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ABSTRACT

The objective of the work was to come up with stable metal complexes with bulky ligands
coordinated to the metal center and test them in anticancer studies. Literature reports that bulky
ligands and trans geometry for palladium and platinum complexes may produce compounds with
enhanced anticancer activity but this has not yet been studied.

Palladium and platinum metal centers were chosen for this work due to their prominence and in-
depth literature reports on their use in similar anticancer studies. The similarities in the bonding
profiles of the +2 oxidation states for these d8 ions produces 16-electron low spin complexes with
similar square planar geometry to the well-known commercially available anticancer drugs which
allows their anticancer activity to be compared. However, the differences in their d-orbital energies,
ligand substitution kinetics and effective nuclear charge affords interesting contrasts in the resulting
compounds.

In this regard, a series of eleven new Palladium(Il) and Platinum(II) complexes from four pyrrole-
based ligands and four thiosemicarbazide-based ligands; have been synthesized, characterized, and
their electronic properties, DNA binding modes and anti-cancer properties studied. The synthesis
for all the compounds was performed under mild conditions; reflux in absolute methanol for the
ligands and room temperature for the complexes.

Inert procedures were employed in the synthesis and isolation followed by characterization by FTIR,
'"H and *C NMR, UV-vis, cyclic voltammetry and elemental analysis in addition to x-ray
crystallography for 4 ligands and 1 platinum complex. The complexes were found to be of square
planar geometry. Yields for the pyrrole-based ligands ranged from 80%- 95% while the
thiosemicarbazide ligands yields ranged from 54%-68%. The yields for the complexes ranged from
42%- 98%. These yields were on average lower compared to those of the ligands and were attributed
to the steric shielding of the bulky ligands to the metal center making coordination to the metal
challenging.

The cyclic voltammograms for the palladium complexes showed irreversible reduction peaks at -
0.57V, -1.47 V and -1.7V vs Ag/AgCl which corresponded to the Pd(II)>Pd(I) and Pd(I)>Pd(0)
reduction processes. The platinum complexes showed peaks around — 0.5 V corresponding to H*
reduction to H> occurring at -0.41V at pH 7 vs Ag/AgCl. The molar conductivities ranged from 4.0-
8.8uS/cm suggesting neutrality. Solubility studies were carried out by studying their partition
coefficients. This gave a range of logP values ranging between 0.6- 1.9927 indicating a more than
20times partitioning for most of the compounds in oil layer compared to the water layer. This
indicated the lipophilic nature for these complexes.

Stability study measurements were performed using '"H NMR in DMSO-ds after adding 200ul of
D;0 over a 72h period. Proton scans were conducted at 6h intervals to monitor any changes in peaks.
The lack of shift in peaks or any other change in spectra over the test period indicted that the
compounds were stable in solution, and therefore could be analysed for bioassay

DNA-binding kinetics were studied by spectroscopy using calf thymus DNA. The complexes were
found to bind to DNA through intercalative mode and to induce apoptosis, where one of the platinum
complexes showed the highest binding constant of 8.049 x 10* M!. The compounds showed
comparable DNA-binding profiles to some of the available well-known intercalators indicating they
can be important candidates in the line of potential DNA intercalators for further work.
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The anti-cancer cytotoxicity and apoptosis for the complexes was performed in vitro, using human
colon, Human Cervical, Human Hepatocellular Carcinoma, breast cancer, human prostate and non-
cancer human breast cells, where their activity was correlated with their corresponding structures.
The metal center, electronic and steric effects of the different ligands around the metal center
effected different rates of ligand substitution, which reflected on the observed cytotoxicity profiles.

This was most notable for two of the palladium complexes, which differed by a -Br in position 5 of
thiophene ring of one of them. This caused a remarkable increase in cell viability, from 11% - 48%
in cervical cancer cells, and 28% - 78% in prostate cancer cells, a difference of 37% and 50%.

One of the platinum complexes also showed remarkable therapeutic potential as it selectively killed
all the cancer cells and not the normal breast cells, and an ICso of 0.2685 £+ 0.0054uM against
Hepatocellular cell lines, compared to 0.3 uM for the commercially available cis-platin. The
selectivity for this particular complex was attributed to its preferential accumulation into cancerous
cells since the cells are known to have high levels of sulphur-containing bioligands which afford the
preferred soft-soft bonding interactions for platinum. This suggests that it can be a viable candidate
for further research as a possible anticancer agent and requires further in vivo tests.
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CHAPTER 1

INTRODUCTION
1.1 Platinum Group Chemistry: General Background
The elements from second and third triads of group VIIIB (groups 8, 9 and 10) viz. ruthenium,
rhodium, palladium, osmium, iridium and platinum are collectively known as the platinum metals

since they are found together in platinum bearing minerals (Peng et al., 2017).

The electronic arrangements of the components are Ru (4d” 5s'); Rh (4d® 5s'); Pd (4d'%); Os (5d°
6s2); Ir (5d7 6s2) and Pt (5d° 6s'). All the six components have nearly equivalent nuclear size, which
partly explains the similarities behind chemical characteristics (Lazarevi€ ef al., 2017). General
similarities are seen in their having high ionization potentials and high positive standard electrode
potentials for M?*/M couples (Safarzadeh et al., 2018). Notwithstanding, the wide varieties in the
science of platinum metals emerge due to variable qualities of the distinctive oxidation states and
stereochemistry (Sawama et al., 2018). The normal oxidation states are: Ru, +3 and +4, Rh, +3; Ir,
+4 and +3; Pd, +4 and +2; Pt, +4 and +2 (X. Wang, Van Bokhoven, et al., 2020).

There is likewise the natural propensity of the 4d" and 5d" configurations to match their spins
(Liberka et al., 2020). All these lead to diamagnetic low spin arrangement of platinum metals. Other
than forming the standard sigma-bonding with regular ligands like H»>O, halides, nitrogen and
sulphur donor ligands, they likewise readily form a broad spectrum of pi-bonded structures (Shadap
et al., 2020). The transition elements have an unparalleled tendency to form coordination compounds
with Lewis bases, that is with groups which are able to donate an electron pair. These groups are

called ligands. A ligand may be a neutral molecule such as NH3, or an ion such as CI" or CN".

The reason transition elements are good at forming complexes is that they have small, highly charged
ions and have vacant or partially filled low energy d-orbitals to accept lone pairs of electrons donated
by other groups or ligands (Dezhi Wang, Liu, Wang, ef al., 2018). Some metal ions form their most
stable complexes with ligands in which the donor atoms are N, O or F. Such metal ions include
Group 1 and 2 elements, the first half of the transition elements, the lanthanides and actinides, and

the p-block elements (Gichumbi & Friedrich, 2018).

These metals are called class-a acceptors, and correspond to 'hard' acids. In contrast the metals Rh,

Ir, Pd, Pt, Ag, Au and Hg form their most stable complexes with the heavier elements of Groups V,



VI and VII. These metals are called class-b acceptors, and correspond to 'soft' acids (Mohite et al.,
2017). The principle of hard or soft is attributed to the rigidity of the electron cloud surrounding a
particular element. A tightly held electron cloud have low polarizability and this makes the element
to be classified as hard. Elements with easily polarizable electron cloud are classified as “soft”.
Preferred interactions are soft-soft or hard-hard whereby soft metals prefers coordinating to soft

donors and vice versa.

The rest of the transition metals, and the heaviest elements in the p-block, form complexes with

both types of donors, and are thus 'intermediate' in nature (Nicholls, 2017).

1.1.1 Chemistry of Ruthenium

(Atomic symbol, Ru; Atomic number, 44; Atomic weight, 101.1; Electronic configuration [Kr]
4d’5s"). Ruthenium's capacity to adopt a broad range of oxidation modes (from -2 to +8) and spatial
configurations offer special catalytic possibilities and has proven to be valuable for a number of
single-electron transfer applications (Hayashi et al., 2020; Medina & Pinter, 2020). The element's
most stable oxidation state is +2 and +3. Both of the oxidation states are chemically inert, although

+3 state is more inert to a greater degree.

Because of their low ligand substitution kinetics resembling those of the processes that take place
inside the cells, together with the metal's capacity to imitate iron in coordinating to particular
biological ligands, ruthenium complexes are ideal for use in biological tests (Kanaoujiya et al., 2020;
Turan & Buldurun, 2018). One of the important qualities is that the redox ranges of Ru(II), Ru(III)
and Ru(IV) are attainable under biochemical environments, with reductants such as glutathione and
ascorbate able to reduce Ru(III) and Ru(IV) and Ru(Il) oxidation easily caused by molecular oxygen
or cytochrome oxidase (R. F. Lee et al., 2017).

Ruthenium red, a cytological stain with the formula [(NH3)sRu-O-Ru(NH3)s-O-Ru(NH3)s]%* was
the first ruthenium complex to be used in biology (Trondl et al., 2014). Ever since, several medicinal
properties of ruthenium have been uncovered which include antimalarial, antimicrobial, and anti-

tumor properties (Kanaoujiya et al., 2020; Smitten et al., 2020; Turan & Buldurun, 2018).

Organometallic ruthenium compounds are most widespread in lower oxidation states and include
ligands varying from arenes, allyls, and cyclopentadienyls to carbonyl, nitrido, and cyano groupings

(P. Kumar et al., 2014). They occur as mono-or bis-arene complexes, typically both in zero or + 2



oxidation state (P. Kumar et al., 2014). Mono-arene compounds of ruthenium (II) are classified as'

half-sandwich' complexes with a quasi-octahedral 'piano-stool' shape.

As a consequence of the importance in this category of compounds as chemotherapy candidates,
detailed research into the impact of differing arene and X, Y, and Z groups on the characteristics of
the compounds demonstrates the degree to which exchange rates, configurations, electrochemical
behaviour solution chemistry, and biochemistry rely on the ligands. The solution chemistry of Ru
compounds is generally reliant on the ligands concerned and are significant in terms of tuning the

compounds for medical applications (Sar1 et al., 2020).

Ru(II) mono-arene complexes containing three non-equivalent ligands are chiral with a metal
stereogenic center (Rao et al., 2013). This finds use in practical applications as non-symmetric
catalysts for a wide spectrum of applications, namely hydrogenation of alkenes, Diels-Alder
processes and metathesis of alkenes (Castarlenas et al., 2005). Bis-arene Ru(II) sandwich structure
of the form shown in the Figure 1 below, may be synthesized from the right chloride-bridged dimer,
[ (n%-arene) MCL]» (M= Ru), by reacting with silver salt in acetone (to eliminate bonded chloride

molecules) providing a mono-arene acetone precursor (Mukherjee, 2015).

Figure 1 The general chemical structure of a metal bis-arene complex (M = Ru).

Mono-arene complexes of ruthenium featuring bioactive molecules are most commonly known for
amino acids and peptides where metal interaction is through functional c-bonded donor groups
(Ramadevi ef al., 2017). Bis-arene complexes are less popular and notably, no pharmacologically
active ligand complexes of Ru(IlII) bis-arenes are documented (Mukherjee, 2015). Nonetheless there
have been a number of examples of ruthenium, notably compounds of both the essential amino acid
phenylalanine and dopamine complexes (Wolff & Sheldrick, 1997), a neurochemical essential in

controlling several internal pathways as indicated in the Figure 2 below.
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Figure 2 The chemical structures of [(n°-p-cymene) Ru(n’-phenylalanine)]*" (a) and [(n°-p-
cymene) Ru(n®-H-dopamine)]** (b).

1.1.2 Osmium

(Atomic symbol Os, Atomic number 76, Atomic weight 190.2 g mol-1, Electronic configuration

[Xe]4f'*5d%6s?),

Transition elements in the third row are typically more inert compared to the second and first row,
and in accordance with this, osmium is less reactive compared to ruthenium, with reported ligand
exchange rates of about 105 times less (Mukherjee, 2015). Osmium appears in a broader range of
oxidation conditions compared to ruthenium (-2 to + 8 vs 0 to +8). Osmium is quite comparable in
size to ruthenium owing to the lanthanide contraction, but because of its location in the third row,
the outer 5d orbital shells are more de-shielded and therefore prone to the electronic influence of
complexing ligands. the large percentage of Osmium complexes are octahedral and low spin in

nature (Q.-Q. Su et al., 2020).

Reported pharmaceutical uses for osmium compounds are rare because they are not usually
considered clinically important and can be extremely toxic in some forms (Meier-Menches et al.,
2018). Nonetheless, there are few reports of osmium compounds which have been utilized in the
treatment of rheumatoid arthritis in animals and some neutral complexes of Os (III) and Os (IV)
have been documented as agents with anticancer activity (Novakova et al., 2003). Furthermore, there
are reports on osmium compounds showing trypanocidal activity against Trypanosoma brucei

(Velasquez et al., 2016).



1.1.3 Rhodium

(Atomic symbol Rh, Atomic number 45, Atomic weight g mol™! 102.90550, Electronic configuration
[Kr] 4d®5s").

Among the platinum metal group triad, rhodium finds the most varied applications owing to its
various characteristics. For one, it is stable in air and moisture by up to 600°C and remains unchanged
by a range of corrosives (Pu et al., 2018). Rhodium is mainly used as an alloy component with
platinum. A 10 per cent rhodium-platinum alloy is used among other things, in thermocouples and
in the oxidation of ammonia (Lauster & Stegmaier, 2011). Motor vehicle exhaust catalytic
converters utilize a rhodium-platinum alloy for the reduction of NOx gases (Fernandez, 2017).
Rhodium is also used in dental alloys where a small quantity is mixed with indium or ruthenium to

create a fine-grained coating (Shirakawa et al., 2017).

The most common oxidation states for rhodium are +1 and +3. The 1 and 0 oxidation states exist
mostly in carbonyls including clusters and nitrosyls, the +2 states mostly in carboxylates, and the
+4, +5 and +6 states principally as fluorides. Rhodium (I) is a d® structure and just like platinum,
occurs mainly as square planar geometry, but some five-coordinate geometries are known to exist

(Fuchigami et al., 2017).

The square planar geometry is widely utilized in catalytic functions, because the metal center can
coordinate with extra ligands along the dz* direction and increase its coordination number. In the
+3-oxidation state with ds electron configuration, the configuration of rhodium is octahedral. The
UV-Vis spectra of rhodium (III) compounds shows two absorption bands towards the blue end of
the scale, though in many situations just the first spin enabled ligand-field absorption (!Ti;=> 'Ajg)
is detected, as the second band is most often hidden by the CT transitions (Yang et al., 2018).

Nitrogen donor from diimine ligands forming rhodium (III) octahedral compounds are of importance
based on their ability to undergo two-electron redox processes which involves ligand detachment
culminating in the formation of square planar structures of rhodium(I). This shift in coordination
number from six to four frees coordination sites to bind substrates for catalysis. This has been used

to perform the electrocatalytic production of methanol form carbon monoxide (Kang et al., 2017).

Moreover, these complexes are of importance as they have been applied in the photochemical

reduction of water to hydrogen (Kataoka et al., 2010). Other useful complexes of rhodium (II) are



the tris-diimines and tris-dithiolates. The former displays a ligand-based n-n* emissions at 77 K in

frozen solution media but no emissions are exhibited at room temperature (Amarante et al., 2005).

The coordination profiles of rhodium complexes with bio-ligands has attracted interest in recent
years. An example is the binding profiles of Rhodium (IT) acetate [Rh2(O>CCH3)4] (Figure 3 below),
which is an anticancer complex, to plasmid DNA (Vekariya et al., 2019).
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Figure 3 Structure of [Rh2(O2CCH3)4]. L= axial ligand; R= carbon chain of carboxylate groups.

1.1.4 Iridium

Atomic symbol Ir, Atomic number 77, Atomic weight g mol! 192.22, Electronic configuration [Xe]

4£14 547 6s2).

In organometallic and coordination complexes of iridium, the typical oxidation states are +1 and +3,
while higher oxidation state complexes i.e.+ 4 and+ 5 are uncommon. The +3 oxidation state results
in a [ Xe] 5d° electronic arrangement. A d° electron arrangement for a 2™ or 3™ row metal ion is
typically low-spin, indicating a pairing of electrons, resulting in diamagnetic compounds that are
kinetically inactive (Nicholls, 2017). Ir(IV) and Ir(V) complexes are believed to be important
intermediaries in the activation of the carbon-hydrogen bonds (Ryabov, 1990; Young et al., 2007).
The strong reactivity of the higher valency Iridium complexes and their reduced stability mostly

hinder their isolation and characterization (Sharninghausen et al., 2016; Shih & Ozerov, 2017).

Among the lower oxidation states organo-iridium complexes which harbours Ir—C bonds is the well-

known Vaska's compound, IrCI(CO)[P(CsHs)3]2, (1 below) which is used in oxidation reactions.



Vaska's compound is a 16-electron complex, and is "coordinatively unsaturated", therefore it can
coordinate to one two-electron or two one-electron ligands through oxidative addition process to
attain a stable 18-electron configuration (M.-D. Su & Chu, 2001). In these reactions, both the
coordination number and oxidation state of the metal increase by two, as does the electron count.

Typical reactions with the Vaska’s compound are illustrated by Scheme 1 below.
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Scheme 1 Reactions with the Vaska’s compound

In some of the cases, the incoming molecule is attached without breaking up the integrity of the

molecule concerned (e.g. Oz, SO).

In other cases, the concerted addition is followed by breaking up of the original molecule (e.g. Ha,
Cl2) (Scheme 2):
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Scheme 2 Addition of Hydrogen to Vaska’s Compound

The addition of methyl iodide proceeds by a Sn2 reaction with the slow step involving a five-

coordinate cationic species (Scheme 3).
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Scheme 3 addition of methyl iodide to Vaska’s compound proceeds by a SN type reaction

The changes are accompanied by a shift in the position of the CO stretching frequency in the IR
spectrum. The shift occurs because bonding in carbonyl compounds involves both CO-to-metal o-
donation and metal-to-ligand m-backbonding, where electron density goes from filled metal d-

orbitals into empty & antibonding ligand orbitals as shown in Figure 4 below.
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Figure 4 pi-backbonding in carbonyls

As the oxidation state of iridium increases, there are fewer d electrons available for backbonding,
thus the CO bond becomes stronger and the value of vco increases. So when one molecule of CO

adds to form [IrCl(CO)2(PPh3):], the compound is still Ir(I) and the average CO stretching frequency
8



is hardly changed, but when one molecule of Cl; in the form of two chloro (Cl-) ligands is added
forming the Ir(III) compound [IrCl3(CO)(PPhs):], there is a shift in vco of over 100 cm™ (Durango-
Garcia et al., 2016; Huber et al., 2012; Rausch & Moser, 1974).

1.1.5 Palladium

Despite the fact that palladium can exist in various diverse oxidation states, important organic
synthesis strategies are mainly achieved by the utilization of Pd (0) and Pd(II) oxidation states (P.
B. White ef al., 2016), in spite of the fact that the utility of Pd (IV) has been relentlessly developing
in its very own right (Canty ef al., 2015). There are generally scarcely any known complexes with
palladium exclusively in the +3-oxidation state, however such complexes have been proposed as

intermediates in numerous palladium-catalyzed cross-coupling reactions (Ghotbinejad ef al., 2014).

In 2002, palladium (VI) was first revealed (Aullon ef al., 2002). The observed stability of the even-
numbered oxidation states (e.g., 0, +2, +4) can be justified by the low propensity of palladium to
undergo one-electron transfer processes as opposed to a two-electron redox process (Camasso et al.,
2017). Processes like cross-coupling reactions and olefin hydrogenation are normally common to
the Pd(0) state (L. Li et al., 2015), while other reactions, for example, liquor oxidation and cyclo-

isomerization can be accomplished utilizing Pd(Il) (Hamasaki et al., 2016).

Generally, Palladium prefers low oxidation states. The pioneering stable organopalladium
complexes with this +4 stable oxidation state, Pd(IV)(CsFs),Clo(L-L) (L-L = bidentate ligands),
were synthesized in 1975; at which time, alkylpalladium (IV) species were likewise synthesized
(Murahashi & Kurosawa, 2002). Nonetheless, an organopalladium compound with a formal
oxidation state surpassing +4 has never been isolated. It has been proposed that the highly
electronegative fluorine ligands supposedly can produce +5 and +6 oxidation states in inorganic Pd

complexes, but such species are not stable and have not been well characterized (Ibafiez et al., 2014).

Reactions of elemental palladium with chlorine affords Palladium(II) chloride; it dissolves in nitric
acid and precipitates Palladium(II) acetate upon addition of acetic acid. These two complexes and
the palladium bromide are inexpensive, reacts easily and are readily available making them
important precursors in palladium reactions. The chloride and bromide generally should be refluxed

in acetonitrile to get the more reactive acetonitrile complex monomers.

Palladium(II) chloride is the chief precursor material for some other palladium catalysts. It is utilized

to get ready heterogeneous palladium catalysts: palladium on barium sulfate, palladium on carbon,

9



and palladium chloride on carbon. It reacts with triphenylphosphine to give bis(triphenylphosphine)
Palladium(II) dichloride, which is a useful catalyst. The other major palladium (0) compound,
(Pdx(dba)s), is produced by the reduction of sodium tetrachloropalladate in presence of
dibenzylidene acetone (Crabtree, 2009). Pd(cod)Clz is produced easily by the reaction of PdCl, with

1,5-cyclooctadiene under mild conditions.

The group of reactions wherein palladium complexes are used as catalysts are in general referred to
as palladium-catalyzed coupling reactions. These includes the Heck coupling reaction (chemical
reaction of an unsaturated halide with an alkene in the presence of a base and a palladium catalyst
to form a substituted alkene) (Mpungose et al., 2018), Suzuki coupling reaction (an organic reaction,
classified as a cross-coupling reaction, where the coupling partners are a boronic acid and an
organohalide catalyzed by a palladium complex) (Wolfson & Levy-Ontman, 2020) and Stille
coupling reaction (palladium-catalyzed coupling reactions involving the coupling of two organic

groups, one of which is carried as an organotin compound.

A variety of organic electrophiles provides the other coupling partner) (Lautens & Sanichar, 2020).
Palladium(II) acetate, (Pd(PPhs)s, Pd>(dba)s), Pd(cod)Cl, are valuable in this respect, either as

catalysts or as starter precursors.

1.1.6 Platinum

Both +2 and +4 oxidation states in case of platinum are numerous and comprise of earlier as well as
recent research in platinum chemistry. Platinum has a strong tendency to form square planar
complexes. The kinetically inert Platinum(Il) compounds have prompted their broad use in
investigations of geometrical isomerism and reaction pathways. In the divalent state, platinum shows
the class-b character for preference of CN- and ligands with nitrogen donor atoms instead of oxygen

or fluorine (Aguilera & Carolina, 2017; Henderson, 1986).

The organometallic chemistry of platinum metal is rich and diverse especially the ones that include
unsaturated hydrocarbons which are the most common. Cis-diamminedichloroplatinum(Il), or
cisplatin, is an effective antitumor agent that has been utilized in cancer therapy from as early as
1978 (Kelland, 2007). The success with this simple coordination complex gave rise to the second-
generation platinum drugs carboplatin and oxaliplatin. These three Platinum(II) drugs are known to
work by a common reaction mechanism; that is, aquation of the leaving moieties (S. Ahmad, 2017);

chloride for cisplatin and carboxylate and oxalate for carboplatin and oxaliplatin, produces reactive
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cis diammineplatinum cations, which bind promptly with the purine nucleobases in DNA

(Shtemenko et al., 2015).

These interactions and structural modifications in DNA instigated by platinum complexes trigger
different cell reactions that consequently lead to apoptosis (Todd & Lippard, 2010). Despite the
clinical effectiveness of these products, the intravenous administration requirement and related long-
term harmful side effects impair patient health. Platinum anticancer compounds in the 4+ state of
oxidation have indicated great potential both for oral ingestion and for systemic toxicity reduction

(M. D. Hall et al., 2007).

The most important feature in mitigating the adverse effects of cisplatin has been the advancement

of analogs, i.e. the quest for cisplatin structural analogs that meet one or all of the following criteria:

1. New selectivity advancement, including a broader activity range than cisplatin and, in
general, show reactivity towards cisplatin-resistant tumours.
ii.  Enhancement of the curative index, i.e., a greater clinical efficacy to minimize toxic effects,
with activity-range at least within the same spectrum as cisplatin.
iii.  Improvements in biochemical characteristics, like those of solubility, which might lead to

improvements in administration.

Due to their low-spin d° electronic structure, the enhanced stability of these complexes results in
their longevity in the gastrointestinal tract's acidic environment prior to assimilation into the
bloodstream (Hofer et al., 2017). They work by a process identical to that of first- and second-
generation Platinum(II) analogs, but an activation stage involving the reduction from platinum (I'V)

to Platinum(II), must take place prior to aquation and DNA binding.

Together with their kinetically stable profiles, the presence of two extra binding locations that can
be changed to modify their pharmacological characteristics is also a beneficial feature of the
platinum (IV) compounds compared to their Platinum(II) equivalents (Bai et al., 2017). By changing
the two axial moieties (Scheme 4), one can change the platinum (IV) complex's electrochemical
characteristics and hydrophobicity = (Mukherjee, 2015), keeping the DNA-binding
cisdiammineplatinum unit unaltered. In addition, the axial coordinating regions function as receptor
locations for other bioactive molecules that may have synergetic effects with platinum treatment

(Reithofer et al., 2008).
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A further benefit is the capability to attach platinum (IV) compounds to different nanodelivery
systems through the axial groups for improved cellular absorption and selectivity (Almotairy et al.,
2017; Wilson & Lippard, 2011). Most recently examined platinum compounds (IV or II) carry either
chloro, hydroxo, or axial carboxylate ligands (Johnstone & Lippard, 2013). Developing new

synthesis techniques to reach the platinum ion manifold will extend the scope of structures with new

properties.
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Scheme 4 Activation step of cis-platin formation.

Due to their promising chemical properties, the focus in dinuclear platinum (III) compounds is
growing steadily. These consists of a single metal-metal bond that is supported by two or four
connecting groups (Vezzu et al., 2014). Connecting ligands normally form five-member rings
consisting of two platinum centers and a collection of three atoms creating an effective bite (Scheme
5), e.g. NCO (such as pyrimidine nucleotides), NCS, NCN, SCS, OXO (X=C, S, P) or PXP (X= 0,
C) (Cornacchia et al., 2009; Wilson & Lippard, 2012).

] (NO3), (NO3),

PhICI, or Br,
DMF

'

Scheme 5 Nitrate salts of halide-capped platinum (IV) dimers.

Platinum's organometallic chemistry has been investigated in depth. It has significant historical
importance and has offered a framework for understanding numerous catalytic pathways (Canovese
et al., 2016). Platinum(II) or platinum (IV) ligand displacement reactions are slower compared to

their analogous palladium compounds (Rudakov & Shul'pin, 2015).
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The ligand transfer properties of Pt complexes are generally determined by the nature of the leaving
ligand but the properties of the non-leaving moieties also affect the reactivity of complexes. Steric
bulk crowding and hydrogen-bonding potential of the ligands are essential determinants in their
efficacy (F. Liu et al., 2015). The amines can serve as hydrogen donor to the O-6 atom of a guanine
and to a 5' phosphate group 1n DNA, thereby giving stable Pt-Guanine bonds. These relationships
are essential for the thermodynamics (by stabilizing the Platinum- 2'-deoxy[5'-phosphate-guanylyl-
(3'-5")-phosphate-guanosine] (Pt-d(pGpG)) adduct) as well as for the kinetics of the reaction (by

moving the Pt compound to the N7 of guanine).

1.2 Cancer
Cancer is the second leading cause of death globally, with an estimated 1 in 6 deaths, and is

responsible for an estimated 9.6 million deaths in 2018 (Ferlay et al, 2019). It is estimated that
approximately 70% of all deaths are cancer-related and occur in low and middle-income countries
(Ferlay ef al., 2019). The economic impact of cancer is significant and is increasing with a total
annual economic cost of cancer in 2010 estimated at approximately US$ 1.16 trillion. Only 1 in 5
low- and middle-income countries have the necessary data to drive cancer policy (Ferlay et al.,

2019).

Cancer is a classification of infections where a collection of cells suffers from unrestrained growth,
with invasion and damage to neighbouring tissues, sometimes spreading to other sites in the body
via lymph or blood (Bhunchu & Rojsitthisak, 2014). Most cancers form tumours but some, like
leukaemia, do not. The disease is now recognized worldwide as one of the principal non-

communicable diseases (Naanyu et al., 2015).

Locally in Kenya, cancer positions at the third place as the cause of demise second to infectious and
cardiovascular diseases. It causes 7 percent of entire nationwide mortality per year. More than 60
percent of the affected population are people under the age of seventy years. The risk of getting
cancer in Kenya prior to age 75 years is estimated at 14% whereas the risk of one dying from the

disease is estimated to be 12% (Topazian ef al., 2016).

The most practiced efforts to combat cancer include surgery, chemotherapy using chemical drugs,
and radiotherapy using electromagnetic radiation like x-rays to kill cancerous cells. New strategies
like gene therapy are still being developed where genes from donors are inserted into the DNA of a

patient to boost recognition of cancerous cells by the body’s disease-fighting mechanisms. Some of
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the most successful chemotherapeutic drugs include those derived from metals like platinum,

ruthenium, titanium and palladium, among others.

1.3 Organometallic Complexes in Cancer Therapy: Targeting DNA
Organometallic pharmaceuticals are part of coordination complexes. Bio organometallics is an area
that integrates the use of organometallic compounds in physiological useful roles that includes bio
imaging, bio-sensors, bio probes, and catalysis in physiologically relevant processes, synthesis in
biological processes, immunoassays, and as direct drug compounds or diagnostic mediators

(Alderden et al., 2006; Zaki et al., 2019).

Examples of coordination complexes currently in use for cancer treatment include cisplatin (2),
carboplatin (3), oxaliplatin (4), Ruthenium and Osmium ‘piano-stool’ arene complexes (5) and

ruthenium azopyridine complexes (6).
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Of these, cisplatin is the most effective and most widely used, and therefore, most research work
into cancer therapy uses cisplatin as a reference. On the other hand, trans platin which is the
geometrical isomer to cisplatin is not antitumor active (Goodsell, 2006; Najjar et al., 2017). The
reason behind this can be explained in terms of trans effect which is the labilizing influence a

coordinated ligand has on a ligand(s) diagonally opposite to it in a metal complex. Trans platin
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hydrolyses approximately 4 times faster compared to cisplatin due to the greater ¢rans influence of
-Cl ligands compared to -NH3 ligands. Its reaction with ammonia is reported to be about 30 times
quicker, and after incubating it for 4h using red blood cells, it’s found to complex with about 70%

of glutathione, while for cis platin the complexation is only about 35% (Alderden ef al., 2006).

The other reason associated with the dissimilar profiles in the activity of the two coordination
isomers is the mode of binding to DNA. Trans platin does not produce 1,2-intrastrand DNA adducts
and, the 1,3-intrastrand and 1,2-interstrand adducts produced by trams platin are repaired more
readily (Nafisi & Norouzi, 2009; Yuanyuan Wang et al., 2017). Organometallic compounds play
key roles as antitumor agents, by the induction of apoptosis, a physiological programmed cell death
(Gao et al., 2017). In apoptosis, the cellular processes recognize defective DNA in cells and these
cells are targeted for elimination by the body. Inorganic metal compounds damage cancer cells by

processes facilitated by the initiation of numerous signal transduction mechanisms.

These inhibit DNA replication and repair, thereby inducing apoptosis (Desoize & Madoulet, 2002).
The drug, therefore, does not ‘kill’ the cells by necrosis (toxicity) but by simply damaging the cell’s
DNA, making that particular cell to be targeted for elimination. This is the preferred mechanism for

antitumor drugs since DNA replication is vital to the progression of cancer.

They affect mitosis, and therefore they are quite effective on fast-dividing cells such as tumor cells.
Moreover, other fast-dividing cells like the ones responsible for hair growth, in the replacement of

the intestinal lining, or in the manufacture of white blood cells get affected too (Jordan, 2003).

However, most promising antitumor complexes like cisplatin still face the challenges of bio-
availability due to low solubility (Karimian & Aghajani, 2019; Scalbert & Williamson, 2000). They
also exhibit dose-dependent cytotoxicity since high amounts are used in a bid to reach target tumor
cells. Their hydrophobicity is due to the absence of leaving groups or free electrons, and the presence
of benzene rings which are highly hydrophobic. This makes their solubility in physiological media
and distribution in the body challenging. One approach to address this problem is to derivatize these
compounds with groups which conder solubility like -COOH or synthesize them as their metal salts.

Another approach is to encapsulate the compounds into soluble matrices like cyclodextrins.

Metal-containing complexes offer exceptional flexibility in pharmaceutical chemistry due to diverse
building units from which they can be fashioned, the variety of available interactions, ligand

exchange kinetics during bonding with biomolecules, and due to their reduction-oxidation
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characteristics (Burmakina et al., 2017; Vessieres et al., 2005). The discovery of the antitumor
properties of the coordination metal complex cisplatin by Rosenberg and his co-workers stirred up

awareness in medicinal metal complexes (Rosenberg et al., 1965).

This discovery came along with clearer understanding of how to control new kinds of metal bonding,
enabling the discovery of a wide variety of novel complexes (E. Wong & Giandomenico, 1999). In
cisplatin, chloride ligands (ions) are displaced from the complex and they diffuse inside the cell
permitting the complex to cross-link with 1,2-°‘G-G’ and 1,2-°‘A-G’ intra strand guanosine or

adenosine groups of DNA strands.

As shown in Scheme 6 below, the anti-cancer characteristics of cis-platin are accredited to the
kinetics of its chloride ligand disarticulation reactions which lead to DNA cross-linking triggering
DNA twisting and thereby disturbing DNA replication, transcription and other nuclear roles, and
thereby checking cancer cell spread and tumor progress (Zhou et al., 2018). Intra-strand cross-links
to guanine-guanine (G-G) and to adenine-guanine (A-G) are the most common types in cisplatin-
damaged DNA. Due to this reaction on the DNA, CDDP is strongly mutagenic and carcinogenic,

both under in-vitro and in-vivo study experiments (Ballestreri ef al., 2018).
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Scheme 6 Cisplatin aquation and DNA adduct formation on guanidine residues

The main disadvantages of organometallic compounds when considering their formulation are poor

hydro solubility and hydrolytic instability, where the compounds are either insoluble or decomposes
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in physiological media (Jurgens et al., 2018). Solutions to these problems come from synthetically
modifying the structure or finding new formulations with enhanced pharmacokinetic and

pharmacodynamic properties.

This suggests the need to stabilize them through coordination to a strongly binding nitrogen donor
and appropriate labile ligands (Conrad et al., 2005). It has been found that when the leaving group
consists of a relatively non-labile ligand, the compound can retain its structural integrity in

physiological media for enough time to perform significant roles in vivo (Conrad et al., 2005).

Most anticancer drugs have utilized either palladium or platinum in various oxidation states.
Palladium and platinum metral centers were chosen for this work due to their prominence and wide
literature reports on their use in similar anticancer studies. The similarities in the bonding profiles
of the +2 oxidation states for these d8 ions produces 16-electron low spin complexes with similar
square planar geometry. However, the differences in their d-orbital energies, ligand substitution

kinetics and effective nuclear charge affords interesting contrasts in the resulting compounds.

The +2 oxidation states for these square planar geometry produces complexes which are stable in
solution and therefore suitable for physiological tests. The vacant orbital sites along the d.° direction
provides sites for binding to bioligands leading to the desired pharmacological response. The
structures formed are also of the same square planar geometry to the common anticancer drug,

cisplatin, making their biochemical characteristics to be compared and contrasted.

The nitrogen donor ligands were chosen since they are known to stabilize the +2 oxidation states for
the d8 Pd and Pt ions. The sulphur-donor ligands are also believed to confer selectivity to cancerous
cells thereby reducing undesired side effects. The ligands chosen in this work had bulky groups
which are known to shield the metal center from attack by bioligands, to an extent of controlling the
ligand substitution and reactivity of these compounds. The bulky ligands also will mostly confer a
trans geometry for the resulting complexes which would allow them to be compared with the cis

counterparts.

The ligands were synthesized by refluxing a solution of pyrrole-2-carbaldehyde and the
corresponding primary amine in 30mL dry methanol. The various ligands provided a wide variety
of donor/ acceptor and steric properties which allowed for comparative studies on the effects of the

ligands themselves and on the 10Dq splitting of the crystal filed of the metal centers.
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Although the Schiff base ligands are reported in literature for C-C coupling reactions (Layek et al.,
2017), their use in Pt or Pd complexes in anticancer studies has been limitedly studied particularly,
the pyrrole based Schiff bases. In this regard, the ligands and their corresponding Pd (II) and Pt (IT)
complexes were synthesized and characterized followed by investigation of their DNA binding and

anticancer activities.

The motivation behind this study was two-fold. Firstly, these complexes have square planar
geometry analogous to the common anticancer drug, cisplatin, but bearing sterically bulky
substituents around the metal center. This is a strategy reported in literature for prevention of axial
approach to the metal atom from the z>-direction thus hindering the formation of a trigonal bipyramid

intermediate, which leads to ligand substitution (Janssen-Miiller et al., 2017b).

In this way, the sterically bulky groups shield the labile ligands therefore reducing the rate of
hydrolysis and substitution long enough for the complexes to bind to the desired target. Secondly,
the trans-geometry complexes have not been widely explored as anticancer agents despite literature
reports that they could exhibit cytotoxicity equivalent to or greater than that of cisplatin (Gaspari et

al.,2017; Popova et al., 2017; B. Zhang et al., 2017).

The complexes were synthesized under inert conditions at room temperature. Inert conditions were
maintained during extraction and purification steps. The synthetic schemes were chosen since they
appear in literature as standard methodology for this type of reactions.

1.4 Statement of the Problem
Activity problems in metal complexes emanating from challenges of stability, solubility and
reactivity in terms of binding to DNA still remain a major challenge in anticancer drug development
and therefore, seeking for new biologically active compounds for cancerous cells still remain an

urgent requirement.

1.5 Aims and Objectives
1.5.1 Objectives of the Study

The Objectives of the Study was to synthesize Pd(I) and Pt(II) complexes with promising DNA

binding profiles and study their anticancer activity.
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1.5.2 Specific Objectives
The specific objectives were:
i.  Synthesize pyrrole and thiosemicarbazide Schiff base ligands.
ii.  Synthesize Pd(II) and Pt(Il) complexes starting with the ligands synthesized in (i) above.
iii.  Determine the DNA binding modes for the complexes.

iv.  Evaluate the complexes in vitro anticancer activities.

1.6 Justification of the Study
Cancer is a major cause of deaths both locally and globally, contributing to disease and economic

burden across the globe. Chemotherapy is a major approach used for fighting the disease due to the
efficacy of the Pd(II) and Pt(II) complexes to various cancers. However, resistance and undesired
side effects plague these therapeutic compounds and therefore coming up with effective compounds
remains an active area for research. Studies on Palladium(II) compounds as non-platinum drugs have
reported antitumor properties similar to cisplatin, while exhibiting less nephrotoxicity (Qin et al.,
2018). Derivatizing the pyrrole backbone using diverse pharmacophores has resulted in compounds

with enhanced biological activities.

Effective cytotoxicity against breast cancer cell lines (MCF-7), normal breast cells (MCF-10A) and
HT-29 colon cancer cell lines using a series of pyrrole-based complexes coupled with ferrocene has
been reported (Pérez ef al., 2015). On the other hand, thiosemicarbazone ligands act as remarkably
flexible multidentate ligands with ability to coordinate with many transition metals in various ways
through covalent or dative type bonding (Selvamurugan et al., 2017), where, as anticancer agents,
the activity is shown to substantially increase for the complexed product as compared to the free
ligand, and also, the undesirable cytotoxicity as side effects have been shown to be minimized in the

complexes (Biswas et al., 2017).

In line with the Millennium Development Goals (MDG’s) and with Kenya’s agenda four on
affordable and better health care, this work aimed at contributing to research and development
especially in the area of cancer drug development to address the gaps in effective compounds. Some
of the Schiff base ligands in this study are reported in literature for C—C coupling reactions
(Z. Chen et al., 2012), but yet to be investigated in anticancer drug studies.
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CHAPTER 2

LITERATURE REVIEW
2.1 Metal-Based Complexes

Metal-containing complexes (Werner and Organometallics) offer exceptional flexibility due to
diverse building blocks from which they are fashioned. These include the variety of available
interactions, ligand exchange kinetics arising from electronic and steric factors and trans effect/
influence, and reduction-oxidation characteristics (Denny & Darensbourg, 2016). They offer
economically relevant applications in various fields like chemosensors (7) (Odhiambo et al., 2018),
as therapeutic agents (8) (Rabiee, 2018) and, as C-C coupling catalysis (Scheme 7) (Hooshmand e?
al., 2019).

A
| / N\
N__~ 0] S
)| ®Fo,
NI o] S
/ HoN
A = 2 NH2
HOOAS2ASOOH
B _ 2HCI
8
L,Pd(0) Ri—X
? (Oxidative Addition)
(Reductive
Elimination)
L—Pd(II)— x—Pd(II)—R"
R' |
Frans-gis L R'——M
1somerism (Transmetallation)
R'—Pd(II)—/R"

M—X
L

Scheme 7 C-C Coupling using Pd(0) catalyst

20



2.2 Bonding in Metal Complexes
Besides forming the usual sigma-bonded complexes with common ligands like H>O, halides,
nitrogen and sulphur donor ligands, transition metals are also capable of forming an extensive series
of m-complexes (Walton & Wilkinson, 2018). This is a distinctive aspect of coordination chemistry
where a wide variety of ligands containing 7 electron systems form bonds to metals. Common ©
ligands include both linear and cyclic hydrocarbons like ethylene or benzene respectively. One of
the earliest organometallic compound is the platinum compound; Zeise’s salt [Pt(n?-C2H4)Cl3] (9),

where ethylene acts as a side bound ligand with respect to the metal (L. Zhang, Tan, et al., 2018).

H
\\\\\CI Cl\“\\H
Cl—Pi------|
Cl C""’IIH
\H
9

This type of bonding is also observed in cis-Pd(cod)Cl, which is a common precursor in many
synthetic procedures for palladium complexes. In this kind of bonding, the double bond donates
electrons to a metal d orbital in a 6 manner using its © bonding electron pair located in its highest
occupied molecular orbital (HOMO). In a synergistic manner, the now electron rich metal can donate
electron density back to the ligand’s empty n* orbitals of suitable orientation, specifically the d,
symmetry orbitals which constitute the dr orbitals in the crystal field. Similar bonding is observed
in metal-carbonyl complexes where the carbon donates electrons to the metal center in a sigma
manner and the now electron rich metal d orbitals donates back to n* orbitals of CO as shown in

Scheme 8 below.

> \»j
Scheme 8 Synergistic bonding in a pi complex
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This is an example of synergistic effect of ¢ donation and 7 acceptance for these n-complexes. This
type of bonding agrees with the measured C-C bond distances where the free ethylene has a C-C
distance of 133.7pm while the corresponding C-C distance in Zeises’s salt is 137.5pm (Hou et al.,
2012). This lengthening of bond distance is explained by a combination of the two factors involved
in the synergistic ¢ donor-m acceptor nature of this bonds, i.e. donation to the metal in a ¢ manner
which decreases the electron density in a filled = bonding orbital located in the ligand, thereby
decreasing the C-C bond order. The other factor is the back-donation from the metal to the 7* orbital
of the ligand which also weakens the C-C bond strength by populating this antibonding orbital. The
net result is a weakened and hence lengthened of the C-C bond in the coordinated ligand (Love et

al., 1975).

Metal-based chemical complexes provide a wide flexibility and applicability in medicinal chemistry
due to factors like rigidity around the metal center, diversity of the ligands which can be used,
kinetics of ligand exchange and redox properties (Vessieres et al., 2005). The first efficacious bio-
active organometallic complex was the compound Salvarsan used against syphilis (Rabiee, 2018).
The discovery of the antitumor properties of the coordination metal complex cisplatin by Rosenberg
and co-workers which showed highly toxic effects on cancer cells was another major breakthrough
in medicinal chemistry of metal complexes (Cassells et al., 2018)
2.3 The Trans Influence/ Effect

In transition metal complexes of square planar geometry, some ligands are found to direct reactions
in preference to trans substitution to themselves, an aspect called the trans effect (Rezabal et al.,
2017). The trans effect is explained as the influence of a bound ligand on the rate of substitution of

a ligand(s) diagonally opposite to it in a metal complex.

Both thermodynamics and kinetics provide the basis for this tendency. When the reaction is
controlled mainly by forces influencing the ground state energy of the complex, the frans effect is
termed as the frans influence (Gregson et al., 2017), whereas the kinetic trans effect is related to

reactions in which forces influencing the transition state energy govern the final result outcome.

Ligands that coordinate strongly through ¢ bonds, e.g. hydrides and alkyls, or © acceptor ligands,

e.g. cyanide (CN-), carbonyl (CO), and phosphines (PR3), forming strong bonds with the metal, are

found to weaken the metal-ligand bond frans to themselves. In an isolated complex, this is a

thermodynamic factor termed as the frans influence. This has been shown by studies of platinum

compounds of square planar geometry (Kirlikovali et al., 2016). Using IR studies, these
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investigations indicate that a substituent with a strong frans influence causes, in the IR region, a
lowering of the M-L stretching frequency for the ligand #rans to it (an indication of a weakened M-

L bond) (Dimmer et al., 2009).

Similar studies have been carried out using NMR investigations to measure the coupling constants,
Jrep, for square planar platinum(Il) complexes (Greif et al., 2015). Trialkyl phosphine ligands have
been shown to have a higher trans influence compared to Cl, which is reflected in the greater
coupling constant (Jpi.p,) when Cl is trans to the phosphine. The methyl group on the other hand, has
higher trans influence than Cl, as reflected in the small Jpi.p of 1719 Hz when methyl is trans to the

phosphine, and a Jp..p equal to 4179 Hz when phosphine is trans to Cl (Hartley, 1973).

Since the methyl group is a strong ¢ bonding ligand, it causes the ¢ bonding character of the Pt—P
bond to decrease, thus decreasing the coupling constant. Phosphines in general have a high trans
influence because they exert both strong ¢ donation and m acceptance from the metal, thereby
weakening the bond #rans to the phosphine. Ligands that have a strong ¢ electron donating ability

are listed in approximate descending order of their effect (Hartley, 1973).

H> PR3 > SCN > T, CH3", CO, CN" > Br > CI' > NH; > OH"

2.4 Kinetic trans Effect
The tendency of certain ligands to direct incoming groups to the trans position also occurs with
reactions under kinetic control. This case is known as the kinetic trans effect, whereby the influence
of the ligand trans to the incoming one is felt due to the difference in energy between the ground
state and the transition state in the rate-determining step. The o donation effects are important, as
well as the effect of © donation from the metal to the ligand. When a ligand forms strong © acceptor

bonds with platinum, for instance, charge is removed from the metal.

The effect on the energy of the ground state is relatively small, but it is significant on the transition-
state energy because, during ligand substitution of a square planar Pt complex, we usually expect an
increase in coordination to trigonal bipyramidal geometry in the fransition state. A © bonding ligand
originally present in the substrate (the complex undergoing substitution) can contribute to stabilizing
the fransition state via the dy. orbital from the metal. Overall, this effect increases the rate of reaction
trans to the strong m acceptor ligand. The order of © bonding effects for various ligands is as follows

(Hartley, 1973).

C2H4, CO>CN > NO2 > SCN >T1 > Br > CI">NH; > OH"
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When ¢ donation and © acceptance effects are combined, the overall frans effect list is as follows

(Hartley, 1973).

CO, CN7, NOy, CoHy, > PR3, H > CH37, S=C(NH2)2 > Ph™> NO>", SCN", I' > Br" > CI" > Py, NH3,
OH’, H,O

Ligands highest in the series are strong 7 acceptors, followed by strong ¢ donors. Ligands at the low
end of the series are good 6 donors but poor m acceptors since they do not possess 7 orbitals. Groups
such as alkyl and hydride do not have w-acceptor orbitals and thus are unable to form © bonds to the
metal that could effectively stabilize the trigonal bipyramidal transition state in an associative
reaction involving a coordinatively unsaturated square planar complex (e.g a 16-electron complex
with available sites for ligand binding). Ligands such as CO and the phosphines can stabilize the

trigonal bipyramidal transition state through m bonding and can also decrease the energy of the M-

X bond in the ground state through strong 0 donation.

The trans effect is somewhat different in octahedral complexes due to the smaller s character of each
bond and possibly due to steric effects caused by the relatively greater crowding found in octahedral
versus square planar environments (Tognetti ef al., 2017). In general, however, it appears that trans
effects are related to the capability of the ligand to stabilize the transition state during rate-limiting
dissociation. Studies on octahedral Cr complexes (Atwood ef al., 1983) indicate that the order of the

trans effect is rather similar and follows the general trend as shown above.

2.5 Stability and Spectra in Coordination Complexes
2.5.1 Stability of Square Planar Complexes

Square planar complexes are particularly important in the field of catalysis. This is because they
contain vacant sites along the d,» direction which acts as binding sites for atoms/ molecules during
a reaction. This way, the metal center moves from +2 to +4 oxidation state attaining an 18-electron
configuration. Examples include the 16 electron d® species like the Vaska’s compound of Irridium
discussed above. Their stability is understood on considering the molecular orbital diagram in

Figure 5 below for a molecule of ML4 where L is a ligand which is a purely 6-donor.
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Figure 5 The o-donor Orbitals of Square Planar Complexes

The four molecular orbitals are resultant from the -donor orbitals of the ligands. These orbitals are
occupied by electrons which are bonding in nature. As is the case in any Lewis base/ Lewis acid
reaction, the electrons from these orbitals are stabilized on interaction with the metal acting as a
Lewis acid. Three additional orbitals are slightly boding and are derived from dyy(b2,) and the doubly
degenerate dx, and dy, (eg) orbitals of the metal, and one is primarily nonbonding derived from

d,*(a1,) orbitals of the metal.

These bonding and nonbonding orbitals can be filled by 16 electrons. If more electrons are added,
that would occupy antibonding orbitals derived from antibonding interactions of a metal dy-y? (b1g)
orbital with the c-donor orbitals of the ligands, which would de-stabilize the complex. This means
that a 16-electron configuration may be significantly more stable than an 18-electron configuration.

A common reaction for these 16-electron square planar complexes is to accept one or two ligands at
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the vacant coordination sites along the z-axis thereby achieving an 18-electron configuration

(Mingos, 2004).

2.5.2 Stability of Octahedral Complexes (Cr(CO)s)

Strong o-donor ability of CO raises the energy levels of e, antibonding orbitals making them
strongly antibonding. In a similar way, the strong m-acceptor ability of CO lowers the energy of tae

orbitals making them strongly bonding (Crabtree, 2009).

Adding electrons would populate metal-ligand antibonding orbitals leading to a destabilization of
the molecule. On the other hand, removing electrons would depopulate the filled t2, orbitals which
are bonding in nature on account of the strong m-acceptor capability of the CO ligands. A decrease
in electron density in these orbitals would also tend to destabilize the complex. According to the
crystal field (CF) model used to predict the relative energies of d-orbitals of transition metal
complexes, d-orbitals pointing most directly toward the ligands are most destabilized as a result of
raised energy from electron-electron repulsion; giving rise to antibonding orbitals as shown in

(Figure 6).
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Figure 6 Molecular Orbital Energy Diagram for Octahedral Complex

In octahedral geometry, the two d-orbitals pointing directly toward the ligand are the d,? and dy*-.
These give rise to the highest energy (antibonding) molecular orbitals, the e, . The rest three d-

orbitals form the bonding t2, molecular orbitals (Deeth & Hitchman, 1986).

2.5.3 Spectra of Transition Metal Complexes

Spectra arise because electrons may be promoted from one energy level to another. Such electronic
transitions are high energy charge transfer bands occurring in the UV region of the spectrum. These
maybe ligand-to-metal or metal-to-ligand charge transfers. In addition, much lower energy
vibrational and rotational transitions take place which allow Laporte forbidden transition to occur.
Since the vibrational and rotational levels are too close in energy to be resolved into separate
absorption bands, they result in considerable broadening of the electronic absorption bands in d-d

spectra. These bands are low in energy and normally occur in the visible region of the spectrum
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(above 400nm) and are responsible for the intense colors of most transition metal complexes. Band
widths are commonly found to be of the order of 1000-3000 cm™'. Not all of the theoretically possible
electronic transitions are actually observed. The position is formalized into a set of selection rules
which distinguish between 'allowed' and 'Laporte forbidden' transitions. 'Allowed' transitions occur
commonly. 'Forbidden' transitions do occur, but much less frequently, and they are consequently of

much lower intensity (Eaton, 1968).

2.6 Ligands and Ligand Substitution Kinetics

2.6.1 Phosphines Ligands

Phosphines parallel the CO ligand in many ways. Like CO, phosphines are ¢ donors (via a hybrid
orbital containing a lone pair on phosphorus) and m acceptors (Power, 1999). For many years it was
thought that empty 3d orbitals of phosphorus functioned as the acceptor orbitals. By this view, as
the R groups attached to phosphorus become more electronegative, they withdraw electrons from
phosphorus, making the phosphorus more positive and better able to accept electrons from the metal

via a d orbital.

The nature of the R groups, therefore, determines the relative donor/acceptor ability of the ligand.
P(CH3);3 for example, is a strong ¢ donor by virtue of the electron-releasing methyl groups, at the
same time, it is a relatively weak m acceptor. PF3 on the other hand is a strong & acceptor and a weak
o donor. By changing the R-groups, it is possible to fine tune the phosphine to be a donor/ acceptor

of a desired strength (W. Y. Wong & Harvey, 2010).

An additional factor important in phosphine chemistry is the amount of space occupied by the R
group. This factor is important in a variety of contexts; for example, the rate at which phosphine
dissociates from a metal is related to the amount of space occupied by the phosphine and the resultant

crowding around the metal (Mathew ef al., 2000).

To describe the steric effects of phosphines and other ligands, Tolman defined the cone angle as the
apex angle 0 of a cone that encompasses the van der Waals radii of the outermost atoms of a ligand,
as shown in Figure 7. If the R group has substituents, these are folded back away from the metal

(Casey & Whiteker, 1990).
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Figure 7 Tolman cone angle for phosphine ligands

As might be expected, the presence of bulky ligands can lead to more rapid
ligand dissociation as a consequence of crowding around the metal. For example, in Equation 1,
the rate of the reaction

cis-Mo(CO)4L2 + CO === MO(CO)sL + L (L = phosphine or phosphite) Equation 1

which is first order in cis-Mo(CO)4L,, increases with increasing ligand bulk (Chu et al., 2018; Xia
Zhang, Ma, et al., 2018).

2.6.2 Schiff base Ligands

The azomethine group's pi-acidity and its ability to stabilize low-valent redox states for metals have
inspired research on this unit's chemistry and molecular structure design using this moiety (Al-
Hassani & Abbas, 2018). Over the past 30 years, extensive research in both the chemistry and
applications of Schiff base ligands in inorganic and coordination chemistry has been published
(Yimer, 2015). As shown in Figure 8, azomethine region in a Schiff base consists of RHC=NR’ &-

system, where R and R’ can be an alkyl, aryl, cycloalkyl or heterocyclic group which may consist

N
VAN

Figure 8 General structure of a Schiff base

various substitutions.
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These confers steric restrictions and thereby imposes certain stereochemistry, consequently affecting
the physical, electronic and the bioactivity profiles of these ligands (Abu-Dief & Nassr, 2015).
Playing around with various substitutions viz-a-viz electron-donor, electron-withdrawing, extended
n-systems or simply sterically bulky groups enables the fine tuning of the various properties resulting
in a wide range of chemical and biological response for these ligands (Taheri et al., 2014; J. Zhang,

Xu, et al., 2018; K. Zhang et al., 2017).

The ligands are versatile and readily synthesized by the condensation of primary amines with
carbonyl moieties, either an aldehyde or a ketone. They find applications in the fields of medicinal
and pharmaceutical chemistry where they exhibit biological profiles; as antibiotics, antifungal as

well as antitumor agents (Prakash & Adhikari, 2011; Sahu et al., 2012; Storr, 2014).

The other important feature is the lone pair of electrons residing in the sp? hybridized orbitals of the
nitrogen atom of the azomethine group (Gudasi ef al., 2006). This makes the region even richer in
electrons thereby conveying exceptional electron-donor ability in the chelation process (Yimer,
2015). The coordinating capability, the mild synthetic conditions, the high yields and flexibility in
manipulating the electronic environment round the C=N moiety makes these ligands to play major
roles in coordination chemistry. The mild synthetic conditions and high yields are also very attractive

properties when economical industrial applications are required.

2.6.3 Ligand Substitution trends in the Periodic Table

A clear characteristic of ligand substitution reactions is seen in the order of reactivity with respect
to the metal in a triad such as Cr, Mo. W or Ni, Pd. Pt. The second-row transition metal complexes
are usually reactive more than either of those containing first or third row elements. This maybe as
a result of atomic covalent radius (for example, Cr < Mo ~ W; steric crowding among ligands
decreases as one goes down the periodic table), nuclear charge (Cr < Mo < W; the incoming ligand
is more attracted to the metal with higher nuclear charge), and M-L bond energy (bond dissociation

energy for M—CO: Cr < Mo < W; the weaker the M-L bond, the more facile the substitution).

The first two factors favor heavier atoms and the last favors the lightest atom in the triad. Considering
these, complexes containing the middle triad element are most reactive (Gichumbi & Friedrich,

2018).
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2.7 Coordination Complexes in Cancer Therapy

2.7.1 Ferrocene Compounds
Metallocenes are organometallic compounds which consist of a metal atom between two planar
polyhapto rings. Metallocenes are small, rigid, and lipophilic molecules which can easily cross
cellular membranes (Cerrato ef al., 2017). The relative stability of metallocenes in biological media
has been exploited in applications such as tracers or vectorized bioactive compounds (Amatore et
al., 2017). This approach was used by Edwards and co-workers in the 1970s to produce ferrocenyl
antibiotics (10 and 11) against penicillin resistant bacteria (E. I. Edwards ef al., 1976).

% ° oj;’\yl/\g< % ’ OJ;N(COZH O\fo

CO,H
10 11

Ferrocenyl Penicillin Ferrocenyl Cephalosporin

In ferrocene, all the carbon atoms of the cyclopentadienyl ligands (Cp) are firmly bound to the metal,
and the Cp ring is described as penta hapto 7°-CsHs . Since all its bonding and non-bonding orbitals
are exactly filled, ferrocene is the most stable compound in the metallocene series (A. Nguyen et al.,
2007). A sodium salt of o-carboxybenzoyl ferrocene (12) for the treatment of iron-deficiency anemia
is well tolerated for oral administration and is also prescribed for gum diseases (Nesmeyanov &
Kochetkova, 1974). The idea to modify the structure of organic bioactive compounds was taken up
by Atteke to produce ferroquine (13) (Atteke, 2003). This compound is a ferrocenyl equivalent of

the anti-malaria drug, chloroquine.
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Recently, ferrocene  complexes;  5-Methyl-4-(ferrocenylamino)thieno[2,3-d]pyrimidine-6-

carboxylic acid (14) and 4-(Ferrocenyl-phenyl-4-ylamino)-5-methylthieno[2,3-d]pyrimidine-6-
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carboxylic acid (15) have been synthesized and Screened for anticancer potency where they showed
potent anticancer profiles in a number of breast cancer and acute myeloid leukemia (AML) cell lines.

The complexes are as shown below (Sansook et al., 2018).

HO
H ’s @__@_
X C OH
&Y Vs k N\

14 15

i
<\:
v

@

2.7.2 Titanocene Complexes

Titanocene dichloride (16) is a pioneer organometallic anti-cancer compound to go up to phase 11
clinical trials (Pizarro et al., 2010). It was withdrawn from the trials due to aqueous stability
challenges common with organometallic complexes, especially due to rapid hydrolysis of the Ti-Cl
bonds. It is characterized by complicated aquation reaction at physiological pH making it difficult
to characterize the active aqua species which are responsible for its antitumor action in which the
Cp ligands breaks off at pH values above 4 leading to insoluble Titanium-oxo species (Fish &

Jaouen, 2003).

It is proposed through biological experiments that nuclear DNA is a possible intra-cellular target of
titanocene dichloride where the hydrolysed adducts of the complex interact with the DNA
(McLaughlin et al., 1990). The other theory is that since Ti(IV) binds firmly to the human serum
transferrin protein, this protein is likely to be involved in the process of delivering titanium (IV) into

cancerous cells in the body (Nestle ef al., 1998).

In this case, the mechanism of drug delivery through transferrin-mediated process could involve the
dissociation of the Ti—Cp bonds together with the hydrolysis of the Ti—Cl bonds, followed by
attaching of the Ti(IV) to the iron sites of human transferrin (hTF), producing the adduct Ti>—hTF.
Titanium (IV) attaches firmly to hTF, but ATP mediates the detachment of Ti(IV) from Ti,—hTF
adducts (Guo, 2000)
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To tackle the above challenges of aqueous stability, other organometallic titanocenes complexes
with bridged-Cp rings (17 and 18), the ansa-titanocenes have been reported. They have optimized
labile ligands, substituting the chloride ligands with more appropriate anions. In vivo studies in renal
cancer (CAKI-1) tumour-bearing mice have indicated a statistically-significant tumour growth

decrease (Fichtner et al., 2008).
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2.7.3 Ruthenium and Osmium Arene Complexes

Ruthenium (III) complexes especially of octahedral geometry (19 and 20) are fairly inactive towards
ligand exchange. The reduction from ruthenium (III) to ruthenium (II) has been suggested to be a
prior activation route to DNA binding (Clarke et al., 1980). Two Ru-based anticancer drugs which
has reached clinical trials stage are code NAMI-A (New Anti-tumor Metastasis Inhibitor A) (21)
which was produced by Alessio and co-workers (Alessio, 2004), and code KP1019 (22), produced
by Hartinger and co-workers (Hartinger ef al., 2006).

33



\ /O
\S N /HN
Cla, | \“\\Cl al, T S
“Ru. R
C|/| \Cl CI/, \Cl
N
N N
( /
HN
NAMI-A KP1019
19 20

Morris and co-workers investigated the antitumour viability of Rull and OsII n®-bound arene
structures of the type [Rull (n°- arene) (X)(Y)(Z)] (R. E. Morris, Aird, Murdoch, et al., 2001). These
compounds have a distinctive ‘piano-stool’ assembly whereby XY is a neutral chelating ligand
group, and Z is a mono-anionic ligand (21). The arene group, coordinating as a n°-electron donor
and a m-acceptor (back bonding form the metal), contributes to the stability of the +2-oxidation
states. The XY chelating ligand confers further stability to the whole complex and the possibility of

adjusting the electronic characteristics of the metal center.

The monodentate ligand Z permits activation of the molecule, that is, if labile enough e.g. halide, it
can leave behind a vacancy coordination center for biomolecules. These means that varying both the
arene and the X-Y-Z ‘legs of the stool’ can confer flexibility to the complex and the ability to fine-

tune their pharmacological characteristics (Peacock et al., 2006).

M= Ru(II), Os(II)
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Generally, Rull and OslI arene complexes display favourable cytotoxic properties against human
ovarian cancer cell lines where structure—activity correlations have been proven (Peacock & Sadler,
2008). A notable example is when the chelating ligand group 1s ethylene diamine and the leaving
group 1s a chloride, in which case the cytotoxicity against A2780 human ovarian cancer cells rises
with increasing size of the coordinated arene (Habtemariam et al., 2006). When the chloride is
however substituted by a -Br or an iodide as leaving group, the observed effect on the cytotoxicity
of ethylenediamine complexes is only minimal (F. Wang et al., 2005). Moreover, substituting the
chelating ligand by comparatively labile monodentate ligands results in reduction of cytotoxicity for
the complexes (R. E. Morris, Aird, Murdoch, ef al., 2001). The Ruthenium arene compounds with
monodentate ligands exhibit reduced or no activity (ICso values > 150 mM) whereas the chelated
ligand-containing complexes show enhanced reactivity- 9 mM, compared to 0.5 mM for cisplatin in

similar experiments.

A likely reason for this observed low activity could be due to their elevated reactivity in vivo where
they get inactivated prior to reaching their biological targets. Activation via hydrolysis of the Ru—-Z
bond (Scheme 9) might be an important part of the mechanism of action for this class of complexes
and their biochemical actions in aqueous environment has been widely studied (Dougan, 2006). The
rate plus the degree of hydrolysis of the Ru—Z link are to a great extent reliant on the nature of ligand-
Z, where the more labile leaving groups result to faster hydrolysis (Dong Wang & Lippard, 2005).
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M= Ru(II), Os(II)
Scheme 9 Hydrolysis of Ru-Z bond in Rull arene complexes.

After activation of ruthenium or osmium arene complexes and the creation of the aqua adducts

[Ru/Os(n’-arene)(OH2)(X)(Y)], as shown in Scheme 9 above, the metal center becomes susceptible
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to nucleophilic attacks by biomolecules, where interactions with DNA nucleobases are thought to
be the final targets for these group of complexes. Several experiments have been carried out to
explore this hypothesis in detail (Novakova et al., 2005); (Pizarro & Sadler, 2009). As shown in
Figure 9 below, Ruthenium arene complexes preferentially coordinate to guanine nucleobases in

the DNA double helix.
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Figure 9 Guanine (G) and Adenine (A) adducts formed by DNA interactions of arene Ru-en

anticancer Complexes

The derivatives of these complexes in aqueous media have also been studied after interaction with
guanine, thymine, cytosine and adenine nucleobases (Brabec & Novakova, 2006). It is observed that
the reactivity of Ru(Il) complexes with the various binding sites of DNA nucleobases at neutral pH
progresses in a decreasing manner (Nitrogen N7)-Guanine > (Nitrogen N3)-Thymine > (Nitrogen
N3)-Cytosine > (Nitrogen N7)-Adenine, (Nitrogen N1)-Adenine, weakly binding to cytosine-N and

almost no binding to adenine nucleobases.

The observed selectivity to particular nucleobase seems to be favoured by the ethylenediamine (en)
-NH> groups, which form hydrogen-bonding with the exocyclic oxygens e.g. Carbon C8-Oxygen of
Guanine, but do not bond and repel towards the exocyclic amino groups of the nucleobases e.g. C8-
NH: of Adenine as shown in Figure 9 above (K. G. Chen ef al., 2009). As shown in (22-24), the
arene moiety can also exert substantial influence on the rate and level of hydrolysis reactions for
these complexes. Wang and co-workers observed a 2-fold variance in the rate of hydrolysis between
the [Ru(n®-biphenyl)Cl(en)]PF¢ biphenyl compound and the tetra hydro-anthracene complex [Ru(n®-
5,8,9,10-tetrahydroanthracene)Cl(en)]JPFs or the dihydroanthracene complex [Ru(n®-9,10-
dihydroanthracene)Cl(en)]|PFs.
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This demonstrated that disparities in the steric and electronic effects of different arene ligands can
moderate the rates of aquation (F. Wang et al., 2005). Other effects on the rate of hydrolysis and
equilibrium constant is observed from varying the chelating ligand group. This is attributed to not
only the electronic- vis-a-vis strength of w interactions, but also to steric effects vis-a-vis competitive
interactions of the Z-ligand and H>O. Another significant factor compared to the rate of hydrolysis
for drug activation is the pKa of the bonded H>O of the activated aqua adduct. The pKa value is a
determinant of whether the active species coordinated to the more labile Ru—OH> bond or the less
reactive deprotonated form Ru—OH prevails in solution at a given pH (K. G. Chen et al., 2009).
Since the pKa values for the bonded H>O ligand in most of Ruthenium- arene compounds are around
8, this implies that at pH 7, aqua adducts should dominate. With a pK. >7 an active complex is
formed, while a pK.<7, the physiological pH, results in an inactive species due to the formation of

the hydroxo form which renders the complexes non-cytotoxic (F. Wang et al., 2005)
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(p-cym= para cymene) (bz= benzene) (biph= biphenyl)
22 23 24

The other variable in altering the pKa of these complexes is the chelating ligand. Better electron
withdrawing groups, i.e. better m-acceptors, tend to avert the electron cloud farther from the metal
center, making it more deficient of negative charges, and causing the attached water molecule to be

more acidic i.e. of lower pK., (Pizarro et al., 2010).

2.7.4 Ruthenium Azopyridine Complexes

Another group of interesting metal complexes comes from coordinating a © bonded arene group with
an ¢ donot/ w acceptor strongly chelating azopyridine ligand (where arene = p-cymene or biphenyl,
and azpy= N,N-dimethylphenyl- or hydroxyphenyl-azopyridine) together with an iodide as a strong
monodentate ligand- [Ru(n®-arene)(azpy)I]* (25) (Pizarro et al., 2010).
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These complexes produce Ru(Il) arene complexes that are fairly inactive to activation via hydrolysis
in aqueous media. Nevertheless, notwithstanding these compounds being inert, they show a high
cytotoxicity towards human ovarian cancer cell line (A2780) and human lung cancer cell line
(A549). The cytotoxicity of these complexes arises from an increased generation of reactive oxygen
species (ROS) (Vidimar, 2012). The mechanism of activation is through the reduction of the ligand.
Despite the fact that it is challenging to reduce the azopyridine ligand on its own, the reduction
potential of the azopyridine is physiologically attainable by glutathione when the azopyridine moiety

is coordinated to Ru(Il) (Vidimar, 2012).

The ruthenium coordinated complex works as a promoter/ catalyst in reactions with glutathione
(GSH) where GSH is oxidized to GSSG in a reaction which seems to go through a ligand-centerd
reduction of the N=N (azo) double bond by glutathione producing a hydrazo-intermediate. The

release of GSSG follows and the re-generation of the azo bond as displayed in Scheme 11 below.
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Scheme 10 Scheme Possible scheme for catalytic activity of ruthenium azopyridine complexes

These ligand-based redox mechanisms may provide new approaches and concepts for designing

catalytic medicines (Vidimar, 2012)

2.7.5 Platinum Complexes

The ligand substitution kinetics of Pt complexes is mainly controlled by the existence of the exiting
ligands (i.e., the entity that exits the Pt first under the conditions of reaction used) (Omondi et al.,
2018). Structures with firmly coordinated departing units do not have anticancer efficacy, similar to
very weakly coordinated ligands which also do not result in high activity. Such inactivity in response
can be influenced by either the low reactivity (from strongly bonded ligands) or those compounds
with very high reactivity (leading to early inactivation before reaching target sites). Furthermore, the

firmly coordinated group's trans effect will allow the amine ligand to be released.

Pt compounds with poorly coupled ligands are not effective since they have too high reactivity,
leading to fast intracellular displacement with other molecules (S. Ahmad, 2017). The character of
the non-leaving ligands also affects platinum complexes' reactivity. Antitumor activity has been
shown to exist for complexes with the general formula; cis-[PtClz(amine);] with several ligands as

non-leaving groups (S. Ahmad, 2017).

Platinum complexes destroy tumors by inducing apoptosis, facilitated by the instigation of several

signal transduction routes. Cisplatin ([cis-(NH3)2PtCl:]), (2) is one of the most successful anti-tumor
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complexes (Xiao et al., 2020). Chloride ions detach from the complex following its diffusion into a

cell permitting the complex to cross-link with the DNA, notably to guanine sequence groups.

This results in intra-strand and inter-strand DNA cross-linking, causing an inhibition of DNA, RNA
and protein synthesis (Xiao et al., 2020). Carboplatin (3) has similar platinum moiety as cisplatin,
but is coordinated to an organic carboxylate group. The result is an increase in hydro-solubility and
lower hydrolysis. Oxaliplatin (4) contains a platinum atom coordinated with oxalate and a bulky

diaminocyclohexane (DACH) group.

Clinical use of CDDP has resulted in many patients with diverse kinds of cancers being successfully
treated, including: sarcoma, soft tissue cancers, cancer of the bones, muscles, and myeloma. Such
cancers have over the years received improved prognosis and consequently they have become less
life threatening (Abou-Alfa et al., 2020; Wan et al., 2019). Hydrolysis of the Platinum—Chloride
bonds in cisplatin inside the cells is assumed to produce active aqua species (Lajous ef al., 2018). In

serum, there is a high chloride ion concentration (150 milli Mole).

This prevents the exchange of chloride groups by water molecules implying that the aquation
reaction of cisplatin in the blood happens to a very low extent. After dispersing inside the cells with
an environment of low chloride concentration, (4 milli Mole), the neutral state of the drug is
hydrolyzed to produce various aqua species; mono-aqua and di-aqua species (Lajous et al., 2018).
These aqua products react readily towards nucleophilic sites of biomolecules like DNA, RNA, and
proteins (Fuertes et al., 2003). This increased reactivity of the resultant aqua species is because the
OH; group 1s a better leaving ligand compared to the chloride (C1") (Papo et al., 2020). As shown
in Scheme 11 below, the drug exerts its cytotoxic effects by the interaction of this aqua adduct with

the biological target, DNA (Pizarro et al., 2010).

In the hydrolysis reaction of cisplatin, the first step is the rate-determining step, whereby the rate of
hydrolysis is way slower compared to the subsequent reaction of the mono-aqua adduct with cellular
platinophiles including DNA. As shown in Scheme 11, the lability of the coordinated water groups
is the main determinant of the high reactivity and the observed toxicity of these species (Papo et al.,
2020). The monohydrate complex is also associated with nephrotoxicity of cisplatin derivatives,
whereby it is three times more nephrotoxic than the parent cisplatin complex (Andersson et al.,

1996).
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Scheme 11 Aquation reaction of cisplatin by DNA base

Chloride ligands dissociate from the platinum center and are replaced with water which is more
easily displaced by N7 of purines. The binding of platinum to the N-7 site of guanosine is kinetically
favored compared to that of adenosine. This can be explained in terms of hydrogen bonding with

the O-6 of guanosine moiety which is absent in adenosine as shown below (29 and 30).
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As shown in Scheme 12 below, the anti-cancer characteristics of cisplatin are accredited to the
kinetics of its chloride ligand disarticulation reactions which lead to DNA cross-linking triggering
DNA twisting and thereby disrupting DNA replication, transcription and other nuclear roles, and
thereby arresting cancer cell spread and tumor progress (Venter, 2011). Intra-strand cross-links to
guanine-guanine (G-G) and to adenine-guanine (A-G) are the most common types in cisplatin-
damaged DNA. 1,2-G-G DNA intra-strand cross-links stall RNA polymerase II (Pol II) and initiate
transcription-coupled DNA repair; Pol II stalling is as a result of translocation barrier which inhibits

the transport of the lesion to the desired location (Damsma et al., 2007).

Due to this reaction on the DNA, cisplatin is strongly mutagenic and carcinogenic, both under in

vitro and in vivo study experiments (Sanderson et al., 1996).
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Scheme 12 Aquation and DNA adduct formation with cisplatin

Although clinical trials of CDDP and its derivatives were a success that prompted extensive efforts
to develop other metal-based anti-cancer complexes (K. G. Chen et al., 2009); (Frezza et al., 2010),
its application is hindered by the unpleasant side effects experienced in normal tissues. Cisplatin is
known to have major drawbacks such as a narrow therapeutic window and drug resistance
complications (Lippert, 1999). Although it is not used to treat breast cancer, it is widely used for
other kinds of cancers for instance testes carcinoma. Currently, two most widely used cisplatin
analogues are carboplatin and oxaliplatin (Jakupec et al., 2003). Oxaliplatin produces similar inter-
strand and 1,2-G-G intra-strand cross-links as cisplatin but with a different range of activities and

schemes of action from those of cisplatin and carboplatin as shown in (Figure 10) below.
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Figure 10 DNA Adducts Formed by Oxaliplatin
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Adducts formed are from 1,2-intra-strand cross-links among two neighboring guanosine moieties
bending the DNA double helix by about 30 degrees towards the major groove (Spingler et al., 2001).
The adduct lesions are fixed in vivo by the nucleotide excision repair mechanism and the drugs are
detoxified from the body by glutathione (GSH)-related enzymes (Venter, 2011). Consequently, a
variety of complexes have been proposed whereby steroidal or non-steroidal targeting ligands are
bound to platinum to selectively transport the platinum active site to the desired biological target.
Use of antiestrogen bioligands combines the antiestrogenic and cytotoxic properties in a single drug

molecule, bringing forth an all new therapeutic diversity (A. Nguyen et al., 2007).

2.7.6 Palladium Complexes

Another notable example of organometallics extreme reactivity and rapid hydrolysis comes from
palladium complexes. Ligand exchange kinetics, the main key feature of these compounds that
makes them interesting anticancer drug candidates is simultaneously a considerable problem when
considering their stability and hydro solubility issues (Abu-Surrah & Abdalla, 2008). Strong
coordinated nitrogen ligand and suitable leaving group has been suggested as a possible way to
stabilize and activate antitumor palladium anticancer drug candidates. The other method used to
control ligand dissociation for these square planar complexes is to use bulky ligands to block off the

vacant sites along z-direction of the incoming ligand.

Palladium(IT) complexes with ethylene diamine as coordinating ligand and pyridine (31) derivatives
has been reported (Zhao et al., 1999). It is observed that an increase in donor properties of the

coordinated pyridines directly leads to increased cytotoxicity for these palladium drugs (Abu-Surrah

& Abdalla, 2008).
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The resemblance that exists in the coordination chemistry of Pd(II) and Pt(I) complexes has

encouraged research of Palladium(II) compounds as anticancer agents (Rau, 1996). The hydrolysis
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reaction in Pd(II) is about 10° times higher compared to the equivalent platinum complexes.
Disassociation in solution results in highly reactive products which fail to get to their desired
biological targets (Abu-Surrah & Abdalla, 2008). This significantly greater reactivity of Pd(II)
compounds suggests that if an antitumoral palladium complex is to be synthesized, it will have to be

stabilized by a strong coordinated nitrogen group and an appropriate labile group.

It has been found that when the leaving group 1s relatively non-labile, the compound can retain its

structural integrity in physiological media for sufficient time to perform significant roles in vivo.

Fairly bulky coordinating groups have been employed to yield complexes where, owing to the steric
effects of the bulky ligands, they reduce any potential cis-trans isomerism and guaranteeing isolation

of the preferred trans- Palladium isomers (Abu-Surrah & Abdalla, 2008).

Aromatic ligands like 1,10-phenanthroline, a commonly used ligand in coordination chemistry, has
also been exploited in synthesizing organometallic complexes. The planar structure permits its
involvement as a DNA intercalating agent (Zhao et al., 1999). Complexes of Pd(II) containing S-
donors together with the N-N coordinating ligands of either DACH, phenanthroline or bipyridine
(32 and 33 respectively) have also been explored with bipyridine and phenanthroline-based

complexes proving the most active (Mital ef al., 1989).

CH— N(CHchs)z

32 33

2.7.7 Palladium(II) Complexes with Mixed Donor Ligand: N, S and O donor ligands

Given the flexibility and relevance of platinum compounds with organic moieties bearing N, S, and
O donors in various fields such as biology, manufacturing and catalysis; numerous organic
complexes comprising N, S, and O donor groups have been utilized for many years to develop new

coordination compounds for these fields. The hard (amidato-N), marginal (pyridine-N) and mild
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(amine-N, azo-N, pyrrol-N, and dithiocarbamate-S) existence of ligand donor locations and their
ability to fill the various functional coordination locations around the metal ions essentially
determine the distinctive characteristics of synthetic metal compounds as well as the bio-active

site(s) in bio-molecules.

Khan and co-workers have reported Pd(II) compounds bearing nitrogen and sulphur ligands like
methionine and substituted pyrimidines (34) (B. T. Khan et al., 1991). Methionine bonds to
Palladium via amino group nitrogen and sulphur, thus leaving a free carboxylic group and forming
a complex with ICso < 10 ug/ml in in vitro experiments proving that it can perform as a potential

antitumor agent (Abu-Surrah & Abdalla, 2008).
/
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Generally, research results from literature indicates that the greater number of the trans-palladium
compounds show an improved and better activity compared to cisplatin and cis-palladium isomers.
Even better, they show activities comparable to (or higher than) those for cisplatin, carboplatin, and
oxaliplatin in vitro (Abu-Surrah & Abdalla, 2008). Zhao and co-workers, (1999) reported
Ethylenediamine-based Pd(II) complexes utilizing pyridine or its derivatives. Increasing the
electron-donation characteristics of the substituents leads to the coordinated pyridines having an
increased donor-strength. this leads to a corresponding increase in the cytotoxicity of these palladium

complexes (Zhao et al., 1999).

2.7.8 Complexes from Five Membered Heterocycles: Pyrrole Scaffolds

Pyrrole scaffolds are very interesting bioactive core exhibiting several biological activities including
anticancer, anti-inflammatory, antimicrobial, antifungal, antiviral and antioxidant properties

(Almerico et al., 2000). Natural as well as synthetic five-member heterocyclic compounds are
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biologically important in particular Pyrrole derivatives, in pharmacological activity such as
cytotoxicity against solid tumor models (Evans et al., 2003), antibiotic (S. White et al., 1997),

anticancer (Sugiyama et al., 1996) and antimicrobial activity (Mohamed et al., 2011).

Substituted pyrroles have been used as intermediates in the synthesis of mitomycin anti- tumor
antibiotics possessing antibacterial activity (de Leon & Ganem, 1997). Pyrazoles and their
derivatives are of much importance on account of their use in therapy in different diseases (Salgin-
Goksen et al., 2007). Pyrrole containing analogues are considered as a potential source of
biologically active compounds that contains a significant set of advantageous properties (Artico et

al., 1995).

The complexes bound to pyrrole moieties exist in numerous naturally occurring and artificial
products with the broad-spectrum pharmacological effects including antifungal (Artico ef al., 1995)
antimicrobial (Padmavathi et al., 2011), antivirus (T. G. Edwards et al., 2011), and anticancer
properties (Jouanneau et al., 2016). A new range of possible drug compounds using pyrrolo[3,2-d]
pyrimidines have been studied and they have shown promising anti proliferative activity against
cancer cells (Temburnikar et al., 2015). The combination of different pharmacophores in a pyrrole
ring system has led to the formation of more active compounds. Work by Pérez and co-workers
reported a series of ferrocenyl pyrrole compounds and tested their cytotoxicity against MCF-7 breast

cancer, MCF-10A normal breast and HT-29 colon cancer cell lines (Pérez et al., 2015).

Work on a series of pyrrole derivatives specifically pyrrolopyrimidines, pyrazolopyrrolopyrimidine,
triazolopyrrolopyrimidines, tetrazolopyrrolopyrimidine, triazinopyrrolopyrimidines and
pyrrolopyrimidotriazepines, and their cytotoxicity profiles against MCF-7 cell lines has been
published (Ghorab et al., 2014). Another useful and important heterocycle is the thiophene moiety.
Compounds with a thiophene nucleus show numerous pharmacological profiles and various other
uses, for example; the substituted compound (35) showed anti-bacterial and anti-fungal properties
(Karale et al., 2015), 1-(5-methylthiazol-2-yl)-4-(thiophen-2-yl)-1H-imidazol-2-amine (36) is an
anticancer agent (W.-T. Li et al, 2012), and 2,3-dihydro-2-(3,4-dimethoxyphenyl)-4-(2,5-
dimethylthiophen-3-yl)pyrrole-1-carbothioamide (37) is antibacterial (S. A. Khan ef al., 2014).

Ferrocenyl complexes (38) from ligands containing thiophene moieties have been synthesized by
Motswainyana ef al. (2012), but tests on breast cancer cells lines showed low cytotoxicity compared

to cisplatin (Motswainyana et al., 2012).
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2.7.9 Complexes from Thiosemicarbazone Derivatives

Thiosemicarbazones are part of thiourea class of compounds. They commonly coordinate as ligating
agents with transition group metals through bonding via the azomethine nitrogen and sulphur atoms
(39) (Padhye & Kauffman, 1985), but they also act as three-donor tridentate ligands by bonding
through two nitrogen centers and sulphur atoms (40) (West et al., 1993).
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Analogous to ketol-enol tautomerism, thiosemicarbazones can exist at an equilibrium for the thione
(C=S) and thiol C-SH) tautomers, where the thione tautomer behaves as neutral bidentate ligand.
Upon losing the thiol proton, the ligand becomes a negatively charged bidentate ligand. These

tautomers depend on the pH of the experimental conditions during complexation reactions to
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produce cationic, neutral or anionic complexes. Most work focus on the neutral thiosemicarbazones

from reactions carried out at neutral pH.

Thiosemicarbazones act as remarkably flexible multidentate ligands able to form coordination
complexes with transition metals in various ways through covalent or dative type bonding. The
earliest reported medical applications of thiosemicarbazones appeared in the 1950’°s when they were
used as compounds against TB and leprosy (Bavin ef al., 1951). The following decade saw these
compounds tested for antiviral properties which were confirmed leading to intense research which
eventually culminated to the commercialization of some thiosemicarbazone products under trade

names methisazone and Marboran®, in the treatment of smallpox (GA, 1964).

Another major step in utilization of these compounds was the publication of the first antitumor tests
(Sartorelli & Booth, 1967). Finch and co-workers explored the broad areas of application where
thiosemicarbazones have received most attention, classifying them in relation to their activities
against cancerous cells, protozoa, bacteria or viruses. Their activity is found to correlate to the type
of metal center (Finch et al., 1999). As anticancer agents, the activity is shown to substantially
increase for the complexed product as compared to the free ligand, and also, the undesirable

cytotoxicity as side effects were shown to be minimized in the complexes (Finch et al., 1999).

Brockman and co-workers first published the anti-leukemic properties of 2-formylpyridine
thiosemicarbazone (R. W. Brockman et al., 1956). Following this, various authors delved deeper to
try and understand their mode of action as anticancer agents. The compounds were explored for
activity as ribonucleotide reductase (RR) inhibitors (R. Brockman et al., 1970), as topoisomerase 11
(Topo-II) inhibitors (I. Hall et al., 2000), for properties as multidrug resistance protein (MDR1)
inhibitors (I. Hall ez al., 2000), and, for their ability to produce oxygen radicals (Reactive Oxygen
Species) (Shao et al., 2006).

Since ribonucleotide reductase enzyme is iron-dependent and favors reduction of ribose to
deoxyribose via a free radical process through a tyrosyl radical, inhibiting this enzyme effects an
obstruction at the synthesis phase of cell cycle, culminating in the instigation of apoptotic process
(Elford et al., 1970). Topoisomerase II is an enzyme in eukaryotic cells that acts by decatenation of
DNA coils of daughter chromosomes to avert supercoiling in the process of DNA replication and is

necessary for synthesis of DNA and for cellular division (Larsen & Skladanowski, 1998).
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Since rapidly dividing cells contain high levels of this enzyme, targeting the inhibition of this
enzyme has a direct effect on proliferation of fast diving cells like those found in tumours.
Coordination of thiosemicarbazones to metal ions always orients the complex in such a way that the
lipophilic regions of the ligands point the opposite direction to the metal center towards the bulk of
the solvent, which partly explains the hydrophobic nature for most of the resulting complexes

leading to poor solubility in physiological media.

However, the exposure of the hydrophobic part of the molecule makes it possible for these
compounds to pass through cell membranes into the cell. Complexation with metal centers also
increases the acidity of the ligands as electron density is shifted towards the metal either through
sigma or dative donor mechanism leading to stabilization of the ligand partial negative charge of the
thiolate region by the metal ion. Preparation is usually through a Schiff-base type condensation
between an appropriate aldehyde or ketones with an appropriate thiosemicarbazide (Bjelogrli€ et al.,

2010).

Work on thiosemicarbazones bearing aromatic rings have shown the cytotoxicity of these
compounds correlates with both the complexing metal ion and the position of attachment of
substituents  attached to the aromatic framework. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays by Atasever ef al., against chronic myeloid leukaemia
(K562) and endothelial (ECV304) cells using iron (I1I) and nickel (II) compounds with 2-hydroxy-
R-benzaldehyde-S-methyl-thiosemicarbazones (41), showed the highest cytotoxicity activity when

a methoxy (-OCH3) substituent was on the side chain of the aromatic ring (Atasever et al., 2010).

41

The iron chelates displayed better activity against K562 when the methoxy substituent was at the 4-
position while the nickel complexes tested against ECV304 and K562 cell lines showed better

activity with the methoxy substituent appearing at the 3-position (Atasever ef al., 2010).
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2.7.10 Complexes from Quinolone Derivatives

The quinoline backbone appears in various natural products, particularly in alkaloids. They exhibit
useful biological profiles in pharmaceutical (e.g., antimalarials, such as quinine or chloroquine) and
agrochemicals, together with being important building blocks in organic synthesis (Xiaoxia Zhang
et al., 2010). Quinolone containing compounds have been shown to have resourceful
pharmacological profiles. Work by Chen and co-workers on compounds containing quinolone

proved that these compounds have anti-inflammatory properties (Y.-L. Chen et al., 2004).

Diacon and co-workers., showed that quinoline compounds are good candidates against multi-drug
resistant tuberculosis (Diacon et al., 2009). Khan and co-workers carried out synthesis and tests on
these compounds and showed that they have cytotoxic, antimicrobial, antifungal and as
cardiovascular agents (K. M. Khan et al., 2000). Quinoline is a well-known backbone of antimalarial
drugs and these activities have been studied by Kaur et. al. (Kirandeep Kaur et al., 2010). Anticancer
properties of quinolone containing compounds were carried out separately by (A. Vaidya et al.,
2011) and Kouznetsov (V Kouznetsov et al., 2012). Studies on free radical scavenging activities
have proved the anti-oxidant properties of these compounds (Orhan Puskullu ef al., 2013).
2.8 DNA Binding to Metal Complexes

Binding to DNA by metal complexes can either occur through covalent bonds; where fairly labile
ligands in the complex are replaced by the nitrogenous bases in DNA; specifically, N7 in guanine;
or through noncovalent interaction. In non-covalent bonding, the forces involved include either

electrostatic, intercalation or groove binding in the major or minor grooves on the outer surface of

the DNA helix.

This happens in either of the two ways, intercalative and/ or groove binding. Intercalative process
comprises the addition by insertion of a planar molecule between DNA base pairs which causes
uncoiling in the DNA helical coils and a resultant elongation of the DNA (O’Reilly et al., 2012).
This is caused by planar heterocyclic moieties which stack in between neighbouring DNA base pairs.
The resulting DNA-complex is stabilized by m-m overlaps between the DNA bases and the

intercalating complex causing strong structural perturbations in DNA (San Tan et al., 2014).

Intercalators are normally more toxic to cancerous cells compared to normal cells because the
complex formed with DNA and topoisomerase is more lethal to proliferating cells. This hinders the

replication and transcription of DNA (KR et al., 2014). This is explored by observing the alterations
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that appear in the Amax absorption values of m-m* intra ligand transitions, ligand->metal charge

transfers or on the d-d transitions as the DNA concentration is serially increased to a metal complex.

Various modes of binding are then deduced from the spectral response whereby, an intercalative
manner of interaction is specified by a hypochromic shift, and bathochromic shift or
hypsochromism. Intercalation of a complex with the base pairs of DNAs is as a result of overlaps of
n* antibonding orbitals of the ligands bound to the complex with © bonding orbitals of the DNA
base pairs. This decreases the probable transitions and the effect is observed as hypochromic shift

(Raman & Sobha, 2012)

On the other hand, a hyperchromic shift suggests electrostatic mode of binding. The spectral shift in
the metal complex absorption is correlated to the binding strength from which the kinetics can then
be determined (Ashfaq et al., 2014). Observation on the spectral changes of metal complexes in the
UV-Vis range after the addition of serial concentrations of DNA 1is a generally accepted technique
in assessing the binding modes and the kinetics of DNA-metal complex interactions (Olsztynska &

Komorowska, 2011).

2.9 Beyond DNA-Targeting in Cancer Chemotherapy. Emerging Frontiers
Although major steps have been made in medicine, many difficulties still need to be resolved in

order to boost cancer therapy. In line with this, research is putting a great deal of effort into
discovering new and effective therapies that can mitigate the pertinent adverse effects from
therapies. Many research reports have focused on creating alternative treatments to minimize the

side effects of traditional medicines over the past decade (R. S. Riley et al., 2019a).

Various technologies are now being tested in clinical studies, with some already been implemented
in clinical practice (Galon & Bruni, 2019). These includes targeting overexpressed proteins and
antigens on tumour cell surfaces, targeted drug delivery, nanoparticle delivery among others. In the
last 70 years or so, cancer treatment has progressed exponentially, from cytotoxic drugs that reduce
tumors but with severe systemic side effects to specific treatments that can cause cancer-cell death

but leaving healthy tissues unchanged (Ntziachristos ef al., 2014).

The origins of many tumors are not fully understood. This makes it difficult to come up with
effective therapies and this is as evident from the high cancer drug rate failure during clinical trials
(Boyer et al., 2016; LeBleu & Kalluri, 2018). Directed or not, resistance to chemotherapy drugs is

an endemic problem, and scientists are trying to find ways to bypass the resistance. The easiest
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solution is to switch the treatment of an individual from one treatment to another via a different

target or mechanism, or to introduce another medication to the protocol (Sanmamed & Chen, 2018)..

Scientists are studying cellular mechanisms and genes that might cause resistance and using these
as targets (Gurunathan et al., 2018). Through inserting an agent that prevents or creates another
route, this resistance can be partly solved, rising the response rate from40 to 60% (Ribas & Wolchok,
2018). In preclinical study, the application of saracatinib (7-(2-(4-methylpiperazin-1-yl)ethoxy)-N-
(5-chlorobenzo[d][ 1,3]dioxol-4-yl)-5-(tetrahydro-2H-pyran-4-yloxy)quinazolin-4-amine) (42) to
trastuzumab, a monoclonal antibody used to treat breast cancer and stomach cancer, demonstrated a

decrease of 90 percent in tumor volume in previously trastuzumab-resistant mice (McGivern et al.,

V%
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Trastuzumab is normally overexpressed in chronic myeloid leukemia cells (W. Xie et al., 2020). It

~

N

is a dual-specific protein tyrosine kinase inhibitor that binds and inhibits these tyrosine kinases thus
affecting cell motility, cell migration, adhesion, invasion, proliferation, differentiation and survival

(Feng et al., 2020; Sand et al., 2020).

Patients vaccinated against cancer may still develop resistance from chemicals released by tumors
which inhibit an immune response to the tumor or from genetic changes in the tumor itself
(Sanmamed & Chen, 2018). Scientists look at ways of reducing this tolerance through the use of
vaccines that combine various antigens in one vaccination or through targeting of T-cells that can

diminish the immune system response (Sahin & Tiireci, 2018; Tanyi et al., 2018).
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Modern anticancer drugs target DNA specifically on rapid division of malignant cells. One downside
of this approach is that they also target other rapidly dividing healthy cells such as those involved in
hair growth leading to serious toxic side effects and hair loss. Therefore, it would be better to develop
novel agents that address cellular signalling mechanisms unique to cancerous cells, and new research

is now focussing on such approaches.

Although the classical chemotherapy area involving DNA as the set target continues to produce
important findings, nevertheless, a distinctly discernible, emerging trend is the divergence from the
cisplatin operation model that uses the metal as the primary active center of the drug. Many
successful anti-cancer drugs present are associated with elevated toxicity levels. Cancers also
develop immunity against most therapies and the area of cancer research can therefore be seen as an

area with a high unaddressed need.

Hence, ongoing work into cancer pathogenesis is important to create accurate preclinical tests which

can contribute to the development of innovative drugs to manage and treat cancer.

Some of the emergent frontiers utilizing different approaches include immunotherapy, natural
antioxidants, gene therapy, tumor ablation, magnetic hypothermia and hyperthermia by use of
SuperParamagnetic Iron oxide Nanostructures (SPIONs), laser surgery, pathomics and radiomics,

exosomes, and organometallic pharmaceuticals.

2.9.1 Immunotherapies
The aim of immunotherapy treatments is to boost a patient’s immune system for it to be able to fight
tumor invasion, rather than targeting the tumor itself. Immunotherapies, which are also regarded as
cancer vaccines, induce the immune function of a patient to kill cancerous cells (Kruger et al., 2019).
By either enhancing the host's immune responses to cancers or countering the signals generated by
cancer cells that inhibit immune response, immunotherapy has become a successful procedure alone,
or paired with other therapies such as surgery, chemotherapy and radiation therapy (Souza-Fonseca-

Guimaraes et al., 2019).

Additionally, interventions can be categorized into two broad categories: active and passive
immunotherapy (Kawalpreet Kaur & Khatik, 2020; Vander Zanden & Chi, 2020). The active

approach entails channeling the host immune response toward tumor-associated antigens (TAAs) on
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the tumor surface (Ondrej et al., 2020; Manpreet Sambi et al., 2019b). These antibodies can be
particular proteins or carbohydrates which are expressed exclusively or expressed excessively in
tumor cells (Rashidijahanabad & Huang, 2020; Rodrigues et al., 2018). Passive immunotherapy, by
contrast, entails strengthening the immune system's generic anticancer approach using monoclonal

antibodies, lymphocytes, and cytokines (Kawalpreet Kaur & Khatik, 2020).

A drug combination therapy would by extension constitute one or several elements of these two
kinds of immunotherapy (Sicklick et al., 2019). It is notable that immunotherapy distribution and
efficacy are heavily reliant on the version, grade, predictive response rate, and relevant biomarker
expression of the cancer although response rates from patients may still vary (Camidge et al., 2019;

Havel et al., 2019; Marra et al., 2019; Otoshi et al., 2019).

The opposite effect is to decrease the immunosuppressive effects that promote the growth of cancer
cells. Food and Drug Administration (FDA) approved the first vaccine of its kind in 2010 in the
treatment of advanced hormone refractory prostate cancer (Golchin & Farahany, 2019; Saito et al.,
2017; Zaidi & Jaffee, 2019). The main advantage associated with immunotherapy is that since
vaccines induce an immune system response, patients can be protected from metastasis and
relapsing. Their side-effects profiles are relatively mild, restricted mainly to inflammatory irritation

at the injection site (Kruger et al., 2019; Souza-Fonseca-Guimaraes et al., 2019; Wallis et al., 2019).

Some of the challenges are that although it has been shown that immunotherapy is effective, patient
success rates differ and, most often, only a small percentage of patients within a broad subset respond
positively to the therapy (Hellmann et al., 2018). This problem is a hurdle to immunotherapy efficacy
and rates of response from patients. A major factor contributing to discrepancies in the rates of
response to cancer vaccinations is the specific nature of the vaccination as well as whether oft-the-
shelf forms of the vaccination is manufactured with similar antigen existing in the client's tumor in

order for their immune system to recognize its presence in the system (Martin et al., 2020).

Genetic mutations may also contribute to the activation of neoantigens (Malekzadeh et al., 2020)
which are recognized by the immune system during tumor growth (Damo et al., 2020). Nevertheless,
once cancerous cells are formed, they are able to evade this immunity protection by shutting these

antibodies off through a procedure known as of immune tolerance induction (Schep et al., 2018).
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Another immune avoidance method may arise when a tumor associates with its microenvironment

to prevent antitumor response (Binnewies ef al., 2018).

Several methods exists to improve response levels such as the identification of more specialized
genetic markers and agonists of immune control points (Ren et al., 2020). Better predictive tools and
assays are also capable of identifying patients who will react well to immunotherapy (P. Jiang ef al.,
2018). Cancerous cells have evolved specific cellular processes to aid tumor microenvironment
development (Roma-Rodrigues et al., 2019). One technique employed by cancer cells to ensure

survival and advancement is to avoid checkpoints on the immune system (Havel et al., 2019).

Immune system check points operate to track autoimmunity and alleviate damage to tissue caused
by immune responses through modulation of costimulatory and inhibitory signals (Sanchez-Correa
et al., 2019). During carcinogenesis, however, the dysregulation of protein expression at the
checkpoint may lead to aberrant activation of inhibitory checkpoint receptors thus hindering T cells
from identifying and eradicating tumorigenic cells (Taylor ef al., 2020; Yongbo Wang, Bao, et al.,
2020).

The development of the tumor microenvironment (TME) not only enables the tumor to evolve but
also causes it to recruit host immune system components (Corrales et al., 2017). In addition to
fostering tumor growth, these TME components principally act as cellular obstacles to avoid any
intrusion by antitumor immune cells (Gulzar et al., 2019). The growth of a thick epithelial layer
enveloping the malignant mass produces a protective barrier marked by several traits known to
enhance tumor growth, such as hypoxic conditions and anomalous neovascularization of tumors

(Jain et al., 2020; Katayama et al., 2019).

Not only does this deter prospective immune system cells from entering the tumor but also
establishes blood vessels to enable cells to metastasize into remote tissues (Samanta & Semenza,
2018). Until such time as these processes are eliminated, tumors will continue to evade the body's
immune defences (Fleming ef al., 2018). Currently immunotherapy treatments are obtainable as
cancer vaccinations. Immunotherapy works similar to standard methods of vaccination where the
goal is to stimulate an immune response. In short, cancer vaccinations containing whole or fragments
of antibodies are intended to induce an immune reaction (Manpreet Sambi et al., 2019b) as shown

in Figure 11.
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Figure 11 Mechanism of Action of Cancer Vaccines. Administered through injection with

adjuvants that activate dendritic cells.
[Adapted from (M. Sambi ef al., 2019a)]

Since many antigens reflected on cancer cells are also present on normal cells, treatment with a non-
tumor-specific antigen will also be cytotoxic to healthy cells. This means that although
immunotherapy have transformed the therapy of multiple advanced-stage malignancies, it has not
been beneficial to many patients for whom immune functions have been jeopardized by traditional
treatments (Martin ef al., 2020). In order for immunotherapies to be administered to a wider patient
demography, more diverse biomarkers which are expressed on the tumor cell surface need to be

discovered.

This will establish particular patterns which are displayed solely on cancer cells, the so called
neoantigens or tumor-specific antigens (TSA), allowing for better immunotherapy targets (Durgeau
et al., 2018). Determining the proper target for TSA will certainly lead to higher efficacy of
immunotherapy treatment results in terms of reduced adverse effects to normal cells (Conte ef al.,
2018; Wagner et al., 2018). One of the proposed approaches in overcoming immunotherapy
resistance from cancer cells is to use combined immunotherapy or multi-modal strategies (Sang et

al., 2019).

This method could efficiently raise the likelihood of antigens being targeted by immunotherapies,
and therefore overcome the cancer cells' compensatory nature (Bolm et al., 2018; Schaaf et al.,
2018).
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2.9.2 Natural antioxidants

The human body faces various exogenous assaults on a daily basis, such as ultraviolet (UV)
radiation, air pollution and tobacco smoke, culminating in the development of reactive species,
particularly oxidants and free radicals, blamed for the emergence of many diseases like cancer
(Ighodaro & Akinloye, 2018). Such molecules could also be formed as a result of medicinal drug
treatment, but they are also spontaneously generated by mitochondria and peroxisomes within the
cells and tissues, and by metabolism from macrophages, during regular aerobic physiological
activities.

Oxidative stress from reactive oxygen species is capable of destroying DNA (genetic changes, DNA
double strand splits and chromosomal aberrations) (Ford & Kastan, 2020), and other bio-
macromolecules such as lipids and proteins (Shastri et al., 2018), significantly altering the function
of transcription factors and, ultimately, of important metabolic pathways (Bhatti ef al., 2017; Islam,
2017). Our body's defences against these molecules are often inadequate to overcome the

tremendous losses that have been created.

Together with studies into the functions of the superoxide dismutase (SOD), catalase (CAT) and
glutathione peroxidase (GP) biological enzymes, natural antioxidants such as vitamins, polyphenols
and bioactive compounds derived from plants are being researched to be incorporated as protective
agents and possible medicinal drugs (Altemimi et al., 2017; Reis et al., 2017). The anti-inflammatory
and anti-oxidant effects of these molecules are present in many foods and spices (Baenas et al.,

2019).

Vitamins, alkaloids, flavonoids, carotenoids, curcumin, berberin, quercetin plus many other
substances have been tested in vitro and checked in vivo, exhibiting strong antiproliferative and pro-
apoptotic effects, and have been fronted to complement existing cancer treatments (Goyal et al.,
2020; Igbal et al., 2017; Mohiuddin, 2019). The advantages associated with this approach include
the fact that they are available easily and in large quantities. However, due to their limited
bioavailability, their integration through clinical practice remains difficult (Pan ef al., 2017;

Rezaeiamiri ef al., 2020).

2.9.3 Tumor ablation and magnetic hyperthermia
Use of heat for tumor ablation and magnetic hyperthermia opened up new possibilities for precision
therapy, rendering the medication to be focussed in very tight and precise regions (S. Kumar et al.,
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2020). These techniques could also be a suitable replacement for the more intrusive methods like
surgery. Tumor thermal ablation requires a set of procedures utilizing heat (hyperthermia) or cold
(hypothermia) to kill metastatic cells (Prasad et al., 2018) (Figure 12). Cell necrosis is known to
occur at temperatures below -40 ° C, or above 60 ° C (Kaija et al., 2020; Mitxelena-Iribarren ef al.,
2020).

Long temperature periods between 41 °C and 55 °C are also successful in damaging tumour cells

(Mitxelena-Iribarren et al., 2020).
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Figure 12 Hyperthermia Process complementing traditional cancer therapy. (Prasad ef al., 2018)
Furthermore, cancer cells are known to be more temperature sensitive at high temperatures than
normal cells (J. Chen et al., 2019). Upon cooling, hypothermic ablation is due to the forming of ice
crystals which break cell membranes and eventually kill cells (Baumann, 2019; Camacho & Covey,
2020). Argon gas is the ideal coolant in these studies because it can disinfect the surrounding tissues

to -160 ° C (Camacho & Covey, 2020; Ward et al., 2020).

Gasses, such as ammonia, can also be used at their critical point because they have a higher heat
capacity compared to argon (Camacho & Covey, 2020). Yet the technologies for manipulating and
controlling them is still not well developed. Ablation through Hyperthermia currently utilizes

microwave radiofrequencies (RF) and laser (I1zzo et al., 2019; Xu et al., 2019). Microwave ablation
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is based on the electromagnetic interaction between microwaves and polar molecules in fluids, such

as liquids, which induces oscillation and therefore temperature changes.

The more conductive the medium, the more effective the process. For this reason, Radio frequency
ablation works very well in the liver and in other areas with a high content of water and ions, whereas
it has a poor effect in lungs (Hsieh et al., 2019). Radio frequency ablation has been the most widely
used in hospitals, since it is efficient and safe (Sun et al., 2019). An alternated current of Radio
frequency waves is applied to a target zone by an insulated electrode tip, while a second electrode,
needed to close the circuit, is placed on the skin surface (Pacella & Mauri, 2020). The interaction
with the current causes the oscillation of ions in the extracellular fluid, which, in turn, produces heat

(Prasad et al., 2018).

In contrast to the electrical current in Radio frequency ablation, microwaves will spread through any
type of tissue allowing high temperatures to be achieved in a short time, greater infiltration and

treatment of wider tumor areas (Meijerink ef al., 2018; Tan et al., 2019).

Advantages associated with these strategies include precise treatment of the interested area and the
possibility of performing the treatment along with MRI imaging (magnetic hyperthermia).
Challenges include low penetration power and the need for a skilled operator to perform the

treatment (Guttman et al., 2018).

2.9.4 Laser therapy
Laser therapy uses the characteristics of laser beams that are very small at a specific wavelength and
are extremely focused (Drain, 2019). This makes the procedure very effective and precise, making
it a viable alternative to traditional surgery (Seago et al., 2019). The laser-emitted absorption of the
light results in heating and eventual damages to the affected area (Hong et al., 2020). Different types
of lasers may be used according to the specific application. Neodymium: yttrium-aluminum-garnet
(Nd: YAG) lasers (1064 nm wavelength) and diode lasers (800-900 nm wavelength), with a

penetration range of up to 10 cm, are used for the treatment of internal organs (Lisiecki, 2015).

Conversely, for superficial therapies, CO; lasers (10,600 nm) with a penetration depth of 10 um up
to 1 mm are used (Strieth et al., 2020). Laser therapy is receiving a lot of interest in science over

other ablation methods because of its benefits such as higher effectiveness, safety and accuracy, and
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a shorter treatment session required to achieve similar results (C. Chen et al., 2020). In fact, the
fibers to relay laser light are compliant with magnetic resonance imaging so that the temperature and

thermal dosage can be calculated accurately (Olshansky et al., 2019).

However, certain drawbacks still need to be addressed, such as the need for a highly skilled operator
to bring the fiber in the right position (Suter et al., 2020). Ultimately, despite new methods of heating
tumor tissues via electromagnetic hyperthermia (as discussed above) showing better advantages by
using superparamagnetic or ferromagnetic nanoparticles to generate heat through alternating

magnetic fields, laser surgery still remains one of the most precise in tumor ablation.

2.9.5 Radiomics and pathomics
Although surgery still remains one of the main procedures for cancer treatment, however, about 50
percent of patients undergo radiation therapy. Radiation therapy is administered by use of an external
source of light beam or by adding a radioactive source locally (brachytherapy), to achieve intense
irradiation (Zeman et al., 2020). Localization of the pulse is now enabled by image-guided radiation
therapy (IGRT), in which the patient's images are obtained during treatment enabling the correct

amount of radiation to be determined (Kontaxis ef al., 2020).

Through the emergence of intensity-modulated radiotherapy (IMRT), varying strengths of radiation
fields can be generated, significantly reducing the doses reaching healthy tissues and therefore
limiting negative side effects (Au et al, 2018). Finally, it is possible, by stereotactic ablative
radiation therapy (SABR), to deliver an ablative radiation dose only to a specific target range, greatly

reducing unwanted side effects (Albuquerque et al., 2020; T. K. Nguyen et al., 2018).

Cancer is a complex ailment and its successful treatment requires enormous efforts to combine the
amount of information gained through testing and therapy procedures. The ability to connect data
gathered from diagnostic images and molecular analyses has enabled un-invasive imaging
techniques to achieve an analysis of the entire three-dimensional structure of the tumor. This is in
accordance with the main objective of precision therapy, which is to reduce adverse effects linked

to treatment while maximizing its success in order to obtain the best individualized therapy (Mi et
al., 2019).
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Radiomics has the advantage that a whole tridimensional image of the tumour can be created by
non-invasive imaging techniques. However, standardisation of procedures to facilitate clinical

translation still remains a challenge (Prior et al., 2020).

2.9.6 Exosomes
Exosomes serve as an essential regulatory factor during metastasis (Fang et al, 2018). These
includes the initiation, development and colonizing of metastases in surrounding regions by
transmitting functional molecules thereby directly affecting targeted cells (Zang et al., 2020). Organs
prone to metastasis may be modified to be optimal for tumor colonization prior to the arrival of
cancer cells, i.e. premetastatic niche formation (Zeng et al., 2018). In physiological system, GFP-
exosomes are secreted into the neighbouring tumor tissues and are distributed from primary to

metastatic niche tumors cells (T. Huang & Deng, 2019b).

Studies show that exosomes play a critical part in cancer metastasis (Whiteside, 2018). This include
taking part in the formation of the premetastatic niche, microenvironment of tumor cells, and in the
determination of specific organotropic metastasis (Chicén-Bosch & Tirado, 2020; Groza et al.,
2020). Upon drug treatment, exosomes originating from drug resistance cells, may also transfer the
resistant characteristics to the recipient cells for induction of resistance (H. Y. Huang, Lin, Li,
Huang, Shrestha, Hong, Tang, Chen, Jin, Yu, et al., 2020). In fact, exosomes will usually activate
the immune response to suppress the activity of the immune cells, thus growing immunogenicity to
enhance the anti-tumor activity under certain particular stress conditions (Tao Huang & Deng,

2019a).

Attacking metastasis-related exosomes offers a new strategy to designing innovative, effective anti-
tumor treatment agents (S. Jiang et al., 2019; Spugnini et al., 2018). Increasing evidence indicates
that exosomes and their contents lead to pre-metastatic microenvironment development and trends
of non-random metastasis (Do ef al., 2020; Pitarresi & Rustgi, 2019; Ruyssen, 2019). Exosomes are
secreted by practically all types of cells and can deliver proteins, lipids, DNA, and RNA into the
receiver cells (Pitarresi & Rustgi, 2019).

This happens in three pathways namely; attachment of the surface receptor, binding to the target
cells or internalization of the vesicle, thereby controlling the functional state of the cells (Tao Huang

& Deng, 2019a). The structure and contents of an exosome is as shown in Figure 13.
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Figure 13 Structure and Composition of exosomes derived from cancerous Cells.

[Adapted from Cells (T. Huang & Deng, 2019b)]

The proteins include many of the major raft lipids present in cell membranes, such as ceramides,
sphingolipids, cholesterol and glycerophospholipids (Scavo et al., 2020). Exosomes' primary RNA
is miRNA , but they also contain long non-coding RNAs (LncRNAs), which in many respects
control gene expression (Y. Xie ef al., 2019). There is, however, still a shortage of preclinical data
and further clinical treatment trials of antimetastatic-active agents (Lu et al., 2018). Hence, explicitly
designing antimetastatic medication for clinical use will be very necessary to allow researchers to

concentrate on the dynamics of cancer metastasis.

Today, the most common reports on chemotherapy treatments in the clinical research database
(www.clinicaltrials.gov) refer to the words precision therapy, immunotherapy and gene therapy,
demonstrating that these are the most prevalent techniques (Figure 14) under study, especially when
they have displayed success and effectiveness as already stated. The rising in number of these new
technologies demonstrate how the potential and applicability is increasing rapidly to substitute
and/or strengthen traditional therapeutics. Radiomics, immunotherapy, and exosomes can be seen as

the categories whose numbers has risen most in the last decade.
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The current situation for cancer research is broad providing several opportunities for innovation
taking into account not just the rehabilitation of patients but rather their well-being during treatment
(Tang et al., 2018). Such new techniques offer several benefits in comparison to conventional
treatments. Nonetheless, to boost their performance, several drawbacks have yet to be resolved
(Cecchini et al., 2019; J. Liu et al., 2018; McClure et al., 2018; Philip et al., 2018; Singh et al.,
2018). Great advances have been made, but even more are likely to emerge in the coming years,

creating more ad hoc customized treatment.

Even though there are quite a variety of plausible hypotheses on how to manage cancer, there are
still some inherent issues which cannot be overlooked in finding a cure, especially for solid tumors.
First, tumors are not just a single disease but a number of diseases that have selective response to
different anticancer agents. In order to detect disease genotypes, robust repositories are needed to
manage vast volumes of data from expression of genes, histology, 3D tissue modeling (MRI) and
metabolism characteristics (positron emission tomography, PET) (H.-Y. Huang, Lin, Li, Huang,

Shrestha, Hong, Tang, Chen, Jin, & Yu, 2020; G. Lee et al., 2020; Nadeem et al., 2020).

Progress into cancer therapy has taken significant strides in recent years toward a more reliable,
accurate and less intrusive therapies (Figure 14). While nanomedicine, along with targeted therapy,
has continued to enhance the biodistribution of emerging or already approved therapeutic drugs
around the particular tissue to be handled, other methods, such as gene therapy, nanoparticle

delivery, immunotherapy, and antioxidant molecules, offer new opportunities to cancer victims (He
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et al., 2020; Nagaraju et al., 2020; Zins & Abraham, 2020). Thermal ablation and electrical
hyperthermia, on the other side, offer solutions to resection of tumours (Amini et al., 2018; Anghileri
& Robert, 2019). Not only can tumors from the same population be distinct but not all cells are
identical even from the same tumor in that same individual. Genotyping have shown that, when
analysed using the standard histological staining method, what appears like a single disease could
possibly be multiple cancers, with separate prognoses, that could require different treatments

(Nicolés et al., 2020).

Ultimately, approaches to radiomics and pathomics help enhance diagnosis and result in the handling
of large data collections from cancer victims (Madabhushi ef al., 2019; Prior et al., 2020; Tran et
al., 2019; P. Vaidya et al., 2018). Taken collectively, these approaches would be able to provide
people with cancer with the most tailored treatments, emphasizing the importance of combining

different fields to achieve the best result (Phua ef al., 2019; Roma-Rodrigues et al., 2019).

Cells can develop inhibitors in the form of enzymes to render drugs inactive (Bandari et al., 2018;
Luthra et al., 2018). They may also develop various pathways to eject cell-based anticancer agents
through specific proteins such as P-glycoprotein 1 also known as multidrug resistance protein 1
(PgP) (Macks et al., 2018; J. K. Park et al., 2020). While cancerous cells vary from healthy cells in
many ways, the distinction has so far been difficult to analyze and exploit (D. S. Chen & Mellman,

2017).

Chemotherapeutic medications are thus expected to also impose adverse effects on healthy cells,
despite their innermost modes of action (Petrylak et al., 2020). This is demonstrated by the
cardiotoxicity of trastuzumab, a medication that directly binds to HER-2 receptors (Han et al., 2020;
McCauley et al., 2020). The use of different drug combinations is undoubtedly quite relevant, though
it has not proven to be the final solution so far. Since cancer contributes to the breakdown of many
complicated cellular functions, the most effective path may be to combine multiple strategies

(Rachel S Riley et al., 2019b; Yifan Wang, Deng, et al., 2018).

This may include, focusing on specific targets in cancer cells and several other rapidly-growing cells
and triggering immune response by increasing the normal immune response of the specific cancer

cells (Galon & Bruni, 2019)
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CHAPTER 3

METHODOLOGY
3.1 Synthesis
The ligands were synthesized by Schiff base condensation process and characterized by FTIR, 'H
and '*C NMR, UV-Vis, elemental analysis and single crystal x-ray crystallography. All the ligands
were characterized by '"H NMR against a TMS reference standard. The splitting designated as s
(singlet), d (doublet), dd (doublet of a doublet), t (triplet) m (multiplet) or br (broad). Frequency
shifts were observed for the various chemical environments as a result of electronic and steric effects

of different substituents.

The metal pyrrole complexes (C1- C5) were obtained through the reaction of Pd(cod)Cl,,
Pd(cod)CIMe or Pt(DMSO),Cl, precursors with a solution of the respective ligand in DCM at room
temperature. The complexes (C1- C3) were formed through a reaction of 1:2 (metal:ligand) molar
ratios using ligands L1- L3; C4 was formed from a 1:1 molar ratio using ligand L4, while C6 was

formed from a 1:1 molar ratio using ligand L1.

The thiosemicarbazide complexes (C7-C11 were synthesized through a reaction of the metal
precursors Pd(cod)Cl», Pd(cod)CIMe, K,PtCls or PdClx(PPhs), with a solution of the respective

ligand in THF at room temperature. These ratios were confirmed by elemental analysis.

Recrystallizations were carried out by dissolving the particular compound in minimum solvent and
dropwise adding a second solvent in which the compound has less solubility. The solubility gradient
forces the compound to come out of solution and form a precipitate. All the yields were calculated
against the limiting reagent.

3.2 Instrumentation
The results from the elemental (C, H, N) percentages were compared with the theoretical formulation

and acceptable values fell within +0.4% of the expected value.

Single crystals suitable for x-ray crystallography were grown by slow diffusion of hexane into DCM
which gave crystal for L1, or by slow evaporation of a DCM solution for L2, L3, L5 and complex
C6. Crystallography was performed on a Bruker SMART CCD APEXII area-detector diffractometer
and were kept at 100.03 K during data collection. Using Olex2 software the structures were solved
with the ShelXS-1997 (Sheldrick, 2015) structure solution program using Direct Methods and
refined with the Olex2 refinement package (Bourhis et al., 2015).
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Melting point determinations were performed on glass capillaries on a SMP-10 melting point
apparatus. FTIR spectra were recorded using Perkin-Elmer Spectrum 100 Series FT-IR instrument
on KBr pellets on the range 4000-400cm™' and 'H nuclear magnetic resonance (NMR) spectra were
run on a Bruker 400 MHz spectrometer available at the University of Western Cape (UWC), South

Africa. The chemical shifts were measured in ppm relative to TMS standard.

Elemental analysis was carried out on Server 1112 series Elemental Analyzer at Stellenbosch
University. GC-MS Mass spectroscopy for the ligands was performed at UWC using Mass Hunter
GC-MS analyser from Agilent Technologies. LC-MS for the complexes was performed at
Stellenbosh University using a Waters Synapt G2 instrument, ESI probe, at a cone Voltage of 15V.
UV-Vis spectra were run in DMSO at a range of 200-800nm using Nicolet evolution 100
spectrophotometer from Thermo Electron Corporation, and the data analysed using VisionPro

software.

Cyclic voltammetry studies were performed using PalmerScan3 instrument equipped with glassy
carbon electrodes as working electrodes, Ag/AgCl as reference electrode and platinum wire as
counter electrode, scan range of -1.8 to +1.8, and a scan rate of 200mV/s. The supporting electrolyte
was Sml 10mMol PBS buffer at pH7. Single crystal x-ray crystallography was run on Bruker
SMART CCD APEXII area-detector diffractometer available at Rutgers University, USA and
structures were solved and refined using ShelXS-1997 software and presented as ORTEP plots.

3.3 Synthesis of Pyrole-based Ligands

3.3.1 Synthesis of (E)-N-((1H-pyrrol-2-yl) methylene) (phenyl)methanamine (L.1)
The ligand was synthesized using 0.3882g (4mmol) Pyrrole-2-carbaldehyde and 440ul (4mmol)
benzylamine in dry methanol and refluxed for 12h. The mixture was vacuumed via rotary evaporator
to dryness and the product obtained as an orange powder. It was recrystallized in DCM/Et,O and
kept in fridge for 12 h to complete precipitation.

3.3.2 Synthesis of (E)-N-((1H-pyrrol-2-yl) methylene) (thiophen-2-yl) methanamine

(L2)
The ligand was synthesized with a similar procedure to L1 using 0.4853g (5mmol) Pyrrole-2-
carbaldehyde and Smmol (515ul) 2-thiophenmethylamine and refluxed for 18h. The mixture was
vacuumed to dryness by a rotary evaporator and the product obtained as an orange powder. It was

re-dissolved in minimum diethyl ether, activated charcoal added, shaken and filtered. The solution
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was kept for 12h in the fridge whereby it formed a crystalline product. Some of the crystalline
product was used to grow crystals suitable for XRD by slow evaporation of the diethyl ether solution

at 4°C in the fridge for 3days.

3.3.3 Synthesis of (E)-N-((1H-pyrrol-2-yl) methylene) (furan-2-yl)methanamine (L3)
The ligand was synthesized with a similar procedure to L1 using 0.4853g (Smmol) Pyrrole-2-
carbaldehyde and 450ul (Smmol) furfurylamine but stirred in room temperature for 18h in the
presence of MgSOs. The product was isolated as an orange powder which turned to brown. It was

recrystallized from DCM with ether.

3.3.4 Synthesis of (E)-N-((1H-pyrrol-2-yl) methylene) (pyridin-2-yl)methanamine

(L4)
The ligand was synthesized with a similar procedure to L1 using 0.3882g (4mmol) Pyrrole-2-
carbaldehyde and 420ul (4mmol) 2-methylamino pyridine. The reaction mixture turned to yellow
during reflux. The solvent was evaporated to dryness via rotary evaporator and the product isolated

as a dark brown paste.

3.4 Synthesis of Thiosemicarbazide-based Ligands

3.4.1 Synthesis of (E)-1-((thiophen-2-yl) methylene) thiosemicarbazide (L5)
The ligand was synthesized using 475ul (Smmol) thiophene-2-carbaldehyde and 0.4558g (5mmol)
thiosemicarbazide and refluxed in dry methanol for 12h. after cooling down, a light brown
precipitate was formed which was filtered and re-dissolved in Et,O, filtered on activated carbon and

kept in fridge for slow evaporation and the ligand was isolated as shiny brown crystalline product.

3.4.2 Synthesis of (E)-1-((5-bromothiophen-2-yl)methylene)thiosemicarbazide (L6)
The ligand was synthesized with a similar procedure to LS using 625ul (5mmol) 4-Bromothiophene-
2-carbaldehyde and 0.4558g (S5mmol) thiosemicarbazide. The ligand was obtained as a light brown

precipitate.

3.4.3 Synthesis of (E)-1-((4-bromothiophen-2-yl)methylene)thiosemicarbazide (L7)
The ligand was synthesized with a similar procedure to LS using 1.061g (5mmol) 4-
Bromothiophene-2-carbaldehyde and 0.4558g (S5mmol) thiosemicarbazide. The ligand was obtained

as a light brown precipitate.
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3.4.4 Synthesis of (E)-1-((quinolin-2-yl)methylene)thiosemicarbazide (L8)
The ligand was synthesised with a similar procedure to LS5 using 3.7mmol (0.6022g) quinolone-2-
carbaldehyde and 3.7mmol (0.3394g) thiosemicarbazide. The ligand was isolated as a red

precipitate.

3.5 Characterization of the Ligands

3.5.1 Gas Chromatography-Mass Spectroscopy
Mass spectra (EI) were recorded as methanol solutions using a Mass Hunter GC-MS instrument
available at UWC. An equilibration time of 0.5 min was used and a maximum temperature of 325°C.
The fragmentation patterns were studied and the molecular ion peak observed for all the compounds

studied.

3.5.2 Elemental Analysis
Elemental analysis was carried out on Server 1112 series Elemental Analyzer at Stellenbosch
University. The results for C, H and N were calculated from the expected formulation and compared
with the values obtained from the synthesized compounds. The experimental micro-analysis data

fell within the expected values by +£0.4% confirming the formulations and purity.

3.5.3 UV-Visible Spectroscopy
UV/Visible data was recorded on within a spectral range of 200-800 nm. The instrument was first
calibrated with a blank reference sample and taken in 1 cm quartz cells at molar concentration of 1.0

x 10°M.

3.5.4 Fourier Transform InfraRed Spectroscopy
FTIR spectroscopy was recorded using Perkin-Elmer Spectrum 100 Series FT-IR instrument on KBr

pellets or ATR on a spectral range of 4000-400cm™".

3.5.5 Proton Nuclear Magnetic Resonance Spectroscopy
'"H nuclear magnetic resonance ('HNMR) spectra were performed on a Bruker 400 MHz
spectrometer and analysed using Mestre Nova software. Samples were dissolved in an appropriate
deuterated solvent (CDCl; or DMSO-ds) and chemical shifts recorded against tetramethyl silane
(TMS) internal standard peak and the shifts reported as parts per million (ppm) with respect to CDCI3
at ou= 7.26ppm or DMSO-ds at 6u = 2.50ppm.
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3.5.6 Carbon-13 Nuclear Magnetic Resonance Spectroscopy
B3C nuclear magnetic resonance spectra data was performed on a Bruker 400 MHz spectrometer and
analysed using Mestre Nova software. Samples were dissolved in an appropriate deuterated solvent
(CDCl; or DMSO-d¢) and chemical shifts recorded against tetramethyl silane (TMS) internal
standard peak and the shifts reported as parts per million (ppm) with respect to CDCl3 at dc =
77.00ppm or DMSO-dg at 6c = 39.52ppm.

3.5.7 Single Crystal x-ray Crystallography
Single crystal x-ray crystallography was performed on Bruker SMART CCD APEXII area-detector
diffractometer available at Rutgers University, USA. This was performed for five of the ligands that
gave suitable crystals. The results obtained for the structures were compared with elemental analysis

results and for any unexpected or unusual bonding.

3.6 Preparation for Precursor Complexes

3.6.1 Preparation of cis-Cyclooctadienepalladium(II) Chloride Precursor
Synthesis was performed at room temperature. A suspension of PdCl; (2.50 g, 14.1 mmol) in dry
methanol (75 ml) was treated with 1,5-cyclooctadiene (cod) (5.2 ml, 42.3 mmol) and stirred for 48
h at room temperature. The product was obtained as a bright yellow air stable precipitate. It was

filtered and washed severally with methanol, and dried under reduced pressure. Yield: 3.72 g 91%.

3.6.2 Synthesis of cis-dichloro bis-(dimethylsulfoxide) Platinum(II) Precursor
This was synthesized by dissolving 300mg (1.13 mmol) of PtCl, powder in 10ml DMSO and leaving
the mixture to stand for four weeks. Light yellow crystals were isolated and filtered, washed with

acetone and dried. Yield 248mg 52%.

3.6.3 Synthesis of cis-dichloro bis-(triphenylphosphine) Platinum(II) Precursor
The precursor was synthesized according to a reported literature procedure (Kukushkin ef al., 2002).
A beaker containing solution of 313mg (1.19mmol) PPh; in ethanol was heated in an oil bath and
brought gently to boil. Into this boiling solution, a 250mg (0.6mmol) K>PtCl4 dissolved in Sml water
was added dropwise. The temperature was then maintained at 60°C and stirred for 2h. A pale white
crystalline precipitate was formed which was filtered and washed with hot water, hot ethanol and

finally with diethyl ether and dried. Yield 205mg, 42%
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3.7 Synthesis of the Pyrrole-based complexes

3.7.1 Synthesis of trans-Chloridobis[(pyrrolymethylidene)(benz-2-ylmethyl) amine-

KN] methylPalladium(II) (C1)
To a stirring solution of 92mg (0.5mmol) ligand LI in dry DCM, a solution of 66mg (0.25mmol)
Pd(cod)CIMe also in DCM was added dropwise. The solution turned green and stirring was
continued at room temperature for 12h. The solution was concentrated under vacuum under liquid
nitrogen to about 1ml and hexane added in excess to precipitate out the product. The mixture was
kept in fridge for 12h to allow complete precipitation, liquor filtered off and isolated as a green

precipitate which was washed with more hexane, filtered and dried in inert conditions under vacuum.

3.7.2 Synthesis of Synthesis of trans-Chloridobis[(pyrrolymethylidene)(thiophen-2-
ylmethyl) amine-kN| methylPalladium(II) (C2)
The complex was synthesized similar to C1 using 95mg (0.5mmol) L2. The product was isolated as

a green powder.

3.7.3 Synthesis of trans-dichloridobis[(pyrrolymethylidene)(furan-2-ylmethyl)
amine-kN| methylPalladium(II)- (C3)

The complex was synthesized as for the previous one using 174mg (1mmol) of L3 and 144mg

(0.5mmol) Pd(cod)Cl,. The mixture formed an orange solution which was reduced to about 1ml by

vacuum and the product recrystallized with diethyl ether. It was filtered and washed with Sml Et,O

and further 2x5ml hexane, dried under vacuum to afford an orange powder product.

3.7.4 Synthesis of cis-dichlorido[(pyrrolymethylidene)(pyridyl-2-ylmethyl) amine

N,N] Palladium(II)- (C4)
The complex was synthesized using 93mg (0.5mmol) L4 and 144mg (0.5mmol) Pd(cod)Cl.. The
product precipitated immediately and the mixture was stirred for 12h. It was filtered, washed with
S5ml Et;O and further 2x5ml hexane and dried under reduced pressure to obtain a grey powder

product.

3.7.5 Synthesis of Pt;Clx(dmso):-L1 (C5)
Into a stirring solution of 42mg (0.125mmol) Pt(dmso).Cl; in 15ml DCM, 0.125mmol (23mg) L1

dissolved in 5Sml DCM was added dropwise using a nitrogen filled syringe. Stirring was continued
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for 12h after which the solvent was removed under reduced pressure to yield a yellow precipitate of

CS which was washed with 3x2ml hexane, filtered and dried under vacuum to yield a yellow powder.

3.7.6 Synthesis of PtCl;(dmso)-L1 (C6)
The complex was prepared by growing crystals of C5 by slowly evaporating a DCM solution of C5
at 4°C after 1 week. It was obtained as light-yellow crystals.

3.8 Synthesis of the Thiosemicarbazone-based complexes (C7-C11)

3.8.1 Synthesis of L5-PdCl, (C7)
The complex was synthesized by dropwise addition of 92mg (0.25mmol) of L5 dissolved in 2ml
THF, into a stirring solution of 72mg (0.25mmol) Pd(cod)Cl> in 15ml DCM under argon. The
solution turned red with precipitation immediately and stirring was carried on at ambient conditions
for 24h. The solvent was reduced to about Iml, excess hexane added followed by filtration and

washing of the red powder product with 3x5ml hexane, filtration and drying under vacuum.

3.8.2 Synthesis of L6-PdCl; (C8)
Synthesized with a similar procedure to C7 using 66mg(0.25mmol) L6. It was isolated as a brown

precipitate.

3.8.3 Synthesis of L8-PdCIMe (C9)
The complex was synthesized by the slow addition of 58mg (0.25mmol) of L8 in 10ml THF to a
stirring solution of 66mg (0.25mmol) Pd(cod)MeCl in 10ml DCM in a schlenk tube. After stirring
for 24h at room temperature at which time it precipitated a red powder product. The mother liquor

was filtered off and the precipitate washed twice with 15ml Et,O and dried under vacuum.

3.8.4 Synthesis of L5-PtCl; (C10)
A solution of 104mg (0.25mmol) K,PtCls dissolved in 3ml MeOH/H>O (2:1) was added dropwise
into a stirring solution of 46mg (0.25mmol) L5 in 2ml THF. A yellow precipitate was formed
immediately and stirring was continued for one and half hours at room temperature. The precipitate

was filtered and washed with 3x5ml diethyl ether and dried under vacuum.

3.8.5 Synthesis of L7-PtPPh; (C11)
The complex was synthesized following the procedure for C10 by adding 198mg(0.25mmol) of
PtCl,[(PPhs):]2 dissolved in Sml DCM, into a stirring solution of 66mg (0.25mmol) of L7 in 20ml
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benzene at room temperature. Stirring was continued for 24h and the product was isolated a s yellow

precipitate.

3.9 Characterization of the Complexes
3.9.1 Liquid Chromatography-Mass Spectroscopy Analysis

This was conducted on a Waters Synapt G2, ESI probe, ESI Pos, Cone Voltage 15 V instrument, on

the pyrrole complexes to ascertain their molecular masses.

3.9.2 Elemental Analysis

Elemental analysis was performed on Server 1112 series Elemental Analyzer at Stellenbosch
University. The results for C, H and N were calculated from the expected formulation and compared

with the values obtained from the synthesized compounds.

3.9.3 Electrochemical Properties of the Complexes by Cyclic Voltammetry
Electrochemical studies to understand the redox properties of these type of compounds in solution
were performed on the complexes using PalmerScan3 instrument equipped with glassy carbon
electrodes as working electrodes, Ag/AgCl as reference electrode and platinum wire as counter
electrode. A scan range of -1.8 to +1.8 was used at different scan rates, with 5Sml 10mMol Phosphate

Buffered Saline buffer used as supporting electrolyte at pH 7.0.

3.9.4 UV-Visible Spectroscopy
UV/Visible data was scanned within a spectral range of 200-800 nm using Nicolet evolution 100
spectrophotometer from Thermo Electron Corporation. The instrument was first calibrated with a

blank reference sample and taken in 1 cm quartz cells at molar concentration of 1.0 x 10>M.

3.9.5 Fourier Transform Infrared Spectroscopy
FTIR spectra were run on a Perkin-Elmer Spectrum 100 Series FT-IR instrument on KBr pellets or

ATR on a spectral range of 4000-400cm™.

3.9.6 Proton Nuclear Magnetic Resonance Spectroscopy
'H nuclear magnetic resonance ('HNMR) spectra were run on a Bruker 400 MHz spectrometer and
analysed using Mestre Nova software. Samples were dissolved in an appropriate deuterated solvent

(CDCl; or DMSO-ds) and chemical shifts recorded against tetramethyl silane (TMS) internal
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standard peak and the shifts reported as parts per million (ppm) with respect to CDCl3 at ou=
7.26ppm or DMSO-ds at 6 = 2.50ppm.

3.9.7 Carbon-13 Nuclear Magnetic Resonance Spectroscopy
B3C nuclear magnetic resonance spectra data was recorded on a Bruker 400 MHz spectrometer and
analysed using Mestre Nova software. Samples were dissolved in an appropriate deuterated solvent
(CDCI3 or DMSO-ds) and chemical shifts recorded against tetramethyl silane (TMS) internal
standard peak and the shifts reported as parts per million (ppm) with respect to CDCls at dc =
77.00ppm or DMSO-dg at 6c = 39.52ppm.

3.9.8 Single Crystal x-ray Crystallography
Single crystal x-ray crystallography was performed on Bruker SMART CCD APEXII area-detector
diffractometer available at Rutgers University, USA. This was performed for C6 that gave suitable
crystals. The results obtained for the structure was compared with elemental analysis results and for

any unexpected or unusual bonding.

3.9.9 Partition Coefficient: Lipophilicity studies
Lipophilicity was determined as log P values by the shake-flask method as reported in literature
(Sangster, 1997). The complexes were partitioned between 10ml of deionized water (the medium
inside and outside the cells) and 10ml of 99% n-octanol (a model of the lipid bilayer of cell
membrane), and stirring for 48h. This was done after the two layers were first pre-saturated with

each other to avoid solubility-induced volume changes during the extraction step.

The mixture was then left to settle for 24h after which 3ml aliquots were micro-pipetted from each
layer and centrifuged for 2h at 7000 rpm using Minispin Epperdorf centrifuge. The UV-Vis
absorbance for the two layers was taken after appropriately diluting the layers as per a method
described in literature (Minick et al., 1988). Absorbance was read using a 96-well micro plate on a

POLARstar Omega microplate reader instrument from BMG Labtech.

The partition coefficients were determined by UV-Vis and was calculated as log (Co/Cw) where Co
is the concentration in oil layer and Cw is the concentration in water layer. Triplicate tests were
performed under different volumes and the data reported as mean log partitioning coefficient

(logPow) + standard deviation.

73



3.9.10 Stability studies
The tests were performed in DMSO-ds after addition of 200ul of D>O and running '"H NMR scans
at 6h intervals over a 72h period. The spectra were studied for any changes in proton environments

with time.

3.9.11 DNA binding Studies
To study the binding modes of the complexes with DNA, the samples were prepared in 10mM
Tris(hydroxymethyl)aminomethane hydrochloride (tris-HCI; linear formula NH.C(CH20OH)3.HCl)
buffer at pH 7.21. The UV-Vis scans were performed by serial titrations of incremental amounts of
calf thymus DNA (CT-DNA) to a fixed concentration of all the complexes. Complex C2 was not
studied due to solubility problems. The complex-DNA mixture was allowed to equilibrate 10minutes

prior to taking of measurements.

The binding kinetics for the complex-DNA interaction was determined from the variations in the
absorbance of a complex on serial titrations with DNA. This was done by determining the binding
constant, Ky, from the plots of the Benesi-Hildebrand host-guest equation (Equation 2) (Kuntz Jr et
al., 1968).

A(, o &G i &G 1
A - Ao o Ey_c — &g Ey_c — &g K;,[DNA]

Equation 2

where A, and A are the absorbances of the blank sample without DNA, and absorbance of complex-
DNA after addition of serial concentrations of DNA respectively; while e and en.g are the molar
extinction coefficients of complex only and complex-DNA respectively. The binding constant is
determined by plotting Ao/(A - Ao) vs 1/[DNA] to give a straight line graph. The equation of the
straight line gives the slope and intercept where the Ky, value is calculated from the ratio of the

intercept to the slope.

3.9.12 Cytotoxicity Assay
These assays were performed using commercially available cancer cell lines and standard procedures
for tetrazolium assays. Select cells were seeded at a density of 2-4 x 10* cells/well in a 96-well-
plate (rows A-H) in 100 pL of culture medium containing 10% Foetal Bovine Serum (FBS) and
incubated at 37 °C in humidified CO2 atmosphere in an incubator. After 12-hour duration, test
compounds were added to the cultured cells at various concentrations and incubated again for 48h.
0.5 mg/ml solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium -Bromide dye (MTT)
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dissolved in Phosphate Buffered Saline (PBS) was added to each well 5h before the end of incubation

time and incubation continued for the 5h.

100uL DMSO was then added to the well after which the absorbance of the dye was measured at a
wavelength of 570 nm according to literature reports (da Silva Frozza, 2017). Dilutions were spread
across the 96 well micro titre plates to provide different concentrations which were used to calculate
the ICso values. Triplicate tests were performed for each preparation and the data analysed as mean
+ standard deviation. The degree of reduction of the colourless dye by NADH or NADPH from
viable cells to form a red formazan product was then determined by comparison of the UV-
absorbance of the drug-spiked test cells to the one of untreated controls since the extent of colour

formation is proportional to the number of live cells (da Silva Frozza, 2017)
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CHAPTER 4

RESULTS AND DISCUSSION
4.1 Background
The ligands were synthesized by Schiff base condensation process and characterized by FTIR, 'H
and '*C NMR, UV-Vis, elemental analysis and single crystal x-ray crystallography. All the ligands
were characterized by 'H NMR against a TMS reference standard. The splitting designated as s
(singlet), d (doublet), dd (doublet of a doublet), t (triplet) m (multiplet) or br (broad). Frequency
shifts were observed for the various chemical environments as a result of electronic and steric effects

of different substituents.

UV-visible spectra for the compounds were recorded in DMSO at range 200- 800 nm using quartz
cells at a concentration of 1.0 x 10°M from which the molar absorptivity was calculated. Ligand
spectra showed peaks falling in the range 233-292nm and 340-390nm, corresponding to intra-ligand,
spin-allowed © —7* in addition to n—n* centered on the aromatic units. These transitions had molar
extinction coefficients ranging from 103-10* LMol'cm™'. The elemental analysis for carbon,
hydrogen and nitrogen (C, H, N) was carried out to confirm the proposed structures and therefore

the successful synthesis and purity of the compounds.

The results from the elemental (C, H, N) percentages were compared with the theoretical formulation
and acceptable values fell within £0.4% of the expected value. The metal pyrrole complexes (C1-
C5) were obtained through the reaction of Pd(cod)Cl>, Pd(cod)ClIMe or Pt(DMSO),Cl, precursors
with a solution of the respective ligand in DCM at room temperature. The complexes (C1- C3) were
formed through a reaction of 1:2 (metal:ligand) molar ratios using ligands L1- L3; C4 was formed
from a 1:1 molar ratio using ligand L4, while C6 was formed from a 1:1 molar ratio using ligand

L1.

Due to steric factors, the complexes binding at 1:2 ratio (metal:ligand) are believed to be of trans
geometry. Similar work was reported on bis-ferrocenyl Schiff base complexed with Pd which
confirmed a monodentate binding of the Schiff bases to the metal center through the imine-N without
involving the heteroatoms on the rings (Motswainyana et al, 2012). The thiosemicarbazide
complexes (C7-C11) were synthesized through a reaction of the metal precursors Pd(cod)Cl,
Pd(cod)CIMe, K>PtCls or PACLx(PPhs), with a solution of the respective ligand in THF at room

temperature. These ratios were confirmed by elemental analysis.
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Single crystals suitable for x-ray crystallography were grown by slow diffusion of hexane into DCM
which gave crystal for L1, or by slow evaporation of a DCM solution for L2, L3, L5 and complex
Cé6. Crystallography was performed on a Bruker SMART CCD APEXII area-detector diffractometer
and were kept at 100.03 K during data collection. Using Olex2 software the structures were solved
with the ShelXS-1997 (Sheldrick, 2015) structure solution program using Direct Methods and
refined with the Olex2 refinement package (Bourhis ef al., 2015).

4.2 Synthesis of the Pyrrole-based Ligands (L1-L4)

The synthetic procedure for ligands L1-L4 is as outlined in Scheme 13 below while the reaction

mechanism between the primary amines and the aldehydes used is outlined in Scheme 14.
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Scheme 13 Synthesis of the Pyrrole-based ligands L1-L4
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Scheme 14 Reaction Mechanism for the Schiff base formation between the primary amines and

the aldehydes
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The ligands (LL1-L4) were synthesized according to methods given in the methodology section. They
were then characterized by FTIR, 'H and '*C NMR spectral analyses, UV—vis, and elemental
analysis, in addition to x-ray crystallography for L.1-L3. This confirmed the structures of the ligands
as explained below:
4.3 Structure Confirmation for Ligand L1

FTIR was used to assess the formation of an azomethine bond which is the main characteristic of
Schiff bases. The disappearance of a vibrational band at 1700 cm™ indicated the absence of the
starter aldehyde, while the appearance of a strong vibration band at 1636 cm! indicated the formation
of an imine (C=N) bond; confirming a successful reaction. This agrees with literature reports where

the imine stretch is reported to occur between 1630-1650cm™ (Hussain et al., 2014).

The absence of an aldehyde proton peak at around 6 9ppm and the appearance of a peak at 6 8.15ppm
(iminic proton) in the 'HNMR also agreed with literature reports confirming a successful reaction
(J. Wang, Liu, Jiang, et al., 2018) (Garcia-Valle et al., 2018). The shift to higher frequency is as a
result of a less electronegative atom (N vs O), causing less deshielding of the neighbouring proton.
Carbon-13 NMR showed no aldehyde peak at around 6 190ppm, with a C=N carbon peak appearing
at 153.35ppm which is within the range reported in literature (Xavier et al., 2018), further

confirming an imine formation. (Similar trend was observed for the other ligands L2-L4).

4.3.1 Gass Chromatography-Mass Spectroscopy Analysis for L1

GC-MS was performed on the ligand which indicated a clear molecular ion peak, M" at M/z 184.1
which agreed with the molecular mass of the molecule of 184.1 as shown by Figure 15 and by the

fragmentation pattern in Scheme 15 below.

Spectrum Source Collision Energy Ionization Mode
Pzzk (2] in "+ TIC Scan” 0 Unspecified

wirE |t Sran (it 33 19R-73 283 min, 1A =rAns) innon 710

Al. L

40 &0 80 100 120 140 160 180 200 220 240 260 280 300 320 340
Counts vs, Mass-to-Charge (miz!

Figure 15 GC-MS peaks for L1
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Scheme 15 Proposed fragmentation for L1

Further confirmation of the structure was achieved by single crystal x-ray structure crystallography

and elemental analysis; where the obtained data was in agreement with the calculated values;

obtained (calculated) C 74.2 (74.46), N 15.21 (15.63), H 6.8 (7.0).

4.3.2 Single Crystal X-ray Structure for L1

The molecular packing in the unit cell shows a stack of 8 molecules per unit when viewed down the

crystallographic ‘a’ axis and rotated along the y-axis as shown in Figure 16 (a) below. Figure 16(b)

shows the intermolecular hydrogen bonding between the molecular pairs.
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Figure 16. The unit Cell for ligand L1 showing the crystal packing
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The ligand crystallizes in the P 2i/n space group. Stabilization within the molecule is through
intermolecular hydrogen bonding between the imine nitrogen of one molecule and the hydrogen
attached to the pyrrole nitrogen of the second molecule. The intermolecular bond distances for this
ligand were found to be different, being 2.136A and 2.193 A. The intermolecular bond angles
subtended by the H-bonded hydrogen are also different, being 161.41° for N2-H1-N3, and 162.04°
for N1-H2-N4 as shown in (b). The pyrrole and the benzyl rings lie at a torsion angle of 123.57° for
one molecule and 118.97° for the second molecule.
4.4 Structure Confirmation for Ligand L2

Similar to the FTIR spectra of L1, the disappearance of a vibrational band at 1700 cm™ indicated
the absence of the starter aldehyde, while the appearance of a strong vibration band at 1640 cm’!
indicated the formation of an imine (C=N) bond; confirming a successful reaction. This observation
agrees with literature reports for the imine bond formation (Hussain et al., 2014). "HNMR also
confirmed a successful reaction by the absence of a peak at around & 9ppm (aldehyde proton), and

the appearance of an iminic proton peak at d 8.13ppm.

Literature reports support this observation for an iminic proton (Garcia-Valle ef al., 2018). Carbon-
13 NMR showed no aldehyde peak at around 6 190ppm, with a C=N carbon peak appearing at

153.78, further confirming an imine bond.

4.4.1 Gas Chromatography-Mass Spectroscopy for Ligand 2

GC-MS was performed on the ligand which indicated a clear molecular ion peak, M" at M/z 190.1
which agreed with the molecular mass of the molecule of 190.06 as shown by Figure 17 and by the

fragmentation pattern in Scheme 16 below.
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Figure 17 GC-MS for L2
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Scheme 16 Proposed Fragmentation Pattern for L2

Further confirmation of the structure was achieved by elemental analysis where the obtained data
agreed well with the calculated values; obtained (calculated) C 63.12 (63.13), N 14.7 (15.41), H5.3
(5.8), S 16.9 (16.9) and single crystal x-ray structure determination.

4.4.2 Single Crystal X-ray Structure for L2

The structure and ORTEP ellipsoid diagram for L2 are shown in Figure 18 at 50% probability
showing numbering and the intermolecular stabilization through H-bonding (dashed lines) (N- blue

Colour, H- green, C- Grey, S- Yellow).
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Figure 18 ORTEP Ellipsoids for L2

The ligand crystallizes in the C 2/c space group. Stabilization within the molecule occurs through
intermolecular hydrogen bonding between the imine nitrogen of one molecule and the hydrogen
attached to the pyrrole nitrogen of the second molecule. The bond distances for both bonds is 2.165
A and bond angles for N1-H-N2 of 152.44°. The pyrrole and the thiophenyl rings lie in nearly
perpendicular planes to each other with a torsion angle of 82.96°. The molecular packing in the unit
cell shows regular layered stacks of 8 molecules per unit when viewed down the crystallographic ‘b’

axis and rotated along the x-axis as shown in (Figure 19).

Figure 19 The unit Cell for L2 showing the crystal packing
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4.5 Structure Confirmation for Ligand L3
The appearance of a strong vibration band at 1644 cm™! indicated the formation of an imine (C=N)
bond; confirming a successful reaction. 'HNMR also confirmed a successful reaction by the absence
of a peak at around 6 9ppm (aldehyde proton), and the appearance of an iminic proton peak at &
8.12ppm. Carbon-13 NMR showed no aldehyde peak at around 6 190ppm, with a C=N carbon peak

appearing at 153.19, further confirming an imine.

4.5.1 Gas Chromatography-Mass Spectroscopy for Ligand 3

GC-MS was performed on the ligand which indicated a clear molecular ion peak, M" at M/z 174.1
which agreed with the molecular mass of the molecule of 174.08 as shown by Figure 20 and by the

fragmentation pattern in Scheme 17 below.
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Figure 20 GC-MS peaks for L3
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Scheme 17 Proposed Fragmentation Pattern for L3
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Further confirmation of the structure was achieved by elemental analysis where the obtained data
agreed well with the calculated values; obtained (calculated) C 68.95(68.61), H 5.79(6.2), N
16.08(16.47) and single crystal x-ray structure determination.

4.5.2 Single Crystal X-ray Structure for L3

The ligand crystallizes into the centrosymmetric P-1 triclinic space system, implying a complete
absence of any symmetry constraint on the unit cell parameters. The crystal packing shows two
molecules per unit as shown in (Figure 21). The atoms are colour coded as; C- grey; H- green; N-

blue; O- red.

Figure 21 ORTEP Ellipsoids for L3 at 50% probability

As shown, the crystal is stabilized by intermolecular hydrogen bonding (dashed lines) of the
hydrogens attached to imine and pyrrole nitrogen of adjacent molecules, but facing away from the

center of the crystal.

4.6 Structure Confirmation for Ligand L4
4.6.1 Gas Chromatography-Mass Spectroscopy for Ligand 4

GC-MS was performed on the ligand which indicated a clear molecular ion peak, M+ at M/Z 185.2
which agreed with the molecular mass of the molecule of 185.23 as shown by Figure 22 and by the

fragmentation pattern in Scheme 18 below
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Figure 22 GC-MS peaks for L4
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Scheme 18 Proposed Fragmentation Pattern for L4

4.6.2 UV-Visible Spectra for Ligands 1- 4

The UV—Vis absorption bands for the ligands were observed at 234-284 nm. The band at higher
energy (234nm) is attributed to n-* transitions of the aromatic units while the lower energy band at
284nm is assigned to m-* transition of the azomethine (-CH=N-) chromophore. This agrees with

literature reports on azomethine UV-vis bands for the imine bonds (Khanmohammadi ef al., 2009).
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This bands probably relates to the electronic transitions corresponding to HOMO (highest occupied
molecular orbital) located in the imine region and LUMO (lowest unoccupied molecular orbital)
frontier orbitals located in the pyrrole as suggested in literature (N. Ahmad et al., 2020). These
transitions had molar extinction coefficients ranging from 10°-10* LMol 'cm™. A representative

spectrum for L2 is shown in Figure 23.
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Figure 23 UV-Vis Spectrum for L2

The summarized UV-vis data for L1- L4 is as shown in the Table 1 below.

Table 1 UV-Vis data for L1-L4

Ligand UV-vis (Amax nm)

L1 286
L2 239, 284
L3 282
L4 283, 340

4.6.3 Fourier Transform Infrared for L4

The appearance of a strong vibration band at 1638 cm™! indicated the formation of an imine (C=N)

bond; confirming a successful reaction.
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4.6.4 Proton and Carbon-13 Nuclear Magnetic Resonance for Ligand 4

'"HNMR also confirmed a successful reaction by the absence of a peak at around § 9ppm (aldehyde
proton), and the appearance of an iminic proton peak at § 8.56ppm. *C NMR showed no aldehyde
peak at around & 190ppm, with a C=N carbon peak appearing at 153.67, further confirming an iminic
carbon forming an imine bond. These values were within the ranges reported in literature for Schiff
base formation (Lakouraj et al., 2018; Xavier ef al., 2018). Conclusive confirmation of the structure
was achieved by elemental analysis where the obtained data agreed well with the calculated values;

obtained (calculated) C 70.33(69.38), N 22.69(22.45), and H 5.99 (5.6).

A representative '"H NMR and '*C NMR scans for L1 are shown in Figure 24. Scans for the other
ligands appear in the Appendices section. A summary of the data obtained from the electronic spectra

for the four ligands is summarized in Table 2.
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Figure 24 'H NMR (a) and *C NMR (b) spectra for L1

Table 2 Electronic spectra for the Ligands L1-L4

Ligand

FTIR (KBrcm?) 'H-NMR (400 MHz, “C-NMR (400 MHz, CDCL;

CDCL3 6 ppm) ppm)

L1

1636, (C=N); 2829 & 8.15 (s, 1H), 7.24 - 7.37 & 152.35(imine C=N),
(sp® -C-H); 2888 (- (m, SH), 6.90 (s, 1H), 6.53 137.04(C2C-N pyrrole), 128.55,
C-H  benzene), (dd,J=1.22,3.55Hz, 1H), 128.19, 127.98, 127.56, 127.07,
3369, (-N-H) 6.22 - 6.27 (m, 1H), 4.71 (s, 120.23(CC-N pyrrole), 109.88,

2H) 88.93, 55.29(CH2)

L2

1312 —C-S stretch o 8.13 (s, 1H), 7.17 - 7.23 152.78(C=N imine),
(thiophene); 1640, (m, 1H), 6.89 - 6.99 (m, 142.52(C2C-S), 129.88(C2C-N
(-C=N); 2864 (sp3 2H), 6.80 (s, 1H), 6.52 (dd, pyrrole), 126.87, 124.67(C=C-S),
-C-H); 2967 (-C-H J=1.22,3.55 Hz, 1H), 6.22 122.19(C=C-N pyrrole), 114.94,
aromatic), 3062; (- (dd, J=2.81, 3.42 Hz, 1H), 109.76, 58.59(CH2)

N-H) 4.87 (s, 2H)

L3

1644, C=N 6 8.12 (s, 1H), 7.38 (s, 1H), 153.19(C=N imine),
(stretch); 2868 sp* - 6.89 (s, 1H), 6.53 (br. s., 153.09(C2C-O furan), 152.68(C-
C-H stretch; 2975 - 1H), 6.34 (d, J = 3.06 Hz, C-O furan), 149.24(C2C=N
C-H (aromatic) pyrrole), 142.21(CC-N pyrrole),
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Ligand

FTIR (KBr em™)

IH-NMR (400
CDCL3 6 ppm)

MHz,

3C-NMR (400 MHz, CDCLs3 &
ppm)

stretch, 3177; N-H

stretch.

1H), 6.24 (s, 2H), 4.67 (s,
2H)

124.79, 122.09, 120.07, 114.97,
56.47(CH2)

L4

3117, (aromatic C-
H); 3015, (aliphatic

C-H);
(C=N).

1638,

3 8.56 (d, J=4.16 Hz, 1H),
8.24 (s, 1H), 7.61 (dt, J =
1.71, 7.64 Hz, 1H), 7.31 (d,
J=7.82 Hz, 1H), 7.15 (dd, J
= 5.32, 6.91 Hz, 1H), 6.83
(s, 1H), 6.54 (dd, J = 1.10,
3.55 Hz, 2H), 6.23 (dd, J =
2.81, 3.42 Hz, 1H), 4.86 (s,
2H)

160.03  (C2C=N
153.67(C=N  imine), 150.50,
149.30, 142.99, 136.62(C2C-N
pyrrole), 131.59, 130.08,
119.80(CC-N pyrrole), 114.87,
111.11, 66.18(CH2)

pyridine)),

4.7 Synthesis of the Thiosemicarbazide-based Ligands (L5-L8)

The procedure for the synthesis of the ligands L5-L8 is as outlined in Scheme 19 below.

89



-

H )

o HN__N. 7
oy

L5 (light brown)

S
Yield: 0.500g 54%.
\

H
HzN\n/NNN//\@/ Br
G

L6 (light brown)
Yield 0.898g, 68%.

2T

NH
H,N 2 Methanol

S Reflux overnight M\

Br

H s
HN_ _N. #
\n/ N/\Q
S
Br

L7 (light brown)
Yield 0.788g, 58%.

\

~o

Br S~
o
S o

< \o

N
Z

L8 (red)
Yield: 0.4594g 54%.

Scheme 19 Synthesis of the Thiosemicarbazide-based ligands L5-L8

The ligands were isolated as light powdery products. Attempt to grow crystal structures by slow

diffusion of hexane into a THF solution of the ligand was successful only for LS.

The ligands were then characterized by FTIR, 'H NMR, '*C NMR spectral analyses and elemental
analysis UV—vis. In addition, x-ray crystallography was performed for ligand LS. The elemental
analysis results for all the ligands agreed well with the calculated results confirming the molecular

formulae of the structures.

4.8 Structure Confirmation for the Ligand L5-L8
4.8.1 UV-Visible Spectra for L5- L8

The UV—Vis spectra bands for the ligands were observed at 340nm (L5), 347nm (L6), 343nm (L7)
and 360 and 84nm (L8). According to similar literature reports (West ef al., 1999), these transitions

are attributed to to n—xt* transitions centerd on the imine and thioamide moieties.

90



Another observation was a bathochromic shift for ligands with a -Br attached compared to L5
without a -Br substituent. A higher bathochromic shift (7nm) was observed in L6 with a -Br at
position 5 of the thiophene ring, than in L7 (3nm) with the -Br at position 4. An auxochrome at
position 5, as opposed to position 4, has better conjugation with the rest of the m system from the
possible resonance donation of the lone pair on -Br. This increased conjugation and led to the
observed bathochromic effect in L6. Elemental analysis results on the experimental values tarried

well with the calculated values which was a conclusive proof for successful synthesis.

The elemental analysis and UV-vis spectra for ligands L5-L8 are summarized in Table 3.

Table 3 UV-vis Spectral Data for L5-L8.

Ligand  Molecular % C, H, N Calculated (Obtained) UV-vis (Amaxnm)
Formula
L5 CsH7N3S: C 38.90(38.63), H 3.81(3.77), N 340

22.68(22.33), S 34.61(34.43)

L6 CsHeBrN:S; € 27.28(27.16), H 2.29(2.37), N 347
15.91(15.66), S 24.28(25.47)

L7 CsHeBrN3S; € 27.28(27.22), H 2.29(2.34), N 343
15.91(15.77), S 24.28(24.47)

L8 CioH10NsS C 57.37(58.88), H 4.38(4.9), N 360,384
24.33(25.49), S 13.92(14.56)

4.8.2 Single Crystal X-ray Structure for L5

The ligand belongs to Monoclinic P21/n space group. The molecular pair adopts a different
conformation for each unit molecule in the molecular pair with one molecule lying on a flat plane
but the other having a torsion angle of about 17° showing the torsion in one molecule (a), H-bonding
(b) and the packing in the crystal unit viewed along ‘b’ plane and rotated along y-axis. The molecule
is stabilized through intermolecular hydrogen bonding between the hydrogen attached to N-5 of one
molecule and thiosemicarbazide sulphur of the other molecule. Further hydrogen bonding extends
towards the adjacent molecular pair as shown in Figure 25. Further confirmation of the thioamide

form of the ligands was confirmed by the crystal structure of LS.
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Figure 25 ORTEP view for the molecular pair for L5

4.8.3 Fourier Transform InfraRed Spectroscopy for Ligands 5- 8

In the FTIR spectra of these ligands, the vibrational band at around 3369-3430 cm™ was assigned to
the asymmetric v(N-H) vibration of the terminal NH» group. The peaks around 3246-3279 cm™! and
3149- 3179cm™ were attributed to the symmetric v(N-H) vibrations of the imino and amino groups
respectively. These agreed with similar observations appearing in literature on thiosemicarbazone

ligands which reports these vibrations between 3232 cm™ and 3167 cm™! (Netalkar et al., 2015).

Another observation made in all the ligands was the absence of a vibrational band at 2500-2600 cm™
! which is characteristic of the thioimidol group (Netalkar ef al., 2015). This ruled out the possibility
of thioamide - thioimidol tautomerism (H-N-C=S to N=C-SH). The disappearance of an absorption
band at around 1700 cm™! indicated the absence of the starter aldehyde, while the appearance of a
strong vibration band between 1605-1611 cm™ indicated the formation of an imine (C=N) bond;

confirming a successful reaction.

This agrees with literature reports for these type of ligands where the imine stretch is reported to

occur slightly above 1605 cm™ (Netalkar et al., 2015). Thioamide absorption bands appeared around
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1326 cm™ and 940 cm™! Literature reports the vibration for these band appearing at 1200 and 830cm”

! (Sinniah et al., 2017). A representative spectrum for L6 is shown in Figure 26.
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Figure 26 FTIR Spectra for Ligand L6

The difference in energy for the iminic bands can be explained by considering the different groups
and substituents attached to the imine bond. Ligand L5 has an unsubstituted thiophene and shows
the highest energy for the imine bond at 1611cm™. Ligand L6 with a -Br introduced to position 5 on
the thiophene ring showed a shift in energy (3cm™) from 1611cm™ to 1608cm™. The -Br at position
5 has a possible resonance donation from its lone pair of non-bonding electrons which contributes

to an increased electron density to the thiophene ring and consequently to the imine region.

On introducing a -Br at position 4 on the thiophene ring (L7), there is a shift of 6cm™ to 1605cm™.
This is probably due to the electronegative dipole of -Br which draws electron density away from
the thiophene ring (with minimal resonance donation of the lone pair with Br at position 4) and
consequently from the imine region and thereby raising the ¢ character of the imine bond resulting

to the observed shift in energy to a lower value.

4.8.4 Proton and Carbon-13 Nuclear Magnetic Resonance for Ligand 5- 8

'HNMR also agreed with literature reports confirming a successful reaction by the absence of an
aldehyde proton peak at around 8 9ppm (J. Wang, Liu, Jiang, ef al., 2018). A singlet peak was
observed between 11.45-11.80ppm in the free ligands and was assigned to the hydrazine NH proton.

These values were within the ranges reported in literature where the hydrazine proton is reported to
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occur around 10.01ppm (Netalkar et al., 2015). The primary amine peaks (-NHb») of the free ligands
occurred as singlet between 3.34- 3.35ppm. The two protons attached to the thiophene occurred as
duplets between 7.13-8.14ppm. The azomethine peaks appeared between 8.09- 8.24ppm which
agreed well with literature reports of 7.75—-7.85ppm (Nyawade et al., 2020).

Comparing the 'H NMR spectra of the ligands after introduction of the -Br substituent to the
thiophene ring;

H
S N_ _NH s H s H
Hc N 2 Br N N NH2 H A N NH2
\ N \ N S W
S S S
Hb H H
s Y L H, Br L7 H,

For LS5, the resonance for Ha, Hb and Hc protons occurred at & 7.13, 7.45 and 7.65ppm respectively,
while the azomethine proton resonated at 8.25ppm. Upon introduction of -Br at position 4 (L7), the
remaining protons; Ha and Hc appeared more downfield (7.53 and 7.75ppm respectively), as a result
of de-shielding by the electronegative Br substituent. Similar trend is observed when the Br is
introduced at position 5 (L6). The peaks for Ha and Hb now appear further downfield at 7.27 and
8.14ppm respectively.

Together with the inductive electron withdrawal effect by Br, the protons at ortho-position to Br
experience steric de-shielding as the hydrogen s-orbitals are disrupted from the normal spherical
symmetry. The azomethine proton for L5 appeared at 8.25ppm. On introduction of a Br at p