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Abstract

The study focused on the synthesis and characterisation of ionic imidazopyridine
tetracarboxylato diruthenium complexes bearing different counterions like NOs, PFs and BF..
The biological activity of the synthesized complexes was evaluated against MCF-7 breast
cancer cells as well as the non-tumorigenic MCF-12A epithelial cell lines. The complexes were
fully characterized using a variety of analytical techniques such as spectroscopy (*H, UV-Vis
and FTIR) and cyclic voltammetry. Mass spectrometry was used to identify the masses of the

products of interests to confirm the successful formation of new species.

The stability of the solvents in DMSO at room temperature conditions was evaluated for a
period of 72 h, and the complexes showed sufficient stability. All the synthesized complexes
displayed significantly good anticancer activity against the MCF-7 breast cancer cell line. The
complexes displayed good solubility in solvents like DMSO and biological media relative to
the diruthenium tetraacetate chloride precursor complex as well as the ligands. The resulting
complexes displayed superior anticancer activity in comparison to the free uncoordinated
ligands and this was comparable to that of the anticancer drug Cisplatin. The complexes
bearing ligands with ferrocene displayed the best anticancer activity with ICso values in the yM
range and comparable to those of cisplatin. The complex C7 containing 2-ferrocenyl-1H-
Imidazo(4,5-c)pyridine (L3) had the greatest anticancer activity (ICso value of 66.47 puM)
towards the MCF-7 breast cancer cell line while complex C5 containing the phenyl substituted
ligand showed the lowest anticancer activity with an 1Csp value of 79.58 uM. The selectivity
indices (S.1.) of the complexes C5, C7 and C13 were also determined from the 1Cso values of
the MCF-12A and the MCF-7 breast cancer cell. Complex C5 was highly cytotoxic to the non-
tumorigenic cell line at all tested concentrations and reduced cell viability of MCF-12A cell line
by more than 90% at the maximum tested concentration. Complexes C7 and C13 displayed
moderate cytotoxicity towards the healthy cell lines relative to cisplatin. The selectivity studies
indicated that one of the compounds bearing a phenyl substituted ligand was toxic to the

normal healthy cell line.
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Abbreviation Term

FTIR Fourier Transform Infrared Spectroscopy
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Chapter 1: Metallodrugs and Cancer Therapy

Chapter 1: Introduction

1.1 Background on cancer therapy

Cancer is a disease that occurs when there is rapid growth of tumour cells due to uncontrolled
cell division and this happens when the tumour suppressor genes responsible for controlling
cell differentiation become ineffective. Cancer cells can be localised in one affected tissue to
form benign tumour and can be carried in the blood stream from one affected tissue to other
unaffected areas of the body to form malignant tumour. Malignant cells can grow to form more
lumps or tumours through a process called metastases and are difficult to treat. Cancer is
responsible for a large proportion of disease-related death cases reported world-wide and it is
the second leading cause of death in the world.! The WHO estimated 20 million global new
cases in 2020 with approximately 10 million deaths as shown in Figure 1.1.2 Breast cancer
was the most prevalent form of cancer in females whereas in males, prostate cancer was the

most frequently diagnosed.

Estimated number of new cases in 2020, worldwide, females, all ages Estimated number of new cases in 2020, worldwide, males, all ages

Lung
1 435 943 (14.3%)

Breast
2261 410 (24.5%)

Other cancers )
3489 618 (37.8%) Other cancers

3938 086 (39.1%) Prostate

1414 259 (14.1%)

Colorectum
865 630 (9.4%)

Colorectum
1065 960 (10.6%)
Stomach
369 580 (4%) Lun,
Corpus uteri 770 828 (B.4%) Oesophagus
417 367 (4.5%) 418350 (4.2%)
Thyroid Cervix uteri Bladder Liver
448 915 (4.9%) 604 127 (6.5%) 440 864 (4.4%) 632 320 (6.3%)

Stomach
710523 (7.1%)

Total : 9 227 484 Total : 10 065 305

Figure 1.1. Cancer estimates and distribution between males and females as presented by

the International agency for cancer research.?

Various carcinogens such as tobacco smoke and exposure to UV-rays can play a role in
cancer progression. Many possible types of cancers have been identified such as lymphoma,
sarcoma, and neuroblastoma where the tumors can be localised in different parts of the body
as shown in Figure 1.2. Following the serendipitous discovery of cisplatin and other platinum
(pt)-based derivatives, metallodrugs containing metals such as platinum (Pt), ruthenium (Ru),
copper (Cu) and Zinc (Zn) have been of great interest to researchers.*>%2 This is due to metals
having unique and tuneable properties such as redox activity, variable coordination and
reactivity with diverse organic substrates, which allows them to display a wide range of

biological activities.
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CENTRAL NERVOUS SYSTEM, HEAD & NECK

BRAIN, EYE Including: mouth, throat,
tongue, nasal

LUNG
ENDOCRINE

HEPATOBILIARY
Including: pancreas

liver, biliary BREAST

7

BLOOD

Including: leukemia, lymphoma,
Hodgkin's and non-Hodgkin
lyumphoma, multiple myeloma

GASTROINTESTINAL ()
Including: colon, rectal, anal
stomach, intestinal, esophageal

GENITOURINARY
Including: bladder, kidney
prostate, testicular

SARCOMA
Including: soft tissue,
osteosarcoma

SKIN CANCER, GYNECOLOGIC
MELANOMA Including: uterine, cervical,

ovarian, vaginal, vulvar

Figure 1.2. Distribution of the common cancer types in male compared to female.®

1.2 Metallodrugs in anticancer therapy

Metal centres can form chemical bonds with donor atoms of varying electronegativity to form
complexes with varying stabilities, as explained by the HSAB principle.® Cisplatin (cis-
diammine-dichloroplatinum (I1)) (abbreviated CDDP) is a Pt (ll)-based drug given as a first line
drug in anticancer therapy. It's discovery follows the study on the effect of an electric current
on the bacteria Escherichia coli by Rosenberg and VanCamp,® which has since paved way for
further studies on other second generation Pt (II) drugs such as carboplatin and oxaliplatin
which have similar mode of action.'® The mechanism of action of cisplatin involves binding to
N-7 guanine on DNA and crosslinking the DNA strands as shown in Figure 1.3. After
intravenous administration of the drug and cellular uptake, chloride exchange with water
results in the formation of positively charged aqua species which can irreversibly bind to DNA.
Platinum-based anticancer drug complexes are the leading drug candidates and contribute to

approximately 50% of chemotherapeutic drugs administered worldwide.!
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/NH3
H3N e N H3
H3N——Pt1’A 1,2-Pt-d(GpG)
\, \ intrastrand crosslink
1,2-Pt-d(ApG)

intrastrand crosslink

HsN ey 1,3-Pt-d(GpXpG)
intrastrand crosslink
T .
H3N 'G/
Pt-d(GG)

interstrand crosslink

Figure 1.3. lllustration of the intra-strand DNA adducts and crosslinks resulting from cisplatin
binding to DNA nucleotides. 2

Several drawbacks such as limited selectivity against cancer cells, ineffectiveness against
certain cancer cells and various side effects such as toxicity limit the applicability of many Pt-
based metallodrugs and their success in clinical trials. Other drawbacks associated with
cisplatin and its derivatives include chemoresistance, neurotoxicity and nephrotoxicity.'® As a
result, second generation Pt (IV) prodrugs which mainly exhibit octahedral geometry have
been developed to try and combat the cytotoxic side effects of Pt (II)-based drugs and to
reduce resistance.* Structures of some of these complexes are displayed in Figure 1.4.
These derivates have made their way through clinical trials, however still display cross-
resistance with Cisplatin, and also fail to address the major challenges associated with the

administration of Cisplatin.®
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Satraplatin [PtCl,(en)] Transplatin

Figure 1.4. Structures of the second and third generation platinum-based anticancer drugs.*®

Ruthenium-based complexes possess unigue properties compared to Pt-based complexes,
such as better selectivity to cancer cells, allowing them to act as potential alternative drug
candidates with uniqgue mechanism of action.'” Ruthenium is on the second row of transition
metals, is less oxyphilic and slightly acidic which allows it to display properties applicable in
anticancer diagnostics.'® Ru can bind to DNA through covalent or non-covalent interactions
such as electrostatic and stacking interactions and It can also bind to proteins such as
glutathione (GSH), albumin and mitochondrial proteins which affects the normal functioning of
the cells.?® Ruthenium also has the ability to mimic iron binding to transferrin receptors,
affecting its rate of uptake into cells.'® The activation of Ru(lll) by its reduction to Ru (l1) in cells
by interacting with biological reducing agents such as glutathione means the complexes can

be administered in their less active form.

Ru complexes have been extensively studied and although many of them show low levels of
cytotoxicity and high selectivity, no Ru anticancer drugs have been commercialised for
therapeutic use.?’ Their mechanism of action is not clearly understood, however is proposed
to be mainly via apoptosis involving altering the permeability of the cell membrane. Other Ru
complexes have been shown to accumulate in organelles such as mitochondria or ribosomes,
affecting affect cell functioning.?! Examples of Ru complexes that have progressed to clinical
trials and currently under chemotherapy development are shown in Figure 1.5. Imidazolium
(NAMI-A) acts by disrupting the cell cycle, Indazolium (KP1019) affects mitochondrial
pathways while NKP-1339 is a salt form of KP1019 designed to improve on the solubility of
KP1019. Other complexes of ruthenium such as arene-Ru Schiff base (RAS) complexes have

also displayed low ICso values in the uM range and inhibited various cancers.?
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Figure 1.5. Structures of Ru-based metallodrugs in clinical trials for cancer therapy (a) NAMI-
A, (b) KP-1019 and (c) NKP1339.%

1.3 Ruthenium-bimetallic complexes

Many studies of the effect of Ru complexes on anticancer activity have focused on
monoruthenium complexes due to their unique and tuneable chemical properties.?® Bimetallic
structures consisting of diruthenium centres bridged by N, N or O, O bridging ligands are highly
stable structures with a Dsh symmetry. The synthesis of diruthenium tetraacetate chloride was
first reported by Wilkinson in 1966.2* The complex was later reported to exist in the solid state
as a polymeric complex bridged by chloride ligands in a zigzag fashion.?® The complexes are
generally insoluble in agueous solution, but the addition of suitable ligands can render the
complexes more soluble. For binuclear diruthenium complexes, divalent (Rux*") and mixed-

valent (Ruz>") states exist.

Mixed valent paddlewheel complexes of the form Mz(OAc)4(L). where M = Ru and L = H,0,
THF, or Cl have been described,?® where the synthesis procedures mostly involve
[M2(OAC)4Cl] as the precursor complex, and the metals have oxidation states of Il or 111.2” The
oxidation state of the metal produces a paramagnetic complex with an unpaired electron (as
in Ruz?* and Ruz°*), and the resulting nuclear magnetic resonance (NMR) spectrum yields
broader and highly shifted resonance peaks. Figure 1.6 shows the general structure of a
paddlewheel complex consisting of two Ru metal centres with four p-bridged ligand groups,
where both metal centres are equivalent and the total oxidation state is a sum of the individual
oxidation states.? The addition and linkage of ligands to the metal centres at the axial position

to form an extended polymeric chain with better solubility has been reported.?®
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X=N, O, etc.
R=H, Me, OMe, etc.

Figure 1.6. General structure of a Ru-based paddlewheel complex.

The magnetic, catalytic, electronic and mesomorphic properties of paddlewheel structures
have previously been studied.* Silva and co-workers presented the synthesis of diruthenium
tetraacetate complexes bridged by non-steroidal anti-inflammatory drugs such as ibuprofen
and naproxen. This equatorial displacement of the acetate groups with the ligands increased
the efficacy of the ligands relative to the free uncoordinated ligands.3! The synthesis of a
diruthenium acetate complex bearing the isomers of indolylglyoxylyl dipeptide ligands has also
been reported by Barressi et al.*2 This study found that complexation improved the efficacy of
the ligands and the resulting complex [Ruz(EB776)4ClI] displayed a low ICso value against
glioblastoma cell lines while its isomer [Ruz(EB106)4CI] was completely inactive.

1.4 Coordination of ligands to metal centres

Various ligands such as phenanthroline, benzimidazoles and bipyridines have been studied
for their anticancer properties and potential to improve on the anticancer activity of metal
complexes containing Platinum Group Metals (PGMs).3* 34 The donor numbers and geometry
of the ligands affects the intracellular binding characteristics to the metal, which creates a
unique electronic environment around the metal centre. These ligands can coordinate as
bidentate O, O donors in the case of carboxylates or N, N chelates in the case of nitrogen
donors such as benzamidines or formamidine groups. Ligands can also coordinate in
monodentate fashion using single donor atoms. The coordination of the ligands to the metal
centres affects the reactivity, oxidation state of the metal, lipophilicity of the complexes and
can also activate an inactive complex. Inactive ligands such as hydrazine have been found to

exhibit activity after complexation to metal centres.®
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1.5 Benzimidazole ligands

The benzimidazole ligand (Figure 1.7) is a useful pharmacophore that forms a major
framework in many impactful cancer agents that have been studied® and it forms part of wide
variety of natural products such as vitamin B12.%” The solubility of benzimidazoles in alcohol
is higher than in water and the solubility decreases with an increase in alcohol chain length.
The introduction of various polar and non-polar groups around the ring also affects the
solubility.® The activity of many benzimidazole derivatives has been found to be comparable
to that of known antimalarial drugs such as quinines.*® The reactivity of the imidazole ring
allows the ligand to act as an acid through donation of a proton or to accept a proton using the

lone pair on the nitrogen atom which is also involved in metal coordination.

il _-N
\

=
Highly d/'verse\ N

assemblies H

Hydrophobic | Coordination
interactions chemistry

Figure 1.7. Structure of a benzimidazole framework, showing the functionalities of the

pharmacophore.

The synthesis of benzimidazoles involves a cyclic condensation reaction between a
diaminobenzene ring and the carbonyl functional group of an aldehyde or carboxylic acid. The
reactions to synthesise the scaffolds are performed under strongly acidic conditions or in the

presence of milder acidifying reagents.*°

1.6 Imidazopyridine ligands

These are an interesting class of benzimidazole heterocyclic structures containing a pyridine
ring fused to the 4,5-position of an imidazole group. The structures possess a broad variety of
physiological properties such as antiviral, antibacterial, anti-inflammatory and they are an
important scaffold in some marketed drugs.** Aromatic N-heterocyclic structures such as
imidazole are present in important biologically active compounds as well as in many natural
products like biotin, histidine and the hormone histamine.*? Imidazopyridine groups form

components of nucleic acid purine bases which are an essential building blocks of DNA.



Chapter 1: Metallodrugs and Cancer Therapy

The position of the nitrogen atom in the pyridine ring, together with the aromatic system
influence the properties of the imidazopyridine structures.*® The nitrogen atom on the pyridine
ring interacts with nitrogen of the imidazole group and this can improve the binding affinity of
the ligands to metal cations.**** The scaffold can influence the interaction of target compounds
with biological molecules as well as the Absorption, Distribution, Metabolism and Excretion
(ADME) parameters of its resulting derivatives.** Azaindoles are structurally analogous to
imidazopyridine ligands and only lack one nitrogen on the imidazole ring. Azaindole derivatives
displaying cytotoxicity against human carcinoma cell lines were reported by Pavel and
coworkers.*® Although insufficient biological data on whether the utilisation of different indole
isomers affects cytotoxicity, the results showed that complexation with 4-azaindole isomer
produced complexes which were less effective than its 7-azaindole analogue. This result
showed that the position of the nitrogen atom on the pyridine ring affects the anticancer

activity.

The structures displayed in Figure 1.8 are some common pharmacologically active
compounds containing the imidazopyridine moiety. Zolpidem and the other examples of
imidazopyridine ligands have been shown to act in the central nervous system by inhibiting
neurotransmitters.*” In another study the cytotoxic effect of an imidazopyridine derivative on
cervical cancer was presented, and the derivative was found to exhibit anticancer activity
through mitochondrial-mediated and apoptotic pathways.*® Bukowski et al., also synthesised
a series of thiosemicarbazones fused with the imidazo[4,5-b]pyridine ring and these showed
promising anti-mycobacterial activity.*®* Some derivatives of imidazopyridine have been found
to display antiproliferative activity by acting as inhibitors of Phosphoinositide 3-Kinase
Signaling.%® Saeedi and coworkers reported on the synthesis and anticancer evaluation of
Imidazopyridine derivatives linked to carbamate moieties, which showed that imidazopyridine

ligands are potent inhibitors of a-glucosidase enzyme.!

A
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Figure 1.8. The structure of zolpidem (left) and a thiosemicarbazones fused derivative of

imidazo[4,5-b]pyridine (right).
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Derivatives of Imidazopyridine that contain aromatic aldehydes and pyridine groups are
effective inhibitors of tumour growth and display antiproliferative activity against breast and
prostate cancers. Muniyan et al., reported on the antiproliferative activity of novel
imidazopyridine derivatives containing modified phenyl and amine groups.? The compounds
inhibited cell proliferation and invitro tumorigenicity in castration resistant prostate cancer
cells. The structures of some imidazopyridine derivatives displaying antitumour properties are
shown in Figure 1.9. The imidazopyridine derivative termed CHEQ-2 reported by Song et al.,
inhibited the growth of liver tumour and the proliferation of various cancers in humans.>
Baveetsias et al., presented a study on various ligands containing imidazopyridine moieties
which are potent inhibitors of the Aurora kinase proteins, the latter playing a key role in cancer
initiation and progression.>* Other derivatives of imidazopyridine that have been studied
supressed the growth of breast cancer cells during the G1-phase of the cell cycle,> while
others inhibited the migration of cancer cells and decreased metastasis progression. It has
been speculated that the biological activity of imidazopyridine ligands may be related to their

structural similarity to the natural purine bases.

HO OH

Figure 1.9. Examples of imidazopyridine derivatives which are potential tumour inhibitors;
CHRQ-2 (1) and an aura kinase inhibitor (2).

1.7 Axially coordinated diruthenium paddlewheel complexes

The synthesis of diruthenium tetraacetate complexes coordinated by ligands on the axial and
equatorial sides have been reported, but the studies on the anticancer application of the
complexes and their mechanism of action are limited. Hitoshi and co-workers presented on
the successful synthesis of the first crystal structure of a diruthenium tetra-fluoroacetate
complex which was axially bridged by phenazine ligands.>® The axial interaction of the
structures with purine bases such as adenine and guanine was later presented by

Gangopadhyay.®’ This work showed that binding to guanine was possible when the acetate
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groups on ruthenium acetate were substituted with acetamides, to minimise the degree of

repulsion between the acetates and the carbonyl group of the guanine ring.

The synthesis of polymeric complexes of multinuclear Ru, Mo and Rh tetraacetate, containing
trans-1,2-Bis(N-methylimidazol-2-yl)ethylene ligand was reported by Nico and coworkes.?
The trans-bie ligand linked the metal centre of one complex to the metal of the next complex,
resulting in the formation of an extended one dimensional chain. It was also observed that the
complexes crystallised in a 1:1 ligand: complex ratio even when excess of the ligand was used
during the synthesis. Manowong et al., presented on the synthesis and characterisation of
complex bis-[PcRu(CO)][Ruz(ap)4(C=CCsH4N)], in which a ruthenium complex is linked to
two ruthenium (Il) phthalocyanines ligands shown in Figure 1.10.58 The complex was stable
and there was weak interactions between the central complex and axially bridging subunits.

N e Y
TS h/i”%N' R

Figure 1.10. Structure of a diruthenium complex linked to two ruthenium (lI) phthalocyanines

ligands.®®

Another study on the axial coordination of N-donor ligands such as imidazole, caffeine and
azaindole to diruthenium acetate was presented by Brendan and co-workers.*® The ligands
coordinated as di-adduct structures to the metal centres using non-protonated basic nitrogen
groups. The lantern structure of the diruthenium paddlewheel was retained in the complex.
Perhaps a more insightful study on the mechanism of the reactions and kinetics of reactivity
between diruthenium tetraacetate and biologically relevant reducing agents was presented by
Santos and co-workers.®® The work studied the interaction of ascorbic acid and glutathione
(Figure 1.11) with a ruthenium acetate complex, which opened avenue to understanding the
interaction of biologically reducing agents with the complexes. A study on the thermodynamics
of axial substitution of chlorides with the amino acids such as glycine or histidine on
diruthenium tetraacetate complexes showed the formation stable complexes in solution.®!

Other non-nitrogen based ligands such as phosphene have also been axially coordinated to

10
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diruthenium complexes, such as the mixed-valent phosphene diadduct complexes of

diruthenium acetate synthesised and structurally characterised by Aquino and coworkers.®?
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Figure 1.11. The structures of ascorbic acid (a), glutathione (b) and the mixed valent diaqua-
Ru; species (c).

1.8 Ferrocene pharmacophore in anticancer studies

Ferrocene has previously been reacted with various compounds to generate novel hybrid
complexes with antitumour and antimalarial properties. The presence of the ferrocene
pharmacophore in ligands is known to assist in the generation of Reactive Oxygen Species
(ROS) such as Oz, OH and H0, which can target the DNA and cell membrane of cells.®?
ROS are known to be generated from the oxidised form of Fe** which has an unpaired electron
in one of its orbitals (t24), and this produces a highly stable free radical species which has the
ability to induce oxidative DNA damage.® Some metallodrug complexes containing ferrocene

which have been used for malaria purposes are shown in Figure 1.12.

Cl

/@

Figure 1.12. Antimalarial drugs such as mepacrine and artemisinin which are some of the

approved ligands known for fighting malarial parasites.®®
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The emergence of chemoresistance to drugs has fuelled the development of new ideas for
the synthesis of metal-based drugs from bioactive compounds to build newer drug candidates
that may be potential anticancer drugs.

1.9 Research Rationale

Previous studies on the anticancer activity of ruthenium complexes have focused on
monoruthenium complexes due to their unique and tuneable chemical properties.??
Diruthenium complexes have displayed the potential to attack tumour cells by cleaving DNA,
and are an interesting class of potential antineoplastic agents which haven’t been widely
investigated for their anticancer and antimalarial properties.®® The mechanism of action of
diruthenium complexes and how they interact with DNA is still not clearly understood, and
majority of studies on diruthenium tetraacetate complexes have focused on obtaining
structural, kinetics and reactivity information. Very few studies have been presented on the
interaction and binding of biologically relevant ligands to the axial sites of diruthenium
tetraacetate complexes, and understanding this interaction is essential to predict the
behaviour and interaction of such complexes with nucleotides of DNA. This project has the
potential to shed light to the understanding of the mechanism of action of novel diruthenium
complexes, which are potential drugs.

Imidazopyridine ligands are an interesting class of bioactive ligands that display interesting
activity against neurodegenerative conditions, are tumour inhibitors and structural analogues
of nucleic acids. The project aims to evaluate biological activity against MCF-7 breast cancer
cells given the incorporation of Ru (with beneficial properties relative to platinum), biologically
active ligands (benzimidazole and ferrocene) and the cationic nature to effect solubility. The
introduction of ferrocene groups to the second position of imidazopyridine ligands has the
potential to introduce beneficial properties such as the generation of reactive oxygen species
which are capable of damaging cancer cells. Attaching a phenyl group to the ligands can offer
the ability to intercalate between DNA bases. The introduction of a propyl chain has the
potential to affect the lipophilicity of the ligands and acts as an excipient that can assist the
passing of ligands through the cell membrane.®’ It has been shown previously that the propyl
groups have the potential to affect activity through steric and electronic influence.® The
direct synthesis and characterisation of DNA nucleotides is cumbersome; hence the selection
of structurally analogous ligands allows for an alternative means of studying the binding of
ligands and ruthenium complexes to DNA. lonic forms of complexes are generally known to
be more soluble than their neutral counterparts, thus the introduction of counterions like NO3’
, PFe and BF. can help improve the activity of the complexes through affecting solubility and

ability to form ion pairs with the ligands. "2

12
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1.10 Aims and specific objectives

The aims of the research project were to synthesise bimetallic complexes of
tetrakis(acetato)chloridodiruthenium(ll,11l) herein referred to as diruthenium tetraacetate
chloride as shown in Scheme 1.1. The complexes will be converted to ionic form using
different counterions and will be coordinated to derivatives of imidazopyridine ligands
substituted on the second position by aryl, ferrocenyl, and propyl groups. The position of
the nitrogen atom on the pyridine of the ligands will be varied by selecting different diamino
pyridine starting reagents as shown in Scheme 1.2. The complexes will be evaluated for
activity and selectivity against breast cancer cell lines, focusing on the immortalised MCF-

7 breast cancer cells and the non-tumorigenic MCF-12A cell lines.

/
O O O
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Scheme 1.1. Synthesis of diruthenium tetraacetate chloride complex.

N
I

The objectives of the project were to synthesise and fully characterise a series of
imidazopyridine ligands containing three different substituents on the second position of
the imidazopyridine ligand. To vary the position of the nitrogen atom on the pyridine ring

of the ligand by selecting the diamine 2,3-DAP and 3,4-DAP as starting reagents.

NH NH
P~
“~N “ >NH, >3 2 h N NH, AN
\>_R - R= F‘e O/ Or K/ —_— | _ N\>_R
N 1

/
1
H Acid Catalyst/Solvent Q: Acid Catalyst/ Solvent I I

Scheme 1.2. Synthesis of imidazopyridine ligands from diaminopyridines and various

aldehydes.

Using known and modified synthetic procedures, to achieve the successful synthesis of a
series of ionic bimetallic diruthenium tetraacetate complexes bearing imidazopyridine
ligands on the axial site, with the pyridine nitrogen on either position 4 or 7 of the ring as

shown in Scheme 1.3.
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Different imidazopyridine derivatives will be coordinated into vacant positions on the axial

position of diruthenium tetraacetate complexes to arrive at mixed ligand complexes.

The synthesised complexes will be analysed by using a variety of analytical techniques
such as Fourier Transform Infrared spectroscopy (FTIR) to evaluate the presence or
absence of functional groups in the complexes, UV-Vis spectroscopy will be used to
determine the presence of transitions between the ligand and the metal centres (n — = or
n — 1*), NMR spectroscopy to determine the purity and confirm the successful synthesis
of the of the ligands or complexes, and Cyclic Voltammetry for electrochemical properties.
Mass spectrometry, Liquid Chromatography Mass Spectrometry (LCMS) and elemental
analysis will be used to ascertain the successful synthesis of ligands and complexes as
well as the purity. In the case of ligands containing the ferrocene metal centres, only NMR
spectrometry and elemental analysis will be used to confirm synthesis since no LCMS can
be run on metal-based ligands. Care was taken to limit the use of elemental analysis on
complexes containing PFs and BF4 counterions due to potential formation of a fluoride ion

which can damage the instrument.

To determine the position of coordination of the imidazopyridine ligands in the resulting
complexes (whether the coordination is through axial or equatorial position) using mass

spectrometry, elemental analysis, or X-ray crystallography.

R X R B O)\ X (j: >R x
< oy HN’\(N N 4
’L O \\O 7 ¢ ;L \\ ’\R l \\O’,\
D ~ U—N U====Ru
- > (e) | / NH or < (
O\l | Solvent >/O ~ N O\l o |
O\/ 24h, 1t, N, O\/ O\/

X = N03_, PFG_, BF4_

Scheme 1.3. Reaction of diruthenium tetraacetate complex with an excess amount of

imidazopyridine ligands containing nitrogen on either position 4 or 7 of the pyridine ring. Two

possible structures can be formed due to possible axial or equatorial substitution as shown.
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e To vary the position of the pyridine nitrogen of the imidazopyridine ligand to position 5 or
6 in the ligand coordinated to the complex. The structure of the desired complex is shown
in Scheme 1.4 and this shows ligand coordination on the axial position of the ring, where
the ligand is likely to coordinate on the equatorial position.

’ i o/k ]
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X
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Scheme 1.4. Structure of diruthenium tetraacetate complexes bridged by imidazopyridine
ligands where the pyridine nitrogen is at position 5 or 6 of the ligand.

e To evaluate the biological activities of the ligands and their corresponding complexes using
MTT assays and obtain cytotoxicity values (ICso) against MCF-7 breast cancer cells. The
biological activity of the complexes will be determined in cancerous cells and compared
with the non-cancerous MCF-12A cells.
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Chapter 2: Results and discussion

2.1 General synthesis of imidazopyridine ligands

Reaction of o-phenylenediamine with carboxylic acids and aldehydes are well known for
producing benzimidazoles, through the Phillips Ladenburg and the Weidenhagen reactions.*?
The method requires the presence of a water or alcohol solution and often requires the use of
high temperatures with poor resulting yields. The reactions have been shown to be possible
using aromatic aldehydes or carboxylic acids and the easily available o-phenylenediamine
following similar mechanisms of action.®>* Strongly oxidising conditions increase the
electrophilicity of the carbonyl carbon of an aldehyde or carbonyl which allows the reactions
to occur more efficiently.® Using solvent free methods such as microwave or ultrasonication
decreases the possibility of side reactions occurring, which would otherwise result in the
formation of catalysts requiring further purification.® Traditional procedures are also limited by
the use of expensive reagents and catalysts which are often difficult to synthesize. The
synthesis of a benzimidazole ligand using o-phenylenediamine and formic acid has been
reported by Wegner and Millet.” Another mechanism for the synthesis of a benzimidazole
involving the use of triethyl orthoformate as a reagent has been presented.® The procedure
shows the carbon atom of the triethyl orthoformate providing the right electrophilicity and
oxidation state for the cyclisation process to occur.

For the synthesis of imidazopyridine class of ligands, diaminopyridines are used to substitute
o-phenylenediamines as starting reagents. The diaminopyridines are structural analogues of
diaminobenzenes and their reaction with aldehydes results in the formation of a deactivated
n-system of ligands.® The classical synthetic approach employed for synthesising
imidazopyridine ligands in this project involved the use of harsh acidic reaction conditions and
Lewis acids. The reaction conditions were varied to obtain better reaction yields due to the
electron-deficient nature of the pyridine ring which decreases the reactivity of the ring.
Pyridine is a deactivating ring due to the presence of an sp? hybridised nitrogen atom which
is electronegative, therefore the nucleophilicity of the ring is decreased relative to a benzene
ring. The nitrogen atom increases the polarity of the molecule relative to benzene and
decreases the n-electron density since the lone pair on the nitrogen atom is located on an
orbital perpendicular to the ring. A comparison of the n-system of benzene and pyridine is

shown in Figure 2.1.
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Figure 2.1. Comparison of the n-electron system of benzene and pyridine.

The procedure followed for the synthesis involved reacting either 2,3 diaminopyridine (2,3-
DAP) or 3,4-diaminopyridine (3,4-DAP) to vary the position of the nitrogen atom around the
pyridine ring. The diamines were reacted with selected aldehydes through a one pot cyclic
condensation reaction, to afford the desired 2-substituted imidazopyridine ligands. The
reaction of the diaminopyridine starting materials with different aldehydes follows the same
mechanism of reaction to that followed using diaminobenzene rings as shown in Scheme 2.1.
In the first step of the reaction, there is a nucleophilic addition of the amine functional group
to the electrophilic carbonyl atom, and this requires the presence of an acid to increase the
electrophilicity of the carbonyl carbon. In diaminopyridine, the two amino groups possess
different reactivity due to the presence of the basic nitrogen group at the ortho/ para position
of an amino group in the pyridine ring. 2,3-DAP has been proposed to possess better reactivity
than 3,4-DAP due to the position of the basic nitrogen on the pyridine which cooperates with
the nitrogen of the imidazole ring through an aligned orbital, increasing the nucleophilicity.°
The nucleophilic addition step is followed by the formation of a Schiff base intermediate via an
iminium ion formation and elimination of a water molecule. Thus, the presence of a drying
agent like magnesium sulphate promotes the cyclisation step. An intramolecular nucleophilic
attack of the free amine to the carbon of the Schiff base occurs to afford the cyclised
dihydrobenzimidazole. Dihydrobenzimidazole then reacts with oxygen in an open-air
atmosphere to produce the oxidised benzimidazole via a single electron transfer (SET)

mechanism.
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Scheme 2.1. General mechanism for the formation of a benzimidazole ligand through a cyclic

condensation reaction.

2.1.1 Synthesis of 2-aryl-1H-Imidazo(4,5-b)pyridine (L1)

This section reports on the synthesis of 2-substituted Imidazopyridine ligands prepared by
modifying the literature procedures reported by Zapata et al.!! The synthesis of 2-aryl-H-
Imidazo(4,5b)pyridine (L1) was carried out using the procedure shown in Scheme 2.2.
Benzaldehyde was reacted with 2,3-DAP in selected solvents and acids to afford the desired
products, where the successful synthesis of the desired ligand was possible in ethanol and
the presence trifluoroacetic acid (TFA) catalyst. Two tautomers of the product (L1a and L1b)
with slightly different polarities were isolated and separated by using silica column
chromatography. The products elute as a single spot using Thin Layer Chromatography (TLC)
when eluted with 50-60% ethyl acetate/ hexane. Increasing the polarity to 100% ethyl acetate
separates two bands with close polarities (Rf values 0.71 and 0.64). L1a was the less polar
product and was obtained as an orange-brown solid which was patrtially soluble in polar
organic solvents like ethyl acetate and methanol while L1b was obtained as a green-white
solid which was soluble in DMSO and insoluble in ethyl acetate or methanol. Computational
studies using DFT showed L1a to be the most stable isomer*? with low polarity and dipole
moment while L1b was the more polar product. The two isomers are interchangeable though

proton transfer in polar aprotic solvent such as methanol.
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Scheme 2.2. Synthetic procedure for the synthesis of 2-aryl-1H-Imidazo(4,5b)pyridine(L1a
and L1b).

Unsymmetrical substitution on the amino groups of 2,3-DAP with benzaldehyde produces two
possible tautomers of imidazopyridine ligands. These two isomers are due to tautomerisation
of the proton on the imidazole ring and have been distinguished using two-dimensional NMR
techniques such as HSQC.*? In the case of benzimidazoles without an extra nitrogen on the
pyridine ring, the isomers are indistinguishable by NMR techniques since they resonate at a
frequency greater than the NMR time scale. Two separate and slightly broad imine signals are
often detected around 12 ppm using *H NMR due to the presence of the tautomers in solution.
The purity of both tautomers was greater than 96%, with the LCMS spectra for both attached
in Figure S1 of the appendix.

2.1.2 Characterisation of 2-aryl-1H-Imidazo(4,5-b)pyridine (L1)

2.1.2.1 'H NMR spectroscopy

The proton *H NMR spectrum of L1a is shown in Figure 2.2, and this is indistinguishable from
the *H NMR spectrum of its tautomeric form L1b shown in Figure S2 of the appendix. This is
because of slow chemical exchange resulting in chemical shift difference that is not enough
to resolve in the *H NMR spectrum. The *C NMR spectra were also similar between the
tautomers and only small shifts were observed in the position of the quaternary carbons due
to greater sensitivity to chemical environment as compared to *H NMR. The spectrum of L1a
shows signals with a total integration of 8 protons in the aromatic region which is equivalent
to the number of protons labelled a — f in the ligand. The amine (N-H) protons were not
observed on the spectra in methanol and DMSO and this was attributed to the protons

exchanging with solvent under the conditions.
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Figure 2.2. *H NMR spectrum of 2-aryl-1H-Imidazo(4,5-b)pyridine ligand (L1) obtained in
DMSO-de.

2.1.2.2 Infrared spectroscopy

The infrared spectra of both L1a and L1b shows the absence of the diamine groups of 2,3-
DAP starting material, confirming that they have reacted to form the cyclic imidazole ring
(Figure 2.3). Absence of the carbonyl absorption band of benzaldehyde and presence of the
v(C=N) band of the ligand confirms the formation of a new product. The amine v(N-H) band
of the imidazole ring occurs at 3049 cm™ in the spectra of both L1a and L1b. Slight differences
in the position of the imine v(C=N) band were observed in the expanded spectra of both L1a
and L1b. The imine band of the imidazole ring is observed at 1544 cm™in L1a, whilst it is
shifted to a lower wavenumber of 1537 cm™ in L1b, which can be attributed to increased
conjugation through the imine double bonds of the pyridine and imidazole when they are
adjacent to each other. The imine v(C=N) band of the pyridine ring occurs at 1460 cm™ in both
Lla and L1b.
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Figure 2.3 Stacked IR spectra of the ligands L1a and L1b.

2.1.2.3 UV-Vis spectroscopy

The stacked UV-Vis spectra of both ligands occur in Figure 2.4 and this shows the presence
of bands in the UV region between 200 and 300 nm. The band at 310 nm is assigned to = —
n* or n — w* transitions of the ligand and is observed in both ligand Lla and L1lb. A
hypsochromic blue shift is also observed in the absorbance band centred at Amax211 nm in

L1b relative to L1a and this also displays an increase in intensity.
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Figure 2.4. UV-Vis spectrum (obtained in methanol; 1 x 10* M) of the ligand L1a and its

tautomeric form L1b.
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2.1.3 Synthesis of 2-Aryl-1H-Imidazo(4,5-c)pyridine ligand (L2)

An attempt to synthesise the ligand 2-Aryl-1H-Imidazo(4,5-c)pyridine (L2) was performed by
following the procedure used for the synthesis of L1 as shown in Scheme 2.3. After 72 h under
the reaction conditions, TLC showed the formation of multiple spots of different polarity and
some of the spots corresponded to the starting materials. Purification of the products using
ethyl acetate/ water extraction and separation of the products using column chromatography
showed that an intermediate Schiff base product (which is unstable on the silica) was isolated
and no desired imidazopyridine product had been formed in the reaction. The intermediate
was isolated as a green solid and forms when the intermediate mono amine fails to fully cyclise

into the desired imidazopyridine ligand.'#1°

§ H /NH2 —
C[ - CIO<) W,
Ethanol/ MgSO, ~_* N N\ / N

72 h

Intermediate

Scheme 2.3. Procedure for the formation of the Schiff base intermediate obtained from
reaction between benzaldehyde and 3,4-DAP.

Formation of the Schiff base was detected using the IR spectrum shown in Figure 2.5 which
shows two amine bands between 3000 — 4000 cm™, indicating the presence of unreacted

amine groups.

3,4-DAP
Schiff base
\
/“ { ‘
/ v (C=N)) ‘ NY
NH, bands
3600 3100 2600 2100 1600 1100 600

Wavenumber (cm-1)

Figure 2.5. Stacked Infrared spectra of the starting material (3,4-DAP) and the Schiff base

intermediate product.
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The *H NMR spectrum of the Schiff base shows a total integration of 9 protons labelled a —f,
indicating the presence of an extra proton when compared to the proton count expected on
the product L2. This extra proton is the imine proton labelled a in Figure 2.6 and is observed
as a sharp singlet at 7.97 ppm. The amine NH; protons of the Schiff base are not observed

on the spectrum due to proton exchange with the solvent.
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Figure 2.6. 'H NMR Spectrum (obtained in MeOD) of the Schiff base product.

The reaction to synthesise the desired 2-Aryl-1H-Imidazo(4,5-c)pyridine (L2) product was
repeated following the conditions shown in Scheme 2.4, employing the use of nitrobenzene
solvent which is a stronger oxidising agent than ethanol. The product L2 was isolated by using
silica column chromatography and obtained as a polar green-white solid by vacuum filtration.
The product was obtained at a low yield, which was attributed to the incomplete conversion of
the starting materials to the desired products over 48 hours of running the experiments, and
this was also indicated by TLC. This showed that the formation of the imidazopyridine ligand
from the reagents did not proceed readily under the oxidising conditions. The electronic effects
of the pyridine ring discussed earlier were thought to contribute to the incompletion of the
reactions. A spot of low polarity was also observed on the TLC and the fraction corresponding
to the spot was isolated using silica column chromatography. This by-product was isolated as

traces of a yellow-white microcrystalline solid product (3% yield) by vacuum filtration.
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Scheme 2.4. Procedure for the synthesis of 2-aryl-1H-Imidazo(4,5-c)pyridine (L2).

2.1.4 Characterisation of Aryl-1H-Imidazo(4,5-c)pyridine ligand (L2)

2.1.4.1 'H NMR spectroscopy

The *H NMR spectrum of L2 (Figure 2.7) shows the presence of aromatic proton signals in
the region between 7.50 — 9.00 ppm. These signals integrate for a total of 8 protons,
corresponding to the protons on the pyridine and phenyl rings of the ligand. The protons on
the phenyl ring occur as multiplets at 8.16 and 7.60 ppm due to coupling between the signals
labelled a — ¢c. The most de-shielded sharp singlet at 8.91 ppm corresponds to proton assigned
d on the pyridine ring which is adjacent to the nitrogen of the pyridine and nitrogen on the

imidazole ring. The most shielded proton assigned f on the pyridine ring occurs as a doublet

at 7.69 ppm.
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Figure 2.7. *H NMR spectrum of 2-aryl-1H-Imidazo(4,5-c)pyridine (L2) obtained in MeOD.
The by-product isolated from the reaction was analysed using *H NMR spectroscopy as shown

in Figure 2.8. The proton NMR spectrum shows the presence of signals in the aromatic region,

with a total integration of 14 protons. Signals between 7.50 and 8.15 ppm integrated for a total
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of ten protons and these were assigned to the signals on the phenyl rings of the ligand labelled

e — i on the proposed structure.
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Figure 2.8. 'H NMR spectrum of the by-product isolated from reaction to form L2.

This by-product was also analysed using LCMS, and was 99.5% pure with a molecular ion
peak corresponding to a mass of 302 g/mol. The LCMS spectra of the by-product and the
ligand L2 occur in Figure S3 of the appendix. The proposed structure and mechanism of
formation of the product is shown in Scheme 2.5. A Schiff base and an amide formation
reaction were proposed to have occurred between the amine groups of the diamino pyridine
ring, benzaldehyde and the TFA catalyst. One possible explanation was that during the
reaction, some benzaldehyde undergoes trifluoro methylation through the addition of a CFs
carbanion from TFA at the carbonyl carbon, to form Trifluoro-1-phenylethanone. This can then
undergo a nucleophilic addition reaction with the free amine group of 3,4-DAP, followed by

proton transfer and elimination of trifluoromethane.
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Scheme 2.5. Proposed mechanism of formation of the by-product from the reaction.

13C NMR, COSY and HSQC were used to confirm the assignments of the NMR signals. The
13C DEPT NMR spectrum of the by-product attached in Figure S4 revealed the presence 14
carbons in the aromatic region which is equivalent to the number of non-quaternary carbons
present in the structure. The COSY NMR spectrum is shown in Figure 2.9. No coupling was
observed between signals labelled a — ¢ with any of the other signals on the phenyl rings,
confirming that signals a — c are located on the pyridine ring of the ligand. Similarly, no coupling
is observed between the signals labelled d and e, confirming that they are on different phenyl
rings. Coupling is observed individually between the signals d or e with the signals labelled f
— | on the phenyl rings.
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Figure 2.9. COSY NMR spectrum of the by-product obtained from the reaction between
benzaldehyde and 3,4-DAP.

2.1.4.2 Infrared spectroscopy

The infrared spectrum of the isolated product is shown in Figure 2.10. The spectrum shows
the absence of the amine groups of 3,4-DAP starting material in the product. A single band is
observed at 3347 cm® which is assigned to an amine N-H stretch of the Schiff base, and this
is not observed in the starting materials. The bands at 1661, 1625 and 1574 cm™ were
assigned to the v(C=0) of the carbonyl band, amide v(C=N) stretches of the pyridine and the

Schiff base, respectively.
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Figure 2.10. Infrared spectrum of the Schiff base isolated from the reaction between
benzaldehyde and 3,4-DAP.

2.1.4.3 UV-Vis spectroscopy

The UV-Vis spectrum of the ligand L3 was obtained in methanol and the spectrum obtained
is attached in Figure 2.11. Three absorbance bands occur between 200 and 300 nm in the
UV middle region with the Amax Of the absorbance bands centred at 207, 239 and 295 nm. The
latter can be assigned to the « to «* / n to n* transitions of the ligand. The by-product isolated
from the reaction also shows an absorbance band with Amax centred at 268 nm. This
absorbance band can also be assigned to the n to n* / n to «* transitions of the product due to
the presence of the pyridine aromatic ring in the ligand.? A shoulder band also occurs in the
UV-Vis spectrum of the by-product at 332 nm.
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Figure 2.11. UV-Vis spectrum (obtained in methanol) of the ligand L2 and the by-product

isolated from the reaction.

34



Chapter 2: Synthesis and Characterisation of Imidazopyridine Ligands and Diruthenium

Acetate Complexes

A summary of the yields obtained using the different reaction conditions to synthesise L2 is
shown in Table 2. 1. The table also shows the temperature the reactions were conducted in,
since the boiling points of the acids employed were varied. Although the yields of
benzimidazoles would be expected to be higher at high temperatures due to faster reaction
kinetics, volatile acids like TFA with low boiling points tend to evaporate from the warm
solution. Weaker acids like acetic acid and p-toluenesulphonic acid have high boiling points,
and high temperatures could be employed during the reaction, however the degree of
protonation on the carbonyl oxygen of the aldehyde would be less. The low yields obtained for

the product were also due to loss of the product during the work-up and purification steps.

Table 2. 1. Summary of the products of the reaction between 3,4-DAP with benzaldehyde in

the presence of different acid catalysts.

Yield
Solvent Temperature (°C) Acid Product
(%)
p-toluene
Toluene 80 _ _ L2 10
sulphonic acid
Water/Ethanol 40 TFA Schiff base -
Nitrobenzene 40 TFA L2 41

2.1.5 Synthesis of 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine (L3)

Attempts to synthesise 2-ferrocenyl-1H-imidazo(4,5-b)pyridine (L3) was performed as shown
in Scheme 2.6. The use of weak oxidising solvents like toluene in the presence of acetic acid
or p-toluenesulphonic acid resulted in the formation Schiff base products with the IR and *H
NMR spectra shown in Figure S5 and Figure S6 of the appendix, respectively. Due to the
presence of some water in DMSO the Schiff base gets hydrolysed and peaks corresponding
to the starting material are also observed in the spectrum. No desired product was formed
under weakly acidic conditions at elevated temperature (80 °C), after 72 h of stirring. The
reaction in the presence of DMF and sodium metabisulphite as a Lewis acid resulted in slightly

improved yields.
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Scheme 2.6. Procedure for the synthesis of 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine (L3).

2.1.6 Characterisation of 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine(L3)

2.1.6.1 'H NMR spectroscopy

The use of chloroform as a solvent and acetic acid catalyst or ethanol/ water in the presence
of trifluoroacetic acid resulted in the formation of ligands L3a and L3b with slightly different
polarities on the TLC. The formation of bis-substituted N-methylferrocenyl-2-ferrocenyl-1H-
imidazo(4,5-b)pyridine product was also observed on the TLC but the spot was faint and the
product isolated using column chromatography obtained could not be successfully purified
due to low yield. Therefore, only the two products L3a and L3b were successfully isolated and
characterised using *H NMR, *C NMR spectroscopy and infrared spectroscopy. The proton
NMR spectrum of the less polar product L3a is shown in Figure 2.12. The spectrum shows
the presence of signals in the aromatic region with a total integration of three protons,
corresponding to the protons on the pyridine ring of the ligand. The signals observed between
4.10 and 5.25 ppm integrate for a total of 9 protons, corresponding to the number of protons
on the ferrocenyl ring. The synthesis of the ligands was also confirmed using 2D COSY and

HSQC NMR experiments, with the COSY spectrum shown in Figure S7 of the appendix.
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Figure 2.12. 'H NMR spectrum (in DMSO-ds, 300MHz) of 2-ferrocenyl-1H-Imidazo(4,5-
b)pyridine (L3a).

The 'H NMR spectrum of the more polar product L3b obtained using DMSO is shown in
Figure 2.13. The spectrum shows the presence of signals between 4.10 and 5.25 ppm (a, b,
and c), corresponding to protons on the ferrocenyl ring. The signals at 5.11 and 4.53 ppm
correspond to protons on the cyclopentadiene ring attached to the imidazopyridine moiety.
The peak at 4.12 ppm corresponds to protons on the unsubstituted cyclopentadiene ring. The
integration on this peak shows only four protons due to the removal of one proton on the
cyclopentadiene ring to form a ferrocenyl carbanion. The presence of the two amine protons
is observed downfield at 12.98 and 15.56 ppm. These peaks correspond to the protons on the
imine nitrogen of the imidazole ring and two signals are observed due to rotation around the
single bond to form two tautomers in solution. The integration of the peak at 13.10 is close to
one, showing that this was the proton abstracted from the cyclopentadiene ring. The electron
rich free nitrogen of the imidazole ring is thought to be removing an H* cation from the
ferrocenyl ring to leave the carbanion ring. Proton transfer is known to occur on
imidazopyridines and purine rings. This proton transfer is known to occur via a self-catalysis
or solvent-based mechanism.'® The spectrum also shows signals between 7.0 and 8.3 ppm
(d, f and e), and the total integration on these protons is three, corresponding to the protons
on the pyridine ring of the ligand. The signals labelled d and f appear as broad signals and

are not clearly resolved when the compound is analysed at 300 Mhz. Upon increasing the
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resolution to 600 MHz, the signals d and f are more resolved as shown by the *H NMR
spectrum. From the spectrum, it is also easy to see that there is more than one species of the
ligand present in solution due to the presence of free rotation resulting in proton transfer
between the lone pair on the imidazole nitrogen and the unsubstituted cyclopentadiene ring of
ferrocene. However, the proton transfer can only be confirmed by using single crystal X-ray

diffraction techniques.
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Figure 2.13. *H NMR spectrum (in DMSO-ds, 600 MHz) of 2-ferrocenyl-1H-Imidazo(4,5-
b)pyridine (L3b).

The product L3b was also reacted with a concentrated solution of hydrochloric acid in water,
to protonate all the nitrogen atoms of the molecule as well as to protonate the cyclopentadiene
ring. A slight excess of AgPFs was added to the solution to precipitate the solution and the
resulting AgCl precipitate was removed by filtering under gravity. The resulting product was
isolated as a yellow-pink solid and its *H NMR spectrum showed broad signals in the aromatic
and ferrocenyl regions. 'H NMR spectroscopy was repeated with the addition of a few drops
of TFA, which resulted in the formation of a highly soluble pink solution and the proton NMR

spectrum obtained is shown in Figure 2.14.
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Figure 2.14. *H NMR spectrum of the product obtained from the addition of TFA to L3b.

In addition to the proton transfer observed in product L3b, different conformations of the ligand
were also possible due to possible free rotation around the single bond between the imidazole
and ferrocenyl ring as observed previously for L1. This leads to four possible tautomers
resulting from a change in the position of the nitrogen atom of the pyridine ring. The structures
of the conformations are shown in Figure 2.15. These tautomers between imidazopyridine
ligands have been described by Barraclough et al.*®* and are successfully distinguished by
using a combination of 1D and *H -13C chemical shifts.!” Purine bases like adenine have also
been found to exist as mixtures of the tautomeric forms in polar solvents.'® The tautomeric
forms resulting in proton transfer from the imidazole ring to one of the nitrogen on the pyridines

have not yet been reported.
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Figure 2.15. Tautomeric conformations possible for 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine
ligand (L3).

2.1.6.2 Infrared spectroscopy

Infrared spectroscopy was used to compare the changes in the stretching frequencies of the
functional groups on ligands L3a and L3b. The infrared spectrum of each ligand is shown in
Figure S8 of the appendix. The amine groups of the 2,3-DAP starting material were not
observed around 3330 and 3176 cm™in the products, showing that they had reacted to form
the imidazole ring. The spectra of the two products show similarities in the position of the
absorbance bands, with the imine v(C=N) bands appearing in the region around 1625 — 1563
cm. The two ligands show differences in the intensity of the absorbance bands resulting from

change in the conformation of the ligand.

2.1.6.3 UV-Vis spectroscopy

The UV-Vis spectra of the two conformations of ligand L3 obtained in methanol is attached in
Figure 2.16. Both conformations show the presence of a band at 314 nm which is assigned
to the = to n* / n to n* transitions of the ligand and these display different intensities. The
ligands also show an absorbance band centred around 454 nm corresponding to the ligand to
metal = to ©* transitions of the ferrocenyl ring. A slight change in the position of the high energy

absorbance bands centred around 200 — 250 nm is observed between the tautomers.
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Figure 2.16. UV-is spectrum of L3a and L3b obtained in methanol.

2.1.6.4 Electrochemistry

The electrochemical process of the ligand L3 was compared with that of the unsubstituted
ferrocene standard. Cyclic voltammetry was performed using 1 x 10* M of the ligand in a
solution containing 0.10 M TBACI as the supporting electrolyte solution. The cyclic
voltammograms obtained are shown in Figure 2.17. The ferrocene standard shows a
reversible oxidation peak with oxidation potential at 0.39 V, and this is shifted towards the
anode in the ligand L 3. This anodic shift implied a decreased electron density on the ferrocenyl
ring upon substitution on ferrocene with the imidazopyridine moiety, making it difficult to
oxidise the metal centre. The imidazopyridine ligand is deactivating and removes electron
density from the metal. There was no difference between the oxidation peak and oxidation

potential of the tautomers L3a and L3b.
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Figure 2.17. Cyclic voltammograms comparing the electrochemical processes of the ligand
L3 and ferrocene, obtained in a methanol solution containing 0.10 M TBACI at a scan rate of
100 mV/s.

2.1.7 Synthesis and characterisation of 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine (L4)

The synthesis of 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine (L4) was performed using the same
procedure followed for the synthesis of L3 as shown in Scheme 2. 7. Refluxing an equimolar
amount of ferrocene carboxaldehyde (FCA) and 3,4-DAP in toluene and acetic acid produced
a mixture of two products with different polarities. An incomplete conversion of the starting
materials to the desired products was observed after 72 hours. Silica column chromatography
was used to separate the two products from the unreacted material. The less polar product
was isolated as traces of a violet-coloured oil which was obtained at a low yield. The product
has similar polarity to the starting material FCA, and co-elution occurred when using silica gel

chromatography to isolate the products.

NH2 O

NT N TFA N7 NN
A= . VD
| = . Ethanol =N :
NH, Fe 7 h H Fe
= =
L4

Scheme 2. 7. Procedure for the synthesis of 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine (L4).

Attempt to remove the FCA by doing an ethyl acetate/ water extraction in the presence of

sodium bisulphite was not successful. As a result the *H NMR spectrum of the less polar
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product in DMSO shows the presence of a bis-substituted N-methylferrocenyl-2-ferrocenyl-
1H-Imidazo(4,5-c)pyridine product (Figure S9 of the appendix) with a small amount of
unreacted FCA. Since only traces of the product was isolated, the less polar product could not
be successfully purified.

The more polar product was confirmed to be the desired 2-ferrocenyl-1H-Imidazo(4,5-
b)pyridine(L4) and the *H NMR spectrum obtained is shown in Figure 2.18. L4 was the major
product and was obtained at a relatively low yield of 34% and was isolated as a brown solid.
The highest yield was obtained using nitrobenzene as an oxidising solvent and trifluoroacetic

acid as the acid catalyst.

2.1.7.1 'H NMR spectroscopy
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Figure 2.18. *H NMR spectrum (in MeOD) of 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine (L4).

2.1.7.2 UV-Vis spectroscopy

The UV-Vis spectrum of the ligand L4 was obtained in methanol and the spectrum obtained
is attached in Figure 2.19. The spectrum shows the presence of an absorbance band with
Amax centred at 300 nm which can be assigned to the = to n* or n to ©* transitions of the ligand.
This band is slightly shifted to a lower wavelength or higher energy with respect to that
observed in the ligand L3, showing that it is greatly affected by changing the position of the
nitrogen on the pyridine ring of the ligands. The ligands also show a smaller absorbance band

centred around 454 nm corresponding to the ligand to metal transition of the ferrocenyl ring.
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This absorbance band was observed around the same region as that of the ligand L3,
indicating that changing the position of the nitrogen from 4/7 in the ligand L3 to position 5/6 in

the pyridine ring of the ligand L4 has little effect on the ligand to metal = to = transition.
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Figure 2.19. UV-is spectrum of L4 obtained in methanol.

2.1.7.3 Infrared spectroscopy

The infrared spectrum of the ligand occurs in Figure S10 of the appendix and these confirmed
the successful synthesis of the desired ligand L4. Absence of the amine groups of 3,4-DAP is
observed between 3000 — 3500 cm™ which confirmed their successful reaction with the
aldehyde to form the imidazole ring. The imine bands of the imidazole and pyridine ring occur
at 1558 and 1569 cm?, respectively. These bands are slightly shifted to a lower wavenumber
with respect to those of the ligand L3.

2.1.7.4 Electrochemistry

The electrochemical process of the ligand L4 was obtained in a solution containing TBACI as
a supporting electrolyte and compared with that of the unsubstituted ferrocene standard. The
cyclic voltammogram obtained is shown in Figure 2.20. The ferrocene standard shows a
reversible oxidation peak with potential at 0.39 V, which is shifted towards the anodic region
in the ligand L4. This peak is observed around the same region as that of L3 in the solution
with an oxidation potential of 0.60 V. This shows that changing the position of the nitrogen of
the pyridine ring on the ligand does not affect the electron density of the metal in the ferrocenyl

ring and does not change the electronic properties of the ligand.
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Figure 2.20. Stacked cyclic voltammograms comparing the electrochemical processes of the
ligand L4 and the ferrocene standard, obtained in a methanol solution containing 0.10 M
TBACI, at a scan rate of 100 mV/s.

2.1.8 Synthesis of 2-Propyl-1H-Imidazo(4,5-b)pyridine (L5)

The ligand L5 was synthesised by reacting equimolar amounts of 2,3 DAP and butyraldehyde,
following the procedures used in the synthesis of ligand L1 to L4. The reaction was repeated
several times due to poor yields being obtained and difficulty in separating the product from
the Schiff base intermediates being formed. A yellow-brown coloured oil was isolated at a
moderate yield and was characterised using UV-Vis spectroscopy FTIR and NMR
spectroscopy.

2.1.9 Characterisation of 2-propyl-1H-Imidazo(4,5-b)pyridine (L5)

2.1.9.1 'H NMR spectroscopy

The proton NMR spectrum of the product obtained in DMSO is shown in Figure 2.21. The
spectrum shows evidence of successful synthesis of the desired ligand 5 which is shown by
the presence of three signals in the aromatic region having a total integration of three protons.
The presence of the propyl chain is shown by the peaks at 2.80, 1.81 and 0.94 ppm which
integrate for 7 protons. The extra peak at 1.15 was attributed to the ethyl acetate trapped in
the product. The protons of the pyridine ring occur between 7.00 and 8.45 ppm in the aromatic
region and have a total integration of 3. The signals a and b are further split into smaller peaks
due to the presence of the less stable tautomeric form of the ligand resulting from changing
the position of the nitrogen atom on the pyridine. It was not possible to separate the tautomers
using chromatography since only one spot was detected. The signals labelled g and g’

downfield at 12.82 and 12.48 ppm correspond to the amine signal of the imidazole ring where
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tautomerisation of the hydrogen atom occurs to result in two separate signals, as observed

previously for the ligand L3.
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Figure 2.21. *H NMR spectrum (in DMSO)-ds of 2-propyl-1H-Imidazo(4,5-b)pyridine (L5).

2.1.9.2 Infrared spectroscopy

The infrared spectrum of the ligand shows the presence of strong C-H bands between 2850 —
2900 cm* which are absent in the spectrum of 2,3-DAP. The stacked infrared spectrum of the
ligand and the starting material is shown in Figure 2.22. FTIR confirmed the cyclisation of the
butyraldehyde chain with the diaminopyridine to form the imidazole ring of the desired ligand.
A new imine v(C=N) stretching band is observed and centred at 1609 cm* and this is assigned
to the imine band of the imidazole ring. These bands occur at a slightly higher frequency
relative to those observed for the ligands L1 — L4 and this can be attributed to the poor
donation of electron density into the imine double bond by the propyl chain, relative to the
phenyl or ferrocenyl moieties. The poor donation of electrons results in a shorter imine double
bond in comparison to that observed for the phenly and ferrocenyl substitituded ligands. The
successful reaction of the diamine groups of 2,3-DAP is confirmed by the absence of the

amine NH; stretching bands in the product.

46



Chapter 2: Synthesis and Characterisation of Imidazopyridine Ligands and Diruthenium

Acetate Complexes

—— 2,3-DAP
L5

By Y l'|,N,

4000 3500 3000 2500 2000 1500 1000 500
Wanumber (cm™)

Figure 2.22. FTIR spectrum of the ligand 2-propyl-1H-Imidazo(4,5-b)pyridine (L5) overlapped
with the spectrum of 2,3-DAP.

2.1.9.3 UV-Vis spectroscopy

The UV-Vis absorbance spectrum of the ligand is shown in Figure 2.23 and this shows the
presence of an absorbance band with Amax centred at 287 nm. This band is split into a smaller
band centred at ca. 252 nm which was not considered because of the possibility of solvent
effects in this region. The band in the UV region is assigned to the & to ©* transitions of the
ligand as previously observed for L1 — L4. Another band was also observed as a shoulder in

the near UV-region between 320 and 395 nm.
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Figure 2.23. UV-Vis spectrum of the ligand L5 (obtained in methanol).
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2.1.10 Summary

The synthesis of imidazopyridine ligands substituted with phenyl, ferrocenyl and propyl
moieties has been successfully carried out under different conditions. The ligands were
obtained at relatively low yields and further strategies need to be employed to optimise the
reactions with the intention of improving the reaction yields. The ligands were successfully
characterised by using an array of analytical techniques such as *H and *C NMR, UV-Vis,
Infrared spectroscopy as well as LCMS where applicable. The assignments of the ligands
were also confirmed by using 2D NMR spectroscopy such as COSY and HSQC. A comparison
of the position of the imine v(C=N) bands of the ligands observed was performed by using
FTIR spectroscopy as shown in Table 2.2. Changes observed in the position of these bands
upon coordination of the ligands to the diruthenium tetraacetate complexes are described in

the next section.

Table 2.2. Summary of the properties of imidazopyridine ligands synthesised and successfully

characterised.
Imidazole Imine Pvridine imi it
. ridine imine position
Ligand Appearance position v(C=N) y P
v(C=N) [cm™]
[cm]
L1 Green-white solid 1537 1459
L2 Orange-brown solid 1625 1462
L3 Reddish-brown solid 1560 1560
L4 Reddish/orange-brown 1565 1430
L5 Orange Qil 1711 1612
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2.2 General synthesis of diruthenium tetraacetate complexes

2.2.1 Synthesis of diruthenium tetraacetate chloride

Diruthenium tetraacetate chloride precursor complex Ru»(OAc).Cl (C1) was synthesised by
modification of the literature procedures reported by Stephenson and Wilkinson.'*% In the
solid state, the complex is known to exist as a polymeric framework where the axial positions
are occupied by chloride ligands. Occupation of the axial sites by the solvent molecules is
known to occur in solution, which disrupts the polymeric structure. The synthesis procedure
involved refluxing hydrated ruthenium trichloride at high temperatures in the presence of acetic
anhydride and acetic acid, under exposure to an oxygen atmosphere. The procedure followed
is shown in Scheme 2.8. The product was isolated as a light brown solid in sufficiently high
yields of 65 — 70% and was soluble in polar organic solvents and water. The lithium chloride
in the reaction improved the hydroelectric constant of the solution and ensured coordination
of the chloride to the axial site of the paddlewheel structure. It has previously been shown that
if the reaction is performed in an excess amount of anhydrous lithium chloride, the yield of the
product is increased and that comparable yields can be obtained under oxygen and nitrogen

conditions.*®
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Scheme 2.8 Synthesis of diruthenium tetraacetate chloride precursor complex, Ruz(OAc).Cl

(C1). Successful synthesis of the complex was confirmed by using infrared spectroscopy, UV-

Vis spectroscopy and mass spectrometry.

2.2.2 Characterisation of diruthenium tetraacetate chloride by FTIR, UV-Vis
spectroscopy and mass spectrometry

The infrared absorption spectra of diruthenium tetraacetate chloride (C1) is shown in Figure

2.24. Analysis of the complex revealed the presence of absorption bands at 1433 and 1396

cm™ which are assigned to the antisymmetric and symmetric stretching vibrations of the

acetate groups, respectively. These stretching vibrations confirmed the successful synthesis

of symmetric paddlewheel complexes. v(C-H) absorption bands corresponding to the acetate

groups are observed at 2931 cm™. The v(Ru-Ru) stretch occurs in the fingerprint region around
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1048 cm* while the v(C-CHs) bending occurs at 688 cm™. The complex was also analysed
using UV-Vis spectroscopy in methanol and the maximum absorbance of the complex was in
the region previously observed in literature.?* The absorbance band occurred in the visible
region with Amax centred at 431 nm, and is assigned to the ligand to metal n(Ru.) — n*(RuO,
Ruy) transition. In DMSO, no spectrum could be obtained since the complex was highly

insoluble with visible precipitation.

2931 cmt
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Figure 2.24. FTIR spectrum of the precursor complex C1.

Mass spectrometry was used to confirm the successful synthesis of the precursor complex
and the mass spectrum obtained is shown in Figure 2.25. The spectrum shows the presence
of a molecular ion peak at m/z of 438.86 which corresponds [M-CI]*. The two peaks with m/z
between 450 and 470 were assigned to the solvated forms of the complex where the
acetonitrile coordinates axially to the ruthenium atoms. Peak at m/z 920 is attributed to the
oligomeric form of the complex where the ruthenium atom of one complex is linked to the

ruthenium of another complex to form an extended chain.
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Figure 2.25 Mass spectrum of the precursor complex Ruz(11,111)(OAc)4Cl (C1).

2.2.3 lon exchange reactions using different counterions

lon exchange reactions were performed on the complex C1 to synthesise more soluble ionic
complexes. It has previously been shown that the presence of a counterion in a complex can
promote anion directed self-assembly which can be used for developing supramolecular
structures.?? Studies involving metathesis reactions of chloride with BF, and NOs™ counterions
on mononuclear and binuclear complexes of ruthenium were presented by Xu and
coworkers.?® Observations using single crystal X-ray diffraction showed a decrease in the Ru-
Ru bond distance upon chloride substitution, which was consistent with the presence of a triple
bond order of 2.5. The anions were incorporated into the coordination sphere of the ruthenium
centre and weakly coordinated to the metal centres as axially coordinated ligands. In non-
coordinating solvents, oligomerisation of the paddlewheel units occurs, and each unit is held
to its neighbour via intermolecular forces between the metal and the oxygen atoms of the
acetate groups.?*?® The potential of the complexes bearing the counterions to self-assemble
and form polymers has enabled the development of the complexes into synthons which have
application in linear and polymer development.?® The synthesis of the cationic ruthenium
species [Ruz(OAc)4(H20),]PFs using NH4PFs in an equimolar amount of AgSO. has previously
been reported by Drysdale et. al.?” This complex was air and light stable over long periods of

time when analysed using electronic absorption spectroscopy.

2.2.4 Synthesis and characterisation of the ionic precursor complexes [Ru2(OAC)4]X
(where X=NOs, PFs and BFs)

The cationic mixed valent complexes (C2 — C4) were synthesised by following literature

procedures involving direct metathesis reactions.?®?° The first step in the synthesis involved

disrupting the intramolecular forces of diruthenium tetraacetate chloride by dissolving the
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precursor complex in a small amount of dry methanol. This was followed by the addition of
one molar equivalent of a silver salt to the solution to remove the axially coordinated and labile
chloride ligand. This created vacant positions on the axial site of the precursor complex, which
increased the potential for coordination to ligands. The reaction procedure followed is shown
in Scheme 2.9. The driving force towards the successful formation of the cationic complex
was the formation of a white silver chloride precipitate which could be removed by using
filtration techniques. The complex C2 was synthesised through the reaction of an equimolar
amount of complex C1 and AgNOs. The formation of silver chloride precipitate was observed
within 10 to 15 minutes of reaction onset; however, the reaction was allowed to occur for 24 h
to ensure the complete counterion exchange of the chloride ligand. Complex C2 was obtained
as a reddish-brown solid at high yields (70 — 90%), and was soluble in polar organic solvents

like methanol, water, DMSO and partially soluble in non-polar solvents like petroleum ether.
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Scheme 2.9. Synthesis of the [Ru2(OAc)4]X ionic species.

The precursor complex C3 was also synthesised following the same procedure used for the
synthesis of C2, by the reaction of equimolar amounts of complex C1 with AgPF¢ salt. The
reaction occurred readily, with similar observations to those seen in the synthesis of complex
C2. The product was obtained as a light-brown solid at an almost crude yield of 93%, and was

soluble in polar organic solvents like methanol, THF, water and insoluble in ether.

Attempts to synthesise [Ruz(OAC)4(THF)2]BF4(C4) following the same procedure used for
complex C2 and C3 (in methanol) was not successful and the formation of silver chloride,
which is indicative of chloride substitution, was not observed after 24 hours of the reaction. A
dark-black solid product was obtained which likely included by products of decomposition. The
reaction was repeated, and the complex successfully synthesised when stirring an equimolar
amount of complex C1 with AgBF.in dry THF, under a nitrogen atmosphere in the dark

(Scheme 2.10). The product was obtained as a brown solid in a moderate yield of 43%. A lack
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of reactivity of the BF4 counterion with the ruthenium acetate complex was thought to be
accountable for the low yields obtained in comparison to the yields of C2 and C3. The product’s
partial solubility in non-polar solvents also reduced the amount of product that precipitated

from the solution.
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Scheme 2.10. Procedure for the synthesis of complex C4.

The complexes obtained were analysed using a variety of analytical techniques such as
Infrared spectroscopy (IR), UV-Vis spectroscopy, Mass spectrometry, cyclic voltammetry and
elemental analysis. The changes in the electronic spectra of the complexes with respect to

those of the precursor complex C1 were compared.

2.2.4.1 Infrared spectroscopy

Since the complexes were suspected to be mixed valent Ru (ll), (lll), the paramagnetic nature
of ruthenium in the 5+ oxidation state made it difficult to use NMR spectroscopy techniques to
characterise the complexes. Infrared spectroscopy was used to analyse the synthesised
complexes, using attenuated total reflectance. The presence of a counter ion was observed
in the isolated products as shown by the stacked spectra of complex C1 and C2 in Figure
2.26, suggesting successful displacement of the chloride ligand. Complex C2 displays similar
absorption bands to C1, which are characteristic of the acetate symmetric and antisymmetric
v(OCO) stretches around 1432 — 1395 cm™. The stretching frequency of the bands does not
appear to be shifted upon removal of the chloride ligand. The stretching frequency of the
nitrate counterion vs,m(NO3z) is observed as a very strong signal around 1266 cm™ in the
product. The spectrum shows the absence of a broad signal between 3000 to 3500 cmY,
indicating the absence of methanol or water in the complex. This showed that although
methanol is a coordinating solvent, it was not coordinated to the complex and there was vacant

space available for axial coordination of the neutral N—donor ligands to the metal centre.
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Figure 2.26. Stacked Infrared spectra of the precursor complexes C1 and C2.

Comparing complexes C1 and C3, a slight shift in the position of the C-H stretching bands of
C3 to a lower wavenumber relative to C1 is observed (Figure 2.27). The presence of a PF¢
counterion is shown by the strong band at 830 cm™ assigned to vsym(PFs), which confirms the
successful synthesis of an ionic complex. The v(Ru-Ru) band at 1042 cm* is shifted to a lower
wavenumber of 1020 cm™ in C3. Strong absorption bands corresponding to the asymmetric
and symmetric v(OCQO") stretching occur at 1439 and 1400 cm?, respectively. The spectrum
also shows no significant coordination of solvents like water or methanol in the product. The
overlaid infrared spectrum of complexes C1 and C4 occurs in Figure S11 of the appendix.
Similar results were also obtained for complex C4 [Ru2(OAc)4(THF),]BF4), which also shows
additional absorption bands at 3557 and 3373 cm™ assigned to the unsymmetrical and
symmetrical methylene (C-H) stretches of THF coordinated to the complex, respectively.
Evidence of coordinated THF is also shown by the presence of the ether (C-O) band at 1101

cm™.
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Figure 2.27. Stacked infrared spectra of precursor complexes C1 and C3.

2.2.4.2 UV-Vis spectroscopy

The electronic absorption spectra of C1, C2 and C3 show absorbance bands in the UV region
with Amax centred around 200 — 300 nm and in the visible region (approx. 430 nm) which
corresponds to what is previously reported in literature.?® The UV-Vis spectra of C1 — C3 is
shown in Figure 2.28 while that of C4 occurs in Figure S12 of the appendix. The UV band
centred at ~ 200 — 300 nm has been proposed to possess Ligand to Metal Charge Transfer
properties (c — o* transition) and changes in the spectral properties observed around this
region was not considered due to possible solvent interference. The characteristic absorption
band with Amax 0f 431 nm is assigned to the ligand to metal = (RuO, Ru,) — n*(Ru.) transitions
as previously discussed. The UV-Vis spectra were obtained in methanol, which is a
coordinating polar solvent. It has been reported that in non- coordinating solvents, the = (RuO,
Ruz) — n*(Ru.) transition band is usually observed at a higher wavelength.?® The transition
observed in this region has been shown to have little dependence on the axial ligand and
varying the axial chloride ligand was found to have little influence on the position of the band,
hence the band is observed around the same Amax region for complexes C1 — C4. Another
absorbance band was observed for C2 in the NIR (900-1200 nm) and this was assigned to

the 5(Ruz) — &*(Ru.) transition but could also be assigned to a Laporte forbidden band.*°
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Figure 2.28. Overlayed UV-Vis spectra of the precursor complexes C1, C2 and C3 obtained

in methanol.

2.2.4.3 Electrochemistry

Diruthenium acetate complexes possess a rich redox chemistry and display reversible and
non-reversible redox electrochemical properties. Studying the redox behaviour of the
complexes may help understand as well as predict the behaviour of the complexes during
biological studies in the presence of reducing agents. The electronic states of the compounds
have been studied to understand the reduction and oxidation properties observed. The higher
oxidation state processes (Ru2>*¢* and Ru;®**) are observed for stronger N, N or O, O donor
ligands that can stabilise the metal centre in the oxidised form.3* A single Ru,>*#* reduction
process is usually observed within the solvent’s potential window for diruthenium acetate
complexes, owing to the poor electron donating ability of the methyl groups.®? The interaction
of the axial ligand and metal centre is affected by orbital alignment and symmetry arrangement
between the metal centre and ligand. Orbital mixing occurs between the orbitals of the metal
centre and the oxygen of the acetate groups,®® The energy separation between the different
orbitals is dependent on the oxidation state of the metal as well as the nature of the axial
ligand. The CV results obtained for the complexes C2 — C5 were compared to a standard
ferrocene (Fc/Fc*) oxidation. The reversible oxidation process of ferrocene in different

solutions of supporting electrolytes is shown in Figure 2.29.
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Figure 2.29. Cyclic voltammograms of ferrocene in methanol solution containing 0.1M
electrolyte solutions (TBACI vs. TBAPFg).

Attempt to analyse the complex [Ru2(OAc)4]Cl (C1) using cyclic voltammetry was done in
different solvents and due to poor solubility of the complex and visible precipitation, no
electrochemical processes could be observed in acetonitrile, DMSO, THF and DMF. In
methanol, a single reversible reduction process was observed in different supporting
electrolyte solutions, and the value of this reduction potential was in agreement with what is
reported in literature.®*3® The half wave potentials were compared to a ferrocene standard in

the respective electrolyte solutions.

The position of the Ru®*#* reduction process of C1 in a methanol solution containing 0.10 M
of the electrolyte solutions TBANOs; and TBAPFs occurred at a more negative potential in
comparison to that of the same complex in TBACI as shown in Figure 2.30. This is because
the presence of TBACI ensures coordination of the chloride ligand to the complex, whereas
the presence of TBANOs or TBAPFe favours dissociation of the chloride ligand due to a
counterion exchange of the chloride ligand with the NO3™ or PF¢ anion. The increased electron
density on the metal makes it harder to reduce the metal centre and shifts the reduction

potential towards the cathodic region.
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Figure 2.30. Cyclic voltammograms of the complex C1, obtained in a methanol solution
containing 0.10 M of the electrolyte solutions TBANO3;, TBACI and TBAPFs. The scan rate is
100 mV/s.

Successful synthesis of the precursor complex C2 and C4 was confirmed by using elemental
analysis which showed the formation of the desired precursor complex, while mass
spectrometry was used to confirm the synthesis of C3 and C4. The mass spectra of the
complexes occur in Figure S13 of the appendix. A molecular ion base peak with 100%
abundance at m/z of 438.84 is assigned to [M-X], where X represents a counterion, while the
peaks at m/z 479 and 516 correspond to the solvated species of the complex.

2.3 General synthesis of diruthenium acetate complexes axially coordinated by
ligands
Mixed valent complexes of diruthenium tetraacetate with Ru (I1,1Il) bridged by adenine and
adenosine ligands have been successfully synthesised and characterised by
Gangopadbyay.!® Although the complexes were paramagnetic, they were partly analysed
using *H NMR spectroscopy which revealed that the complex bearing adenine was a polymeric
form where the diruthenium metal centres were bridged by adenine via the N-9 and N-3 atom.
However, structural elucidation of the complexes was not possible since no single crystal data

could be obtained. The derivative bearing adenine was a distinct di-adduct, in which the
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adenosine ligand coordinates to the metal centre through N-7. The first crystal structure of a
one-dimensional polymer of ruthenium acetate bridged by phenazine ligands on the axial
position of ruthenium was later reported by Hitoshi and co-workers.3® The structure exhibited
weak antiferromagnetic coupling between the two ruthenium units, with an appreciable zero-
field splitting in the ground state of the complex. Brendan and co-workers reported the
successful synthesis of the mixed valent [Ruz(OAc)sL2]PFs complexes, with L being the ligands
imidazole, 7-azaindole and caffeine axially coordinated to the diruthenium metal centres.®
Vamvounis and co-workers reported on the ligand substitution reaction which displaces the
H2O molecules in the complex [Ruz(OAc)4(H20)2]PFs, which was carried out in 2-propanol
using excess of the quinuclidine ligand under argon. It was observed that under air-free
conditions the precipitate that formed could remain stirring indefinitely without any apparent
change and that the exposure of the reaction solutions to air led to product decomposition and

low yields.?’

A recent and interesting study on the axial coordination of diruthenium tetraacetate was
presented by Rodrigo and co-workers, who studied the kinetic reactions upon the coordination
of the amino acids glycine, cysteine and histidine, etc. to the axial position of ruthenium acetate
complexes.?® A reversible binding process occurred between the amino acids and the
ruthenium centres, through the deprotonated nitrogen or the carbonyl oxygen of the amino
acids. Using deconvoluted UV-Vis spectroscopy, it was shown that an incomplete and
reversible reaction occurs between the ruthenium species and the amino acids, which is then
followed by a slow decomposition process due to disruption of the paddlewheel complex. The
decomposition process results from the displacement of an acetate group by a ligand to form
monomeric complexes. The schematic of this reaction is shown in Scheme 2.11.

KI
[Ruy(CH;C00)4(H,0),] +HsNCHzCOO'~7—‘[Ruz(CHzCOO>4<H20)2<H3NCHZCOOj ¢ Hy0"

-1

[RuZ(CH3COO)4(H20)2(H3NCH2COO) ]—» decomposition products

Scheme 2.11. Mechanistic view of the reaction that occurs between diruthenium tetraacetate

with the amino acid glycine, cysteine, and histidine.

For our synthesis of the desired complexes containing imidazopyridine ligands attached to the
diruthenium tetraacetate precursor complexes, the literature procedures reported by
Gangopadhyay et al.'° and Brendan et. al.® were modified. The synthesis of imidazopyridine-
based ligands containing aryl, alkyl and ferrocenyl groups attached to the 2-position of the

imidazole ring was described previously. The ligands shown in Figure 2.31 were successfully
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synthesised and characterised using spectroscopic and spectrometry techniques. This section
describes the coordination of the synthesised imidazopyridine ligands to the axial position of

the precursor diruthenium tetraacetate ionic species.
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Figure 2.31. The structures of the imidazopyridine derivatives successfully synthesised and
characterised. A change in position of the nitrogen atom on the pyridine ring of the ligands
creates the regiomers L1 and L2 as well as L3 and L4. The more stable tautomer of L1 with
pyridine nitrogen on position seven ( vs. position 4) of the ring was used for the complexation

reactions.

Complexation to the ruthenium metal centre could occur through the lone pairs on the basic
nitrogen atoms of the imidazole and pyridine rings. It was also assumed that coordination of
the ligands to the diruthenium centres would preferably occur via the nitrogen atom of the
imidazole ring since this nitrogen is more basic than the pyridine nitrogen. The amine proton
of the imidazole ring could also be abstracted, followed by interaction of the resultant anionic
nitrogen atom with the ruthenium metals. In the absence of a suitable base, the possibility of
this deprotonation occurring would be less. Two possible interactions between the
imidazopyridine ligands and the diruthenium core were thus possible. In the case where the
pyridyl nitrogen is at position 6 (L1 and L3) only coordination via the axial site of the ruthenium
core is possible. On the other hand, if the pyridyl nitrogen is at position 7 (L2 and L4), bidentate
coordination is possible such that the equatorial bridging acetate is displaced by the ligand in

the presence of a base.

Due to the aforementioned bidentate nature of the less stable tautomers of L1, L3 and L5 the

equatorial substitution would only occur over prolonged stirring of the reaction materials and
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at elevated temperatures. To our knowledge this is the first report of diruthenium tetraacetate
bearing Imidazopyridine ligands either on the axial or equatorial sites, thus the products
expected from the substitution reactions represented novel class of compounds.
Complexation reactions with imidazopyridine ligands containing pyridine nitrogen on position
4 or 7 were proposed to occur as shown in Scheme 2.12. Two species could potentially be
formed under the conditions, depending on the type of coordination and number of ligands
that coordinate to the metal centre. The first species is a monomeric complex consisting of
two imidazopyridine ligands coordinated axially to the metal centre by the nitrogen of the
imidazole ring. The second type of complex could result from the ligand equatorially bridging

the different diruthenium paddlewheel units.
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Scheme 2.12. Synthetic procedure for the coordination of diruthenium tetraacetate complexes

containing imidazopyridine ligands with nitrogen atoms on position 4 or 7.

The imidazopyridine ligands with nitrogen atoms on position 5 or 6 did not have the right
geometry to displace both acetate groups on the equatorial positions and only the axially
coordinated complexes were thought to be possible in this case (Scheme 2.13). The reactions
were performed in methanol or isopropanol, and the choice of solvent depended on the
solubility of both the ligands and the precursor complexes. In most cases the ligand and the
precursor complex were dissolved separately in isopropanol and then the ligand solution was
transferred dropwise to the stirring precursor complex solution. In cases where the ligand

showed full solubility in the solvent, both reagents were mixed-together in the reaction vessel.
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Scheme 2.13. Synthetic procedure for the coordination of diruthenium tetraacetate.
complexes containing imidazopyridine ligands with pyridine nitrogen atom on position 5 or 6.

Purification methods involved co-precipitation and recrystallization techniques where possible,
using DCM, hexane, and ethanol. Synthesised complexes exhibited distinctive bands
corresponding to acetate stretches v(OCO") and imine v(C=N) vibrations when analysed using
infrared spectroscopy. A general trend indicating the successful coordination of the ligand to
the metal centre was the shift in stretching frequency of the imine v(C=N) band of either the
imidazole or pyridine ring of the ligand to a lower wavenumber which is attributed to back
bonding effect as illustrated in Figure 2.32. This shift results from the donation of a lone pair
of electrons from the ligand to an empty o* orbital of the ruthenium metal, with the metal
simultaneously donating electron density from a filled d orbital to an empty n* orbital of the
ligand. This effect weakens the imine v(C=N) bond and shifts the vibration of the bond to a
lower wavenumber. Comparison of these bands with those of the starting material provided
preliminary evidence of complexation of the ligands to the metal centres. The presence of the
symmetric and antisymmetric acetate bands in the complexes confirmed the retainment of the
lantern tetraacetate paddlewheel structure in the complex and the D, symmetry of the

complex.
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Figure 2.32. lllustration of back bonding effect between the filled d-orbitals of a metal and the

empty n* orbitals of a ligand.

The complexes were analysed using a variety of analytical techniques such as Infrared
spectroscopy, UV-Vis spectroscopy Cyclic Voltammetry, mass spectrometry and elemental

analysis.

2.4 Synthesis and characterisation of imidazopyridine diruthenium tetraacetate
complexes with NOz counterions [Ruz(OAc)4)L]NO3 (C5 - C8)
Attempt to synthesise the complexes C5 — C8 was performed by stirring the precursor complex
C2 with excess of the ligands L1 — L4 at an elevated temperature (60 °C) for 24 h in
isopropanol, under a nitrogen atmosphere. Thin layer chromatography served as a useful
technique to monitor the progress of the reaction. The spot corresponding to the ligand was
observed to decrease in intensity over time, while that of the precursor complex C2 remained
at the baseline, and this showed evidence of complexation of the ligand. The products were
isolated as dark-brown powder-like microcrystals by co-precipitation techniques involving
layering the concentrated reaction mixtures with THF or DCM and petroleum ether/ hexane
(v/v; 1:9) and filtered under vacuum. For the product obtained in methanol (P1), infrared
spectroscopy showed the presence of a broad band in the region 3631 — 3000 cm™ due to the
coordination of methanol (Figure 2.33). This band was difficult to remove even after intensive

drying of the product.

Infrared spectroscopy also revealed a new absorbance band at 1637 cm™ which was absent
in the starting material and is assigned to a displaced carbonyl group of the acetate. This band

occurs at a different region from the v(C=0) bands of the acetate groups, and this showed

63



Chapter 2: Synthesis and Characterisation of Imidazopyridine Ligands and Diruthenium

Acetate Complexes

evidence of possible substitution of a bridging acetate. For the products (P2 — P3) obtained in
isopropanol, a new band appeared around 1850 cm™ which could be assigned to a carbonyl
group. Analysis of all these products using cyclic voltammetry in a methanol solution
containing 0.10 M of suitable supporting electrolyte solutions did not show any electrochemical
process, including the expected Ru.**#* reduction process. This indicated that there was
possibly disruption in the paddlewheel structure which was also supported by the absence of
the symmetric and antisymmetric stretches of the acetate groups on the IR spectra between
1400 — 1600 cm™,

v(C=N)

v (C=0)

3600 3100 2600 2100 1600 1100 600
Wavenumer (cm™)

Figure 2.33. Infrared spectra of the products (P1 — P4) obtained by stirring the precursor
complex C2 with excess of the ligands L1 — L4 at 60 °C overnight.

The reactions were repeated, by reacting excess of the ligands L1 — L4 and the precursor
complex C2 at room temperature, in isopropanol. Complex C5 was obtained from reacting an
excess of the ligand L1 with the precursor complex C2 as shown in Figure 2.14. The precursor
complex, [Ruz2(OAc)4]Cl (C1) was also reacted with excess of the same ligand L1 in the
presence of silver nitrate using a direct metathesis displacement reaction. Using this route,
the formation of silver chloride precipitate occurred but took longer when compared to isolating

the ionic complex C2 first.

64



Chapter 2: Synthesis and Characterisation of Imidazopyridine Ligands and Diruthenium

Acetate Complexes

B TINO; NN
N ey
0] 0] 7z =
B o© o NZ N
IL\\\\O R} EN N Kele ‘é\\o | O ‘4\0
u=="Ru g N SN RS__ R
R e P v I P,
K/ . 24h,60°C O\/ <N o\/

Scheme 2.14. The synthesis procedure and possible structures of complex C5 using the

precursor complex C2 and excess of the ligand L1.

The complexes C6 — C8 were also synthesised following the same procedure, by stirring the
precursor complex C2 with an excess amount of ligand L2 — L4 for 24 hours at room
temperature. Successful formation of new products was monitored by using TLC. The
products were isolated as powder-like microcrystals at relatively moderate yields (43 — 85%)
and were found to be soluble in polar organic solvents like methanol or DMSO, partially soluble
in water and poorly soluble in non-polar solvents. The complexes were analysed using a
variety of analytical techniques such as infrared spectroscopy, UV-Vis spectroscopy, mass
spectrometry and cyclic voltammetry. The resulting complexes are paramagnetic due to the
unpaired electrons and the delta and pi antibonding orbitals being degenerate c?n*#(5n*)3,
hence could not be characterised using *H NMR spectroscopy. The number of unpaired
electrons and the magnetic susceptibilities of the complexes were determined using the

Evan’s method.38

2.4.1 Infrared spectroscopy

Infrared spectroscopy was used as a preliminary technique for the detecting successful
complexation of the ligand to form a new product. Analysis of the complex C5 using Infrared
spectroscopy revealed the presence of distinct bands at 1606 and 1542 cm™ which were
assigned to the imine v(C=N) bands of the ligand as shown in Figure 2.34. The position of
these bands was not significantly shifted from those of the free, unbound ligand. The imine
v(C=N) stretching band of the pyridine ring at 1545 cm*was shifted to a lower wavenumber
in the complex indicating that it was also involved in coordinating to the ruthenium metal
centre. The nitrate stretching is observed as a broad band around 1270 cm™. The bands on
the complex appeared broader in comparison to those on the free ligand, which indicated that

there was increased hydrogen bonding occurring in the complex.
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Figure 2.34. Expanded Infrared spectrum of complex C5, overlaid with the spectrum of the
ligand L1.

Similar FTIR observations occur for C6 containing 2-aryl-1H-imidazo(4,5-c)pyridine (L2)
where the nitrogen atom on the pyridine ring of the ligand is at position 5 or 6 of the ligand.
The infrared spectrum of C6 occurs in Figure S14 of the appendix and this shows a greater
extent of decrease in the position of the imidazole imine stretching band relative to the free
ligand, which is attributed to the back bonding effect. The infrared spectrum of the complex
C7 shown in Figure 2.35 also shows significant shifting to lower wavenumber of the imine
v(C=N) stretches in the region 1562 — 1530 cm™. The presence of the antisymmetric and
symmetric stretches assigned to the v(OCO") groups is observed around 1415 — 1400 cmin
all the complexes. The presence of the NO3™ counterion was also observed in the spectra of
all the complexes C5 — C8 around 1280 cm?, which confirmed the successful synthesis of the
complexes in their ionic form. The IR of C8 did not show a significant difference as compared
to that of the ligand L4 (Figure S15). In general, the appearance of the bands in the fingerprint
region for C5 — C8 were significantly different from those of the precursor complexes and the
free ligand, with the appearance of new bands for the product, providing evidence of formation

of a new product.
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Figure 2.35. Expanded infrared spectrum of complex C7 overlaid with the spectrum of the
ligand L3.

2.4.2 UV-Vis spectroscopy

UV-Vis spectroscopy was used to compare the electronic absorption transitions observed on
the precursor complexes, the free ligand and those on the resulting complexes C5 — C8. The
change in UV absorbance upon complexation of the ligand was brought about by the © to t or
7 to * interactions with the ruthenium centres. Confirmation on whether these transitions are
allowed based on symmetry of the metal and ligand orbitals can be confirmed by using Huckel
molecular orbital theory.?* UV-Vis data was obtained using 1 x 10“* M of complex solution in
methanol, however dilutions were performed for absorbance values to agree with the beer
lambert’s law, and A values ranged from 200 to 1200 nm. Representative stacked UV-Vis
spectra of C5 and C7 containing the phenyl substituted ligand L1 and ferrocenyl substituted
ligand L3, respectively are shown in Figure 2.36. The stacked UV-Vis spectra of the
complexes C6 and C8 are shown in Figure S16 of the appendix. Similar trends were observed
in the absorbance spectra, characterised by the appearance of a shoulder band around 431
nm which is assigned to the n(RuO, Ruz) — n*Ru. transition band of the complex, as
previously reported for diruthenium tetraacetate complexes. This band is overlapped with the
n — n* transition band of the ferrocenyl ring for complexes C7 and C8 containing the ferrocenyl
ligands. A ligand centred band which can be assigned to = — =n* or n — =* transitions is

observed in the UV region around 290 — 300 nm. The ligand centred bands result from the
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ligands donating an electron density to the LUMO of the metal centre, stabilising the =* HOMO
of the ruthenium metal centres which lowers the energy of the « to n* transition and increases
the ligand character of the n* orbital of the metal.?* UV-Vis spectroscopy provided evidence of
ligands L1 and L3 as stronger donor ligands when compared to L2 and L4 due to the ligand
centred band positioned at slightly lower wavelength in the spectra. For C7 and C8, a new
absorption band appeared as a shoulder around 385 nm which can be assigned to allowed

metal d — d transitions.3°
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Figure 2.36. Overlaid UV-Vis spectra of complex C2, C5 and C7 (obtained in methanol).

2.4.3 Electrochemistry

Electrochemical experiments for complexes C5 — C8 containing NOs counterions were
performed in methanol solutions containing either 0.10 M of TBACI or TBANO3 as supporting
electrolytes. The values of the Ei» wave potentials were in the range of previously reported
diruthenium acetate complexes.?*?> Complex C1 had a reduction potential of -0.08 V in TBACI
as shown in Figure 2.30 previously, which is shifted in the anodic direction by 40 mV in the
complex C2 to a reduction potential of 0.32 V (Figure 2.37). This indicates that it is easier to
reduce the ruthenium cores in the cationic complex C2 relative to C1, due to a decreased
electron density on the ruthenium cores upon introduction of the NOs counterion. The
reduction potential of complex C2 is slightly shifted by 10 mV in the anodic region to a
reduction potential of 0.31 mV in C5 upon the coordination of the ligand L1, which shows that

the ligand is slightly deactivating.
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Figure 2.37. Cyclic voltammograms showing the electrochemical processes of the complexes
C2 and C5 obtained in a methanol solution containing 0.10 M TBACI at a scan rate of 100
mV/s.

In addition to the Ru®*"** reduction process observed in complexes C5 — C8, a reversible
oxidation peak is observed in C7 and C8 due to the presence of ferrocene in the coordinated
ligands. The cyclic voltammogram of C7 obtained in TBACI is shown in Figure 2.38 while the
voltammogram of the same complex obtained in TBANO; is shown in Figure S17 of the
appendix. The potentials occur in the same region in both TBACI and TBANO3, which is
indicative of the fact that there is no counterion exchange of the complex NO3 anion with that
of the chloride from the TBACI supporting electrolyte. The oxidation couple of ferrocene in
both C7 and C8 is not significantly shifted, relative to that of the free uncoordinated ligands.
This shows that there is little effect on the electron density of the ferrocenyl-based ligands
upon coordination to the diruthenium metal centres. The ferrocenyl oxidation peak shows a
two-electron transfer process with the oxidation peak twice the size of the Ru2*>** reduction
process. This indicates the presence of two ferrocenyl-based ligands coordinated to the metal
centres. The two-electron transfer process observed indicates that there is coupling between
the two ferrocenyl centres, and this is contrary to what has been observed by Darryl et al.,*
whereby upon equatorial substitution of the acetate groups with ferrocenyl moieties in
diruthenium acetate, two separate and clearly resolved Fc/Fc* oxidations occurred. This
indicates that there is a weaker redox coupling between the equatorially positioned ferrocenyl

moieties relative to the axially coordinated ones. C2 has a reduction potential of 0.31 V, which
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is slightly shifted towards the anodic region by 30 mV in the complex C7, indicating a
decreased electron density on the ruthenium metal upon coordination of the ferrocenyl ligand
L3. This shows that the ligand L3 greatly deactivates the complex C7, relative to the phenyl
ligands L1 and L2 in complexes C5 and C6, respectively. A similar observation to C7 is seen
for complex C8 containing the ferrocenyl ligand L4, which is shown in Figure S18 of the

appendix.

0.99

[Rux(0Ac),INO; (C2)
T [Rux(0Ac)4(L3)INO; (CT7)
L3

1,40 0,90 0,40 -0,10 -0,60 -1,10
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Figure 2.38. Cyclic voltammograms showing the electrochemical processes of the complexes
[Ru2(OAC)4]NOs3, [Ruz2(OAC)4(L3)INOs and the Ligand L3, obtained in a methanol solution
containing 0.10 M TBACI. The scan rate is 100 mV/s.

2.5 Synthesis and characterisation of imidazopyridine diruthenium tetraacetate
complexes with PFs counterions [Ru2(OAc)sL]PFs (C9 — C12)
The complexes C9 — C12 were synthesised following the same procedure followed for the
synthesis of C5 — C8. The procedure for the synthesis of C9 is shown in Figure 2.15 as a
representative, which shows the reaction of an excess of the ligand L1 with the precursor
complex C3 containing a PFs” counterion. The complexes were isolated as brown powder-like
microcrystals at good yields (75 — 83%) using the same purification techniques followed for
complexes C5 — C8 and were successfully characterised using the same analytical

techniques.
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Scheme 2. 15. The synthesis procedure and possible structures of complex C9 using the

precursor complex C3 and excess of the ligand L1.

2.5.1 Infrared spectroscopy

The Infrared spectrum of complex C9 containing the ligand L1 and a PFe¢ counterion shows
two sharp distinctive bands assigned to the v(COQ") stretching vibrations, as seen in Figure
2.39. These bands were observed on the same spectral range as those of the precursor
complexes C1 and C3. The presence of the asymmetric and symmetric v(COQO") bands
confirmed the retainment of the acetate groups in the product, indicating a Dsh symmetry
retention upon ligand complexation. The similarity in the values of the stretching frequency of
the symmetric and antisymmetric bands has been attributed to the high symmetry of the
resulting acetate bridged complexes.?® The imine v(C=N) band of the imidazole ring of the
ligand occurs at the same spectral range as that of C5 (1540 cm™) and shifting in the stretching
frequency of the pyridine imine v(C=N) band (1604 cm™) in the complex occurs. The presence
of a PFs counterion in the complex is shown by presence of the imine v(PF¢) stretch around
841 cm™.

— Ru,(OAc),bis(L1)PF4 PE.-
(C9) v(PFg)
L11850 1650 1450 1250 1050 850 650

Wavenumber (cm™)

Figure 2.39. An expanded view of the infrared spectrum of complex C9, overlaid with the

spectrum of L1.
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The stacked infrared spectra of the complexes C10 — C12 of the complexes occur in Figure
S19 of the appendix. The imine v(C=N) bands of the imidazole ring occur in the range 1630 —
1550 cm™ in the complexes and displays a slight shifting to lower stretching frequency due to
back bonding effect. The presence of a PF¢ counterion is detected in the complexes around

840 cm™ which shows the successful formation of complexes in an ionic form.

2.5.2 UV-Vis spectroscopy
The UV-Vis spectrum of C9 and C10 is shown in Figure 2.40, and this shows absorbance
bands corresponding to the ligand centred © — ©* transition with Amax centred at 310 nm. The
band assigned to n(RuO, Ruz) — ©*Ru, transition occurs as a smaller shoulder between 418
— 431 nm as previously observed for the NOs bearing complexes. For C10, a new absorbance
band occurs as a shoulder between 335 and 400 nm and this was not observed in the starting
material which provided further evidence of complexation of the ligand to the metal centre.
Similar results were observed for the complex C11l and C12 containing the ferrocenyl
substituted ligands L4 and L3 as shown in Figure S20 of the appendix. The shoulder band
assigned to the ligand to metal n(RuO, Ruz) — n*Ru; transition in the region 419 — 477 nm is
overlapped with the ferrocenyl ligand to metal &= — n* transition band of the ligands L3 and L4.
Changing the counterion from NOs™ to PFs did not appear to have a significant effect on the
shape of the absorbance bands in the spectra, while changing from coordinated L1 to L2
resulted in a slight shift to a lower wavelength in the ligand centred transition band in the UV
region, and this effect was also observed in the free uncoordinated ligands.

[Rux(OAc)4(L1)IPF; (C9)

[Ru(OAc)4(L2)]PF, (C10)
[Ruz(OAc).]PFs (C3)
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Figure 2.40. Overlaid UV-Vis spectra (in methanol) of the complexes C9, C10 and the

precursor complex C3.
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2.5.3 Electrochemistry

A comparison of the electrochemical processes of the complexes C9 — C12 with those of the
precursor complex C3 was performed using cyclic voltammetry, in a solution containing 0.10
M TBAPFs as the supporting electrolyte. The Ru2®*#* reduction potentials of C9 — C12 follow
the same trend as C1 in the TBAPFs supporting electrolyte and were observed at more
negative potentials relative to the reduction potentials in TBANOs shown in Figure 2.30
previously. This shows that a PFs counterion increases the electron density on the ruthenium
centres relative to the NO3™ counterion. The cyclic voltammogram of C9 is shown in Figure
2.41. The Ru®>** reduction potential is anodically shifted by 60 mV from a potential of -0.76 V
in C3 to a potential of -0.70 V in the complex C9. This shift implies that there is a decreased
electron density on the ruthenium centres upon coordination of the ligand L1, relative to the
precursor complex C3, making it easier to reduce the metal centre. Complex C10 containing
the ligand L2 displays a reversible reduction potential which is not significantly different from

that of C3 upon coordination of the ligand L2, and this is shown in Figure S21 of the appendix.

[Ru,(OAC)4PFg](C3)
[Ruz(OACc)(L1)IPFg (C8)

0,80 0,30 -0,20 -0,70 -1,20 -1,70

Voltage(V) Vs Ag/Ag”

Figure 2.41. Cyclic voltammograms of the complexes [Ruz(OAc)sPFs and [Ru2(OAC)4
(L1)]PFs, obtained in a methanol solution containing 0.10 M TBAPF¢ at a scan rate of 100
mV/s.

Complex C3 shows a Ruy*"** reduction process of -0.76 V, which is slightly shifted in the
anodic region by 10 mV to a potential of -0.75 V in the complex C11, as shown in Figure 2.42.
This shift is slightly cathodic, relative to that observed for the complex C7 bearing an NOs’

counterion, and this is attributed to the PFs” counterion making it slightly difficult to reduce the
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metal centre. A shift in the reduction process upon coordination of L3 shows that the presence
of the ligand significantly affects the electronic properties of the ruthenium cores, and further
provides further evidence of ligand coordination. The ferrocene (Fc/Fc*) oxidation potential of
the phenyl complex C11 indicates a single electron transfer process as shown by the similar
ratios of the reduction and oxidation peaks, which is contrary to what has been observed for
C7 and C8 which showed two electron transfer processes. This is indicative of the presence
of one ligand L3 in the complex C11. The oxidation potential of L3 displays a cathodic shift of
60 mV to a new potential of -0.11 V in the complex C11, which shows that there is an increased
electron density on L3 upon complexation to form C11. The cyclic voltammogram of C12 is
shown in Figure S22 of the appendix this shows a reversible two-electron transfer (Fc/Fc*
oxidation process) and a Ru*"** reduction process which is shifted by 20 mV towards the

anode in the complex.

-0.76

[Ruz(QAc), |PF5 (C3)
[Ruz(0QAC)s(L3)IPF: (C11)
L3

0,80 0,30 -0,20 -0,70 -1,20 -1,70
Potential (V) vs Ag/Ag”

Figure 2.42. Stacked cyclic voltammograms of the complexes [Ruz(OAc)sPFs (C3),

[Ru2(OAC)4L3]PFs(C11) and the ligand L3. Voltammograms obtained in a methanol solution

containing 0.10 M TBAPFs at a scan rate of 100 mV/s.

The cyclic voltammograms of ligands L3 and L4 show that under the same solvent and

electrolyte conditions the oxidation potential of L3 is slightly shifted by 0.10 V in the anodic

direction, showing that it was more difficult to oxidise L3 than L4. The shape of the oxidation
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peak of L4 is also clearly well reversible, whereas the anodic potential of L3 exhibits a slight

cathodic shift which altered the shape of the duck shape curve.

2.6 Synthesis and characterisation of imidazopyridine diruthenium tetraacetate
complexes with BF;counterions (C13)

A complex containing a BF4 counterion (C13) was also synthesised and compared with those
bearing NOs™ and PF¢ counterions. The reaction between an excess amount of the ligand L3
with the precursor complex [Ruz(OAc)4(THF)2]BF4 (C4) was performed at room temperature
to synthesise the complex C13, which was isolated as a brown solid and fully characterised
using the same analytical techniques used for C5 — C12. The complex C13 displays similar
absorption properties to those of C5 — C12 using FTIR as shown in Figure 2.43. The presence
of the BF4 counterion is confirmed by the strong absorbance bands between 1100 — 1000 cm
1, Displacement of the coordinated THF of the precursor complex C4 is shown by the absence
of the v(C-O) and v(C-H) bands of the THF solvent around 3000 cm™,

—— [Ruy(0AC).(L3)IBF 4 (C13)

f

3600 3100 2600 2100 1600 1100 600
Wavenumber (cm™')

Figure 2.43. Infrared spectrum of the BF, complex C13.

The complex was analysed using cyclic voltammetry in a solution containing 0.10 M of TBABF,
as a supporting electrolyte and displays a reversible reduction (Ru.**#*) process that is not
significantly shifted from that of the precursor complex C4. This is shown by the spectrum
attached in Figure S23 of the appendix. Complex C13 also displays a reversible oxidation
peak that is shifted towards the cathode by 70 mV relative to the potential of -0.20 V observed
for the ligand L3.
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The difference in the stretching frequency values (Aexp) of the acetate bands v(OCO") was
compared between the complexes C5 — C13 and this is summarised in Table 2.3. The
difference in the values remained constant from C5 to C13 which shows evidence of
retainment in the symmetry of the complexes upon ligand coordination to the ruthenium

bimetalic centres.

Table 2.3 Comparison of the symmetric and asymmetric stretching bands of acetate groups

for the complexes C5 — C13.

Complex Chemical formula Vasym(OCO) vam(0CO) Aexp

[cm™] [cm™] [cm™]
C5 [Ru2(OAC)4(L1)INOs 1436 1400 36
C6 [Ru2(OAC)4(L1)]PFs 1436 1394 42
c7 [Ru2(OAC)4(L2)]NOs 1449 1402 39
C8 [Ru2(OAC)4(L2)IPFs 1433 1395 38
c9 [Ru2(OAC)4(L3)]NOs 1428 1393 35
C10 [Ru2(OAC)4(L3)IPFs 1436 1396 40
c11 [Ru2(OAC)4(L4)]NOs 1440 1403 37
C12 [Ruz(OAC)4(L4)]PFs 1440 1405 35
C13 [Ru2(OAC)4(L4)]BF4 1439 1404 35

A summary of the UV-vis data for the complexes obtained in methanol is shown in Table 2.4.
The table compares the different spectral properties observed between the synthesised
complexes and the absorbance properties of the free ligands. In general, the position of the
ligand centred band in the UV region of the spectrum was only slightly shifted by a small
amount in comparison to the coordinated ligand. Band Il was observed as a shoulder in some
complexes bearing the ferrocenyl or phenyl substituted ligand, and this could not be assigned

based on only the experimental studies conducted so far.
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Table 2.4. Summary of the position of the absorbance bands for the synthesised complexes
C13-C14. Band Il and Il occurred as shoulders that are greatly reduced or completely absent

in some complexes.

Amax, NM (€ x 103, M1 cm™?)

Complex Band | Band | Band I Band IlI
(Ligand) (complex) (Shoulder) (Shoulder)

C5 310 310 - 433
C6 310 310 - 423
C7 280 307 385 426
C8 280 320 351 424
(O8] 311 320 - 440
C10 311 316 374 -

Cl1 297 301 362 455
C12 297 315 366 440
C13 314 311 426 431

Cyclic voltammetry allowed for comparison of the electrochemical properties of the complexes
in different solutions. Table 2.5 compares the half wave potentials as well as the cathodic and
anodic peak currents for the reduction process of the isolated complexes C5 — C13. The ratio
of the cathodic and anodic current peaks (lpc/lpa) Of unity was calculated and found to be closer
to unity in all the complexes, which confirmed the reversibility of the reduction peaks. A
comparison of the cathodic and anodic potentials for complexes is also presented in the table.
The slight anodic shift observed in the Ruz®"#* reduction was accounted for by n-back bonding
between the ligand and the diruthenium metal core as previously described for diruthenium
acetate complexes. This effect of back bonding can either result in an increase or decrease in

the stabilization of the Rux** oxidation state of the complexes.
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Table 2.5. Summary of the electrochemical potentials (Ru.>*#*) for complexes
C5 — C13 in methanol

Potential (V) vs. Ag/Ag”*

Metal Complex loc/lpa
Epc Era Eie

C5 [Ru2(OAC)4(L1)]NO3s 0.23 0.41 0.32 0.92
C7 [Ru2(OAC)4(L3)2]NO3 0.28 0.38 0.34 1.45
C8 [Ru2(OAC)4(L4)2]NO3 0.22 0.40 0.31 1.26
C9 [Ru2(OAC)4(L1)]PFs -0.75 -0.65 -0,70 1.05
C10 [Ruz(OAC)4(L2)]PFs -0.81 -0.70 -0.76 1.04
C11 [Ru2(OAC)4(L3)]PFs -0.80 -0.72 -0.78 1.15
C12 [Ru2(OAC)4(L4)2]PFs -0.82 -0.72 -0.77 1.01
C13 [Ru2(OAC)4(L3)]BF4 -0.80 -0.69 -0.77 1.42

2.7 H NMR spectroscopy

Due to the paramagnetic nature of the synthesised complexes C1 — C13, the Evan’s method
for calculating the number of unpaired electrons was used to characterise the complexes and
determine if they retain their paramagnetic electronic configuration upon ligand complexation.
The magnetic susceptibility measurements of the precursor complexes C2 — C4 was
calculated at room temperature in solution and compared with that of the imidazopyridine
diruthenium tetraacetate complexes C5, C7, and C10. A comparison of the shifts observed
between the deuterated solvent signals was performed in the presence and absence of the
paramagnetic sample (C5) and the overlaid spectra is shown in Figure 2.44. The *H NMR
spectrum of the precursor complex C2 is shown in Figure S24 the appendix while that of the
complex C7 occurs in Figure S25 of the appendix. It was observed that the signals of the
reference sample were shielded from the magnetic field by the paramagnetic compound and
shifted to a higher field.
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Figure 2.44. Evan’s method: Determination of unpaired electrons. Stacked *H NMR spectra

of a 50:1 MeOD: MeOH mixture (red) and in the paramagnetic complex 5 (cyan blue).

Results showed that the change in counterions NOs', PFs and BF4 had little effect on the shift
of the solvent due to the paramagnetic solvent. The measurements gave magnetic moment
values ranging from 3.36 — 4.20 BM which indicated the presence of three unpaired electrons
in the ground state with a spin moment S = 3/2. This evidence obtained provided a vital
interpretation that the complexes are three electron paramagnetic and exhibit low-spin
paramagnetism as previously reported for mixed valent diruthenium complexes with Ru; (lI,
[11).%° This indicated that there was no change in the electron configuration of the ground state
on* & (5n*)? in the complex and there was little effect of ligand coordination on the population

of the §"and =* orbitals of the metal centre.*

2.8 Mass spectrometry

The complexes C5 — C13 were analysed by high resolution ESI mass spectrometry (HRMS)
in the positive ion mode to detect and identify the masses of the products of interest. Mass
spectra provided vital evidence on elucidating the structures of the complexes and the spectra
of the complexes showed similar fragmentation patterns. Mass spectra showed the presence
of peaks corresponding to complexes coordinated by one ligand for the complexes with PF¢

counterions (C9, C10 and C11) while evidence for bis-ligated complexes was observed for the
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remaining complexes. The isotopic signatures indicating the bis-substituted complexes [M]*
for the phenyl and ferrocenyl substituted ligands occurred at m/z = 830.0210 — 830.0237 and
1044.9613 — 1047.9559, respectively. This evidence for a bis-ligated complex supported the
observations on the cyclic voltammograms for the complexes with ferrocenyl ligands C7 and
C8 where the voltammograms showed a two-electron transfer process on the ferrocene rings,
indicating the presence of two ligands coordinating to the metal centres. Mass spectroscopy
showed fragmentation of the complexes with the presence of a peak [M-L]" appearing at m/z
= 634.94 — 634.95 and m/z = 741.12 — 742.91 for the complexes with phenyl and ferrocenyl
substituted ligands, respectively. A representative mass spectrum of complex C8 showing the
peak at 1045.9595 corresponding to a bis-coordinated complex is shown in Figure 2. 45,
where two ligands coordinate axially to the ruthenium centres. Mass spectra of the other
complexes are attached in Figure S26 —Figure S33 of the appendix. The experimental values
are consistent with the calculated isotopic distributions as summarised for the [M-L]" peak

shown in Table 2.6.
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Figure 2. 45. Representative mass spectrum of complex C8, showing the [M]* fragmentation
peak.

The base peak with 100% abundance at m/z 438.86 is assigned to [M-2L]* corresponding to
the diruthenium tetraacetate complex with fragmentation of the coordinated ligands. A peak at
m/z of 516.17 was observed in the precursor complexes C2, C3 and C4 as well as the resulting

complexes C5 — C13 and was due to solvent coordination.

80



Chapter 2: Synthesis and Characterisation of Imidazopyridine Ligands and Diruthenium

Acetate Complexes

Table 2.6. Comparison of the observed and calculated ESI-TOF masses of the synthesised

complexes.
Complex Calculated mass [M-  qpcarved mass [M-L]* Observed mass [L]*
L]+
C5 634.14 634.9459 -
C6 634.14 634.9454 -
C7 743.18 742.9104 304.0540
C8 743.18 741.1271 304.0537
C9 634.14 634.9434 -
c10 634.14 633.9440 196.0871
Cl1 744.05 742.9097 304.0539
C12 744.05 741.9117 -
C13 744.05 741.9091 -

2.9 Elemental analysis and Structure elucidation

Elemental analysis was used to confirm the successful synthesis of the desired complexes
and compare with the mass spectrometry and cyclic voltammetry results. For the complexes
with NO3z™ counterions (C6 to C8) elemental analysis showed evidence for the formation of 1:2
bis-ligated complexes and for the PFs™ derivative complexes (C9 to C11), evidence for mono-
ligated complexes was observed. These results agreed with the mass spectroscopy result and
the electron transfer processes observed on the cyclic voltammograms of these complexes.
Results agreed with the expected percentage of hydrogen and nitrogen for all the complexes
(error approx. 1%). However, the percentage of carbon was found to be slightly higher or lower
in some complexes, with a % carbon error of approx. 3% and this was attributed to the ability
of the complexes to polymerize using the extra free nitrogen on the pyridine ring as previously
observed for diruthenium complexes bridged by nitrogen-based ligands.*® The ability of the
complexes to exist as polymers can prevent the complete combustion of carbon during
elemental analysis, thus causing the deviation in the observed amount of carbon. There was
also possible reversible binding of the imidazole nitrogen atom on the ruthenium atom as
previously observed by Rodrigo and co-workers upon coordination of amino acids to
diruthenium centres,?® which can also contribute to the observed deviation in the amount of

carbon in the sample.

The formation of mono or bis-ligated complexes was rationalised in terms of the general trend

in the coordination ability of counterions to the ruthenium metal centres, which is in the order
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NOs > PFe¢ > BF4.*® While the NO3 counterion is more coordinating, the negative charge on
the NOs is localised between the NO bonds and stabilised through resonance effect which
decreases the charge available for the ruthenium metal centres, limits the iron pairing with the
metal cation and makes the counterion more labile than the PFs and BF4 counterions. Thus,
in the presence of the NOs" counterion, it can be inferred that more vacant space is available
on the axial position of the metal centres which favours the accommodation of two coordinating
ligands, such that bis-ligated complexes are formed. In the presence of the PFs and BF4
counterions, the lack of resonance stabilisation of the negative charge and the bigger size of
the counterions relative to the NOs™ counterion result in more interaction of the PFe and BF4
counterions with the metal centres and the coordinating ligands, and this allows for the
accommodation of one ligand. Presence of bis-ligated complexes and mono-ligated
complexes for NOs', PFs and BF4 counterions was previously confirmed by the Fc/Fc* couples
on the cyclic voltammograms of the complexes and this agrees with mass spectrometry and

elemental analysis results.

2.10 Evaluation of complex stability by UV-Vis spectroscopy

The stability of the complexes C5 — C13 was evaluated at 24 h intervals in DMSO over a
period of 72 h at room temperature. The complexes display stable absorbance bands in the
UV region which are assigned to the ligand-centred = — r* transitions as previously observed
in methanol. All the complexes remained stable in solution with no new significant absorbance
bands detected, however absorbance fluctuations occurred in some complexes which was
attributed to a slight change in concentration due to interaction with the DMSO solvent. A
representative UV-Vis spectrum of the complex C5 is shown in Figure 2. 45, while the spectra
obtained for the other complexes is shown in Figure S34 —Figure S40 of the appendix. The
complexes C5 and C6 display an absorbance band in the visible region at ca. 452 and 444
nm, respectively. This band remained constant over the period of analysis and was assigned
to the ligand to metal = — =* transition. For complexes C7 — C13, the &= — =* transition band
exhibited fluctuations overtime which was likely due to dissociation of the ligand as well as

microscopic precipitation of the compounds.

The results obtained in the study provided sufficient evidence that the complexes may not be
undergoing significant solvation and were quite stable. Additionally, some of the complexes
such as C5, C7 and C10 may precipitate at the microscopic level even though this is not visibly

observed, resulting in the absorbance fluctuations observed in the solvent.
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Figure 2.46. UV-Vis spectrum of [Ruz(OACc)4(L1)]NO3(C5) obtained in DMSO, at different time

periods.

The same observation on stability is seen for the complexes C5 — C13 regardless of the
counterions coordinated to the complexes or the type of substituent present on the
imidazopyridine ligands. No changes were observed for the higher energy absorbance bands
centred in the UV region between 250 and 300 nm and no significant new absorbance bands

were observed for the complexes, providing evidence of good complex stability in the DMSO

solvent.
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Figure 2. 47. Proposed structures of imidazopyridine diruthenium acetate complexes (C5 -
C13) synthesised

2.11 Summary and conclusions

Imidazopyridine ligands substituted with phenyl, ferrocenyl and propyl moieties (L1 — L5) have
been successfully synthesised and characterised by using an array of analytical techniques
such as 'H and *C NMR, UV-Vis, Infrared spectroscopy, cyclic voltammetry as well as LCMS.
Assignments of the ligands were also confirmed by using 2D NMR spectroscopy such as
COSY and HSQC.

Ligands L1 — L4 were successfully complexed to the precursor diruthenium acetate complexes
(C1 - C4) to synthesise complexes of diruthenium tetraacetate (C5 — C13) which were isolated
at sufficiently good yields (65 — 83%). The ligands can coordinate to ruthenium metals axially
in mono-ligated or bis-ligated fashion, depending on the type of counterions present on the

complex. The successful synthesis of the complexes was confirmed using suitable analytical
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techniques such as FTIR and UV-Vis spectroscopy, mass spectrometry, cyclic voltammetry,
and elemental analysis. CV shows the presence of a single Ru®*"#* reduction process, and an
Fe/Fe™ oxidation for complexes with ferrocene ligands, which is shifted from that of the free
ligand. The complexes displayed good stability in DMSO when evaluated over a period of 72h
at room temperature. No suitable single crystals of the novel complexes could be obtained to
ascertain the nature, number of ligands and mode of ligand coordination to the metal centres,

however the analytical techniques employed support the formation of the desired complexes.
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Chapter 3: Biological evaluation of imidazopyridine ligands

and diruthenium tetraacetate complexes

3.1 Diruthenium complexes and imidazopyridine ligands in anticancer studies

Breast cancer exhibits poor prognosis and high relapse rates following chemotherapy
interventions, thus it is important to develop anticancer agents which have the ability to inhibit
breast cancer and on one hand, to be able to minimize the side-effects.! Diruthenium acetate
complexes have demonstrated the ability to attack tumour cells and have the potential to be
developed into anticancer agents.? These multinuclear complexes have also displayed the
ability to interact with DNA, cleave the DNA and reduce cytotoxicity relative to the platinum
derivatives.>** Their limited solubility in water and organic solvents like DMSO limit the
biological studies of the complexes and various strategies have been employed to try
improving their solubility in aqueous media. The potential of diruthenium complexes to access
a variety of redox active states plays a role in influencing the interaction with biologically

reducing agents in the cells.

The anticancer activity of the precursor complex Ruz(OAc)4Cl has not been evaluated in
DMSO solvent due to the poorly soluble nature of the complex and precipitation in agueous
solution. However, derivatives of the complexes have since been developed that improved the
anticancer activity through synergistic means. Studies by Silva and co-workers presented the
synthesis of complexes bearing the non-steroidal anti-inflammatory drugs such as ibuprofen
and naproxen on the equatorial position of diruthenium tetraacetate.®>® The results showed
that coordination of the ligands to the mixed valent structures led to a synergistic effect that
slightly lowered the cell viability against the C6 rat glioblastoma cell lines both in vivo and in
vitro. Cell viability of the naproxen free ligand was 82.7% and this was decreased by 10.6% to
a cell viability of 72.1% in the complex [Ruz(npx)4(H20).]PFs after 24h, which was only minor
improvement in anticancer activity. Uncoordinated ibuprofen showed cell viability of 94.2%,
and upon complexation to form Ruz(ibp)4Cl the cell viability was decreased by 16.8 to a viability
of 77.4%. This study showed only a slight improvement in the anticancer activity which was
not significantly changed from that of the ligand, indicating further need for exploration of other
ligands such as benzimidazoles that can bridge or coordinate to diruthenium tetraacetate and
improve the activity. Barressi et al.?, recently reported on the synthesis of diruthenium acetate
complexes bearing isomers of indolylglyoxylyl dipeptide ligands. Equatorial coordination of
one isomer to the diruthenium complex improved the efficacy against glioblastoma cell lines
relative to the free uncoordinated ligands, with an ICso value in the uM range (1.58 + 0.14

uM).2 Coordination using the other isomer of the same ligand resulted in a complex that was
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completely inactive. Studies on the physiological properties of water soluble diruthenium
acetate complexes bridged by anilinopyridinate ligands has also been reported by Osterloh
and co-workers, and further work involving anticancer activity of these complexes by our group
showed an increased activity against MCF-7 breast cancer cells.’

Imidazopyridine derivatives have been reported to display cytotoxicity against breast cancer
cells through the inhibition of B-catenin signalling pathways.® The ligands can inhibit
proliferation of breast cancer cells through cell cycle arrest and by inducing apoptosis.®
Diruthenium tetraacetate chloride complex displays poor solubility, which limits its applicability
in biological studies, hence the complexation of imidazopyridine ligands to the complex allows
for the incorporation of interesting properties of the ligand which can be conferred to the
resulting metal complex. Binding of the ligand to the ruthenium acetate may offer a different
uptake and release mechanism of the ligand in the cells and allow the ligand to undergo ligand
exchange reactions in the cells. This can leave the ruthenium complex to interact with DNA
through traditional DNA-cisplatin adduct type of complex formation. Axial coordination of
solvents to the diruthenium acetate can help retain properties brought about by ruthenium
metal such as transferrin binding, and this can further improve the uptake of the complex
through interaction with transferrin receptors. Availability of a vacant site for coordination after
release of the ligand also allows for interaction with biologically active components such as
glutathione (GSH) and other reducing agents, which can further promote the reduction of the
metal from Ru(lll). Ru(lll) is biologically inactive unless it is converted by biologically reducing
agents like GSH to Ru(ll) which is the active form. Complexation of the ligand can help improve
its solubility, which avoids the use of solubilising agents and need for conversion to salt forms

to improve the solubility.

Although counterions are sometimes considered spectators in the biological activity of meta-
based complexes,'® the presence of different counterions can affect the anticancer activity of
the different complexes as this affects solibility.!* The effect of transition metal complexes
containing different counterions on the anticancer activity of A549 human lung cancer cells
was investigated by Zhang and co-workers.*? This study showed that having bulky counterion
groups like BPhs resulted in weak interaction of the BPh, with the complexes due to the
presence of weak n-n interactions of the phenyl groups with the ligands on the complex and
this decreased the anticancer activity. The counterions also form charge assisted ion pairs
with the ligands which increases the half-lives for hydrolysis of the complexes, thus lowering
the anticancer activity. The strength of interaction of a counterion is affected by its position
relative to the ligands, with shielding of the hydrogen bond donor/ acceptors decreasing the

number of interactions observed.

91



Chapter 3: Biological Evaluation

3.2 Single dose pre-screening of ligands and complexes against MCF-7 breast cancer
cell lines
Towards the development of ruthenium-based metallodrugs with potential anticancer activity,
ligands L1 — L5 and their corresponding complexes C5 — C13 were pre-screened for in vitro
cytotoxicity on MCF-7 breast cancer cells at 100 uM concentration using the cell viability 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. This assay is a
colorimetric assay capable of assessing cell viability or compound activity by quantifying the
% viable cells upon exposure to complexes (% cell viability). This is carried out via the use of
Nbf4ADH or NADPH as co-substrates in the reduction of the MTT to formazan crystals by the
mitochondrial dehydrogenase enzymes. Cell proliferation is measured by evaluating the
growth rate of cells as a linear relationship between the healthy cell activity and absorbance.
This process is summarised in Figure 3. 1. Viable cells can be quantified colorimetrically by

measuring the absorbance at 600 nm.

l
s”k Mitochondrial s/L
N/N HN—nN
[\ Reductase N
S \\N N=—p

MTT Formazan

Figure 3. 1. The reduction of MTT by mitochondrial Reductase, and conversion to formazan.*3

In functional tumorigenic cells, mitochondrial reductase enzymes convert the MTT dye from
yellow to blue product formazan. The amount of formazan is thus indicative of the number of
viable cells present. In the presence of complexes with anticancer activity, cells are killed and

can no longer produce reductase enzymes, as a result the solution remains yellow.

Free uncoordinated ligands did not display as much promising cytotoxic activity as compared
to their corresponding complexes. The data obtained for the in vitro pre-screening of the
ligands L1 — L5 against MCF-7 breast cancer cell line at 100 yM is summarized in Figure 3.2.
Comparing the activity of the ligands, the propyl substituted ligand L5 displays the greatest
activity against the MCF-7 cell line. Nevertheless, due to low product yields of the ligand
resulting from strenuous reaction work-up, insufficient ligand was available for complexation

with diruthenium acetate precursors.
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The phenyl substituted ligand L2 displays better activity in comparison to the two tautomeric
forms of the phenyl ligand L1 (A and B) which can interconvert in solution. The two tautomers
of the ligand L1 have moderate but comparable activity, with L1B being slightly more active.
In general, the ferrocenyl ligands L3 and L4 display lower activity in comparison to the phenyl
ligand L2, with the ferrocenyl ligand L4 displaying the least activity. This difference in the
activity between the ligands indicates that their anticancer activity against the MCF-7 breast
cancer cells is greatly influenced by the type of substituent on the second position of the
imidazopyridine ligand. Nitrogen position on the pyridine ring of the ligand also influences the
activity of the ligands, with L3 causing a 10% reduction in cell viability to the ferrocenyl ligand
L4, and L2 causing a 10% reduction in cell viability relative to L1B. The presence of the propyl
chain in the ligand confers greater activity than the phenyl and ferrocene moiety, with the latter
conferring the least activity. This result confirmed that the activity of the ligands is influenced
by a combination of the type of imidazopyridine moiety present, and the substituent on the

second position of the imidazopyridine ligand.
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Figure 3.2. In vitro pre-screening of result, evaluating the viability of MCF-7 cells upon
exposure to selected imidazopyridine ligands L1 — L5. The results were recorded at 600 nm

wavelength after 72 hours of ligand exposure. Four trials were conducted in triplicate.

Results for the pre-screening of proposed complexes (refer to Figure 3.3) at 100 yM were
compared with their respective ligands (L1 — L4) as shown in Figure 3.4. The synthesised
complexes are more cytotoxic relative to their respective imidazopyridine ligands which
confirms that coordination of the ligand to the diruthenium tetraacetate metal core enhances
the biological activity against the proliferation of cancer cells. The ferrocenyl ligand L4 was the
least active ligand with a 100% cell viability. Upon complexation of L4 with the diruthenium

tetraacetate to form C12, the cell viability decreased to 62%, indicating an increased
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anticancer activity by ca. 40%. This likely resulted from a synergistic effect between the
diruthenium tetraacetate complex and the coordinated ligand which improves the biological
activity against MCF-7 breast cancer cells, perhaps through ROS generation by the ligand.
Although no partition coefficients were obtained for the complexes, no visible precipitation was
observed in 0.1% DMSO solvent, and the variation observed in the biological activities of the
complexes was explained in terms of structural differences. The cell viability in L1A was 87%
when tested at 100 pM, and this decreases by ca. 47% upon coordination to form the complex
C5, indicating a synergistic effect between the ligand L1A and the diruthenium acetate
complex C2 which increases the anticancer activity. A similar trend is observed upon

coordination of L2 and L3 to form their corresponding complexes
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Figure 3.3: Proposed structures of imidazopyridine diruthenium acetate complexes (C5 - C13)

synthesised
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The results obtained from the in vitro screening of the imidazopyridine diruthenium
tetraacetate complexes C5 — C13 shows that at the chosen maximum concentration of 100
MM, all the tested compounds have good activity and significantly decreased cell viability
relative to the DMSO control. It was observed that the complexes C5 and C7 containing an
NOz" counterion as well as C13 containing a BF4~ counterion had the lowest cell viability which
indicated the greatest anticancer activity against the MCF-7 breast cancer cell line. Overall,
pre-screening of the complexes indicates that the activity was affected by the type of ligand

coordinated to the metal centre as well as the type of counterion present on the complex.

At 100 uM, the complex C5 containing the phenyl ligand L1 and an NO3™ counterion shows a
cell viability of 40%, which is slightly lower than that of its PFs counterpart, C9 and this is
indicative of a greater anticancer activity. The observed greater anticancer activity of
complexes C5 and C7 bearing the NOs counterion relative to their PFs counterparts C9 and
C11 was attributed to better solubility of the complexes relative to the generally less soluble
PFe complexes. Furthermore, elevated amounts of nitric oxide (NO) in cells has been shown
to contribute to tumour angiogenesis via the production of peroxynitrite (NO3’) which can
induce the oxidation and nitration of DNA and this is likely responsible for the greater cytotoxic
activity of the NOs complexes C5 and C7.14!® The presence of a nitrate can also affect the
solubility, which in turn can affect the activity of the complexes The complexes C7, C11 and
C13 contained the ferrocenyl ligand L3 with the counterions NOsz', PFs and BF4, respectively.
Complex C13 displays the lowest cell viability of 38% of these complexes, which is indicative
of the greatest anticancer activity being conferred by the presence of a BF4 counterion. It was
postulated that the BF4~ counterion enhances the anticancer activity due to its decreased size
relative to the complexes C7 and C11, which allows for better uptake of the complex in the
cells and decreased ability to form ion pairings with the protons of the ligand as compared to

the previous observations on the larger BPh, counterion.!

The significance of the position of the nitrogen (L1 vs. L2) is more pronounced when
comparing complexes C5 (approx. 40% cell viability) and C6 (approx. 76% cell viability) with
NOs counterions and containing ligands L1 and L2, respectively. The free ligand L1 has cell
viability of 87% and upon complexation to form C5, the cell viability decreased by 47%,
indicating an increased anticancer activity. Similarly, the cell viability in the ferrocenyl ligand
L3 decreases from 77% to 41% and 38% in the NOs" derivative C7 and the BF4 derivative
C13, respectively. It can be speculated that the biological activities of C5 and C7 are enhanced
due to the possible bis-coordination of the phenyl ligands L1 and ferrocenyl ligands L3
(pyridine nitrogen at position 7). Formation of a bis-ligated complex was previously indicated

by mass spectrometry and elemental analysis, and this mode of coordination was observed
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to enhance the biological activity against MCF-7 cells. The low anticancer activity observed
for complexes bearing ligands L2 or L4 shows that the nitrogen atom on the pyridine ring of
the ligand L2 and L4 might be at an unfavourable position for enhancing biological activity
against MCF-7 breast cancer cells.
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Figure 3.4. Screen test evaluating the viability of MCF-7 cells on exposure to selected
complexes of diruthenium tetraacetate bearing imidazopyridine ligands (C5 - C13) the
corresponding ligands L1 — L4. The results were recorded at 600 nm wavelength after 72

hours of drug exposure. Four trials were conducted in triplicate.

Comparing complexes with phenyl and ferrocenyl ligands, cell viability of the phenyl complex
C9 was 47% and this was 26% lower than that of its ferrocenyl counterpart, C11 indicating a
greater anticancer activity of the phenyl-based complexes. The same result can be seen for
the complex C10 and C12, where C10 containing the phenyl ligand inducing lower cell viability
than its ferrocenyl counterpart, complex C12. The lower cell viability of the complexes with
phenyl ligands could be due to the ability of the phenyl complexes to intercalate into the DNA
of the cells and interfere with the cell cycle, thus killing the cancer cells.t®

3.3 Multidose screening of complexes against MCF-7 and the non-tumorigenic cell
line MCF-12A cells
Complexes C5, C7 and C13 with the lowest cell viability were selected for multidose screening
against MCF-7 breast cancer cell line, at concentrations ranging from 20 uM to 100 uM. Cells
were suspended in 100 % media and dissolved in 0.1% DMSO and exposed to varying
concentrations of the complexes. Cell viability results obtained were compared relative to
those of the anticancer drug cisplatin as shown in Figure 3.5. At the lowest tested
concentration of 20 uM, all three complexes display moderate anticancer activity which is
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comparable to that of the anticancer drug cisplatin. Complex C7 is the most active at this
concentration, with cell viability of 77% and this is 5 % lower than that of cisplatin. Increasing
the concentration from 20 uM to 40 puM resulted in an increased anticancer activity of
complexes C7 and C13 with a reduction in viability of 18% and 10%, respectively. No
significant change in activity was observed for the complex C5 upon doubling the

concentration from 20 uM to 40 pM.
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Figure 3.5. Single dose screen test evaluating the viability of MCF-7 breast cancer cells when
exposed to increasing concentration of selected complexes of imidazopyridine diruthenium
tetraacetate and the complex cisplatin. The cells were exposed to 0.1% DMSO as a control
and the results were recorded at 600 nm wavelength after 72 hours of drug exposure. Four
trials were conducted with each experiment performed in triplicate.

In order to assess the selectivity of the complexes for MCF-7 cancer cell line over the non-
tumorigenic MCF-12A cell line, complexes C5, C7 and C13 were selected for multidose
screening against the MCF-12A cell line, at concentrations ranging from 20 yM to 100 pM as
shown in Figure 3.6. At 100 uM the complex C5 reduced cell viability of the MCF-12A non-
tumorigenic cell line by more than 90%, showing that C5 was greatly cytotoxic to the MCF-

12A cells and not selective to the MCF-7 cells.
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Figure 3.6. Multidose screen test evaluating the cell viability of MCF-12A cells when exposed
to selected complexes of imidazopyridine diruthenium tetraacetate. The results were recorded
at 600 nm wavelength after 72 hours of drug exposure. Four trials were conducted, with each
experiment performed in triplicate.

At 20 uM, the cell viability in the complexes C7 and C13 is greatly increased relative to the
DMSO vehicle control showing that the complexes do not kill the non-tumorigenic cells at this
concentration and were selective for the MCF-7 cancer cells. The reduced cytotoxicity of C7
and C13 towards the MCF12A non-tumorigenic cell line relative to cisplatin is shown by the
higher selectivity indices values as summarised in Table 3.1. The selectivity indices are ratios
which compare the cytotoxicity of complexes in anticancer cells relative to normal healthy
cells. Complex C5 has a low S.I. value, which agrees with the cytotoxicity results observed for

the complex.
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Table 3.1. Table showing the ICso and selectivity indices values of the complexes C5, C7 and
C13 in MCF-12A and MCF-7 breast cancer cells, compared with those of cisplatin. The 1Cso
values were determined and extrapolated from their respective sigmoidal curves using the
GraphPad Prism V6.

ICso (MM) = SE ICs0 (MM) £ SE
Compound S.
MCF-12A MCE-7
C5 49.78+ 3 79.58 £5.8 0.626
Cc7 9298 +5 66.47 £ 9,8 1.399
C13 165.5+6 73.70 £ 4,7 2.246
CDDP 76.66 £ 2,9 57.28 £ 1,7 1.338

3.4 Conclusion

The anticancer activity and cytotoxicity of ligands (L1 — L5) and their corresponding complexes
(C5 — C13) was successfully determined in vitro against MCF-7 breast cancer cell line. The
complexes displayed significantly improved anticancer activity relative to the free
uncoordinated ligands. The complex C5 bearing the phenyl ligand L1, NO3 derivative complex
C7 and BF. derivative complex C13 bearing the ferrocenyl ligand L3 displayed the greatest
anticancer activities. The ICso values of C5, C7 and C13 against breast cancer cell line were
79.58 uM, 66.47 uM and 73.70 uM, respectively. 1Cso values were slightly greater but
comparable to those of cisplatin. Complexes C5, C7 and C13 were further analysed for
selectivity by evaluating the anticancer activity against the MCF-12A non-tumorigenic cell line.
Complex C5 was highly cytotoxic to the non-tumorigenic cell line at all tested concentrations
and reduced cell viability of MCF-12A cell line by more than 90% at the maximum tested
concentration. Complexes C7 and C13 displayed moderate cytotoxicity towards the healthy
cell line relative to cisplatin, with C13 being more selective to breast cancer cell line (S.l value
= 2.246 vs. cisplatin S.I = 1.339). It was concluded that changing the position of the nitrogen
on the ligands significantly affects the anticancer activity of the ligands and corresponding
complexes. Complexation of the ligands (L1 — L4) to the diruthenium acetate precursors
significantly enhances the anticancer activity of the poorly soluble ruthenium acetate and

imidazopyridine ligands against MCF-7 breast cancer cells.
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4.1 Future Studies

Future studies should involve the use of molecular docking studies to determine if the position
of the pyridine nitrogen atom on the ligands L1 — L5 and their corresponding complexes C5 —
C13 affects the biological interaction with proteins and bioactive components in the cells. It
will also be interesting to evaluate if the substitution of one or more equatorial acetate groups
on our synthesised complexes with other ligands such as diphenyl formamidines which have
previously been shown to display anticancer activity,! can improve the biological activity of our
synthesised complexes against breast or prostate cancer cells. It has previously been shown
by our group that the removal of acetate groups and replacing them with N,N donor ligands
such as anilinopyridines stabilises and improves the solubility of the diruthenium acetate
complexes. The complexes can also be purified using column chromatography, since the
removal of the equatorial bridging acetate (O,0) groups by formamidine ligands reduces the
extent of interaction of the polar acetate groups with the polar silica gel, allowing for movement
on the column. Therefore, in future work, complexes of diruthenium tetraacetate bridged on
the equatorial position by one or more symmetrical or unsymmetrical formamidine ligands,

with the benzimidazole ligands attached on the axial positions will be synthesised as shown

in Figure 4.1.
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Figure 4.1. Proposed synthesis procedure for the mixed ligand complexes of diruthenium

acetate bridged by imidazopyridine and formamidine derivatives.

Future work will also employ the use of Single crystal X-ray diffraction to confirm differences
in the number of ligands coordinating to the metal centre, in the presence of NOs', PFs and

BF4 counterions and to confirm the mode of coordination to metal centres. The solubility of
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these complexes will be evaluated in suitable solvents like DMSO and methanol by
determining the partition coefficient. The purity of the complexes will be evaluated using
techniques like high pressure liquid chromatography (HPLC) in addition to mass spectrometry
and elemental analysis. The anticancer activity and mechanism of action of the most active
and less cytotoxic complexes (C7 and C12) in tumorigenic MCF-7 breast cancer cell line will
be evaluated by determining the interaction of the complexes with DNA, through DNA binding

studies and UV-Vis titration studies in the presence of GSH.

4.2 References
Soliman, A.; Alajrawy, O. |.; Attaby, F.; Shaaban, M.; Linert, W., New formamidine
ligands and their mixed ligand palladium(ll) oxalate complexes: Synthesis,
characterization, DFT calculations and in vitro cytotoxicity. Spectrochim. Acta A Mol.
Biomol. Spectrosc. 2015, 152.358-369
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5.1 Materials and Physical techniques

All reagents and solvents used were purchased from commercial sources (Sigma Aldrich,
Kimix or Merck) and used without further purification. Infrared spectra results were recorded
using the Perkin-Elmer 100 FT-IR spectrometer using Attenuated Total Reflectance (ATR),
with frequency scanned from 4000 — 400 cm™. Nuclear Magnetic Resonance (NMR) spectra
were recorded on the Varian Mercury XR300 MHz (*H NMR at 300 MHz), a Bruker 400 Biospin
GmbH (*H: at 400.22 MHz, 13C at 150.60 MHz) or a Bruker 600 FT spectrometer (1H: at 600.10
MHz, 33C at 150.60 MHz) spectrometer at ambient temperature. Chemical shifts and coupling
constants were obtained using 1D NMR analysis and the signals assigned were confirmed by
2D NMR analysis. Magnetic susceptibility measurements were determined using the Evan’s

method? at room temperature in solution.

Mass spectrometry results were obtained using Electrospray lonisation (ESI) on a Waters API
Quattro Micro triple quadrupole mass spectrometer with data recorded using the positive ion
modes. The mass spectrometer scanned from m/z 0 to 1120. ESI — TOF MS spectra were
collected with 4.8 ml h—1 acetonitrile as the mobile phase. The samples were dissolved in
acetonitrile and a 30 ml solution was injected into the electron spray ion source. The extraction
cone voltage was 10 V. Electrochemical experiments were carried out in a one-compartment
cell with a glassy carbon as the working electrode. Ag/AgNOs; was used as the reference
electrode and a Pt wire was used as an auxiliary electrode. The electrochemical experiments
were carried out in degassed methanol solutions containing 0.10 M TBANO3, TBAPFs, and
TBABF, supporting electrolytes. The solvent was saturated with N, gas prior to taking
measurements, which were carried out at 0.1 V/s unless stated otherwise. Melting point data
were determined using a Buchi Melting Point Apparatus B-540. Ruthenium trichloride hydrate
was purchased from Sigma-Aldrich and used without further purification. Diruthenium
tetraacetate precursor complexes were synthesised using literature methods.! Stability studies
of the complexes were carried out by UV-Vis spectroscopy in the 200-1000 nm range. A 1 x
104 M solution of each complex was prepared by dissolving the complexes in DMSO. The

electronic absorption spectra of the solutions were measured over a period of 72 h.

5.2 Biological evaluation

5.2.1 Cell culture conditions

Breast adenocarcinoma MCF-7 (oestrogen receptor positive) and the non-tumorigenic MCF-
12A were grown according to the recommendations provided by the manufacturer and
maintained in Roswell Park Memorial Institute Medium (RPMI)-1640 (Sigma Aldrich, USA),
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Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma Aldrich) and Dulbecco’s Modified
Eagle’s Medium (DMEM/F12), respectively. All media were supplemented with Foetal Bovine
Serum (FBS, 10%) and Penstrep (P/S, 5%), with the exception of DMEM/F12 medium
supplemented with FBS (5%), P/S (1%), epidermal growth factor (EGF, 10pl), hydrocortisone
(16.6pl), choleratoxin (8.3pl) and insulin (125pl). Cell lines were grown and maintained in 10cm
Petri dishes and T75cm flasks at 37°C in 5% CO, and 95% air humidified incubator. Cells
were passaged as required at 80 — 90% confluence. Medium was replaced after 2 to 3 days
and cell lines were continuously tested for mycoplasma infection. Only cells that were

mycoplasma infection free were utilized in experiments.

5.2.2 Cellular metallodrug treatments (MTT Assay).

After seeding cells in 96-well plates, cells were preincubated in drug-free medium at 310K for
48 hours before additions of complexes at various concentrations for multidose testing.
[Ru2(OAC)4(L)CI] complexes were prepared in DMSO to give a master mix concentration of
10mM. The master mix solutions were diluted down with the working cell culture medium to
give a stock concentration of 100uM, with the DMSO concentration reduced to 1%, and further
diluted to various concentrations of 3, 6, 9, 12 and 15 pM as working drugs for treatment in
respective medium and the concentration of DMSO now reduced further down to 0.1%.
Complexes were prepared to their appropriate concentrations on the day of treatment to avoid
possible coordination of the solvent on vacant axial sites/positions of the Ru, metal cores.
After 48 hours of incubation, cells were treated with complexes (20 —100uM) or vehicle for 72
hours. The negative vehicle control (DMSO) was prepared at the highest concentration of the
drug compounds under investigation (100uM) and as well as the clinically prepared cisplatin
drug which was used as a positive vehicle control and prepared at the same concentrations

as the working drugs.

Cells were seeded at a density of 4500 and 5000 for MCF7 and MCF12A cell lines to obtain
a confluency between 60-70% on the day of treatment in 96 well plates. For MCF12A, cells
were starved for 48 hours before they were seeded on 96 well plates and they were maintained
with media consisting of Foetal Bovine Serum (FBS, 5%) and PenStrep (P/S, 1%). Cells were
preincubated in a drug free medium for 48 hours, followed by treatment with diruthenium
compounds at various concentrations ranging from (20-100uM) for a 72-hour time period. Cell
viability was measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-trazolium bromide
(MTT) assay (11465007001; Sigma Aldrich) according to the manufacturer’s instructions.
Subsequently, 10uL of MTT (5mg/ml) solution was added and cells were re-incubated for 4
hours. After this period, the solubilizing solution was added, and the cells returned to the

incubator for 24 hours. The results were recorded using a microplate reader (Promega Glomax
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Explorer Multimode Microplate Reader) at an absorbance reading of 600 nm. Each well was
guadrupled, and three independent experiments were performed on for all cell lines. Mean cell
viability was calculated as a percentage of the mean vehicle control + Standard deviation of

the means.

5.2.3 Statistical analysis

Statistical analysis was conducted with the acquisition of the data represented as mean values
and the calculated standard error of the means (SEM) of the three independent experiments.
Data were analyzed using GraphPad Prism version 6.0 (GraphPad Software). A parametric
unpaired t-test (a student’s statistical hypothesis test) was performed. Significance of values

*p<0.05, **P<0.005 and ***p<0.0005 were accepted and considered to be significant.

5.3 Synthesis of imidazopyridine ligands (L1 - L5)

5.3.1 Synthesis and characterisation of 2-aryl-1H-Imidazo(4,5-b)pyridine (L1)
2,3-diaminopyridine (0.423 g, 3.87 mmol) was dissolved in 10 mL nitrobenzene, followed by
benzaldehyde (0.411 g, 3.87 mmol) and TFA (0.100 mL, 1.30 mmol). The solution was stirred
at room temperature for 48 h. The green solution was extracted with sodium bicarbonate (40
mL), water (3 x 50 mL), sodium chloride (50 mL) and dried over magnesium sulphate. Column
chromatography was used to separate the products. Elution with ethyl acetate/ hexane (1:1)
separated two new spots. A green-orange solid (L1a) and a crystalline colourless solid (L1b)
were isolated by vacuum filtration, washed with hexane or diethyl ether, and dried under
vacuum. Yield (L1a): 21% (0.0888 g) Rf (Ethyl Acetate/ Petroleum ether, 30:70): 0.32. M.P.
287 — 288 °C. Yield (L1b): 3% (0.0123 g). Rf (Ethyl Acetate/ Petroleum ether, 30:70): 0.30.
M.P. 292 — 293 °C. *H NMR (400 MHz, DMSO): & 8.35 (d, J = 4.7 Hz, 1H, d), 8.23 (d, J = 4.7
Hz, 1H, a), 8.03 (d, J = 7.9 Hz, 1H, f), 7.56 (m, 3H, (b & ¢)), 7.27 (dd, J = 8.0, 4.8 Hz, 1H, e).
LCMS Purity > 99% (tr = 0.554)

5.3.2 Synthesis and characterisation of complexes with 2-aryl-1H-Imidazo(4,5-
c)pyridine (L2)
3,4-DAP (1.00 g, 9.16 mmol) was dissolved in 40 mL ethanol, followed by benzaldehyde
(0.800 g, 7.54 mmol), TFA (0.100 mL, 1.30 mmol) and magnesium sulphate (3.00 g, 0.025
mmol) were added. The reaction solution was stirred at room temperature for 48 h. Ethanol
was removed under vacuum and the product was re-dissolved in 40 mL ethyl acetate. The
final yellow-orange solution was extracted with sodium bicarbonate (40 mL), water (3 x 50
mL), sodium chloride (50 mL) and dried over magnesium sulphate, which was then removed

by filtration under gravity. Column chromatography was used to separate the product from the
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unreacted starting material. Elution with ethyl acetate/ petroleum ether (3:7) separated two
orange bands. Solvent removal followed by a DCM/hexane co-precipitation resulted in an
orange solid (L2a) and a green solid (L2b). Yield (L2a): 43% (0.430 g) Rf (Ethyl Acetate/
Petroleum ether, 50:50): 0.32. Yield (L2b): 5% (0.05 g) yield. Rf (Ethyl Acetate/ Petroleum
ether): 0.30. M.p. 256 — 258 °C. 'H NMR (300 MHz, MeOD): & 8.91 (s, 1H), 8.34 (d, J = 5.7
Hz, 1H), 8.16 (s, 2H), 7.68 (d, J = 5.7 Hz, 1H), 7.60 (s, 3H). LCMS Purity = 94.5% [t = 0.285]

5.3.3 Synthesis and characterisation of 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine (L3)
2,3-DAP (0.668 g, 6.12 mmol) was dissolved in a 1:2 ethanol: water (40 mL) in a round bottom
flask. Ferrocenecarboxaldehyde (0.600 g, 2.80 mmol) and Trifluoroacetic Acid (0.0900 mL,
1.18 mmol) were added to the flask, followed by magnesium sulphate (2.00 g, 0.0166 mmol).
The black solution was refluxed at 60 °C for 72 h. The product was extracted with ethyl acetate
and water, washed with sodium bicarbonate (50 mL), water (3 x 100 mL) and sodium chloride/
brine (50 mL) and then dried over magnesium sulphate. The resulting solution was collected
and separated using silica column chromatography. Eluting with Ethyl Acetate/ Hexane (1:1)
separated two orange bands. Solvent removal and layering with hexane afforded an orange
solid (L3a) and a dark brown solid (L3b). Yield (L3a): 17% (0.114 g), Rf (1:1 Ethyl
Acetate/hexane): 0.53. Yield (L3b): 14% (0.0935), Rf (1:1 Ethyl Acetate/hexane): 0.30. M.P.
Decomposes with onset at 336 °C. *H NMR (400 MHz, DMSO-de): § 12.98 (s, 1H, g), 12.56 (s,
1H, @), 8.25 (s, 1H, d), 7.83 (s, 1H, ), 7.12 (s, 1H, €), 5.07 (s, 2H, a), 4.46 (s, 2H, b), 4.07 (s,
4H, c), 1.15 (s, 4H). 3C NMR (151 MHz, DMSO): 5 157.17 (s), 156.40 (s), 155.40 (s), 149.78
(s), 143.64 (s), 142.81 (s), 136.20 (s), 133.77 (s), 132.56 (s), 125.3 (s), 118.35 (s), 117.80 (s),
117.43 (s), 73.94 (s).

5.3.4 Synthesis and characterisation of 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine (L4)

3,4-DAP (0.500 g, 4.58 mmol) was dissolved in 20 mL of ethanol in a round bottom flask and
Ferrocenecarboxaldehyde (0.450 g, 2.10 mmol) and Trifluoroacetic Acid (0.0900 mL, 1.18
mmol) were added to the flask, followed by magnesium sulphate (2.00 g, 0.0166 mmol). The
product was extracted with ethyl acetate and water, washed with sodium bicarbonate (50 mL),
water (3 x 100 mL) and sodium chloride/ brine (50 mL) and then dried over magnesium
sulphate. The resulting solution was collected and separated using silica column
chromatography. Eluting with Ethyl Acetate/ Hexane (1:1) separated an orange band. Solvent
removal and layering with hexane afforded an orange solid (L4). Yield (L4): 37% (0.185 g).
M.P. Decomposes with onset at 283 °C. *H NMR (300 MHz, DMSO-de): & 8.27 (d, J = 17.8 Hz,
1H), 7.91 (q, J = 18.4 Hz, 1H), 7.28 — 7.06 (m, 1H), 5.11 (s, 2H), 4.55 (d, J = 19.4 Hz, 2H),
4.30 — 4.00 (m, 5H). *C NMR (151 MHz, DMSO): 5 155.33 (s), 149.71 (s), 143.46 (s), 142.80
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(s), 136.28 (s), 133.77 (s), 132.62 (s), 127.42 (s), 125.29 (s), 118.45 (s), 117.98 (s), 117.43
(s), 73.94 (s), 70.67 (s).

5.3.5 Synthesis and characterisation of 2-propyl-1H-Imidazo(4,5-b)pyridine (L5)

2,3-DAP (1.00 g, 9.17 mmol) was dissolved in 20 mL of ethanol in a round bottom flask and
butyraldehyde (0.331 g, 9.17 mmol) and TFA (0.0900 mL, 1.18 mmol) were added to the flask,
followed by magnesium sulphate (2.00 g, 0.0166 mmol). Yield (L5): 37% (0.373 g). Rf (Ethyl
Acetate): 0.19. M.P. Qily.*H NMR (300 MHz, DMSO) 6 8.28 (dd, J = 22.2, 13.4 Hz, 1H), 7.92
(ddd, J =32.7, 22.2, 7.1 Hz, 1H), 7.33 — 6.97 (m, 1H), 2.80 (s, 2H), 1.81 (s, 2H), 0.94 (t, 3H).

5.4 Synthesis of tetraacetate diruthenium precursor complexes

5.4.1 Synthesis of [Ru2(OAc)4]Cl (C1)

Synthesised from modified literature protocols. RuClzxH-O (1.00 g, 4,82 mmol) and LiCl
(0.994 g, 2.35 mmol) were placed in a 250 mL round bottom flask equipped with a magnetic
stirrer. Acetic anhydride (24 mL) and acetic acid (45 mL) were added to the flask and the
solution stirred under an open-air atmosphere for 24 hours at 130 °C. The solution was left to
cool at room temperature and the brown solid precipitate was collected by filtration under
vacuum. The filtrate was washed with cold diethyl ether and then dried in vacuo. Yield: 65%
(0.646 g). UV-Vis spectrum in methanol: Amax, nm (€ x 104, M cm™): 431 (0.05).

5.4.2 Synthesis of [Ruz(OACc)4NO3(C2)

A methanolic solution of Ruz(OAc)4Cl (0.103 g, 0.217 mmol) was reacted with an equimolar
solution of AgNO; (0.0369 g, 0.217 mmol) in a 100 mL round bottom flask at room
temperature, under nitrogen. Silver chloride formed as a white precipitate and was filtered
under gravity. The solvent in the filtrate was removed under reduced pressure to give a
reddish-brown solid which was re-dissolved in tetrahydrofuran/ petroleum ether (1:10) to
reveal a dark-brown solid. The product was collected by filtration under vacuum and then
dried in vacuo. Yield: 91% (0.0937 g). UV-Vis (in methanol): Amax, Nm (¢ x 10, Mt cm™) at
431. FTIR (cm™): 2933 w (C-H), 1435 s v4(OCO), 1393 s vs(0OCO"),1268 s v(N — O), 687 s
v(C-CH3). EA. (found: C= 19.4%, H= 2.04%, N= 2.81%; calculated for
[Ru2(OAC)4(C12HsN3)NO3: C = 19.6%, H = 2.40%, N = 2.86%).

5.4.3 Synthesis of [Ru2(OAc).]PFs (C3)
Synthesised using the same procedure followed for the synthesis of C2. A solution of
Ru2(OACc)4Cl in methanol (0.250 g, 0.528 mmol) was reacted with an equimolar amount of

silver hexafluorophosphate (0.133 g, 0.528 mmol) using a 100 mL round bottom flask. A white

108



Chapter 5: Experimental Section

precipitate (AgCl) was formed within ten minutes of reaction onset. The solution was left to stir
at room temperature overnight. The precipitate was removed by filtering under gravity and the
solvent in the filtrate was removed under reduced pressure to reveal a brown solid. Hexane
was added to yield a light brown solid which was obtained by filtering under vacuum. Yield:
91.4% (0.229 g). M.P. Decomposes with onset at 347 °C. UV=Vis (in methanol): Amax, NM (€ X
10%, Mt cm™) at 431. FTIR (cm™): 2884 w (C-H), 1440 s v4(OCO), 1399 s vs(OCO),830 s
v(PFs), 1048 m, 690 s v(C-CHs). ES-MS: Calculated 438.376; m/z 438.843 [M—PFs].

5.4.4 Synthesis of [Ru2(OAc)4]BF4(C4)

[Ru2(OAC)4(THF),]BF4s was synthesised following literature procedures reported by Barral et
al.,? The reaction was performed under dry and non-reactive nitrogen conditions. Ruz(OAc).Cl
(0.100 g, 0.211 mmol) was weighed into a 100 mL Schlenk flask. Nitrogen was connected and
AgBF4 (0.041 g, 0.211 mmol) was weighed and quickly transferred to the Schlenk flask. THF
(20 mL) was added to the flask and the solution stirred for 24 hr at room temperature in the
dark. The light brown solution was observed to become dark brown, and AgCl precipitate that
formed was removed by filtering under gravity. The filtrate solution was concentrated to a
minimum (ca. 2 mL) and layered with petroleum ether (40 — 60 °C). A crystalline reddish-brown
precipitate was collected by filtration under vacuum. Yield: 44% (0.044 g). M.P. Decomposes
with onset at 318 °C. UV=Vis (in methanol): Amax, Nm (€ x 104, M cm™) at 431 (0,064). FTIR
(cm): 3373 m v(C-O, THF), 2884 w (C-H), 1437 s va(OCO"), 1394 s vs(OCO"),1007 s v(BF4),
686 s v(C-CHs). ES-MS: Calculated 438.376; m/z 438.844 ([M-CI]*). Ea. (found: C= 17.33%,
H= 2.65%) calculated for [Ruz(OAc)4(C12H9N3)]|BF.: C = 18.28%, H = 2.30%).

5.5 Synthesis of [Ru2(OAc)s(L)]X where (X = NOgs', PFs, BFs)

5.5.1 Synthesis and characterisation [Ru2(OAc)4(L1)]NO3z(C5)

To a stirring solution of [Ruz2(OACc)4]NO3 (0.0231 g, 0.0461 mmol) in 5.00 mL isopropanol was
added 2-aryl-1H-imidazo(4,5-c)pyridine/ L1 (0.0180 g, 0.0923 mmol) in isopropanol dropwise.
The solution was stirred at room temperature for 24 hours and a colour change from orange
solution to dark brown was observed. The solvent was reduced to a minimum (ca. 1 mL) and
the solution was layered with petroleum ether and THF (10:1) to give a milky-brown solid which
was dried under vacuum. Yield: 69% (0.0159 g). M.P. Decomposes with onset at 266 °C.
Electronic absorptions at Amax (NM) in methanol: 300 nm and 421 nm. FTIR (cm™): 1857 w,
1541 m v(C=N)img, 1421 s, 1410 s vs(OCO"), 1284 s (NOs), 1167 m, 1039 m, 939 w, 882 m,
689 s (C-CHs3). MS (ESI-TOF, Acetonitrile + 1%TFA): m/z, 634.9459 [M-L1]". 438.8636 [M-
2L1]%. Ea. (found: C=27.62%, H= 3.52%, N= 4.62%; calculated for [Ruz(OACc)4(C12HsN3)]NOs3:
C =34.54%, H = 3.04%, N = 8.06%).
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5.5.2 Synthesis and characterisation of [Ruz(OAc)4(L2)2]NO3 (C6)

Ru2(OACc)4Cl (48.7 mg, 0.0975 mmol) and 2-Aryl-Imidazo(4,5-b)pyridine/L2 (0.0380 g, 0.195
mmol) were dissolved in 10 mL of isopropanol. The solution was stirred at room temperature
for 10 minutes and AgNOs (0.0216 g, 0.127 mmol) was added to the reaction mixture. The
solution was stirred at room temperature for 24 hours and a colour change from dark brown
to light brown was observed. The white silver chloride precipitate was removed by filtering
under gravity. The filtrate was concentrated and layered with hexane to form a brown
precipitate. Yield: 68% (0.00331 g). M.P. Decomposes with onset at 354 °C. Electronic
absorption at Amax (M) in methanol: 310, 348 — 335 (shoulder). FTIR (cm™): 2939 m, 1629 w
v(C=N), 1437 s vs(OCO), 1397 s vs(OCO"), 1264 s, 1110 w, 1026 m, 946 w, 768 m, 669 s
v(C-CH3). EA. (found: C = 41.14%, H= 4.07%, N= 11.42%; calculated for
[Ru2(OAC)4(C12H9N3)2]NO3: C = 43.04%, H = 3.63%, N = 10.99%).

5.5.3 Synthesis and characterisation of [Ruz(OAc)4(L3)2]JNO; (C7)

[Ru2(OAC)4]NOs (0.0224 g, 0.0466 mmol) and 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine/L3
(0.0284 g, 0.0932 mmol) were added to a 50 mL round bottom flask in 10 mL of isopropanol.
The solution was stirred at room temperature for 24 hours. Yield: 72% (0.0161 g). M.P.
Decomposes with onset at 347 °C. Electronic absorptions at Amax (nm) in methanol: 3092 w,
2935 w. FTIR (cm™): 1628 m, 1561 m v(C=N)py, 1439 s v4(OCO"), 1412 m vs(OCO’), 1285 s
v(NOs), 1169 w, 1106 w, 1030 w, 820 m, v(C-CHs) 683 s. MS (ESI-TOF, Acetonitrile +
1%TFA): m/z 1045.9642 [M-NOg3]", 742.9104 — 745.9066 [M-L3-NOg3]*, 438.8645 [M-2L3-
NOs]*, 304.0540 [L3]+. EA. (found: C= 39.19%, H= 3.49%, N= 8.59%; calculated for
[Ru2(OAC)4(C16H12N3 Fe)2]NOs: C=43.24 H= 3.42%, N= 8.83%).

5.5.4 Synthesis and characterisation of [Ruz(OAc)4(L4)2]JNO3 (C8)

[Ruz(OAC)4]NOs (0.0210 g, 0.0420 mmol) and 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine/L4
(0.0256 g, 0.0839 mmol) were dissolved in 10 mL of isopropanol. The solution was stirred at
room temperature overnight. A brown solid was obtained by concentrating the solution and
layering with THF/ petroleum ether (1:10). Yield: 48% (0.0100 g). M.P. Decomposes with onset
at 351 °C. Electronic absorptions at Amax (NmM) in methanol: 321 and 465. FTIR (cm™): 3089 w
(v(CH)aromaiic), 2928 W (V(CH)aiphatic), 1560—1531 s v(C=N), 1433 s v4(OCO"), 1413 s vs(OCO"
),1257 s (NOx3), 1202 w, 1027 w, 1229 w, 1000 w, 820 m, 796 m v(C-CHs), 696 s v(OCO") MS
(ESI-TOF, Acetonitrile + 1%TFA): m/z 1047.9559 [M-NOs]*, 741.1271 — 744.1252 [M-L4-
NOg3]*, 438.8644 [M-2L4-NOg]*, 304.0537 [L4]*. EA. (found: C=40.41%, H= 3.30%, N= 8.29%;
calculated for [Ruz2(OAC)4(Ci6H12N3 Fe)2]NOs: C = 43.24%, H = 3.42%, N = 8.83%).
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5.5.5 Synthesis and characterisation of [Ruz(OAc)4(L1)]PFs (C9)

To a stirring solution of [Ruz(OAc)4]PFs (0.0224 g, 0.0385 mmol) in 5.00 mL isopropanol, 2-
aryl-1H-imidazo(4,5-c)pyridine/L1 (0.0150 g, 0.0769 mmol) in 5.0 mL isopropanol was added
dropwise. The solution was stirred at room temperature for 24 hours and a colour change from
light brown to milky brown was observed. The solvent was reduced to a minimum (ca. 1 mL)
and the solution layered with THF/ hexane (1:10) to give a brown solid. Yield: 69% (0.0154 g).
M.P. Decomposes with onset at 359 °C. Electronic absorptions at Amax (M) in methanol: 290,
330 (shoulder) and 429. FTIR (cm™): 1616 w, 1440 s va(OCO"), 1398 s vs(OCO),1356 w, 1285
S, 1146 m, 1028 w, 884 m, 853 s, 683 s v(C-CHs3). MS (ESI-TOF, Acetonitrile + 1%TFA):
634.9434 [M-PFe]*, 438.8648 [M-L1-PF¢]", 196.0876 [L1]*. EA. (found: C=34.56%, H= 2.95%,
N=7.11%; calculated for [Ru2(OAC)a(C12HsN3)]PFe: C= 33.90%, H = 2.67%, N= 8.79%).

5.5.6 Synthesis and characterisation of [Ruz(OAc)4(L2)]PFs (C10)

To a stirring solution of [Ruz(OAc)4]PFes (0.0411 g, 0.0705 mmol) in 5.00 mL isopropanol, 2-
aryl-1H-imidazo(4,5-c)pyridine/L2 (0.0275 g, 0.141 mmol) in 5.0 mL isopropanol was added
dropwise. The solution was stirred at room temperature for 24 hours and a colour change from
light brown to milky brown was observed. The solvent was reduced to a minimum (ca. 1 mL)
and the solution was layered with THF/ hexane (1:10) to give a brown solid which was dried
under vacuum. Yield: 66% (0.0271 g). M.P. Decomposes with onset at 355 °C. Electronic
absorption at Amax (nM) in methanol: 310, 348 — 335 (shoulder). Yield: 69. FTIR (cm™): 3631
vw, 3374 vw, 2951 vw, 1618 w v(C=Nimd), 1529 w v(C=Npy), 1436 s va(OCO"), 1398 s vs(OCO
), 1280 s, 1258 s, 1146 m, 883 m, 842 v(PFg), 767 (m), 679 s v(C-CHs). MS (ESI-TOF,
Acetonitrile + 1%TFA): 634.9454 [M-PF¢]*,438.8645 [M-L1-PFg]*, 196.0882 [L2]*. EA. (found:
C= 30.11%, H=2.98%, N= 5.65%; calculated for [Ruz(OACc)4(C12HsN3)]PFs: C = 31.08%, H =
3.11%, N = 5.18%).

5.5.7 Synthesis and characterisation of [Ru2(OAc)4(L3)]PFs(C11)

To a stirring solution of [Ruz(OAc)4]PFs (0.020 g, 0.0343 mmol) in 5.00 mL isopropanol, 2-
ferrocenyl-1H-Imidazo(4,5-b)pyridine/L3 (0.0211 g, 0.0686 mmol) in 5.00 mL isopropanol was
added. The solution was stirred at room temperature for 3 hours. A colour change from orange
solution to dark brown was observed. A reddish-brown solid was observed upon solvent
removal, layering with petroleum ether. Yield: 33% (0.00696 g). M.P. Decomposes with onset
at 350 °C. Electronic absorptions at Amax (M) in methanol: 319 and 462. FTIR (cm™): 3083 w
(V(CH)aromaic), 2950 W (v(CH)aiiphatic), 1733 w, 1563 m v(C=Nmigazole), 1440 (va (COO")) s,1398
(vs(COO)) s, 1147 m v(Ru-Ru), 1042 m, 883 m, 824 s v(PFs’), 689 s v(C-CHjs). MS (ESI-TOF,
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MeOH + 1%TFA): m/z 741.1271 [M-PFq]*, 438.8642 [M-L3-PF¢]*, 304.0539 [L3]+. EA. (found:
C=29.15%, H= 2.75%, N= 4.05%; calculated for [Ruz(OAC)4(CisH12NsFe)]PFe: C = 32.40%, H
= 2.82%, N = 4.73%).

5.5.8 Synthesis and characterisation of [Ruz(OAc)4(L4):]PFs(C12)

[Ru2(OACc)4]PFs (0.0191 g, 0.0328 mmol) and 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine/L4
(0.0200 g, 0.0656 mmol) were dissolved in 15 mL of isopropanol. The brown solution was
stirred at 40 °C for 24 hours and a brown-black solid was obtained by layering with petroleum
ether and washing with THF/ Hexane. Yield: 27%. M.P. Decomposes with onset at 350 °C.
Electronic absorptions at Amax (nM) in methanol: 301, 453. FTIR (cm™): 3087 vw v(CH)aromatic,
1626 m v(C=N)img, 1560 m v(C=N)pyr, 1440 s v4(OCO"),1406 s vs(OCO’),1351 w, 1286 s, 1169
m, 1025, 694 s v(C-CHs). MS (ESI-TOF, Acetonitrile + 1%TFA):1045.9395 [M-PFe¢]*, 741.9117
[M-L4-PFe]*, 439.8635 [M-2L4-PFg]*. EA. (found: C=39.93%, H=3.56%, N= 6.88%; calculated
for [Ruz(OAC)4(CisH12NsFe);]PFs: C = 40.39%, H = 3.22%, N = 7.06%).

5.5.9 Synthesis and characterisation of [Ruz(OAc)4(L4)]BF. (C13)

[Ru2(OAC)4(THF)2]BF4 (0.00342 g, 0.0393 mmol) and 2-Aryl-1H-Imidazo(4,5-b)pyridine (0.012
g, 0.0393 mmol) were dissolved in 15 mL of isopropanol and the solution was stirred at room
temperature for three days to obtain a brown solid. Yield: 83% (0.00129 g). M.P. Decomposes
with onset at 306 °C. Electronic absorptions at Amax (nM) in methanol: 321 and 465. FTIR (cm’
1: 2922 w (V(CH)aromatic), 1559 s v(C=N), 1409 s v4(OCO"), 1398 s v5(0CO),1024 s v(BFa),
797 m v(C-CHs), 689 s v(OCO). MS (ESI-TOF, MeOH + 1%TFA): m/z 741.9091 [M]",
438.8642 [M-L1]*, 304.0540 [L4]*. EA. (found: C=33.96%, H= 3.42%, N= 5.79%; calculated
for [Ru2(OAC)4(C16H12N3)Fe][BF4]: C = 34.77%, H = 3.04%, N = 5.07%).
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Figure S1. LCMS spectra of the ligand L1a and its tautomeric form L1b.
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Figure S2. *H NMR of ligand L1b obtained in DMSO.

2D NMR was not performed to distinguish the two tautomers L1a and L1b due to only trace
levels of isomer L1a isolated, leading to insufficient sample available.
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Figure S3. LCMS spectra of the Schiff base by-product (left) and the ligand L2 (right).
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Figure S4. C NMR spectrum a by-product obtained from the reaction between
benzaldehyde and 3,4-DAP.
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Figure S5. Infrared spectrum of the 2-ferrocenyl substituted intermediate Schiff base product.
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Figure S6. *H NMR spectrum of the intermediate Schiff base product of the ligand L3.
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Figure S7. COSY NMR spectrum of the ligand L3a showing the absence of coupling between

the ferrocene and imidazopyridine signals.
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Figure S8. Stacked Infrared spectra of the ligands 2-ferrocenyl-1H-Imidazo(4,5-b)pyridine
products (L3a and L3b).
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Figure S9. *H NMR spectrum of N-methylferrocenyl-2-ferrocenyl-1H-Imidazo(4,5-c)pyridine

showing presence of unreacted ferrocene carboxaldehyde peaks.
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Figure S10. Stacked Infrared spectra of the ligands 2-ferrocenyl-1H-Imidazo(4,5-c)pyridine
product (L4) and 3,4-DAP.
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Figure S11. Overlaid infrared spectra of precursor complexes 1 and 4.
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Figure S12. Stacked UV-Vis spectra of the complexes 1 and 4.
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Figure S13. ESI mass spectrum of complexes 3 (top) and 4(bottom).
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Figure S14. Stacked infrared spectra of the complex C6 and the ligand L2.
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Figure S15. Stacked infrared spectra of the complexes C8 as well as the ligand L4.
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Figure S16. Stacked UV-Vis spectra (in methanol) of the complexes C6 and C8 obtained in

methanol compared with the spectrum of the precursor complex [Ru,(OAc),INO3(C2).
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Figure S17. Cyclic voltammograms showing the electrochemical processes of the precursor

complex C2, and C7 obtained in a methanol solution containing 0.10 M TBANO; at a scan

rate of 100 mV/s.
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Figure S18. Cyclic voltammograms showing the electrochemical processes of the complexes
C2, C8 overlaid with that of the ligand L4. Obtained in a methanol solution containing 0.10 M
TBACI at a scan rate of 100 mV/s.
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Figure S19. Stacked Infrared spectra of the complexes C10, C11 and C12.

0,25 — [Ruy(OAc),(L3)IPFg (C11)
— [Ruy(OAc),(L4)]JPF4(C12)
— [Ruy(OAc),]PFs(C3)

0,2

0,15

Absorbance

0,05

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure S20. Overlaid UV-Vis spectra (in methanol) of the complexes C11, C12 and the

precursor complex C3.
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Figure S21. Cyclic voltammograms of precursor complexes [Ru2(OAc)4]PFs C3 and complex
C10, obtained in a methanol solution containing 0.10 M TBAPFs. The scan rate is 100 mV/s.
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Figure S22. Cyclic voltammograms showing the electrochemical processes of the complexes
[Ruz(OAc) 4]PFGCB, [Ruz(OAc) 4(L3)]PF6 C12 and (c) the Ligand L4, obtained in a methanol

solution containing 0.10 M TBAPFs. The scan rate is 100 mV/s.
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Figure S23. Cyclic voltammograms showing the electrochemical process of the complex
[Ruz(OAc)A(L3)]BF4 (C14) overlapped with that of Ligand L3, obtained in a methanol solution

containing 0.10 M TBABF.. The scan rate is 100 mV/s.
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Figure S24. Representative *H NMR spectrum of the precursor complexes C2 obtained in a

50:1 mixture of MeOD: Proteo MeOH using the Evan’s method.
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Figure S25. *H NMR

using the Evan’s method.
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Figure S26. High resolution ESI mass spectra of complex C5.
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Figure S28. High resolution ESI mass spectrum of complex C7
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Figure S29. ESI mass spectrum of complex C9.
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Figure S30. High resolution ESI mass spectrum the complex (C10).
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Figure S31. ESI mass spectrum of complex C11.
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Figure S32. High resolution ESI mass spectra of complex C12 showing the [M-L]*

fragmentation peak.
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Figure S33. High resolution ESI mass spectra of complex C13 showing the [M-L4]" peak.
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Figure S34. UV-Vis spectra (in methanol) of the complex [Ru,(OAc),(L2)INO,(C6) obtained

in DMSO over 72 h.
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Figure S35. UV-Vis spectra of [Ru,(OAc),(L3)]NO,(C7) (1 x 10* M) obtained in DMSO, over

a period of 72 h.
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Figure S36. UV-Vis spectra of complex [Ru,(OAc),(L4)]INO,(C8) (1 x 10* M) obtained in
DMSO.
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Figure S37. UV-Vis spectra (in DMSO) of the complex [Ru,(OAc),(L1)]PF, (C9).
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Figure S38. UV-Vis spectrum of [Ru,(OAc),(L2)]PF,(C10) (1 x 10* M) in DMSO.
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Figure S39. UV-Vis spectra (in DMSO) of the complex [Ru,(OAc),(L4)]BF, (C14) (1 x 10* M).
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Figure S40. UV-Vis spectra (in DMSO) of the complex [Ru,(OAc),(L4)]BF, (C15) (1 x 10*
M).

131



Appendix Section

100 (@) 1004 (b)
_ 80+ 80
g 3
2 ]
fud 60+ id 60—
E
> 40 LO8ICso = 1.901 pM % 404 L08ICs,=1.823 uM
E 1C50=79.58 uyM E ICSS =66.47 UM
2_ -
204 R“=0.8681 504 R“=0.7842
0 T T T T T 0 T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
HR20 (dissoved in 0.1% DMSO) HR34 (dissoved in 0.1% DMSO)
1004 (c)
80
g
g 60
T
s LoglCsy = 1.867 pM
3 20
s 1C50=73.7 puM
04 R*=0.8651
0 T T T T T
0 20 40 60 80 100

HR44 (dissoved in 0.1% DMSO)

Figure S41. ICs graphs for complexes C5, C7 and C13 after 72 hours of drug exposure
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