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ABSTRACT

Palladium(ll)thiosemicarbazone complexes are known to be good anticancer agents. However,
their stability is a challenge during biological application because of faster ligand exchange
kinetics. This research focused on synthesis of palladium complexes with bulky ligands to
improve their stability. Thiosemicarbazone (TSC) ligands were synthesized via condensation
reaction of aldehydes and respective amines. The following ligands were synthesized; (E)-N,N’-
dimethyl-2-((5’-methyl-[2,2’-bithiophen]-5-yl)methylene)hydrazine-1-carbothioamide (L1), (E)-
N-ethyl-2-((5-phenylthiophen-2-yl)methylene)hydrazine-1-carbothioamide  (L2)and  (E)-2-
((5’methyl)-[2,2’-bithiophen]-5-yl)methylene)-N-phenylhydrazine-1-carbothioamide (L3).
Corresponding Pd(Il) complexes were synthesized by reacting equimolar amounts of ligands and
Pd(cod)Cl>. Complexes synthesized were; (E)-N,N’-dimethyl-2-((5’-methyl-[2,2’-bithiophen]-5-
yl)methylene)hydrazine-1-carbothioamide palladium(Il)chloride complex (C1), (E)-N-ethyl-2-
((5-phenylthiophen-2-yl)methylene)hydrazine-1-carbothioamide palladium(ll)chloride complex
(C2) and (E)-2-((5’methyl)-[2,2’-bithiophen]-5-yl)methylene)-N-phenylhydrazine-1-
carbothioamide palladium(ll)chloride complex (C3).Stability test for ligands and complexes
were done using *HNMR in DMSO-dg within a period of 72 hours at an interval of 6 hours
monitoring any peak change. Both ligands and complexes were characterized by UV-Vis, FTIR,
'H NMR, 3C NMR, elemental analysis and single crystal X-ray diffraction for L2. Single crystal
X-ray crystallography revealed that the prepared ligand had E conformationand existed as thione
tautomer. Elemental analysis result indicated that L1 and L2 coordinated to palladium metal in N
S bidentate fashion while L3 in SNS tridentate fashion. UV-Vis studies were done on ligand to
confirm formation of imine around 300nm (n—m" transition). UV-Visalso revealed Ligand to
metal charge transfer (LMCT) transition confirmed successful coordination of ligands through S-
M bond. The anticancer activities of ligands and complexes were screened against Caco-2, HT-
29, HeLa and KMST cell lines using cisplatin as a positive control. The ligands displayed low
anticancer potency compared to corresponding complexes except for L1. L3 had the lowest
inhibition to all cell lines with ICsp> 100 pg/mL.However after complex formation, C3 showed
inhibition; Caco-2 (IC50=84.32 pug/mL), HT-29 (1C50=49.10 pg/mL), HelLa (IC50=0.73 pg/mL)
and KMST (ICs50>100 pg/mL). All the cell lines displayed high susceptibility to L1; Caco-2
(1C50=6.814 pg/mL), HT-29 (I1C50=6.449 pg/mL), HeLa (1C50=0.2619 pg/mL) and KMST
(IC50=10.7900 pg/mL). Among the ligands and complexes C3 had selective anticancer
properties. Caco-2 cell displayed some resistance to inhibition to all the compounds.The
complexes had enhanced anticancer activities compared with the respective ligands except for
L1. Synthesized palladium(ll) complexes with bulky ligands were stable and were cytotoxic
towards cancer cell lines.
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CHAPTER ONE

INTRODUCTION

1.0 Coordination compounds

Coordination compounds have proved to be important in various aspects of life based on their
wide application. These compounds are formed when ligands (electron donors) coordinate to the
central metal through coordinate bonds. The chemistry of coordination compounds is naturally
witnessed in hemoglobin (1) whichis a coordination complex of polyporphyrin and iron. Iron is
coordinated to polyporphyrin compounds via nitrogen because of the presence of more labile

lone pair of electrons for donation to form coordinate bonds.

CH
z2 CH,
CH,
H,C
H,C CH,
HOT XY, o7 ~OH
1

It is responsible for oxygen transportation from the lungs to other parts of the body and carbon
(IV)oxide from the body to the lungs. Other naturally available compounds include chlorophyll
which is responsible for photosynthesis and metalloenzymes for biocatalysis (Helland et al.,
2019).

Transition elements like iridium have versatile applications due to their ability to accept lone
pairs of electronsinto their empty d-orbitals. Iridium ion exists in three stable oxidation states;
Irt, Ir** and Ir**. Iridium ion is considered good catalyst in industrial application because they are
resistant to corrosion; they are used in both acidic and basic medium. besides corrosion resistant,
iridium complexes are used as industrial green catalyst because they are not environmental

pollutants (Singh, 2016). For instance triscyclometalated iridium(I11)2-(1-naphthyl)pyridine is
1



used as a catalyst in methoxytrifluoromethylation of styrene (Njogu et al., 2019). Other catalytic
applications includehydrogenation of benzene, amination of primary alcohols and 1,3-dipolar

cycloaddition (Bayram et al., 2010).

Other reactions catalyzed by transition elements include Wacker process where PdClI> is used in
the conversion of olefins to aldehyde and Suzuki coupling where C-C bonds are formed.
Palladium is used in Suzuki coupling and the reaction proceeds via Pd°-Pd?* route (Lennox &
Lloyd-Jones, 2014).

1.1 Platinum Group Metals

Platinum group metals, also known as platinum metals are elements of group VIIB. They
consist osmium, palladium, platinum, iridium, rhodium and ruthenium. The electronic
configurations of these elements are Ru (4d’ 5s'); Rh (4d® 5st); Pd (4d*/ 4d®5s%);0s (5d° 6s?); Ir
(5d” 6s?); Pt (5d° 5s1). They have close nuclear sizes making them to have similar chemical and
physical characteristics. Platinum group metals have various oxidation states however there
stable oxidation states are; Ru?*/Ru**/Ru**,Rh3*, Pd?*/ Pd**,0s%"/ Os*, Ir**/Ir¥*, Pt2* /Pt**, and
(Jain & Chauhan, 2016). These group of metals form sigma bonds with electron donors (ligands)
like H2O, CI, NHz and sulphur. They also bond with donors in pi-systems like aromatic
heterocyclics, azometine, thiocarbonyls and carbonyls. They have wide industrial applications
because of their high heat resistance, resistance to corrosion, high melting point and catalytic
activities. This group of metals have wide application in medicinalfieldexample is cisplatin (2),

platinum complexes used to treat cancer.

Cl_ t __NH;

P
c1” NH,

Palladium(ll) complexes are also emerging as anticancer drugs as a result of platinum (II)
complexes setbacks. One of the major setbacks of platinum(Il) complexes as anticancer drug is
that they are kinetically inert. Palladium(ll) chelates especially with N,S donor ligands (for
example thiosemicarbazones) are thermodynamically stable, they have high lability in bringing

metal towards DNA and allowing it to interact with it. For these reasons, they are used as
2



anticancer, antimalarial and antiviral drugs. Their mode of action is to prevent conversion of
ribonucleotides to deoxyribonucleotides through inhibition of enzyme ribonucleotide reductase.
(Munikumari et al., 2019).

1.2 Thiosemicarbazone palladium complexes

Thiosemicarbazones are Schiff base ligands with majorly sulfur and nitrogen as donor atoms.
They are derived from a condensation reaction of aldehydes/ketones and thiosemicarbazides.
Bidentate thiosemicarbazone ligands coordinate with the central metal forming five membered
chelates. Their applications are due to their selectivity in coordination and good coordination
tendency. They can interact with the metal either in anionic or in neutral form. The neutral forms
are its two tautomers; thione and thiol and anionic after deprotonation of thiol as shown in
Schemel.1 below. The Rs can be alkyl group or H (Pal et al.,2002).

S SH S
1 v / 1 !
R! HN-C R N=C -H™ R N=C
C=N NR3R4 —_— \C :N/ \I\IR3R4 - C=N NR3R*
R2 R'Z R2
Thione (neutral) Thiol(neutral) Anionic

Scheme 1.1: Neutral and Anionic forms

1.2.5 Heterocyclic thiosemicarbazone complexes of palladium (11)

Pd?*thiosemicarbazone complexes with heterocyclic substituents such as thiophene have
attracted interest in bioinorganic chemistry due to their potential biological activities such as
antifungal, antimalarial, antiviral and anticancer. Pd®* coordinates with ligands in the same mode
as Pt** hence they are likely to form square complexes with thiosemicarbazone ligands.
However, Pt**complexes are more Kkinetically and thermodynamically stable than the
corresponding Pd?* complexes. Ligand exchange rate for Pd** complexes are 10* times quicker
than platinum because it readily forms 5-coordinate intermediate complex. Faster Kinetic
property of palladium is related to its small atomic size compared to platinum, causing steric
repulsion of ligands(Ali et al., 2017). Many Pd**complexes have been synthesized using the

standard condensation method, characterized and investigated to be potent towards cancer cells.



Some of these complexes include 5-nitroisatin thiosemicarbazone complex of palladium (3)

which proved to be active towards colorectal cancer (Munikumari et al., 2019).

O,N

The biological activities of thiosemicarbazone ligands which improves when coordinated with a
metal make this group of compounds to be used as anticancer agents. Triapine (4) (3-
aminopyridine-2-carboxaldehyde thiosemicarbazone) is one of thiosemicarbazone group of
compounds currently on clinical trials against breast, leukemia, and cervical cancer (Nunes et al.,
2020).

NH,
N N _s

\ N - \f

_N NH,

Its combination with cisplatin has improved the effectiveness of cisplatin as far as Multi Drug
Resistance (MRD) is concerned. Triapine-cisplatin combination is currently showing exemplary
anticancer activities on vaginal and cervical cancers (Enyedy et al., 2020). Thiophene substituted
thiosemicarbazones have also proved to be cytotoxic against a number of cancer cell lines
Mbugua et al(2020) found that (E)-1-((5-bromothiophen-2-
yl)methylene)thiosemicarbazidepalladium(Il) chloride (5) had anticancer activities against
human cervical (HeLa), human colon (Caco-2) and breast cancer (MCF-7). The cytotoxicity of

the complex was more enhanced compared to free ligand.

S N
Br\ml\\l/ YNHZ
\ Cl\Pd\/

\ S
Cl
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1.4 Cancer

Cancer is one of the leading causes of deaths word wide. Cancer incidences and mortality cases
are rapidly increasing due to aging and population growth. The rate at which population
increases, cancer is likely to be the leading cause of deaths replacing coronary heart diseases and
stroke (Wilson et al., 2019). The malady is a burden to many nations because a lot of funds have
to be allocated to curb it. The increasing cases of cancer are related to exposure to carcinogenic
agents, some due to poverty and westernized lifestyles in developed nations according Bray et al.
(2018). According to world health organization (WHO) 2018 statistics, lung cancer is the leading
cause of deaths followed by breast cancer(Bray et al., 2018; Wilson et al., 2019).

In 2012, 14 million new cases of cancer are reported annually all over the world with 8.2 million
deaths registered; 8.8 million deaths registered in 2015. The deaths are projected to 13 million by
2030 as a result of population growth, lack of exercise, poor lifestyle as well as increase in the
rate of infection (Atieno et al., 2018).

Most of the existing anticancer drugs such as cisplatin face the challenge of multidrug resistance
(MRD). MRD on chemotherapeutically potent drugs are associated with numerous mechanisms
that include; increased drug efflux, decreased uptake of drug, activated DNA repair mechanism,
activation of detoxifying systems, and drug induced apoptosis evasion among many more. Most
of palladium thiosemicarbazone complexes are hydrophobic and insoluble in most organic
solvents other than DMF and DMSO. This reason limits the biological applications of the ligands

and complexes (Hosseini-Yazdi et al., 2017).

In this work various thiosemicarbazone ligands and their palladium complexes have been
synthesized, characterized and their anticancer activities in various cell lines investigated. This
work focuses on synthesis of stable thiosemicarbazone ligands and their palladium(ll)

complexes.

1.5 Statement of the problem

For a very long time, cisplatin has been the most potent metal-based drug towards tumor cells;
lung, ovarian, neck, bladder and brain cancers. Other platinum based drugs that are active
towards cancer cells include carboplatin (6) and oxaliplatin (7) (Prajapati &Patel, 2019).



O
NH;_ O H
/Pt/ No /O
NH;™ " Ny Pt
N (@]
H
O O

Cisplatin and other existing cancer drugs have shortcomings including multidrug resistance and
severe side effects like nephrotoxicity, nausea, neurotoxicity and ototoxicity. Non-selectivity is
also a major shortcoming of the available cancer drugs since they kill non-cancerous cells too
(Prajapati &Patel, 2019).

The chemistry of thiosemicarbazones and their transition metal complexes are of interest due to
their modes of coordination and numerous biological activities such as anti-tumor, anti-
microbial, anti-malarial and antibacterial activities. Thiosemicarbazone complexes of palladium
are active towards tumor cells however, activity problem arising from instability is a challenge in
drug development, for this reason research on new biologically active metal complexes with

bulky ligands, which enhance stability is necessary is necessary (Matsinha et al., 2015).

1.6  Objectives

1.6.1 General Objective
Synthesize and determine the anticancer activities of thiosemicarbazones and their palladium

complexes.

1.6.2 Specific Objectives
1. Synthesize thiosemicarbazone ligands.
2. Synthesize palladium (I1) thiosemicarbazone complexes.
3. Determine the anticancer activities of the thiosemicarbazone ligands and palladium(I1)

complexes.

1.7 Justification of the study
Stability of palladium complexes is a challenge in biological application despite their anticancer
activities. Palladium complexes have been reported to be cytotoxic towards breast and colorectal

cancer cells by Munikumariet al., (2019). Palladium(Il) complexes are square planar complexes
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where planarity is necessary for interaction with DNA and inhibition of replication. Therefore
synthesis of thiosemicarbazone complexes of palladium(ll), which are five-membered bulky
chelates will improve the stability to act on pharmacological target without being structurally
compromised (Munikumari et al., 2019). Palladium(ll) complexes have also been reported to
have anticancer activities same as those of cisplatin with reduced side effects like nephrotoxicity,

neurotoxicity and ototoxicty (Qin et al., 2018).

Thiosemicarbazones derivatives of thiophene moiety are interesting owing to the structural and
pharmacological activities such as anti-malarial, antifungal, antibacterial and antitumor
(Munikumari et al., 2019). Nyawade et al.(2021) established that thiophene based
thiosemicarbazones had effective anticancer activities towards cervical cancer cell lines (HeLa),
human colon carcinoma cell lines (Caco-2), human colorectal adenocarcinoma cells (HT-29) and
non-cancerous immortalized human cells (KMST). The anticancer activities of the ligands were
enhanced after coordination with palladium(I1).The presence of thiophene ring in the structure
increases the flexibility of denticity due to presence of sulfur (donor atom). In this research work
new thiophene based thiosemicarbazone ligands and palladium complexes were prepared and

anticancer activities determined.

This research is aimed at reducing the cancer burdens all over the world by synthesizing
anticancer palladium(ll) complexes which are stable with bulky ligands. The prepared
compounds will also be useful in pharmaceutical industries and manufacturing industries to
enhance efficiency of production, contribution to the Kenya’s big four agenda (Universal Health
Care and manufacturing) and realization of the good health and well-being, one of Sustainable
Development Goals (SDG) of vision 2030.



CHAPTER TWO

LITERATURE REVIEW

2.0 Transition metal complexes

Transition elements are elements with incompletely filled d-orbitals, elements between the s- and
the p-block elements. This rationale disqualifies an element like Zn, a d*° from being a transition
metal. The presence of incompletely filled d-orbitals in these metals make then distinct from
other metals in the periodic table. They can easily exist in a number of stable oxidation states at
room temperature depending on their electronic structure. For instance, vanadium can exist as
V2, V3and V®*and manganese as Mn*, Mn?*, Mn**, Mn**, Mn®", Mn®" and Mn"*, the highest
oxidation states d-orbitals are engaged in bonding. These metal ions form coordination

compounds with other molecules in which the interaction is covalent (Prajapati et al., 2019).

The coordination chemistry of transition complexes has aided researchers to solve environmental
pollutions resulting from human activities more so industrialization. Industrialization has led to
melting of ice caps due to emission of greenhouse gases, contamination of fresh water and air.
Presence of high levels heavy metals in waste water in most of the industries is alarming. Heavy
metals accumulate in water bodies over a long period and end up in the biological system when
contaminated water is consumed without proper purification. They have adverse effect to human
health including damage of organs ( kidney and brain), miscarriage, irritation of stomach and
death (Mahurpawar 2015). The main source of heavy metal is industrial sludge from battery
manufacturing companies. Most of such industries apply the knowledge of coordination
chemistry to clean the sludge to minimize environmental contamination. The industries mostly
use biodegradable chelating tetrasodium N,N-bis(carboxymethyl) glutamic acid to extract lead,
zinc and copper from sludge (Wu et al., 2015). Heavy metals such as Pb?*, Cd*" and Hg?*are
considered to be soft electron acceptors. To remove these metals from the environment,
Odhiambo and coworkers (2018) synthesized crown ether based chemosensors of [Ru(bpy)2]**
moiety which were made selective by varying the cavity of the crown ethers depending on the
radius of the metal ions. They used [Ru(bpy)2]?>" moiety because its strong Metal-Ligand Charge
Transfer (MLCT) produces suitable signaling unit and well defined photophysical, spectroscopic



and electrochemical characteristics sensitive to variations from external inputs. One of the crown
ether complexes they synthesized showed visible color change upon interaction with Hg?* ions.

One of the complexes that they synthesized is shown in (8) below.

(PFg)y

2.1 Stability of transition complexes

The stability of the transition complexes is dependent on various factors such as the crystal field
stabilization energy (CFSE), the attainment of effective atomic number and the chelation/
denticity of the ligands. The CFSE is the difference in energy gap between the eq and the tyg
orbitals. The octahedral complexes are more stable than tetrahedral complexes because they are
surrounded by six ligands causing more electronic repulsion hence high splitting energy. As the
CFSE increases, the thermodynamic stability especially of the octahedral complexes increases.
The ligand also determines the magnitude of the energy (Britz et al., 2019).

When ligands coordinate to the central metal ion, they donate lone pair of electrons to the vacant
d-orbitals forming dative bonds. However, the metal will accept the electrons till it attains the
noble gas electron configuration, the effective atomic number (EAN). Consider Potassium
hexaaminoferrate(1) Kz[Fe(NHs)s]. The Fe?* ions have 24 electrons plus the 12 electrons

donated by the six amino ligands adding to 36 which is a noble gas configuration for Krypton.

Denticity of the ligand also determines the stability of the complexes. Some of the ligands
coordinate through more than one donor atoms. Such kind of ligand is called multidentate. The
complexes of multidentate ligands are more stable than those formed by unidentate ligands.
Ethylenediamine is one of the ligands that coordinate at two atoms (bidenate)(Britz et al., 2019).
They complex with various transition metal ions forming ring structures called chelates. The

chelates formed by ethylenediamine (9) and thiosemicarbazones (10) are more stable than the
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complexes with unidentate ligands because for more energy is required to bread two bonds in
chelates (Britz et al., 2019).

r a2+
H, H Cl
- NG \
H,C / cH, HS—pd—cy
| Cu | /M \
HyC \ _CH, H,N N/N\ H
H, H H \(
L _ R
9 10

The more the chelating, the more stable the compound is. Chelating agents with 3,4,5,6 donor
atoms are referred to as tridentate, tetradentate, pentadentate and hexadentate ligands
respectively. A good example of hexadentate ligand is ethylenediamine tetraacetic acid (EDTA)

(11) shown below.
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Chelates of biological importance include hemoglobin in the blood, magnesium-porphyrin
complex in the chlorophyll and vitamin Bi» which is a complex of cobalt and enzyme

cytochrome oxidase (Liu et al., 2019).

2.2 Transition metal complexes in catalysis

Transition metals and their complexes are considered good catalysts because they can exist in
multiple oxidation states. They can act either as Lewis acid or Lewis base enabling them to form
intermediate complexes with reagents. Coordination complexes play special role in most organic
synthesis reactions. Catalysts perform three major roles in reactions; reduction of activation
energy, provision of alternative reaction route and provision or reaction surface area. Partially

filled d-orbitals in transition metals enable metals to form reactive intermediates. Catalysis of
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transition metal complexes are mostly influenced by the type of ligand in the complex. For
instance in Cu catalyzed Diels-Alder reaction as shown in Equation 1, use of chelating lignds

decreases catalytic efficiency by reducing equilibrium constants of reactions (Yu et al., 2016).

o/ R
- /©/ Cuz0 (10 mol %)
N chloranil 80 0C, 8 hrs
R

R

Scheme 2.1: Diels alder catalysis using copper (1) oxide

This happens because chelating ligands tend to block coordinating sites of metal ions. Various

metal complexes have been used to catalyze different types of reaction (Jiang et al., 2018).

2.2.1 Iridium complexes

Iridium complexes are considered good catalyst in industrial application because they are
resistant to corrosion, they can be used in both acidic and basic medium. Besides these, iridium
complexes are used as industrial green catalyst because they are not environmental
pollutants(Singh, 2016). Other catalytic applications include hydrogenation of benzene,
amination of primary alcohols and 1,3-dipolar cycloaddition (Bayram et al., 2010). Photoredox
catalysis of styrene methoxytrifluoromethylation is an important reaction catalyzed by iridium
aided by light. Iridium ion is coordinated to more conjugated ligands that decrease the High
Occupied Molecular Orbital (HOMO)-Low Unoccupied Molecular Orbital (LUMO) gap and
increasing the ligand field stabilization energy (LFSE). For these reasons they are capable of
using visible light in photoredox catalysis. Triscyclometalatediridium(l11)2-(1-naphthyl)pyridine
is one of the iridium complexes catalyzing such a reaction. The visible light is used to eject
electron from Ir¥* ion forming a radical. The electron deficient metal ion catalyzes
methoxytrifluoromethylation of styrene molecule.Scheme2.2 below shows
methoxytrifluoromethylation ~ of  styrene  using  triscyclometalated  iridium(I11)2-(1-

naphthyl)pyridine (Njogu et al., 2019).
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Scheme 2.2: Methoxytrifluoromethylation of styrene

Most alkylation processes of organic compounds including amines are done using alkyl halides
however such reactions are usually slow. Besides slow nature of reaction, alkyl halides are toxic
and accumulate in the environment. Researchers have established an alternative way of N-
alkylation of amines using alcohols aided by nickel, copper, manganese and cobalt
catalyst(Zhang et al., 2015). The challenges with these catalysts high amount of loading and
inefficiency in aqueous media. Tang’s catalyst (12), cyclometalated pyridyl 4,5-dihydro-1H-
imidazole iridium(Il) complex is used to catalyze N-alkylation of amines using alcohol via

borrowing hydrogen in aqueous media.

_ _ -+
MeO™ N\ / Cl_
II\I JNH
Cp*——llr_N\)
L Cl _
12

The advantage of Tang’s catalyst over other metal complexes in catalysis is that reaction is
faster, low temperature is required, less catalyst dosage and it is efficient in aqueous medium.
Use of pyridyl 4,5-dihydro-1H-imidazole as electron donating ligand plays a role to realize high
yield (Luo et al., 2020).
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2.2.2 Copper complexes
Copper complexes have been used in catalysis in organic reactions. N-heterocyclic carbene

complexes of copper (13) are used in hydrosilylation of carbonyls.

CuCl
13

Hydrosilylation is an important reaction in industrial production of silylethers, mostly used as
protecting groups. During this process, silicon-hydrogen bond is added across unsaturated
carbon-carbon bond. The most important intermediate reaction is silicon-hydrogen bond
cleavage to form silicon- oxygen bond (Egbert et al., 2013). Bipyridne copper complexes are
used as catalyst in addition of halogenated methane to olefins to produce polymer. Catalysis in
production of polymeric compounds takes place via atom transfer radical addition (ATRA)
mechanism. When copper complex is used in such a reaction, it is reported that the polymeric
product formed has desirable architecture, functionalities and composition (Pintauer and
Matyjaszewski, 2008). Copper complexes containing N,O and N,N donor ligands in conjunction
with 2,2,6,6-tetramethyl-piperidinyloxyl radical are used as catalyst in oxidation of alcohols to
carbonyl compounds (Ma et al., 2019). In industrial manufacture of urea based fertilizer,
tetraammineaquacopper(ll) sulphate complex, [Cu(NH3)s(H20) ]SOs , is used in production of
urea from ammonium carbamate. The first step of this process involves reaction of ammonia
with CO- gas farming ammonium carbamate. Formation of carbamate is an exothermic process
and does not involve catalyst. The second step is conversion of ammonium carbamate to urea
which is a slow endothermic process. Due to thermodynamic obstacles in the second step,
copper(Il) catalyst is used in the reaction. The reaction is performed in high pressure steel

reactor in a closed system (Hanson et al., 2021).

2.2.3 Palladium complexes
One of the most important organic reaction catalyzed by palladium(ll) complex is Suzuki-
Miyaura coupling. This type of reaction involves formation of C-C bond which is not viable

without catalyst due to electronic constrains. Suzuki coupling has benen applied industrially to
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form polymer of conjugated systems such as polystyrene, polyvinyls and polyalkenes. The
process involves the use of organoborane and alkyl halide (Lennox and Lloyd-Jones, 2014).
Suzuki coupling involves three main steps; The first step is oxidative addition of alkyl halide to
Pd(0) complex to form first intermediate Pd(Il). The second step is transmetalation where
organoborane reacts with palladium(ll) intermediate to form second intermediate of Pd(ll)
coordinated both alkyl from organoborane and alkylhalide. The last step of this catalysis is
reductive elimination where alkyl halides bond together via C-C bond while Pd(Il) is reduced
back to Pd(0) (regeneration of catalyst). Suzuki coupling can be compared with Stille cross
coupling where organotin instead of organoboron. However challenges associated with tin
include lower tolerance to functional groups, high level of toxicity and high cost of tin (Levashov

et al., 2017). Mechanism of Suzuki coupling is shown in Scheme 2.2 below.

-X
R-R' Ln-Pd(0)
(i) Oxidative
addition
(i) Reductive
elimination
R' X
Ln-Pd(II) Ln-Pd(II)
R

(i1) Transmetalation

R’—< R'-B(OH),

OH

Scheme 2.3: Mechanism of Suzuki coupling

Palladium is also involved in catalysis of Wacker process where olefins are oxidized to alcohols
and further to aldehydes using palladium(l1) chloride(Hu et al., 2018).
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2.3 Metal complexes in medicine

In many of the complexes used as metal-based drugs, DNA is the main targets for effective
therapeutic activities, whereby they bind with the DNA interfering with its transcription and
replication.  In the recent research, the biological activity of these drugs is due to enzyme
inhibition, which occurs through ligand substitution mechanism. This reaction happens when
central metal coordinates with donor atoms from protein residues like histidine, selenocystein,
and cystein in biological system making them pharmacologically active (Che & Siu, 2010).
Examples of the metal complexes used in treatment are discussed below:

2.3.1 Gold complexes

In more recent practice in chrysotherapy, gold based drugs have been used to treat rheumatoid
arthritis. Rheumatoid arthritis is an inflammatory condition in the body support system leading to
erosion of the cartilage lining of bones interfaces in joints. The first inflammation takes place in
the synovial membrane then proceeds to synovial cavity between the bones. Gold based drugs
are effective to approximately 70% of patients undergoing chrysotherapy, some do not benefit
while others encounter mild side effects like skin rushes. However small percentage of those
undergoing chrysotherapy encounter severe side effects like inhibition of formation of
leukocytes and erythrocytes from the bone marrow (Mjos & Orvig, 2014).

One of the gold complexes used in medicine is auranofin (14) which is used in treating arthritis.

Oggfg

14

+

The therapeutic effect of this gold complex originates from enzyme inhibition through ligand
exchange mechanism. The porphyrin, which is a ligand in the complex, is replaced by a seleno

protein. The complex, auranofin, can also be used to treat cancer since it inhibits enzymatic
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activities responsible for growth of tumor cells thereby active towards tumor cells. In vivo
studies show that the therapeutic activity of auranofin is limited by its affinity towards protein
thiols. Research on auranofin shows potential in antiproliferation activities when coordinated
with naphthalimide ligands. The injectable gold(l) thiolates are more active towards

inflammatory conditions than auranofins (Nakaya et al., 2011).

2.3.2 Ruthenium complexes

Ruthenium exists in three major oxidation states and mostly forms octahedral complexes.
Ru**complexes are kinetically and thermodynamically stable, this property making them suitable
for biological applications. Ru**complexes are used as pro-drugs on biological circumstances of
acidic pH, hypoxia and high glutathione, indicating anticancer effects by being reduced to the
corresponding Ru?*. Ru?* is very cytotoxic towards tumor cells, it kills solid tumor via multiple
mechanisms. Ru?*complexes also have appreciable chemical and photophysical properties
together with ligand exchange kinetics, they are more kinetically and thermodynamically stable
compared to their corresponding Ru®*complexes due to their low oxidation states.
Ru?*complexes show good biological activities especially anticancer activities. The major
challenge they face during their application is their inability to dissolve in
water.[Ru(Ca9H3sNsS3)]>"and [Ru(C14H12Cl1sN4)] are examples of ruthenium based drugs that are

approved for chemotherapeutic administration (Lin et al., 2018).

Mechanisms of ruthenium complexes towards anticancer cells include; action on DNA telomere,
interference with DNA replication and transcription and inhibition of enzymes. They also act by
blocking cell cycles via formation of photo-crosslinking products of DNA hence preventing
ribonucleic acid (RNA) polymerization enzymes from binding with the DNA thereby causing the
apoptosis of the tumor cells(Lin et al., 2018).Structures tris(bipyridine)ruthenium(Il) (15) and
dibenzimidazoleruthenium(lll) tetrachloride (16) are examples of approved ruthenium based

anticancer drugs.
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[Ru(biphenyl)Cl(en)]*(17) was one of the first ruthenium complexes that was synthesized and

investigated for antitumor activities.
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It comprises of monodentate ligand (ClI), bidentate (diamine) and arene (biphenyl) ligands. The
complex has “piano stool” geometry. The essence of synthesizing this complex was target DNA
without activation via cellular reduction taking advantage of its low oxidation state; Ru?*. The
biphenyl ligands provide hydrophobic site thereby allowing the complex to diffuse in the cell
through plasma membrane. Immediately it enters the cell, it gets activated through ligand
exchange mechanism on the CI site since halogens are good leaving groups. The arene site of the
complex enhances hydrophobic interaction between DNA and the complex. The single bond
between the biphenyls gives room for freedom of rotation hence minimizing steric repulsion; as a

result the binding affinity of the complex to DNA is increased (Nazarov et al., 2014).

2.3.3 Nickel complexes

Nickel for a very long time has been regarded as an element without biological significance. In
most cases nickel complexes are applied in the field of catalysis. For instance in organic
synthesis, NiCl2(PPhz)2 is used as catalyst in preparation of six membered heterocyclics from

five membered (Kaur, 2019). However just like platinum, gold and any other transition metal
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complexes, nickel complexes are applied in the medical field. They are either used to make
medical equipment or drugs because nickel containing equipment are regarded to be safe,
hygienic and easy to clean. Due to these reasons, they are used to make hospital equipment,
operation instruments and pharmaceuticals supply. For instance alloy of nickel and titanium
(Nitinol) is used in elevation of cardiovascular conditions; Nickel-chromium alloy is applied in

dentistry because of good aesthetic properties (Radev, 2012).

Nickel being a cofactor in many bacterial enzymes (superoxide dismutase, urease, acireductone
and dioxygenase), it is used to combat the deadly enterobacteriaceae. Enterobacteriaceae
illnesses are caused by Salmonella, Klebisellaand Escherichia bacteria species. These illnesses
are costly and causes death as a result diarrheal illness. Though many metal chelators are being
used, they face challenge of multi-drug resistance therefore nickel chelators are the best to use.
Dimethylglyoxime chelate on Ni(ll) is used as antibiotic because of its inhibitory activity on a
number of bacteria (Benoit et al., 2019).

Nickel complexes have also proved to be biologically active (Totta et al., 2017) found that
combination of nickel and naproxen (anti-inflammatory drug) had antioxidant properties. This
was observed through inhibition of soybean lipoxyganase enzyme. Naproxen-nickel complex are
also free radical scavengers Nickel(ll) Salicylhydroxamic acid complex has irreversible
microbial urase inhibition property with little side effects compared to existing antimicrobial
drugs(Adegoke et al., 2019). 2-hydroxybenzaldehyde 2-(3,4-dimethoxyphenyl) ethanamine
Ni(Il) (18) complex is used as antifungal and antimicrobial drug. The pharmacological use is as a

result of research done on S. aureus bacteria and C. albicans fungi (Satheeshet al., 2016).
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2.4 Metals complexes in cancer treatment

Metals are essential for processes in the cell. These metals are evaluated and selected to improve
the cellular biochemical processes. Remarkable features of the metals especially transition metals
include their modes of coordination in a complex, redox activity and reactions with organic
substrate hence regulating their intercellular availability. These metal compounds are potential
anticancer agents. However, ions of these metals beyond or below specific concentration are
accompanied with variety of pathological disorders including cancer (Florea & Busselberg,
2011).

Cisplatin has been used as an anticancer drug for treating various cancers such as soft tissue
cancer, sarcoma cancers, bone cancers and cancer of blood vessels. Cisplatin and its derivatives
have been effective towards cancerous tissues but its use is limited due to adverse effects in the
normal cells. Despite platinum compounds proving to be clinically successful few of these
compounds have been clinically approved, for example carboplatin (6) and oxaplatin (7) are not
yet approved while others like lobaplatin (19) heptaplatine (20) have very limited approval

towards clinical use.
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This is because most of these compounds tend to offer little substantial clinical advantages
(Florea & Busselberg, 2011).

Despite all these significant moves in treatment of cancer, multi drug resistance and toxicity has
been a bottleneck in chemotherapy. For instance, ototoxicity, vomiting, neurotoxicity, nausea
and nephrotoxicity have been major challenges in the use of cisplatin in chemotherapy.
Ototoxicity for instance is caused by effects of cisplatin on key cells in the cochlea which are
involved in the sound transduction hence affecting the hearing of the patient. The cochlea has
outer hair cells (OHC) which are highly vulnerable target cells upon induction of cisplatin. The
loss of the outer hair cells leads to less sensitivity to sounds especially of low intensity and

decreases ability to hear sounds of different frequencies (Bielefeld et al., 2013).

19



2.5 Schiff base ligands

Schiff base group of compounds was discovered by Hugo Schiff in 1864. Schiff base ligands are
ligands derived from a condensation reaction of primary amines and carbonyl compounds
majorly aldehydes/ ketones. This group of compounds is also known as azomethines or anils.
They are m donors unsaturated compounds with O, N, S and P donors showing high potentiality
in biological applications (Warad et al., 2020). They have made remarkable advancements in the
modern inorganic and coordination chemistry owing to their chemical and thermal stabilities.
The stability of Schiff base compounds is associated with the versatility in coordination in that
they can form chelates with bivalent, trivalent and tetravalent metal ions. For this reason they
use gadolium (I11) complex derived from tetrapodal Schiff base ligands are used as a Magnetic
Resonance Imaging (MRI) contrast agent in therapeutic and diagnostic practices (Dutta et al.,
2010). Their ease of synthesis has made it easy for researchers to fine-tune their structural design
on the basis of application. Multidenticity of this group of ligands to metal ions displays high
performance as far as electronic soft tuning and steric characteristics are concerned. They have
applications in the field of catalysis, optical materials and inorganic biochemistry (Buldurun et
al., 2020). Schiff base metal complexes have high catalytic activities. Complexes with chiral
Schiff base ligands display high selectivity to a number of organic reactions like epoxidation,
aldol condensation, oxidation, hydroxylation and Suzuki Miyaura coupling due to versatility in
chelation with the metal center in a complex. For instance Fe(ll) and Co(ll) pyridine bis-(imine)
and pyridyl bis(imide) are applied in catalysis of propylene and ethylene polymerization. The
effectiveness of this group of catalysts are more enhanced at high temperature and humid

environments (Gupta & Sutar, 2008).

Schiff base ligands have provided efficient and relatively cheap alternative in sensing toxic
environmental pollutants. The methods being used currently such as X-ray fluorescence
spectrometry, flame atomic absorption spectroscopy, stripping voltammetry and plasma mass
spectrometry are tedious, interms of sample preparation, time consuming and costly (Bansod,
2017). Environmental contaminants such as Co(ll) in water bodies have been sensed using (E)-
benzyl-2-((7-(diethylamino)-2-oxo-2H-chromen-3-yl)methylene)hydrazine where the color
change from yellow to red is witnessed. This is based in the ligand to metal charge transfer
(LMCT) between cobalt and the ligand. Others include 4-((2, 4-dichlorophenyl) diazenyl)-2-(3-

hydroxypropylimino)methyl)phenol in calorimetric detection of phosphates (Berhanu et al.,
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2019). Strontium sensor PVC membrane was developed based salicylaldehyde
thiosemicarbazone affinity towards citations. The sensor was highly selective at a pH range 2.8-
10.4 (Zamani, 2008).

Schiff bases have been widely studied in the medicinal field owing their biological activities
including anticancer and anti-HIV (Rao et 1., 2020). Schiff base ligands have high anticancer
activities than cisplatin especially when coordinated to transition metal ions. Palladium Schiff
base complexes are more selective and have milder side effects compared to cisplatin. Benzathiol
Schiff bases, thiosemicarbazones, isatin derived imines, N-(5-nitro-salicylidene)-Schiff bases
among many have antitumor activities against lung ovarian, neck and cervical cancers (Ozdemir
et al., 2020).

2.5. 1 Thiosemicarbazones

Coordination chemistry of thiosemicarbazones has received an interest because of their
biological activities. This is evident mostly when thiosemicarbazone form chelates with
transition metals.Thiosemicarbazone derivatives such as N-methylisatin-8-thiosemicarbazone
and 3-aminopyridine-2-carboxyaldehyde thiosemicarbazone are used in medical practices. One
of the challenges these compounds face is hydrophobicity and insolubility in various organic
solvents causing difficulties in biological applications. When the compound is highly
hydrophilic, there is no use of solubilizers giving a room for high intravenous administration

during the development of the candidate drug (Hosseini-Yazdi et al., 2017).

The chemistry of thiosemicarbazones and other Schiff base ligands with their platinum group
metal complexes is that they meet planarity criteria to interact with DNA. These compounds
form complexes which are planar, which enables them to form non-covalent bonds with DNA
therefore becoming more effective. The metal complexes of thiosemicarbazone have enhanced
biological activities compared to the thiosemicarbazone ligands. They mostly undergo
complexation through deprotonation of *N (Lobana et al.,2009).

Thiosemicarbazones are organic molecules (amines) derived from a condensation reaction
between an aldehyde/ketone with a thiosemicarbazide. The reaction is also referred to as

reductive amination where amine(semicarbazide) reduces a carbonyl to imine.
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Scheme 2.4: Reaction in thiosemicarbazone synthesis

Thiosemicarbazones are mainly synthesized by condensation reaction of thiosemicarbazide
(amine) with an aldehyde or ketone in alcoholic solvent media, catalyzed by an acid as shown in
Scheme 2.3 (Sukhorukov, 2020).
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Scheme 2.5: Reaction mechanism for aldehyde and primary amines

The reaction is usually a one-step reaction except in cases where a specific substituent is required
on the thiosemicarbazide. Thiosemicarbazide is synthesized in a one pot reaction by reacting
amines with CS,, CICH,COONa and hydrazine. This method gives room for modifications in
terms of redox potential, structural complex stability and biological activities. Availability of
lone pairs on electrons in S and azomethinic N allow for formation of five-membered with
transition metal ions. During metallation, deprotonation of hydrazinic nitrogen may occur
causing an increase in C-S bond length. The negative charge on sulfur after deprotonation

improves its coordination ability (Paterson &Donnelly, 2011). Palladium complexes of
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thiosemicarbazones are synthesized by reacting PdCl> with thiosemicarbazone in acetonitrile.
However direct reaction with PdCl, results to lower yield of 50-60% and problems in vacuo
drying due to high boiling point of acetonitrile (82 °C) (Munikumariet al., 2019). Therefore,
palladium(Il) thiosemicarbazone complexes are synthesized in two steps; the first step is
synthesis of precursors PdCl2(PPhs).orPd(cod)Cl2 then reacting with thiosemicarbazide at room

temperature for 24-48 hours (Motswainyana et al., 2012).

Structures of both ligands and complexes are confirmed using FTIR, UV-Vis, NMR, single X-
ray crystallography, elemental analysis and mass spectrometry techniques. Successful synthesis
of thiosemicarbazone is usually achieved by confirmation of C=N characteristic peak on FT-
IRwhichis normally observed between 1520- 1700 cm with a shift to higher or lower frequency
after complex formation. The metal also coordinate via thiocarbonyl sulfur thereby shifting the
stretching frequency of thiocarbonyl bond to lower frequency which is usually observed between
1000cm™ t0-1280 cm™ (Trotsko et al., 2020). The!H NMR peaks for azomethine protons are
observed as singlet between 7.5 to 9.0 ppm with either downfield or upfield chemical shift after
complex formation since azomethine-N is involved in bonding, downfield shift experience in

most cases after complex formation (Haribabu et al., 2020).

Thiosemicarbazones exist in thione in solid state however in solution they tautomerise into thiol
tautomer. The complexation of this group of compounds is achieved through the dissociation of
an acidic proton making it to form chelate ring which is five membered.
Thiosemicarbazones exists as mono-thiosemicarbazones and bis-thiosemicarbazones and even in
rare cases tris-thiosemicarbazones. Mono-thiosemicarbazones (21) are bidentatewhile bis-
thiosemicarbazoneshave two arms connected via a ring (22) or via a C-C bond (23) (Pal et
al.,2002). Thiosemicarbazones are multidentate ligands that form stable complexes with
transition metals. If the substituent on C! is a donor atom in a mono-thiosemicarbazone, then the
ligand can be tridentate (Pal et al.,2002).
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Thiosemicarbazone compounds coordinate with the metal centers in various modes. For a neutral
ligand it coordinates through S(1), S-bridging(l), N2S chelation(lll), N2S chelation S
bridging(IV), tridentate if the group attached to C! is a donor atom X(V), tridentate S
bridging(V1) and tridentate X bridging(V11) as shown in the Figure 2.1.
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Figure 2.1: Bonding modes of thiosemicarbazone

The same bonding modes are also experienced in ionic form only that in the ionic form N? also
participates in bonding. Bis-thiosemicarbazone is a tetradentate ligand in both ionic and neutral
(Lobana et al.,2009)

2.5.2 Heterocyclic thiosemicarbazones

In 1940’s, thioacetazone (pacetamidobenzaldehyde thiosemicarbazone), was the first
thiosemicarbazone-based drug to be clinically approved to treat tuberculosis. Methisazone (N-
methylisatin thiosemicarbazone) was the second to undergo clinical developments in the
treatment of small pox. However, the developments were short-lived with the discovery of the
small-pox vaccine therefore there was preference in immunization as opposed to curative

measures (Heffeter et al., 2019).

The anticancer research has been mainly focused on the S-heterocyclic and N-heterocyclic
thiosemicarbazones. In most of the researches, heterocyclic derivatives of thiosemicarbazones
have displayed potency towards cancer cells especially when chelated with metals. Triapine (3-
Aminopyridine-2-carboxaldehyde thiosemicarbazone) (4) is one of the TSCs undergoing clinical
trials against myeloid leukaemia, cervical and breast cancer. Currently, patients are being

recruited for phase Il clinical trial to monitor the effectiveness of combination of cisplatin with
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3-Aminopyridine-2-carboxaldehyde thiosemicarbazone in advanced stages of vaginal and

cervical cancers (Enyedy et al., 2020).

From previous studies on thiosemicarbazones, variations in chalcogens ranging from O-S Se-Te
have resulted to effective changes in both biological activities, physical and chemical properties.
The changes in substituents may result in increased stability in solution, lipophylicity,
permeability in membrane, in vivo and in vitro antitumor activities of metal-TSC complexes
(Park et al., 2016). For instance, studies have shown that there is increased cytotoxicity 1000
times by methylation of N adjacent to imine-N. Dimethylation of either or both terminal and
pyridine-NH> also results to increased stability and the ability of the complexed to be reduced
(Kowol et al., 2007).(E)-N’-(5,8-dihydroquinolon-7(6H-ylidene)-4-(pyridine-2-yl)piperazine-1-
carbothiohydrazine (24), commercially known as Coti-2 is a thiosemicarbazone derivative which
IS very cytotoxic towards a number of cancer cells at very low concentrations in comparison to 3-

aminopyridine-2-carboxaldehyde thiosemicarbazone (Parsa et al., 2020)
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It is having very milder side effects and exhibits nanomolar ICso. Currently this compound is on

clinical trial against advanced head and neck squamous cell cancer whose victims have 25%

survival rate (Lindemann et al., 2019).

It has been established that thiosemicarbazone hybrid ligands when coordinated with metal ions
are very effective towards cancer cells. Palladium complexes with chiral thiosemicarbazone
derivatives of camphor (L), (-) carvone and monoterpenoids (+) have proved to be active towards
advanced stages of human laryngeal carcinoma. This suggests that monoterpenoids and other
natural products can be manipulated to form thiosemicarbazone derivatives with very effective
activities (Kokina et al., 2019).
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2.5.3 Thiophene substituted thiosemicarbazones

Thiophenes are five-membered heterocyclics with a general formula CsH4S. Thiophenes are
aromatic and planar just as benzene. However their aromaticity is significant because the lone
pair of electrons are delocalized in the n-system hence the degree of aromaticity is not as much
as that of benzene ring (Valencia et al., 2012). They are liquid at room temperature with quiet
pleasant odor. Polythiophenes like phenylthiophenes and bithiophenes are obtained from
polymerization of respective m-systems using electrochemical methods. The rings can also be
fused together or with other cyclic pi-systems to form substituted thiophenes. Thiophene forms
complexes with transition metals despite exhibiting little sulfide character. They coordinate as
pi-ligands in piano stool complexes like Cr(;°-C4H4S)(CO)s(Heinz and Makuch , 2010).
Thiophenes are naturally available in species like Calderillaacidophilaas secondary metabolites
from biosynthesis. These group of heterocyclics are less hazardous to the environment because
the can be microbially degraded either by sufur oxidizing or sulfate reducing bacteria (Gogoi and
Bezbaruah , 2002).

Wide research on thiophene substitute thiosemicarbazones of N,S donor atoms together with
their transition metals complexes have been of concern for the last 20 years due to structure and
bonding modes. These group of thiosemicarbazones can also coordinate in N, S, S tridentate
fashion depending on the group and the position of the group on thiophene ring. Their interest is
also as a result of ease of condensation with different carbonyls and structural manipulation.
Thiophene substuituted thiosemicarbazones formed from aldehydes coordinate with nickel to

form trans square planar complexes while little is still known on those formed from ketones.

Thiophene derivatives of thiosemicarbazones have been studied to have anticancer activities.
One of the derivatives found to be active on more than nine cancer cell lines even at very low
concentrations is 2-thiophene thiosemicarbazones. However this depends on the alkyl or halide
position on thiophene. When a group is attached at position 3, the activity of the ligand and the
complex is decreased due to decreased coordination ability. When thiophene is substituted to 4-
bromo-phenyl it was found to be active towards human kidney cancer (de Oliveira et al., 2015)
Marques et al. (2019) found that 5- nitro-thiophene thiosemicarbazone displays appreciable
antitumor activities against human chronic myelocytic leukemia, acute lymphoblastic leukemia,

human breast and human lung cancers. When the compound was substituted further with groups
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such as phenyl groups, the activities decreased as opposed to unsubstituted nitrothiophene

thiosemicarbazones with ICso values ranging from 0.5-1.9 pg mL™.

Senet al. (2019) synthesized 2,5-disubstituted thiophene thiosemicarbazone; (2-acetyl-5-chloro-
thiophenethiosemicarbazone with complexes and determined their activity on colorectal
adenocarcinoma tumor cells. Palladium(ll), Nickel(Il) and Cobalt(Il) complexes were found to
be soluble in DMF and DMSO only. Among the complexes prepared Cis-[dichloro(2-acetyl-5-
chloro-thiophenethiosemocarbazonato)] palladium(ll) complex had the highest activity against

adenocarcinmoma cells. Palladium complex was synthesized via Pd(DMSO).Cl> precursor.

2.6Anticancer activities of palladiumcomplexes
Clinical and pharmacological research on antitumor coordination complexes yielded anticancer

agents like cisplatin (2), carboplatin (6) and oxaliplatin (7).

Analog complexes have been developed since the discovery of cisplatin. Rules of structure-
activities have been broken with the establishment of platinum complexes bearing no NH groups
like multinuclear complexes, trans-platinum complexes. This resulted to the discovery of several
classes of other metal complexes includingPd?* complexes. There exists common characteristics
in coordination chemistry of Pt?* and Pd?* complexes and this has made the researchers to show
interest on the study of palladium complexes as anticancer drugs. Palladium complexes are
useful because of their ligand exchange kinetics. Hydrolysis of these complexes is 10° times
faster compared to the platinum analogs. Palladium complexes dissociate very fast in solutions

making then not able to reach most of the pharmacological targets (Abu-Surrah et al., 2008).

For this reason the corresponding complexes like cispalladiumcis{Pd(NHz).Cl>} compared to
CISPLATIN do not exhibit any anticancer activity. This is because of faster ligand exchange
kinetics that compromises the structure before reaching pharmacological target. However, there
are a good number of palladium complexes exhibiting the anticancer properties other than their
corresponding platinum analogues towards the cancer cell lines. As a way to stabilize most of
palladium complexes, bidentate ligands have been used instead of monodentate, one to solve the
nightmare of not reaching the pharmacological target through rapid dissociation in solutions and
two to avoid the cis-transisomerism.Trans-palladium complexes are prepared using very large

monodentate ligands for steric reasons to minimize possibility of cis-trans isomerism for ease of
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separation of desired trans isomer. Most trans isomer shows better antitumor activities compared
to the cis isomer and to some extent they show these activities equal to their platinum analogues.
Pd?*complexes especially with donor ligands (with N, S, O) have proven to be more active than
the ones without these substituents or these atoms on the ligands. The more the donor atoms on
the ligands the more active the complex is. For example palladium(ll) dihalide complexes having
diethyl-2-quinolmethylphosphonate is more active on cancerous cells than monoethyl-2-
quinolmethylphosphonate.Palladium(l1) dihalide complexes with bidentate nitrogen ligands such
as spermidine and spermine have interesting biological activities because of their involvement in
proliferation and cells differentiation in the replication of DNA and stabilization of cell
membrane (Abu-Surrah et al,.2008).

Thiosemicarbazones metal complexes have various biological activities. For this reason, it has
been used in treatment of various diseases for many decades such as leprosy, small pox and
tuberculosis and cell tumor. Their antitumor activities depend on the topology of the cancerous
cells and it is well differentiated. For this reason, these classes of complexes are of interest
because of selectivity. The presence of metal ions in thiocarbazone compounds improves their
activity though it is still challenge because their activities target more than one cell. Currently the
main effects in relation to their antitumor activities includes: reactive oxygen species production,
ribonucleotide reductase inhibition, mitochondria disrupt, topoisomerase 1l inhibition and multi
drug resistance (MDR) protein inhibition. Researchers have found that the anticancer activities
of these complexes is derived from their ability of inhibiting ribonucleotide reductase enzyme
which is necessary for the synthesis of DNA (Pelosi, 2010).

As a result of cyclometallation process during complexation of thiosemicarbazones with Pd?*
metal ion, palladium-thiosemicarbazone complexes have anticancer activities making it suitable
for use as anticancer drug (Quiroga & Ranninger, 2004). For example (E)-N-methyl-2-((H-
chromen-3-yl)methylene)hydrazine-carbothioamide (25) and its palladium complex (26) were
synthesized by Haribabu et al. (2020).
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The anticancer activities were determined against cervical cancer. It was established that
cytotoxic activity of ligand (25) was enhanced after complex (26) formation with
palladium.Single x-ray crystallography revealed that ligand existed in thionetautomer in E-

conformation whereas the complex was found to be in square planar geometry.

Thiosemicarbazones and their palladium complexes have good anticancer activities. The
cytotoxicity activities are enhanced after coordination with palladium(ll) metal ion. The s
substituents on thiosemicarbazone ligands also play a role in enhancement of cytotoxicity. For

instance ligand (27) and complex (28) synthesized by Kokinaet al. (2019) were active towards
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human breast cancer cell line (MCF-7).

S

The complex had enhanced cytotoxic activities compared to free ligand. The substituent -OH had
an influence on cytotoxicity of ligand and the complex which is associated with intra-molecular

H-bonding limiting delocalization of electrons in the molecule.
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The main challenge of thiosemicarbazone complexes of palladium (1) is ability to dissolve in
water and alcoholic solvents. In most cases the complexes dissolve in dimethylsulfoxide
(DMSO) and dimethyl formamide (DMF). This challenge makes it difficult to undertake some
characterization techniques. For instance growing crystals high boiling point solvents like DMF
and DMSO is tedious, making it difficult to obtain X-ray crystallography data (Pahontu et al.,
2013). Other than characterization, inability to dissolve in solvents including water is also a

challenge during biological applications (Barani et al., 2020; Khanye et al., 2011).
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CHAPTER THREE

MATERIALS AND METHODS

3.0 instrumentation

Perkin-Elmer Spectrum 100 series FTIR instrument available at University of the Western Cape
(UWC) was used to record FTIR spectra at a range of 4000-400 cm™ using KBr pellets. UV-Vis
spectroscopy was performed at UWC using Nicolet evolution100 spectrophotometer from
Thermo Electron Corporation at 200-800 nm range, with DMSO used as solvent for complexes
and DCM for ligands. Origin software was used for analysis UV-Vis and FTIR data.

Both 'H and *C NMR spectroscopy were done using Bruker 400 MHz spectrometer available at
UWC. Series 1112 Elemental Analyzer accessible at Stellenbosch University was used to carry
out C,H,N,S elemental analysis. Single crystal X-ray crystallography was done in Rutgers
University, USA, using Bruker Smart CCD APEXII area detector diffractometer.

3.1 Chemicals

All the reagents used were of analytical grade purchased from Sigma Aldrich Company in South
Africa. The reagents purchased other than the solvents were not subjected to purification.
Chemicals used were; 4,4-dimethyl-3-thiosemicarbazide (98%), 5-(5-methylthiophen-2-yl)-
thiophene-2-carboxaldehyde  (97%), glacial  acetic acid  (100%),  5-phenyl-2-
thiophencarboxaldehyde (97%), 4-ethyl-3-thiosemicarbazide (97%), 4-phenyl thiosemicarbazide
(98%), 1,5-cyclooctadien (99%) and palladium(ll) chloride (99%). Solvents used in the reactions
were dried using respective standard dying agents through reflux in nitrogen atmosphere using
standard drying agents. Solvents used were ethanol, dichloromethane, dimethylsulfoxide,
methanol, n-hexane, acetonitrile, acetone and N,N-dimethyl-formamide. Deuterated acetone,
chloroform and dichloromethane were used in Nuclear Magnetic Resonance (NMR) analysis.
The reactions took place under inert nitrogen atmosphere using Schlenk technique. Reagents
which are not commercially available were prepared using established literature methods with
modifications. Synthesis in the inert environment was followed by characterization; FT-IR, UV-
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Vis,'H NMR, ¥C NMR, elemental analysis, and single crystal X-ray crystallography for
ligandL2.

3.2 Synthesis of ligands

3.2.1 (E)-N,N’-dimethyl-2-((5’-methyl-[2,2’-bithiophen]-5-yl)methylene)hydrazine-1-
carbothioamide (L1)

A mass of 0.0850 g (0.6951 mmol) of 4,4-dimethyl-3-thiosemicarbazide was added to a 20 mL
ethanolic solution of equimolar 5-(5-methylthiophen-2-yl)-thiophene-2-carboxaldehyde in
Schlenk tube. Three drops of glacial acetic acid were then added to the mixture to catalyze
condensation reaction. The mixture was refluxed at 60 °C for 6 hours while stirring using
magnetic stirrer bar forming orange solution. The orange product was allowed to cool and dried
under reduced pressure in Schlenk line. Recrystallization wasdoneby dissolving the dried product
by minimum amount of dry dichloromethane and slightly more amount of dry n-hexane; dipped
in liquid nitrogen for 3seconds , allowed to settle for 1 hour undisturbed, decanted then further
dried.

3.2.2 (E)-N-ethyl-2-((5-phenylthiophen-2-yl)methylene)hydrazine-1-carbothioamide (L2)

A mass of 0.2 g (1.041 mmol) of 5-phenyl-2-thiophencarboxaldehyde was added to a Schlenk
tube filled with 10 mL dry ethanol under nitrogen atmosphere and stirred for 3 minutes. An
equimolar solution of 4-ethyl-3-thiosemicarbazide was added to the aldehyde drop-wise while
stirring.Three drops of acetic acid were then added to the mixture to catalyze condensation
reaction. The mixture was refluxed at 60 °C for 6 hours, allowed to cool then dried under
reduced pressure using Schlenk line. The yellow solid formed was purified through
recrystallization. This was done by dissolving it in minimum amount of dichloromethane and
adding a little more n-hexane. The content was cooled in liquid nitrogen for 5 seconds. It was

allowed to settle for one hour, mother liquor decanted then further dried.

3.2.3 (E)-2-((5’methyl)-[2,2’-bithiophen]-5-yl)methylene)-N-phenylhydrazine-1-
carbothioamide (L3)

A mass of 0.1573 g (0.9313 mmol) of 4-phenyl thiosemicarbazide was added to an equimolar 20
mL ethanolic solution of 5-(5-methylthiophen-2-yl)thiophene-2-carboxaldehyde. Three drops of

acetic acid were added to the mixture to catalyze the reaction. The mixture refluxed at 60 °C for
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6 hours, while stirring with magnetic stirrer bar, allowed to cool then dried under reduced
pressure using Schlenk line. The product formed was a yellow solid which was purified through
recrystallization by dissolving it in the minimum amount of dichloromethane and adding a little
more n-hexane, cooled in liquid nitrogen for 5 seconds; allowed to settle for one hour, mother

liquor decanted from the solid then further dried.

3.3 Synthesis ofthiosemicarbazone complexes of palladium

3.3.1 Synthesis of cis-cyclooctadienepalladium(l1) chloride precursor

Synthesis of complexes was done in a two steps reaction. A precursor Pd(cod)Cl», was prepared
by treating a suspension of 1.00g (5.6392 mmol) PdCl> in 30 mLmethanol with 2.1 mL 1,5-
cyclooctadien. The mixture was then refluxed for 48 hours at room temperature under inert

nitrogen atmosphere using Schlenk technique as shown in Scheme 3.1.

' Cl
CeHy, 20 mL ethanol, room temperature \P d/

PdCl, + N
Cl

g
' o
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Scheme 3.1: Synthesis of Pd(cod)Cl>

Solid was formed, filtered and washed with 20 mL dry n-hexane then dried under reduced
pressure. FTIR of the compound was verified with Pd(cod)Cl. from authentic source.

3.3.2 Synthesis of (E)-N,N’-dimethyl-2-((5’-methyl-[2,2’-bithiophen]-5-
yl)methylene)hydrazine-1-carbothioamide palladium(l1)chloride (C1)

A solution of 0.1228 g (0.3968 mmol) of L1 in 10 mL dry dichloromethane was added to a
Schlenk tube containing a suspension of 0.15g (0.4009 mmol) Pd(cod)Cl> in 20 mL1:1
dichloromethane/Et,O solvent mixture. The content was stirred for at room temperature for 12
hours under inert nitrogen atmosphere. Orange precipitate was formed immediately. The orange
solid was filtered, washed with 20 mL dry n-hexane then purified by recrystallization using
dichloromethane/n-hexane system. The product was further dried under reduced pressure using
Schlenk line.
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3.3.3Synthesis of (E)-N-ethyl-2-((5-phenylthiophen-2-yl)methylene)hydrazine-1-
carbothioamide palladium(Il)chloride (C2)

A solution of 0.1148 g (0.3968 mmol) of L2 in 10 mL dry dichloromethane was added to a
Schlenk tube containing a suspension of 0.15 g (0.4009 mmol) Pd(cod)Cl; in 1:1
dichloromethane/Et,O mixture. The content was stirred for at room temperature for 12hours.
Orange precipitate was formed immediately. The orange solid was filtered, washed with
20mLdry hexane then purified by recrystallization using dichloromethane/n-hexane system. The
product was further dried under reduced pressure using Schlenk line.

3.3.4Synthesis of (E)-2-((5’methyl)-[2,2’-bithiophen]-5-yl)methylene)-N-phenylhydrazine-1-
carbothioamide palladium(Il)chloride (C3)

A solution of 0.1419 g (0.3968 mmol) of L3 in 10 mL dry dichloromethane was added to a
Schlenk tube containing a suspension of 0.15 g (0.4009 mmol) Pd(cod)Cl; in 1:1
dichloromethane/Et,O mixture. The content was stirred for at room temperature for 12 hours.
Orange precipitate was formed immediately. The orange solid was filtered, washed with 20 mL
dry n-hexane then purified by recrystallization using dichloromethane/n-hexane system. The

product was further dried under reduced pressure using Schlenk line.
The % yield of ligands and complexes were determined using the formula below;

_ moles of the product
% yield = _ — X 100%
moles of the starting material

3.4 Characterization of ligands and complexes

3.4.1 Melting point
Melting points of both ligands and complexes were carried SMP SMP-10 melting point
apparatus using glass capillaries at University of the Western Cape.

3.4.2 Fourier Transform Infrared spectroscopy

PerkinElmer Spectrum 100 Series FTIR instrument was used to run FTIR spectra between
4000-400 cm ! range using KBr pellets. The blank scan was first obtained by running FTIR of
KBr pellets without samples. The equipment used was available at University of the Western
Cape.
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3.4.3UV-Visible spectroscopy

UV-Vis spectroscopy was carried out at an absorption range of 200-800 nm. Blank DCM
solvent was first scanned to calibrate the instrument. All complexes were dissolved in (DMSO)
while ligands were dissolved in dichloromethane to obtain a concentration of 1.0 X 10°M.
Absorption wavelength of the compounds were observed in UV-Vis spectra generated using
Nicolet evolution 100 spectrophotometer available at University of the Western Cape.

Interpretation of data was done using Origin software.

3.4.4 Nuclear Magnetic Resonance

Both 'H and *C NMR of the compounds were obtained by running them on Bruker 400 MHz
using Tetramethylsilane (TMS) as a reference. Bruker 400 MHz instrument was available at
University of the Western Cape.'H and 3C NMR of Ligand L1 was done using deuterated
chloroform (CDCIs) while Ligands L2 and L3 were done using deuterated acetone (acetone-ds).
Deuterated DMSO (DMSO-ds) was used as NMR solvent for all the complexes. The NMR data
obtained were analyzedusingMestreNova software.

3.4.5 Elemental analysis

Elemental analysis was performed on Server 1112 series Elemental Analyzer available at
Stellenbosch University, South Africa. The obtained C, H, N, and S % obtained were compared
with the calculated % mass of the expected structure of ligands and complexes. The expected
difference between the observed and calculated % mass was £1.0% except for Sulfur atom which

may have wide range due to allotropy.

3.4.6 Single X-ray crystallography

Crystal growth for ligands was done in slow diffusion of n-hexane in dichloromethane. The
ligands were dissolved in minimum amount of dichloromethane enough to dissolve it then three
times volume of n-hexane was added. The mixture was put in the refrigerator for three weeks for
the crystals to grow. Among the ligands, there was a successful growth in L2 which was then
subjected to X-ray crystallography at The State University of Rutgers- USA. The selected
crystals were glued on glass fibers tip. The tip was then mounted in a cold nitrogen stream at
100K and put at the center of X-ray beam by use of a video camera. Bruker SMART CCD Apex-

Il area-detector was used to perform the single X-ray crystallography for the ligand. Refining
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and resolution of the crystal structure were done using SHELXS method(Zhao et al., 2016).

Mercury software was further used to analyze the CIF data.

3.5 Determination of stability
Stability test for ligands and complexes were conducted using *H NMR. The H peaks were

observed at an interval of 6 hours within a period of 3 days.

3.6 Determination of anticancer activities

Anticancer activities of the compounds were determined on HT-29 (colorectal adenocarcinoma),
Hela (cervical), KMST (non-cancer) and Caco-2(colon) human cell lines. Cell lines were
cultured using respective medium for 24hours. The cell lines were incubated at 37°C under 5%
humidified carbon (IV) oxide incubator. Confluency of the cell lines was checked. Seeding of
density 1 x 10° cells/mL in 96-well plate was conducted. The cell lines were incubated for 24
hours at a temperature of 37 °C. The cell lines were treated with varying concentrations; 12.5, 25,
50 and 100 pg/mL in DMSO. After treating the cells with the compound, MTT assay was
conducted by adding to each plate 10 puL of 5ug/mL of MTT (Sigma, USA). MTT reduction was
read using POLARstar omega plate reader at a wavelength of 580 nm.

The 1Cso on each of the cell lines were determined with the help of GraphPad Prism software
version 5 (GraphPad Software, California, USA). The equationbelow was used to determine the
viability of the cell lines as far as MTT assay is concerned.

average absorbance of treated cells

. 1 viability = X 1009
% cell viability average absorbance of control &

Morphological changes of the cells were observed under microscope (EVOS XL Core

microscope; Thermo Fisher Scientific, Germany) at a magnification of 10X.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.0 Thiosemicarbazones ligands
Ligands L1, L2 and L3in Scheme 4.1 were synthesized and the yields were between 73-76%.
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L2 (0.2870g, yield 76%)

Scheme 4.1: Synthesis of thiosemicarbazone ligands

Ligands were then subjected to characterization using Fourier Transform infrared (FTIR), UV-
Visible, CHNS elemental analysis, single crystal X-ray crystallography,'H and *C Nuclear
Magnetic Resonance (NMR) to confirm the structures. Crystals for the ligands were grown under
reduced temperature with slow diffusion of hexane in dichloromethane. L2 was the only ligand

whose crystal grew successfully for single X-ray crystallography studies.

4.2 Physical properties for ligand L1
Ligand L1 was an orange solid (0.2840 g, yield 73%) with a melting point of 185-188°C. It
dissolved in dichloromethane, dimethylsulfoxide (DMSO), dimethylformamide (DMF), acetone,
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acetonitrile and ethanol (on heating). No change on *H NMR spectra over 72 hours when the
ligand was subjected to stability test, conclusion that the ligand was stable in DMSO within 72

hours hence was subjected to anticancer investigation.

4.3 Characterization and structural confirmation of ligand L1

FTIR spectroscopy studies were carried on L1 to confirm the successful formation of azomethine
bond, a characteristic feature of thiosemicarbazones. The appearance of sharp peak at 1543 cm™
showed the successful formation of imine. No peak was observed at 1700 cm™ this indicated the
absence aldehyde used in the reaction. The C=S peak was observed at 924 cm™ while the N-H
3143 cm™. These results is in agreement (Lavericket al., 2021) where stretching frequency for

imine was observed at 1539-1591 cm™. FTIR spectra for L1 is shown if Figure 4.1.
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Figure 4.1:FT-IR spectrum for L1
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UV-Vis absorption spectra for the ligands were obtained in DCM solvents using 1cm micro-
cuvettes between 200-80 nm range at room temperature. All the ligands were soluble in DCM
therefore it was the best choice for use in UV-Vis due to its characteristic solvent cutoff
wavelength (230 nm). This meant minimal interference with UV-Vis spectra of the ligands.
Three absorption wavelengths were observed in ligand L1. These were 300 nm which was as a
result of 1 — ©* transitions, 381 nm n — =* and 45 nm which was attributed to intra-ligand
charge transfer. Lambda maximum was observed at 452 nm. Similar observations were made by

(Nyawade et al., 2021). UV-Vis spectrum is shown in Figure 4.2.
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Figure 4.2: UV-Vis spectrum for L1

Broad peaks were due to unresolved rotational and vibration energies accompanying electronic
excitation energy, between High Occupied Molecular Orbital (HOMO) to Low Unoccupied
Molecular Orbital (LUMO) in smaller molecules (Koseet al., 2018)

NMR for ligand L1 was carried out using deuterated chloroform (CDCIs). Peak was observed at
5 9.8 ppm in *H NMR, this was the chemical shift of N-H proton. No peak was observed around
0 9.0-9.5 ppm indicating the absence of aldehydic proton. Iminic proton was observed at & 8.38
ppm. Peaks observed at 6 6.79 ppm (d), 7.16 ppm (d), 7.36 ppm (d) and 7.38 ppm (d) were due
to bithiophene protons. Thiosemicarbazide methyl protons were observed at 6 2.2ppm while

those for bithiophene were observed at & 2.50 ppm.This'H NMR data agrees with the literature
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data reported by (Sibuh et al., 2021) and (Islam et al., 2021). The upfield frequency shift is as a
result of less electronegativity effect of N compared to O in the aldehyde.*3C NMR displayed no
peak at 6 190-200 ppm. This is an indication that there was no aldehyde carbon present in the
product. The highest shift was observed at 6 183.0 ppm which was as a result of C=S. The imine
carbon was observed at 6 148.0 ppm. Bithiophen carbons were seen at 6 132.0, 124.7, 125.2,
126.7, 140.5, 134.4, 140.2 and 136.9 ppm. Similar results were reported by (El-Atawy et al.,
2019). Correlations between proto and carbon atoms were established by two-dimension NMR;
Distortionless enhancement by polarization transfer (DEPT), homonuclear correlation
spectroscopy (COSY) and Heteronuclear Multiple Bond Correlation (HMBC). NMR spectra are

available in the appendices section.

The structure L1 of the ligand was further confirmed by elemental analysis. The observe data
was in agreement with the calculated ones within acceptable margin. Elemental analysis gave:
N, 13.81%; C, 51.27%; H, 4.18%; S, 31.14% while calculated was: N, 13.58%; C, 50.46%; H,

4.89%; S, 31.08%. Elemental analysis result also indicated that the prepared ligand was pure.

L1

4.4 Physical properties for ligand L2

Ligand L2 was a yellow solid, (0.2850 g, yield 73%), with a melting point of 176-178°C. It was
soluble in DCM, DMSO, DMF, acetone and acetonitrile. No change on *H NMR spectra over 72
hours when the ligand was subjected to stability test, conclusion that the ligand was stable in
DMSO within 72 hours hence was subjected to anticancer investigation.

4.5 Characterization Structural confirmation of ligand L2

FTIR study was conducted for ligand L2 to confirmed successful completion of condensation
reaction. This was also conducted to ascertain successful synthesis of Schiff base ligand through
formation of imine and disappearance of aldehyde stretching frequency band. No peak was
observed around 1700 cm™ suggesting that aldehyde was consumed in the reaction. Imine

stretching frequency was seen at 1534 cm™. N-H bands were observed between 3360-3130 cm"
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tand C=S at 1087 cm™. These stretching frequency values agree with literature according

to(Islam et al., 2021). FTIR spectrum for ligand L2 is available in the appendices section.

UV-Visible spectra for ligand L2 displayed two absorption peaks. Peaks at 268 nm and 375 nm
were as a result of 1 — n* and n — x* electronic transitions with Lambda maximum observed at

375nm.This is in agreement as per Mbuguaet al. (2020).

Both 'H and ¥C NMR for ligand L2 were conducted using deuterated acetone (acetone-ds).
Imine proton was observed at & 7.94 ppm while N-NH proton at 9.53 ppm. There was no peak
around 6 9.0-9.2 ppm suggesting the absence of starter aldehyde in the product. Aromatic peaks
were observed at & 7.33 ppm (t), 7.40 ppm (t) and 7.62 ppm (d). Thiophene protons were
observed at & 7.22 ppm (d) and 7.26 ppm (d). Methylene and methyl proton peaks were seen at &
3.76 ppm (m) and 1.32 ppm (t) respectively as shown in Figure 4.3.

10

13

Figure 4.3: 'H NMR spectra for L2
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13C NMR displayed a peak at & 207.0 ppm, this was the deuterated acetone carbon peak. Imine
carbon was observed at 6 136.7 ppm while C=S was seen at 6 176.8 ppm. Aromatic carbon peaks
were seen at 6 126.0 ppm, 128.5 ppm, 129.1 ppm and 133.6 ppm. Thiophene carbon peaks were
seen at & 123.6 ppm, 131.8 ppm, 137.0 ppm and 147.3 ppm. Methyl and methylene carbon peaks
were seen at & 39.5 ppm and 15.0 ppm respectively.*C NMR spectra for ligand L2 is shown in
the Figure4.4 below.
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Figure 4.4: 3C NMR spectrum for ligand L2

DEPT spectra in Figure 4.5 also revealed that only one —CH; was present further confirming the

structure of the ligand.
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Data from 2D NMR assisted in confirming the structure. The data

Figure 4.5: DEPT spectra for L2

correlation of protons to carbons as shown in Table 4.1.

Table 4. 1: 1D and 2D NMR data for L2

obtained showed

Position | $3C DEPT-135 Proton COoSsY HMBC
1 207 C(Solvent)

2 176.8 C

3 137 C

4 136.7 CH 7.94 6,4,3

5 133.6 C

6 131.8 CH 7.22 10,3,4,12
7 129.1 CH 7.4 9 9,75

8 128.5 CH 7.33 9

9 126 CH 7.62 7 9,8,12
10 123.6 CH 7.26 6,3,12
11 39.5 CH; 3.76 13 13,2
12 147.3 C

13 15 CHs 1.32 11 11

14 9.46 4,2
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The structural purity of L2 was confirmed by elemental analysis data between the observed and
the calculated. There was minimum discrepancy between the calculated and the observed values
confirming was the write structure. Elemental analysis gave; N, 14.47; C, 57.91; H, 5.16; S,
21.63; while calculated was; N, 14.52; C, 58.10; H, 5.22; S, 22.16. Structure was the confirmed

structure for ligand L2.

L2

Among the ligands, L2 was successfully grown in slow diffusion of hexane in DCM under
reduced temperatures. From the single X-ray crystallography, ligand L2 belongs to monoclinic
crystal class and a P 21/c space group. There are four molecules in a unit cell with dimensions

and angles as shown in Table 2.

Table 4.2: Single-Crystal Data and Structure Refinement Parameters for L2

Compound L2
Formula C14H15N3S:

Space group P21/c

Cell lengths a=7.9785(4), b=5.6579(3), c=31.3640(14)

Cell angles a =90, f=92.380(3), y=90

Cell volume 141,46

7.7 7=4,7°=0

b

Temperature 100K

The four molecules are held up together with various interactions network. These are
intermolecular hydrogen bonding; N(2)-H(2) S(2); Van de Waals forces C(14)-H(14B) S(2),
C(13)-H(13B) C12 and C(10)-H(10) C3 and N(2) S(2); and « hydrogen interactions C(10)-H(10)
C2. All these interactions lead to a formation of three-dimension lattice as shown in Figure 4.6.
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Figure 4.6: Crystal structure for L2

The values of tortion angles of thiosemicarbazone fragments 173.5(1) and 176.7 (1) for S(2)-
C(12)-N(2)-N(1) and N(2)-N(1)-C(1)-C(2) respectively suggests that there is likelihood of
intramolecular hydrogen bonding in N(3)-H(3) N(1) though not observed in the crystal structure.

Thiophene fragment of the ligand has tortion angles of 0.1(2) and 0.5(2) for S(1)-C(5)-C(4) and
S(1)-C(2)-C(3)-C(4) respectively. The tortion of the planes confirms the planarity of the

thiophene ring. This is shown in Figure 4.7below.
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Figure 4.7: Tortion angles in thiophene and intramolecular H-bonding

Tortion angles of benzene ring fall between -0.58 to 0.8°. This confirms the planarity of benzene
ring. Bond angle for N(1)-N(2)-H(2) was found to be 120.24° suggesting that N(2) and N(1) are
sp? hybridized, hence successful formation of imine. The clear indication on the existence of the
imine bond is also evident in the difference in C(1)-N(1) and C(2)-N(12) bond length which are
1.291A and 1.363A respectively. From the crystal structure, the ligand possesses an E-
configuration in reference to the C=N bond. The C=S bond length (1.691A) suggests that the
ligand exists in thioamido form as reported in literature(Mathews et al., 2020).Measurements for
the other bondlengths, bond angles and torsion angles are summarized in Table 4.3.

46



Table 4.1: Geometric parameters for ligand L2

Bond distances(A)

Bond angles(degrees)

C(1)-N(1) 1.291

C(1)-N(1)-N(2) 116.13

N(1)-N(2) 1.375

N(1)-N(2)-C(12) 118.72

N(2)-C(12) 1.363

C(12)-N(3)-C(13) 125.20

C(12)-N(3) 1.321

N(2)-C(12)-N(3) 116.58

C(12)-S(2) 1.691

N(2)-C(12)-S(2) 119.61

N(3)-C(13) 1.462

N(3)-C(12)-S(2) 123.8

Tortons angle (degrees)
C(1)-N(1)-N(2)-C(12) 176.67
N(1)-N(2)-C(12)-S(2) 173.53
N(1)-N(2)-C(12)-N(3) 7.57
N(2)-C(12)-N(3)-C(13 178.34
S(1)-C(2)-C(3)-C(4) 0.53
S(1)-C(5)-C(4)-C(3) 0.1
N(2)-N(1)-C(1)-C(2) -175.73
C(6)-C(7)-C(8)-C(9) -0.3
C(6)-C(11)-C(10)-C(9) 0.7

4.6 Physical properties for ligand L3

Ligand L3 was a yellow solid, (0.2870 g, yield 76%), with a melting point of 198-201°C. It was
soluble in DCM, DMSO, DMF, acetone and acetonitrile. No change on *H NMR spectra over 72
hours when the ligand was subjected to stability test, conclusion that the ligand was stable in
DMSO within 72 hours hence was subjected to anticancer investigation.

4.7 Characterization andstructural confirmation of ligand L3

FTIR studies were conducted on L3 proved that Schiff base was successfully synthesized. No
peak was observed around 1700 cmsuggesting that the starter aldehyde was not present in the
end product. Imine peak was observed at 1579 cm™. N-H stretching frequency bands were seen
at 3254 cm™ and 3384 cm™.C=S stretching frequency was observed at 997 cm™. These FTIR
data agree with literature values according to Arshia et al.(2021). The FTIR spectra for ligand L3

is available in appendices section.

UV-Vis spectrum for L3 showed two bands at 277 nm, 307and 398 nm due to t — n*, n —» n*

and intraligand charge transfer transitions respectively with Lambda maximum of 398nm. Close
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values have been reported by (Kumar & Nath, 2019). The UV-Vis spectrum is available in the

appendices section.

Both *H and ¥C NMR for ligand L3 were conducted using deuterated acetone (acetone-d).
Imine proton was observed at 3 9.70 ppm. There was no peak around 6 9.00-9.20 ppm suggesting
the absence aldehyde. N-NH peak was seen at & 10.70 ppm and C-NH seen at & 8.38 ppm.
Aromatic protons were observed at & 7.19 ppm, 7.36 ppm and 7.75 ppm. Bithiophe protons were
observed at 6 7.38 ppm, 7.37 ppm, 6.79 ppm and 7.16 ppm; Thiophene methyl group at 2.49
ppm. Spectrum from ¥C NMR showed imine carbon at § 137.4ppm. C=S carbon peak was
observed at 6 176.4 ppm. Bithiophen carbons were seen at 6 132.0, 124.7, 125.2, 126.7, 140.5,
134.4, 140.2 and 136.9 ppm. Aromatic carbon peaks seen at 6 123.4 ppm, 124.4 ppm and 128.2
ppm; Thiophene methyl group at & 14.4 ppm. These data agree with literature according to Garg
et al.(2013). 2D NMR was also conducted to elucidate the structure of L3. It is observed that
chemical shift for iminic proton and iminic carbon was more downfield in L3 than L1 and L2.
The higher chemical shift is attributed to anisotropic affect by phenyl group of the amine end and
electronegative effect of the bithiophene group. Resonance effect was negligible to chemical
shift due to difference in the sizes of pi-orbitals of S and C in thiophene ring (Lee et al., 2002).
Both $3C and 1H NMR are available at the appendices section.

Elemental analysis data for L3 was close to calculated. This was done to prove the structural
purity of ligand L3. Elemental analysis gave; N, 11.42; C, 56.48; H, 4.24; S, 25.67%; while
calculated was; N, 11.75; C, 57.11; H, 4.23; S, 26.90 %.

4.8. Palladium (11) thiosemicarbazone complexes
Preparation of palladium(ll)complexes synthesized by first preparing precursor Pd(cod)Cl;; a
yellow solid yield 0f97.69% (1.5730 g) as shown in Scheme 3.1.
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FT-IR spectra of the prepared yellow Pd(cod)Cl> was compared to a sample of Pd(cod)Cl. from
the authentic source (Sigma-Aldrich) as shown in Figure 4.8 and Figure 4.9 respectively and

there was similarity.
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Figure 4.8: FTIR spectra of prepared Pd(cod)Cl
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Figure 4.9: FTIR spectra of Pd(cod)Cl. from the authentic source.

Pd(cod)ClI, of 0.4009mmol was reacted with equimolar solutions of ligands L1, L2 and L3 in
Schlenk tube for 24 hours at room temperature (Motswainyanaet al., 2012). The Scheme 4.1 for
reaction is shown below for preparation of complex C2. Complexes C1 and C3 all prepared

using the same procedure.
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Scheme 4.2: Synthesis of the complexes

The complexes were all powder with high yields and orange in color. The orange color was
observed immediately after solutions of the ligands in DCM were added to the suspension of
Pd(cod)Cl, in DCM/Et20. They were soluble in DMSO and DMF. They were all characterized
using UV-Vis, NMR, elemental analysis and FT-IR.

4.9 Physical properties for complex C1
Complex C1 was an orange solid with a melting point of 271-273 °C. It was soluble in DMSO
and DMF. No change on *H NMR spectra over 72 hours when the complex was subjected to
stability test, conclusion that the ligand was stable in DMSO within 72 hours hence was

subjected to anticancer investigation.
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4.10 Characterization and structural confirmation of complex C1

Fourier Transform infrared spectroscopy studies were carried out using KBr pellets to confirm
successful coordination of ligandL1 to palladium metal. Significant change in C=N, N-H and
C=S stretching frequencies were observed. Imine band for complex Clwas observed 1517 cm™.
This bathochromic from 1543 cm™of free ligand to 1517 cm™ after coordination indicated the L1
coordinated to Pd(Il) metal via azomethine-nitrogen bathochromic shift was also witnessed in
thiocarbonyl bond from 924 cm™ of free ligand to 908 cm™ of complex. This suggests that the
ligand coordinated to the metal via thiocarbonyl sulfur as well. Decrease in bond frequency with
the disappearance of N-H peak suggested that the ligand coordinated to the metal in thiolate form
after deprotonation of N-H proton. Similar observations were made by (Prabhu&Ramesh, 2013).

FTIR spectrum for C1 is shown in Figure 4.10 bellow.
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Figure 4.10: FTIR spectra for complex C1

UV-Vis for complexes Clwas conducted in DMSO as a solvent at room temperature using 1cm
quartz micro-cuvettes. The UV-Vis was scanned at a range of 200-800 nm. Complexes C1
displayed one absorption band at 427 nm as shown in Figure 4.11. The absorption bands were
due to ligand to metal charge transfer (LMCT), a confirmation of coordination through S—M
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bond. The absorption energy is higher than that of free ligand due to the presence of metal’s
nuclear charge that draws electrons density from 7 system reducing the n-n" energy gap for UV —

Vis absorption energy (Dkharr et al., 2020).
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Figure 4.11: UV-Vis spectrum for complex C1

H NMR study of the complex was done to confirm their successful synthesis. The studies were
compared with their respective ligands to establish any change in regard to chemical shift
positions of the protons. NMR for prepared complex C1 was done using deuterated dimethyl
sulfoxide (DMSO-ds) solvent at room temperature. Tetramethyl silane (TMS) was used as
internal standard. Downfield shift was witnessed in aminic proton from & 8.38ppm of free ligand
L1 to 8.53 ppm suggesting that the ligand coordinated via azomethine nitrogen. Downfield
chemical shift is due to donation of z-electrons from azomethine to empty d-orbitals of the matal
hence deshielding azomethine proton. N-H proton peak was conspicuously missing in complex
C1 NMR spectrum suggesting possible deprotonation hence the ligand coordinated in in thiol
form.Similar observation is also reported by (Haribabu etal., 2020). Figure 4.12 shows *H NMR
spectrum for C1.
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Figure 4.12: *H NMR spectrum for complex C1

C, H, N and S elemental analysis was conducted to ascertain the structure and purity of complex
C1. There was very little discrepancy between the % weight of element observed and the
calculated: Elemental analysis observed Elemental analysis observed; N, 8.50, C, 30.66; H, 2.93;
S, 15.96; Calculated; N, 8.65; C, 32.14; H, 2.91; S, 19.80. Elemental analysis result also

suggested that the ligand coordinated to the metal in a bidentate fashion.
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4.11 Physical properties for complex C2

Complex C2 was an orange solid with a melting point of 260-263 °C. It was soluble in DMSO
and DMF. No change on *H NMR spectra over 72 hours when the complex was subjected to
stability test, conclusion that the ligand was stable in DMSO within 72 hours hence was

subjected to anticancer investigation.
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4.12 Characterization and structural confirmation of complex C2

The FTIR stretching frequencies in C2 was compared to the free ligand L2 to establish how the
ligand coordinated to palladium(ll) metal. Hypsochromic shift was witnessed in azomethine
stretching frequency from 1534 cm™ of free ligand L2 to 1581 cm™of C2. Stretching frequency
of thiocarbonyl also decreased from 1087 cm™ of free ligand to 1066 cm™ of the complex. These
indicate that ligand L2 coordinated to the metal in N,S fashion. Thioamide N-H stretching peak
missing in the FTIR spectra for the complex suggesting that L2 coordinated to the metal in
thiolate form after deprotonation. Similar results have been reported in literature by (Mbugua et
al., 2020; Muralisankar et al., 2017;Rebolledo et al., 2005). FTIR spectrum for complex C2 is

available in the appendices section.

Complex C2 displayed one absorption peak 448nm in UV-Vis.This was as a result of ligand to
metal charge transfer, a confirmation of coordination through thiocarbonyl sulfur (S—M). The
absorption energy is higher than that of free ligand due to the presence of metal’s nuclear charge
that draws electrons density from 7 system reducing the n-n~ energy gap. The absorption bands
were due to ligand to metal charge transfer (LMCT) as suggested in the literature by Dkhar r et

al. (2020).UV-Vis spectrum for complex C2 is available in the appendices section.

!H NMR studies for the complex was done using deuterated DMSO (DMSO-ds) at room
temperature. Chemical shifts of protons of interest were compared with those of free ligand L2 to
confirm the mode of coordination. Downfield shift was witnessed in azomethine proton from
68.38ppm of free ligand L2 to 8.49ppm in C2suggesting that coordination took place via
azomethine N. According to Al- Fregi, (2015), the downfield shift is as a result to donation of ©
electrons from azomethine group to the metal’s d-orbital. This transfer of electron electrons
reduces the electron density of azomethine hence de-shielding azomethine proton. Thioamide N-
H proton peak was missing in C2'H NMR peak suggesting possible deprotonation hence L2
coordinated to the metal in thiolate form. Similar observation made by (Haribabu, Srividya, et

al., 2020)."H NMR NMR spectrum for C2 is available in the appendices section.

C, H, N, S elemental analysis was carried out on C2 to confirm the structure and purity. There
was acceptable difference between the observed % weight values and calculated. Elemental
analysis observed; N, 9.45; C, 39.67; H, 3.33; S, 12.18; Calculated; N, 9.02; C, 38.11; H, 3.03; S,
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13.77. The elemental analysis results suggested that ligand coordinated to the metal in a

bidentate fashion.
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4.13 Physical properties for complex C3

Complex C3 was an orange solid with a melting point of 278-281°C. It was soluble in DMSO
and DMF. No change on *H NMR spectra over 72 hours when the complex was subjected to
stability test, conclusion that the ligand was stable in DMSO within 72 hours hence was

subjected to anticancer investigation.

4.14 Characterization and structural confirmation of complex C3

The FTIR frequency shift positions for C3 were compared to those of free ligand L3ascertain
successful complexation. Notable changes were observed in azomethine (C=N), thiocarbonyl
(C=S) and azomethine frequencies. Bathochromic shift was noted in azomethine stretching
frequency from 1579 cm™ of free ligand to 1557 cm™ of C3 suggesting that coordination took
place via azomethine-N. Bathochromic shift could to decreass HOMO—LUMO energy gap
caused by the presence of the Pd (II) metal. Thiocarbonyl frequency shifted from 997 cm™ of
free ligand to 910 cm™. Disappearance of C=S band suggested coordination took place via
thiocarbonyl S. Absence of thioamide N-H band inC3 FTIR spectrum is a clear indication that
L3 coordinated to the metal in thiolate form after deprotonation. FTIR data indicates that the L3
coordinated to Pd(Il) in N,S fashion. Similar observations were made by (Arancibiaet al., 2015).

FTIR spectrum for C3 is available in the appendices section.

UV-Vis spectra of C3 showed two absorption peaks at 312 nm and 425 nm. 312 nm was due to ©
— 7* while 425 nm due to ligand to metal charge transfer (LMCT) transitions with a Labda
maximum observed at 425 nm. LMCT transition is a confirmation of coordination through

thiocarbonyl sulfur (S—M). The presence of the metal reduced the HOMO-LUMO energy gap

56



for transition of m-electrons hence increase in ©1 — ©* transitions wavelength from 307 nm (L3)

to 312 nm (C3). The observations were verified in literature according to (Bakir et al., 2017).

'H for complex C3 was done using deuterated DMSO (DMSO-ds). Tetramethyl silane (TMS)
was used as internal standard.!H NMR was carried out at room temperature chemical shift
positions of azomethine and thioamide protons were compared to those of free ligand L3.
Azomethine proton was deshielded after complex formation resulting to a downfield shift from
9.70 ppm of L3 to 9.82 ppm of C3. This suggests that coordination took place via imine-N. The
donation of pi-electrons from the Schiff base deshielded the proton reduces the electron density
around azomethine proton hence downfield shift. Disappearance of thioamide N-H proton peak
after coordination in all the complexes was observed suggesting that the ligand coordinated with
palladium metal in a monobasic manner after enolization process. The 'H NMR data also proves
that the ligand coordinated to the metal in N,S fashion. Similar observations were made by
(Nyawade et al., 2020). *H NMR spectrum for C3 is available in the appendices section.

C, H, N and S elemental analysis studies were conducted to ascertain the structure and the purity
of complex C3. The % mass observed had acceptable variations from calculated. Elemental
analysis observed was N, 8.09; C, 40.68; H, 2.90; S, 17.40 %; while calculated; N, 8.07; C,
40.89; H, 2.83; S, 19.26 %. The data suggests that the complex was pure. From the data it was
deduced that the ligand coordinated to the metal in a tridentate fashion. Thiophene-S donated =-
electrons from the aromatic system displacing one chloro from the metal. Similar observations
were made by (Nyawadeet al., 2021).

C3
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4.15 Cytotoxicity studies

Anticancer activities of both the ligands and the corresponding palladium(ll) complexes were
screened against human Caco-2(colorectal adenocarcinoma), HelLa (cervical), HT-29 (colon) and
KMST(non-cancer) cell lines. Cisplatin was used as a positive control in the cytotoxicity studies
to induce cell mortality. These cell lines were treated with range of concentrations of each
compound (6.25, 12.5, 25, 50, 100 pug/mL) for a period of 24 hours. The viability of the cells was
then examined via MTT assay and expressed as % cell viability. The degree of cytotoxicity of
the compounds varied with the concentrations and type of the cell line. In many instances the

compounds were more active at a concentration of 100 pg/mL.

All the cell lines showed high susceptibility to ligand L1 compared to all the other compounds
including cisplatin. Ligands L2 and L3 demonstrated low degree of toxicity to all cell lines since
the viability of the cells were >47 in all the concentrations as shown in figure 14. Anticancer
activities of the ligands were enhanced after complexing with palladium(Il). The complexes
displayed higher toxicity compared to their respective ligands except for L1 whose activity was
higher than that of C1. The positive charge on the central metal increases the acidity of the
coordinated ligand protons leading to formation of strong hydrogen bonds with DNA, preventing
further replication. (EI-Tabl et al., 2015). For instance, L1vs C1 in cell line were HeLa (0 vs
23%), Caco-2 (2 vs13%), HT-29 (0 vs 23%) and KMST (12.4 vs 57%) at 100

pg/mLconcentrations as shown in figure 4.13.
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Figure 4.13: Viability of HeLa cell line to compounds

The complexes exhibited relatively high mortality in all the cell lines in comparison with
cisplatin. C3 showed impressive selectivity features since it was highly lethal to cancer cell lines
and less lethal to non-cancer KMST cells (ICs0>100 pg/mL). C1 and C2 were lethal to all cancer
cell lines including KMST at 100 pg/mL as shown in Figure 4.14.
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Figure 4.14: Response of KMST cell line to treatment

59



Colon cancer cells (HT-29) and colorectal adenocarcinoma cells (Caco-2) demonstrated high
level of susceptibility to C2 at 100 pg/mL concentration than all the other compounds as shown
in Figures4.15 and 4.16 respectively. At 100 pg/mL, the viability of HT-29 cells was 8.8% while
its corresponding ligand L2 with the highest viability of 63.8%. High level of susceptibility was
also witnessed in Caco-2 with cell viability of 16.1% and 75.1 upon treatment with 100ug/mL of
C2 and L2 respectively.

110

100

90
_ 80 ——11
£ 70 =12
® 60
L —A—13
= 50
O 40 C1
N

30 —%—C2

20 —o—C3

10

0 T T T T ) Cis

0 6.25 12.5 25 50 100
pg/mL

Figure 4.2: Response of colon cancer (HT-29) upon treatment
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Figure 4.16: Response of Caco-2 upon treatment

50% cell proliferation inhibition concentration (ICso) of all the compounds were estimated using

Graph Pad prism version 5 software. 1Cso of all the compounds are shown in Table 4.4.

Table 4.2: 1Cso values (ug/mL) of compounds

Caco-2 HT-29 HelLa KMST

L1 6.814 6.449 0.2619 10.79
L2 >100 >100 0.10 >100
L3 >100 >100 >100 >100
C1 66.67 54.26 47.56 >100
C2 73.06 61.6 59.52 57

C3 84.32 49.1 0.73 >100
Cisplatin 48.83 35.5 0.11 100
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The values revealed that more than 100ug/mL of L3 was required to inhibit 50% cell
proliferation of in all the cells. L2 in all the cells except for HeLa cells whose 1Csg was estimated
to be 0.10 pg/mL. L1 showed high inhibition of cell proliferation in all the cells in the order of
KMST< Caco-2 < HT-29 < HelLa.

HeLa cells displayed relatively high susceptibility upon treatment with all the prepared
complexes in the order of C3 > C1 > C2 with ICspof 0.73, 47.56 and 59.52 pg/mL respectively.
All the complexes had selective cytotoxicity except for L1 and C2 which were had an effect on
KMST cell line. It was noted the absence or the presence of one of the coordinated chlorides in
tridentate and bidentate complex might or might have not had an influence on the cytotoxicity of
complexes. C1 and C2 had two chloro ligands while C3 had one chloro. C3 had good inhibition
and also selective (from ICsp values) than C2, C3 andcisplatin. Cell viability of KMST was
76.8% when treated with C3 and 51.1% when treated with cisplatin at 100 pg/mL. This further
confirms C3 was more selective than cisplatin. The difference in the inhibitory activities in C1
and C2 can be associated with the number of sulfur atoms in the compounds since C1 has three

sufur atoms while C2 has two(Sobiesiaket al., 2014).
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.0 Conclusion

Research objectives of this work were met. A total of three new thiosemicarbazone ligands were
synthesized. Structural confirmation of ligands was achieved using *H and *CNMR, UV-Vis,
FTIR, single x-ray crystallography and elemental analysis. Infrared spectroscopy for ligands
showed expected vibration peaks for N-H (2900-3300 cm™), C=S (900-1100 cm™) and C=N
(1500-1590 cm™). 1D and 2D NMR were used to confirm the chemical shift position of carbons
and protons and C-H correlation as well. Single x-ray crystallography confirmed that ligand L2
had E conformation in thione form. Elemental analysis further confirmed the purity of
synthesized ligands since there was minimum discrepancy between calculated and observed %

weight values.

Palladium(ll) complexes of ligands L1, L2 and L3 were successfully synthesized under inert
nitrogen atmosphere. Complexes were characterized by FTIR confirming successful coordination
of ligands to palladium(Il) metal through the bathochromic and hypsochromic shifts of N-H and
C=N, confirming coordination took place through azomethine-N and thiocarbonyl-S. Absence of
thioamide N-H vibration band was a clear indication of coordination after deprotonation in
thiolate form. UV-Vis results showed successful coordination of ligands to metal by displaying
ligand to metal charge transfer transition (LMCT) around 400nm. The'H and 3 CNMR data were
used to confirm structure of ligands and coordination of ligands to metals. Downfield chemical
shift of azomethine proton after coordination indicated successful bonding to metal.
Disappearance of thioamide N-H proton in H NMR spectra confirmed that the ligand
coordinated in thiolate tautomer. Molecular structure of L2 was confirmed by single-crystal X-
ray crystallography which showed that the ligand had E conformation. The synthesized ligands
were did not dissolve in water and alcoholic organic solvents Pd(I1) complexes with bulky
ligands were stabile during their biological application.. Data from elemental analysis confirmed

that complexes were pure. The data was also used toestablishedthatligandsL.1 and
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L2coordinatedto palladium metal in a bidentate fashion, (N S fashion) while L3coordinated in a
SNS tridentate fashion.

Other than L1 and inhibition of L2 in HeLa cells (ICs0=0.1ug/mL), the ligands did not inhibit the
cells compared to their corresponding complexes. Caco-2 cell lines displayed high inhibition to
the compounds except L1 (based on I1Csg values). All the cell lines showed high susceptibility to
L1 than any other prepared compound. However L1 was not selective since it inhibited the
growth of KMST cells.Cisplatin and C1 had had best anticancer activities but with poor
selectivity. C3 was selective compared to cisplatin. KMST cell viabilities were 76.8% and
51.1%upon treatment with cisplatin and C3 (100 pg/mL). Activity of C3is associated bulky
bithiophene and phenyl rings attached on the ligand.The 1Cso values also confirms that C3 was

selective compared to cisplatin and other complexes.

5.1 Recommendations

Thiosemicarbazone ligands and their respective palladium(ll) complexes were successfully
synthesized and characterized using analytical and spectroscopic techniques. Their anticancer
activities were determined in four cell lines. However, the following recommendations were

made:

1) More research should be carried out on other Platinum Group Metals (PGM) complexes of the
newly synthesizedligands. Their biological activities especially anticancer activities should be

carried out.

2) Anticancer activities of the prepared novel ligands and their palladium (I1) complexes should

be investigated on other cancer cell lines.

3) Further research on in vivo activities should be conducted on the synthesized ligands and

complexes.
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