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SYNTHESIS OF BIOACTIVE ORGANORUTHENIUM COMPLEXES

ABSTRACT

Ruthenium complexes are attracting current interest as one variety of promising
metal-base anticancer drugs because of their specific biological functions. This mainly
because of their ability to form compounds with interesting electronic structures,
uncommon co-ordination number, unusual stereochemistry, along with their broad
spectrum of biologic areas, such as antiviral, antifungal, antibacterial, antioxidant
activities, anticarcinogenic, antitumor, DNA binding abilities and insulin mimetic

effects.

Herein antiproliferative activity, characterization and synthesis of “half-sandwich”
organo-ruthenium(Il) compounds [(n®-p-cym)Ru(N,S-TSC)CI]CI (I, II and IIT), which
TSC= 5-nitro-2-carboxyaldehyde-thiophen-N-methyl-thiosemicarbazone, (TSC'); 2-
acetyl-5-bromo-thiophen-N-methyl-thiosemicarbazone, (TSC?) and 2-acetyl-5-
bromo-thiophen-N, N-dimethyl-thiosemicarbazone, (TSC?),  were  reported,
respectively. The purified complexes were analyzed using many spectroscopic
techniques like '"H NMR spectroscopy, FT-IR, elemental analysis, single-crystal
XRD, MALDI-TOF mass spectrometry and UV-Vis spectroscopy. These studies
shows that TSCs demonstrate abilitiy to bind bidentate. This ligands have the property
of binding via azomethine nitrogen atoms and thiocarbonyl sulphur metal atoms with
all complexes (I, I1, III). Crystalline forms of TSC' and TSC? were revealed by X-ray
spectroscopy. These compounds crystallize with the P-1 space group in the triclinic
crystal system. Biological potential studies were performed on TSC ligands and their
ruthenium compounds (TSC1, TSC2 and TSC3) (I, II and III). Accordingly, studies
were conducted on human primary ovary (A2780) and human metastatic ovary
(OVCAR-3) cell lines. Our results highlight the impact that novel synthesized Ru(II)

complexes can have superior biologic activity.

Keywords: Anticancer, antitumor activity, thiosemicarbazone, organoruthenium (II)-

arene complexes

v



BiYOAKTIF ORGANORUTENYUM KOMPLEKSLERININ SENTEZIi

0z

Rutenyum kompleksleri, spesifik biyolojik fonksiyonlar1 nedeniyle umut verici
metal bazl1 antikanser ilaglarin bir ¢esidi olarak giintimiizde ilgi ¢cekmektedir. Bu esas
olarak, farkli stereokimyasal kompleksler olusturabilmesi, yaygin olmayan
koordinasyon sayilarina sahip olmasi, ilging elektronik yapilar ile birlikte genis
biyolojik aktivitelerinin olmasindan kaynaklanmaktadir. Antiviral, antifungal,
antibakteriyel, antitiimdr, antikanserojenik, antioksidan aktiviteler, insiilin mimetik

etkileri ve DNA baglama yetenekleri bunlara 6rnek verilebilir.

Burada organo-rutenyum(Il) yari-sandvi¢ komplekslerinin [(n-p-simen)Ru(N,S-
L)CIICI (1, II ve IIT), L= 5-nitro-2-karboksialdehit-tiyofen-N-metil-tiyosemikarbazon,
(TSC!); 2-asetil-5-bromo-tiyofen-N-metil-tiyosemikarbazon, (TSC?) ve 2-asetil-5-
bromo-tiyofen-N, N-dimetil-tiyosemikarbazon, (TSC®) sentezi, karakterizasyonu ve
antiproliferatif aktivitesi sirastyla rapor edilmistir. zole edilmis bilesikler, elementel
analiz, FT-IR, 'H NMR spektroskopisi, UV-Vis spektroskopisi, MALDI-TOF kiitle
spektrometrisi ve tek kristal XRD gibi spektroskopik teknikler kullanilarak analiz
edildi. Bu caligsmalar, tiyosemikarbazon ligandlarinin (TSC' ler), tiim komplekslerde
(I, II ve IIT) metal iyonuna tiyokarbonil kiikiirt ve azometin azot atomlar1 araciligiyla
koordine olan iki disli bir ligand olarak baglandigin1 gostermistir. TSC! ve TSC? nin
X-151n1 kristal yapilari, her iki bilesigin de triklinik kristal sisteminde P-1 uzay grubu
ile kristallestigini gostermektedir. Yeni sentezlenen TSC ligandlarinin (TSC!, TSC? ve
TSC?) ve bunlara karsilik gelen rutenyum komplekslerinin (I, II ve III) biyolojik
potensiyeli, insan birincil yumurtalik (A2780) ve insan metastatik yumurtalik
(OVCAR-3) hiicre hatlar1 iizerinde arastirildi. Sonuglarimiz, yeni sentezlenmis
rutenyum(Il) komplekslerinin potansiyel biyolojik aktiviteye sahip olabileceginin

etkisini vurgulamaktadir.

Anahtar  kelimeler: Antikanser, antitimor aktivite, tiyosemikarbazon,

organorutenyum(II)-aren kompleksleri
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CHAPTER ONE
INTRODUCTION

Since Werner’s leading study, coordination chemistry has developed in a continued
way. Currently, coordination compounds are included in an outlandish broad range of
uses in catalysis, optical related applications, medicinal field and hydrometallurgical
extraction. There have been important current interest in the chemistry of ruthenium,
which is fundamentally because of its attractive photochemical, photophysical and
redox properties. As all these properties are directed by the coordination environment
around the central metal ion, complexation of ruthenium by ligands of selected types

is of heavy importance (Das, Peng, Lee & Bhattacharya, 2004).

The electronic configuration of ruthenium have broadest range of oxidation states
in their complexes. This happens due to its electron configuration is (4d’ 5s') makes
this metal, together with osmium, special within all the elements. For instance
oxidation state -2 in [Ru(CO)4]* to +8 in RuOs corresponding to d° to d'*. The
coordination chemistry of ruthenium is directed by the oxidation states +2 and +3.
Synthetic variability, high oxidation states, easy availability and sturdy qualities make
ruthenium complexes perform adequately as catalysts. Ruthenium is kinetically inert,
a 4d transition metal, demanding more extended reaction times and high temperatures
for synthetic goals than nickel and copper, which are unstable 3d metals.
Consequently, ruthenium complexes usually contain high stability, and ligand
exchanging able to appear with a few rearrangements. Furthermore, this stability
allows the ligands to be modified during coordinating with metal (Fanni, Murphy,
Killeen & Vos, 2000).

Metal chelate Schiff base complexes have played a significant role in developing
stereochemical models in the main group and transition metal coordination chemistry,
mainly because of their structural variability, ease of preparation and stability
(Shimakoshi, Goto, Tachi, Naruta & Hisaeda, 2001; Morris, Zhou, Stern & Nguyen,
2001; Cozzi, 2004; Jiménez & Belmar, 2005). For investigating their exciting and
essential features, many numerous “Schiff bases” and complexes have been

researched. Such as, photochromic properties and complexing ability towards some



toxic metals, catalytic activity in olefins hydrogenation and transfer of an amino group,
and their ability to binding oxygen reversibly (Jones, Summerville & Basolo, 1979;
Olive, G. H. & Olive, S., 1984; Sawodny & Riederer, 1977). The high affinity for the
chelation of the Schiff bases against the transition metal ions is utilised in preparing
their stable complexes. The developments in this field gained momentum only after
the 1950s. Nowadays, the research field coping with “Schiff base metal complexes” is
widely spread. It covers many broad and diverse topics, including the enormous fields
of organometallic complexes and numerous properties of bioinorganic chemistry
(Maurya, Pandey, Chaurasia & Martin, 2006; Garcia-Raso, Fiol, Badenas & Muiloz,
2001; El-Behery & El-Twigry, 2007).

Because of their distinct biological function, ruthenium complexes are drawing
much attention as a promising metal based anticancer drug (Su et al, 2013). Which is
a result of their ability to make complexes with unique stereochemistry, unusual
coordination number, intriguing electronic structures, much as their broad range of
biological activities, such as antifungal, anticarcinogenic, antiviral, antibacterial,
antitumor, insulin-mimetic effects, antioxidant activities, DNA binding abilities

(Ghosh et al, 2017).

Ruthenium piano-stool half-sandwich complexes are an up-and-coming antitumor
and antimicrobial agent. These complexes stereochemistry presents a fine platform for
making novel synthesised complexes by changing the coordinated arene, the labile
group and chelated ligand. Also, both naturally available of Ru (II) and Ru (III)
oxidation states are octahedral and slightly inert (Lapasam, Banothu, Addepally &
Kollipara, 2020).



1.1 Schiff Bases

A Schiff base had created when aldehyde or ketone reacts with a primary amine
under particular conditions. Structurally, Schiff bases are nitrogen analogues of ketone
or aldehyde in which the carbonyl group have been replaced by an azomethine group
or imine (Da Silva et al., 2011). The general Schiff base synthesis have shown in figure

1.1 and 1.2 (Siddiqui, Azad, Khan, A. R. & Khan, T ,2019).

M R SN
R—N, 4+ >:0 - - I + o
H R R

Figure 1.1 Schiff base reaction by condensation (Siddiqui, Azad, Khan, A. R. & Khan, T, 2019)

H50) R R

HO R' " — R R R
.. v _ 7 +
N o »—N — =N 4 H0 —— N + H,0
N N b
£ H H
2

R,

Figure 1.2 Reaction mechanism of Schiff base formation (Siddiqui, Azad, Khan, A. R. & Khan, T, 2019)

“Schiff bases” react with almost all lanthanides and transition metals, then form
metal compounds (Sakthivel, Jeyasubramanian, Thangagiri & Raja, 2020). “Schiff
bases” are shown to demonstrate a wide range of biological activities, including
antibacterial, antiproliferative, anti-inflammatory, antifungal, antimalarial, antipyretic
and antiviral properties (Przybylski, Huczynski, Pyta, Brzezinski & Bartl, 2009).
Imine or azomethine groups are shown in many natural-derived, natural, and non-

natural compounds (Figure 1.3) (Souza et al., 2007; Guo et al., 2007).
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(Antifungal achivity)
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Figure 1.3 Examples of bioactive Schiff bases (Souza et al., 2007; Guo et al., 2007)

1.2 Ligands Types

TSCs are “Schiff bases” synthesized with condensation reaction between
thiosemicarbazide and an “aldehyde” or a “ketone group”. Thiosemicarbazones have

two different categories which overall called as “bis and mono-thiosemicarbazones”.

R2CO + HaN-NH-C(=S)— NH2— R2C=N-NH-C(=S)-NH2

Figure 1.4 General structures of thiosemicarbazones



1.2.1 Mono-TSCs

The general mono-TSCs (Figure 1.4) have distinct substituents.
Thiosemicarbazones are based upon aldehydes, which hydrogen atoms are substituent
(R?) at C2, meantime, R, can be heterocyclic group, an aryl or an alkyl. Likewise,
substituents on N1 can be second aryl, an alkyl one or two hydrogen atoms. N1 can be
piece of a “cyclic ring” as well. Various structures (II-V) are illustrated below (Figure
1.5). At Figure 1.6, Mono-TSCs relies on the ketones, therefore (R1) and (R2) groups
at C2 can be the aryl or alkyl substituents (VI). Also, at category (VII), the ketone
group is cyclic, hence C2 is a portion of structure (Lobana, Sharma, Bawa & Khanna,

2009).

1
R NZH——C

C2=—=N3
N'R3R*

W)

R! R?_ NR3R4

N'H benzaldehyde thiosemicarbazone (II)
N‘le\/[c N]»methyl-2-formylpyridinecarbaldehyde thiosemicarbazone (IIT)

N, -dimethyl-2-formylpyridinecarbaldehyde thiosemicarbazone (IV)

Ph H

py H
H N'Me,
H

» N - Nl-hexmethyleneiminyl-2-formylpyridine carbaldehyde thiosemicarbazone (V)

py

Figure 1.5 Structure of mono-thiosemicarbazones (II-V) (Lobana, Sharma, Bawa & Khanna, 2009)
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Figure 1.6 Structure of mono-thiosemicarbazones (VI-VII) (Lobana, Sharma, Bawa & Khanna, 2009)



1.2.2 Bis-TSCs

Bis-TSCs ring’s and two arms joined and a C? - C* bonded structures revealed

(Figure 1.7).
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Figure 1.7 Structure of bis-thiosemicarbazones (VIII-IX) (Lobana, Sharma, Bawa & Khanna, 2009)

1.3 Bonding Modes TSCs

TSCs are as thione—thiol tautomers and can attach to a metal ion in the anionic or
neutral structures. After the separation of H" from (-SH (Xb)) or (-N2H (Xa)), the
anionic structure is generated. Several bonding modes were observed for the TSCs in

anionic or neutral forms (Figure 1.8).
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Figure 1.8 Thiol and thione form of thiosemicarbazones (Lobana, Sharma, Bawa & Khanna, 2009)



1.3.1 Neutral and Anionic Forms

In the “neutral form”, molecule bonds formed only through S atoms, which they are
showed as (XI-XVII) at (Figure 1.9). Nevertheless, if the substituent at C2 has a donor
atom the other bonding modes are observed(XV, XVI and XVII) (X = O, N) (Lobana
et al., 2006; Lobana, Khanna, Butcher, Hunter & Zeller, 2007; Lobana, Khanna &
Butcher, 2007; Lobana, Kumari & Butcher, 2008; Jouad, Riou, Allain, Khan & Bouet,
2001; Lhuachan, Siripaisarnpipat, & Chaichit, 2003; Bermejo et al, 1999; Gémez-Saiz
et al., 2003; Labisbal et al., 2003).

CyCRMB >
VAV

XI XII X111 X1V

x/_\ N3 S/\ X/\ i
N3 N
V)Mv>qu
N Ny L\
XV XVI XVII

Figure 1.9 Bonding modes in neutral form (Lobana, Sharma, Bawa & Khanna, 2009)

Table 1.1 Bonding modes of TSCs (Lobana, Sharma, Bawa & Khanna, 2009)

Complexes Binding Modes

X1 n'-S

X1 H2-S

X1 nz-Ns, S-chelation

Xiv n°-N°, S-chelation and S-bridging
XV T]3 -X, N°, S-chelation

XVI n*-X. N°, S-chelation and S-bridging
XVII n*'-X. N°. S-chelation and X-bridging
Xviir n*-N% S

XIX N2, S-bridging and S-bridging modes



For “anionic form”, n>N2, S and N2, S-bridging, and S-bridging modes are
identified (Figure 1.10) (Lobana, Bawa, Butcher, Liaw & Liu, 2006; Ashfield, Cowley,
Dilworth & Donnelly, 2004). A rare example of pentacoordination of TSC has also
been explained (Pal, Basuli, Mak & Bhattacharya, 2001).

N\

N}/ \ N

/N2> (/\NJ

M/\M ! A/

XVII XIX XX

Figure 1.10 Bonding modes in anionic form (Lobana, Sharma, Bawa & Khanna, 2009)

1.3.2 Bonding Modes Bis-TSCs

Bis-TSCs can form complexes with both arms through binding to both anionic and
neutral structures at (Figure 1.11) (XXI, XXII) (Gil, Bermejo, Castineiras, Beraldo, &
West, 2000; Pedrido et al., 2005; Casas, et al., 2003).

&

Y
<N3\M /N> < \|/

N\
XXI ) XXII

Figure 1.11 Bonding modes of bis-thiosemicarbazones (Lobana, Sharma, Bawa & Khanna, 2009)

1.4 Properties of Metal Complexes and Metal-Based Compounds

Transition metals are “d” block elements, and they are in groups III-XII of the
periodic table (Pattan, Pawar, Vetal, Gharate & Bhawar, 2012). They maintain

individual features; which includes:

Charge variation: Metal ions occurs as positively charged in an aqueous solution.

The charge can be modified to make a cationic, anionic or neutral state depending on



the existing coordination compounds (Haas & Franz, 2009). In addition, they may
attach to negatively charged biological molecules by making positive charged ions in

the aqueous solution (Frezza et al., 2010).

Structure and bonding: Metal complexes have a broad range of coordination
geometries that provide them with distinctive shapes. Coordination site, bond length
and bond angle vary depending on its oxidation state and metal (Haas & Franz, 2009).
Structurally modified metal-based complexes have unique molecular species. These
give a broad spectrum of coordination numbers, shapes and kinetic properties that
organic molecules cannot duplicate (Frezza et al., 2010; Yan, Melchart, Habtemariam

& Sadler, 2005; Salga, Ali, Abdulla & Abdelwahab, 2012).

Metal-ligand interaction: Metal-ligand interactions generally cause the formation of
compounds which are distinctive from their individual metals or ligands. Ligand
exchange reactions are affected by metal-ligand interactions' kinetic and
thermodynamic properties (Haas & Franz, 2009). Supporting this reaction as metal
shows a broad range of benefits to the metals to interact and coordinate with biological

molecules (Frezza et al., 2010)

Lewis acid properties: Most metal ions are described as having high electron affinity,
which can quickly polarize groups that are coordinated, therefore easing their

hydrolysis (Frezza et al., 2010; Haas & Franz, 2009).

Partially filled d shell: Number of electrons in the d or f shell (for lanthanides)
affects transition metal complexes' magnetic and electronic properties (Haas & Franz,

2009).

Redox activity: Many transition metals tend to experience reduction and oxidation
reactions (Haas & Franz, 2009). The oxidation form of these metals is a critical
concern in the design of the coordination molecules. In biochemical redox catalysis,
metal ions often activate coordinated substrates and participate in redox active sites

for charge cumulation.

Metal based molecules and metal complexes have ligands in a three-dimensional
configuration, which allows them to functionalize groups that may be shaped to

specified molecular targets (Frezza et al., 2010).



(n®-Arene) Ru compounds that have piano-stool structures are the furthest
researched ones. Their applications in catalysis, supramolecular assemblies, molecular
devices, and antiviral, antibiotic, and anticancer activities have been discovered. These
complexes have a pseudooctahedral shape at the Ru(Il) ion, (n®-arene) ligand has three

coordinating sites with three other ligands (Figure 1.12) (Therrien, 2009).
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Figure 1.12 3 remaining coordination sites for ligands L (Therrien, 2009)

The occurrence of the aromatic © ligand preserve central metal, hindering quick
oxidation to Ru(III). Furthermore, as spectator ligands, (n®-arene)s are relatively inert
towards substitution reactions. The arene moiety can have functionalised substituents
and by this way the properties of the arene-Ru complexes can be. A broad range of
ligands with N-, O-, S- or P-donor atoms can be placed at the remaining three
coordination sites opposite to (n°-arene). These complexes are dicationic, mono- or
neutral, and frequently these ligands are labile (Therrien, 2009). Ligand exchange
inside solution is essential at “self-assemblies” (Fujita, Tominaga, Hori & Therrien,

2005) and catalytic processes (Bennett, 1997).

1.5 Synthetic Methods

With research and improvement by other groups (Winkhaus & Singer 1967,
Zelonka & Baird, 1972; Bennett et al., 1982), the most generally used synthesising of
the (n®-arene) Ru complexes are of RuCl3-nH20 with a cyclohexadiene in an mixed
EtOH-H20 solution (A)(figure 1.13). Chloro-bridged dimers are mostly air stable

products and ability form a bond with broad range of ligands, utilizing cleavage of the
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“chloro-bridged” to make superior yield mononuclear half-sandwich complexes.

(Robertson & Stephenson, 1976):

R

U
Fu

RuCl; 'n H,0 ———— = Cl

Figure 1.13 Arene ruthenium complex (Therrien, 2009)

Generating (n’-arene) Ru compounds includes the exchange of the n-ligand at high
temperatures in a second path (B) (Bennett & Smith, 1974) (Figure 1.14). This
operation were considerably researched (Muetterties, Bleeke & Sievert, 1979). The
arene exchange occurs concerted or in a stepwise way with the incoming arene. Before
or during the insertion of the novel arene ligand, it is persistently released as n° to n*
to m> states, which they released from coordination sphere. Furthermore,
hexamethylbenzene ruthenium derivative is one of the best stable Ru arene parts,

which they have electron rich properties. These ligands have electron acceptor groups

that are modified with ease:

<< A S
| | |
‘“H U T ‘q\l{u\\
cl o cl Cl (B)
-[I...R?_,_}.III [|st_;(l
Ru Ru

Figure 1.14 Hexamethylbenzene ruthenium complex (Therrien, 2009)

Two different methods were used to prepare half-sandwich (n°-arene) Ru
complexes. The first reaction indicates an intramolecular “Michael addition reaction”

between the n’-arene ligand and its attached arm (C) (Figure 1.15), meanwhile second
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one utilises with Ru complexes that coordinated with biaryl ligand (D) (Figure 1.16)
(Ghebreyessus & Nelson, 2000; Geldbach, Pregosin, Albinati & Rominger, 2001):

R
@(1 14
|
WRu

A
o ‘/ \P
ci Ph,

CH, (C)

A

Figure 1.15 “Michael addition reaction” between the n°-arene ligand and its attached arm (Therrien,

2009)
R;
Me O P
~ . 3 R'Li
Ru(OAcy =
Mi:[)__ ARUOAC) g (D)
-, R

Figure 1.16 Ru complexes that coordinated with biaryl ligand (Therrien, 2009)

Various synthesis methods associated with fairly attainable materials supports

chemistry of (n°-arene) Ru complexes.

1.6 Ru(II) Compounds Cellular Uptake

In selective and efficacious cancer therapy, the uptake of Ru compounds by cancer
or other cells is essential. The cell membrane possesses various proteins and lipids,
which regulate what substances enter the cells. Ru(Il) compounds enter cells via
numerous mechanisms, like active transport, passive diffusion, and endocytosis (Gill
& Thomas, 2012). Nevertheless, it is reported that most Ru compounds penetrate cells
with endocytosis (Figure 1.17) (Zhou et al., 2016; Liang, Wei, Evans & Duan, 2014;
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Zeng et al.,, 2017). ICP-MS, confocal laser scanning fluorescence microscopy,
transmission electron microscopy and flow cytometry are frequently used to define the

“intracellular accumulation” of Ru complexes (Puckett & Barton, 2007).

Energy-independent Energy-dependent
Passive  Passive Active Endocytosis
diffusion transport diffusion
® D ® ©
¥ (2]
N
® o 2 ®

@ Molecule >== Protein

Figure 1.17 Drugs cellular uptakes (Zeng et al., 2017)

Cellular uptake and cellular localization can modulate with changed ligands and
hydrophobicity. The “intracellular distribution” of Ru compounds in cells was
explained as (a) the size and structure of ligand; (b) lipophilicity; (c) ionic charge
(Puckett, Ernst & Barton, 2010; Zeng et al., 2017).

1.7 Ru(II) Compounds Potential Targets

There are various compounds with unique forms and proper functions, particularly
proteins and DNA, which plays essential parts in defining “cellular activity” (Komor
& Barton, 2013; Casini et al., 2007). Understanding the way of interaction between
the Ru complex and its targets it is important for studying the anticancer mechanism

and picking the most efficient compounds for effective and selective therapy.

1.7.1 Targeting DNA

Cancer cell proliferation is controlled by DNA which have a high proliferation rate
and many Ru complexes have high selectivity as targeting DNA reported (Zhao et al.,
2009; Zeng, Xiao, Liu & Tan, 2012; Aird et al., 2002; Pascu, Hotze, Sanchez-Cano,
Kariuki & Hannon, 2007; Wu et al.,2013). The metal atoms which positive charged in

these compounds may act like “electron acceptors”, for negatively charged DNA
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nucleophiles by the hydrolysis of ligands. Also, Ru compounds can attach to DNA
through interaction with aromatic ligands. The noncovalent and covalent binding are
the major binding modes between Ru and DNA compounds. The “non-covalent
binding” of Ruthenium compounds are generally reversible and take places as
intercalation, groove and electrostatic binding. Intercalation happens when planar
arene complex are took place between neighbouring base pairs in double helix of
DNA. The covalent binding is irreversible. For instance, Ru [(I]°-
arene)Ru(en)Cl][PF¢] (en = ethylenediamine, arene = biphenyl) compounds able to
bind covalent binding. The covalent binding mode between Ruthenium and DNA
deforms the DNA backbone and weaken DNA transcription and replication (Turro,

2011).

Chao et al. synthesized novel cyclo-ruthenated complex. This compound had ICso

values lower than cisplatin (Figure 1.18) (Huang et al., 2014; Zeng et al., 2017).

[Ru(bpy)(phpy)dppz]*

Figure 1.18 The anticancer effect of [Ru(bpy)(phpy)dppz]” (Zeng et al., 2017)

1.7.2 Proteins as Targets

Specific proteins might be targets for Ru compounds, particularly protein kinases
(Zhang, Carroll & Meggers, 2004; Meggers, 2009; Aman et al., 2017; Babak et al.,
2015). Particular enzymes play vital functions at “metabolic pathways” which were
related with “cancer cell proliferation”, “intercellular uptake” and “cell death” (Kilpin
& Dyson, 2013). Ruthenium (II) compounds has strength to inhibition of protein
kinases because of their facile, physicochemical properties and three dimensional
structure. By modifying the ligands, the targeting ability and various functions of Ru

compounds can be arranged (Blanck et al., 2012; Meggers, 2007). In the earlier work
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Ru(Il) polypyridyl complexes synthesized to act as (AChE) inhibitors (Dwyer,
Gyarfas, Rogers & Koch, 1952).

1.8 Cell Death Process

Cell death can be present through many mechanisms (Figure 1.19) (Tan, Lu, Ji &
Mao, 2014). Apoptosis is primarily induced, which are intrinsic and extrinsic pathways
(Tan, Lu, Ji & Mao, 2014). The intrinsic pathway, called as the mitochondria mediated
pathway, is triggered by endoplasmic reticulum (ER) stress, oxidative stress and DNA
damage (Zheng, Wu, Wang, Tan & Mei, 2017). These condition can generate the
mitochondrial discharge of “cytochrome c¢”, which can trigger the apoptosis (Qian et
al., 2013; Wang et al., 2014; Cao, Zheng & Chen, 2015; Liu, Y., Chen, Liu, J., &
Wong, 2013). Generally, “non-apoptotic cell death” happens with ER stress or necrosis
(Tan, Lu, Ji & Mao, 2014).

Ruthenium
@ Complex

Figure 1.19 Overall presentation mechanism of action of Ru complexes that used as anticancer drug

(Zeng et al., 2017)
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CHAPTER TWO
MATERIAL AND METHODS

2.1 Materials

All reagents were used as received. RuCl3-nH20, N-methyl/N,N dimethyl-3-
thiosemicarbazide, 2-acetyl-5-bromo-thiophen, a-phellandrene, 5-nitro-2
carboxyaldehydethiophen, and other chemicals were purchased from SigmaAldrich.
The reactions were executed using standard Schlenk line techniques under an inert
argon atmosphere, and every glassware were dried in oven (120 °C) at night. Dry
solvents were bought from SigmaAldrich and stored under inert gas. [{(n’-p-
cym)RuCl}2(pu-Cl)2] was synthesized according to literature procedures (Bennett &
Smith, 1974).

2.2 Instruments

LECOCHNS-0-9320 was performed for elemental analyses, Varian 1000 FT
spectrophotometer (KBr pellets) was used for FT-IR spectra, 'H NMR data were
obtained in DMSO on High-Performance Digital FT NMR (400 MHz) and chemical
shifts were internally referenced to tetramethylsilane (TMS). The UV-VIS spectra
were recorded by Thermo-Scientific Evolution 600 Instrument. Excitation-emission
spectral characteristics of the complexes were measured in steady-state mode of a
fluorescence spectrometer (Edinburgh Instruments of FLS920). Mass analyses were
recorded on a Bruker MALDI-TOF (Matrix-Assisted Laser Desorption/Ionization
Time-Of-Flight) spectrometer using 1, 8, 9- trihydroxyanthracene as a matrix for the
ligands and their ruthenium complexes. Conductance measurements were recorded on

a Systronics automatic precision bridge 304 conductivity meter.
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2.3 Synthesis of the TSC Ligands

The synthesis of ligands TSC!, TSC? and TSC® were executed as following
literature method (Yaman, Sen, Karagdz, & Subasi, 2017).The aldehyde (1 mole
equivalent) was dissolved in hot absolute ethanol solution (50 mL) and ambient
conditions were created by a few drops of concentrated sulfuric acid. Same amount of
TSC (1 mol eq.) was added to the reaction medium. Then the solution mixed in reflux
condition at high temperature (4 hours). After the reaction was terminated, solution
was cooled to ambient temperature the synthesized TSCs acquired as a precipitate.
Solids obtained after filtration were washed with ethanol several times and dried under

vacuum.

2.3.1 Synthesis of 5-Nitro-2-carboxyaldehydethiophen-N-

methylthiosemicarbazone, TSC'

O—I

o HN——CHj 0N S NH NH
\ AN HN‘& " \N/ Y \CH3
H + | — =
S s EtOH \ / s
NH;

Figure 2.1 TSC! Synthesis

O,N

5-nitro-2-thiophene carboxyaldehyde (1 mol) and 4-methyl-3- thiosemicarbazide (1
mol) was mixed with absolute ethanol solvent (50 mL). The mixture heated up until it
dissolved completely. Then concentrated sulfuric acid were added as a few drops. The
solution mixed under reflux at high temperature (4 hours). After waited for cool down
of solution, the TSC' ligand acquired as a precipitate. Finally, the solution was
filtrated, washed with ethanol. Then the dried in vacuo (Figure 2.1). Single crystals

were obtained by ethanol solution of TSC!.

Orange powder, yield: 90%. C7HsN4S202: Calc. %C: 34.42; H: 3.30; N: 22.93; O:
13.10; S: 26.25. Found: %C: 34.82; H: 3.17; N: 22.66; O: 13.87; S: 25.85. FTIR (KBr
pellet), v/em™': 3339 (s), 3142 (s), 3105 (s) (V(N(1))H+N(2)H)sym), 1564 (s), 1537 (s)
v(C=N), 1037 (s) V(N-N), 908 (s) v(C=S), 731 (s), 694 (s) (thiophen ring stretchings).
"H NMR (400 MHz, DMSO-ds) 5 11.81 (s, 1H, HC=N), 8.51 (s, 1H, N(2)H), 8.18 (s,
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1H, N(1)H), 8.05 (d, J = 4.26, 1H, thiophen ring protons); 7.49 (d, J = 4.24, 1H,
thiophen ring protons), 2.99 (d, J = 4.40, 3H, NHCH3). MALDI-TOF MS: m/z= 244
[M].

2.3.2 Synthesis of 2-Acetyl-5-bromo-thiophen-N-methyl-thiosemicarbazone, TSC?

CHg
0 HN——CHs Br s (|; NH NH
\ A " " \N e ok,
d CH; + | —_—
S EtOH s
Br NH2

Figure 2.2 TSC? Synthesis

2-Acetyl-5-bromothiophene (1 mol equiv) and 4-methyl-3-thiosemicarbazide (1
mol eq.) was mixed with absolute ethanol solvent (50 mL). The mixture heated up
until it dissolved completely. Then concentrated sulfuric acid were added as a few
drops. The solution mixed under reflux at high temperature (4 hours). After waited for
cool down of solution, the TSC? ligand acquired as a precipitate. Finally, the solution

was filtrated, washed with ethanol. Then the dried in vacuo (Figure 2.2).

Yellow powder, yield: 85%. CsHi10N3S2Br: Calc. %C: 32.88; H, 3.45; N, 14.38; S,
21.95. Found: %C: 32.23; H, 3.12; N, 14.22; S, 21.44. FTIR (KBr pellet), v/cm™': 3370
(s), 3175 (m), 3062 (m) (V(N(1)H+N(2)H)sym), 1547 (s), 1496 (s), v(C=N), 1045 (s)
V(N-N), 974 (s) v(C=S), 798 (s) and 694 (s) (thiophen ring stretchings). 'H NMR (400
MHz, DMSO-ds) 6 10.30 (s, 1H, N(2)H), 8.06 (s, IH, N(1)H), 7.29 (d, J = 4.00, 1H,
thiophen ring protons); 7.18 (d, J = 4.00, 1H, thiophen ring protons), 3.01 (d, 3H,
NHCH3), 2.26 (s, 3H, N=CCH3). MALDI-TOF MS: m/z= 292 [M']. With slow
evaporation of a saturated ethanol solution of the complex, crystals for were gathered

for X-ray analysis.
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2.3.3 Synthesis of 2-Acetyl-5-bromo-thiophen-N,N-dimethyl-thiosemicarbazone,
1sC°

AN
N o) — Br S
\ HN H'
d CHy * | —
S EtOH
NH,

Figure 2.3 TSC3 Synthesis

Hs

CHs
\N/“”Y(cm

T
)
(@]
oO——Q

2-Acetyl-5-bromothiophene (1 mol equiv) and 4,4- dimethyl -3- thiosemicarbazide
(1 mol equiv) was mixed with absolute ethanol solvent (50 mL). The mixture heated
up until it dissolved completely. Then concentrated sulfuric acid were added as a few
drops. The solution mixed under reflux at high temperature (4 hours). After waited for
cool down of solution, the TSC? ligand acquired as a precipitate. Finally, the solution

was filtrated, washed with ethanol. Then the dried in vacuo (Figure 2.3).

Light brown powder, yield: 84%. CoHi2N3S2Br: Cale. %C: 38,78; H: 4,07; N:
16,96; S: 20.91. Found %; C: 38,22; H: 4,86; N: 16,75; S: 20,25. FTIR (KBr pellet),
v/em': 3351 (s), 3236 (m), 3165 (m) v(N(2)H)sym, 1515 (s), 1488 (s) v(C=N), 1064
(s) (V(N-N), 975 (s) v(C=S), 789 (s), 705 (s) (thiophen ring stretchings). 'H NMR (400
MHz, DMSO-ds) 6 9.65 (s, 1H, N(2)H), 7.34 (d, J = 3,97, 1H, thiophen ring protons);
7.20 (d, J = 3.97, 1H, thiophen ring protons), 3.22 (s, 6H, N(CH3)2), 2.31 (s, 3H,
N=CCH3). MALDI-TOF MS: m/z= 306 [M"].
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2.4 Synthesis of the Metal Complexes (general procedure)

Reactions performed under an oxygen free inert atmosphere by the thermal

reactions. Every glassware were dried in oven at night (120°C).

2 mole equivalents of TSC ligand were dissolved in dry methanol (20 mL). Then,
1 drop of HCI 37% was joined to the solution, and acidification of the reaction medium
was achieved. In another schlenk, [{RuCl(n’-p-cym)}2(u-Cl)2] (1 mole equivalent)
was dissolved in 10 mL of dry DCM and the solution was added into the TSC ligand.
The reaction was continued for 24 hours under nitrogen with stirring at ambient
temperature. After the reaction was terminated, a rotary evaporator was used and the
volume of solution was halved. The solid was precipitated by addition of diethyl ether.

The product was gathered by filtration, then dried in vacuo.

2.4.1 Synthesis of [RuCl(y°-p-cym)(N,S-TSC))]Cl, {TSC'= 5-Nitro-2-
carboxyaldehydethiophen-N-methyl-thiosemicarbazone }, Complex 1

CHy

— 4
S Cl

N _ _
HN Hu/ \Ru/ Ha

~ ~or P
Cl CH3
‘ + CI/ HsC \‘/ Cl
Ru/
’ / cl
~ BN
S oN” S NH NH
/ DCM/ MeOH “ e
Reflux — -
. TSsc! |

Figure 2.4 Synthesis of Complex I

5-Nitro-2-carboxyaldehydethiophen-N-methyl-thiosemicarbazone, (TSC') (2 mol
eq.) and dry methanol mixed together (20 mL). After dissolving completely, 1 drop
of HCI 37% added to acidify the solution. [{(n®-p-cym)RuCl}2(u-Cl)2] (1 mol eq.)
and dry dichloromethane (10 ml) mixed, dissolved and added to previous solution..
The reaction continued under nitrogen at ambient temperature under stirring (24

hours). Then the rotary evaporator used to drop the volume to half. Precipitation
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happened by adding diethyl ether into product solution. In the end the product obtained
by filtration and dried in vacuo (Figure 2.4).

Light brown powder, yield: 62%. RuC17H22N402S2Cl2: Calc. %C: 24.21; H, 3.05;
N, 14.12; O, 8.06; S, 16.16. Found %C: 24.02; H, 3.56; N, 14.34; O, 8.72; S, 16.24.
FTIR (KBr pellet), v/ecm™': 3384 (m), 3099 (m), 3064 (m) (v(N(1)H+N(2)H)sym), 1576
(s), 1544 (s), v(C=N), 1033 (s) v(N-N), 876 (s) v(C=S), 733 (s), 637 (s) (thiophen ring
stretchings). 'H NMR (400 MHz, DMSO ds) & 8.83 (s, 1H, HC=N), 8.11 (s, 1H,
N(2)H), 7.62 (s, 1H, N(1)H), 7.12 — 7.05 (m, 2H, thiophen and 4H, p-cym ring protons),
3.07 (d, J =4.26, 3H, NHCH3), 2.81-2.79 (m, 1H, p-cym CHMe»), 2.24 (s, 3H, p-cym
CH3), 1.18 (d, J = 5.50 Hz, 6H, p-cym CHMe2). MALDI-TOF MS: m/z= 515 [M-CI]";
Am (Q'.m>2 M) 75.

2.4.2 Synthesis of [RuCl(y°-p-cym)(N,S-TSC?)]Cl {TSC? = 2-Acetyl-5-bromo-
thiophen-N-methyl-thiosemicarbazone }, Complex 11

. e ¢ N —
Cl CH,
‘ + CJ/ HC \ ‘ / cl 3
‘‘‘‘‘‘‘‘ Ru/
HyC’ S |

/) N/\/K ’
IS
B BrW \NH NH
CHg /
HaC
Il

= DCM/ MeOH

Reflux
TSC?
Br

Figure 2.5 Synthesis of Complex II

2-Acetyl-5-bromo-thiophen-N-methyl-thiosemicarbazone, TSC? (2 mol eq.) and
dry methanol mixed together (20 mL). After dissolving completely, 1 drop of HC1 37%
added to acidify the solution. [{(n®-p-cym)RuCl}2(u-Cl)2] (1 mol eq.) and dry
dichloromethane (10 ml) mixed, dissolved and added to previous solution.. The
reaction continued under nitrogen at ambient temperature under stirring (24 hours).

Then the rotary evaporator used to drop the volume to half. Precipitation happened by
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adding diethyl ether into product solution. In the end the product obtained by filtration

and dried in vacuo (Figure 2.5).

Light brown powder, yield: 53%. RuC1sH24N3S2C12Br: Cale. %C: 24.30; H, 3.17;
N, 9.45; S, 14.42. Found: %C: 24.19; H, 3.12; N, 9.14; S, 14.03. FTIR (KBr pellet),
v/em™!: 3385 (w), 3162 (w), 3015 (m) (v(N(1)H+N(2)H)sym), 1584 (s), 1564 (s)
v(C=N), 1034 (s) v(N-N), 875 (s) v(C=S), 789 (s), 736 (s) (thiophen ring stretchings).
"H NMR (400 MHz, DMSO-ds) & 7.84 (s, 1H, N(2)H), 7.61 (s, 1H, N(1)H), 7.04-7.10
(m, 2H, thiophen and 4H, p-cym ring protons), 3.66 (d, J = 4.28, 3H, NHCH3), 2.87 —
2.79 (m, 1H, p-cym CHMe»), 2.48 (s, 3H, N=CCH3), 2.23 (s, 3H, p-cym CH3), 1.15
(d, J = 6.60 Hz, 6H, p-cym CHMe2). MALDI-TOF MS: m/z= 547 [M-CI-Me]"; Am
(Q'm>M™) 72.

2.4.3 Synthesis of [RuCl(y°®-p-cym)(N,S-TSC?)]Cl, {TSC*=2-Acetyl-5-bromo-
thiophen-N,N-dimethyl-thiosemicarbazone}, Complex II1

S
~ BOZNPN
s B S \NH N
= DCM/ MeOH cHs e’ |
Reflux L CHo |
TSc® n

Figure 2.6 Synthesis of Complex I11

2-Acetyl-5-bromo-thiophen-N, N-dimethyl-thiosemicarbazone, TSC® (2 mol eq.)
and dry methanol mixed together (20 mL). After dissolving completely, 1 drop of HCI
37% added to acidify the solution. [ {(n°-p-cym)RuCl}2(p-Cl)2] (1 mol eq.) and dry
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dichloromethane (10 ml) mixed, dissolved and added to previous solution.. The
reaction continued under nitrogen at ambient temperature under stirring (24 hours).
Then the rotary evaporator used to drop the volume to half. Precipitation happened by
adding diethyl ether into product solution. In the end the product obtained by filtration

and dried in vacuo (Figure 2.6).

Orange powder, yield: 66%. RuCi9H26N3S2CLBr: Calc. %C: 26.18; H, 3.51; N,
9.16; S, 13.98. Found %C: 26.32; H, 3.22; N, 9.03; S, 13.25. FTIR (KBr pellet),
v/em': 3387 (m), 3043 (m), 2957 (s) (VN(2)H)sym), 1572 (s), 1535 (s) v(C=N), 1032
(s) v(N-N), 900 (s) v(C=S), 800 (s), 674 (s) (thiophen ring stretchings). 'H NMR (400
MHz, DMSO-d¢) 6 7.77 (s, 1H, N(2)H), 7.05-7.10 (m, 2H, thiophen and 4H, p-cym
ring protons), 2.77-2.80 (m, 1H, p-cym CHMe»), 2.48 (s, 3H, N=CCH3), 2.23 (s, 3H,
p-cym CH3), 2.07 (s, 6H, N(CH3)2), 1.16 (d, J = 5.2 Hz, 6H, p-cym CHMez). MALDI-
TOF MS: m/z= 562 [M-Cl-Me]*; Am (Q'.m>M™) 78.

2.5 Determination and Refinement of The Crystal Structure

The crystal and molecular structures of TSC! and TSC? were elucidated by single
crystal X-ray diffraction method. Rigaku-Oxford Xcalibur diffractometer with an Eos
CCD area detector at 150 K has been used to collect the single-crystal data of both
compounds. The graphite-monochromated MoK radiation (A = 0.71073 A) from
enhanced X-ray source used for taking measurements with an ®-scan technique.
CrysAlis™™ program has been utilized to collect and reduce the data, as well as to
handle the cell refinement. For the solution of the crystal structure and to determine
the space group, we have used the ShelXT (Dolomanov, Bourhis, Gildea, Howard &
Puschmann, 2009) structure solution program with Intrinsic Phasing. The “full-matrix
least-squares” method on F? applied with SHELXL (Sheldrick, 2015) to against all
reflections has been employed to refine the coordinates and anisotropic thermal
parameters of non-hydrogen atoms. These calculations are carried out under crystal

structure crystallographic software package OLEX2 system (Dolomanov, Bourhis,
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Gildea, Howard & Puschmann, 2009). Anisotropic thermal parameters were
implemented to all non-hydrogen atoms. PLATON software was used to calculation
and to analyse the geometrical results (Spek, 2003). The pictures have been created by
OLEX2 tools (Dolomanov, Bourhis, Gildea, Howard & Puschmann, 2009). The
crystal structure of TSC' was concluded as a two-component twin. The final ratio of
twin domains are 0.7790(6):0.2210(6). The twinning was considered during the
structure refinement and data reduction using the data in HKLFS5. The concise of the
structure refinement, data collection and crystal data for both compounds TSC' and

TSC? are displayed in (Table 3.7).

2.6 Cell Culture

The human primary ovarian cancer cell line (A2780) and the human metastatic
ovarian cancer cell line (OVCAR-3) were acquired from the American Type Culture
Collection (ATCC). Cells were grown in RPMI 1640 medium supplemented with 10%
fetal bovine serum (FBS), penicillin (100 units/mL) and streptomycin (100 pg/mL).
The cell were cultivated at 37°C in a humidified 5% COz incubator.

2.7 In Vitro Cytotoxicity Assay

The antiproliferative potency of the newly synthesized TSC ligands, Ru(II)
complexes and chemotherapeutic drugs (carboplatin, oxaliplatin, paclitaxel) as
references were determined by the 3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. Stock solutions of Ru(Il) complexes and TSC ligands were
freshly prepared in dimethyl sulfoxide (DMSO) at 5 mM concentration. Briefly, cells
reaching approximately 80% confluency were placed into 96-well plates (7500
cells/100ul/well) and waited for nearly 16-18 hours. Varying concentrations of TSC
ligands (25, 50, 100 uM) and Ru(Il) complexes (1, 5, 10, 50 uM) were applied to the
cells for 24 hours. Then, the culture medium was taken and MTT (5 mg/mL) solution
was put (100 pL/well) to each well. The plates were incubated (4 hours, 37°C). Then,
MTT solution in each well was carefully discarded and Dimethyl sulfoxide (DMSO)
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was placed to wells. The absorbance was obtained by using microplate reader (Thermo
Multskan Go) at 540 nm. The experiments were performed in three biological replicas.
ICso values were defined as the drug concentration which limit cell growth at 50%

ratio and I1Cso values were calculated by using cell survival diagrams.
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CHAPTER THREE
RESULTS AND DISCUSSIONS

3.1 Synthesis and Characterization of the Complexes

New ligands L= 5-nitro-2-carboxyaldehydethiophen-N-methyl-thiosemicarbazone,
(TSC'); 2-acetyl-5-bromo-thiophen-N-methyl-thiosemicarbazone, (TSC?) and 2-
acetyl-5-bromo-thiophen-N, N-dimethyl-thiosemicarbazone, (TSC?) were synthesized
according to described procedures and characterized by 'H NMR spectroscopy, FT-IR
and elemental analysis. TSC' and TSC? molecules were verified with single crystal X-

ray crystallography (Figure 3.1).

Then half-sandwich arene Ru (II) compounds (I-11I) of overall formula Ru[(n®-p-
cym)(N,S-TSC'*)CI]C1 were isolated as high yield. The identification of the
compounds was confirmed by elemental analysis, MALDI-TOF spectrometry, 'H
NMR spectroscopy, FT-IR. Nevertheless, the metal binds to N, S bidentate TSC

chelating ligand, a n°-p-cym ring and a chloride ion at all events (Figure 3.2).

/ H,N s "~ /
2
X \ R \ // EtOH s
S * HN—"C, H,S0,/reflux _N\ /S
y
0 NRR> 0 R HN—C\
NR1R2
X R R R:
TSC' NO2 H H Me
TSC®  Br Me H Me
TsG®  Br Me Me Me

Figure 3.1 TSC ligands (TSC!, TSC? and TSC?)
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Figure 3.2 3 TSC ligands (TSC!, TSC? and TSC?) and their ruthenium complexes (I, IT and I11)

Ru (II) compounds have overall formula that [RuCl(n®-p-cym)(,S-TSCH]CI,
complex I, [RuCl(m’-p-cym)(N,S-TSC?)]CI, complex II and [RuCl(n®-p-cym)(N,S-

TSC*]Cl, complex III have been

synthesised by reaction of [{(n®p-

cymene)RuCl}2(pu-Cl)2] and via interested thiosemicarbazone ligands TSC! (5-Nitro-

2-carboxyaldehydethiophen-N-methyl-thiosemicarbazone),
and TSC3

bromo-thiophen-/N-methyl-thiosemicarbazone)

TSC? (=2-Acetyl-5-

(2-acetyl-5-bromo-

thiophen-N, N-dimethyl-thiosemicarbazone) with 1:2 molar ratio in methanol.
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3.2 Physical Properties

Overall every compounds were purified in considerately good yields, mostly air
sensitive and stable in light environment. The complexes are soluble in chloroform

and dichloromethane.

According spectroscopic data and elemental analysis, it was offered that the
compounds are well formulated as [(n®-p-cym)RuCl(TSCHICI, 1; [(m’-p-
cym)RuCIl(TSC?)]Cl, 2; [(n®-p-cym)RuCI(TSC?)]Cl, 3; (Figure 2.4, Figure 2.5, Figure
2.6). The spectroscopic data quite support the formula of the complexes.

The analytical data for new compounds are (I-III) showed in Table 3.1. The
stoichiometry of the ligands (TSC!-TSC?) and compounds (I-III) have been verified

with elemental analyses.

Table 3.1 Physical properties and elemental analysis datas for compounds (1-3) and the

thiosemicarbazone ligands (TSC!, TSC?, TSC?)

Complex Yield | Colour M.P. | Found /(Calcd.) (%)
(%) C H N S 0
TSC! 90 Orange 246 34.42 3.30 22.93 26.25 13.10
34.82 3.17 22.66 25.85 13.87
TSC? 85 Yellow 208 32.88 3.45 14.38 21.95 -
32.23 3.12 14.22 21.44
TSC? 84 Light 187 38,78 4,07 16,96 2091 -
brown 38,22 4,86 16,75 20.25
I 62 Light 180 2421 3.05 14.12 16.16 8.06
brown 24.02 3.56 14.34 16.24 8.72
I 53 Light 172 24.30 3.17 9.45 14.42 -
brown 24.19 3.12 9.14 14.03
III 66 Orange 168 26.18 351 9.16 13.98 -
26.32 3.22 9.03 13.25
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3.3 Infrared Spectra

The FT-IR spectra of the thiosemicarbazone ligands and their metal Ru(Il)
compounds compared to investigate the binding modes of these ligands between Ru
metal. The main stretching bond frequency of the FT-IR spectra of ligands TSC" (n=1-
3), Ru(Il) compounds I-III are given at (Table 3.2) below.

The maximum bands frequency illustrated about 3387 cm! in the spectrum of the
ligands defined as v-sym vibration with terminal N(1)H group. This bands are also
occurs in the spectra of the Ru(Il) compounds I-III too, showing that N(1)H

substituent in coordination is not involved with metal interaction (Figure 3.6 — 3.8).

The infrared spectra were presented between the range from 4000 to 650 cm™'. TSCs
which are shown with general formula,
[R(1)R(2)C(2)=NB)N(2)(H)C(1)=(S)N(1)R(3)R(4)] commonly coordinate to metal
as either of a neutral thione form, two tautomeric forms or the anionic thiol form. The
corresponding band of hydrazine N(2)-H group, propounds that the coordination of
TSCs bonded with metal core (Ru) exist in a neutral thione form, not anionic thiol
form (Subasi, et. al., 2020). The v(C=N) stretching frequencies of the complexes (I, II
and IIT) showed changes compared with free ligands TSC!, TSC? and TSC? which
support complexation formation. The absorptions because of (C=N) azomethine parts
of thiosemicarbazone ligands at 1564, 1537 cm™ (TSC 1); 1547, 1496 cm™ (TSC 2)
and 1515, 1488 cm™! (TSC 3) were founded. Coordination of the TSCs to Ru(Il)
through imine nitrogen is making change of electron density. This alters v(C=N)
azomethine band frequency (Manimaran & Jayabalakrishnan, 2012). v(C=N)
absorption frequencies were seen at 1576 and 1544 cm™ (I); 1584 and 1564 cm! (II)
and 1572 and 1535 cm™ (III) in the FT-IR spectra of the compounds.

The FTIR spectra of TSC!, TSC? and TSC® exhibited characteristic strong
absorption bands attributed to thiocarbonyl (C=S) stretching, at 908, 974 and 975 cm"
! consecutively. They all were shifted to lower frequencies 876, 875 and 900 cm™! for
the complexes (I, II and III). These shifts verified that the ligand coordinated as a
neutral, bidentate via imine nitrogen atoms and thiocarbonyl sulfur in (I, IT and III).

The v (N-N) bands of TSCs were seen for ligands of (TSC!-TSC?) are 1037 cm™;
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1045 cm™! and 1064 cm™'. The decrease of the bands frequency 1033 cm™' (I), 1034
cm ! (II), 1032 cm™! (III) confirms the coordination with the imine nitrogen (Figure

3.3 -3.5) (Manivannan et al., 2007).

Table 3.2 Characteristic FTIR bands (cm™) of TSC!, TSC?, TSC? ligands and complexes (1, II and III).

v(thiophen
Complex v(N1H) v(N:H) w(C=N) v(N-N) v(C=8) ing)
rin;
3142(s) 1564(s)
TSC! 3339(s) 1037(s) 908(s) 731 (8), 694 (s)
3105(s) 1537(s)
3175(m) 1547(s)
TSC? 3370(s) 1045(s) 974(s) 798(s), 694(s)
3062(m) 1496(s)
3236(m) 1515(s)
TSC? 3351(s) 1064(s) 975(s) 789(s), 705(s)
3165(s) 1488(s)
3099(m) 1576(s)
I 3384(m) 1033(s) 876(s) 733(s), 637(s)
3064(m) 1544(s)
3162(w) 1584(m)
I 3385(w) 1034(s) 875(s) 789(s), 736(s)
3015(m) 1564(s)
3043(m) 1572 (s)
m 3387(m) 1032(s) 900(s) 800(s), 674(s)
2957 (s) 1535(s)
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3.4 'H NMR Spectra

More proof for coordinating mode of the ligands and complexes were gathered
from '"H NMR spectra. Sample preparation of 'H NMR executed with DMSO solvent
as the TSC ligands and their Ru(II) complexes are very soluble, so the spectra data
were gathered in DMSO. The 'H NMR spectrum data were gathered for
thiosemicarbazone (TSC!, TSC?, TSC?) ligands and Ru(II/IIT) complexes [RuCl(n®-
p-cym)(N,S-TSCH]CL, I; [RuCl(n®-p-cym)(N,S-TSC?]CI, II and [RuCl(n°-p-
cym)(N,S-TSC?)]CI, III in DMSO. In the experimental section, their assignments
given as well (Figure 3.9 — 3.11).

The absence of the signal at 4.00 ppm that responsible from —SH group (Das, Sinha,
Britto, Somasundaram & Samuelson, 2010) shows that either solution or solid state,

the ligands (TSC!-TSC?) exist as “thione tautomer” in the complexes (I-I1I).

Two sets of signals of p-cymene ring and the TSC protons of the coordinated ligand
are seen definitely in the 'H NMR spectra, L-to-M bonding is seen as well. In the
spectra of (I, II, III) all indications shows that thiosemicarbazones remained in
“neutral form” due to presence of N(2)H protons. The NH absorptions were essentially
altered from that of the free TSCs in spectra (I, IL, IIT). Absorptions of the free ligands
N(2)H protons were observed at 8.51, (TSC!); 10.30, (TSC?), and 9.65, (TSC?) ppm
whereas upon coordination the signals were appeared at 8.11, (I); 7.84, (II), and 7.77,
(III) ppm with slight highfield shifts. When comparing free TSCs with their
coordinated Ru(II) ion complexes, it shows an upfield shift as the signal became more
shielded. This verifies coordination of Ru(Il) ion to imine nitrogen, which is also
studied for many alike Ruthenium(II) TSCs compounds (Raja, Sindhuja & Ramesh,
2010; Stringer, Therrien, Hendricks, Guzgay & Smith, 2011). For complex I spectra,
sharp singlet was seen at 8.83 ppm as related to azomethine proton (HC=N) and
position of signal in the complex was shifted to a higher field in comparison free TSCs
at 11.81 ppm (TSC'), revealing coordination via the imine nitrogen. The lack of the
thiol proton signal at 4.00 ppm consistent with the idea that TSCs existed as the thione
tautomer in the Ru(I) compounds (I, IT and IIT) (Das, Sinha, Britto, Somasundaram &
Samuelson, 2010). The singlets because of the methyl group (CH3C=N) in TSC? and
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TSC? spectra were observed at around 2.26 and 2.31 ppm respectively, these
absorptions moved slightly towards upper field at 2.48 ppm for both of the complexes
IT and II1.

The N(1)H singlet signals in the complexes, 7.62 ppm, (I) and 7.61 ppm, (II)
attributed to the thiosemicarbazone were slightly altered to higher field from the free
TSCs, 8.18 ppm, (TSC!) and 8.06 ppm, (TSC?). The N(1)(Me)H group generated
doublets at 2.99 ppm, (TSC') and 3.01 ppm, (TSC?) with a slight change in complexes
at 3.07 ppm (I) and 3.03 ppm (II). Singlet resonances of NMe: protons in TSC? is at
3.22 ppm were present at 2.07 ppm in NMR spectrum of (III) with gradual upfield
shifts.

The p-cym protons resonated at frequencies typically observed for this group
(Beckford et al., 2009). The p-cym group have many multiplets, and thiophene ring
protons were seen at near about 7.12—7.05 ppm, (I); 7.04-7.10 ppm, (II); 7.05-7.10
ppm, (I1I) for the complexes. The isopropyl’s tertiary (3°) methine that binded p-cym
ring was emerged as multiplets at 2.79-2.81 ppm, (I); 2,87-2.79, ppm (II); and 2.77-
2.80, ppm (III), consecutively. The primary (1°) methyls binded p-cym ring have
singlet signals at 2.24 ppm (I), 2.23 ppm (II) and 2.23 ppm (III) in sequence. The
isopropyl methyl (1°) was appeared as doublets at 1,18 ppm (I), 1,15 ppm (II) and 1,16

ppm (III).

All the protons resonated in expected regions. The 'H NMR spectra of (I, II and I1I)
are actually direct combination of the signals from the ligands plus those from the p-
cym moiety. In the '"H NMR spectra of (I, II and III) all indications are that the ligands

remain neutral form (Table 3.3).
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Table 3.3 '"H NMR data for TSC!, TSC?, TSC? and compounds (1-3) (in DMSO solution)

Complexes
Shift
TSC! TSC2 TSCS 1 I m
(ppm).
class, H's,
T's(Hz)
HC=N 11.81,s, 1H - - 8.83,s, 1H - -
10.30, s, 777, s,
N(2)H 8.51,s, 1H 9.65,5,1H | 8.11,s, 1H | 7.84,s 1H
1H 1H
N(DH 818.s, 1H | 8.06,5 1H - 762,s 1H | 7.61,5 1H -
7.29.d,
thiophen 8.05,d, T=4.00, 734.d,
ring and/or | 7= 426, 1H; 15, J=3971H; | 712_ | 704710, | 7.05
PCym ing 7.49.d, 7.18.4, 7.20.4d, 7.05. m m 7.10.m
profons | y_494 19 | J=396, | J1=397 1H
1H
3.07,4d. 3.66,d,
299,d,
NHCH; 3.01,d,3H - T=426, | T=428, -
T=4.40,3H
3H 3H
248, s,
N=CCH; - 2265, 3H | 2315 3H - 2.48, s, 3H
3H
207, s,
N(CH:3): - - 3.22, s, 6H - -
6H
2.77-
pcym 281-2.79, | 2.87-2.79,
- ; - 2.80, m,
CHMe; m, 1H m, 1H
1H
CyIm 223 s,
P - - - 2245, 3H | 2.23,5.3H
CHs 3H
1.18. 4, 1.15.d, | 1.16.4,
e - - - T=550, | T=660, | T=52,
CHMez

6H 6H 6H
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Figure 3.9 The 'H NMR spectrum of TSC! ligand
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Figure 3.10 The 'H NMR spectrum of TSC? ligand
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Figure 3.11 The 'H NMR spectrum of TSC? ligand
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Figure 3.12 The 'H NMR spectrum of complex I
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Figure 3.14 The 'H NMR spectrum of complex 111
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3.5 Electronic Spectra

Table 3.4 The electronic spectra data for TSC', TSC? and TSC? ligands

)\rmaxl(nm), A )\rmaXZ(nm), A C €1 &
(mol/L)
TSC! | 278.00 (0,380) 405.00 (0.554) 10 3.80 x10° 5.54 x10°
TSC? | 247.50 (0.192) 337.00 (0.433) 10 1.92 x10° 4.33 x10°
TSC® | 252.50 (0,730) 343.00 (0,613) 10 7.30 x10° 6.13 x10°
Table 3.5 The electronic spectra data for the complexes (I-11T)
Amax1(nm), A Amax2(nm), A C £ €
(mol/L)
I 279.00 (0.510) 415.0 (0.442) 10+ 5.10 x10° 4.42 x10°
I | 236.00(0.411) 337.00 (0.341) 10+ 4.11x10° 3.41 x10°
I | 260.50 (0.267) 363.00 (0.150) 10 2.67 x10° 1.50 x10°

The electronic spectra of the complexes and their ligands were obtained in ethanol.
(Table 3.4 and Table 3.5) (Figure 3.15 — 3.20). The spectra of TSCs have two type of
bands at 337-405 and 247-278 nm. These bands occurred likely because of n-m*
(thiosemicarbazones) and m-m* (thiophene) transitions (Sharma, Singh & Tandon,
1980). A careful comparison of the bands of electronic spectral bands of complexes
with those of the free ligands showed that there was little change in the energy of these
bands due to extended conjugation of ligands after complexation. The ground state of
Ru(Il) is 'Aug, arising from the t®g configuration in an octahedral form. Excited state
corresponding to the t°2¢e's configuration are *Tig, *Tag, 'Tig and 'T2g. A very intense
band at high energy region in the electronic spectra of the complexes is reasonably
assignable to a combination of ligand to metal charge transfer and metal d-d band
transitions. Such observations have also been noticed earlier in other ruthenium (II)
complexes of similar ligand systems. The data of electronic spectra of all complexes
show that Ru(Il) complexes have an octahedral geometry (Sivagamasundari &

Ramesh, 2007).
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Figure 3.15 The UV-Vis spectrum of TSC! ligand
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Figure 3.16 The UV-Vis spectrum of TSC? ligand
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Figure 3.17 The UV-Vis spectrum of TSC? ligand
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Figure 3.18 The UV-Vis spectrum of complex I
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Figure 3.19 The UV-Vis spectrum of complex II
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Figure 3.20 The UV-Vis spectrum of complex III
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Figure 3.21 Excitation-emission spectra of the 1.10~> M Ru complex (I) solutions in THF (Ax=462 nm
Aem=552 nm).

The complex (I) exhibited very sharp and narrow band excitation and emission
peaks when excited at 462 nm. The less intense and broad excitation peak centered
around 360 nm can be assigned to the IT — IT* transitions within the ligand where the
conjugate system continues for only 3 bonds. However the intense and sharp excitation

peak centered at 452 nm arises from the “metal-to-ligand charge transfer (MLCT)”
effect in the Ru(Il) complex (Figure 3.21).

The Stokes shift (AL) of 90 nm has been extracted which manifests the adaptation
ability of the presented Ru(IT) complex for the potential “fluorescent dye applications”.
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Figure 3.22 Excitation-emission spectra of the 1.10> M Ru complex (1) solutions in THF (Aex=464 nm
Aem=554 nm).
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Substitution of the electron withdrawing -NO2 group with the inductively
withdrawing -Br in the complex (II) resulted in 2 nm of red shifted excitation
maximum for the complex. However, the emission maximum shifted only 2 nm
towards the red side without a significant change in the shape of the emission spectrum

(Figure 3.22).
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Figure 3.23 Excitation-emission spectra of the 1.10> M Ru complex (I1I) solutions in THF (Aey=464

nm Aen=>554 nm).

Substitution of the -NHCH3 in the complex (II) with the electron donating
dimethylamino in the complex (IV) did not cause a spectral differentiation on either
the excitation or emission side. This may be due to the fact that the dimethylamino
group is far from the conjugate system in the ligand and does not participate in the

conjugation (Figure 3.23).

3.6 Mass Spectra and Conductivity Measurements

Table 3.6 MALDI-TOF Mass Spectra Data

m/z
TSC! 244 [M*]
TSC? 292 [M']
TSC? 306 [M']
Complex I 515 [M-CIT*
Complex II 547 [M-CI-Me]*
Complex III 562 [M-CI-Me]*
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The MALDI-TOF mass spectra o