-cancer drugs of class tyrosine kinase inhibitor (antineoplastic
agent). Lenalidomide is an immunomodulatory drug used in the treatment of various
types of cancer and is an angiogenesis inhibitor. The list of compounds is given in Table
11.

A4

(a) (b)

Figure 51: Geometry optimized molecular structure of (a) MeOlIstEth and of (b) MeOlIstMet

(Oxygen in red, carbon in gray, sulfur in yellow, nitrogen in blue and hydrogen in shaded white)
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Table 11: Short details of compounds and FDA approved drugs2

Compounds] Short description, molecular formula

MeOIstEth Test compound, C12H14N4O2S

MeOIstMet  Test compound, C11H12N4O,S

Imatinib A benzamide, tyrosine kinase inhibitor and apoptosis inducer, C2oH31N7;0
Ruxolitinib A pyrrolopyrimidine, Janus kinase inhibitor modulating the immune response,
C17His8Ne

Lenalidomide A thalidomide analog blocking the formation of neoplasms, Ci3H3N30;

4.1.4.5 Computational resources

All the codes used were open-source software in this computational work. The
visualization and interpretation were also performed using free software (Avogadro and
PyMol) easily available in the internet (Hanwell et al., 2012, Schiffrin et al., 2020). A
multi core Intel CPU machine with 256 GB of memory and 6 TB of storage was used

in the calculations. The operating system was Ubuntu 20.04 and Windows 8.1 version.
4.1.5 Results and discussion

4.1.5.1 Druglikeness and pharmacology studies

In order to determine the druglike properties and for ADMET prediction of the test
compounds, various parameters were calculated using ADMETIab 2.0 server (Xiong et
al., 2021). The physicochemical properties are shown as radar plots in Fig. 52 and are
self-explanatory. All the parameters lie within the acceptable range (between upper and
lower limits) and Lipinski’s rule of five is not violated. This verifies the drug likeness

and its safety.
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Figure 52: Radar plots of (a) MeOlIstEth and of (b) MeOIstMet showing physicochemical data

The selected properties pertaining to adsorption, distribution, metabolism, excretion

and toxicity of the drug candidates are shown in Table 12.

Table 12: Adsorption, distribution, metabolism, excretion and toxicity of the drug candidates

Properties MeOIstEth MeOlIstMet
Adsorption

Caco-2 permeability (log cm/s) -4.78 -4.90

Pgp-inhibitor Very low probability Very low probability
Pgp-substrate Very low probability Very low probability
Human intestinal absorption 10% probability 10% probability
Distribution

Plasma protein binding 0.999 0.995

VD (L/Kg) 3.84 1.34

BBB Penetration Low Low

Metabolism

CYPI1A2 inhibitor High High

CYP1A2 substrate High High

CYP2C9 inhibitor Medium Medium

CYP2C9 substrate High High

Excretion

Clearance (mL/min/Kg) 5.95 7.26

Tin Long Long
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Toxicity

HERG blockers Low probability Low probability
Human hepatotoxicity 70% probability of being toxic 70% probability of being toxic
AMES toxicity Low probability Low probability
Skin sensitization Low probability Low probability
Carcinogenicity High probability High probability
Eye irritation Low probability Low probability
Respiratory Toxicity High probability High probability

The different parameters show that the test compounds do not possess extreme toxicity
and have moderate ADME (Absorption, distribution, metabolism and excretion)
profile. This suggests that these compounds could be used as potential drug candidates

with caution (carcinogenicity and respiratory toxicity) in further clinical trials.
4.1.5.2 Anticancer properties by graph-based signatures

In order to find biologically active compounds having anti-cancer capability, an online
program pdCSM (http://biosig.unimelb.edu.au/pdcsm-cancer) was used (Al-Jarf et al.,
2021). The smiles notations of the test compounds were taken for job submission and
no actual three-dimensional molecular geometry were required. The graph-based
signatures as implemented in the algorithm predicts the anti-cancer activity (Glso)

against 74 cancer cell lines.

It was found that the test compound MeOlstEth was active against breast (MCF-7,
MDA-MB-468), leukemia (K-562, P388-ADR), ovarian (OVCAR-4), renal (SN12K1)
and small cell lung (DMS-273) cancer cell lines. For MeOlstMet, breast (MCF-7,
MDA-MB-468, T47D), leukemia (CCRF-CEM, K-562, P388-ADR), ovarian
(OVCAR-3, OVCAR-4), renal (SN12K1) and small cell lung (DMS-273) cancer cell
lines. Surprisingly, the second compound showed activity in larger number of cases

than the first compound despite having lower molecular weight.

It was found that MeOlstEth is a potent CDK2 inhibitor with 1Cso of less than 10 uM
and pK; of 6.11 (CDK2-ligand binding affinity) from kinCSM predictor
(https://biosig.lab.ug.edu.au/kin_csm/). MeOlstMet is also a potent CDK2 inhibitor
with ICsp of less than 10 uM and pKi of 6.099. These findings hint that the test

66



compounds possess anti-cancer notable properties that is worthwhile for further
investigation. Fragmentation of molecules that affects protein phosphorylation is
studied by this online program and it has been found that the potential type of inhibition
is | for both the compounds.

4.1.5.3 Flexible receptor molecular docking

The data obtained from the flexible receptor molecular docking in hydrated
environment of two test molecules two test molecules and three approved drugs
(controls) on to various proteins has been tabulated in Table 13. In almost all the cases,
the control drugs showed better binding affinities than the two thiosemicarbazones
(MeOlstEth and MeOlstMet). Only in case of the receptor with PDB ID: 2VTA,
MeOlstEth showed better binding affinity than Lenalidomide. In comparing the
binding affinities of MeOlstMet with that of MeOIstEth, it can be inferred that the
former almost always results in weaker binding and thus may not be distinctly favored
in the inhibition of protein functioning. Apparently, the molecular weight of ligand
seems to be a major factor in determining the interaction strength with the amino acid
residues with the minor ones being the type, proximity and frequency of non-covalent
interactions. A thorough analysis at the atomic level would ultimately provide exact

description of the inherent phenomenon.

Table 13: Binding affinities (kCal/mol) of various chemical compounds and drugs against different
receptor proteins (PDB ID) related to malignant tumors

Mol. Wt. 4ASD 3MJG 3MJK  7BJé6 2VTA 3VHE 6LVK

MeOIstEth 278.33 -8.8 -8.2 -7.4 -6.8 -9.7 -8.7 -8.2
MeOIstMet  264.30 -8.7 -8.1 -7.4 -6.5 -9.1 -8.5 -7.9
Imatinib 493.60 -15.7 -14.9 -9.0 -11.1 -13.1 -13.9 -13.2
Ruxolitinib 306.40 -10.6 -10.1 -8.7 -8.8 -11.4 -10.4 -9.7
Lenalidomide 259.26 -9.7 -9.2 -8.2 -7.8 -9.2 -9.2 -8.4

4.1.5.4 Interactions at the atomic-level

The frequency and proximity of different types of non-covalent interactions between
the amino acid residues at the orthosteric site of the protein and the docked ligand
determines the strength of the protein-ligand complex. Better binding results in stable

complex and the protein would be effectively inhibited resulting in the treatment of the
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disease. Hence, the pose of the ligand that forms strong bonding with the residues is the
ultimate quest in structure-based drug design strategy (Blaney, 2012) that is cost
effective. Many drugs have been discovered using this technique and have
circumvented the expensive experimental high-throughput screenings (Batool et al.,
2019). The receptor flexibility incorporated into the calculation along with that of the
ligand’s provides the closest resemblance to the realistic models as in biological
systems. Fig. 53-59 show the best docked pose of MeOlstEth at the active site of the
receptor molecules. The plots on the left are 3D representations while those at the right
are the 2D projections. The pocket areas with hydrogen bonding donors are purple
while the acceptors are green. Since, MeOlstMet did not yield distinctly better binding

affinities than MeOlstEth, its atomic level interactions are not presented in the figures.
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The occurrences of hydrogen bonding, ionic, unfavorable, pi related and alkyl related
interactions with different amino acid residues of various proteins are presented in
Table 14. In case of hydrogen bonding, the distances are also shown. Even though some
interactions are unfavorable, the presence of other strong non-covalent interactions
makes the complex stable in nature. In case of 4ASD, the key amino acid residues

71



ASP1046, VAL899, LYS868 and GLUB885 are involved and have also been reported in
case of docking with compounds derived from well-known drugs (Aziz et al., 2022) for
cancer. In case of 3MJG protein the major interaction is with the residues MET®65,
LEU93, THR95 and ARG150 with short hydrogen bonding distances. Other key
residues THR86 and THR88 have been reported to be involved in interaction with a
different compound, indigocarpan (Paramashivam et al., 2015). 3MJK protein involves
a residue ARG83 with weak hydrogen bonding and other interactions with GLU166,
LYS165 and VAL167. However, CYS96, LYS97, SER143, HIS146, ARG148,
GLU176 and CYS177 are the key residues reported with Litreol. With titerpenes the
key residues are ILE38, HIS39, VAL95, LYS97, THR98, TRP120, PRO121, VAL124,
ARG148, VAL152 and VAL160 (Mahajanakatti et al., 2014). None of the residues
match thus pointing towards different site for docking of the small molecule. The key
residue in case of 7BJ6 are LEU54, PHE86, PHE91 and LEU57 as shown in Fig. 56.
But other set of key residues GLN72, MET62, GLY58, GLN59 and VAL93 have been
reported (Chessari et al., 2021) for its native ligand, an isoindolinone. This is due to
slight shifting of docking position by the compound. The protein 2VTA has been found
to interact with the test compound with the residues VAL18, GLU81, LEU83, ILE10,
ASP145, LEU134 and ALA3L. All the residues are same as in its native ligand except
PHE80, PHE82 and ALA144. 3VHE protein has residues CYS919 and GLU917
involved in weaker hydrogen bonding. CYS919 and LY S920 have been reported as key
residues while interacting with Indigocarpan in other studies (Paramashivam et al.,
2015). In case of 6LVK, there are two amino acid residues GLU565 and ALA567 with
strong hydrogen bonding (short distances) with MeOIstEth and similar residues have
been reported with the native ligand. In most of the cases the involvement of the same
amino acid residues suggests that the test compound is bound at the vicinity of the active
site of the protein and thus may lead to its effective inhibition.

Table 14: Residues involved in major interactions with MeOIstEth and distances (A)

PDB ID Hydrogen-bonds Salt-bridge/others Pi related Alkyl related
4ASD  ASP1046 (4.17, 3.78), VAL899 (3.23) GLUS8S8S LEU889 LYS868, HIS1026
3MJG  MET®65 (1.77), LEU93 (1.95), THR95 ARG64 GLU63, GLU97 MET65, PHE99

(1.88), ARG150 (1.83)
3MJK  ARG83 (5.12,5.25) LEU164 GLU166 LYS165, VAL167

7BJ6 LEU54 (2.14) - PHES86, PHE91 LEUS57
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2VTA  GLUSI (4.80), LEUS3 (4.23,5.33), ILE10,ASP145  LEUI34 ALA31, VALIS8
ILE10 (4.32)

3VHE CYS919 (3.66), GLU917 (4.03) PHE1047 LEU1035 ALAB66

6LVK  GLU565 (1.88), ALA567 (1.84, 2.08) VAL564, LEU633 ILES548, LEU633 ALA643, LEU487

Based on the observation of interactions at the methoxy end of the compound, it can be
inferred that its replacement with other larger functional groups like butoxy or phenyl
rings with diverse substituents (electron withdrawing or even electron donating) may
lead to stronger binding at the active pocket. The presence of donors for hydrogen bond
formation from the residues of the protein in most of the cases suggests the inclusion
of functional group with electronegative elements. This proposition is in accordance to
the composition of the FDA approved drug Imatinib which contains multiple nitrogen
atoms and has long molecular structure. A trial-and-error method or virtual screening
of a library of compounds with multiple types of substituents that may fulfill these
criteria may usher to a better lead candidate (also with higher molecular weight) than

the control drugs.
4.1.5.5 Future work

The anti-cancer properties of two test compounds (MeOlstEth & MeOlstMet were
investigated by various computational methods using either free software or online
servers. One of these compounds hint of being biologically active and showed better
binding affinity than one FDA approved drug from flexible receptor molecular docking
calculations in a hydrated environment. Atomic level non-covalent interactions were
determined in the receptor-ligand complexes and druglikeness along with ADMET
predictions made using different programs showed acceptable properties. The
compounds require further in vitro experiments and could be subjected to further in

vivo trials.

Further functionalization of the test compounds with suitable groups leading to even
better binding with the target receptor may help in improving the efficacy and
effectiveness of the proposed compound as a good cancer drug. In order to determine
the stability of the complex, the trajectory of the ligand inside the active site, its RMSD
and free energy needs to be analyzed. This requires molecular dynamics simulation of

the complex with production run of 200 nanoseconds or longer. In other words, the
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deviation of docked molecule from the original position with time at certain
temperature would help in understanding the change in binding strength and ultimately
the efficacy of the proposed drug in inhibiting the regular functioning of the targeted
protein.

4.1.5.6 Conclusion

Because of the varying substituents on the N(4)-position of thiosemicarbazone
moieties, the anticancer effectiveness of investigated compounds against cancer cell
lines MCF-7, A431 and A549 varied slightly.

The synthesized compounds inhibited cell proliferation in the MCF-7 cell line in the

following order:

Compound 2 > Compound 3 > Compound 1 > Compound 6 > Compound 4 >

Compound 5

The synthesized compounds inhibited cell proliferation in the A431 cell line in the

following order:

Compound 3 > Compound 2 > Compound 1 > Compound 4 > Compound 5 >

Compound 6

The synthesized compounds inhibited cell proliferation in the A549 cell line in the

following order:

Compound 3 > Compound 4 > Compound 1 > Compound 2 > Compound 6 >

Compound 5

In both MCF-7 and A549 cancer cell lines, all of the compounds had stronger
antiproliferative activity than the positive control (DMSO) but the compound (3) and
(2) showed the best antiproliferative activity against A549 (ICso; 2.52 uM) and MCF-7
(ICs0; 2.93 uM) cell lines respectively. Our investigation displayed promising
anticancer activity of MeOlstTmor, MeOlstDmMor, MeOlstMor and MeOlstDm
with ICsg 0f 2.52 to 7.41 uM respectively, which may serve as anticancer drugs for skin
cancer in the future. MeOlstDmMor significantly inhibit cancer cell proliferation in
low dose and inhibited A431 cancer cell colony formation, Pl staining was conducted
and found to undergo apoptosis in a dosage dependent, with GO/G1 phase cell cycle

arrest. Western blotting analysis of MeOlstDmMor treated skin cancer cell lines shows
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that downstream molecules of MAPK (C-Jun), B-catenin and Akt. Experimental data
obtained suggest that MeOlstDmMor has a significant cytotoxic effect on skin cancer
cell viability, and we conclude that this compound can be used as a therapeutic agent
for the treatment of cancer in future.

4.2 SYNTHESIS, CHARACTERIZATION AND ANTICANCER ACTIVITY

OF 5-HYDROXYISATIN N(4)-SUBSTITUTED THIOSEMICARBAZONES
4.2.1 IR spectra of 5-hydroxyisatin

The stretching vibrations of the hydroxyl group (-OH) in 5-hydroxyisatin caused broad
spectral bands to appear at 3285 cm™. At 1782 cm™, stretching vibrations of isatin
moeity's v(C=0) groups revealed strong spectral bands. The single and double bond
stretching vibrations of the v(C=C) and v(C-C) groups were 1616 and 1491 cm™,
respectively. The C-H bending vibrations were responsible for the absorption peak
between 697 and 881 cm™ (Manda, 2013).

105
100 H
X | ﬂ\
§ 95 o
S >
= -OH Str =t
£ S
[ =
S 90 4 O o
l_ 0 1l < N
HO // = 8
mzo & C-H bend
N (@]
85 1 H g °
~
-C=0 Str

I I I I I I
4000 3500 3000 2500 2000 1500 1000 500
Wave number (cm'l)

Figure 60: IR spectrum of 5-hydroxyisatin
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4.2.2 ESI-HRMS spectra of 5-hydroxyisatin

5-Hydroxyisatin has mass spectral peaks at m/z (amu): 164.0351 (164.1382), indicating
the presence of [M+H]", as well as peaks at m/z (amu): 186.0170 (186.1102), indicating
the presence of [M+Na]*.The fragment ion peak at m/z; 130.1594 and m/z;116.1184 were
detected due to a loss of H202 and O>CHs group from the 5-hydroxyisatin respectively
(Mahmoud et al., 2008).
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Figure 61: Mass spectrum of 5-hydroxyisatin
4.2.3 General discussion

The N-substituted carbothiohydrazide were synthesized by the method El-Sawaf (El-
Sawaf et al., 2018) and Scovill (Scovill, 1991). 5-Hydroxyisatin thiosemicarbazones
were synthesized by refluxing 5-hydroxyisatin with respective N-substituted
carbothiohydrazide in the presence of absolute EtOH and glacial acetic acid (Pervez et
al., 2018).

Table 15: Physical properties of 5-hydroxyisatin N(4)-substituted thiosemicarbazones (7-16)

Compd Mol. Formula Melting Colour  Yields
(Mol. Weight)  point (°C) (%)
S 1 C13H14N402S 170°C Orange 81%

2 2
N_3 /L%N{js (290.34)
3 / NH
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(HydIstPyrl/7)

S g 12
2l a 13
N N
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16 15
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C14H16N402S
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C18H18N502S 170°C Orange 41%

S

2 4/ N\  N=

N\,f”_TllJO\N Nlj@ﬂ (382.43)
Ho.s 2 s 3/ N
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lsl 5 | ﬁ/ (264.30)
~ 10 .
Ho.s 2 s 3/ NH N
o
6 9~N1

S 1 C10H10N40O,S 290°C Orange 72%
N2 l i (250.27)
~ 10 .
HO_5 % 8 3 , NH
—0
6 9~N1
T H

S 11 12 C11H12N4O,S 270°C Orange 49%
N\ﬁ“_TlIO\NH (264.30)
Ho.s % s 3/
o
6 9~N1
" H

(Hyd|IstEth/16)

The percentage vyield (41-85 %) of 5-hydroxyisatin  N(4)-substituted
thiosemicarbazones were obtained. They were stable in air at room temperature and
showed the range of melting point 170-290° C. The thiosemicarbazones (7, 8, 9, 10, 11,
12,13, 14, 15, 16) were slightly soluble in CHCl3; and highly soluble in Me,CO, EtOH,
MeOH, DMF and DMSO. Elemental analysis, FT-IR, NMR, UV-Visible spectroscopy
methods, and single crystal x-ray analysis were used to characterize the synthesized
thiosemicarbazones. ESI-HRMS mass spectrometry was used to confirm the molecular

structures of thiosemicarbazones.

78



The results of elemental analysis of compounds (7-16) revealed that the experimental

data agree with the estimated data within the limits of experimental error.

Table 16: Elemental analysis data of 5-hydroxyisatin N(4)-substituted thiosemicarbazones (7-16)

Compd C H N
7 53.50 (53.78) 4.66 (4.86) 19.23 (19.30)
8 55.26 (55.25) 5.41 (5.30) 18.30 (18.41)
9 50.88 (50.97) 4.74 (4.61) 18.27 (18.29)
10 48.31 (48.43) 4.46 (4.38) 17.39 (17.38)
11 53.68 (53.88) 5.53 (5.43) 16.62 (16.75)
12 56.48 (56.58) 5.77 (5.70) 17.72 (17.60)
13 56.61 (56.53) 4.62 (4.74) 21.86 (21.97)
14 49.88 (49.99) 4.43 (4.58) 21.28 (21.20)
15 47.80 (47.99) 4.01 (4.03) 22.27 (22.39)
16 50.07 (49.99) 4.67 (4.58) 21.18 (21.20)

4.2.4 Spectral studies

4.2.4.1. IR spectra

IR bands of selected functional groups of synthesized compounds (7, 8, 9, 10, 11, 12,
13, 14, 15, 16) and are shown in Table 17.

The broad spectral bands due to the intermolecular hydrogen bonded vibrations of
hydroxyl group (-OH) of 5-hydroxyisatin were appeared at the region of 3354-3203
cm (El-Sharief et al., 2019).The symmetric and asymmetric stretching vibrations of
indole N-H and azomethine N-H exhibited broad spectral bands in the range of 3189-
3103 cm™ in the thiosemicarbazones (Pervez et al., 2010).The stretching vibrations of
the v(C=0) and v(C=N) groups of thiosemicarbazones revealed prominent spectral
bands in the regions 1697-1668 cm™ and 1548-1531 cm™, respectively (Balachandran
et al., 2018). The absence of an IR band at 2600-2500 cm™, which is indicative of the
S-H group, showed that the solid form of thiosemicarbazones existed in thione form
(Ramadan et al., 2019). Strong IR bands in the 1172-1118 cm™ region were attributed

79



to the v(N-N) stretching vibration of the thiosemicarbazone molecule (Zhang et al.,
2015). In the range of 1239-1159 cm™ and 792-732 cm?, two strong absorption bands
due to the stretching vibration of v(C=S) of thiosemicarbazones were seen (Prabhakaran
et al., 2008). This is due to the stretching and bending vibration of v(C=S). Along with
the proton detachment, the CS linkage weakens and the nearby CN and NN bonds get
stronger (Sagdinc et al., 2009). In the synthesized compounds (15 and 16), the
stretching vibrations of v(C=N) and v(C=S) displayed comparable peaks. The stretching
vibrations of v(O-H) and v(N-H) have nearly identical intensities in the compounds (9

and 10). The difference in electronegativity made them into insignificant vibrations.

Table 17: Diagnostic bands in the IR spectra (cm™) of compounds (7-16)
Compd v (O-H) v(N-H) v (C=0) v (C=N) v (N-N) v (C=S)

7 3200 (br) 3123 (m) 1685(s) 1539 (s) 1157 (s) 1195 (s), 786 (5)
8 3252 (br) 3178(s) 1683(s)  1541(s)  1157(s) 1203 (s), 785 ()
9 3211 (br) 3103 (m) 1685(s)  1544(s)  1118(s) 1159 (s), 786 ()
10 3319 (br) 3172(s) 1668(s)  1533(s)  1153(s) 1193 (s), 792 ()
11 3354 (br) 3180 (s) 1670(s)  1531(s)  1172(s) 1239 (s), 771 ()
12 3211 (br) 3123 (m) 1683(s)  1535(s)  1157(s) 1195 (s), 792 ()
13 3220 (br) 3151 (m) 1692(s)  1548(s)  1159(s) 1203 (s), 786 ()
14 3203 (br) 3154 (m) 1695(s) 1544 (s)  1136(s)  1172(s), 786 ()
15 3282 (br) 3189 (m) 1697 (s)  1544(s)  1122(s) 1199 (s), 740 ()
16 3273 (br) 3149 (s) 1685(s)  1544(s)  1130(s) 1199 (s), 732 ()

s = strong, m = medium, br = broad
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Figure 62: IR spectrum of compound (11)
4.2.4.2 NMR spectra

The *H NMR spectral values (5, ppm) of the synthesized compounds (7, 8, 9, 10, 11,
12, 13, 14, 15, 16) are tabulated in Table 18

The sharp singlet peaks in the region of 6 13.54-12.59 ppm were attributed to the
protons bonded to the most polar group in the spectrum; N(3)H of the
thiosemicarbazone moiety suggests that the compounds exist in solution as neutral
thione tautomeric form (Muralisankar et al., 2017). The peak assigned as N(3)H
because of its lower field location (which indicates an intramolecular hydrogen-bonded
proton) and because its position is more dependent on the type of N(4) substituent
(Konstantinovi¢ et al., 2008). The sharp singlet peaks attributed to indole N(1)H
protons were found in the range of & 10.99-10.95 ppm (Pervez et al., 2017). The
synthesized compound's *H NMR spectra in DMSO-ds solution revealed a signal in the
0 9.33-9.25 ppm region that is indicative of an intramolecularly hydrogen-bonded -OH
proton (Swathy et al., 2016). The isatin C(6)-H was deshielded as a result of the

electron-withdrawing inductive effect of the hydroxy group (-OH) at position-5, and
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appeared as a doublet at & 6.94-6.71 ppm, whereas the isatin C(7)—H appeared as a
doublet at 6 7.57-6.69 ppm. Due to its electron withdrawing hydroxy group and C=N
function, the C(4)-H had a strong deshielding effect and resonated as a doublet at &
6.94-6.75 downfield. Due to CH> coupling, in the thiosemicarbazones N(4)H resonance
was detected as a triplet at around & 9.30 ppm in the compound (15 and 16). (Pervez et
al., 2012). Aromatic protons were detected as doublet peaks in the & 7.57-6.71 ppm
range (Rai et al., 2005). The signals of aliphatic C(13)H i.e., (-CH2) protons were
recorded as a triplet toward the downfield region of & 3.71-1.53 ppm in the compound
(7-13), whereas aliphatic (-CHz) protons' signals were recorded as a multiplet in the
same region ¢ 1.20-1.15 ppm in the compound (11 and 16) (Lahari & Sundararajan,
2020). Due to their involvement in intramolecular hydrogen bonding and consequently
low tolerance to solvent interaction, the *H-NMR values for N(1)H and N(4)H
correspond well with the observed values in the compounds (15 and 16) (Kohli et al.,
2014). When compared to compounds (15) and (16), the N(4) methyl proton as
multiplet in compound (14) was a little more downfield (6 3.36 ppm). The morphine
C(11,14)H emerged as a triplet at 6 3.97 ppm, while C(12,13)H did the same at around
0 3.71 ppm (El-Sawaf et al., 2018). Due to interaction with a nearby CH. proton, the
CH. protons close to the ring nitrogen created a triplet at 6 3.93 ppm (8), 6 4.24 ppm
(10), 8 4.09 ppm (12), and 6 4.12 ppm (13). The triplet resonance of the CHz proton due
to coupling with neighboring CH> proton was shown at 6 1.88 ppm (7), & 1.66 ppm (8),
and 6 1.53 ppm (12). Due to differences in electronegativity, the CH. proton coupling
in compounds (9) and (10) resonated as a triplet at 6 3.71 and 6 2.82 ppm.

Table 18: '"H NMR spectral assignments (8 ppm) of compounds (7-16) (400 MHz, DMSO-d6)

Compd— 7 8 9 10 11 12 13 14 15 16
Proton]

N()H  10.97(s) 10.95(s) 10.98(s) 10.97(s) 10.96(s) 10.96(s) 10.99(s) 10.98(s) 10.89(s) 10.89(s)
N@)H  1333(s) 13.15(s) 13.24(s) 13.13(s) 13.20(s) 1354(s) 13.26(s) 13.48(s) 12.60(s) 12.59(s)
NAHH - - - - - - - - 6.76(d)  6.76(d)
-H(4) 6.75(d) 6.75(d) 6.75(d) 6.75(d) 6.76(d) 6.75(d) 6.94(d) 6.76(d) 6.78(d)  6.78(d)
-H(6) 6.75(d) 6.74(d) 6.75(d) 6.75(d) 6.75(d) 6.75(d) 6.94(d) 6.76(d) 6.71(d) 6.71(d)
-H(7) 6.94(d) 6.69(d) 691(d) 6.91(d) 6.89(d) 693d) 757(d) 6.94(d) 7.07(d)  7.10(d)
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-H(11)
-H(12)
-H(13)
-H(14)
-H(15)
-H(16)
-H(17)
-H(18)
-H(19)

-OH

375()  3.93() 3.97(t) 4.24(t) 3.68(t) 409(t) 412(t)  3.36(m)
1.88(t)  166() 371() 2.82(t) 296(t) 181 371(t)  3.36(m)
188(t)  1.66(t) 371() 282(t) 2.96(t) 1531  3.71()
375()  166() 3.97(t) 4.24(t) 3.68(t) 153()  4.12()
3.93(t) - - 115m)  1.81()
1.15(m) 4.09(t)  8.15(d)
6.65(d)
7.75(d)
6.68(d)

9.29(s) 9.25(s) 9.30(s) 9.30(s) 9.33(s) 9.30(s) 9.30(s)  9.31(s)

3.07(m)

9.28(s)

3.66(t)

1.20(m)

9.26(s)

13.265

-
oM@ OOREFNN ITTHNOWOONDRDN—AOMNA0D—ANAO00 D0

10.992

ol e e e e il = Rt~ JT - R RV RN N - TR R s T I o T o B ot o BN I SN T TN

TS == NN N

DMSO

S 1 N—L6
23J\4/ \ 15/
Hos A5 3/ NH
LARS ) 4 13 19 18
0
N9 NH
7 1

ol )

12 11 10 9 8 7 3 5 4 3 2

Figure 63: 'H NMR spectrum (400 MHz, DMSO-d6) of compound (13)

1 ppm

The aromatic protons H (C(4)H, C(6)H, C(7)H, C(16)H, C(17)H, C(18)H, C(19)H)
have *H NMR signals in the range of § 8.15-6.65 ppm in compound (13). At & 13.26

ppm and & 10.99 ppm, it showed two distinct singlets for N-NH of thiosemicarbazone

and indole N-H moiety, respectively. Due to CH> coupling, N4-H resonance was
detected as a triplet at around & 9.30 ppm. Proton signals of H (C11, C12, C13, C14) in
N(4) piperazinyl were detected at the range & 4.12- 3.71 ppm. In *H NMR spectroscopy,

pure deuterated DMSO exhibits no peaks. Unfortunately, commercially available
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samples are not completely pure, and a residual DMSO-ds quartet *H NMR signal of
2.50 ppm () was seen. The *H NMR results of the synthesized compounds match those
of their equivalent counterparts (Singh et al., 2021).

The 3C NMR (400 MHz, DMSO-d6) spectral values (8, ppm) of the compounds (7, 8,
9,10, 11, 12, 13, 14, 15, 16) are recorded in Table 19.

The chemical shift values for *C NMR spectra of synthesized compounds were
observed to be quite similar to those of related N(4) substituted thiosemicarbazones.
Those thiosemicarbazones had *C NMR spectra of magnetically non-equivalent
carbon atoms at 6 179.53-175.36 ppm, 6 162.91-162.64 ppm, and 6 135.29-134.12 ppm,
which were ascribed to the m bonded carbon atoms of C=S, C=0, and C=N groups,
respectively (Cavus et al., 2020). The sharp peaks of the sp? hybridized carbon atoms,
I.e. aromatic carbon atoms of isatin and 1-(2-pyridyl) piperazinyl moieties, were found
in compounds (13) and in compounds (7, 8, 9, 10, 11, 12, 13, 14, 15, 16) at 6 153.16-
107.07 ppm and 6 153.18-106.87 ppm, respectively (Singh et al., 2021). Furthermore,
aliphatic carbon atoms (-CH>) were found to have broad signals in the up field region
between 6 65.67 and 23.58 ppm, whereas signals of aliphatic carbon atoms (-CHs) were
found in the range & 31.30-13.97 ppm (Kopylovich et al., 2011). The pyrrolidine ring
carbons C(12) & C(13) in the compound (7) appeared at 6 25.93 ppm and C(11) &
C(14) at 6 53.21 ppm respectively (Muralisankar et al., 2016). The ethyl carbons were
given credit for two sharp peak (13.97 and 40.13 ppm) in the spectra of compound (16)
(Balachandran et al., 2018). Two methyl carbons C(11) & C(12) in compound (14)
appeared at a § value of 40.13 ppm showing magnetically equivalent. The 2,6-dimethyl
morpholine ring carbons C (11) & C (14) nearer to the nitrogen appeared at & 70.91
ppm whereas the carbon C (12) & C (13) nearer to the oxygen appeared at & 54.81 ppm.
In comparison with morpholine and thiomorpholine ring carbons, the carbon nearer to
the oxygen were downfield (6 50.03 ppm) whereas the carbon nearer to the sulphur
were upfield (6 26.54 ppm).
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Table 19: '*C NMR spectral assignments (§ ppm) of compounds (7-16) (400 MHz, DMSO-d6)

Compd— 7 8 9 10 11 12 13 14 15 16

Carbon|

-C(2)viz.C=0O 162.85 162.72 162.73 162.68 162.72 16285 16274 16291 162.70 162.69

-C(3)viz.C=N 13446 13412 13473 13459 13463 13527 13463 13529 13459 134.60

-C(4) 106.94 106.87 107.07 107.06 106.96 106.95 107.07 107.02 107.85 10797
-C(5) 15314 15312 153.16 15315 153.18 15315 15316 153.17 153.05 153.05
-C(6) 111,79 11181 11186 11187 11190 111.84 11314 11186 111.63 111.60
-C(7) 12086 120.83 120.69 120.68 120.70 12091 120.73 120.85 120.77 120.76
-C(8) 11752 11761 11782 11783 11785 11754 11779 117.63 11784 117.83
-C(9) 13396 134.09 13425 13429 13428 13401 13424 13404 13215 13220

-C(10)vizC=S 17536 17864 17953 17950 179.20 17842 179.35 17897 17765 176.67

-C(11) 5321 5101 6567 5289 7091 4013 4901 4013 3130  40.13
-C(12) 2593 2551 5003 2654 5481 2658 4368  40.13 - 1397
-C(13) 2593 2358 5003 2654 5481 2658  43.68
-C(14) 5321 2551 6567 52.89 7091 2658 4901
-C(15) - 5101 - - 1837 2658 15826
-C(16) - - - - 1837 4013 14749
-C(17) - - - - - - 11186
-C(18) - - - - - - 13761
-C(19) - - - - - - 106.93
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Figure 64: *C NMR spectrum (400 MHz, DMSO-d6) of compound (13)

In Compound (13), the *C NMR signals present at & 179.35, § 162.74 and & 134.63
ppm were ascribed to sp? hybridized carbon atoms of C=S, C=0 and C=N groups,
respectively. The signals of aromatic carbons (sp?) were observed in the region 6
153.16-106.93 ppm. The spectra of -CH, carbons (sp3-C) of N(4) substituent were
appeared at 6 49.01-43.68 ppm.

4.2.4.3 Mass spectrometry

High-resolution mass spectrometry uses mass spectrometers with high mass accuracy
and resolution (HRMS). These instruments can be used to determine elemental
compositions, identify unknowns, and distinguish between various compounds having
the same nominal mass. By using HRMS, the mass to charge ratio (m/z) can be
calculated to several significant digits. The protonated molecular ion [M+H]* peak of
the synthesized molecules was verified by high resolution mass spectroscopy. The
"improved"” resolution makes it possible to measure "exact masses" as opposed to
nominal masses. The main clinical uses for high resolution mass spectrometry have
been Time-of-Flight (TOF) mass spectrometers and Orbitrap mass spectrometers. To
achieve high mass resolution, TOF devices precisely measure the time it takes for ions
to go down a flight tube and hit a detector (Crutchfield & Clarke, 2014).
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The mass spectral data of the synthesized compounds (7, 8, 9, 10, 11, 12, 13, 14, 15,
16) obtained by the high-resolution electron spray ionization mass spectrometry (ESI-

HRMS) measurements are summarized in Table 20.

In the mass spectrometry the formation of positive or negative ions as the fragments of
the compounds depend on the sign of the applied electrical field. High resolution MS
can offer m/z peak up to 4 decimal digits. The thiosemicarbazones (7, 8, 9, 10, 11, 12,
13, 14, 15, 16) exhibited mass spectral peaks at m/z (amu): 291.3438 (calc., 291.3488),
305.3634 (calc., 305.3753), 307.3479 (calc., 307.3482), 323.4084 (calc., 323.4138),
335.3912 (calc., 335.4013), 319.3995 (calc., 319.4019), 383.4323 (calc., 383.4474),
265.3033 (calc., 265.3115), 251.2752 (calc., 251.2849) and 265.3099 (calc., 265.3115)
respectively thus by showing the existence of [M+H]* (Singh et al., 2021).

Table 20: Mass spectrometric data of compounds (7-16)

m/z [M+H]*
Compd Found Calculated
7 291.3438 291.3488
8 305.3634 305.3753
9 307.3479 307.3482
10 323.4084 323.4138
11 335.3912 335.4013
12 319.3995 319.4019
13 383.4323 383.4474
14 265.3033 265.3115
15 251.2752 251.2849
16 265.3099 265.3115

All the obtained mass spectral data of compounds (7, 8, 9, 10, 11, 12, 13, 14, 15, 16)
are in agreement with the calculated spectral data of those compounds of proposed

molecular structures.
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Figure 65: ESI-HRMS of compound (13)
4.2.4.4 UV-Visible spectra

The electronic spectra of the compounds (7, 8, 9, 10, 11, 12, 13, 14, 15, 16) were
recorded in EtOH and MeOH solutions at the range of 600-200 nm to give the
confirmations for the characteristic absorptions of non-bonded electrons and & electrons
of aromatic rings. The synthesized compounds showed the broad absorption bands in
the UV-Visible region due to the electronic transitions of n—n*, n—on*. In
thiosemicarbazones the absorption bands resulted due to the n—n* electronic
transitions of >C=0, >C=N and —NH-C=S were observed as two prominent peaks
(range 282-286 nm and 348-359 nm) (Tirkkan et al., 2017). Since the
thiosemicarbazone portion of the molecule is covered by the more intense n—n* type,
no transitions that could be classified as an n—=n* type were seen in the spectra
(Kandemirli et al., 2009).

The bands due to the n—n* electronic transitions were found in higher wavelength than
that in =—m* electronic transitions because the former transitions absorb lower energy
than that of later transitions. In the compounds (7, 8, 9, 10, 11, 12, 13, 14, 15, 16)
absorption band appeared in the wavelengths region 348-359 nm ascribed to then n—7*
electronic transitions of >C=0 and >C=N groups (Konakanchi & Gondru, 2019). Due
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to the electronic transition of C=0, C=S, and C=N, there was no discernible difference

in the absorption band, and they exhibited as shoulder peaks in the same location.

Table 21: UV-Visible spectroscopic data of compounds (7-16)

Solvent MeOH EtOH MeOH EtOH MeOH MeOH EtOH MeOH MeOH MeOH

Compd— 7 8 9 10 11 12 13 14 15 16
A max(nm)l
n—n* 350 351 351 354 355 350 355 348 357 359
(nm)
T—T* 285 286 286 283 285 287 284 286 285 284
(nm)
1.0 S
0.8
0.6
S
3
=2
2
< 0.4+
0.2 1
0.0

I i I i I i I i I i I i I i 1
250 300 350 400 450 500 550 600
A (nm)

Figure 66: UV-Visible spectra of compound (15)

The compound (15) showed the absorption band at 285 nm attributed to the n—n*
transition of aromatic rings but that at 357 nm attributed to n—n* electronic transitions
of azomethine (>C=N), carbonyl (>C=0) and thioamide (-NH-C=S) groups. The sharp
broad peak at 357 nm appeared due to the presence of methyl group at N(4)-position in

thiosemicarbazones (Muralisankar et al., 2017).
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4.2.4.5 Single crystal X-ray crystallographic study

Using single crystal X-ray diffraction, the crystal structure of (Z)-N-(5-hydroxy-2-
oxoindolin-3-ylidene)morpholine-4-carbothiohydrazide (HydlstMor/9) was

established. The orthorhombic Pbca space group promoted the compound (9).

A total of 17616 compound (9) reflections were recorded, of which 2433 were declared
to be noticed (I > 2o (1)). The residual values that generated are as follows: For all 195
parameters, R1 = 0.0553, wR> = 0.1480, and Ry = 0.0998, wR> = 0.1779. The C-S
bond length of 1.677 (3) A indicates that the deprotonated thiosemicarbazone structure
evolves considerably from thione to thiol. A correlation of C-N and N-N bond length
with typical single and double bond lengths [C(1)-N(1) 1.356 (4) , C(2)-N(1) 1.431 (4),
C(8)=N(2) 1.289 (4), C(9)-N(3) 1.359 (4), C(9)-N(4) 1.344 (4), C(10)-N(4) 1.469 (4),
N(2)-N(3)1.361(4) A] exposes that charge transfer of electrons occurs throughout the
thiosemicarbazone skeleton (Matesanz et al., 2016). The crystal structures of
compound (9) revealed an intramolecular hydrogen link between N-H and carbonyl
oxygen. The compound (9) contains an intramolecular hydrogen bond between the
N(1)-H(1) proton and O1 [2.896 (4) A], generating a six-membered ring and preferring
the Z-isomer over the imine C=N bond. The presence of 109.2° bond angle confirms
the sp® hybridization of morpholinyl oxygen (C12-03-C11). The torsional angles in (9)
are 0.5 (7) 01-C1-C8-N2, 179.2 (4) N1-C1-C8-N2, 4.5 (4) N2-N3-C9-S1, -174.9(3)
N2-N3-C9-N4, -179.9(3) C10-N4-C9-S1 (Muralisankar et al., 2016).

Figure 67: ORTEP diagram of compound (9) drawn in 20% thermal probability ellipsoids showing

atomic numbering scheme.
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Single crystals of (2)-N-(5-hydroxy-2-oxoindolin-3-ylidene)azepane-1-
carbothiohydrazide (HydIstAzep/12) were selected and analyzed on a Bruker D8
VENTURE diffractometer with PHOTON Il detector diffractometer.

For compound (12), a total of 35687 reflections were recorded, of which 3870
were declared to be seen (I > 2c (1)). 5455 of them were unique. The resulting residual
indices are as follows: Ry = 0.0880, wR2 = 0.2245 for the observed, and Ry = 0.1333,

WR2 = 0.2487 for all reflections with 409 parameters.
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Figure 68: ORTEP diagram of compound (12) drawn in 30% thermal probability ellipsoids showing
atomic numbering scheme. The asymmetric unit contains two crystallographically independents units
and a water molecule in the crystal lattice.

A suitable cell was found and refined by nonlinear least squares and Bravais lattice
procedures. The C(9)=S(1) bond length (1.663 A) confirms the existence of
thiosemicarbazone in thione form and the crystal structure identified the existence of
an intra-molecular hydrogen bond between N-H and the carbonyl oxygen
(Muralisankar et al., 2016). The presence of thiocarbonyl (C=S) and hydrazinic (N-N)
part in opposite sites confirms their existence in trans form. In the thiosemicarbazone,
the bonds appeared in —C(8)=N(2)-N(3)-C(9)(=S)-N(4) skeleton possess partial single
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and double bonds character (1.262-1.347 A) thereby confirming the delocalization of &
electrons on that skeleton (Aneesrahman et al., 2019). X-ray values of bond angles such
as N1-C1-C8, 01-C1-C8, 01-C1-N1, C3-C2-C7, C3-C2-N1, N1-C2-C7, C2-C3-C4,
C5-C4-C3, C4-C5-C6, 02-C5-C6, C7-C6-C5 were found at 106.4°, 124.8°, 128.8°,
120.8°, 130.5°, 108.6°, 117.4°, 122.8°, 122.8°, 117.0°, 117.9° respectively. The crystal
structures showed dimeric form associated with one water molecule. The
intramolecular hydrogen bond between N3H301(0.86°) indicated the for the existence
of Z configuration. In the crystal structure, the intermolecular hydrogen bond was also
observed between the N1H1 and O5 of water molecule and bond angel was found at
N1H105 (0.86°).

Using single crystal X-ray diffraction, the crystal structure of (Z)-N-ethyl-2-(5-
hydroxy-2-oxoindolin-3-ylidene) hydrazine-1-carbothioamide (HydIstEth/16) was
found. The orthorhombic P212:2; space group supported the compound (16).

A total of 7274 reflections were measured for compound (16), with 2254 declared to be
noticed (I > 2o (1)). The residual values that result are as follows: For all reflections
with 166 values, R1 = 0.0467, wR. = 0.1122, and Ry = 0.0738, wR2 = 0.1245. The
deprotonated thiosemicarbazone structure transforms significantly from thione to thiol,
as demonstrated by a C-S distance of 1.682 (5). A comparison of C-N and N-N bond
distances with normal single and double bond lengths [C(1)-N(1) 1.339 (6) , C(2)-N(1)
1.412 (6), C(8)=N(2) 1.288 5), C(9)-N(3) 1.366 (5), C(9)-N(4) 1.310 (6), C(10)-N(4)
1.465 (6), N(2)-N(3)1.356 A] clearly shows that charge delocalization takes place
throughout the thiosemicarbazone skeleton (Matesanz et al., 2016). The crystal
structures of compound (16) revealed an intramolecular hydrogen bond between N-H
and carbonyl oxygen. The compound (16) contains an intramolecular hydrogen bond
between the N(3)-H(3) proton and O1 [2.766 (5) A], forming a six-membered ring and
preferring the Z-isomer over the imine C=N bond. The torsional angles in (16) are
179.9(4) O1-C1-C8-N2, -177.4 (4) N1-C1-C8-N2, 173.5 (3) N2-N3-C9-S1, 177.5(4)
C2-C7-C8-N2, -2.8(7) C10-N4-C9-S1 (Muralisankar et al., 2016).
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Figure 69: ORTEP diagram of compound (16) drawn in 20% thermal probability ellipsoids showing atomic

numbering scheme.
4.2.4.6 Anticancer activity of 5-hydroxyisatin N(4)-substituted
thiosemicarbazones (7 — 16)

Breast cancer cells (MCF-7, MDA-MB-231), Lung cancer cells (A549), Skin cancer
cells (A431), Hypotriploid human cell (NCIH-460), Human prostate cancer cell (PC-
3), and Prostate epithelial cell (PNT-2) 2500 cells were grown on 96 well plates in
control (DMSOQ), then treated with different concentrations (1, 3, 10, and 30 uM) for
72 hours. PNT-2 is non-cancerous cell line. It was derived from normal human prostate

tissue. It acts as reference cell line for comparison with cancer cell line.

Due to the presence of methyl and ethyl groups that are linked to the N(4) position of
the thiosemicarbazone. The cancer cell lines MCF-7, A431, A549, MDA-MB-231,
PNT-2, and NCIH-460 showed the lowest anticancer effectiveness for compounds (15)
and (16). The compound (8) showed a mild antiproliferative effect on PNT-2 cell lines.
This is caused by the heterocyclic piperidinyl ring on the N(4) position of

thiosemicarbazones. The heterocyclic azepane ring on the N(4) position of the
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— Cell Viability —

thiosemicarbazone moiety caused compound (12) to have the lowest anticancer efficacy
against A549.

The thiomorpholinyl group of the thiosemicarbazone moiety improved the anticancer
potency against most cancer cell lines, whereas the two methyl groups on the N(4)
position of the thiosemicarbazone increased the anticancer activity against two cell

lines, PC-3 and A431.

7 8 9 10 11 12 13 14 15 16

Control

14

1.2

0.

o)

0.

[9)]

0.

S

0.

N

o

EPNT2 EMCF7 ®MDA-MB-231 mA431 EA549 EPC3 ENCH
—— Compound

Figure 70: Cell viability assay of synthetic compounds with different concentration in different cell

lines (7-16)
4.2.4.7 Conclusion

Because of the different substituents on the N(4)-position of thiosemicarbazone
moieties, the anticancer efficiency of the examined compounds against cancer cell lines
MCF-7, MDA-MB-231, A549, A431, NCIH-460, PC-3 and PNT-2 slightly differ. In
terms of most cancer cell lines, the heterocyclic ring, methyl, and ethyl substituted

group on N(4) position of thiosemicarbazones demonstrated the moderate to strong

anticancer efficacy.

The synthesized compounds inhibited cell proliferation in the MCF-7 cell line in the

following order:
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Compound 10 > Compound 15 > Compound 13 > Compound 11 > Compound 14 >

Compound 7 > Compound 8 > Compound 9 > Compound 12 > Compound 16

The synthesized compounds inhibited cell proliferation in the A431 cell line in the

following order:

Compound 14 > Compound 8 > Compound 10 > Compound 12 > Compound 13 >
Compound 11 > Compound 9 > Compound 7 > Compound 15 > Compound 16

The synthesized compounds inhibited cell proliferation in the A549 cell line in the

following order:

Compound 12 > Compound 8 > Compound 9 > Compound 10 > Compound 7 >

Compound 13 > Compound 16 > Compound 11 > Compound 14 > Compound 15

The synthesized compounds inhibited cell proliferation in the MDA-MB-231 cell line
in the following order:

Compound 10 > Compound 12 > Compound 8 > Compound 14 > Compound 11 >
Compound 15 > Compound 7 > Compound 13 > Compound 9 > Compound 16

The synthesized compounds inhibited cell proliferation in the PNT-2 cell line in the

following order:

Compound 8 > Compound 12 > Compound 10 > Compound 14 > Compound 11 >
Compound 7 > Compound 16 > Compound 13 > Compound 9 > Compound 15

The synthesized compounds inhibited cell proliferation in the PC-3 cell line in the

following order:

Compound 14 > Compound 13 > Compound 10 > Compound 15 > Compound 12 >

Compound 9 > Compound 16 > Compound 11 > Compound 8 > Compound 7

The synthesized compounds inhibited cell proliferation in the NCIH-460 cell line in

the following order:

Compound 10 > Compound 12 > Compound 8 > Compound 14 > Compound 11 >
Compound 13 > Compound 7 > Compound 9 > Compound 15 > Compound 16

Compounds (10) displayed more antiproliferative activity than the positive control
(DMSO) in MCF-7, MDA-MB-231, and NCIH-460 cancer cell lines, but compound

(14) had better anticancer potency than other compounds in PC-3 and A431 cell lines.
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The beneficial effect on cancer of compound (16) was lowest in the MCF-7, A431,
MDA-Mb-231, and NCIH-460 cell lines.

4.3 SYNTHESIS, CHARACTERIZATION AND ANTICANCER ACTIVITY

OF 5,7-DIBROMOISATIN N(4)-SUBSTITUTED THIOSEMICARBAZONES

4.3.1 General discussion

The N-substituted carbothiohydrazide were synthesized by the method El-Sawaf (El-
Sawaf et al., 2018) and Scovill (Scovill, 1991). 5,7-Dibromoisatin thiosemicarbazones
were synthesized by refluxing 5,7-dibromoisatin with N-substituted carbothiohydrazide
in the presence of absolute ethanol and few drops of glacial acetic acid for 6 h
(Balachandran et al., 2018).

Table 22: Physical properties of 5, 7-dibromoisatin N(4)-substituted thiosemicarbazones (17-26)

Compd Mol. Formula Melting Colour Yields
(Mol. Weight) point (°C) (%)
C13H128I’2N4OS 290°C Yellow 88%

(432.13)

C14H14BI’2N4OS 268°C Yellow 89%

(446.16)

C13leBI’2N402S 254°C Yellow 80%

(448.13)

(DiBrlstMor/19)
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S 1 ClngBr2N4OS 296°C Yellow 76%

(392.06)

S C11HloBr2N4OS 264°C Yellow 56%
4

(406.09)

(DiBrlstEth/26)

The high vyield (56-89%) of 5,7-dibromoisatin N(4)-substituted thiosemicarbazones
were obtained in the laboratory. They were stable in air at room temperature and
showed the range of melting point 254-296° C. The thiosemicarbazones (17, 18, 19, 20,
21, 22,23, 24, 25, 26) were slightly soluble in Et,O, MeCN, CH2Cl»; and highly soluble
in CHCI3, DMF, EtOH, Me.CO and DMSO. Elemental analysis, FT-IR, *H and *C
NMR, UV-Visible spectroscopy methods, and single crystal X-ray analysis were used
to characterize the synthesized thiosemicarbazones. ESI-HRMS mass spectrometry was

used to confirm the molecular structures of thiosemicarbazones.

The results of elemental analysis of compounds (17-26) revealed that the experimental

data agree with the calculated data within the margins of error.

Table 23: Elemental analysis data of 5,7-dibromoisatin N(4)-substituted thiosemicarbazones (17-26)

Compd C H N
17 36.07(36.13) 2.67 (2.80) 12.88 (12.97)
18 37.77 (37.69) 3.17 (3.16) 12.58 (12.56)
19 34.77 (34.84) 2.57 (2.70) 12.40 (12.50)
20 33.77 (33.64) 2.57 (2.61) 12.10 (12.07)
21 37.77 (37.83) 3.57 (3.39) 11.60 (11.77)

98



22 39.17 (39.15) 3.57 (3.50) 12.60 (12.17)

23 41.17 (41.24) 3.07 (3.08) 16.06 (16.03)
24 32.47 (32.53) 2.37 (2.48) 13.76 (13.80)
25 30.57 (30.63) 2.07 (2.06) 14.26 (14.29)
26 32.57 (32.53) 2.37 (2.48) 13.66 (13.80)

4.3.2 Spectral studies

4.3.2.1 IR spectra

The infrared bands of particular functional groups of synthesized compounds (17-
26) are displayed in Table 24.

The thiosemicarbazones displayed broad spectral bands in the range of 3143—3196 cm”
L attributed to the stretching vibrations of indole N-H and azomethine N-H which are
involved in hydrogen bonding (Wiles & Suprunchuk, 1969). The strong broad spectral
bands due to the stretching vibrations of v(C=0) and v(C=N) groups of
thiosemicarbazones were seen in the region 1685-1705 cm™ and 1533-11610 cm™
respectively (Dileepan et al., 2018). The solid form of thiosemicarbazones existed in
thione form which was confirmed by the absence of IR band at 2600-2500 cm™,
characteristics of S-H group (Osman et al., 2020). The medium IR bands present in the
range of 1186-1143 cm™ attributed to v(N-N) stretching vibration of thiosemicarbazone
moiety (Vineetha & Kurup, 2013). The strong broad absorption bands due to the
stretching vibration of v(C=S) of thiosemicarbazones were seen in the range of 1292-
1183 cm™ and 792-713 cm™ (Khan et al., 2018). This is caused by vibrations involving
interactions between C-N stretching of the C=S group connected to a nitrogen atom and
C=S stretching of the group. Despite the fact that the thione group (C=S) has been
reported to be particularly unstable in the monomeric state and to frequently transform
into a stable C-SH single bond (Ali, 2016). The strong spectral bands due to the
stretching vibration of v(C-Br) were seen in the region 557-628 cm™ (Sridhar &
Ramesh, 2001). The stretching vibration of the compound (24, 25 and 26) with v(C=S)
was lower than that of the other heterocyclic thiosemicarbazones due to the presence of

a N(4)-alkyl group, but that of v(C=N) showed a greater frequency. Due to the existence
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of heterocyclic, N(4)-alkyl, and 5,7-dibromo substitutions, the N-H vibration of indole

and azomethine had little to no effect.

Table 24: Diagnostic bands in the IR spectra (cm™) of compounds (17-26)

Compd v (N-H) v(C=0) v (C=N) v (N-N) v (C=S) v (C-Br)

17 3178 (br)  1685(s) 1543 (s) 1159 (s) 1201 (s) 785 (s) 594 (s)
3053 (m)

18 3157 (br)  1691(s) 1543 (s) 1186 (s) 1234 (s) 713 (s) 561 (s)
3052 (m)

19 3149 (br) 1687 (s)  1527(s) 1157 (s) 1292 (s) 719 (s) 557 (s)
3051 (m)

20 3157 (br) 1689 (s) 1543 (s) 1170 (s) 1219 (s) 713 (s) 561 (s)
3064 (m)

21 3153 (br) 1693 (s)  1533(s) 1170 (s) 1240 (s) 721 (s) 563 (s)
3047 (m)

22 3313 (br)  1668(s)  1529(s) 1151 (s) 1193 (s) 792 (s) 592 (s)
3174 (m)

23 3161 (br) 1689 (s) 1568 (s) 1172 (s) 1196(s) 759 (s) 563 (s)
3062 (m)

24 3196 (br) 1687 (s)  1541(s) 1165 (s) 1196 (s)) 763 (s) 594 (s)

25 3176 (br) 1705 (s) 1602 (s) 1143 (s) 1207 (s) 726 (s) 561 (s)
3049 (m)

26 3350 (s)  1685(s)  1610(s) 1143 (s) 1183 (s) 786 (s) 628 (s)
3143(br)
3045 (m)

s = strong, m = medium, br = broad
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Figure 71: IR spectrum of compound (22)
4.3.2.2 NMR spectra

The *H NMR spectral values (5, ppm) of the synthesized compounds (17, 18, 19, 20,
21, 22, 23, 24, 25, 26) are enumerated in Table 25.

The sharp singlet peaks in the range of & 13.38-12.32 ppm attributed to the protons
bonded to the N(3)H of thiosemicarbazone moiety indicates that the Schiff’s base
ligands exist as neutral thione tautomeric form in solution (Aneesrahman et al., 2019).
The appearance of the NH signal in this region demonstrates that the (Z)-form of an
intramolecular hydrogen bond exists. The sharp singlet peaks ascribed to the protons
of indole N-H were reported in the region 6 11.71-11.62 ppm (Czele, 2022, Khan et al.,
2016). The existence of intramolecular hydrogen bonds between the N(3)H and C(2)O
atoms and between N(4)H and N(2) can be used to explain the occurrence of three
distinct N-H in the *H-NMR of compound (25 and 26) (Althagafi et al., 2019). All the
aromatic protons of isatin moiety were seen as singlet or doublet signals at 6 8.14-7.56
ppm (Dzulkifli et al., 2015). The signals of aliphatic (-CH.) protons were recorded as a
triplet toward the downfield region of 6 3.70 ppm (lbrahim et al., 2018), whereas
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aliphatic (-CHs) protons' signals were recorded as a multiplet in the same region 1.15
ppm in the compound (21) (Netalkar et al., 2015). Due to the overall loss in electron
density, compound (21 and 26) saw a little downfield shift to aliphatic protons. The
aliphatic protons of azepane were detected as three signals at 6 4.07, 6 3.30, and 6 1.54
ppm, which were ascribed to positions C(11), C(12), and C(13), respectively
(Muralisankar et al., 2019). Due to interaction with surrounding CH: i.e., (C(12,15)
protons), the CH: i.e., (C(11,16) protons) close to the ring nitrogen created a triplet at
6 4.07 ppm in compound (22). Due to coupling with CHz i.e., C(11,16) and CH: i.e., C
(13,14) protons, the CHz i.e., C(12,15) protons resonate as the triplet seen at 6 3.30 ppm
and the CH: i.e., C(13,14) protons also resonated as the triplet at & 1.54 ppm. The
pyrrolidinyl ring protons (17) away from the electronegative nitrogen were identified
as the cause of the triplet at 5 1.89 ppm, demonstrating that the protons at C(12) and C
(13) were magnetically equivalent. It can be seen that C(11) and C(14) were
magnetically equivalent by the triplet at 6 3.76 ppm, which was identified as the ring
proton closer to electronegative nitrogen. The morpholinyl proton C(12) & C(13) near
the oxygen resonated to give a broad triplet peak at 6 3.35 ppm whereas C(11) & C(14)
proton near the nitrogen showed a triplet peak at 6 4.02 ppm. Thiosemicarbazone (26)
CH. of N(4)-ethyl substituent resonated as quartet peak at 3.68 ppm and CH3s of N(4)-
ethyl substituent resonated as triplet peak at 1.21 ppm (Kassab et al., 2010). A multiplet
signal corresponding to the methyl group appeared in the range of 6 3.38 to 3.39 ppm
in the spectra of N-methyl derivatives (24, 25) (Emami et al., 2021).

Table 25: 'H NMR spectral assignments (8 ppm) of compounds (17-26) (400 MHz, DMSO-d6)

Compd— 17 18 19 20 21 22 23 24 25 26
Proton|

-N@H 11.70(s) 11.68(s) 11.71(s) 11.70(s) 11.70(s) 11.69(s) 11.71(s) 11.71(s) 11.62(s) 11.62(s)
-NE@)H 1312(s) 12.96(s) 13.01(s) 12.99(s) 12.99(s) 13.38(s) 13.04(s) 13.25(s) 12.34(s) 12.32(s)
N(@)H ; ] ; . ; - - - 7.84(m)  7.88(m)
-H(4) 7.79(d) 7.56(d) 7.79(d) 7.80(d) 7.80(d) 7.80(d) 8.14(d) 7.80(d) 9.42(d)  9.45(d)
-H(6) 7.65(d) 7.79(d) 7.63(d) 7.60(d) 7.58(d) 7.58(d) 8.13(d) 7.63(d) 9.41(d) 9.44(d)
-H(11) 376(t) 3.95() 4.02(t) 426(t) 3.70(d) 4.07() 4.16(t) 3.39(m) 3.38(m) 3.68(q)
-H(12) 189(t) 167(t) 335() 281(t) 3.01(t) 3.30(t) 3.30(t)  3.39(m) 1.21(t)
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-H(13) 1.89(t) 167(t) 335() 281() 301() 1540t  3.30(0)

-H(14) 376(t)  167(t) 402(t) 426(t) 370(d) 154(t)  4.16(t)
-H(15) - 3.95() - - 1.15(m)  3.30()

-H(16) - - - - 115(m) 4.07()  8.14(d)
-H(17) - - - - - - 6.84(d)
-H(18) - - - - - - 7.66(d)
-H(19) - - - - - - 6.66(d)
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Figure 72: 'H NMR spectrum (400 MHz, DMSO-d6) of compound (22)

In compound (22), *H NMR signals of aromatic protons viz. H(C(4), C(6)) were
observed in the region & 7.80-7.58 ppm. It displayed two separate singlets for N=N-H
of thiosemicarbazone and indole N-H moiety at 6 13.38 ppm and & 11.69 ppm
respectively. The signals of N(4)-cyclohexyl protons viz. H(C (11), C(12), C(13), C
(14), C(15), C(16)) were observed at 6 4.07- 1.54 ppm.

The BC NMR (400 MHz, DMSO-d6) spectral values (8, ppm) of the compounds (17-
26) are recorded in Table 26.

Chemical shift values for 3C NMR spectra of synthetic compounds were found to be
very similar to those of related N(4) substituted thiosemicarbazones of isatin. The

magnetically non-equivalent carbon atoms of those thiosemicarbazones had *C NMR
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spectra at 6 179.30-177.53 ppm, 6 163.59-162.33 ppm, and & 134.67-134.41 ppm,
which were ascribed to the © bonded carbon atoms of C=S, C=0, and C=N groups,
respectively (Muglu, 2020). The sharp peaks of sp? hybridized carbon atoms, i.e.,
aromatic carbon atoms of isatin moieties, were found around & 140.51-104.14 ppm
(Akinchan et al., 2002). The morpholinyl ring carbon C(11) & C(14) were appeared at
65.71 ppm whereas C(12) & C(13) ring carbon showed at 6 50.51 ppm. In
thiomorpholinyl ring carbon, the carbon nearer to the sulphur appeared upfield 6 26.59
ppm whereas the carbon nearer to the nitrogen showed downfield & 53.20 ppm. 2,6-
Dimethyl morpholinyl ring carbon C(11) & C(14) near to nitrogen appeared downfield
70.91 ppm whereas the carbon C(12) & C(13) near to the oxygen appeared upfield &
55.07 ppm. At a & value of 40.13 ppm, two methyl carbons C(11) and C(12) in
compound (24) appeared to be magnetically equivalent. At a value of 6 24.00 ppm, the
pyrrolidinyl ring carbon C(12) and C(13) emerged, displaying magnetic equivalence.
The presence of the bromine group in the synthesized thiosemicarbazones prompted the
C(5) (about 104 ppm) and C(7) (about 120 ppm) carbon atoms to migrate downfield
(higher values of 9).

Table 26: '*C NMR spectral assignments (8 ppm) of compounds (17-26) (400 MHz, DMSO-d6)

Compd— 17 18 19 20 21 22 23 24 25 26
Carbon|

-C(2)viz.C=0O  163.05 162.47 162.48 162.43 162.44 - - 162.59 162.33 162.33
-C(3)viz.C=N  134.85 134.43 134.67 134.66 134.61 - 134.65 13441 13443 134.44
-C(4) - 131.70 132.25 13220 13224 - - 132.72 129.76 129.84
-C(5) 10478 104.30 104.32 104.30 104.32 - 106.89 104.30 104.17 104.14
-C(6) 12426 12373 123.60 123,55 123.60 - - 123.70 123.76 123.74
-C(7) 12195 121.29 121.64 12156 12145 - 12159 12143 122.06 122.16
-C(8) 11504 114.47 11460 11454 11455 - 113.05 11452 11432 11431
-C(9) - 140.06 140.22 140.23 140.18 - - 139.95 140.51 140.51
-C(10) viz. C=S - 178.39 179.25 179.30 179.06 - - 178.76 177.53 176.55
-C(11) 5432 5136 6571 5320 7091 - 4945 40.13 31.27 40.13
-C(12) 2400 2553 5051 2659 5507 - 4355 40.13 - 13.88
-C(13) 2400 2352 5051 2659 55.07 - 4355

-C(14) 5432 2553 6571 5320 70.91 - 4945

-C(15) - 51.36 - - 18.33

-C(16) - - - - 18.33
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Figure 73: *C NMR spectrum (400 MHz, DMSO-d6) of compound (26)

In Compound (26), the 3C NMR signals present at & 176.55, § 162.33 and & 134.44
ppm were ascribed to sp? hybridized carbon atoms of C=S, C=0 and C=N groups,
respectively. The signals of aromatic carbons (sp?-C) were observed in the region &
140.51-104.14 ppm. The spectra of aliphatic (—CH) carbons (sp®-C) of N(4)-
substituent were appeared at 6 40.13 whereas the methyl carbon (-CH3) was seen at &

13.88 ppm (Guizel et al., 2008).

4.3.2.3 Mass spectrometry

Mass spectrometers with high resolution and high mass accuracy are used in high-
resolution mass spectrometry (HRMS). These tools can be used to differentiate distinct
compounds with the same nominal mass, identify unknowns, and establish elemental
compositions. The mass to charge ratio (m/z) can be measured by HRMS to multiple
decimal places. The protonated molecular ion [M+H]* peak of the synthesized
molecules was verified by high resolution mass spectroscopy. Because of the "better"
resolution, "precise masses™ may be measured as opposed to nominal masses. Time-of-
Flight (TOF) mass spectrometers and Orbitrap mass spectrometers have been the main
clinical applications for high resolution mass spectrometry. The time it takes for ions
to go down a flight tube and strike a detector is carefully measured by TOF devices to
achieve high mass resolution (Crutchfield & Clarke, 2014). TOF-MS has various
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advantages over conventional MS, including quick acquisition rates, high precision in

mass measurements, and a wide mass range.

The mass spectral data of the synthesized compounds (17, 18, 19, 20, 21, 22, 23, 24,
25, 26) obtained by the high-resolution electron spray ionization mass spectrometry
(LC-QTOF-HRMS) measurements are summarized in Table 27.

Table 27: Mass spectrometric data of compounds (17-26)

m/z [M+H]*

Compd Found Calculated
17 433.1301 433.138
18 447.1624 447.168
19 449.1331 449.138
20 465.1921 465.198
21 477.1833 477.188
22 461.1794 461.188
23 525.2350 525.238
24 407.0908 407.098
25 393.0672 393.068
26 407.0954 407.098

All the obtained mass spectral data of compounds (17, 18, 19, 20, 21, 22, 23, 24, 25,
26) are in agreement with the calculated spectral data of those compounds of proposed

molecular structures.

In the mass spectrometry the formation of positive or negative ions as the fragments of
the compounds depend on the sign of the applied electrical field. High resolution MS
can offer m/z peak up to 4 decimal digits. The thiosemicarbazones (17, 18, 19, 20, 21,
22, 23, 24, 25, 26) exhibited mass spectral peaks at m/z (amu): 433.1301 (calc.,
433.138), 447.1624 (calc., 447.168), 449.1331 (calc., 449.138), 465.1921 (calc.,
465.198), 477.1833 (calc., 477.188), 461.1794 (calc., 461.188), 525.2350 (calc.,
525.238), 407.0908 (calc., 407.098), 393.0672 (calc., 393.068) and 407.0954 (calc.,
407.098) respectively thus by showing the existence of [M+H]* (Swathy et al., 2016).
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Figure 74: ESI-HRMS of compound (20)
4.3.2.4 UV-Visible spectra

The UV-Visible spectral data of the synthesized compounds (17, 18, 19, 20, 21, 22, 23,
24, 25, 26) are summarized in Table 28.

The electronic spectral data of the thiosemicarbazones were recorded in the region 600-
250 nm using dilute solution of CHCI3 (25uM).

In all the compounds the absorption bands in the region 283-286 nm corresponding to
n—mn electronic transitions of aromatic ring and thiosemicarbazone moiety were not
seen in distinct manner possibly due to the solvent cutoff (the wavelength below which
the solvent itself absorbs all of the light, (CHCIs; 245 nm) and low concentration of
compound solutions (Lu et al., 2006). The broad shoulder peak appeared around 365
nm due to the n—n* transitions of thiosemicarbazones moiety (C=S) in the synthesized
compounds whereas the sharp shoulder peak appeared around 285 nm due to the
azomethine C=N double bond. Due to the presence of a N(4)-alkyl substituent in the
compound (25 and 26), the absorption bands of thiosemicarbazones with heterocyclic

groups appeared at a higher wavelength. The absorption band of thiosemicarbazones
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containing N(4)-alkyl group and heterocyclic group did not significantly differ from

one another.

Table 28: UV-Visible spectroscopic data of compounds (17-26)

CHCIz (25 pM) Solvent
Compd— 17 18 19 20 21 22 23 24 25 26

Amax/|
n—om* 360 362 363 363 362 361 360 359 365 367

(nm)
T 285 284 285 283 284 285 285 285 286 286

(nm)
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Figure 75: UV-Visible spectra of compound (26)
The compound (26) showed the absorption band at 286 nm attributed to the n—n*
transition of aromatic rings but that at 367 nm attributed to n—n* electronic transitions
of azomethine (>C=N) and carbonyl (>C=0) and thioamide (-NH-C=S) groups. The
broad sharp peak at 367 nm appeared due to the presence of ethyl group at N(4) position

in thiosemicarbazone.
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4.3.2.5 Single crystal X-ray crystallographic study

The crystal structure of (2)-N-(5,7-dibromo-2-oxoindolin-3-ylidene)azepane-1-
carbothiohydrazide (DiBristAzep/22) was determined using single crystal X-ray

diffraction. The compound 22 grew in the monoclinic P21/c space group.

A total of 26380 reflections for compound (22) were measured, of which 3512 were
considered to be observed (I > 26 (1)). The resulting residual indices are as follows: R1
= 0.0498, wR, = 0.1171, and Ry = 0.0815, wR> = 0.1428 for all reflections with 209

parameters.
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Figure 76: ORTEP diagram of compound (22) drawn in 20% thermal probability ellipsoids showing
atomic numbering scheme.

The deprotonated thiosemicarbazone structure evolves significantly from thione to
thiol, as evidenced by a C-S distance of 1.674. (5). A comparison of C-N and N-N bond
distances with normal single and double bond lengths [C(1)-N(1) 1.373, C(2)-N(1)
1.399, C(8)=N(2) 1.296, C(9)-N(3) 1.391, C(9)-N(4) 1.342, C(10)-N(4) 1.469, N(2)-
N(3)1.3318] reveals that charge delocalization occurs throughout the
thiosemicarbazone skeleton (Matesanz et al., 2016). The torsional angles in compound
(22) are 178.6(5) (Br1-C3-C4-C5), 178.9(4) (Br2—C5-C6—C7), -0.9(10)
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(O1-C1-C8-C7), 5.4(7) (N2-N3—-C9-S1), 177.7(5) (C3—C2-C7-C8) and 1.8(9)°
(C7—C2-C3—C4) (Muralisankar et al., 2016).

The crystal structure of (2)-2-(5,7-dibromo-2-oxoindolin-3-ylidene)-N-ethylhydrazine-
1-carbothioamide (DiBrIstEt/26) crystallizes in the monoclinic P21/c space group and

single crystal X-ray diffraction analysis.

A total of 50738 reflections for compound (26), of which 1688 were deemed to be
observed (I > 2c (1)), were measured. Of these, 3130 were unique. The resultant residual
indices are as follows: for the observed, R1 = 0.0461, wR> = 0.1099, and for all
reflections with 173 parameters, R1 = 0.0691, wR> = 0.1211.
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Figure 77: The ORTEP diagram of compound (26) showing the thermal ellipsoid at 30% probability
level.
The deprotonated thiosemicarbazone skeleton undergoes significant evolution from the
thione to the thiol form which is reflected in a C-S distance of 1.668(4). A comparison
of C-N and N-N bond distances with typical single and double bond lengths [C(8)-N(1)
1.353, C(1)-N(1) 1.398, C(7)=N(2) 1.291, C(9)-N(3) 1.376, C(9)-N(4) 1.318, C(10)-
N(4) 1.468, N(2)-N(3)1.341 A] indicates that charge delocalization is widespread

throughout the thiosemicarbazone skeleton (Matesanz et al., 2016). This suggests that
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the S1=C9-N4-N2=C7 sequence in both residues has an all-trans conformation, as
evidenced by the torsion angles of the C9-N4-N2 and C7-N2-N3 chains, which are
120.3(3)° and 118.1(3)°, respectively (Osman, et al., 2020).

4.3.3 Anticancer activity of 5,7-dibromoisatin N(4)-substituted thiosemicarbazones
(17 - 26)

Breast cancer cells (MCF-7, MDA-MB-231), Lung cancer cells (A549), Skin cancer
cells (A431), Hypotriploid human cell (NCIH-460), Human prostate cancer cell (PC-
3), and Prostate epithelial cell (PNT-2) 2500 cells were grown on 96 well plates in
control (DMSO), then incubated for 72 hours with varied concentrations of 1, 3, 10,
and 30 uM. As cell viability, the anticancer effects of the synthesized compounds were
tested against breast cancer (MDA-MB-231) and normal prostate epithelial cell (PNT-
2). In micromolar concentrations, the compounds exhibited significant anticancer
efficacy (ICso; 2.47 to >10 uM). The compound DiBristTmor has higher anticancer
potency in MDA-MB-231 (ICso; 2.74 uM) and PNT-2 (ICso; 2.54 uM) compared to the
other compounds. At the highest concentration of 10 uM the PNT-2 cells showed 82%
viability in the compound DiBrlIstMor. So, the upper limit of 10 uM is considered as

ICso value for the same compound.

The compound (21) shown to be effective against the majority of cancer cell lines,
including A431, A549, MDA-MB-231, and PC-3, due to two methyl groups in the 2
and 6 positions of the morpholine ring. The substance (25) had a somewhat effective
influence on the cancer cell lines A431, MDA-MB-231, and PNT-2. This is caused by
the methyl group that is present at the thiosemicarbazone moiety's N(4) position. The
modest anticancer activity of compound (24) was demonstrated by the two methyl
groups at the N(4) position.

Table 29: Cell viability (uM) against cancer cell lines for 72 h.

Compd | Cancer cell lines (ICsp) in uM
Cell lines— MDA-MB-231 PNT-2
19 2.49 M >10 uM
20 2.47 uM 2.54 uM
21 7.26 uM 9.08 uM
24 2.57 M 8.26 uM
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Figure 78: Cell viability assay of synthetic compounds with different concentration in different cell

lines (17-26)
4.3.3.1 Conclusion

The anticancer activity of examined compounds against cancer cell lines MCF-7,
MDA-MB-231, A549, A431, NCIH-460, PC-3 and PNT-2 differed slightly due to

altering substituents on the N (4)-position of thiosemicarbazone moieties.

The synthesized compounds inhibited cell proliferation in the MCF-7 cell line in the

following order:

Compound 25 > Compound 21 > Compound 20 > Compound 19 > Compound 24 >
Compound 23 > Compound 26 > Compound 17 > Compound 18 > Compound 22

The synthesized compounds inhibited cell proliferation in the A431 cell line in the

following order:

Compound 21 > Compound 20 > Compound 23 > Compound 19 > Compound 24 >
Compound 26 > Compound 17 > Compound 18 > Compound 22 > Compound 25

The synthesized compounds inhibited cell proliferation in the A549 cell line in the

following order:
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Compound 21 > Compound 19 > Compound 20 > Compound 23 > Compound 24 >
Compound 22 > Compound 26 > Compound 18 > Compound 25 > Compound 17

The synthesized compounds inhibited cell proliferation in the MDA-MB-231 cell line

in the following order:

Compound 21 > Compound 24 > Compound 20 > Compound 19 > Compound 23 >
Compound 26 > Compound 17 > Compound 22 > Compound 18 > Compound 25

The synthesized compounds inhibited cell proliferation in the PNT-2 cell line in the

following order:

Compound 24 > Compound 20 > Compound 19 > Compound 18 > Compound 21 >
Compound 22 > Compound 26 > Compound 23 > Compound 17 > Compound 25

The synthesized compounds inhibited cell proliferation in the PC-3 cell line in the
following order:

Compound 21 > Compound 20 > Compound 24 > Compound 23 > Compound 25 >
Compound 19 > Compound 17 > Compound 18 > Compound 26 > Compound 22

The synthesized compounds inhibited cell proliferation in the NCIH-460 cell line in

the following order:

Compound 20 > Compound 19 > Compound 24 > Compound 21 > Compound 23 >
Compound 26 > Compound 22 > Compound 18 > Compound 25 > Compound 17

Compounds (21) demonstrated more antiproliferative activity than the positive control
(DMSO) in the cancer cell lines A431, A549, MDA-MB-231, and PC-3, whereas
compound (20) had better anticancer potency than other compounds in the cell lines
NCIH-460.

4.3.4 Molecular docking of compound HydIstAzep and DiBrlstEth

4.3.4.1 Density functional theory approximations

Quantum-chemical calculations in the realm of density functional theory (DFT) was
employed for determining various quantities (Burke & Wagner, 2013). For this, an
open-source program, CP2K was chosen for its versatility and user friendliness (Kiihne
et al., 2020). The molecular structure of the test compounds was modeled and were

proposed for molecular docking studies. An iterative search algorithm, BFGS (quasi
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Newton) which approximates the inverse Hessian was employed in locating the global
minima of the molecules without constraining any atoms or symmetry elements
(Broyden, 1970). DZVP-MOLOPT-SR-GTH as localized basis set and BLYP as
exchange-correlation functional were used with 500 Ry cutoff of kinetic energy in
minimizing the molecular structures up to 1.0 x 10® Ry in energy and 1.0 x 10*
Ry/Bohr in force (MAX and gradient) (Vondele & Hutter, 2007).

Active site

Protein

Figure 79: Illustration of a ligand (DiBrlstEth) docked in the active site of protein with PDB ID: 3MJG
(carbon gray, nitrogen blue, oxygen red, sulfur yellow, hydrogen cream spheres, beta sheet yellow,

loops green)

4.3.4.2 Molecular docking calculations

The best docked pose of the small molecule with the receptor protein was found by
using ADFR software suite and its graphics user interface, AGFR (Ravindranath et al.,
2015). The orthosteric site in the protein was identified from the AutoSite sub-program
and verified from the literature. Additionally, CASTp server was also used for locating
the active site (Tian et al., 2018). The number of independent searches were set to 48
with each GA using up to 10 million evaluations of the scoring functions. The high
value ensured that the best possible docked pose was captured using different clusters
and a global minimum resulted in a hydrated environment. The water map setting with
default parameters in weight and entropy were chosen. Up to 15 amino acid residues at
the active site were considered to be flexible and by default the small molecule
possessed rotational degrees of freedom during the search. The box sizes for different
proteins had large variations depending upon the size of the active site. The protein

7BJ6, with largest box (22 x 28 x 19 points) was chosen as an example and with slight
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variation in others. The same padding (2.00), grid spacing (0.375 A) and smoothing

(0.500) were adopted for all the receptors and no flexible residues lied outside the box.

The pose with the best binding affinity obtained from the search in case of each receptor
was considered for further analysis. A reference ligand was not chosen in any of the
cases and RMSD value of each distinct output could not be calculated. Fig. 79 is an
illustration of a docking pose of a ligand, DiBrlIstEth in the active site of a protein with
PDB ID of 3MLG.

4.3.4.3 Receptor proteins

Seven different proteins with their PDB ID and receptor classes that are considered as
anti-cancer targets are tabulated in Table 30. The search for alternate prophylactics of
cancerous cell addressing different types of growth factors and other enzymes were
considered for spanning a broad range of possible targets. Here, in silico approach
addresses targeted therapy that deals with the treatment of specific cancer by
obstructing the pathways or mutations causing tumor cell proliferation. The receptor
with maximum amino acid residue count of 1014 and minimum of 98 were used in this
work and the PDB structures were retrieved from RCSB website (rcsb.org) (Berman et
al., 2000). The protein structures were cleaned by removing water molecules, ions,
metals, ligands and other small molecules. The polar hydrogens were added along with

Gasteiger charges ensuring electro-neutrality of the target.

4ASD is a vascular endothelial growth factor receptor (VEGFR2) protein with 353
amino acid residue count. It is a protein tyrosine kinase receptor that regulates tumor-
induced blood vessels formation, endothelial migration and proliferation (Miettinen et
al., 2012). 3VHE is a similar target with 359 residue count. 3MJG is a platelet-derived
growth factor receptor (PDGFR) and is involved in the development of different types
of cancerous cells (Board & Jayson, 2005). Its antagonist could be a good therapeutic
candidate. 3MJK is a protein associated with platelet-derived growth factor precursor
with 1014 residues. Only A and B chains were considered for molecular docking. 7BJ6
is a murine double minute 2 protein and is considered vital in p53 regulation and cancer
cell suppression. 2VTA has been top ranked (highest fit score) by an online program
PharmMapper (http://59.78.96.61/pharmmapper) (Wang et al., 2017) as potential target

(cell division protein kinase 2) in cancer treatment. It consists of a single chain with

298 residues and ligands based on its docking have been currently under clinical trials
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(Wyatt et al., 2008). 6LVVK is a fibroblast growth factor receptor 3 used in specially the
therapeutics of bladder cancer has been shown to have significant results over VEGFR2
proteins (Kuriwaki et al., 2020). This protein in a monomer with 626 residues. These
target proteins were selected from different domains and class to encompass broad
spectrum in the development of therapeutics against different types of cancer by
computational methods. The evaluation of protein structure was performed by Protein
Structure Analysis and Verification Server (Mazumder et al., 2022) using ERRAT
(Colovos & Yeates, 1993) and PROCHECK (Laskowski et al., 1993) programs. The
results showed acceptable quality of the published structures that could be used for

molecular docking calculations without any further fixation or revision.

Table 30: Brief details of receptors taken for molecular docking calculations

Receptor class PDBID | Feature (residues) Overall Quality Factor

(Disallowed %0)

VEGFR2 4ASD A monomer (353) 98.64 (0.4%)
PDGFR 3MJG A hetero-4-mer (922) 82.25 (0%)
PDGF precursor 3IMJK A homo-2-mer (1014) 85.96 (0%)
MDM?2 protein 7BJ6 A monomer (98) 100.00 (0%)
Cyclin dependent kinase 2 2VTA A monomer (298) 88.02 (0%)
VEGFR2 kinase domain 3VHE A monomer (359) 97.25 (0%)
FGFR3 6LVK A monomer (626) 98.49 (0%)

4.3.4.4 Test compounds, control drugs and ADMET prediction

Thiosemicarbazones (-NNC=SN-) and their derivatives are the compounds having
significant biological and therapeutic values (Sibuh et al., 2021). This work
encompasses specifically a search for their anti-cancer activity by in silico methods.
This includes stand alone computer programs and online servers. The geometry (ball
and stick model) of the test compounds as obtained from DFT calculations are shown
in Fig. 80. In order to compare the performances of the test compounds, two FDA drugs,
Ruxolitinib and Lenalidomide have also been considered. Their structures (sdf format)
and  other information were obtained from  PubChem  database
(https://pubchem.ncbi.nlm.nih.gov/) (Kim et al., 2021). The molecular structures were

optimized by molecular mechanics using conjugate gradient algorithm with Newton’s
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method as line search technique (> 200 structures). Universal force field was used for
the atoms with energy convergence of 107 units. The molecular structures were
obtained as pdb files and the minimization was performed by Avogadro software
(Hanwell et al., 2012) without any structural constraints. Their drug likeness,
pharmacodynamics and pharmacokinetics were studied by computational methods

using various online servers like Pro Tox Il (https://tox-new.charite.de/protox_I1/)

(Banerjee et al., 2018) and pkCSM (https://biosig.lab.uq.edu.au/pkcsm/) (Pires et al.,
2015).

(@) (b)

Figure 80: Geometry optimized molecular structure of (a) DiBrlstEth and of (b) HydIstAzep
(Oxygen in light red, carbon in gray, sulfur in yellow, nitrogen in blue, bromine in dark red and

hydrogen in shaded white)

Ruxolitinib is an approved anti-cancer drug of class tyrosine Kkinase inhibitor
(antineoplastic agent) and Lenalidomide is an immunomodulatory drug used in the
treatment of various types of cancer. It is an angiogenesis and metastasis inhibitor that

stops endothelial cell migration. The list of the compounds is provided in Table 31.

Table 31: Short details of the test compounds and two FDA approved drugs; Isomeric/canonical
SMILES

Compounds Molecular Short description
formula
DiBrlstEth C11H10N4OSBr; A test compound, a halogenated thiosemicarbazone;

[HIN2c1e([Br])e([HDe([Br)e([H)eL/C(=N/IN)(HD) C(=[SPN([H])C
((HD(HDC(HD(HDIHDC2=0
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HydIstAzep CisHisN4O2S A test compound, a thiosemicarbazone;
O=C2N([H])ele([HDe([HDe(OMHDe([HDe/C2=N/[NJ([H])C(=[SN3
C(HDIHDCIHDIHD CHIIHD CHD(HDCHD(HD C3(HDIH]

Ruxolitinib Ci17H18N4 A reference drug, a pyrrolopyrimidine, Janus kinase inhibitor

modulating the immune response;
C1CCC(C1)[C@@H](CC#N)N2C=C(C=N2)C3=C4C=CNC4=NC=N3

Lenalidomide C13H13N303 A reference drug, a thalidomide analog blocking the formation of
neoplasms; C1CC(=O)NC(=0)C1N2CC3=C(C2=0)C=CC=C3N

4.3.4.5 Computational resources

Readily available free software and free servers were used throughout the
computational work. The binaries of Avogadro, PyMol (Rayan & Rayan, 2017) and
Biovia discovery studio visualizer (Khan et al., 2020) programs were downloaded from
the internet and used without compilation. An Intel CPU desktop with 256 GB of
memory and 6 TB of storage was used for the calculations. Ubuntu 20.04 and Windows

8.1 operating systems were used depending upon the compatibility of the programs.
4.3.5 Results and discussion

4.3.5.1 Physicochemical properties of test molecules

Some important physicochemical properties of two synthesized molecules calculated
by Pro tox Il and pdCSM servers (https://biosig.lab.uq.edu.au/pdcsm_cancer/) (Al-Jarf
et al., 2021) are shown in Table 32. DiBrlstEth is comparably more lipophilic than
HydlstAzep as suggested by their partition coefficients and that the later has more
polarizability than the former as shown by their refractivity values. All the parameters
lie between the acceptable limits and thus can be considered as good candidates for

additional analysis.

Table 32: Physicochemical properties of two test molecules

Properties DiBristEth HydIstAzep
Molecular refractivity 88.64 96.38
Octanol/water partition coefficient (logP) 2.35 1.80
Surface area (A?) 132.02 133.74
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4.3.5.2 Druglikeness and pharmacology studies

In order to find the druglikeness and ADMET properties of the test compounds, various
parameters were determined using pkCSM servers and Pro Tox Il. The ADMET
predictions are shown in Table 33. The data show that majority of the parameters lie
within the acceptable range (between upper and lower limits) and Lipinski’s rule of five
were not violated. Both the test compounds fall under class 5 of toxicity which implies
that it may be harmful if swallowed according to the relation 2000 < LD50 < 5000
(units mg/Kg). This suggests an administration of smaller doses of compounds for

safety measures.

Table 33: ADMET predicted by pkCSM server

Predicted Value

Model Name Unit
DiBrIstEth | HydIstAzep

Absorption
Water solubility Numeric (log mol/L) -4.46 -4.2
Caco?2 permeability Numeric (log Papp in 10 cm/s) 1.04 0.87
Intestinal absorption (human) Numeric (% Absorbed) 87.83 93.32
Skin Permeability Numeric (log Kp) -2.95 -3.00
P-glycoprotein substrate Categorical (Yes/No) No Yes
P-glycoprotein I inhibitor Categorical (Yes/No) No No
P-glycoprotein II inhibitor Categorical (Yes/No) No No
Distribution
VDss (human) Numeric (log L/kg) 0.03 -0.13
Fraction unbound (human) Numeric (Fu) 0.40 0.39
BBB permeability Numeric (log BB, <-0.30) -0.12 -0.93
CNS permeability Numeric (log PS, <-2.00) -3.00 -3.37
Metabolism
CYP2D6 substrate Categorical (Yes/No) No Yes
CYP3A4 substrate Categorical (Yes/No) No No
CYPI1A2 inhibitior Categorical (Yes/No) Yes No
CYP2C19 inhibitior Categorical (Yes/No) Yes No
CYP2C9 inhibitior Categorical (Yes/No) No No
CYP2D6 inhibitior Categorical (Yes/No) No No
CYP3A4 inhibitior Categorical (Yes/No) No No
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Excretion

Total Clearance Numeric (log mL/min/kg) -0.41 -0.14
Renal OCT?2 substrate Categorical (Yes/No) No No
Toxicity

AMES toxicity Categorical (Yes/No) No No
Max. tolerated dose (human) Numeric (log mg/kg/day) 0.66 -0.36
hERG I inhibitor Categorical (Yes/No) No No
hERG II inhibitor Categorical (Yes/No) No Yes
Oral Rat Acute Toxicity (LD50) Numeric (mol/kg) 2.9 2.61
Oral Rat Chronic Toxicity (LOAEL) Numeric (log mg/kg bw/day) 1.76 1.64
Hepatotoxicity Categorical (Yes/No) No Yes
Skin Sensitization Categorical (Yes/No) No No
T. Pyriformis toxicity Numeric (log ug/L) 1.2 0.4
Minnow toxicity Numeric (log mM) 1.25 1.99

The test compounds have better VDss relative to Ruxolitinib but their total clearance is

lower. The oral rat toxicities are also relatively better and the drug shows

hepatotoxicity. A quick comparative analysis shows that the test compounds have

acceptable properties that may be subjected to further studies. This verifies the drug

likeness and the toxicity profile is shown in Table 34.

Table 34: Toxicity profile of two test compounds by Pro Tox II server

Classification, Target DiBrIstEth HydIstAzep
Prediction |Probability [Prediction Probability

Organ toxicity Hepatotoxicity Inactive 0.53 Inactive 0.61
Toxicity end points

Carcinogenicity Active 0.55 Active 0.51
Immunotoxicity Inactive 0.84 Active 0.57
Mutagenicity Inactive 0.5 Inactive 0.55
Cytotoxicity Inactive 0.65 Inactive 0.64
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Tox21-Nuclear receptor signalling

pathways
Aryl hydrocarbon Receptor (AhR) Active 0.51 Inactive 0.84
Androgen Receptor (AR) Inactive 0.96 Inactive 0.93
Androgen Receptor Ligand Binding Domain

Inactive 0.96 Inactive 0.97
(AR-LBD)
Aromatase Inactive 0.91 Inactive 0.94
Estrogen Receptor Alpha (ER) Inactive 0.85 Inactive 0.85
Estrogen Receptor Ligand Binding Domain ] )

Inactive 0.97 Inactive 0.97
(ER-LBD)
Peroxisome Proliferator Activated Receptor

Inactive 0.81 Inactive 0.86
Gamma (PPAR-Gamma)
Tox21-Stress response pathways
Nuclear factor (erythroid-derived 2)-like
2/antioxidant responsive element (nrf2/ARE) Inactive 0.94 Inactive 0.87
Heat shock factor response element (HSE) Inactive 0.94 Inactive 0.87
Mitochondrial Membrane Potential (MMP) Inactive 0.68 Inactive 0.79
Phosphoprotein (Tumor Supressor) p53 Inactive 0.89 Inactive 0.91
ATPase family AAA domain-containing

Inactive 0.94 Inactive 0.95

protein 5 (ATADS)

Both the compounds show activeness (probability of slightly more than 0.50) in two of
the cases and hint at the cautionary proposition for further trials. Surprisingly,
Ruxolitinib and Lenalidomide both show class 4 toxicity (LD50 of 800 and 700 mg/Kg
respectively) despite being FDA approved drugs. Their borderline carcinogenicity

shows that the test compounds require proper in vivo assay for correct prediction of

toxicity.

4.3.5.3 Anticancer properties by graph-based signatures

The compounds with anti-cancer properties were analyzed using pdCSM, a server-

based approach. The input parameter as smiles notation was used for the job submission
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as 3D crystal geometry was not required. The fragment and graph-based signatures in
the algorithm predicts the anti-cancer activity (Glso) of small molecules against 74
cancer cell lines. It was observed that the test compound DiBrlstEth was active against
breast (MCF7, MDA-MB-231, ATCC, MDA-MB-468, T-47D), CNS (SF-295, U251),
leukemia (CCRF-CEM, K-562, P388-ADR), non-small cell lung (NCIH-460), ovarian
(OVCAR-4, SK-OV-3), prostate (PC-3), and renal (SN12K1) cancer cell lines.
HydlIstAzep was active against breast (MDA-MB-231, ATCC, MDA-MB-468, T-
47D), colon (COLO-205), leukemia (CCRF-CEM, HL-60TB, K-562, P388-ADR,
P388, SR), melanoma (MDA-MB-435), non-small cell lung (NCIH-460), ovarian
(NCI-ADR-RES, OVCAR-4), prostate (DU-145, PC-3), renal (SN12C, SN12K1), and

small cell lung (DMS-273) cancer cell lines.

It was determined that the molecule DiBrlstEth is a potent CDK2 inhibitor (ICso < 10
uM) and the value of pK; equal to 5.803 (CDK2-ligand binding affinity, non-allosteric)
from kinCSM predictor be (https://biosig.lab.ug.edu.au/kin_csm/). Similarly,
HydIstAzep was also found to be a potent CDK2 inhibitor (ICso < 10 uM) with pK; of

5.718. These findings hint that the test compounds possess anti-cancer properties that
are worthwhile to be studied at the next level of experimental investigation.
Fragmentation of compounds that affects protein phosphorylation was explored by this
server and it was deduced that the potential type of inhibition was type 11/2 and type |

for the two thiosemicarbazones respectively.

The pharmacokinetic and toxicity properties as calculated by graph-based signatures
show that the compound, DiBrlIstEth possesses fully acceptable values. However, in
case of the compound, HydlIstAzep, some parameters (reaction with P-gp, hERG 1l
inhibition and liver toxicity) point towards its unacceptability as a drug. After additional

experimental confirmations only then, true nature can be established.
4.3.5.4 Flexible receptor molecular docking

The binding affinities of various compounds with different receptors in hydrated
environment are shown in Table 35. In all the cases, compound HydlIstAzep display
better values than the compound DiBrlstEth and the control drug Lenalidomide. The
other control drug Ruxolitinib, however show better binding than HydIstAzep in five
cases. It yielded stronger interaction in all the seven cases than DiBrlIstEth. In case of
the receptors with PDB ID: 4ASD and 7BJ6, HydIstAzep showed better binding
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affinity than Ruxolitinib. Apparently, the molecular mass may be a major factor in
determining the interaction strength with the amino acid residues along with the type
and frequency of non-covalent interactions. Atomic level analysis would shed some
light on the true nature of various types of interactions and is presented in the next

section.

Table 35: Binding affinities (kCal/mol) of two test compounds and two drugs against different receptor

proteins (PDB ID) related to malignant tumors

Mol. Mass 4ASD 3MJG 3IMJK 7BJ6 2VTA 3VHE 6LVK

DiBrIstEt 406.09 -10.4 9.3 -8.4 -7.9 -10.0 -94 -8.3
HydIstAzep  318.39 -11.1 -9.6 -8.6 -9.0 -10.4 -10.1 -9.0
Ruxolitinib 306.40 -10.6 -10.1 -8.7 -8.8 -11.4 -10.4 -9.7

Lenalidomide 259.26 -9.7 -9.2 -8.2 -7.8 -9.2 -9.2 -8.4

4.3.5.5 Non-covalent interactions present in adduct

The different types of non-covalent interactions and its frequency between the amino
acid residues at the active site of the protein and the docked ligand determines the
strength of the protein-ligand binding. Only those protein and ligand interactions with
binding affinities of less than or equal to -10.0 kCal/mol are considered (corresponding
to the top five cases) for analysis and are shown in Fig. 81-85. Stronger binding results
in a stable complex and the protein would be inhibited of its regular functioning
resulting in the treatment of the disease. Hence, the pose of the ligand that forms strong
and effective bonding with the residues at the active site is the desired goal in cost-
reduced structure-based drug design strategy (Blaney, 2012). Many formulations like
Zanamivir (Hentabli et al., 2016) and Nelfinavir (Kaldor et al., 1997) have been
discovered using this technique and many others have circumvented the expensive

experimental high-throughput screenings (Batool et al., 2019).
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Figure 81: Best docked pose of DiBrlstEth with receptor 4ASD as (a) 3D and (b) 2D plot with
different types of interactions
The receptor flexibility incorporated into the modelling along with that of the ligand’s
with solvation provides the closest resemblance to the realistic models as in biological
systems. Fig. 81-85 show the top five best docked poses of thiosemicarbazones at the

active site of the proteins.
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Figure 82: Best docked pose of HydIstAzep with 4ASD as (a) 3D and (b) 2D plot with different types

of interactions
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Figure 85: Best docked pose of HydIstAzep with 3VHE as (a) 3D and (b) 2D plot with different types
of interactions

The presence of different types of non-covalent interactions (hydrogen bonding, ionic,
unfavorable, pi, halogen and alkyl related) between different amino acid residues of
various proteins and the ligands are shown in Table 36. The hydrogen bonding distances
show that majority of these are moderately strong. Even though some unfavorable
interactions are present, all the other non-covalent interactions make the complex
stable. In case of 4ASD-DiBrlstEth complex, the key amino acid residues VAL914,
ASP1046, GLUB885, LEU889, ILE892, VAL899, VAL898, LEU1019, ILE1044,
CYS1045, and GLY893 are involved and have also been reported for other cancer drugs
(Naithani, 2021). In case of 4ASD-HydlIstAzep complex, the major interactions are
with the key residues LYS868, VAL899, GLU885, LEU889, VALS899, VALBS4S8,
VAL916, CYS1045, AND PHE1047. Comparing the two cases with the same receptor,
it can be inferred that the residues involved in interactions except hydrogen bonding are
nearly the same (Ahmed et al., 2021). This can be attributed to different functional
groups or atoms present in the ligands that participate in the interactions.
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The receptor 2VTA, has been found to interact with the first test compound through the
residues VAL64, LEU143, PHE146, ASP145, VAL18, ALA31l, LEUS55, LEUGS,
PHES80, LEU83, ALA144, and LEU134. In case of second test compound, the residues
are GLU81, LEUS83, ASP145, ILE10, VAL18, ALA31l, PHE82, ALAl44, and
LEU134. All the residues are the same as in its native ligand considering the two cases
(Wyatt et al., 2008).

The complex of 3VHE with HydIstAzep involves the residues LEU840, LEU840,
LYS868, VAL899, CYS1045, and PHE1047 interacting with the ligand. For this
receptor, different amino acid residues GLU917 and LYS920 have been reported in
case of Indigocarpan in other studies (Paramashivam et al., 2015). A formation of three
covalent bonds has been reported in the docked structure by a ligand 1, 3, 4 Oxadiazoles
with the involvement of different residues like HIS1024, ILE1044, and CYS1045 in
this receptor (Holmes et al., 2015). This suggests a possibility of even stronger binding
of the ligand at this active site. Moreover, LEU840 has been shown to be a key amino
acid residue in chrysoeriol compound docked with 3VHE receptor (Lai et al., 2018).
However, ASP1046 and CYS919 are two new amino acid residues reported at the
binding site. LEU840, LYS868, and PHE1047 are the three residues that are common
in many of these complexes. Furthermore, valine and leusine (non-polar residues) seem
to be the common ones that are involved in non-covalent interactions with the ligands.
Considering all the above cases, the involvement of some common amino acid residues
suggests that the test compounds are bound at the vicinity of the active site of the protein

and thus suggests its effective inhibition.

Table 36: Key amino residues involved in major interactions in different complexes

Complexes Hydrogen-bonds Salt-bridge/others Pi, alkyl and halogen related
(Distance, A)
4ASD-DiBrIstEt VAL914 (3.68), GLUS885, LEU889  ILE892, VAL899, VAL898, LEU1019,
ASP1046 (3.71) ILE1044, CYS1045, GLY893
4ASD-HydlIstAzep LYS868 (3.65, GLUS88S5, LEU889  VAL899, VAL848, VALI16, CYS1045,
5.63), VAL899 PHE1047
(3.66)
2VTA-DiBrIstEth VALG64 (3.94), ASP145 VALI18, ALA31, LEUS5, VAL64, LEU66,
LEU143 (6.23), PHES80, LEUS83, ALA144, LEU134
PHE146 (4.75)
2VTA-HydIstAzep GLUSI (5.05), ILE10 VALI18, ALA31, PHER2, ALA144, LEU134

LEUS3 (4.41, 4.63),
ASP145 (3.94)
3VHE-HydIstAzep ~ LEUS40 (3.31) - LEUS40, LYS868, VAL899, CYS1045,
PHE1047
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The ethyl end of the compound DiBrlstEth, has at most three interactions (no hydrogen
bonds) with the residues and hence do not provide stronger interactions required for the
stability of the adduct. Its substitution with other hetero-atom (electron donating,
hydrogen acceptor) or with polar hydrogen containing functional groups (hydrogen
donor) capable of forming hydrogen bonds may lead to stronger binding at the active
pocket. The presence of hydrogen bond acceptors (HBA) and hydrogen bond donors
(HBD) that actually form well orientated strong hydrogen bonds tend to facilitate
protein-ligand binding (Chen et al., 2016). The other extreme of the molecule indeed
has many interactions and hence this rationale for substituent exploration is justified.
Hence there are numerous possibilities of generating compounds with different
functional groups that may be better in the formation of a stable complex with a
receptor. A virtual screening of thousands of molecules from a database constructed
using criteria based on optimum pharmacophoric features seems to be an interesting
avenue to pursue in the quest for alternate anti-cancer drug. This proposition is based
on the presence of multiple nitrogen atoms in Ruxolitinib where stronger hydrogen
bonding is feasible at different parts of the structure. To be more specific, the
pharmacophoric feature consisting of hetero aromatic ring, linker (spacer), HBA-HBD
and a hydrophobic tail in the structure of an effective drug like molecule has been
published (Elkaeed et al., 2022, Aziz et al., 2022) which could be applied in same or
modified conditions. The lack of strong hydrogen bonding at the HBD-HBA part of the
molecules in majority of the cases studied points towards the change in one or more
groups in the molecular structure. The test molecules do follow this feature and
alternate designs exploring its multiple groups would be even more interesting to carry

out as future research.

4.3.5.6 Conclusion and prospective

Different computational methods were applied in the assessment of anti-cancer
properties of two thiosemicarbazones, DiBrlIstEth and HydIstAzep and were found to
be biologically active. It showed better protein-ligand binding affinity than a control
drug from molecular docking calculations in a solvated environment. Molecular level
analysis of poses and different interactions in receptor-ligand complexes revealed the
participation of key amino acid residues as in other systems with the functional groups

or atoms of the ligands. The druglikeness along with ADMET predictions showed that
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the compounds require further in vitro assays and in vivo trials to confirm their toxic

properties.

In order to expand the search space of thiosemicarbazones for developing drugs with
higher efficacy and specificity, functionalization at different parts of the structure seems
to be an appropriate design strategy. In order to determine the stability of a protein-
ligand complex in physiological conditions, molecular dynamics simulation (200 ns
production run) and free energy calculations are required. Appropriate steps are being
carried out in this direction in the quest for better alternate formulation of an anti-cancer

drug.
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CHAPTER 5

5. CONCLUSION AND RECOMMENDATIONS

5.1. Conclusion

The simultaneous occurrence of condensation between isatin derivative and NH; of the
thiosemicarbazide moiety and transamination, in which the N-methylaniline from 4-
methyl-4-phenyl thiosemicarbazide (4mpt) is replaced by the amine present in the
solution, is required for the preparation of the thiosemicarbazones from respective
thiosemicarbazides in a single step. N-methylaniline behaves as a good leaving group
in the reaction since the outcome of the reaction is dependent on the strength of the
bases. The solvent is essential to the process as well. Acetonitrile (MeCN) is employed
as the solvent in this instance, and a modest refluxing condition is applied. The in vitro
cytotoxic study of synthesized 5-substituted (-OMe, -OH) and 5,7-disubstituted (-Br)
isatin thiosemicarbazones showed that most of the compounds experience significant
cytotoxic activity toward breast cancer (MCF-7), skin cancer (A431) and lung cancer
(A549). The potency of the tested compounds against these cell lines were found to
vary slightly with the variation in N(4) substitution and substitution at the parent isatin
ring at C5 and C7-postion. There are numerous derivatives with higher biological
activity as a result of the structural changes made to the isatin ring at the locations C5,
and C7. Hybridization is a promising approach for drug development since hybrid
molecules have the potential to increase specificity, increase effectiveness, and
overcome drug resistance. Many hybrid compounds are now through various phases of
clinical trials. Mono- and di-substitution are permitted for the phenyl ring's substitutes
at positions C5, and C7, and the addition of an electron-donating or electron-
withdrawing group at position C5 is helpful for regulating the electronic effect,
lipophilicity, and physicochemical property. Through improved recognition by
important biomolecules (DNA and proteins), thiosemicarbazone moieties appear to

improve their antiproliferative effects.
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5.2. Recommendation for further work

The recommendation for further research concerning its impact gives new directions in
the field of research. This dissertation work has been established that 5-substituted (-
OMe, -OH) and 5,7-disubstited (-Br) isatin thiosemicarbazones has been showed
highest to moderate anticancer potency towards different cancer cell lines. The
mechanisms that affect anticancer efficacy can be discovered through mechanism
analysis, and these aspects can be taken into account when designing more effective
molecules. The substitution at C5 or C5 & C7 position of isatin ring leads to
considerable anticancer activity. Therefore, anticancer activity of 5-substituted (-OMe,
-OH) and 5,7-disubstituted (-Br) isatin thiosemicarbazones and modification at N(4)

position should explore.
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CHAPTER 6

6. SUMMARY

The thesis is divided into four chapters. The theoretical underpinnings for this research
are described in a compact fashion in the first two chapters, and the rest of the chapter

discusses the experiments and findings.
Chapter 1

This chapter gives a brief review of thiosemicarbazones, including their types (mono
and bis), generic thiosemicarbazone synthesis processes, and the condensation of
aldehydes or ketones with N-substituted thiosemicarbazides to generate
thiosemicarbazones. It provides an introduction to the stereochemistry and bonding of
thiosemicarbazones. It also explains the anticancer drug's mode of action. The
anticancer activity of N(4)-substituted thiosemicarbazones and the reported
considerable effects on the activity with structural alterations serve as the basis for the
study's justification. The study's goals are the synthesis, characterization, and
assessment of anticancer activity. Chemotherapy drugs can: prevent the creation of
precursor DNA molecules, directly harm the DNA in the cell's nucleus, influence the
formation or destruction of the mitotic spindles. The study is motivated by the
anticancer activity of 5-substituted (-OMe, -OH) and 5,7-disubstituted (-Br) isatin
thiosemicarbazones, as well as the considerable effects of structural alterations on
activity. The goal of study is to synthesize, characterize, and test the anticancer activity
of 5-substituted (-OMe, -OH) and 5,7-disubstituted (-Br) isatin thiosemicarbazones.

Chapter 2

This chapter contains a comprehensive overview of the literature on the biological
action of thiosemicarbazones. According to research, thiosemicarbazones have a wide
range of biological properties, including antibacterial, antiviral, antioxidant,
antitubercular, and anticancer action. The strongest inhibitors of RR activity are
thiosemicarbazones, which bind iron at the enzyme's active site or create an iron chelate
that inhibits the enzyme by obliterating the tyrosyl radical in the R2 subunit of RR.
Therefore, the goal of the current research is to generate novel thiosemicarbazones and
assess their anticancer efficacy. Among the thiosemicarbazones, triapine (3-

aminopyridine-2-carboxaldehyde thiosemicarbazone, 3-AP) is the most promising

132



molecule undergoing clinical phase Il studies. A series of thiosemicarbazones derived
from 2-acetylpyridine, 2-acetylquinoline and l-acetylquinoline was evaluated as
inhibitors of type | and type 2 herpes simplex virus and some of them were highly
active. Isatin-B-thiosemicarbazones selectively kill multidrug resistant P-glycoprotein
over expressing tumor cells. The overall activity against a panel of human cancer cell
lines was improved by up to 100-fold by increasing the number of electron-withdrawing
groups on the ring to generate combinations of dibromo-, tribromo-, iodo-, and nitro-
isatin derivatives. Tyrindoleninone (6-bromo-2-methylthio-3H-indol-3-one), was
evaluated towards U937 cells with 1Csp = 4 uM by using human monocyte-like,
histiocytic lymphoma cells. The non-small cell lung cancer cell line HOP-92, the colon
cancer cell line HCT-116, the CNS cancer cell line SNB-75, the ovarian cancer cell line
OVCAR-3, and the renal cancer cell line RXF 393 were all discovered to be highly
active growth inhibitors of the 5-Bromoisatin derivative with Glso; 0.01 uM, 0.018 pM,
0.0159 pM, and 0.0197 puM, respectively.

Chapter 3

The synthesis of carbothiohydrazides and thiosemicarbazones are discussed in this
chapter. EI-Sawaf and Scovill's method of condensation reaction was used to synthesis
the thiosemicarbazides with the N-substitution. The condensation of 5-substituted (-
OMe, -OH) and 5,7-disubstituted (-Br) isatin with desired carbothiohydrazide in
absolute alcohol using a catalytic quantity of glacial acetic acid resulted in N(4)

substituted thiosemicarbazones. The thiosemicarbazones synthesized are:

= 5-Methoxyisatin derived thiosemicarbazones (1-6)
= 5-Hydroxyisatin derived thiosemicarbazones (7-16)

= 5,7-Dibromoisatin derived thiosemicarbazones (17-26)
Chapter 4

The results and discussion of the synthesized thiosemicarbazones (1-26); six 5-
methoxyisatin derived TSCs (1-6), ten 5-hydroxyisatin derived TSCs (7-16) and ten
5,7-dibromoisatin derived TSCs (17-26) are presented in this chapter. All of them were
characterized by NMR, FT-IR, ESI-HRMS, Electronic spectral studies (UV-Vis),

single crystal X-ray analysis and molecular docking.
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IR study

The synthesized compounds exhibited characteristic bands corresponding to the various
functional groups. In the synthesized compounds, the broad band around 3313-3103
cm* were assigned to the symmetrical stretching mode of v(N-H) from indole N-H and
azomethine N-H in the spectra of the thiosemicarbazones. The absence of band around
2570 cm™, specific to v(S-H) confirmed the existence of thiosemicarbazones in thione
tautomeric form in the solid state. The strong bands around 1490-1431 cm™, and 833-
763 cm™ (v(C=S)), 1705-1668 cm™ v(C=0) and 1610-1527 cm™* and v(C=N) confirmed
the formation of thiosemicarbazones. It was discovered that the type of substituent at
the N (4) position affected the peak location of various functionality.

NMR Study

The 'H-NMR spectra of the compounds were consistent with the analogous
thiosemicarbazones and confirmed that it exists as neutral molecule in solution. N(3)H
has an intramolecular hydrogen bond with the nitrogen of pyrrolidine in the Z isomer.
When N(4) was substituted with a bulky group, a significant downfield shift of roughly
812 ppm was seen for the N(3)H proton. The absence of a signal around 6 4 ppm
corresponding to thiol (-SH) proton also confirmed that thiosemicarbazones exists as
thione tautomer in solution. All aromatic protons of compounds appeared at & 7.84 to
6.71 ppm, with calculated multiplicity.

The 3C-NMR spectra for the aromatic carbon atoms of the compounds were observed
around & 155.80-104.14 ppm. The *C-NMR spectra for chemically non-equivalent;
C=S, C=0 and C=N carbon atoms of thiosemicarbazones showed the chemical shift
values toward downfield at about 6180.37-175.36, 6163.39-162.33 and 6136.82-133.86
ppm respectively. It was found from 3C-NMR spectra that the type of N(4)-substituent
has no discernible impact on the position of the carbon peak. In the synthesized
thiosemicarbazones, the chemical shift values of all aromatic as well as aliphatic

carbons/protons were observed in the expected region of the proposed structure.
Mass spectrometry

The high resolution electron spray ionization mass spectrometry (ESI-HRMS) analysis

of synthesized compounds confirmed the molecular structures with the presence of
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expected molecular ion [M+H]" and/or alkali adduct analyte molecular ion peak

[M+Na]* with the value of m/z peak up to 4-5 decimal digits.
UV-Visible study

The UV-Visible bands appeared due to m—n* and n—n* electronic transition
confirmed the proposed structure of synthesized thiosemicarbazones. The absorption
bands of >C=0, >C=N and -NH-C=S in thiosemicarbazones resulted due to the n—n*
electronic transitions. The bands due to the n—n* transitions were found to higher

wavelength than electronic transition of m—m*.
Single crystal X-ray crystallographic study

Seven thiosemicarbazones were identified by their single crystal data, which proved
that they were formed from the corresponding thiosemicarbazides and carbonyl
compounds. The ORTEP view of the structure refinement parameters and their thione
tautomeric form verified their existence, and the molecular packing view along the a,
b, and c axis demonstrated the presence of intramolecular and intermolecular hydrogen
bonding. The seven single crystals of synthesized compound were published in
Cambridge Crystallographic Data Center (CCDC) in United Kingdom. The CCDC

reference number of synthesized compound were tabulated as:

Sample code/Number CCDC reference number
MeOlstDmMor/3 2194145
MeOlstDm/4 2194144
HydlstMor/9 2245790
HydIstAzep/12 2245783
HydIstEth/16 2245789
DiBrlstAzep/22 2245786
DiBrlstEt/26 2245787
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——— Cell Viability ———

Cell Viability ———

Anticancer screening and molecular docking

All the synthesized compounds identified stronger antiproliferative activity than that of
the positive control (DMSQO) against MCF-7, A431, A549, MDA-MB-231, NCIH-460,
PC-3 and PNT-2 cancer cell lines. The molecular docking was studied for the molecule
having single X-ray crystals with the goal of predicting the ligand-receptor complex

structure using computational methods.
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APPENDICES

Appendix A: IR spectra of TSCs
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Appendix B

NMR spectra of Thosemicarbazones (TSCs) (*H and *C)
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ESI-HRMS of TSCs

Appendix C

Inlm;s +MS, 1.4min #81
xl
254
C14H16N4Na0as, [M+Ma]
S
ne A o
o] ] SNAON\__/
(0]
(@) 3430838 +
G [M+H]
n Found = 321.1016
C14HITNAO3S, [M+H] Calculated = 321.1015
1.04 3214016
0.5
165.0658
274.2745
289.1297
304.2998
.04l llj . P l|| I.,,‘l.ll Lo l.l|l.ll,..l|]. ORI eorst TR
260 280 300 azo 340 360 380 400 miz
Appendix C1: ESI-HRMS of compound (MeOlstMor/1)
Inlm;s.q +M5, 1.4min #81
x
C14H16M4Na02S2, [M+Na]
2.0 S
| N_ /U\N S
0 NH /s
3598611
154 0
) C14H1TN402S2, [M+H] NH
[M+H]*
— 413 2669
.| Found = 337.0789
Calculated = 337.0787
0.5
2560151 381.0432
217.1042 273.1673 047006 4850123 cre 4130
5313857 .
a0 oy Jl o | I 1[L | .lL
150 200 250 300 aso 400 450 500 550 miz

Appendix C2: ESI-HRMS of compound (MeOlstTmor/2)
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Intens.

x1

] +M3, 1.4min #&1
S / :
| N J\N O
o / NH \_<
(@) 371.1150
NH C1BH21N404S, [M+H] N
[M+H]
Found = 349.1332
Calculated = 349.1330
349:4332 389.1389
413.2667
3i7.1606
256.0148
158.0627
497 0665
135.0026 2174041
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Appendix C3: ESI-HRMS of compound (MeOlstDmMor/3)

ln;T;E;: +hS, 1.4min #82
1 C12H14N4Na028s, [M2Na]
1.254
| i
| /
1'mj (|) /N\NH N\ 3010734 [M+H]+
o Found = 279.0910
] NH Calculated = 279.0910
0.754
0.501
] C12H1EN402S, [MsH]
0.254
] 256.0148 2708910
cizH14nd02s, (M) ‘
247.1185 1230548
0.00 | L T || | ul
200 220 240 260 280 300 az0 240 360 380 mz

Appendix C4: ESI-HRMS of compound (MeOlstDm/4)
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+M3S, 1. 4min #83

Prallind [M+H]+
Found = 265.0766 S
= /
ae) Calculated = 265.0753 | L
2269515 o / NH
C11H12M4Na02S, [M+Na] 0
NH
201 217.1040
304.2003
28740560 3402827
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1.0
318.29938
192.076507.0222 2611307 * 362.9262
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2439420
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Appendix C5: ESI-HRMS of compound (MeOlstMet/5)
Inie;n[;as +MS, 1 dmin #81
3.04
C12H14N4Na02Ss, [MNa]
2.5
[M+H]*
,,]  Found =279.0910
Calculated = 279.0910 o1 S
N J\NH
| “NH
1.5 (0] /
0]
NH
1.04
054 C12H15N402S, [M+H]
256.0154 2790910 323.0552
247.1195 ‘ 340.2829
226.9514
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Appendix C6: ESI-HRMS of compound (MeOlstEth/6)
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26_OCT_2021_H_PYRL_TSC_01 20 (0.394) 1: TOF MS ES+

100 291.3438 1.14e7
+
S [M+H]
N )LNG Found = 291.3438
“NH =
HO 4 Calculated = 291.3488
0
o NH
291.[330 291!335 291!340 291.[345 2913350 291.‘355 mz

Appendix C7: ESI-HRMS of compound (HydIstPyrl/7)

26_OCT_2021_H_PIP_TSC_01 21 (0.411) 1: TOF MS ES+
100 305.3634 6.0266

C14H1ENAD2S MM 304.36
ESIHR MS MASS {M/Z) : 305.3534

[M+H]
Found = 305.3634

S
Calculated = 305.3753 N J\I\O

HO / “NH
e
L S e e e e L e e e L I AL S s e e e e el 1114
305.345 305350 305.355 305.360 305.365 305.370 305.375 305.380 305.385

Appendix C8: ESI-HRMS of compound (HydIstPip/8)
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H_MOR_TSC_26102021_001 1 (0.033) TOF MS ES+
100+ 307.3479 1.56e5
T A SO
[M+H]*
Found = 307.3479
Calculated = 307.3482 S
N /U\N/\
N / NH
¥ HO o}
0
NH
030?[330 307!335 307!3‘10 307!345 30?]350 30?]355 30?!360 307r365 SDTESTD 30?!3?5 iz
Appendix C9: ESI-HRMS of compound (HydIstMor/9)
26_0CT_2021_H_TMOR_TSC_01 21 (0.411) 1: TOF MS ES+
1004 323.4084 350
Sl
[M+H]"
Found = 323.4084
S Calculated = 323.4138
N\N|_J|LN/\
HO 4 (s
= (0]
NH
0 T T T T T T T T T T T T T T T T T T miz
323.400 323.405 323.410 323415

Appendix C10: ESI-HRMS of compound (HydIstTmor/10)
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26_OCT_2021_H_26DM_TSC_01 20 (0.394) 1: TOF MS ES+

1004 335.3912 1.78e7
51 FRAYS MASS (W2 3553012
[M-+H]* I
Found = 335.3912 /N\NH N
Calculated = 335.4013 HO ©
o}
= NH
3%5!380 335!385 335!390 335!395 335!400 335!405 mz
Appendix C11: ESI-HRMS of compound (HydlstDmMor/11)
H_HEX_TSC_25102021_001 1 (0.033) TOF MS ES+
100+ 319.3995 B.69e5
51 HR WS MASS B2 382808
[M+H]"
Found = 319.3995
S Calculated = 319.4019
HO /
o]
NH
¢ 319?380 319.‘335 319?390 319!395 EHBTdDD 319!405 319[410 319.[415 319!4?62

Appendix C12: ESI-HRMS of compound (HydIstAzep/12)
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26_OCT_2021_H_2PYZ_TSC_01 19 (0.378) 1: TOF MS ES+

100

383.4323 9.02e5

C1BH18NE02S MM : 382.43
ESIHR MS MASS (MiZ): 3824323

[M+H]*

= N j\N N =
Found = 383.4323 N @

\_/
Calculated = 383.4474 H0©f€/:
(@]
NH

B
¢ 383[428 ! 383.1430 ' 383}432 ! 383r434 ' 383.‘436 333.'438 ' 383.1440 ' mz
Appendix C13: ESI-HRMS of compound (HydIstPypz/13)
26_OCT_2021_H_DMA_TSC_01 20 (0.394) S 1: TOF MS ES+
100 265.3033 4.57ed
[M+H]* .
Found = 265.3033 JJ\ /
Calculated = 265.3115 /N\NH N\
N HO
o]
NH
o ' 265?295 " ) ' ‘ 265?30[] ' ' " ) 265.[305 ' ) ' ) 265!310 ' ' ' ) 265.[315 ) e

Appendix C14: ESI-HRMS of compound (HydlIstDm/14)
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26_OCT 2021_H_4MET_TSC_01 21 (0.411) 1: TOF MS ES+

100+

251.2752 6.96e3

CAOH10M402S MM : 250.27
ESIHR MS MASS (MZ) : 2512752

S +
JL y [M+H]
N\NH NH Found = 251.2752
HO / Calculated = 251.2849

S O
NH
¢ 251 .r255 251 1260 251 1265 251 !2?0 251 .r2?5 251 !230 251 !285 251 !2!3?JIZ
Appendix C15: ESI-HRMS of compound (HydlIstMet/15)
26_OCT_2021_H_4ETH_TSC_01 22 (0.428) 1: TOF MS ES+
1004 265.3009 9.93e4

%

CHHIZNAO2S MM : 264.30
ESIHR MS MASS (M(Z) : 265.3099

[M+H]* S

—
Found = 265.3099 N\NHJ\NH
Calculated = 265.3115 HO 7

O

T T T T T T T T T T T T T
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— miz

Appendix C16: ESI-HRMS of compound (HydIstEth/16)
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27_OCT_2021_D_PYRL_TSC_01 28 (0.530) 1: TOF MS ES+

1004 433.1301 B.42e5
51 S NASS (W) 435 1501
[M+H]*
Found = 433.1301 S
Calculated = 433.138 N JLNG
Br / NH
N 0
NH
Br
433?124 ! 433.|125 I 433.r128 ' 433.130 ! 4331132 ! 433.|134 ' 433?136 ' 433.1138 mz
Appendix C17: ESI-HRMS of compound (DiBrlstPyrl/17)
27_OCT_2021_D_PIP_TSC_01 22 (0.428) 1: TOF MS ES+
100 447 1624 3.34e3
E51H M MASS M)+ 44 1624
[M+H]* S
Found = 443.1624 N\NﬁU\N
Calculated = 447.168 Br 4
0
o NH
Br
0 T T miz
447 162 447163

Appendix C18: ESI-HRMS of compound (DiBrlstPip/18)
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27_OCT_2021_D_MOR_TSC_01 22 (0.428) 1: TOF MS ES+
100+ 4491331 5.82e6
51 MO NASS (2] 401381
[M+H]*
Found = 449.1331 S
Calculated = 449.138 N J\N/\
NH
- Br / K/O
o]
NH
Br
0 ‘449!115‘ ‘-d-dQHZOl ;1-491.125r :149]130‘ ‘449!135‘ :449.r140I '449‘145r :149115[;“!2
Appendix C19: ESI-HRMS of compound (DiBrlIstMor/19)
27_0CT_2021_D_TMOR_TSC_01 19 (0.378) S 1: TOF MS ES+
1004 465.1921 2.42e6
ESINRMS MASS (A2 4651621
S [M+H]*
Found = 465.1921
o N_ J\N/\
Br / NH K/S Calculated = 465.198
o]
NH
Br
¢ 465!1 40 46511 50 465!1 60 46511?0 465!1 80 465!1 90 4653200 465!21 0 465]220 151613.[2(3[]”1le

Appendix C20: ESI-HRMS of compound (DiBristTmor/20)
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27_OCT_2021_D_26DM_TSC_01 21 (0.411)

100+

CASHIBBENAD2S MM : 47618
ESIHR MS MASS (M/Z) : 477.1833

o /NSH q

1: TOF MS ES+

477.1833 8.92e3

[M+H]*
Found = 477.1833
Calculated = 477.188

S
NH
Br
0 T miz
477.183
Appendix C21: ESI-HRMS of compound (DiBrlstDmMor/21)
27_0OCT_2021_D_HEX_TSC_01 20 (0.395) 1: TOF MS ES+
100 461.1794 7.1e6
[M+H]" .
Found = 461.1794 JL
Calculated = 461.188 JoNA
# o]
NH
0 T Tastie0 0 4o astqso " asteo 0 Tastz00 T

Appendix C22: ESI-HRMS of compound (DiBrlstAzep/22)
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27_0CT_2021_D_2PYZ_TSC_01 20 (0.394)

1: TOF MS ES+

1004 525.2350 1.19e6
[M+H]"
Found = 525.2350 j\ — N=
— N N N
Calculated = 525.238 N Joni N @
- o]
NH
Br
° 525[215 5257220 525?225 5257230 525.235 525?240 525r245 5257250 5257255 mz
Appendix C23: ESI-HRMS of compound (DiBrlstPypz/23)
27_OCT_2021_D_DMA_TSC_01 21 (0.411) 1: TOF MS ES+
100 407.0908 3.6Beb
N S
[M+H] J\ /
Found = 407.0908 o /N\NH N
Calculated = 407.098 o
NH
* Br
o 40?10?0 407!080 40?7090 40?!100 4071110 40?1120 mz

Appendix C24: ESI-HRMS of compound (DiBristDm/24)
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27_OCT_2021_D_4MET_TSC_01 24 (0.462) T 1: TOF MS ES+

1004 393.0672 4.11e6
v et
S +
v [M+H]
o /N\NH NH Found = 393.0672
o Calculated = 393.068
NH
ﬁ.
Br
0 VSQSTDSOV " ' ‘393{055’ ' ! VSQSEDED‘ ' ' 393.‘065’ ’ ’ I393!0?U‘ ' ' ISQSTDTSV " ' ‘SQSrOSO. T mie
Appendix C25: ESI-HRMS of compound (DiBrlstMet/25)
I7_0CT_2021_D_4ETH_TSC_0121 (0.411) 1: TOF MS ES+
100m 407 0054 B.74ed
S
—
[M+H]* Ny |_TU\NH
+  Found = 407.0954 Br /
Calculated = 407.098 0]
NH
Br
° 4DT!DED 4[)?!0&5 40?!090 407!095 40?!10[) 407.‘105 41]7.‘11[) 40?1115 40?512‘0 4DT!125 :

Appendix C26: ESI-HRMS of compound (DiBrlstEth/26)
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Appendix D
UV-Visible Spectra of TSCs
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Appendix D1: UV-Visible spectra of compound (MeOlstMor/1)
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Appendix D2: UV-Visible spectra of compound MeQOlstTmor/2)
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Appendix D3: UV-Visible spectra of compound (MeOlstDmMor/3)
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Appendix D4: UV-Visible spectra of compound (MeOlstDm/4)
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Appendix D5: UV-Visible spectra of compound (MeOlstMet/5)
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Appendix D6: UV-Visible spectra of compound (MeOlstEth/6)
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Appendix D7: UV-Visible spectra of compound (HydIstPyrl/7)
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Appendix D8: UV-Visible spectra of compound (HydlIstPip/8)
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Appendix D9: UV-Visible spectra of compound (HydlIstMor/9)
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Appendix D10: UV-Visible spectra of compound (HydIstTmor/10)
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Appendix D11: UV-Visible spectra of compound (HydIstDmMor/11)
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Appendix D12: UV-Visible spectra of compound (HydIstAzep/12)
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Appendix D13: UV-Visible spectra of compound (HydIstPypz/13)
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Appendix D14: UV-Visible spectra of compound (HydlstDm/14)
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Appendix D15: UV-Visible spectra of compound (HydlIstMet/15)

1.0 -
0.8 -
A (max) = 359
0.6 1

0.4 -

0.2 -

OO I i I i I i I i I i I I 1
250 300 350 400 450 500 550 600
A (nm)

Appendix D16: UV-Visible spectra of compound (HydIstEth/16)
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Appendix D17: UV-Visible spectra of compound (DiBrlstPyrl/17)
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Appendix D18: UV-Visible spectra of compound (DiBrlIstPip/18)
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Appendix D19: UV-Visible spectra of compound (DiBristMor/19)
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Appendix D20: UV-Visible spectra of compound (DiBrlIstTmor/20)
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Appendix D21: UV-Visible spectra of compound (DiBristDmMor/21)
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Appendix D22: UV-Visible spectra of compound (DiBrlIstAzep/22)
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Appendix D23: UV-Visible spectra of compound (DiBrlstPypz/23)
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Appendix D24: UV-Visible spectra of compound (DiBristDm/24)
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Appendix D25: UV-Visible spectra of compound (DiBrlistMet/25)
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Appendix D26: UV-Visible spectra of compound (DiBrlIstEth/26)
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Appendix E

Appendix E1
The ORTEP view of compound (MeOlstDmMor/3) [CCDC reference No. = 2194145]

Table: Crystal data and structure refinement for compound 3

Identification code MeQOlstDmMor
Empirical formula C16H22N404S
Formula weight 366.43
Temperature/K 296.15

Crystal system Orthorhombic
Space group Pna2;

alA 16.091(3)

b/A 8.6078(14)

c/A 27.098(5)

o/° 90

p/e 90

v/° 90

Volume/A3 3753.3(11)

Z 8

pealcg/cm® 1.297

wmm'? 0.200

F(000) 1552.0

Crystal size/mm?® 0.15x0.12x 0.1
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Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c ()]
Final R indexes [all data]
Largest diff. peak/hole / e A

Flack parameter

MoKa (A = 0.71073)
6.932 t0 49.998
-19<h<19,-10<k<10,-32<1<32
74084

6574 [Rint = 0.1318, Rsigma = 0.0648]
6574/25/467

1.202

R1 = 0.0997, WR; = 0.1943

R1 = 0.1280, wR; = 0.2063

0.34/-0.30

0.10(9)

Table: Bond lengths for compound 3

Atom  Atom Length/A Atom  Atom Length/A
C1 01 1.411(12) C18  C19 1.389(14)
C2 c3 1.374(13) c18  C23 1.415(14)
C2 C7 1.396(14) c18 04 1.382(12)
C2 01 1.378(12) Cl19 €20 1.407(12)
C3 ca 1.425(12) c20 c21 1.391(12)
c4 C5 1.405(12) C20 C24 1.440(14)
C4 c8 1.424(13) c21 C22 1.368(14)
c5 Cc6 1.361(13) C21 N5 1.396(12)
c5 N1 1.405(12) c22  C23 1.399(15)
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Table: Bond lengths for compound 3

Atom  Atom Length/A Atom  Atom Length/A
6 C7 1.389(14) C24  C25 1.504(11)
c8 9 1.525(11) C24 N6 1.319(11)
c8 N2 1.279(11) C25 NS 1.316(12)
C9 N1 1.322(13) c5 05 1.235(12)
C9 02 1.242(12) c26 N7 1.356(13)
C10 N3 1.358(12) C26 N8 1.333(14)
Cl0 N4 1.334(13) C26 2 1.688(10)
cl0  si 1.679(9) c27  C28 1.487(19)
Cl11 C12 1.435(19) C27 N8 1.484(14)
Cll N4 1.428(15) c28 €29 1.524(17)
cl2  c13 1.50(2) c28 06 1.437(16)
cl2 03 1.449(18) c30  C31 1.50(2)
Cl14  C15 1.59(2) C30  C32 1.458(18)
Cl4  Cl6 1.439(19) c30 06 1.414(16)
cl14 03 1.377(18) C32 N8 1.482(15)
C16 N4 1.473(14) N2 N3 1.354(10)
C17 04 1.399(14) NG N7 1.351(12)

234



Table: Bond angles for compound 3

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
c3 C2 C7 121.0(9) C22 C21 C20 120.7(9)
c3 Cc2 o1 125.2(8) C22 C21 N5 130.1(8)
o1 C2 C7 113.8(9) C21 (C22 (23 120.2(9)
C2 C3 C4 118.4(8) C22 (C23 (18 118.1(11)
C5 C4 C3 118.8(9) C20 C24 C25 106.5(8)
C5 C4 C8 109.3(8) N6 C24 C20 126.6(8)
C8 C4 C3 131.8(8) N6 C24 C25 127.0(9)
C6 C5 C4 122.3(9) N5 C25 C24 105.8(8)
C6 C5 N1 130.9(9) 05 C25 C24 126.3(9)
N1 C5 C4 106.8(8) O5 C25 N5 127.9(8)
C5 C6 C7 118.3(9) N7 C26 S2 121.0(9)
C6 C7 C2 121.1(9) N8 C26 N7 115.4(9)
C4 C8 C9 104.5(8) N8 C26 S2 123.6(9)
N2 C8 C4 128.5(8) N8 C27 C28 111.6(11)
N2 C8 (9 126.8(9) C27 (C28 C29 111.9(13)
N1 C9 C8 106.3(8) 06 C28 C27 110.4(12)
02 C9 cCs8 124.6(9) 06 C28 C29 107.2(11)
02 C9 N1 129.0(8) C32 C30 C31 112.0(14)
N3 C10 S1 121.7(8) 06 C30 C31 107.4(12)
N4 C10 N3 113.9(8) 06 C30 C32 111.7(11)
N4 C10 S1 124.3(8) C30 C32 N8 111.1(11)

235



Table: Bond angles for compound 3

Atom Atom Atom Angle/® Atom Atom Atom Angle/®
N4 Cl1 Cl2 116.3(13) C9 N1 C5 113.1(7)
Cll1 Ci12 Ci13 114.2(17) C8 N2 N3 116.6(7)
Cl1 Ci2 O3 113.5(13) N2 N3 C10 123.6(7)
03 Cl12 C13 108.3(16) Cl10 N4 cC11 120.8(9)
Cl6 Cl14 Ci15 109.9(15) C10 N4 Ci16 123.4(9)
03 Cl4 Ci15 107.9(13) Cll N4 C16 114.5(9)
03 Cl14 Cle 114.3(14) C25 N5 C21 112.4(7)
Cl4 Cl6 N4 112.2(12) C24 N6 N7 115.2(7)
C19 Ci18 C23 122.9(10) N6 N7 C26 122.2(8)
04 C18 C19 123.9(9) C26 N8 C27 126.0(10)
04 C18 C23 113.2(10) C26 N8 C(C32 122.3(10)
C18 C19 cC20 116.2(8) C32 N8 C27 111.7(10)
Cl19 C20 C24 132.1(8) C2 01 cC1 116.3(8)
C21 C20 C19 121.8(10) Ci4 O3 (12 110.2(12)
C21 C20 C24 106.1(7) Ci18 04 C17 115.9(9)
C20 C21 N5 109.2(9) C30 O6 (C28 113.4(10)

Table: Torsion angles for compound 3

A B C D Angle/’ A B C D Angle/’

C2 C3 C4 C5 0.4(13) C21 C22 C23 Ci18 -1.2(16)
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Table: Torsion angles for compound 3

A B C D Angle/* A B C D Angle/®
C2 C3 C4 C8 178.7(9) C22 C21 N5 C25 179.6(10)
C3 C2 C7 C6 -1.7(16) C23 C18 C19 C20 2.4(14)
C3 C2 01 cC1 3.4(15) C23 C18 04 C17 -173.8(11)
C3 C4 C5 C6 -2.1(13) C24 C20 C21 C22 179.3(9)
C3 C4 C5 N1 178.8(8) C24 C20 C21 N5 1.0(10)
C3 C4 C8 C9 -178.3(9) C24 C25 N5 C21 2.4(11)
C3 C4 C8 N2 -2.8(16) C24 N6 N7 C26 -171.8(9)
C4 C5 C6 C7 1.8(14) C25 C24 N6 N7 1.2(13)
C4 C5 N1 C9 -0.3(10) C27 C28 06 C30 56.5(16)
C4 C8 C9 N1 -0.2(10) C28 C27 N8 C26 -131.0(13)
C4 C8 C9 02 177.2(9) C28 C27 N8 C(C32 51.1(15)
C4 C8 N2 N3 -178.5(8) C29 C28 06 C30 178.6(12)
C5 C4 C8 C9 0.0(9) C30 C32 N8 C26 130.1(13)
C5 C4 C8 N2 175.6(9) C30 C32 N8 C27 -51.9(15)
C5 C6 C7 C2 0.1(15) C31 C30 C32 N8 175.5(13)
C6 C5 N1 C9 -179.4(10) C31 C30 0O6 C28 178.4(14)
C7 C2 C3 C4 1.4(14) C32 C30 O6 C28 -58.4(16)
C7 C2 01 C1 -175.8(10) N1 C5 C6 C7 -179.3(9)
C8 C4 C5 C6 179.3(8) N2 C8 C9 N1 -175.9(9)
C8 C4 C5 N1 0.2(10) N2 C8 C9 O2 1.5(15)
C8 C9 N1 C5 0.3(10) N3 C10 N4 Cl11 -164.4(9)
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Table: Torsion angles for compound 3

A B C D Angle/* A B C D Angle/®

C8 N2 N3 C10 172.6(9) N3 C10 N4 Cil6 1.7(15)

C9 C8 N2 N3 -3.9(13) N4 C10 N3 N2 -168.4(8)
Cl1 C12 O3 C14 53(2) N4 Cl1l1 Cl12 Ci13 -167.9(15)
C12 C11 N4 C10 -156.3(13) N4 Cl11 C12 O3 -43(2)

C12 C11 N4 Ci6 36.4(18) N5 C21 C22 C23 179.3(10)
C13 C12 O3 C14 -178.8(15) N6 C24 C25 NS 177.3(9)
Cl1l4 C16 N4 C10 153.6(13) N6 C24 C25 O5 -0.8(16)

Cl1l4 C16 N4 C11 -39.4(17) N7 C26 N8 C27 -1.3(18)

C15 C14 C16 N4 174.0(13) N7 C26 N8 C32 176.4(10)
C15 C14 O3 C12 178.3(15) N8 C26 N7 N6 170.7(9)
Cl6 C14 O3 C12 -59.1(18) N8 C27 C28 C29 -171.6(12)
C18 C19 C20 C21 -2.2(13) N8 C27 C28 06 -52.3(15)
C18 C19 C20 C24 179.2(10) 01 C2 C3 C4 -177.8(9)
C19 C18 C23 C22 -0.8(16) 01 C2 C7 C6 177.5(10)
C19 C18 04 C17 8.0(15) 02 C9 N1 G5 -176.9(9)
C19 C20 C21 C22 0.4(14) 03 C14 C16 N4 52.5(18)
C19 C20 C21 N5 -177.9(8) 04 C18 C19 C20 -179.6(9)
C19 C20 C24 C25 179.2(9) 04 C18 C23 C22 -179.0(10)
C19 C20 C24 N6 0.2(16) 05 C25 N5 cCz21 -179.5(9)
C20 C21 C22 C23 1.4(15) 06 C30 C32 N8 55.0(16)
C20 C21 N5 C25 -2.3(11) S1 C10 N3 N2 11.6(13)
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Table: Torsion angles for compound 3

A B C D Angle/* A B C D Angle/®
C20 C24 C25 N5 -1.7(10) S1 C10 N4 C11 15.6(14)
C20 C24 C25 05 -179.8(9) S1 C10 N4 C16 -178.2(10)
C20 C24 N6 N7 -179.9(9) S2 C26 N7 N6 -9.1(14)
C21 C20 C24 C25 0.4(10) S2 C26 N8 C27 178.5(10)
C21 C20 C24 N6 -178.6(9) S2 C26 N8 C(C32 -3.8(17)

Molecular structure of Compound 3

ORTEP diagram of MeOlstDmMor/3 drawn in 20% thermal probability ellipsoids
showing atomic numbering scheme. The asymmetric unit contains two
crystallographically independents units and two water molecules in the crystal lattice.
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Appendix E2
The ORTEP view of compound (MeOlstDm/4) [CCDC reference No. = 2194144]

Table: Crystal data and structure refinement for compound 4

Identification code MeOlstDm
Empirical formula C12H14N402S
Formula weight 278.33
Temperature/K 296.15

Crystal system Monoclinic
Space group P2i/c

alA 9.357(2)

b/A 9.9370(19)

c/A 14.207(3)

a/° 90

B/ 104.929(9)

v/° 90

Volume/A3 1276.4(5)

Z 4

peatcg/cm® 1.448

wmm? 0.258

F(000) 584.0

Crystal size/mm?® 0.35%0.25 x 0.2
Radiation MoKa (A =0.71073)
20 range for data collection/° 5.06 to 64
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Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A

[13<h<13,-14<k<14,-21<1<21
47022

4418 [Rint = 0.0439, Rsigma = 0.0250]
4418/0/175

1.096

R1 = 0.0646, WR; = 0.1546

R =0.1035, wR, = 0.1768

0.64/-0.42

Table: Bond lengths for compound 4

Atom  Atom Length/A Atom  Atom Length/A

s1 C10 1.6735(19) N4 Cc5 1.416(3)
01 c1 1.430(3) N4 9 1.358(3)
01 c2 1.377(2) C2 Cc3 1.390(3)
02 o) 1.228(3) C2 c7 1.394(3)
N1 N2 1.354(2) C3 C4 1.398(3)
N1 c8 1.293(2) C4 C5 1.371(3)
N2 C10 1.378(2) C5 C6 1.399(3)
N3 C10 1.335(2) C6 Cc7 1.380(3)
N3 c11 1.467(3) C6 c8 1.455(3)
N3 C12 1.448(3) C8 c9 1.518(3)
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Table: Bond angles for compound 4

Atom Atom Atom Angle/* Atom Atom Atom Angle/®

cC2 01 (1 117.12(18) C6 C5 N4 109.37(17)
C8 NI N2 116.52(17) C5 C6 C8 106.85(16)
N1 N2 C10 120.44(16) C7 C6 C5 120.64(17)
C10 N3 C1 122.21(17) C7 C6 C8 132.50(17)
C10 N3 C12 121.01(18) C6 C7 C2 118.30(18)
Cl2 N3 Cl1 116.73(18) N1 C8 C6 125.41(18)
C9 N4 G5 111.70(16) N1 C8 C9 128.01(18)
01 C2 C3 124.03(19) C6 C8 (9 106.58(16)
O1 C2 C7 114.97(18) 02 C9 N4 127.92(19)
cC3 C2 c(C7 121.00(19) 02 C9 C8 126.58(19)
C2 C3 4 120.31(19) N4 C9 C8 105.50(17)
C5 C4 C3 118.51(18) N2 C10 S1 122.48(14)
C4d C5 N4 129.39(18) N3 C10 S1 123.48(15)
C4 C5 Co 121.23(18) N3 C10 N2 114.03(16)
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Table: Torsion angles for compound 4

A B C D Angle/® A B C D Angle/®
01 C2 C3 C4 179.1(2) C5 N4 C9 02 178.4(2)
01 C2 C7 Co -179.5(2) C5 N4 C9 C8 -0.8(3)
N1 N2 C10 S1 3.3(3) C5 C6 Cr C2 0.5(3)
N1 N2 C10 N3 -177.90(18) C5 C6 C8 N1 179.5(2)
N1 C8 C9 02 1.8(4) C5 C6 C8 (9 0.1(2)
N1 C8 C9 N4 -178.9(2) C6 C8 C9 02 -178.8(2)
N2 N1 C8 C6 -179.62(19) C6 C8 C9 N4 0.4(2)
N2 N1 C8 (9 -0.4(3) Cr C2 C3 C4 -0.5(4)
N4 C5 C6 C7 -179.76(19) C7 C6 C8 N1 -1.5(4)
N4 C5 C6 C8 -0.6(2) Cr C6 C8 (9 179.1(2)
Cl1 01 C2 C3 5.3(3) C8 N1 N2 C10 -175.4(2)
Cl1 01 C2 C7 -175.0(2) C8 C6 C7 C2 -178.4(2)
C2 C3 C4 C5 0.2(4) C9 N4 C5 C4 -177.8(2)
C3 C2 C7 C6 0.2(3) C9 N4 C5 C6 0.9(3)
C3 C4 C5 N4 179.2(2) Cl1 N3 C10 ¢s1 -176.54(18)
C3 C4 C5 C6 0.5(3) Cll1 N3 C10 N2 4.7(3)
C4 C5 C6 C7 -0.9(3) Cl2 N3 C10 ¢S1 6.4(3)
C4 C5 C6 C8 178.3(2) Cl12 N3 C10 N2 -172.4(2)
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Molecular Structure of compound 4

ORTEP diagram of compound 4 drawn in 30% thermal probability ellipsoids showing

atomic numbering scheme.

Appendix E3

The ORTEP view of compound (HydlIstMor/9) [CCDC reference No. = 2245790]

Table: Crystal data and structure refinement for compound 9.

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

v/°
Volume/A3
Z

Pealcg/ cm?®

HydlstMor
C13H14N4O3S
306.34
301.00
orthorhombic
Pbca
13.6452(9)
8.4928(6)
24.1431(17)
90

90

90

2797.8(3)

8

1.455
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w/mm?t 2.217

F(000) 1280.0

Crystal size/mm?® 0.14 x0.12x0.11

Radiation CuKo (A =1.54178)

20 range for data collection/° 7.322 t0 131.998

Index ranges -16<h<16,-9<k<10,-28<1<28
Reflections collected 17616

Independent reflections 2433 [Rint = 0.0871, Rsigma = 0.0454]
Data/restraints/parameters 2433/1/195

Goodness-of-fit on F2 1.039

Final R indexes [[>=2c ()] R1=10.0553, wR2 = 0.1480

Final R indexes [all data] R1=10.0998, wR> = 0.1779

Largest diff. peak/hole / e A 0.46/-0.33

Table: Bond lengths for compound 9.

Atom Atom Length/A Atom  Atom Length/A
Ss1 C9 1.677(3) N4 C13 1.468(4)
o1 cC1 1.229(4) C1 C8 1.503 (4)
02 C5 1.375(4) C2 C3 1.376(4)
03 Ci11 1.418(4) C2 C7 1.391(4)
03 C12 1.412(4) C3 C4 1.382(5)
N1 C1 1.356(4) C4 C5 1.389(5)
N1 C2 1.413(4) C5 C6 1.387(5)
N2 N3 1.361(4) C6 C7 1.388(4)
N2 C8 1.289(4) C7 C8 1.451(4)
N3  C9 1.359(4) C10 C11 1.501(5)
N4 C9 1.344(4) C12 C13 1.499(5)
N4 C10 1.469(4)
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Table: Bond angles for compound 9.

Atom Atom Atom Angle/’ Atom Atom Atom Angle/®
Cl2 O3 C11 109.2(3) 02 C5 C6 117.2(3)
Cl NI C2 111.5(3) C6 C5 C4 121.1(3)
C8 N2 N3 116.0(3) C5 C6 C7 117.5(3)
C9 N3 N2 120.9(3) C2 C7 C8 107.0(3)
C9 N4  C10 122.8(3) C6 C7 C2 120.6(3)
C9 N4  C13 119.8(3) cé6e C7 C8 132.4(3)
Cl3 N4 C10 114.4(3) N2 C8 C1 127.5(3)
01 C1 N1 127.3(3) N2 C8 C7 125.9(3)
01 Cl1 cCs8 127.0(3) Cr €8 cC1 106.6(3)
N1 C1 C8 105.7(3) N3 C9 &1 121.7(2)
C3 C2 N1 128.7(3) N4 C9 S1 124.2(2)
C3 C2 C7 122.2(3) N4 C9 N3 114.1(3)
C7 C2 N1 109.2(3) N4 C10 C11 110.5(3)
C2 C3 C4 117.1(3) 03 Cll1 C10 111.8(3)
C3 C4 G5 121.6(3) 03 Cl2 cC13 111.6(3)
02 C5 C4 121.6(3) N4 Cl13 C12 112.2(3)
Table: Hydrogen bonds for compound 9.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
N1 H1 O2* 0.86 2.07 2.896 (4) 161.9
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Table: Torsion angles for compound 9.

A B C D Angle/ A B C D Angle/®
01 Cl1 C8 N2 -0.5(7) C3 C2 C7 C6 1.3(5)
Ol C1 C8 C7 -179.5(4) C3 C2 C7 (8 -179.2(3)
02 C5 C6 C7 -179.3(3) C3 C4 C5 02 -179.8(3)
03 Cl12 Cl13 N4 -52.0(4) C3 C4 C5 Cb6 2.0(6)
N1 Cl1 C8 N2 179.2(4) C4 C5 C6 C7 -1.0(5)
N1 Cl1 C8 C7 0.1(4) C5 C6 C7 C2 -0.6(5)
N1 C2 C3 C4 178.9(3) C5 C6 C7 C8 -179.9(4)
N1 C2 C7 C6 -178.1(3) C6 C7 C8 N2 -0.6(6)
N1 C2 C7 C8 1.4(4) C6 C7 C8 C1 178.4 (4)
N2 N3 C9 8S1 4.5 (4) C7 C2 C3 C4 -0.3(5)
N2 N3 C9 N4 -174.9(3) C8 N2 N3 C9 -172.2(3)
N3 N2 C8 C1 1.2(5) C9 N4 C10 C11 154.9(3)
N3 N2 C8 C7 -180.0(3) C9 N4 C13 Ci12 -155.1(3)
N4 C10 C11 O3 54.7(4) Cl10 N4 C9 91 -179.9(3)
Cl N1 C2 C3 179.3(4) C10 N4 C9 N3 -0.4(5)
Cl N1 C2 C7 -1.4(4) C10 N4 C13 C12 44.1(4)
C2 N1 Cl1 O1 -179.6(4) Cl1 03 C12 C13 61.7(4)
C2 N1 Cl1 C8 0.7(4) Cl2 03 C1l1 C10 -63.6(4)
C2 C3 C4 G5 -1.3(5) Cl3 N4 C9 &1 20.9(5)
C2 C7 C8 N2 -180.0(3) C13 N4 C9 N3 -159.6(3)
C2 C7 C8 C1 -0.9(4) C13 N4 C10 C11 -44.9(4)
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Molecular structure of compound 9

02

N1 /&01
c2 Per

{
__)cs

N2
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% /L 3012

o N4 i
?" c9 4/c13

ORTEP diagram of compound (9) drawn in 20% thermal probability ellipsoids showing
atomic numbering scheme.

Appendix E4

The ORTEP view of compound (HydIstAzep/12) [CCDC reference No. = 2245783]

Table: Crystal data and structure refinement for compound 12

Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o

o/

248

HydIstAzep
C30H3sNsOsS2
654.80
296.15
monoclinic
Pc

8.54(2)
13.46(3)
13.87(3)
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pre

y/°

Volume/A3

Z

pealcg/cm?®

wmm'?

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A

Flack parameter

96.04(5)

90

1585(7)

2

1.372

0.221

692.0

0.2 x0.18 x 0.15

MoKa (A = 0.71073)

5.674 to 49.988
-10<h<10,-16<k<16,-16<1<16
35687

5455 [Rint = 0.1330, Rsigma = 0.1048]
5455/33/409

1.015

R1 = 0.0880, WR; = 0.2245

R1 = 0.1333, WR; = 0.2487
1.38/-0.40

0.00(10)
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Table: Bond lengths for compound 12.

Atom  Atom Length/A Atom  Atom Length/A
C1 C8 1.519(14) C16 N5 1.322(13)
Cc1 N1 1.310(15) C16 03 1.235(13)
Cc1 o1 1.221(13) c17  C18 1.389(16)
C2 c3 1.349(15) c17 2 1.385(14)
c2 c7 1.400(15) Cl7 N5 1.394(14)
C2 N1 1.400(13) C18  C19 1.413(16)
c3 C4 1.377(15) Cl19 €20 1.358(15)
C4 c5 1.355(16) c20  c21 1.382(14)
c5 Cc6 1.387(16) c20 04 1.358(13)
C5 02 1.371(13) c21  C22 1.375(14)
C6 C7 1.359(14) Cc2  C23 1.454(15)
C7 c8 1.448(15) C23 N6 1.283(12)
c8 N2 1.262(13) C24 N7 1.377(13)
Cc9 N3 1.347(14) C24 N8 1.343(13)
C9 N4 1.329(13) co4  S2 1.671(11)
o s1 1.663(11) C25 26 1.528(19)
clo cu 1.48(2) C25 N8 1.455(15)
Cl0 N4 1.455(18) c26  C27 1.40(3)
Cll  C12 1.488(19) C27  C28 1.53(3)
cl2  c13 1.45(2) c28 €29 1.46(3)
C13  Cl4 1.50(2) C29 €30 1.47(2)
Cl14  Ci15 1.452(19) C30 N8 1.492(15)
Cl5 N4 1.454(16) N2 N3 1.347(13)
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Table: Bond lengths for compound 12.

Atom  Atom Length/A Atom  Atom Length/A
C16 C23 1.500(14) N6 N7 1.335(12)

Table: Bond angles for compound 12.

Atom Atom Atom Angle/ Atom Atom Atom Angle/®
N1 C1 C8 106.4(9) Cl7 Ci18 Ci9 116.3(10)
01 C1 C8 124.8(10) C20 C19 (18 121.2(10)
01 C1 N1 128.8(10) C19 C20 cC21 122.3(10)
c3 C2 «cC7 120.8(10) 04 C20 C19 115.8(9)
cC3 C2 N1 130.5(10) 04 C20 C21 122.0(9)
N1 C2 C7 108.6(9) C22 C21 C20 117.2(9)
C2 C(C3 C4 117.4(11) Cl7 (C22 (23 105.2(8)
C5 C4 C3 122.8(11) Cc21 C22 Ci17 121.8(10)
C4 C5 Cb6 120.0(10) C21 C22 C23 133.0(9)
C4 C5 O2 122.8(11) C22 C23 C16 106.2(8)
02 C5 Cb6 117.0(11) N6 C23 C16 127.3(9)
C7 C6 C5 117.9(10) N6 C23 C22 126.4(8)
c2 C7 C8 106.9(8) N7 C24 S2 121.8(7)
C6 C7 C2 121.1(10) N8 C24 N7 113.8(9)
C6 C7 C8 132.0(10) N8 C24 S2 124.4(8)
C7 C8 C1 105.3(9) N8 C25 C26 113.9(12)
N2 C8 C1 127.7(10) C27 C26 C25 114.6(16)
N2 C8 C7 126.9(9) C26 C27 C28 116.6(17)
N3 C9 S1 121.8(8) C29 (C28 cC27 115.7(17)
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Table: Bond angles for compound 12.

Atom Atom Atom Angle/* Atom Atom Atom Angle/®
N4 C9 N3 113.7(9) C28 C29 C30 119.0(18)
N4 C9 81 124.5(8) C29 C30 N8 115.1(13)
N4 C10 Cl1 114.6(13) Cl N1 C2 112.8(9)
C10 Cl1 cC12 113.7(13) C8 N2 N3 116.4(9)
Cl3 C12 c1u 118.5(14) N2 N3 C9 122.8(9)
Cl2 Ci13 Ci14 116.7(16) C9 N4 C10 119.6(10)
Ci15 Ci14 Ci13 117.6(14) C9 N4 C15 123.2(9)
Cl4 C15 N4 117.3(11) Cl15 N4 C10 117.2(10)
N5 Cl16 C23 106.6(9) Cl6 N5 C17 111.0(8)
03 Cl6 C23 125.2(9) C23 N6 N7 115.3(8)
03 C16 N5 128.1(9) N6 N7 C24 120.4(8)
C18 C17 N5 127.9(9) C24 N8 C(C25 120.2(10)
C22 C1l7 C18 121.2(10) C24 N8 C30 119.4(9)
C22 C17 N5 110.9(9) C25 N8 C30 120.3(9)

Table: Hydrogen bonds for compound 12.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°

N1 H1 05 0.86 2.08 2.881(14) 155.1

N3 H3A O1 0.86(3) 1.96(7) 2.688(13) 142(10)

N5 H5 O1 0.86 2.06 2.852(12) 152.8

N7 H7 O3 0.86 1.96 2.667(12) 138.4

04 H4A 03! 0.82 1.89 2.695(12) 168.1
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Table: Torsion angles for compound 12.

A B C D Angle/* A B C D Angle/*
Cl C8 N2 N3 -2.9(15) C22 C23 N6 N7 179.9(8)
C2 C3 C4 C5 -1.0(18) C23 Cl6 N5 C17 3.4(11)
C2 C7 C8 C1 1.0(11) C23 N6 N7 C24 179.9(9)
C2 C7 C8 N2 177.2(10) C25 C26 C27 C28 -61(2)
C3 C2 C7 C6 -0.3(16) C26 C25 N8 C24 116.7(13)
C3 C2 C7 C8 -178.9(10) C26 C25 N8 C30 -68.2(16)
C3 C2 N1 C1 177.5(11) C26 C27 C28 C29 58(3)
C3 C4 C5 Co 1.0(17) C27 C28 C29 C30 -79(3)
C3 C4 C5 02 -175.0(10) C28 C29 C30 N8 63(2)
C4 C5 C6 C7 -0.5(15) C29 C30 N8 C24 179.1(13)
C5 C6 C7 C2 0.2(15) C29 C30 N8 C25 4.0(18)
C5 C6 C7 C8 178.4(10) N1 Cl1 C8 C7 -1.7(11)
C6 C7 C8 C1 -177.4(10) N1 Cl1 C8 N2 -177.9(10)
C6 C7 C8 N2 -1.2(18) N1 C2 C3 C4 -177.9(11)
C7 C2 C3 C4 0.7(16) N1 C2 C7 Cé6 178.6(9)
C7 C2 N1 C1 -1.2(12) N1 C2 C7 C8 0.0(11)
C7 C8 N2 N3 -178.3(9) N3 C9 N4 Ci10 177.8(11)
C8 C1 N1 C2 1.8(11) N3 C9 N4 Ci15 -1.8(14)
C8 N2 N3 C9 179.8(9) Nd C9 N3 N2 170.2(9)
C10 C11 C12 C13 -51(2) N4 C10 Ci11 Ci2 72.6(17)
C11 C10 N4 (9 94.3(14) N5 Cl16 C23 C22 -3.5(11)
C11 C10 N4 C15 -86.1(15) NS C16 C23 N6 172.8(10)
C11 C12 C13 C14 63(3) N5 C17 C18 C19 -176.3(10)
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Table: Torsion angles for compound 12.

A B C D Angle/* A B C D Angle/*
C12 C13 C14 C15 -80(2) N5 C17 C22 C21 177.6(9)
C13 C14 C15 N4 40(2) N5 C17 C22 C23 -0.3(11)
Cl14 C15 N4 C9 -146.9(13) N7 C24 N8 C25 178.4(9)
C14 C15 N4 C10 33.5(19) N7 C24 N8 C30 3.3(14)
C16 C23 N6 N7 4.3(15) N8 C24 N7 N6 -179.8(8)
C17 C18 C19 C20 -2.6(16) N8 C25 C26 C27 83.8(18)
Cl1l7 C22 C23 C16 2.2(10) 01 Ci1 C8 C7 178.9(10)
C17 C22 C23 N6 -174.2(10) 01 C1 C8 N2 2.7(17)
C18 C17 C22 C21 -1.9(15) 01 C1 N1 C2 -178.8(11)
C18 C17 C22 C23 -179.7(10) 02 C5 Co6 C7 175.7(9)
C18 C17 N5 C16 177.3(11) 03 Cl6 C23 C22 174.1(9)
C18 C19 C20 C21 0.8(18) 03 Cl16 C23 N6 -9.6(17)
C18 C19 C20 0O4 -179.1(10) 03 Ci16 N5 C17 -174.1(10)
C19 C20 C21 C22 0.6(16) 04 C20 C21 C22 -179.6(9)
C20 C21 C22 C17 0.0(14) S1 C9 N3 N2 -10.6(14)
C20 C21 C22 C23 177.1(10) S1 C9 N4 C10 -1.3(14)
C21 C22 C23 C16 -175.3(10) S1 C9 N4 Ci15 179.1(9)
C21 C22 C23 N6 8.4(17) S2 C24 N7 N6 1.6(12)
C22 C17 C18 C19 3.1(15) S2 C24 N8 C25 -3.1(14)
C22 C17 N5 C16 -2.1(12) S2 C24 N8 C30 -178.1(8)
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Molecular structure of Compound 12

ORTEP diagram of compound 12 drawn in 30% thermal probability ellipsoids showing
atomic numbering scheme. The asymmetric unit contains two crystallographically

independents units and a water molecule in the crystal lattice.
Appendix E5
The ORTEP view of compound (HydIstEth/16) [CCDC reference No.= 2245789]

Table: Crystal data and structure refinement for compound 16.

Identification code HydIstEth
Empirical formula C11H12N402S
Formula weight 264.31
Temperature/K 301.00
Crystal system orthorhombic
Space group P2:2:2;

alA 4.5707(11)
b/A 11.989(3)
c/A 22.157(6)
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a/°

pr°

y/°
Volume/A3
Z
pealcg/cm®
pw/mm?

F(000)

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F

Final R indexes [[>=2c (I)]

Final R indexes [all data]

90

90

90

1214.2(5)

4

1.446

2.394

552.0

0.13 x 0.11 x 0.08

CuKo (A = 1.54178)

7.98 to 141.086
4<h<5,-12<k<14,-26<1<26
7274

2254 [Rint = 0.0662, Rsigma = 0.0661]
2254/0/166

1.066

R; = 0.0467, R, = 0.1122

R1 = 0.0738, WR; = 0.1245

Largest diff. peak/hole / e A 0.63/-0.22
Flack parameter 0.05(5)
Table: Bond lengths for compound 16.

Atom Atom Length/A Atom Atom Length/A
S1 C9 1.682(5) C1 Cs8 1.505(6)
O1 C1 1.235(6) C2 C3 1.372(7)
02 C5 1.373(6) C2 C7 1.390(6)
N1 C1 1.339(6) C3 C4 1.390(7)
N1 C2 1.412(6) C4 C5 .388(7)
N2 N3 1.356(5) C5 C6 .383(7)
N2 C8 1.288(5) C6 C7 .390(6)
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Table: Bond lengths for compound 16.

Atom Atom Length/A Atom Atom Length/A
N3 C9 1.366(5) C7 Cs8 1.464(6)
N4 C9 1.310(6) Ci0 C11 1.503(8)
N4 C10 1.465(6)

Table: Bond angles for compound 16.

Atom Atom Atom Angle/° Atom Atom Atom Angle/*
Cl N1 cC2 111.2(4) 02 C5 C6 121.8(4)
C8 N2 N3 117.2(4) C6 C5 C4 121.4(5)
N2 N3 C9 119.6(4) Cs5 C6 C7 117.7(4)
C9 N4 C10 126.8(4) c2 C7 C8 106.5(4)
01 C1 N1 127.9(4) Cé C7 C2 120.6(4)
O1 Cl1 C8 125.3(4) ce C7 C8 132.9(4)
N1 Cl1 C8 106.8(4) N2 C8 Cl 128.8(4)
C3 C2 N1 128.5(4) N2 C8 C7 125.5(4)
c3 Cz2 C7 121.7(4) Cr C8 C1 105.8(4)
C7 C2 N1 109.8(4) N3 C9 Sl 118.2(3)
C2 C3 C4 117.9(4) Nd C9 S1 125.7(3)
C5 C4 C3 120.7(5) N4  C9 N3 115.9(4)
02 C5 C4 116.8(5) N4 C10 Cl1 111.9(4)
Table: Hydrogen bonds for compound 16.

D H A d(D-H)/A d(H-A)/A d(D-A)/A D-H-A/°
N1 H1 O1! 0.86 2.03 2.887(5) 172.2
N3 H3 01 0.86 2.10 2.766(5) 134.3
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Table: Torsion angles for compound 16.

A Angle/ B C D Angle/®
Ol Cl1 C8 N2 0.9(8) C2 C7 C8 N2 177.5(4)
01 Ci1 C8 Cv 179.9(4) C2 C7 C8 C1 -1.5(5)
02 C5 Co6 C7 178.9(4) C3 C2 C7 Co6 0.5(7)
N1 Cl1 C8 N2 -177.4(4) C3 C2 C7 Cs8 -179.5(4)
N1 Ci1 C8 C7 1.6(5) C3 C4 C5 02 -178.9(4)
N1 C2 C3 C4 178.8(5) C3 C4 C5 C6 2.5(8)
N1 C2 C7 C6 -179.0(4) C4 C5 C6 C7 -2.6(7)
N1 C2 C7v C8 0.9(5) C5 Co6 C7 C2 1.1(6)
N2 N3 C9 S1 173.5(3) C5 Co6 C7 C8 -178.8(5)
N2 N3 C9 N4 -9.8(6) C6 C7 C8 N2 -2.6(8)
N3 N2 C8 C1 -3.0(7) C6 C7 C8 C1 178.4(5)
N3 N2 C8 C7 178.3(4) Cr C2 C3 C4 -0.6(7)
Cl N1 C2 cC3 -179.4(5) C8 N2 N3 C9 179.1(4)
Cl NI C2 Cv 0.1(5) C9 N4 C10 C11 -106.8(6)
C2 N1 C1 o1 -179.3(5) Cl10 Nd C9 S1 -2.8(7)
C2 N1 Cl1 C8 -1.0(5) C10 N4 C9 N3 -179.2(4)
C2 C3 C4 C5 -0.8(7)
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Molecular Structure of compound 16
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ORTEP diagram of compound (16) drawn in 20% thermal probability ellipsoids
showing atomic numbering scheme.

Appendix E6
The ORTEP view of compound (DiBrlstAzep/22) [CCDC reference No. = 2245786]

Table: Crystal data and structure refinement for compound 22.

Identification code DiBrlstAzep
Empirical formula C1sH16BraNsOS
Formula weight 460.20
Temperature/K 301.00

Crystal system monoclinic
Space group P2i/c

alA 13.4568(7)

b/A 15.3218(7)

c/A 8.4720(4)

o/° 90
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p/° 100.286(3)
/e 90
Volume/A3 1718.70(14)
yA 4

peaicg/cm? 1.778
wmm? 7.197
F(000) 912.0

Crystal size/mm?®

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [[>=2c (I)]

0.13x0.11x0.1

CuKa (A = 1.54178)
6.676 to 149.762

16<h<16,-19<k<19,-10<1<9
26380

3512 [Rint = 0.0737, Rsigma = 0.0397]
3512/15/209

1.051

R1 = 0.0498, wR; = 0.1171

Final R indexes [all data] R1=0.0815, wR, =0.1428

Largest diff. peak/hole / e A 0.54/-0.91

Table: Bond lengths for compound 22.

Atom Atom Length/A Atom  Atom Length/A
Brl C3 1.894(5) C2 C3 1.376(7)
Br2 C5 1.902(5) C2 C7 1.395(7)
Sl C9 1.674(5) C3 C4 1.366(8)
O1 C1 1.230(6) C4 C5 1.387(8)
N1 C1 1.373(7) C5 C6 1.381(8)
N1 C2 1.399(6) C6 C7 1.389(7)
N2 N3 1.331(6) C7 Cs8 1.459(7)
N2 C8 1.296(7) C10 C11 1.497(9)
N3 C9 1.391(7) Cl1 C12 1.515(17)
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Table: Bond lengths for compound 22.

Atom Atom Length/A Atom  Atom Length/A
N4 C9 1.342(7) C12 C13 1.485(14)
N4 C10 1.469(7) C13 C14 1.516(13)
N4 C15 1.463(7) Cl4 C15 1.495(10)
C1 C8 1.498(7)

Table: Bond angles for compound 22.

Atom  Atom Atom Angle/® Atom Atom Atom Angle/®
C1 N1 C2 110.4 (4) Cc6 C5 C4 122.0(5)
C8 N2 N3 116.7(4) C5 C6 C7 116.9(5)
N2 N3 C9 120.6(4) c2 C7 C8 106.6(4)
C9 N4 C10 121.4(5) cée C7 C2 121.4(5)
C9 N4 C15 120.1(5) ce C7 C8 132.0(5)
C15 N4 C10 118.4(5) N2 C8 Cl 128.3(5)
O1 C1 N1 125.7(5) N2 C8 C7 125.6(4)
01 C1 C8 127.8(5) C7 C8 Cl 106.1(4)
N1 C1 C8 106.5(4) N3 C9 S1 120.5(4)
C3 C2 N1 129.6(5) N4 C9 S1 125.5(4)
C3 C2 C7 120.0(5) N4 C9 N3 114.0(4)
C7 C2 N1 110.3(4) N4 Cl10 C11 114.9(5)
C2 C3 Brl 119.6(4) Ci10 Ci11 cC12 116.5(10)
C4 C3 Brl 120.9(4) C13 Ci12 cC11 115.8(9)
C4 C3 C2 119.4(5) Cl2 C13 Ci14 115.9(8)
C3 C4 C5 120.2(5) Ci5 Ci14 C13 114.4(7)
C4 C5 Br2 117.9(4) N4 C15 Cl14 114.4 (6)
C6 C5 Br2 120.1(4)
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Table: Torsion angles for compound 22.

A B C D Angle/ A B C D Angle/®

Bri C3 C4 C5 178.6(5) C3 C2 C7 C8 177.7(5)
Bz C5 C6 C7 178.9(4) C3 C4 C5 Br2 -178.6(5)
O1 Cl C8 N2 -0.9(10) C3 C4 C5 Co6 0.0(9)
01 ClL C8 (C7 -178.7(6) C4 C5 Co6 C7 0.4(9)
N1 Cl C8 N2 178.0(5) C5 C6 C7 C2 0.3(8)
N1 Cl1 C8 C7 0.2(6) C5 C6 C7 C8 -178.5(6)
N1 Cc2 C3 Brl 0.2(8) C6 C7 C8 N2 1.5(10)
N1 C2 C3 C(C4 179.9(6) C6 C7 C8 C1 179.3(6)
N1 c2 C7 Co -179.9(5) Cr C2 C3 Brl -177.9(4)
N1 c2 Cr C8 -0.8(6) Cr C2 C3 C4 1.8(9)
N2 N3 C9 S1 5.4(7) C8 N2 N3 C9 178.3(5)
N2 N3 C9 N4 -175.4(5) C9 N4 C10 C11 171.4(8)
N3 N2 C8 C1 2.3(8) C9 N4 C15 Cl4  -105.2(7)
N3 N2 C8 C7 179.7(5) C10 Nd C9 3S1 177.6(5)
N4 Cl10 Cl1 Cl12  -60.7(11) C10 N4 C9 N3 -1.6(8)
C1 N1 C2 C3 -177.3(6) Cl10 N4 Ci15 C14 78.1(8)
C1 N1 C2 C7 0.9(6) C10 C11 C12 C13 84.0(13)
C2 N1 Cl1 O1 178.3(5) Cl1 C12 C13 C14 -57.6(16)
C2 N1 C1 C8 -0.6(6) Cl2 C13 C14 Ci15 53.8(13)
C2 C3 C4 C5 -1.1(9) C13 C14 C15 N4 -81.4(8)
C2 Cr C8 N2 =177.5(5) Cl5 Nd C9 8S1 1.0(8)
C2 Cr C8 C1 0.4(6) Cl15 N4 C9 N3 -178.2(5)
C3 C2 C7 Co -1.4(8) C15 N4 C10 C11 -11.9(10)
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Molecular Structure of compound 22
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ORTEP diagram of compound (22) drawn in 20% thermal probability ellipsoids
showing atomic numbering scheme.

Appendix E7
The ORTEP view of compound (DiBrlstEt/26) [CCDC reference No. =2245787]

Table: Crystal data and structure refinement for compound 26.

Identification code DiBrlstEt

Empirical formula C11H10BraN4OS

Formula weight 406.11

Temperature/K 296.15

Crystal system Monoclinic

Space group P21/c

Unit cell dimensions a=8.0054(12)A, a=90°

b=16.759(2)A,  P=110.416(5)°
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Volume

Z

Density calculated
Absorption coefficient
F(000)

Crystal size

Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c (1)]
Final R indexes [all data]

Largest diff. peak/hole

c=11.4723(18)A, v =90°
1442.5(4)A3

4

1.870 g/cm?®

5.761mm*

792.0

0.15x 0.12 x 0.1mm?

MoKao, (. = 0.71073)

6.164 to 53.95°

-10<h<10,-21 <k<21,-14<1<14
50738

3130 [Rint = 0.0775, Rsigma = 0.0301]
3130/0/173

1.035

R1 =0.0461, wR2 = 0.1099
R1=0.0691, wR> =0.1211

0.60/-0.73e A-3

Table: Bond lengths for compound 26

Atom  Atom Length/A
Brl C2 1.889(5)
Br2 C4 1.897(4)
s1 C9 1.668(4)
o1 c8 1.234(5)

Atom  Atom Length/A
N4 C10 1.468(6)
Cc1 C2 1.366(6)
Cc1 Cc6 1.403(6)
c2 c3 1.390(7)
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Table: Bond lengths for compound 26

Atom  Atom Length/A Atom  Atom Length/A
N1 C1 1.398(5) C3 c4 1.381(7)
N1 c8 1.353(5) c4 C5 1.377(6)
N2 N3 1.341(4) C5 C6 1.393(6)
N2 C7 1.291(5) C6 C7 1.450(6)
N3 C9 1.376(5) C7 C8 1.493(6)
N4 c9 1.318(5) C10 C11 1.480(8)

Table: Bond angles for compound 26
Atom Atom Atom Angle/* Atom Atom Atom Angle/°

C8 N1 C1 111.0(3) C4 C5 Cb6 117.4(4)

C7 N2 N3 118.1(3) ClL Cé6 C7 106.2(3)

N2 N3 C9 120.3(3) C5 C6 C1 120.1(4)

C9 N4 C10 124.6(4) cs5 C6 C7 133.7(4)

NI Cl C6 109.8(4) N2 C7 C6 126.2(4)

C2 Cl N1 129.2(4) N2 C7 C8 127.3(4)

C2 Cl Cb6 121.0(4) C6 C7 C8 106.4(3)

Cl C2 Brl 119.4(4) 01 €8 N1 126.8(4)

cCi C2 (3 119.4(4) 01 C8 C7 126.7(4)

C3 C2 Brl 121.2(4) NL C8 C7 106.5(4)

C4 C3 C2 119.0(4) N3 C9 S1 118.5(3)

C3 C4 Br 118.3(3) N4 C9 S1 125.7(3)

C5 C4 Br 118.7(4) N4 C9 N3 115.8(4)

C5 C4 C3 123.0(4) N4 C10 C11 111.7(5)
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Table: Torsion angles for compound 26

A B C D Angle/* A B C D Angle/*
Brl C2 C3 C4 -178.0(3) C2 C1 C6 C7 -178.7(4)
Br2 C4 C5 C6 177.6(3) C2 C3 C4 Br2 -178.5(3)
N1 C1 C2 Brl -4.2(6) C2 C3 C4 C5 1.2(7)
N1 Cl1 C2 C3 176.6(4) C3 C4 C5 Cb6 -2.0(6)
N1 Cl1 C6 C5 -177.6(4) C4 C5 C6 C1 0.5(6)
N1 Cl1 Ce6 C7 1.8(4) C4 C5 C6 C7 -178.7(4)
N2 N3 C9 S1 -177.2(3) C5 C6 C7 N2 -4.8(7)
N2 N3 C9 N4 3.3(6) C5 C6 C7 C8 176.8(4)
N2 C7 C8 O1 4.8(7) C6 C1 C2 Brl 176.5(3)
N2 C7 C8 N1 -176.0(4) C6 C1 C2 C3 -2.7(6)
N3 N2 C7 Co -177.9(4) Cé6 C7 C8 O1 -176.8(4)
N3 N2 C7 C8 0.3(6) C6 C7 C8 N1 2.4(4)
Cl N1 C8 01 177.9(4) C7 N2 N3 C9 177.0(4)
Cl N1 C8 C7 -1.4(5) C8 N1 C1 cC2 -179.7(4)
Cl C2 C3 C4 1.3(6) C8 N1 C1 Co6 -0.3(5)
Cl C6 C7 N2 175.9(4) C9 N4 C10 C11 -83.4(6)
Cl C6 C7 C8 -2.6(4) C10 N4 C9 9s1 1.6(7)
C2 Cl1 Ce6 C5 1.8(6) C10 N4 C9 N3 -179.0(4)
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Molecular Structure of compound 26

The molecular structure of compound 26, with displacement ellipsoids drawn in 30%
thermal probability level.
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ABSTRACT

(2)-N’-(5-methoxy-2-oxoindolin-3-ylidene )thiomorpholine-4-carbothiohydrazide (MeOIstTmor), (Z)-N'-(5-
methoxy-2-oxoindolin-3-ylidene)-2,6-dimethylmorpholine-4-carbothiohydrazide (MeOIstDmMor), (Z)-N'-
(5-methoxy-2-oxoindolin-3-ylidene)morpholine-4-carbothiohydrazide (MeOIstMor) and (Z)-2-(5-methoxy-
2-oxoindolin-3-ylidene)-N,N-dimethylhydrazine-1-carbothioamide (MeOIstDm) were synthesized and
characterized by elemental analysis, FT-IR, 'H NMR, 3C NMR, UV-Vis, ESI-HRMS and single crystal X-
ray analysis. Molecular docking studies showed that compound MeOIstDmMor interacted strongly with
VEGFR2 via hydrogen bonding. The anticancer activities of the synthesized compounds were tested
against breast cancer (MCF-7), skin cancer (A431), and lung cancer (A549) for cell viability, cell cycle
arrest and western blot analysis. The compounds exhibited significant anticancer potency in micromo-
lar concentration (ICsg, 2.52-7.41 pM). The compound MeOIstDmMor was found GO/G1 cell cycle arrest
in A431 cells and inhibited C-Jun, B-catenin, Akt proteins involve in cell proliferation. Among the four
compounds, compound MeOIstDmMor exhibited strong anticancer potency in A549 (ICsp, 2.52 puM) than
rest of the compounds. Similarly, compound MeOIstMor exhibited high anticancer activity in MCF-7, ICsp;

2.93 pM.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

According to the recently released GLOBOCAN data estimated
2.3 million new cancer cases in 2020. Breast cancer is the most
common cancer in women in both developing and developed
countries [1]. Isatin and its derivatives such as tryptanthrin,
2-oxindoles, indirubins, sunitinib, isatin thiosemicarbazone and
others are pharmacologically active compounds with anticancer,
antiviral, antibacterial, anticonvulsant, antituberculosis and antidia-
betic activity, as well as other properties [2]. A potent microtubule
destabilizing agent 5,7-Dibromo-N-alkylisatins suppress initial
tumor growth in vivo, induce apoptosis and depolymerize mi-
crotubules [3]. Isatin derivative sparfloxacin showed anticancer
potency against HepG2 (human hepatic carcinoma cells), SW480
(human colon adenocarcinoma cells), A549 (human lung carci-
noma cells) and HelLa (human cervical cancer cells) with an ICsq

* Corresponding authors.
E-mail addresses: yrp@sau.ac.in (Y.R. Pokharel), pnyadav219@gmail.com (P.N. Ya-
dav).

https://doi.org/10.1016/j.molstruc.2022.134549
0022-2860/© 2022 Elsevier B.V. All rights reserved.

of 18.31->50 pg/mL [4]. Some cancer cell lines like MGC-803, PC-3
and SW620 were highly sensitive to moxifloxacin/gatifloxacin-
1,2,3-triazoleisatin hybrid [5]. One of the derivatives of isatin,
Sunitinib (SU011248) prevents many members of the split-kinase
domain group of receptor tyrosine kinases (RTKs), such as the
vascular endothelial growth factor receptors (VEGFRs) types 1
and type 2 (FLT1 and FLK1/KDR), platelet-derived growth factor
receptors (PDGFR-o and PDGFR-B), stem cell factor receptor c-KIT,
FLT3 and RET kinases [6]. For the treatment of solid tumors
including breast and lung cancer, GlaxoSmithKline (GSK) created
the anti-cancer drug Lapatinib, which includes a sulphone moi-
ety. It has been shown to target the epidermal growth factor
pathway [7]. Isatin derivatives inhibit tyrosine kinases (TKIs)
and cyclin-dependent kinases (CDKs) through binding with ATP
pocket as well as inhibiting caspases [8]. Thiosemicarbazones
are effective against a variety of tumors, including leukemia,
pancreatic cancer, breast cancer, non-small cell lung cancer, cer-
vical cancer, prostate cancer, and bladder cancer [9]. According
to SAR investigations of the synthesized thiosemicarbazones, the
existence of lipophilic/inductively electron withdrawing groups (Cl,
F, F3CO, NO,) at position-5 of the isatin moiety had a key role in
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causing or boosting various activities, especially urease inhibition
[10]. 2-Pyridineformamide thiosemicarbazones exerted a cytotoxic
effect on PANC-1 cells in NDM, including apoptosis, in micromolar
concentration [11]. By using MTT assay, it was revealed to be more
powerful towards MCF-7, A431, A375, and Hela cell lines, with ICsq
of 0.9 uM for MCF-7 [12]. a-N-Heterocyclic thiosemicarbazones
inhibit ribonucleotidereductase (RR) which repair DNA synthesis
in cancer chemotherapeutics [13]. Thiosemicarbazones activity is
believed to be the result of increased interactions between their
hydrophobic substituents and the hydrophobic residues in the TYR
cavity via van der Waal's force, and even the potential of their
N-N-S tridentate scaffold to bind catalytic copper ions in the en-
zyme [14]. Recently we have reported potent anticancer activity of
5-nitrosatin-4-(1-(2-pyridyl)piperazinyl)—3-thiosemicarbazone, 5-
nitroisatin-4-thiomorpholinyl-3-thiosemicarbazone, 5-nitroisatin-
4,4-dimethyl-3-thiosemicarbazone and their copper complexes on
MCF-7, MDA-MB-231, A431 and PNT2 cells [15,16,17]. Similarly,
3-hydroxypyridine-2-carboxaldehyde N(4)-methyl and pyrrolidinyl
thiosemicarbazones and their Zn(Il) complexes were investigated
from our laboratory for their ability to inhibit cell growth in PC3,
HelLa, DU145, A431 and A549 cells [18].

In the present study, 5-methoxyisatin with N(4)-ring substi-
tuted thiosemicarbazones were synthesized with the anticipation
that such modification could result in significant anticancer activ-
ity. The molecular and isomeric structures of MeOIstDmMor and
MeOIstDm were determined by X-ray single crystal diffraction anal-
ysis. Anticancer activities of the compounds were evaluated against
A549, MCF-7 and A431 cell lines. Additionally, molecular docking
study of MeOIstDmMor was completed on VEGFR2 enzyme.

2. Experimental
2.1. Materials and methods

5-Methoxyisatin, thiomorpholine, 2, 6-dimethylmorpholine,
morpholine, dimethylamine and N-methyl aniline were purchased
from Alfa Aesar. Carbon disulphide (Qualigens fine chemicals),
sodium chloroacetate (Chemical center, India), hydrazine hydrate,
98% (Fisher scientific), acetonitrile (Merck), methyl alcohol (Fisher
scientific), ethyl alcohol (Merk), diethyl ether (Merck), glacial acetic
acid (Fisher scientific), concentrated hydrochloric acid (Merck) and
sodium hydroxide (Fisher Scientific) were used as obtained.

2.2. Instruments

FT-IR spectra were recorded using SHIMADZU, Tracer 100, melt-
ing points were determined on Philip Harris Melting Point Appara-
tus, and UV-Visible spectra were recorded in the range of 600-
200 nm using a SPECORD®200 PLUS UV-visible spectrophotometer
in MeOH and in CHCl; solution at Central Department of Chem-
istry, Tribhuvan University (TU), Nepal. The elemental analysis was
performed using a LECO Truspec Micro analyzer, at IIT Madras,
India. NMR spectra were recorded in DMSO-dg by using TMS as
an internal standard on Bruker advance Il HD NMR spectrometer,
400 MHz spectrometer and Mass spectra were recorded using ESI-
HRMS on Bruker IMPACT HD liquid chromatography Mass Spec-
trometer at the Department of Chemistry, Savitribai Phule Pune
University, India. Bruker Dg VENTURE diffractometer with PHOTON
Il detector was employed for single crystal data collection at IIT
Madras, India.

2.3. Preparation of N(4) substituted thiosemicarbazones
N(4)-Substituted thiosemicarbazides; Thiomorpholine-4-carbo-

thiohydrazide, 2,6-dimethylmorpholine-4-carbothiohydrazide, Mor-
pholine-4-carbothiohydrazide, N,N-dimethylhydrazinecarbothioamide
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were synthesized by the procedure of Scovill [19]. (Z)-N'-(5-
methoxy-2-oxoindolin-3-ylidene)thiomorpholine-4-carbothiohy-
drazide (MeOlIstTmor), (Z)-N’-(5-methoxy-2-oxoindolin-3-
ylidene)—2,6-dimethylmorpholine-4-carbothiohydrazide (MeOlst-
DmMor),  (Z)-N'-(5-methoxy-2-oxoindolin-3-ylidene)morpholine-
4-carbothiohydrazide (MeOIstMor) and (Z)—2-(5-methoxy-2-
oxoindolin-3-ylidene)-N,N-dimethylhydrazine-1-carbothioamide
(MeOIstDm) were synthesized by refluxing the equimolar mixture
of respective thiosemicarbazide and 5-methoxyisatin (2.82 mmol)
in absolute ethanol (20 mL) and glacial acetic acid (3-drops) at
80 °C for the duration of 6 h (Scheme 1) [20]. The refluxed product
was allowed to cool at room temperature, washed with absolute
alcohol and dried. The product was re-crystallized with EtOH and
again dried.

2.3.1. (Z)-N’-(5-methoxy-2-oxoindolin-3-ylidene )thiomorpholine-4-
carbothiohydrazide
(MeOlIstTmor)

Yield: 56.70%; Color: Orange; MP: 198 °C; Anal. Calc (%) for:
C14H16N40,S, (336.43): C, 49.98; H, 4.79; N, 16.65; Found: C,
49.42; H, 4.60; N, 16.26. FTIR (v, cm~1): 3172-3037 (br, H-N; in-
dole&azomethine), 1685 (s, C=0), 1539 (s, C=N), 1174, 783 (s, C=S),
1155 (s, N-N), 1282 (s, 0-CH3). 'H NMR (8, ppm): 13.23 (s, 1H, HN-
C=S), 11.10(s, 1H, Indole-NH), 7.01 (d, 1H, C7-H), 6.92 (d, 1H, C4-
H), 6.86 (d, 1H,C6-H), 4.24 (s, 3H, -OCH3), 3.76 (t, 4H, aliphatic-
C11, C14-H), 2.81 (t, 4H, aliphatic-C12, C13-H). 13C NMR (8,
ppm): 179.80(C10), 163.25(C2), 155.80(C5), 136.08(C3), 134.96(C9),
121.20(C7), 117.63(C8), 112.43(C6), 105.95(C4), 56.07(0CH3), 53.36
(C11, C14), 27.04 (C12, C13). ESI-HRMS [m/z, Found (Calc.)]:
337.0789 (337.4404) [M+H]", 359.0611 (359.4221) [M+Na]*. UV-
Vis [Amax(nm) (CHCl3)]:283, 356.

2.3.2. (Z)-N’-(5-methoxy-2-oxoindolin-3-ylidene)—2,
6-dimethylmorpholine-4-carbothiohydrazide (MeOlstDmMor)

Yield: 79.92%; Color: Red; MP: 206 °C; Anal. Calc (%) for:
Ci6HaoN403S (348.42): C, 55.16; H, 5.79; N, 16.08; found: C,
55.11; H, 5.54; N, 16.04. FTIR (v, cm~'): 3176-3064 (br, H-N;
indole&azomethine), 1681 (s, C=0), 1568 (s, C=N), 1179, 697(s,
C=S), 1151 (s, N-N), 1251 (s, O-CH3).'H NMR (8, ppm): 13.19
(s, 1H, HN-C=S), 11.04 (s, 1H, Indole-NH), 6.94 (d, 1H, C7-H),
6.94(d, 1H, C4-H), 6.88 (d, 1H,C6-H), 3.68 (t, 4H, aliphatic-C12,
C13-H), 3.74 (s,3H,0CH3), 2.94 (t, 4H, aliphatic-C11, C14-H), 1.16
(d,6H,methyl-C15,C-16).13C NMR (§, ppm): 179.58 (C10), 163.18
(C2), 155.75 (C5), 136.02(C3), 134.80 (C9), 121.18 (C7), 117.53
(C8), 11236 (C6), 105.65 (C4), 71.43 (C12,C13), 55.97 (OCH3),
55.32(C11,C14), 18.85 (C15,C16). ESI-HRMS [m/z, Found (Calc.)]:
3491332 (349.428) [M+H]*, 3711150 (371.40) [M+Na]*.UV-Vis
[Amax(nm) (CHCl3)]:284, 355.

2.3.3. (Z)-N’-(5-methoxy-2-oxoindolin-3-ylidene)morpholine-4-
carbothiohydrazide (MeOlstMor)

The compound (MeOIstMor) has been synthesized and charac-
terized by K.N. Aneesrahman [21].

2.3.4. (Z)—-2-(5-methoxy-2-oxoindolin-3-ylidene)-N,
N-dimethylhydrazine-1-carbothioamide (MeolstDm)

Yield: 65.95%; Color: Orange; MP: 122-124 °C; Anal. Calc (%)
for: CioH14N40,S (278.33): C, 51.78; H, 5.07; N, 20.13; found:
C, 51.87; H, 4.97; N, 20.02%. FTIR (v, cm~!): 3267-3176 (m, H-
N; indole&azomethine), 1691 (s, C=0), 1537 (s, C=N), 1182, 775
(s, C = S), 1126 (s, N-N), 1300 (s, O-CH3). 'H NMR (8, ppm):
13.48 (s, 1H, HN-C = S), 11.07(s, 1H, Indole-NH), 7.06 (d, 1H,
C7-H), 6.89 (d, 1H, C4-H), 6.83 (d, 1H,C6-H), 3.73 (s, 3H, -
OCH3-), 3.50 (t, 3H, aliphatic-C11), 3.36 (t, 3H, aliphatic-C12), 3C
NMR (8, ppm): 180.37(C10), 163.39(C2), 156.64(C5), 133.86(C3,C9),
121.59(C7), 118.28(C8), 112.68(C6), 106.56(C4), 56.26(-OCH3-),
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Scheme 1. Synthesis of N(4) Thiomorpholinyl/ (2,6-dimethyl)morpholinyl/ Morpholinyl/ Dimethyl amine 5-methoxyisatin Thiosemicarbazones.

29.92 (C11,C12). ESI-HRMS [m/z, Found (Calc.)]: 279.091 (279.338)
[M+H]*, 301.0734 (301.31) [M+Na]*. UV-Vis [Amax(nm)(CHCl5)]:
284, 350.

2.4. Anticancer screening

2.4.1. Cell lines
A549, MCF-7 and A431 cell lines were cultured in complete
DMEM media.

2.4.2. Cell viability assay

Cell viability of A431, MCF-7, and A549 cells were assessed by
crystal violet assay. Approximately 5 x 103 cells were seeded in
each well of 96 wells plate. Cells were treated with different con-
centration of compounds and incubated for 72 h. After 72 h, the
media was discarded. Cells were stained with 80 mL (0.4%) crys-
tal violet that was prepared in 50% methanol and incubated for
30 min on a bench rocker with 20 oscillations per minute. Af-
ter that, cells were washed by dipping in a beaker filled with
tap water; this prevents the washout of cells. Culture plates were
kept overnight for air dry at room temperature. Next day, 150 pL
of methanol was added in each well and kept on a rocker for
30 min. Finally, optical density was measured in micro-plate reader
at 570 nm.

2.4.3. Colony formation assay

A431 cells were analyzed to form colonies. 1000 cells were
seeded in each well of six-well plates and incubated for 24 hrs.
The cells were treated with the respective compounds in differ-
ent concentration (0.1% DMSO as a control, 0.3 pM, 1 uM, 3 pM,
and 10 pM). Fresh media was added by replacing the used one in
every 72 h, followed by the treatment with respective concentra-
tion of compounds. The cell culture was maintained for 10 days
with change of media after every two days. After 10 days colonies
were washed with DPBS, fixed with methanol and stained with
0.4% crystal violet which was prepared in 50% methanol. The cul-
ture plate was air dried and colonies were counted using Image ]
software.

2.4.4. Propidium iodide staining

Around 1.5 x 10° cells/well were seeded in a six-well plate
and after 24 h, treated with different concentration of compound
(0.1% DMSO as a control, 0.3 uM, 1 uM, 3 uM, 10 pM). Cells were
incubated for 48 h. The cell along with media from the same
tube was harvested after 48 h in 1.5 ml micro-centrifuge tubes.
Micro-centrifuge tubes were centrifuged at 3000 rpm for 5 min
and washed with DPBS twice. Immediately after that, 80% ice-
cold ethanol was added while vortexing the tube to minimize the

clumping of cells. After that samples were centrifuged and given a
DPBS wash twice. After adding PI, cells were incubated at 40 °C for
30 min. The cells were then analyzed with Flow Cytometry.

2.4.5. Cell cycle analysis

For cell cycle analysis, around 1.5 x 10° cells/well were seeded
in a six-well plate and were harvested after 48 h of treatment. Af-
ter three PBS washes, cells were fixed with 80% ice-cold ethanol.
After incubation with RNase and PI stain for 30 min, cells were
analyzed by FACS machine and cells in different phase were quan-
tified. The percentage of cell with GO/G1 DNA content was used as
a measure of apoptosis.

2.4.5. Immunoblotting

2.4.5.1. Cell lysate preparation. After 48 h incubation, cells were
washed with DPBS and 50-80 pL of 2X SDS lysis buffer was added
(depends upon confluence of cells). The cells were collected with
the help of cell scrapper and collected into the MCT. After that cells
were sonicated at 30% of amplification for 10 s with 10 s interval
for three cycles. Sonication was done by keeping MCT in a 50 mL
beaker filled with ice to avoid protein degradation. Samples were
centrifuged at 16,000 g for 20 min at 40 °C. Supernatant was col-
lected in fresh MCT and kept at —80 °C.

2.4.5.2. Protein estimation by bca kit. Pierce ™ BCA protein assay
kit was used to know the total protein concentration in the sam-
ples. BCA reagent A and reagent B were mixed in 50:1 ratio respec-
tively. Then, 200 pL mixtures were added in each well containing
25 L of protein samples (Protein samples can be diluted by adding
PBS). After that, plate was incubated for 30 min at 37 °C. The ab-
sorbance was taken at 562 nm. After plotting the absorbance (Y-
axis) vs concentration graph (X-axis) we got an equation. From that
equation the concentration of protein samples was calculated. To
see the expression of particular protein, in each well of SDS gel,
we should add equal amount (25 ug) of total protein. Thus, while
dividing 25 ng with concentration of protein each MCT gives the
volume of protein should be withdrawn for one well. Protein con-
centration and loading dye should be in 1:0.25.

2.4.5.3. SDS gel running. According to the molecular weight of pro-
tein that is of interest, the percentage of gel is determined. For
higher molecular weight protein gel with lower percentage of gel
is prepared and vice-versa. After transferring the gel into running
buffer and then samples were loaded into the separate well.

2.4.5.4. Transferring proteins from gel to PVDF membrane. 1X trans-
fer buffer was prepared and kept in ice to chill down. Foam pads
and filter paper was soaked in 1X transfer buffer. PVDF membrane
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was taken the same size of the gel and activated by dipping it in
Methanol for 2 min. On a transfer cassette, the gel sandwich was
prepared in the order: Sponge, filter paper, gel, PVDF membrane,
filter paper, and sponge. While putting PVDF membrane above gel,
1X transfer buffer was flooded to avoid the bubbles in between.
The transfer cassette was then arranged in a transfer apparatus,
which was kept on the gel tank filled with 1X transfer buffer. Ice-
pack is kept inside the tank and tank is kept on the ice box. Trans-
fer was done at 90 Vs for 2 h.

2.4.5.5. Blocking the membrane. After the transfer is over, the PVDF
membrane is kept in 5% skimmed milk for one hour for the block-
ing of unspecific proteins. 5% skimmed milk was prepared in TBST.
3% BSA is also used as a blocking agent.

2.4.6. Data and statistical analysis

The results are expressed as the mean # standard deviation
(SD). A Paired t-test was used to determine the significant differ-
ence between groups. A p-value< 0.05 was considered as signifi-
cant.

3. Results and discussion
3.1. FTIR spectroscopy

The broad symmetrical stretching band in the range of 3267-
3037 cm~! was assigned to v(N-H) of indole and azomethine v(N-
H) moieties of thiosemicarbazones [22]. The absence of a stretch-
ing band at about 2500-2600 cm~!, specifies to v(S-H) [23] and
the presence of two strong bands specific to v(C = S) at 1182-1174
cm~! and 783-697 cm~! indicated the existence of thiosemicar-
bazone in the thione tautomer [24]. Strong stretching bands ap-
peared in the thiosemicarbazone MeOIstTmor at 1685 cm~! and
1539 cm~! respectively, assigned to v(C = 0) and (C = N) of
thiosemicarbazones [25,26]. Similarly, the synthesized thiosemicar-
bazones had two significant stretching bands at the range 1691-
1681 cm~! and 1568-1537 cm~!, respectively, that assigned to
v(C = 0) and (C = N) [27]. The strong bands due to v(N-N)
of thiosemicarbazones appeared at 1155-1126 cm~! [28]. Strong
bands of isatin moieties of thiosmecarbazones appeared at 1300-
1251 cm~!, which were assigned to v(-OCHs3-) [29,30] (Supple-
mentary data S5-S7).

3.2. NMR spectroscopy

In the TH NMR (DMSO-dg) spectra of N(4) substituted thiosemi-
carbazones the signals of highly polar H-N-C = S and indol-NH
protons were observed downfield as a singlet at 13.48-13.19 ppm
[21] and 11.10-11.04 ppm respectively [31]. A singlet peak at 11.10-
11.04 ppm related to the NH adjacent to C = S, but absence of
peak at 4 ppm attributed to the S-H proton in the thiosemicar-
bazones indicate the existence of thione tautomer [32]. All the aro-
matic protons of isatin moiety were seen as singlet or doublet sig-
nals at 7.06-6.83 ppm [33]. In the case of N(4) thiomorpholinyl
group (MeOlIstTmor), the signals of ring -CH, protons were found
as a quartet at 3.76 ppm whereas in N(4) 2,6-dimethyl morpholinyl
group (MeOIstDmMor), the signals of ring -CH, protons were ob-
served as a quartet at 3.68-2.94 ppm [34] and that of methyl pro-
tons were observed as a triplet at 3.50 ppm [35] in the compound
MeolstDm and triplet at 1.16 ppm in the compound MeolstDmMor
[21,27]. The signals of methoxy (-OCH3-) protons were observed as
a singlet at 4.24-3.73 ppm in the thiosemicarbazones [36] (Supple-
mentary data S5-S7).

In the 3C NMR (DMSO-dg) spectra of the compounds, the
HN-C = S (C10) signal of the thioamide carbon was observed
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at the range of 180.37-179.58 ppm [37]. The characteristic -
C = N (C3) and -C = O (C2) peaks were observed at 136.08-
133.86 ppm and 163.39-163.18 ppm respectively [38,39]. The aro-
matic carbons (C4-C9) of the isatin ring were observed at 106.56-
105.65(C4), 156.64-155.75 (C5), 112.43-111.68 (C6), 121.59-121.18
(C7), 118.28-117.53 (C8) and 134.96-133.86 ppm (C9) [40,41]. The
C(5) (156.64-155.75) carbons atom shifted downfield due to the
presence of methoxy group (OCHs3-) and its carbon peaks were
observed at 56.26-55.97 ppm [22]. The signals of N(4) thiomor-
pholinyl group (MeOIstTmor) carbon atoms (C11-C14) were seen at
53.36-27.04 ppm [21] whereas the signals in N(4) 2,6-dimethyl
morpholinyl group (MeOIstDmMor) carbons atoms (C11-C14) of
cyclic ring were observed at 71.43-55.32 ppm [14]. The signals of
methyl carbon atoms (C15-C16) in the compound (MeOIstDmMor)
were observed at 18.85 ppm whereas the signal of methyl car-
bon atoms (C11-C12) in the compound (MeOIstDm) were seen at
29.92 ppm [42] (Supplementary data S8-S10).

3.3. ESI-HRMS spectrometry

All the obtained mass spectral data of the synthesized thiosemi-
carbazones were in agreement with the calculated data of the pro-
posed molecular structures.

The protonated and alkali adduct analyte molecules were seen
using the positive mode of the ESI-HRMS investigations for the
mass spectral peaks of the compounds. The protonated molec-
ular ion [M+H]" peaks of thiosemicarbazones were observed at
m/z = 337.0789 (calc., 337.4404) (MeOlstTmor), m/z = 349.1332
(calc., 349.4280) (MeOIstDmMor) and m/z = 279.0910 (279.338)
(MeOlIstDm) [21,43]. Beside the protonated peaks, the thiosemicar-
bazones showed the molecular ion [M+Na|* peaks: m/z = 371.1150
(calc., 371.4000) (MeOIstDmMor), m/z = 343.0838 (calc., 343.3565)
(MeOIstMor) and m/z = 301.0734 (calc, 301.31) (MeOIstDm).
In the compound MeOIstDmMor, the fragment N(4)-2,6-
dimethylmorpholinyl [C;gHpgN4O3 + HJt cation caused the
prominent peak at m/z 317.1606 (calc., 317.3630) [44]. The pres-
ence of fragment N(4) dimethylamine [C;;H4N40, + HJt cation
in the compound MeOIstDm accounts for the prominent peak at
m/z 2471185 (calc., 247.2731). Fragmentation is characterized by
loss of one sulfur atom, abbreviated SH (m/z; 33 amu) [45]. Mass
spectral data of the thiosemicarbazones agree well with those
estimated for their putative structures [46] (Supplementary data
S11-S13).

3.4. UV-Vis spectroscopy

UV-visible spectral data of the thiosemicarbazones were
recorded in CHCl3 in the 600-200 nm range. The compounds ex-
hibited two broad absorption bands with varying intensities and
shoulder like appearance in the region 284 nm and 356-350
nm[37] attributed to n—s* intraligand electronic transition viz.
the bands due to the electronic transition of azomethine (-C = N)
and that due to thioamide (-HN-C = S) group [44,47,48]. The w—
m* transitions of the imine C = N double bond were seen at
284 nm for all the synthesized thiosemicarbazones, the bands at
356 nm are assigned to the electronic transition n — m* of the
thiosemicarbazone moiety (C = S) [42,49]. Similar observations
about the peak position and nature has been observed with isatin
thiosemicarbazones [50] (Supplementary data S14-S15).

3.5. X-ray crystallography

Single crystals of MeOIstDm and MeOIstDmMor suitable for X-
ray diffraction studies were grown by slow evaporation in 1:4 mix-
tures of CHCl3 and EtOH. The single crystal diffraction data were
collected at 298 K on Bruker D8 VENTURE diffractometer with
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Table 1
Crystal data and structure refinement parameters.
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Identification code MeOlstDm

MeOIstDmMor

Empirical formula Ci2H14N40,S

Formula weight 278.33
Temperature/K 296.15

Crystal system monoclinic

Space group P2,/c

alA 9.357(2)

b/A 9.9370(19)

c/A 14.207(3)

af° 90

Bl° 104.929(9)

I 90

Volume/A3 1276.4(5)

z 4

Peacglcm? 1.448

/mm! 0.258

F(000) 584.0

Crystal size/mm? 0.35 x 0.25 x 0.2
Radiation Mo/K, (A = 0.71073)

26 range for data collection/° 5.06 to 64
Index ranges
Reflections collected
Independent reflections
Data/restraints/parameters 4418/0/175
Goodness-of-fit on F? 1.096

Final R indexes [I > 20 (I)]
Final R indexes [all data]

47,022

-13<h=<13,-14<k<14,-21 <1 <21

4418 [Riy = 0.0439, Rygma = 0.0250]

R; = 0.0646, WR, = 0.1546
R; = 0.1035, wR, = 0.1768

Ci6H22N404S
366.43
296.15
orthorhombic
Pna2,
16.091(3)
8.6078(14)
27.098(5)

3753.3(11)
8

1.297

0.200

1552.0

0.15 x 0.12 x 0.1

Mo/Ky (A = 0.71073)

6.932 to 49.998
~19<h<19,-10 <k < 10,-32 <[ < 32
74,084

6574 [Rin; = 0.1318, Ryjgma = 0.0648]
6574/25/467

1.202

R; = 0.0997, wR, = 0.1943

R; = 0.1280, wR, = 0.2063

Largest diff. peak/hole [ e A3 0.64/-0.42 0.34/-0.30
Flack parameter - 0.10(9)
PHOTON I detector with Mo/K, radiation (A = 0.71073 A). The Tab'dez o< for MeO
data were corrected for Lorentz and polarization effects. Multi-scan Bond Lengths for MeOlstDm.
absorption correction was applied. The structure was solved by di- Atom  Atom  Length/A Atom  Atom  Length/A
rect methods using ShelXT [51] and refined by full-matrix least- s1 c10 1.6735(19) N4 cs 1.416(3)
squares refinement techniques on F2, using ShelXL-2018/3 [52]. All 01 c1 1.430(3) N4 c9 1.358(3)
calculations were done with the help of OLEX? version 1.5 crys- 01 2 1.377(2) C2 C3 1.390(3)
tallographic software [53]. For the molecular graphics, the pro- 02 €9 1.228(3) e 7 1.394(3)
LEX? [53] and Mercury [54] were used. All non-hydrogen N N2 1.3542) o ¢ 1.398(3)
gramme O ¢ ury . ydrog N1 cs 1.293(2) ca s 1.371(3)
atoms were refined anisotropically. All hydrogen atoms were fixed N2 c10 1.378(2) c5 c6 1.399(3)
geometrically with Uiso values of 1.2 times the Ujg,values of their N3 €10 1.335(2) c6 c7 1.380(3)
respective carrier atoms. The hydrogen on lattice water were lo- N3 it 1.467(3) c6 s 1.455(3)
N3 C12 1.448(3) c8 c9 1.518(3)

cated from difference fourier map and refined using the riding
model. For MeOIstDm, a total of 47,022 reflections were measured
of which 4418 were unique and 3148 were considered observed (I
> 20 (I)]. The final residual index are; R; = 0.0646, wR, = 0.1546
for the observed and R; = 0.1035, wR, = 0.1768 for all reflections
using 175 parameters. For MeOIstDmMor, a total of 74,084 reflec-
tions were measured of which 6574 were unique and 5048 were
considered observed (I > 20 (I)]. The final residual index are; R
0.0997, Rw 0.1943 for the observed and R 0.1280, Rw 0.2063 for
all reflections using 467 parameters 25 restraints. Details of the
crystallographic data and structure refinement for MeOIstDm, and
MeOIstDmMor are given in Table 1. Selected bond lengths are given
in Tables 2 and 3. CCDC reference numbers 2,194,144 (MeOlstDm)
and 2,194,145 (MeOIstDmMor) contains the supplementary crystal-
lographic data for this paper.

3.5.1. Crystal structure description

The structure of compound MeOIstDm and MeOIstDmMor to-
gether with the atom labeling scheme is shown in Fig. 2 and
Fig. 3 respectively. The compound MeOIstDm crystallizes in mon-
oclinic space group P2;/c with one molecule in the asymmetric
unit (Fig. 2) and the compound MeOIstDmMor crystallizes in or-
thorhombic Pna2; space group with two molecule of compound
and two lattice water molecules in the asymmetric unit (Fig. 3).
The quality of data for MeOIstDmMor is not very good. The value of

Rine is 13.2% and the Poor Data/Parameter Ratio of 7.21. The crystal
is a weak diffractor and diffract very weakly beyond 20 = 420,

Figs. 1 and 3

In compound MeOIstDmMor, a comparison of C-N and N-N
bond distances with typical single and double bond lengths
[C(9)-N(1) 1.322, C(5)-N(1) 1.405, C(10-N(3) 1.358, C(10)-N(4)
1.334, C(16)-N(4) 1.473, C(11)-N(4) 1.428, C(8)=N(2) 1279, N(2)-
N(3)1.354 A] indicates that charge delocalization is widespread
throughout the thiosemicarbazone skeleton. Similarly in com-
pound (MeOIstDm), the comparison of C-N and N-N bond dis-
tances with typical single and double bond lengths [C(9)-N(4)
1.358, C(10)-N(2) 1.378, C(10)-N(3) 1.335, C(11)-N(3) 1.467, C(12)-
N(3) 1.448, C(8)-N(1) 1.293, N(1)-N(2)1.354 A] also indicates that
charge delocalization is widespread throughout the thiosemicar-
bazone skeleton [55]. All bond distances are normal in the 5-
methoxyisatin moiety in the compound (MeOIlstDmMor), except
for the elongated C(9)-C(8) single bond is 1.525 A whereas in
compound (MeOIstDm) C(9)-C(8) single bond is 1518 A. In 5-
methoxyisatin moiety C(9)-O(2) distance for studied MeOIstDmMor
crystal structure is 1.242 A whereas in (MeOIstDm) C(9)-0(2) bond
distance is 1.228 A [49]. In comparison to the 5-methoxyisatin
derivative (Z)-N-(5-methoxy-2-oxoindolin-3-ylidene)pyrrolidine-1-
carbothiohydrazide, the bond lengths C-N, N-N, C(9)-C(8), and
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Fig. 1. Structure and numbering of 5-MethoxyisatinThiosemicarbazones.

S1

Fig. 2. ORTEP diagram of compound MeOIstDm drawn in 30% thermal probability
ellipsoids showing atomic numbering scheme.

C(9)-0(2) of the compounds MeOIstDmMor and MeOIstDm are sim-
ilar [21]. Indole-3-thiosemicarbazone, {1.696 (3) A}, and 5-bromo
indole-3-thiosemicarbazone, {1.699(2) A} have identical C = S
bond lengths of 1.679(9) A in MeOIstDmMor and 1.6735(19) A in
MeOlIstDm [56]. The bond angle of N2-N1-C8-C6 is 179.62(19)°, in-
dicating that MeOIstDm of the imine N2 atom undergone sp? hy-
bridization whereas the torsion angle C5-C4-C8-N2 is 179.11(9)°,
indicating that the compound MeOIstDmMor has an E (trans)
configuration, resulting in the double bond character of C = N
[47] (Supplementary data S16-S31).

The two molecules in the asymmetric unit of MeOIstDm-
Mor are involved in intra as well as intermolecular H-bonding
via two lattice water molecules (Fig. 4). The sulfur atom S2

shows H-bonding with hydrogen atom H8A of Iattice water
molecule (O8-H8A...... S2 = 2535(4) A), this water molecule
further involved in H-bonding with second water molecule
(O7-H7C...... 08 = 2.097(10) A), and oxygen atom (O7) of this
water molecule involved in H-bonding with hydrogen atom
attached to ring nitrogen (N1) of neighboring molecule (N1-
H1...... 07 = 2.080(8) A). The oxygen atom on this molecule
involved in intra as well as intermolecular H-bonding, it shows in-
tramolecular H-bonding with hydrogen (H3A) attached to nitrogen
(N3-H3A...... 02 = 1.989(6) A) and intermolecular H-bonding with
hydrogen H5 attached to the ring nitrogen (N5) of neighboring
molecule (N5-H5...... 02 = 2.028(6) A) forming a two dimensional
H-bonding network (Fig. 5).

3.6. Molecular docking studies of compound MeOlstDmMor

Molecular docking studies were carried out by using Molec-
ular Operating Environment (MOE) software package. Three-
dimensional (3D) crystal structure of VEGFR2 was obtained from
Protein Data Bank (PDB). The accession code for the downloaded
enzyme was 4ASD. Before docking studies, the docking protocol
was validated by using re-dock method. Native co-crystallized lig-
and sorafenib was re-docked into the binding site of prepared en-
zyme. Comparison of the binding orientation was carried out be-
tween the re-docked ligand and experimental ligand. The validated
protocol with root-mean square deviation less than 2 A was used
for further docking simulations. The 3-D | 2-D interaction plots of
native ligand sorafenib are shown in Fig. 6: (a-b). Native ligand
sorafenib forms hydrogen bond interactions with Asp1044, Cys919
and Cys919. While a w-m stacking interaction was also observed

Fig. 3. ORTEP diagram of MeOIstDmMor drawn in 20% thermal probability ellipsoids showing atomic numbering scheme. The asymmetric unit contains two crystallographi-

cally independents units and two water molecule in the crystal lattice.
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Fig. 4. Hydrogen bonding interactions in the crystal lattice of MeOIstDmMor viewed along the crystallographic c-axis (Hydrogen bonding interactions with max D-A distance

2.9 A and minimum angle 120°).

Fig. 5. Two dimensional hydrogen bonding network in the crystal lattice of MeOIstDmMor viewed along crystallographic a-axis. (Hydrogen bonding interactions with max

D-A distance 2.9 A and minimum angle 120°).
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Fig. 6. (a-b) 3D and 2D interaction plots of native ligand sorafenibinto the binding site of VEGFR2 enzyme (PDB ID = 4ASD).

Table 3
Bond Lengths for MeOIstDmMor.

Atom  Atom  Length/A Atom  Atom  Length/A
C1 01 1.411(12) C18 C19 1.389(14)
c2 c3 1.374(13) (18 c23 1.415(14)
c2 Cc7 1.396(14) C18 04 1.382(12)
Cc2 01 1.378(12) C19 C20 1.407(12)
c3 C4 1.425(12) €20 C21 1.391(12)
C4 (&) 1.405(12)  C20 C24 1.440(14)
C4 c8 1.424(13) (21 Cc22 1.368(14)
c5 C6 1.361(13) C21 N5 1.396(12)
c5 N1 1.405(12) (€22 c23 1.399(15)
C6 Cc7 1.389(14) (24 C25 1.504(11)
c8 c9 1.525(11) (€24 N6 1.319(11)
c8 N2 1.279(11) €25 N5 1.316(12)
c9 N1 1.322(13) (€25 05 1.235(12)
c9 02 1.242(12) C26 N7 1.356(13)
C10 N3 1.358(12) (26 N8 1.333(14)
C10 N4 1.334(13) (€26 S2 1.688(10)
C10 S1 1.679(9) c27 Cc28 1.487(19)
C11 C12 1.435(19) (27 N8 1.484(14)
C11 N4 1.428(15) (€28 C29 1.524(17)
C12 C13 1.50(2) Cc28 06 1.437(16)
C12 03 1.449(18) (€30 C31 1.50(2)

C14 C15 1.59(2) C30 C32 1.458(18)
C14 C16 1.439(19) C30 06 1.414(16)
C14 03 1.377(18) (€32 N8 1.482(15)
C16 N4 1.473(14) N2 N3 1.354(10)
Cc17 04 1.399(14) N6 N7 1.351(12)

(b)

Fig. 7. (a-b) 3D and 2D interaction plots of MeOIstDmMor into the binding site of
VEGFR2 enzyme (PDB ID = 4ASD).

between Phel047 and Phenyl ring of sorafenib. Trifluoromethyl
(CF3) group forms halogen interactions with Ile1044. The synthe-
sized 5-methoxyisatin derivative was also docked into the bind-
ing site of VEGFR2 enzyme. Its 3-D | 2-D dimensional interaction
plots are shown in Fig. 7: (a-b). The synthesized compound in-
teracts with Asp1046 and Lys868 via hydrogen bond interactions.
The strength of ligand-enzyme complex was computed in terms
of binding energy of the docked poses. The computed binding en-
ergy value for native sorafenib was —9.0855 Kcal mol~!. While for
isatin derivative, it was —6.4015 Kcal mol~!. The interaction plots
of 5-methoxyisatin derivative are shown in Fig. 8: (a-b). The com-
pound forms two hydrogen bond interactions with Ile1025 and

Table 4
Cell Viability assay (uM) of the compounds in different cell lines with
their ICsq Values for 72 h.

Compd] Cell lines— MCF-7 A549 A431
MeOlIstTmor 2.93 6.81 5.29
MeOIstDmMor 4.41 2.52 4.80
MeOlIstMor 5.41 5.64 6.84
MeOIstDm 7.41 3.55 7.25

Arg1027.The computed binding energy value for MeOIstDmMor, it
was —6.3185 Kcal mol~1.

3.7. Anticancer activity

Breast cancer cells (MCF-7), Lung cancer cells (A549), and Skin
cancer cells (A431) were cultured in 96 well plates in DMEM
medium for 12 h and treated cells with different concentration
(ie., 1, 3, 10, and 30 pM of MeOIstTmor, MeOIstDmMor, MeOlstMor
and MeOIstDm respectively and incubated for 72 h as shown in
Fig. 9: A, B, C and D respectively. All the synthesized compounds
showed high inhibitory effects toward cell viability. Table 4, shows
the IC5q value of different synthetic compounds against different
cell lines, the compound MeOIstDmMor has exhibited broad spec-
trum activity towards A549 with ICsg value 2.52 pM than rest
of compounds whereas the compound MeOIstTmor has exhibited
high anticancer activity against MCF-7 with ICsq; 2.93 pM. All the
compounds have shown moderate activity towards A431 with ICsq
ranging from 4.80 to 7.25 pM.

Cells were seeded at a density of 3000-4000 cells/well in a 96
well plate and incubated at 37 °C for 24 h. Then, the medium was
removed, and freshly prepared solutions of the compounds were
added (Control, 0.3 pM, 1 pM, 3 pM, and 10 uM). After a 72 h
treatment, crystal violet assay was performed. A, B, C, D shows
the effect of MeOIstTmor, MeOIstDmMor, MeOIstMor and MeOlIstDm
on different cell lines respectively. Data are represented as mean
+ SD of three independent experiments. With an ICsq of 2.93 uM
compared to other compounds, the compound MeOIstTmor demon-
strated strong anticancer activity against MCF-7.

Out of screened compounds for their effects in cell viability in
different cancer cell lines MeOlstDmMor showed a better antipro-
liferative effects against the A431 cell line. It was selected for fur-
ther studies to determine the ability of the cells to from colonies
in presence of MeOIstDmMor in a dose dependent manner. A431
cells were seeded in six well plates with low numbers of 3000
cells/well and treated compound in different concentrations (C, 0.3,
1, 3, and 10 pM), every after 72 h fresh media was added with
compound. After two weeks of incubation, it was observed that
MeOIstDmMor inhibited the size and number of colonies in dose
dependent manner (Fig. 10: A and B). We found colonization of cell
was inhibited (100%) above 3 uM as compared to control after two
weeks. The number of colonies drastically decreased as compare
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Fig. 8. (a-b) 3D and 2D interaction plots of MeOIstDmMor into the binding site of VEGFR2 enzyme (PDB ID = 4ASD).
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Fig. 9. Cell Viability assay synthetic compounds with different concentration.

to that of control with compound treatment, however the ability
to form colony was completely inhibited in 3 uM and 10 puM of
concentration.

To analyze the effect on cell death of A431 cells by flow cy-
tometry assay using propidium iodide staining, cells were treated
in different concentrations, i.e., control, 0.3 pM, 1 uM, 3 pM, and
10 uM of MeOIstDmMor. As shown in Fig. 10, in comparison with
the control, treatment with MeOIstDmMor led to an increase in
apoptotic cell population significantly in a concentration depen-
dent manner, which might be due to DNA damage or other survival
stresses induced by MeOIstDmMor similar to many other thiosemi-
carbazone derivatives [12]. Furthermore, the effect of MeOIstDm-
Mor in cell cycle was evaluated, A431cells were treated with a
lower dose of MeOlstDmMor i.e., control, 0.3 pM, and 1 uM. Com-

pared to control, significant percentage of cells were arrested in
the GO/G1 phase treated with 0.3 pM, and 1 pM (Fig. 11: A, B, C,
D). It was found that MeOIstDmMor changed the profile of the cell
cycle with an increase in GO/G1 cell population associated with de-
cline G2/M and S cell population. This increase in percentage of
cells in S phase arrest might be attributed to irreparable DNA dam-
age [57].

A431 cells were seeded in six well plates with low numbers of
3000 cells/well and treated compound in different concentrations
(C, 0.3, 1, 3, and 10 pM), every after 72 h fresh media was added
with compound for 14 days and crystal violet staining was per-
formed. B. A431 cells were seeded at a density of 30,000 cells/well
in a 12-well plate and incubated at 37 °C for 24 h and treated com-
pound in different concentrations of MeOIstDmMor (C, 0.3, 1, 3, and
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and 1 pM (C) of MeOIstDmMor were fixed and permeabilized with 80% chilled ethanol and stored for overnight at 4 °C. Then cells were washed and subjected to RNase
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Fig. 12. A; Western blotting analysis of compound MeOIstDmMor in A431 cell line.

10 pM). After a 72hPI staining was performed. Data represented as
mean =+ SD of three independent experiments p**< 0.01, *p<0.05.
Bar graph showing the percentage of cell death compared to vehi-
cle control (DMSO).

To identify the mechanism of action affected by treatment of
MeOIstDmMor in skin cancer cell line, we examined downstream
molecules associated with MAPK signaling path ways that regulate
major cellular events including cell proliferation, survival and mi-
gration. Improper functioning of MAPK pathways leads to the de-
velopment and progression of cancer [18]. We found that MeOIstD-
mMor treatment in A431 skin cancer cell line, downregulate the
expression of MAPK pathway molecules c-jun. Where in cancer
condition, the highly express c-Jun are associated with cell pro-
liferation and angiogenesis [12]. MeOIstDmMor induced cell death
and apoptosis in A431 cells significantly, to understand its effects
in the expression of proteins which are responsible for cancer cell
proliferation, we have performed western blot analysis. As shown
in Fig. 11:A, the expression level of §-catenin, C-Jun and Akt signif-
icantly inhibited after the treatment of cells with MeOIstDmMor in
concentration dependent manner. It shows that compound MeOlst-
DmMor induce cytotoxic activity with the regulation of B-catenin,
C-Jun and Akt which are responsible for cell proliferation, migra-
tion and apoptosis in cancer.

Cleavage of chromosomal DNA into oligonucleosomal size frag-
ment is an integral part of apoptosis. So, to evaluate the role
of compound MeOIstDmMor in A431cell, DNA fragmentation assay
was conducted. As shown in Fig. 12: B that uncut DNA that is con-
trol as well as drug control shows distinct band of DNA. However,
typical ladder DNA fragments of 180-200 base pairs and multiples
thereof on an agarose gel should be present as the concentration
of the drugs increases but, in our experiment, only the formation
of DNA smear has been observed as concentration of drugs has in-
creases.

A431 cells were treated with different concentrations of the
MeOIstDmMor (Control, 0.3 pM, 1 pM, 3 pM and 10 pM) and B-
actin was used as loading control. MeOIstDmMor inhibit S-Catenin,
C-Jun and AKT protein expression in dose dependent manner. B;
Agarose gel showing fragmentation of DNA, Lane 1 contains control
DNA sample while lane 2 contain drug control i.e.,, DMSO. Lane 3
and 4 contain samples for MeOIstDmMor 3 pM and 10 pM respec-
tively.

1

MeOlIstDmMor

Treatment in A431

Proliferation
C-Jun l

G0/G1
arrest
B-Catenin |

Fig. 13. Graphical abstract of MeolstDmMor mediated anticancer activity in A431
cells lines.

4. Conclusions

The single crystal X-ray diffraction study has proved that
the thiosemicarbazones exist as the thione tautomer. Molecular
docking studies showed that compound MeOIstDmMor interacted
strongly with VEGFR2 via two hydrogen bonding with 111025 and
Arg1027. Our investigation displayed promising anticancer activity
of MeOlIstTmor, MeOlstDmMor, MeOIstMor and MeOIstDm with ICsq
of 2.52 to 7.41 puM respectively, which may serve as anticancer
drugs for skin cancer in the future. MeOlstDmMor significantly in-
hibited cancer cell proliferation in low dose and inhibited A431
cancer cell colony formation, PI staining was conducted and found
to undergo apoptosis in a dosage dependent, with GOG1 phase
cell cycle arrest. Western blotting analysis of MeOlstDmMor treated
skin cancer cell lines showed downstream molecules of MAPK (C-
Jun), B-catenin and Akt. Experimental data obtained suggest that
MeOIstDmMor has a significant cytotoxic effect on skin cancer cell
viability, and we conclude that this compound can be used as a
therapeutic agent for the treatment of cancer in future.
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(Z)-N-ethyl-2-(5-methoxy-2-oxoindolin-3-ylidene)hydrazine- 1-carbothioamide (MeOIstEt) and (Z)-2-(5-methoxy-2-oxoindolin-3-ylidene)-
N-methylhydrazine-1-carbothioamide (MeOlIstMe) were synthesized and subjected to elemental analysis and various characterization
techniques viz. IR, '"H NMR, C NMR, UV-Vis and HRMS. The synthesized N(4)-alkyl substituted thiosemicarbazones were evaluated
for their anticancer activity against various cancer cell lines like breast cancer (MCF-7), skin cancer (A431) and lung cancer (A549). In
micromolar concentrations, the synthesized compounds exhibited moderate anticancer activity (ICso, 6.59-36.49 uM). The compound
MeOISstEt was found to be more effective than MeOlIstMe against A549 and MCF-7 cell lines, whereas compound MeOIstMe was found

compounds showed better binding affinity than one FDA approved drug. The insights from computational studies have strengthened the
experimental findings and vice-versa. This work demonstrates the role of multiple approaches in finding better drug candidate with

efficient anti-cancer properties.

INTRODUCTION

Around 13% of all fatalities worldwide every year are
attributed to cancer, making it a leading cause of mortality [1].
In affluent countries, cancer is still responsible for even more
than 20% of all deaths, making it an extremely high relative
mortality rate. Breast cancer is among the most common chronic
cancers in women and also the major cause of death [2]. The
affinity of 1H-indole-2,3-diones for tyrosine kinase, cyclin-
dependent kinases (CDKs) and carbonic anhydrase isozymes
(CAIs) can be related to anticancer mechanism [3]. Many
tyrosine and serine/threonine kinases like CDKs, FLT3 kinase,
polo-like kinase 4 (PLK4), glycogen synthase kinase-3B(GSK-
3P), aurora B kinase, p90 ribosomal S6 protein kinase 2 (RSK2)
and microtubule affinity-regulating kinase 4 (MARK4) were
identified as suitable target for inhibition by isatin derivatives
[4]. According to Cane et al. [5] at a dosage of 0.1 mM, isatin
suppressed the growth of a human promyelocytic leukemia

to be more potent against A431 cell lines. From flexible receptor molecular docking calculations in a hydrated environment, one of the |
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(HL60) cancer cell line by 80%, causing DNA fragmentation
and chromatin condensation. Cancer cell lines resistant to
apoptosis, including such as U373, A549, SKMEL-28 and
OE21, as well as apoptosis-sensitive cells, such as HS683, MCF-7,
B16F10 and PC-3, were suppressed by isatin-based hetero-
cyclic compounds [6]. In U-937 cells, moderate doses of 5,6,7-
tribromoisatin (4 uM) were found to be anti-proliferative,
whereas high quantities (130 uM) were found to be cytotoxic
[7]. The thiosemicarbazone of 1-morpholino/piperidinomethyl-
S-nitroisatin was assessed 60 human tumor cell line in vitro
on a non-small cell lung cancer cell line (HOP-62, GIs, value
-8.00) and leukaemia cell lines (HL-60(TB), GIs, value -6.30,
MOLT-4, G5, value -6.18) [8]. With an ICsy of 0.9 uM, 5-fluoro-
2-pyridine formamide-4-pyrrolidinyl-3-thiosemicarbazone
suppressed anti-apoptotic protein Bcl-2, c-Jun, JNK, MAPK
or MAP (mitogen-activated protein) kinase activation and
triggering endogenous cell apoptosis in MCF-7 cells [9]. Using
the MTT assay, Juranic et al. [10] found that isatin-f3-thiocarbo-
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hydrazone and N-ethylisatin-p-thiocarbohydrazone exhibited
cytotoxic effects on B16 (murine melanoma), HeLLa (human
cervical cancer) and human peripheral blood mononuclear cell
lines. N(4) substituted 5-nitroisatin-3-thiosemicarbazones were
tested for their ability to inhibit urease in vitro and displayed a
strong inhibitory effect with an 1Cs, value of 16.4 uM [11].
With an in vitro PLA2 inhibition assay and an in silico mole-
cular docking analysis, 5-methoxyisatin-3-thiosemicarbazone
was explored in vitro antioxidant behaviour and cytotoxicity
against MCF-7 (breast cancer cell line) [12]. In vitro antiproli-
ferative activity of (Z)-2-(5-fluoro-2-oxo-indolin-3-ylidene)-
N-phenylhydrazinecarbothioamide against human colon cancer
cell line (HCT-116) with ICsy = 31.4 uM was observed [13].

5-Methoxyisatin thiosemicarbazones derivatives were
found to be effective against MCF-7, A549 and HeLa cell lines
in vitro, with an ICsy of 14.83 + 0.45 uM, 17.88 + 0.16 and
6.89 = 0.42 uM, respectively [14]. The anticancer activity of
2-acetylpyridine N-ethylthiosemicarbazone moieties on
Leukemia P388 cells were examined. Both in vitro and in vivo,
there was a good correlation and effectiveness in cell division
delay (p < 0.01) [15]. The 5-nitroisatin thiosemicarbazone
derivatives displayed in vitro antiproliferative activity against
HeLa cells with an ICs value of 16.52 + 1.08 uM and consi-
derable antioxidant activity with an ICs, value of 7.24 + 0.09
UM [16]. Breast cancer cells (MCF-7), epidermoid carcinoma
cell (A431) and PNT2 (normal prostate epithelium cell) were
tested for their susceptibilities to the in vitro antiproliferative
effects of N(4)thiomorpholinylisatin/5-haloisatin thiosemi-
carbazones analogous. The compounds demonstrated cell
viability values of 0.94 uM, 0.77 uM, 0.79 uM and 0.61 uM
in MCF-7 cell line and 0.56 uM, 0.55 uM, 0.47 uM and 1.19
UM in A431 cell line, respectively [17].

EXPERIMENTAL

5-Methoxyisatin, 4-ethyl-3-thiosemicarbazide and 4-methyl-
3-thiosemicarbazide (Alfa-Aesar), carbon disulphide (Qualigens
fine chemicals), sodium chloroacetate (Chemical center, India),
hydrazine hydrate, 98% (Fisher-Scientific), acetonitrile, 98%
(Merck), methyl alcohol, 98% (Fisher-Scientific), ethyl alcohol,
99.9% (Merck), glacial acetic acid, 98% (Fisher-Scientific),
concentrated hydrochloric acid (Merck) and sodium hydroxide
(Fisher-Scientific) were used as obtained.

Melting points were measured using the Philip Harris
Melting Point Apparatus. Elemental analysis was carried out
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using a LECO Truspec Micro analyzer at IIT Madras, India.
FT-IR spectra were recorded using a Shimadzu, Tracer 100
FTIR spectrometer in the 4000-400 cm™ range. SPECORD®200
PLUS UV-visible spectrophotometer was used to collect UV-
Visible spectra in MeOH solutions between 600 and 200 nm.
NMR spectra were recorded in DMSO-ds using TMS as an
internal standard on a Bruker Advance IIl HD NMR, 400 MHz
spectrometer and mass spectra were recorded using ESI-
HRMS on a Bruker IMPACT HD liquid chromatography mass
spectrometer at the Department of Chemistry, Savitribai Phule
Pune University, Pune, India.

Synthesis of N(4)-substituted thiosemicarbazones: The
compounds (Z)-N-ethyl-2-(5-methoxy-2-oxoindolin-3-ylidene)-
hydrazine- 1-carbothioamide (MeOIstEt) and (Z)-2-(5-methoxy-
2-oxoindolin-3-ylidene)-N-methylhydrazine- 1-carbothioamide
(MeOlIstMe) were synthesized by refluxing a stoichiometric
ratio of the respective thiosemicarbazide (2.82 mmol) and 5-
methoxyisatin (2.82 mmol) in absolute ethanol (20 mL) and
glacial acetic acid for 6 h (Scheme-I) [18]. The refluxed
product was cooled to room temperature, filtered and washed
with absolute alcohol. The product was dried and recrystallized
in EtOH.

(Z)-N-Ethyl-2-(5-methoxy-2-oxoindolin-3-ylidene)-
hydrazine-1-carbothioamide (MeOIstEt): Yield: 49.39%;
colour: brown; m.p.: 250 °C; Anal. calcd. (found) % for
CoH14sN4OsS (m.w. 278.33): C, 51.75 (51.65); H, 5.07 (5.04);
N, 20.13 (20.05). FTIR (KBT, Vi, cm™): 3313 (s, H-N; indole),
3257 (w, H-N; azomethine), 1683 (s, C=0), 1529 (s, C=N),
1288, 783 (s, C=S), 1139 (s, N-N), 1184 (s, -OCH;). '"H NMR
(8, ppm): 12.69 (s, 1H, HN-C=S & NH), 7.87 (d, 1H, C7-H),
7.75 (d, 1H, C4-H), 7.13 (d, 1H, C6-H), 3.84 (t, 2H, aliphatic-
C11), 3.79 (s, 3H, -OCH3), 1.35 (m, 3H, aliphatic-C12). *C
NMR (3, ppm): 177.16 (C10), 163.20 (C2), 155.75 (C5),
136.37 (C3), 132.38 (C9), 121.21 (C7), 117.62 (C8), 112.24
(C6), 106.60 (C4), 56.09 (-OCHz), 39.90 (C11), 14.48 (C12).
ESI-HRMS: m/z [Found (calcd.)]: 279.0910 (279.0910)
[M+H]*, 301.0733 (301.0729) [M+Na]*. UV-Vis [Am (nm)
(MeOH)]: 358 (n-1t"), 283 (n-10").

(Z)-2-(5-Methoxy-2-oxoindolin-3-ylidene)-N-methyl-
hydrazine-1-carbothioamide (MeOIstMe): Yield: 86.07%;
colour: brown; m.p.: 280-282 °C; Anal. calcd. (found) % for
Ci1HioN4O5S (264.30): C, 49.99 (50.58); H, 4.58 (4.44); N,
21.20 (21.15). FTIR (KBr, Vi, cm™): 3303 (s, H-N; indole),
3233 (w, H-N; azomethine), 1696 (s, C=0), 1555 (s, C=N),

S 1
/H\N’R
| N—NH \RZ
0) /
Reflux > —0
EtOH, AcOH NH
Thiosemicarbazones
MeOIstEt, MeOlstMe

Where, MeOlIstEt (R' = H, R? = -C,H;), MeOIstMe (R' = H, R? = -CH5)
Scheme-I: Synthesis of N(4)-alkyl substituted thiosemicarbazones
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1291, 744 (s, C=S), 1132 (s, N-N), 1196 (s, -OCH;). 'H NMR
(8, ppm): 12.58 (s, 1H, HN-C=S), 11.01(s, 1H, indole-NH),
7.25(d, 1H, C7-H), 7.25 (d, 1H, C4-H), 6.94 (m, 1H, thiourea),
6.92 (d, 1H, C6-H), 3.76 (s, 3H, -OCHs), 3.35(m, 3H, aliphatic-
C11). ®C NMR (8, ppm): 178.17 (C10), 163.21 (C2), 155.77
(C5), 136.41 (C3), 132.29 (C9), 121.27 (C7), 117.65 (C8),
112.27 (C6), 106.43 (C4), 56.08 (-OCH3), 31.78 (C11). ESI-
HRMS: m/z [Found (caled.)]: 265.0766 (265.0753) [M+HT",
287.0569 (287.0573) [M+Na]*. UV-Vis [ (nm) (MeOH)]:
356 (n-1t"), 282 (m-10).

Anticancer activity

Cell lines: A549, MCFE-7 and A431 cell lines were cultured
in complete DMEM media.

Cell viability assay: Cell viability of A431, MCF-7 and
A549 cells were assessed by crystal violet assay. Approxi-
mately 5 x 10° cells were seeded in each well of 96 wells plate.
Cells were treated with different concentration of compounds
and incubated for 48 h. After 48 h, the media was discarded.
Cells were stained with 80 mL (0.4%) crystal violet prepared
in 50% methanol and incubated for 30 min on a bench rocker
with 20 oscillations per minute. After that cells were washed
by dipping in a beaker filled with tap water which prevented
the washout of cells. Culture plates were kept overnight for
air drying at room temperature. Next day, 150 pL of methanol
was added in each well and kept on a rocker for 30 min. Finally,
optical density was measured in micro-plate reader at 570 nm.

RESULTS AND DISCUSSION

FTIR studies: In FTIR spectrum of N(4) alkyl substituted
thiosemicarbazones, the broad symmetric and asymmetric
stretching vibration of indole N-H was observed between 3313-
3303 cm™' [19], whereas the N-H stretching vibration of azome-
thine was observed between 3257-3233 cm™. The slight shift
to higher wavenumbers in indole N-H (3313 cm™) is probably
a consequence of changes in hydrogen bonding. The absence
of a stretching band at about 2600-2500 cm™, which specifies
to v(S-H) and the presence of two strong bands specific to
Vv(C=S) at 1291-1288 cm™ and 783-744 cm™ indicated the
existence of the thione tautomer of thiosemicarbazone [20,.21].
The strong stretching bands appeared in the thiosemicarbazone
at the range of 1696-1683 cm™ and 1555-1529 cm™', respec-
tively, assigned to v(C=0) and (C=N) [22,23]. The medium
stretching bands were assigned to V(N-N) of thiosemicarbazones
and appeared at 1139-1132 cm™ [24]. The strong stretching
bands of isatin moieties of thiosemicarbazones appeared at
1196-1184 cm™, which were assigned to v(-OCH3) [25].

NMR studies: In '"H NMR (DMSO-dj) spectra of N(4)
alkyl substituted thiosemicarbazones, the signals of highly acidic
H-N-C=S and indol-NH protons were observed downfield as
asingletatd 12.58 ppm and 8 11.01 ppm in ligand MeOIstMe
[12]. The N(4)-ethyl compound in which the signal was
attributed to the N(3)-H at 8 12.69 ppm confirmed both by its
position at lower field showing an intramolecularly hydrogen-
bonded proton and by its stronger dependence on the type of
the N(4) substituent [26]. This is supported by the '"H NMR
spectra, which shows a singular peak at 8 11.01 ppm relative

to the NH adjacent to C=S [11], but no peak at 4 ppm attributed
to the S—H proton in the ligand. All the aromatic protons of
isatin moiety were seen as doublet signals at & 7.25 to 6.92
ppm in the ligand, respectively. Similarly, in case of N(4) ethyl
group (MeOIstEt), the signals of -CH, protons were found as
a triplet at § 3.84 ppm and the signals of -CHj; protons were
found as multiplet at & 1.35 ppm [27] and N(4) methyl group
(MeOlIstMe), the signals of -CHj3 protons were found as multi-
plet at & 3.35 ppm [28]. The signals of secondary amine of
N(4)-H in ligand MeOIstEt was observed as singlet at 8 7.16
ppm whereas the signals of secondary amine of N(4)-H in ligand
MeOlIstMe was observed as singlet at 8 6.94 ppm [29]. The
signals of methoxy (-OCHj3) protons were observed as a singlet
at § 3.79-3.76 ppm in the ligand [30].

The “C NMR spectra of the synthesized compounds were
obtained in DMSO-ds. In compounds, the —C=S (C10) signals
were observed at the range of & 178.17-177.16 ppm. The
characteristic -C=0 (C2) and -C=N (C3) peaks were observed
at the range of 163.21-163.20 ppm and 136.41-136.37 ppm in
thiosemicarbazones, respectively [31]. The aromatic carbons
(C4-C9) of the isatin ring were observed at 106.60-106.43
(C4), 155.77-155.75 (C5), 112.27-112.24 (C6), 121.27-
121.21(C7), 117.65-117.62 (C8) and 132.38-132.29 ppm (C9)
in the thiosemicarbazones, respectively [32]. The C5 carbons
atom shifted downfield due to the presence of methoxy group.
The signals in N(4)-methyl group (MeOISstEt) carbons atoms
(C12) were observed at 14.48 ppm and methylene group (-CH,)
carbon atom (C11) were observed at & 39.30 ppm [33]. The
signals of N(4) methyl group (MeOIstMe) carbon atoms C11)
were seen at § 31.78 ppm. The signals of methoxy (~OCH3)
carbon atoms peak was observed at 8 56.09-56.08 ppm in both
the thiosemicarbazones [34].

ESI-HRMS studies: The molecular ion peaks of the prop-
osed molecular structures were in consistent. The protonated
and alkali adduct molecules were seen in the positive mode of
the ESI-HRMS investigations for the mass spectral peaks of
the compounds. The protonated molecular ion [M+H]" peaks
obtained from thiosemicarbazones were observed at m/z =
279.0910 (calcd., 279.0910) (MeOlIstEt) and m/z = 265.0766
(caled., 265.0753) (MeOlstMe) [ 14]. Besides protonated peaks,
the thiosemicarbazones showed the molecular ion [M+Na]*
peaks: m/z =301.0733 (calcd. 301.0729) (MeOIstEt) and m/z
= 287.0569 (calcd. 287.0573) (MeOIstMe). The significant
peaks at m/z 247.1185 (calcd. 247.2961) [C;H;iNsSO + H]*
ion and m/z 226.9515 (calcd., 226.2754) [CoH,1N;0,S + H]*
ion were observed due to the fragment with the loss of OCH3 group
(m/z 31 amu) and C,N group (m/z 38 amu), respectively [35].

UV-Vis studies: In MeOH, UV-visible spectral data of
the compounds were recorded in the 600-200 nm region. The
compounds showed two broad absorption bands with different
intensity and a shoulder-like appearance in the region around
282 nm and 356 nm, which were attributed to n—7* intraligand
electronic transitions, namely the bands due to the electronic
transition of azomethine (-C=N), carbonyl (-C=0) and the
(-HN-C=S) group [21,36]. Due to transitions of t—n* and
n—7*, the electronic spectra of these compounds revealed
exceptional absorption bands in the aromatic ring (C=C) and
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thiosemicarbazone (C=S) and imine (CH=N) region [37]. The
bands at around 356 nm were attributed to the electronic
transition n—7t* of the thiosemicarbazone moiety (C=S) and
the bands at around 282 nm were allocated to the electronic
transition T—7* of C=0 on aldehyde group [18].

Biological activity: The cell viability in vitro of the synth-
esized compounds MeOIstEt and MeOIstMe was investigated
at concentrations ranging from 1 to 100 uM and found to be
greater than 50%. Therefore, the compounds showed modest
anticancer activity against MCF-7 (breast cancer), A549 (lung
cancer) and A431 (skin cancer) cells. The compound MeOIstEt
was found to be the most potent proliferation inhibitor against
the A549 and MCF-7 cells than MeOlIstMe whereas compound
MeOIstMe was found to be more potent proliferation inhibitor
towards A431 cells than MeOISstEt.

Computational method and materials

Density functional theory: The quantum mechanical
calculations in the framework of density functional theory (DFT)
as implemented in an open-source software suite, CP2K was
used [38]. The molecular geometry of the studied compounds
was calculated and the models were proposed for molecular
docking studies. BFGS optimizer was employed in locating
the global minima of the molecules. Localized basis sets (DZVP-
MOLOPT-SR-GTH) and exchange-correlation functional (BLYP)
were used with 300 Ry cutoff of kinetic energy in minimizing
the molecular structure up to the energy convergence of 1.0 x
10°Ry and the force convergence (MAX and gradient) of 1.0
x 10 Ry/Bohr.

Molecular docking: ADFR suite was used in accessing
the best docked pose of the small molecules with the receptor
proteins [39]. The active site was located by an option in the
molecular docking program and also from the protein database.
In some cases, CASTp server results were also considered for
unanimous inferences [40]. The number of independent GA
searches were set to 50 with each using up to 10,000,000
evaluations of the scoring functions. This high value ensured
that the chances of capturing the best possible docked pose was
maximized and instead of local minima of the scoring function,
a global minima was reached in a solvated environment. The
water map setting with the default weight of 0.60 and entropy
of -0.20 were chosen for hydrated docking. The amino acids
residues (up to 15) of the receptors at the orthosteric site were
assigned to be flexible and the small molecule possessed
rotational degrees of freedom during the docking process by
default. The box sizes for different proteins had large variations
depending upon the size of the active site. The largest box of

size 22 x 28 x 19 points was chosen for the protein with PDB
ID of 7BJ6 as an example. The padding of 2.00, grid spacing
of 0.375 A and smoothing of 0.500 were adopted for all the
receptors.

Different clusters of docking results related to different
searches were obtained and the pose with best affinity was
taken for further analysis. The reference ligand was not provi-
ded and consequently the RMSD value of each distinct output
was not obtained. As a representative case, one of the receptors
with its active site occupied by a small molecule ligand is
depicted in Fig. 1.

Orthosteric
site

. MeOlstEt

~

— Receptor
protein

C )

Fig. 1. Cartoon representation of a docked pose of MeOISstEt in the active
site of protein with PDB ID: 4ASD (carbon gray, nitrogen blue,
oxygen red, sulfur yellow, hydrogen cream spheres)

Target proteins: Various proteins represented as different
PDB ID as receptors of the ligands are presented in Table-1.
The search for alternate prophylactics of cancerous cell addres-
sing different types of growth factors and other enzymes were
considered for spanning a broad range of possible targets. Here,
in silico approach addresses targeted therapy that deals with
the treatment of specific cancer by obstructing the pathways
or mutations causing tumor cell proliferation. The receptor with
maximum amino acid residue count of 1014 and minimum of
98 were used in this work and the PDB structures were retrieved

TABLE-1
DETAILS OF DIFFERENT KINDS OF RECEPTORS USED IN MOLECULAR DOCKING

PDB ID Receptor class Feature Opverall quality factor (Disallowed %)
4ASD VEGFR2 A monomer with 353 residues 98.64 (0.4%)
3MJG PDGFR A hetero-4-mer with 922 residues 82.25 (0%)
3MIJK PDGEF precursor A homo-2-mer with 1014 residues 85.96 (0%)
7BJ6 MDM2 protein A monomer with 98 residues 100.00 (0%)
2VTA Cyclin dependent kinase 2 A monomer with 298 residues 88.02 (0%)
3VHE VEGFR?2 kinase domain A monomer with 359 residues 97.25 (0%)
6LVK FGFR3 A monomer with 626 residues 98.49 (0%)
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from RCSB website (rcsb.org) [41]. The protein structures were
cleaned by removing water molecules, ions, metals, ligands
and other small molecules. The polar hydrogens were added
along with Gasteiger charges.

4ASD is a vascular endothelial growth factor receptor
(VEGFR?2) with 353 residue count. It is a protein tyrosine kinase
receptor that regulate tumor-induced blood vessels formation.
3VHE is a similar target with 359 residue count. 3MJG is a
platelet-derived growth factor receptor (PDGFR) and is invol-
ved in the development of different types of cancerous cells
[42]. Its antagonist could be a good therapeutic candidate.
3MIJK is a protein associated with platelet-derived growth factor
precursor with 1014 residues. Only A and B chains were consi-
dered for molecular docking. 7BJ6 is a murine double minute 2
protein and is considered vital in p53 regulation and cancer
cell suppression. 2VTA has been top ranked (fit score of 2.488)
by an online program PharmMapper (http://59.78.96.61/
pharmmapper) [43] as potential target (cell division protein
kinase 2) in cancer treatment. It consists of a single chain with
298 residues and ligands based on its docking have been curre-
ntly subjected to clinical trials [44]. 6LVK is a fibroblast growth
factor receptor 3 used in specially the therapeutics of bladder
cancer has been shown to have significant results over VEGFR2
proteins [45]. This protein is a monomer with 626 residues.
These target proteins were selected from different domains and
class to encompass broad spectrum in the development of
therapeutics against different types of cancer by computational
methods. The evaluation of protein structure was performed
by Protein Structure Analysis and Verification Server [46] using
ERRAT [47] and PROCHECK [48] programs. The results
showed acceptable quality of the deposited structures that could
be used for molecular docking studies without any additional
corrections or modifications.

Test compounds and control drugs: Thiosemicarbazones
and their derivatives are nitrogen and sulfur containing comp-
ounds having diverse biological and therapeutic values [49].
Herein, specifically their anticancer potentials have been
explored by using computational methods. The molecular

P v

structures (ball and stick models) of these two compounds
obtained from DFT calculations are shown in Fig. 2. In order to
compare the performances of the test compounds, some FDA
drugs (imatinib, ruxolitinib and lenalidomide) have also been
considered as references [50]. The structures were optimized
by molecular mechanics using conjugate gradient algorithm
with Newton’s method as line search technique. Universal force
field was used for the atoms with energy convergence of 107
units. The molecular structures were obtained as PDB files and
the minimization was performed by Avogadro software [51]
without any constraints. Their druglikeness, pharmacodynamics
and pharmacokinetics have also been studied by computational
methods. Imatinib and ruxolitinib are anticancer drugs of class
tyrosine kinase inhibitor (antineoplastic agent). Lenalidomide
is an immunomodulatory drug used in the treatment of various
types of cancer and is an angiogenesis inhibitor.
Computational resources: All the codes used were open-
source software in this computational work. The visualization
and interpretation were also performed using free software
(Avogadro and PyMol) easily available in the internet [51,52].
A multi core Intel CPU machine with 256 GB of memory and
6 TB of storage was used in the calculations. The operating
systems were Ubuntu 20.04 and Windows 8.1.
Druglikeness and pharmacology studies: In order to
determine the druglike properties and for ADMET prediction
of the test compounds, various parameters were calculated
using ADMETIab 2.0 server [53]. The physico-chemical prop-
erties are shown as radar plots in Fig. 3 and are self-explanatory.
All the parameters lie within the acceptable range (between
upper and lower limits) and Lipinski’s rule of five is not violated.
This verifies the druglikeness and acceptable oral bioavailability.
The different parameters show that the test compounds
do not possess extreme toxicity and have moderate ADME
profile (Table-2). This suggests that these compounds could
be used as potential drug candidates with caution (carcino-
genicity and respiratory toxicity) in further clinical trials.
Anticancer properties by graph based signatures: In
order to find biologically active compounds having anticancer

Fig. 2. Geometry optimized molecular structure of (a) MeOlIstEt and (b) MeOIstMe (oxygen in red, carbon in gray, sulfur in yellow, nitrogen

in blue and hydrogen in shaded white)



610 Chaudhary et al.

Upper limit Lower limit Compound properties
MwW
(@) log P nRig
log S fChar
F\\
log D e ' \ nHet
nHA \ / MaxRing
e
nHD nRing

TPSA

nRot

Asian J. Chem.
Upper limit Lower limit Compound properties
MwW
(b) log P nRig
log S ! fChar
log D / : ‘ \ nHet
nHA \// MaxRing
nHD nRing

TPSA nRot

Fig. 3. Radar plots of (a) MeOlIstEt and (b) MeOlIstMe showing physico-chemical data

TABLE-2

SELECTED PROPERTIES PERTAINING TO ADSORPTION,
DISTRIBUTION, METABOLISM, EXCRETION AND
TOXICITY OF THE DRUG CANDIDATES

Properties MeOIstEt MeOlIstMe
Adsorption
Caco-2 permeability -4.78 -4.90
(log cm/s)
Pgp-inhibitor Very low probability ~ Very low probability
Pgp-substrate Very low probability  Very low probability
Human intestinal 10% probability 10% probability
absorption
Distribution
Plasma protein binding 0.999 0.995
VD (L/Kg) 3.84 1.34
BBB Penetration Low Low
Metabolism
CYP1A2 inhibitor High High
CYP1A2 substrate High High
CYP2C9 inhibitor Medium Medium
CYP2C9 substrate High High
Excretion
Clearance 5.95 7.26
(mL/min/Kg)
Ty Long Long
Toxicity
HERG blockers Low probability Low probability
Human hepatotoxicity 70% probability of ~ 70% probability of

being toxic being toxic

AMES toxicity Low probability Low probability
Skin sensitization Low probability Low probability
Carcinogenicity High probability High probability
Eye irritation Low probability Low probability
Respiratory toxicity High probability High probability

capability, an online program pdCSM (http://biosig.unimelb.
edu.au/pdcsm-cancer) was used [54]. The smiles notations of
the test compounds were taken for job submission and no actual
three dimensional molecular geometry were required. The graph

based signatures as implemented in the algorithm predicts the
anticancer activity (Glso) against 74 cancer cell lines.

It was found that the test compound MeOIstEt was active
against breast (MCF-7, MDA-MB-468), leukemia (K-562, P388-
ADR), ovarian (OVCAR-4), renal (SN12K1) and small cell
lung (DMS-273) cancer cell lines. For MeOlstMe, breast (MCF-7,
MDA-MB-468, T47D), leukemia (CCRF-CEM, K-562, P388-
ADR), ovarian (OVCAR-3, OVCAR-4), renal (SN12K1) and
small cell lung (DMS-273) cancer cell lines. Surprisingly, the
second compound showed activity in larger number of cases
than the first compound despite having lower molecular weight.

It was found that MeOIstEt is a potent CDK2 inhibitor
with ICs of less than 10 uM and with pKi of 6.11 (CDK2-
ligand binding affinity) from kinCSM predictor (https://
biosig.lab.uq. edu.au/kin_csm/). MeOIstMe is also a potent
CDK?2 inhibitor with ICs of less than 10 uM and with pKi of
6.099. These findings suggest that the test compounds possess
notable anticancer properties that is worthy of further investi-
gation. Fragmentation of molecules that affects protein phos-
phorylation is studied by this online program and it has been
found that the potential type of inhibition is type I for both the
compounds.

Flexible receptor molecular docking: The data obtained
from the flexible receptor molecular docking in hydrated
environment of two test molecules and three approved drugs
(controls) on to various proteins are tabulated in Table-3. In
almost all the cases, the control drugs showed better binding
affinities than the two thiosemicarbazones (MeOIstEt and
MeOIstMe). Only in case of the receptor with PDB ID: 2VTA,
MeOIstEt showed better binding affinity than lenalidomide.
In comparing the binding affinities of MeOIstMe with that of
MeOIstEt, it can be inferred that the former almost always
results in weaker binding and thus may not be distinctly favo-
ured in the inhibition of protein functioning. Apparently, the
molecular weight of ligand seems to be a major factor in deter-
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TABLE-3
BINDING AFFINITIES (kcal/mol) OF VARIOUS CHEMICAL COMPOUNDS AND DRUGS
AGAINST DIFFERENT RECEPTOR PROTEINS (PDB ID) RELATED TO MALIGNANT TUMORS

m.w. 4ASD 3MIG 3MIJK 7BJ6 2VTA 3VHE 6LVK
MeOISstEt 278.33 -8.8 -8.2 -14 -6.8 9.7 -8.7 -8.2
MeOlIstMe 264.30 -8.7 -8.1 -14 -6.5 -9.1 -8.5 7.9
Imatinib 493.60 -15.7 -14.9 -9.0 -11.1 -13.1 -13.9 -13.2
Ruxolitinib 306.40 -10.6 -10.1 -8.7 -8.8 -11.4 -10.4 -9.7
Lenalidomide 259.26 -9.7 -9.2 -8.2 -7.8 -9.2 -9.2 -84

mining the interaction strength with the amino acid residues
with the minor ones being the type, proximity and frequency
of non-covalent interactions. A thorough analysis at the atomic
level would ultimately provide an exact description of the
inherent phenomenon.

Interactions at the atomic-level: The frequency and
proximity of different types of non-covalent interactions between
the amino acid residues at the orthosteric site of the protein
and the docked ligand determines the strength of the protein-
ligand complex. Better binding results in a stable complex and

H-Bonds
Donor

Acceptor [

(@)

H-Bonds
Donor

Acceptor [

(b)

the protein would be effectively inhibited resulting in the treat-
ment of the disease. Hence, the pose of the ligand that forms
strong bonding with the residues is the ultimate quest in
structure-based drug design strategy [55] that is cost effective.
Many drugs have been discovered using this technique and have
circumvented the expensive experimental high-throughput
screenings [56]. The receptor flexibility incorporated into the
calculation along with that of the ligand’s provides the closest
resemblance to the realistic models as in biological systems.
Fig. 4 shows the best docked pose of MeOISstEt at the active
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7BJ6 (d); with 2VTA (e); with 3VHE (f) and with 6LVK (g)

site of the receptor molecules [57]. The plots on the left are
3D representations while those at the right are the 2D proje-
ctions. The pocket areas with hydrogen bonding donors are
purple while the acceptors are green. Since, MeOIstMe did
not yield distinctly better binding affinities than MeOISstEt, its
atomic level interactions are not presented in the figures.

The occurrences of hydrogen bonding, ionic, unfavour-
able, pi-related and alkyl related interactions with different
amino acid residues of various proteins are presented in Table-4.
In case of hydrogen bonding, the distances are also shown.
Even though some interactions are unfavourable, the presence
of other strong non-covalent interactions makes the complex

TABLE-4
AMINO ACID RESIDUES INVOLVED IN MAJOR INTERACTIONS WITH MeOIstEt AND DISTANCES (A)

PDB ID Hydrogen-bonds Salt-bridge/others Pi related Alkyl related
4ASD  ASP1046 (4.17, 3.78), VAL899 (3.23) GLUS885 LEU889 LYS868, HIS1026
3MIG  MET65 (1.77), LEU93 (1.95), THR9S (1.88), ARG150 (1.83) ARG64 GLU63, GLU97 MET65, PHE99
3MIK  ARGS3 (5.12, 5.25) LEU164 GLU166 LYS165, VAL167
7BJ6 LEUS54 (2.14) - PHES86, PHE91 LEUS57
2VTA  GLUSI (4.80), LEU83 (4.23, 5.33), ILE10 (4.32) ILE10, ASP145 LEU134 ALA31, VALI1S8
3VHE  CYS919 (3.66), GLU917 (4.03) PHE1047 LEU1035 ALAB866
6LVK  GLUS565 (1.88), ALA567 (1.84, 2.08) VAL564, LEU633 ILE548, LEU633 ALAG643, LEU487




614 Chaudhary et al.

Asian J. Chem.

stable in nature. In case of 4ASD, the key amino acid residues
ASP1046, VAL899, LYS868 and GLUSS8S are involved and
have also been reported in case of docking with compounds
derived from well-known drugs [58] for cancer. In case of 3MJG
protein the major interaction is with the residues MET65,
LEU93, THR95 and ARG150 with short hydrogen bonding
distances. Other key residues THR86 and THR8&8 have been
reported to be involved in interaction with a different comp-
ound, indigocarpan [59]. 3MJK protein involves a residue
ARGR83 with weak hydrogen bonding and other interactions
with GLU166, LYS165 and VAL167. However, CYS96,LYS97,
SER143, HIS146, ARG148, GLU176 and CYS177 are the
key residues reported with Litreol. With titerpenes the key
residues are ILE38, HIS39, VAL9S5, LYS97, THR98, TRP120,
PRO121,VAL124, ARG148, VAL152 and VAL160 [60]. None
of the residues match thus pointing towards different site for
docking of the small molecule. The key residue in case of 7BJ6
are LEU54, PHE86, PHE91 and LEUS57 as shown in Fig. 4d.
But other set of key residues GLN72, MET62, GLY 58, GLN59
and VAL93 have been reported [61] for its native ligand, an
isoindolinone. This is due to slight shifting of docking position
by the compound. The protein 2VTA has been found to interact
with the test compound with the residues VAL18, GLUSI,
LEUS3,ILE10, ASP145, LEU134 and ALA31. All the residues
are same as in its native ligand except PHE80, PHES2 and
ALA144. 3VHE protein has residues CYS919 and GLU917
involved in weaker hydrogen bonding. CYS919 and LY S920
have been reported as key residues while interacting with
indigocarpan in other studies [59]. In case of 6LVK, there are
two amino acid residues GLU565 and ALA567 with strong
hydrogen bonding (short distances) with MeOIstEt and similar
residues have been reported with the native ligand. In most of
the cases, the involvement of same amino acid residues suggests
that the test compound is bound at the vicinity of the active
site of the protein and thus may lead to its effective inhibition.

Based on the observation of interactions at the methoxy
end of the compound, it can be inferred that its replacement
with other larger functional groups like butoxy or phenyl rings
with diverse substituents (electron withdrawing or even electron
donating) may lead to stronger binding at the active pocket.
Thus, the synthesis of different compounds with the same scaffold
but with slight variation in substituent that favour non-covalent
interactions (hydrogen bond, ionic and pi-related) with the
key amino acid residues would be appropriate. The presence
of donors for hydrogen bond formation from the residues of
the protein in most of the cases suggests the inclusion of func-
tional group with electronegative elements. This proposition
is in accordance to the composition of the FDA approved drug
imatinib, which contains multiple nitrogen atoms and has long
molecular structure. A trial and error method or virtual screening
(pharmacophore modeling) of a library of compounds with
multiple types of substituent that may fulfill this criteria may
usher to a better lead candidate than some of the control drugs.

Conclusion

Two thiosemicarbazones, MeOIstEt and MeOlIstMe were
synthesized and characterized by various spectral techniques.

They were tested for anticancer activity in vitro in different
cancer cell lines like A549, MCF-7 and A431. Moderate anti-
cancer activity with ICs, values in the range of 6.59-36.49 uM
were obtained. Also, the anticancer properties of two test comp-
ounds were investigated in silico by various computational
methods using either free software or online servers. One of
these compounds, MeOIstEt hint of being biologically active
and showed better binding affinity than one FDA approved
drug from flexible receptor molecular docking calculations in
a hydrated environment. Atomic level non-covalent interactions
were determined in the receptor-ligand complexes and drug
likeness along with ADMET predictions made using different
programs showed acceptable properties. The compounds require
further in vitro experiments (different cell lines) and could be
subjected to further in vivo trials. Further functionalization of
the test compounds with suitable groups leading to even better
binding with the target receptor may help in improving the
efficacy and effectiveness of the proposed compound as a good
cancer drug. In order to determine the stability of complex,
the trajectory of the ligand inside the active site, its RMSD and
free energy needs to be analyzed. It requires molecular dyna-
mics simulation of the complex with production run of 200
nanoseconds or longer and is currently being pursued. This
work shows that computational technique could be synergis-
tically used with experiments for better insights and proper
justification in the search of therapeutics against different
diseases.
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