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CHAPTER I: INTRODUCTION 

Introduction to Cancer 

According to the World Health Organization (WHO), cancer is a group of diseases 

characterized by the uncontrolled growth of abnormal cells with the tendency to spread to other 

parts of the body.1 Cancer development and metastasis, the spread of cancer cells, occurs in 

several stages and often may arise from the dysfunction of several regulatory features that 

ensures proper functioning of the cells.2 Cancer is one of the leading causes of death globally,1,3 

accounting for 13% of all deaths worldwide. It is estimated that about 9.6 million deaths would 

be recorded in 2018 while the number of new cases for 2018 was approximately 14.1 million.1 

Despite the over $1.16 trillion annual economic cost for the treatment of cancer,1 there is no 

current therapeutic method that can provide a complete treatment of most forms of proliferated 

tumors in humans.3 This necessitates the development of novel chemotherapeutic agents for the 

treatment of cancer.   

Platinum-based Anticancer Drugs 

Since the discovery of the bioactivity of cis-diamminedichloroplatinum(II), commonly 

known as cisplatin in 1965 by Dr. Rosenberg et al.4,5 and its subsequent approval by the U.S 

Food and Drugs Administration (FDA) in 1978,6 metallochemotherapeutics, especially platinum-

based compounds have been successfully used for treatment of many neoplastic conditions. 

Cisplatin is the most common antineoplastic chemotherapeutic agent used to treat several types 

of cancer, including ovarian, cervical, stomach, bladder, head, and neck.5 The use of cisplatin as 

a chemotherapeutic agent greatly improved the survival chances for many cancer patients. For 

example, the drug increased the rate of cure of testicular cancer from less than 10% to 90% in 

modern oncotherapy6 and almost 100% when the cancer cells are in stage 1 of development5 

where the cancer has attacked tissues next to the testicle, but not lymph nodes, or more distant 
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cells in the body.9 In North America and Europe, it is estimated that more than one million 

cancer patients are on cisplatin treatments.6  

Cisplatin treats cancer cells mainly by cross-linking deoxyribonucleic acid (DNA) and 

inhibiting transcription and replication. 6 The drug first enters the cell by the copper transporter, 

CTR14,7 and undergoes ligand exchange by exchanging one or both chloride ligand with 

molecules of water (Figure 1).6 

           

Figure 1. Simplified mechanism of action of cisplatin. Adapted with permission13  

 

The resulting platinum(II) aqua complexes formed are strong electrophiles that are highly 

reactive towards several biological ligands. The N7 position of the purine base guanine is 

strongly nucleophilic in nature. Hence, cisplatin readily binds to DNA at that position and may 

yield bifunctional adducts with loss of both chloride ligands or water. The main product formed 

from cisplatin−DNA interaction is the intrastrand 1,2-d(GpG) cross-link as shown in Figure 1. 

This mode of action of cisplatin triggers apoptosis.6 

Unfortunately, the use of cisplatin to treat tumors is associated with high toxicity and 

severe side effects due to nonselective binding to DNA.5 These severe side effects include 

nephrotoxicity, neurotoxicity, ototoxicity or toxicity to the ear, nausea, vomiting and in some 
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cases permanent hearing loss and acute renal failure.4,5 It is estimated that only 1% of 

intravenously administered cisplatin enters the cell nucleus. It has been reported that about 60% 

of cisplatin administered reacts with glutathione (GSH) to form the product [Pt(GS)2].
4 This 

product, however does not contribute to the inactivation of the drug, rather, the GSH−cisplatin 

adduct inhibits the selenoenzyme thioredoxin reductase (TrxR) and induces redox reactions 

within the cell. This behavior has been associated with nephrotoxicity and hepatic dysfunction. 

Therefore, the off-target toxicity of cisplatin is partly attributed to redox agitations within the 

cell.4 This mechanism of action of cisplatin however induces platinum resistance.6  

To overcome the difficulties associated with cisplatin, the ligands around the metal have 

been modified to produce Carboplatin and Oxaliplatin which are second and third generation 

compounds of Pt used to treat tumors (Figure 2).4,10 These modifications of the ligands around 

the platinum affect the adducts the complex forms with biological tissues. Carboplatin was 

approved by the FDA in 1989 and Oxaliplatin was approved in 2002. Carboplatin is used for the 

treatment of ovarian cancers whereas Oxaliplatin is used to treat colon and rectal cancers.4 

Carboplatin and oxaliplatin are both considered to exhibit mechanisms of action identical to that 

of cisplatin, related to attack on DNA. Carboplatin possesses a relatively stable chelating 1-

cyclobutanedicarboxylato (CBDCA) ligand as its leaving group.6  

 

      

Figure 2. The different generations of platinum anticancer compounds.   
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Carboplatin however, gives reduced side effects  compared to cisplatin6,11 which is 

attributed to a change in reactivity at the metal center due to the chelating nature of the leaving 

group ligand and, the potential conformation that this ligand assumes.11 Oxaliplatin, on the other 

hand,  also features a chelating oxalate leaving group ligand together with a chelating R,R-

diaminocyclohexane (DACH) nonleaving group ligand.11 This drug shows improved 

performance over cisplatin toward colorectal cancers.6,11 The exceptional activity of Oxaliplatin 

in the treatment of colon and rectal cancers is attributed to the ability of the drug to act as a 

substrate for organic cation transporters (OCTs), which are overexpressed in a large number of 

colon cancer patients.11 However, cisplatin remains a chemotherapeutic agent of choice with 

widespread use.5 Three other platinum compounds shown in Figure 3, nedaplatin, heptaplatin 

and lobaplatin, are widely employed in Asia.4  

                  

 

Figure 3. Structures of Platinum compounds most commonly used in Asia.  

 

Nedaplatin finds clinical use in China whilst heptaplatin and lobaplatin are used in South 

Korea and Japan respectively.5 Nedaplatin was  discovered and developed in Japan, which since 

1995 ,together with China are the only countries where the drug has attained clinical approval.11 

Like cisplatin and carboplatin, this drug has cis-ammine nonleaving group ligands. The chelating 

leaving group ligand is glycolate, which enhances water solubility to 10 mg mL-1 compared to 

cisplatin which has a solubility of 2.5 mg mL-1.11 Though clinical exploration of the drug is still 
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on-going, the drug is commonly used to treat cancer of the head and neck and esophagus as well 

as small cell lung cancer and non -small cell lung cancer.11 

Heptaplatin was developed in Korea by the Sunkyong Industry Research Center and 

entered clinical trials in the 1990s. The drug was subsequently approved for clinical use by the 

Korean Food and Drug Administration in 1999. The compound has a malonate chelating leaving 

group ligand and a chelating 2-(1-methylethyl)-1,3-dioxolane-4,5-dimethanamine nonleaving 

group. The nonleaving group ligand assumes a seven-membered chelate ring conformation 

giving the generic name of the drug. Heptaplatin is commonly used for the treatment of gastric 

cancer. 11 

Lastly, lobaplatin was first developed by ASTA Medica in Germany while clinical 

evaluations of the drug were initially carried out in Europe, the United States, Australia, Brazil, 

and South Africa all examined its efficacy in patients of varying cancers. Clinical approval for 

medical treatments was only obtained in China in 2010.11 Lobaplatin is considered a derivative 

of heptaplatin with a cyclobutane ring fused to the seven-membered chelate ring compared to the 

functionalized dioxolane in heptaplatin. The drug is used most commonly for the medical 

treatment of chronic myelogenous leukemia but is also administered in patients with small cell 

lung cancer and metastatic breast cancer.11 

Complexes of metals such as Pt(II), Pt(IV), and Ru(II), exhibit slow ligand kinetics which 

is comparable to many cellular division processes (Figure 4). The ligand exchange mechanism 

of these metals depends on the metals and the ligands bonded to them. Square planar compounds 

of Pt(II) undergo a ligand exchange by an associative process where the incoming ligand 

coordinates as fifth ligand after which one of the original ligands dissociates. However, 

octahedral Ru(II) complexes initially lose a ligand to form a five-coordinate intermediate after 

which the other ligand bonds to the compound.10 
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Figure 4. Rate of aqueous ligand exchange of various metal cations.  

Adapted with permission9 

 

Ruthenium Anticancer Compounds    

To overcome the limitation of platinum-based chemotherapeutics, ruthenium compounds 

have been investigated for the development as anticancer drugs.3 Ru(II) compounds exhibit 

ligand exchange kinetics similar to Pt(II) complexes.17 These complexes exhibit ligand exchange 

kinetics in water at a rate comparable to the kinetics of cellular reproduction (mitosis).18 It is 

therefore suggested that Ru ions could remain inside the cell throughout the entire cell lifespan.12 

Initially, the ruthenium complex undergoes aquation where a chloride ligand is exchanged for 

water  forming hydrolyzed products. This suggests a selective activation mechanism for Ru-

chlorido complexes. In Ru arene complexes, the rate of hydrolysis is also influenced by the 

nature of the leaving group, the arene group and the chelating ligand.12 

 

(s-1) 
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The higher concentration of glutathione and lower concentration of molecular oxygen in 

tumor cells renders them more acidic than normal healthy cell.12,14 This means that Ru 

complexes can be taken up as Ru(III) where they can be activated by reduction to the active 

Ru(II) oxidation states within cancer cells. This, in one proposed reason, explains why the Ru 

complexes are less toxic compared to Pt complexes.12,14 

The ammine complexes, fac-[RuCl3(NH3)3] and cis-[Ru(NH3)4Cl2] have long been found 

to be active against cancer cells.15 These two complexes were evaluated for their anticancer 

activity by Clarke in 1980.16 However, their poor aqueous solubility prevented their clinical 

use.15,6  

It is believed that both Ru(II) and Ru(III) anticancer complexes exhibit a novel 

mechanism of action that is independent of DNA binding.4 One example is the preclinical Ru(II) 

compound, [Ru(η6-p-cymene)(PTA)Cl2] (RAPTA-C; PTA = 1,3,5-triaza-7-phosphaadamantane 

(RAPTA-C) which is reported to demonstrate antitumor activity by binding two protein targets, 

thioredoxin reductase and cathepsin B.62 Thioredoxin reductase is a flavoenzyme that, together 

with thioredoxin (Trx) and reduced nicotinamide adenine dinucleotide phosphate (NADPH), 

make and maintains cellular redox state. Cathepsin B is also a cysteine peptidase capable of 

degrading components of the extracellular matrix in diseases such as muscular dystrophy and 

rheumatoid arthritis. It has been proposed that cathepsin B function together with other cysteine 

cathepsins, in metastasis, angiogenesis, and tumor progression.3,62  

However, ruthenium(II) compound [Ru(II)(η6-biphenyl)Cl(en)]PF6 (RM175; en = 

ethylenediamine), is reported to show a strong binding preference to DNA but not sulfur- or 

nitrogen-containing biomolecules.  Unlike cisplatin, RM175 forms a distinct type of adduct with 

DNA that is more resistant to DNA repair mechanisms. Furthermore, RM175 does not 
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demonstrate any in vitro or in vivo cross-resistance in cisplatin-resistant A2780cis ovarian 

carcinoma, indicating a different mode of action as relative to cisplatin.  

The mechanism of the Ru(III) anticancer compounds are represented in Figure 5. 

 

                

Figure 5. Mechanism of action of RAPTA-C anticancer compounds. 

 

Lastly, ruthenium can mimic iron in binding to the serum protein, transferrin.3 

Transferrin is the main protein in the blood that binds to iron and transports it throughout the 

body. The binding behavior of ruthenium to transferrin is attributed to the fact that both iron and 

ruthenium appear in the same group on the periodic table.3  

The first ruthenium complexes that were taken through clinical trials were those 

containing the indazole ligands which were synthesized by Keppler. These are the isoelectronic 

ruthenium(III) compounds [imH]trans-[Ru(N-im)2Cl4] and [indH]trans-[Ru(N-ind)2Cl4] (im= 

imidazole, ind = indazole) which were active against several tumors models, especially against 

platinum- resistant colorectal autochthonous tumors.16   
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Ruthenium(II) Arene Anticancer Compounds 

In 1992, Tocher et al. proposed the idea of using arene ruthenium compounds as 

anticancer agents which were subsequently pioneered by Dyson and Sadler.12,13 Arene Ru(II) 

complexes (Figure 6) have the general formula [(η6-arene)Ru(X)(Y)(Z)], where the arene rings 

include benzene (ben), methylisopropyl benzene (cym), biphenyl (bip) and dihydroanthracene 

(dha). The ligands X and Y are either two monodentate ligands or one bidentate ligand, and Z is 

most commonly a leaving group, such as a halogen. 44,48  

  

Figure 6. The general structure of  Ru(II) arene complexes, (a)contains one bidentate ligand or 

(b) one monodentate ligand and one bidentate ligand, where A is an arene ring, and X, Y and 

Z are ligands. 

  

This synthesis of Ru arene complexes for cancer therapy has gained prominence due to 

the amphiphilic properties of the complexes. The hydrophobic arene ligand is balanced by the 

hydrophilic metal center, which can coordinate to water molecules. Additionally, the 

monodentate and bidentate ligands around the metal center form an important scaffold that can 

be modified to produce new class of compounds. These ligands around the metals are important 

for interacting with biological targets such as proteins and DNA  in chemotherapy.12,13 

In the structure of Ru(II) arene compounds, the arene moiety is considered the main 

component of arene Ru(II) complexes. The arene ring is hydrophobic, which enhances the 

permeation of Ru(II) complexes into cells as well as stabilizes the complex by establishing the 
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18-electron configuration of the complex.14,15,  However, the concentration of Z (Z = Cl-, Br-, I-) 

and the pH of the tumor environment are two factors that affect the hydrolysis of Ru–Z bonds. In 

the case of chlorido complexes, high extracellular chloride concentration (103 mM) prevents 

aquation outside the cell so the hydrolysed products predominantly form inside the cell. 

Intracellular  chloride ion concentration of the nucleus (4 mM) and cytoplasm (23 mM) enhance 

the exchange of the chloride ligands inside the cell. This result suggests a selective mechanism of 

activation of Ru-chlorido complexes.9, The pKa of the environment of the complex also 

determines whether the more active Ru-OH2 or the less active Ru-OH predominates.9 pKa values 

of most aquated Ru-arene complexes are around 8, indicating that, the dominant species at 

physiological pH (7.4) in the blood are aquated products.9  

Unlike Pt(II) compounds which are square planar, Ru(II) organometallic complexes are 

typically octahedral. Two groups of organometallic ruthenium(II) complexes, the RAPTA type 

has the 1,3,5-triaza-7-phosphaadamantane (PTA) ligand whereas the ruthenium arene 

ethylenediamine RAED type contains the ethylenediamine (en) ligand. Both compounds have 

shown promising anticancer activities. The RAPTA class of compounds have the structure [(η6-

arene) RuCl2(pta)], where pta =1,3,5-triaza-7-phosphaadamantane and the RAED class also have 

the structure, [(η6-arene) Ru(en)-(Cl)]+ where, arene = p-cymene, biphenyl, tetrahydroanthrance 

and en = ethylenediamine.15 The RAPTA class of compounds show low cytotoxicity in vitro but 

exhibit antimetastatic properties. These compounds do not show selective in vitro binding to 

DNA, proteins or RNA but inhibit cell growth by inducing apoptosis through G2/M disruption.10 

The G2 phase is a period in the cell cycle characterized by protein synthesis and rapid cell growth 

to prepare the cell for mitosis. 

The RAED class of compounds however, show the ability to bind to DNA and form 

adducts with guanine and exhibit potent cytotoxicity in vitro interaction with DNA.3 
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Two prominent examples of the RAPTA and RAED types of Ru(II) arene compounds are 

RAPTA-C and RM175 (Figure 7).49  

 

Figure 7. RAPTA-C and RM175 compounds. 

 

RAPTA-C is a piano-stool ruthenium(II) arene complex developed by the Dyson group which 

has an amphiphilic PTA ligand, two labile chloride ligands, and a η6-coordinated arene.50 The 

PTA ligand does not exhibit high sterical properties and is believed to enhance water solubility 

of RAPTA-C.45,51 

 Like cisplatin and other metal-based anticancer drugs, the first step in the mechanism of 

action of RAPTA-C is believed to be ligand exchange with water molecules within the cells. 

RAPTA-C undergoes rapid hydrolysis of a Ru–Cl bond comparable to the ligand exchange 

kinetics of cisplatin in  buffered water (1.62 x 10-5 s-1). The compound exchanges one or two 

chloride ligands (Figure 5) with water and subsequently loses the aqua ligand allowing the 

molecule to bind to its target.  

At low intracellular chloride concentrations of 4–5 mM, the most commonly formed 

product is the mono-aquated complex, [Ru(p-cymene)Cl(H2O)(PTA)]+. At a 100 mM chloride 

ion concentration similar to that of blood, hydrolysis of Ru–Cl bond is not observed. RAPTA-C 
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is therefore, considered a pro-drug that requires to be activated in its di-chlorido form just like 

cisplatin.14,15 

Preliminary in vitro studies with RAPTA-C  using TS/A mouse mammary 

adenocarcinoma cells did not show significant activity with IC50 greater than 300 µM. Similarly, 

studies with non-cancerous epithelial (HBL-100) cell lines also yielded IC50 values ranging from 

66 to over 300 µM. Further investigation using mice however, showed that RAPTA-C inhibited 

tumor growth by about 75%.16,17 Analyses of the treated tumor found strong anti-angiogenic 

properties of the compound. That is, RAPTA-C is able to inhibit the formation of new blood 

vessels from pre-existing ones. 

In a study involving cisplatin and RAPTA-C, despite cisplatin and RAPTA-C having 

similar leaving group chloride ligand and similar ligand exchange kinetics in water, RAPTA-C 

appeared more inert to extracellular reactions compared to cisplatin.18 This study further revealed 

that, RAPTA-C was found to predominantly bind albumin, a small molecule transporter in blood 

plasma.18 This result may indicate a selective mechanism of action of RAPTA-C. 

The RAED complex RM175, [Ru(biphenyl)Cl(en)]+ was amongst the first ruthenium(II) 

complexes that were investigated for anticancer activity. This organometallic complex was 

developed by the Sadler group in 2001.19,20 Biological studies of the complex has revealed 

binding to DNA in addition to other cellular targets such as the inhibition of matrix 

metalloproteinase-2 (MMP-2). MMP-2 is an important class of metalloproteinases that 

contribute to tumor growth by controlling the microenvironment of the tumor and uses signaling 

pathways to modulate cell growth and angiogenesis.19, 21 

Similar to RAPTA-C, RM175 is activated by ligand exchange of a chloride ligand with 

water at the monodentate site. The aquation reaction facilitates covalent binding to the N7 of 
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guanine in the DNA double helix. The arene moiety in this complex enhances hydrophobic 

interactions between  RM175 and DNA by arene-intercalation between DNA base pairs.21 

 RM175 also exhibits anticancer activity by altering the processes of cell invasion and migration. 

The ruthenium complex is reported to be more potent against metastases over primary tumors, 

and the efficacy is found to be affected by the amount of the administered dose. It is reported that 

a dose of 10 mg/kg/day resulted in an 85–95% reduction in metastatic mass, but only a 70% 

reduction was observed at a lower dose of 7.5 mg/kg/day.22  RM175 is also reported to exhibit 

elevated response towards cytotoxicity and reduced cell viability when human serum albumin 

(HSA) in ratios from 1:1 to 1:10 was used to supplement the dose. Therefore, it has been 

suggested that the  efficacy of RM175 may be greater in vivo than in vitro.19,22 

Currently, the leading Ru(II) compound for therapeutic development is TLD1433 

(Figure 8) which  has entered phase I/2a of clinical trials for the treatment of nonmuscle invasive 

bladder cancer treatment with photodynamic therapy (PDT).17 PDT involves the activation of a 

photosensitizer drug by a specific wavelength of light. This subsequently causes cell destruction 

due to generation of the free radicals that can further produce reactive oxygen species (ROS) 

and/or singlet oxygen. TLD1433 contains π-expansive organic chromophores attached to 1, 10-

phenanthroline ligand. The compound is characterized by low-lying triplet intraligand excited 

states with prolonged lifetimes ranging from tens to hundreds of microseconds. This makes it  

sensitive to trace oxygen and other quenchers and promotes the generation of cytotoxic ROS,  

singlet oxygen (1O2) yielding very potent PDT effects even at low oxygen pressure.25 
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Figure 8. The structure of the Ru(II) complex TLD1433.       

              

Thesis Research 

Despite the many side effects associated with the use of platinum compounds in cancer 

therapy, clinical treatments rely heavily on these drugs as there are no better alternatives yet. 

This research focuses on the design and synthesis of novel ruthenium compounds that will be 

evaluated for their anticancer activity. The targeti compounds will be derivatives of the RAED 

family of Ru(II) complexes containing modular Schiff base ligands. 

Schiff bases, named after Hugo Schiff, are formed when primary amine reacts with an aldehyde 

or a ketone under specific conditions. Schiff bases are versatile compounds that can easily be 

modified.34 In terms of structure, a Schiff base, also called imine or azomethine (-C=N-), is a 

nitrogen analogue of an aldehyde or ketone. Schiff bases have achieved prominence in medicinal 

and pharmaceutical fields due to a broad spectrum of biological activities like anti-inflammatory, 

analgesic, antimicrobial, and anticancer activities.34,35.  

The first part of the proposed work involves the syntheses of Schiff bases (Figure 9) by 

the reaction of aniline, 4-ferrocenyl aniline, and amino ferrocene with 2-acetylpyridine and 2-
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pyridinecarboxaldehyde respectively. The ligands were designed to include ferrocene given its 

favorable pharmacological properties.  

 

 

 

 

Figure 9. Synthetic routes of the target Schiff base ligands.     

 

Ferrocenyl compounds such as aminoferrocenes have been investigated on human normal 

and cancer cells and have shown low toxicity, significant stability and lipophilicity, and unique 

electrochemical behavior.31 This has led to increasing research into the use of ferrocene-

containing compounds for medicinal applications.31 The Fe(II) core of ferrocene potentiates the 

generation of toxic ROS. The enhancement of the lipophilicity of organic drugs modulates the 

adsorption, distribution, metabolism, excretion, and toxicity properties of the original organic 

compounds that are modified.31 For example, ferroquine which is a ferrocene derivative of 

chloroquine, is active against chloroquine-resistant Plasmodium falciparum strains where 

chloroquine is inactive.  
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Figure 39. General reaction scheme for the Ru(II) arene Schiff base compounds. 

 

 

Figure 40. The 1H NMR spectrum of complex C1 in CDCl3. 
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In the 1H NMR spectrum (Figure 40) of complex C1, the Py-H6 and Py-H3 appear as 

doublets at 9.4 ppm and 8.05 ppm respectively. In the aromatic region, Py-H4 appears as a triplet 

at 7.80 ppm whereas H5 also appears as another triplet at 8.15 ppm. Additionally, the hydrogens 

H7, H8,  and H9 on the benzene ring also appear as a multiplet at 7.50 ppm. Compared to the 

hydrogens on ligand  L1, these hydrogens on C1 are shifted further downfield to higher chemical 

shifts. This may be due to deshielding of the hydrogens as a result of the +2 oxidation state of the 

Ru ion which strongly pulls away electrons from the hydrogens. Two other triplets in the 

aromatic region are also observed at 5.55 ppm and 5.35 ppm due to the two different hydrogen 

environments, H19 and H20 respectively on the ring in the cymene group. Another  major 

diagnostic peak for the synthesis of this complex is the appearance of the septet at 2.75 ppm due 

to the hydrogen labelled H1 that is para to the methyl group on the cymene ring. These three 

different hydrogen environments on the cymene ring appear shifted upfield relative to the 

hydrogens on the Ru(II) dimer starting material.  Another group of hydrogens are those of the 

methyl group directly bonded to the cymene ring, H18 which  appears as a singlet at 2.50 ppm. 

Another singlet due to the three hydrogens on the methyl group H10, bonded to the iminic carbon  

is also shifted upfield  in the spectrum to 2.22 ppm compared to 2.67 ppm on the ligand L1. 

Similar to the observations made for the hydrogens on the cymene ring, the  six hydrogens of the 

isopropyl group on the cymene are also shifted further upfield to 1.12 ppm and 1.03 ppm from 

2.18 and 1.31 respectively in the Ru-dimer. Overall, the resonances observed matches similar 

compounds that have been reported in literature confirming a successful synthesis of the 

compound 

Having successfully synthesized C1, the same general procedure was used to synthesize 

complex C2. The compound was characterized by collecting the 1H NMR spectrum in Figure 41 
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Figure 41. The 1H NMR spectrum of complex  C2 in CDCl3. 

 

The 1H NMR spectrum of C2 is similar to L2 . The four hydrogens on the pyridine as well 

as the three different hydrogens of the benzene ring appear  in the spectrum spanning the region 

of 9.34 ppm to 7.6 ppm as observed in compound C1. The major difference between the 

spectrum of C1 and C2 is the replacement of the methyl group of C1 by a hydrogen, H10 which 

appears downfield at 8.44 ppm. Comparing these chemical shifts of C2 to the Schiff base ligand 

L2, a similar observation made for compound C1 was seen where all the hydrogens on the 

pyridine and benzene rings were shifted further downfield to higher chemical shifts relative to 

the free Schiff base. Finally, as observed in complex  C1 the six different hydrogens of the 

cymene were all shifted upfield relative to the Ru(II) dimer staring material. Results of the 
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elemental analysis of the composition of carbon, hydrogen and, nitrogen and was consistent with 

the calculated percentages confirming a successful synthesis of C1 and by extension C2 as well 

Another synthesis was carried out following the synthetic procedure used to synthesize 

compound C1 and C2  to make C3. However, the reaction did not appear to work, as the NMR 

showed several complex peaks within the aromatic region in the spectrum. The reaction 

conditions are being modified to achieve a better results. 

Another Ru(II) arene Schiff base compound, C4 was synthesized by reacting the Ru dimer with 

L4 and characterized by collecting the 1H NMR spectrum (Figure 42). 

 

Figure 42. The 1H NMR spectrum of complex C4 in CDCl3. 

                                                                                                                                                      

 The 1H NMR spectrum  of C4 appears similar to complex C2. As expected,  the 1H NMR 
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spectrum  resonances show spanning the spectrum from  9.3 ppm to 7.6 ppm due to the pyridine 

and phenyl rings . However, unlike C2 the structure of the compound is modified to include 

ferrocene which introduces three new peaks into the spectrum. First, two singlets due to H14 and 

H15 on the substituted aromatic ring of ferrocene is seen in the region of 4.8 ppm and 4.5 ppm. 

The five hydrogens of the unsubstituted aromatic H13, also show up as an intense singlet peak at 

chemical shift 4.1 ppm. Relative to the Schiff base ligand L4  the ferrocene peaks appear shifted 

slightly downfield. As  a general trend so far, all the hydrogen environments of the cymene shift 

upfield after bonding to the Ru(II) metal.  

The fifth synthetic attempt was C5 using the same procedure as before. However, the 

reaction did not work as the NMR showed several peaks spanning the region 5.5 ppm to 8.5 ppm 

in the peaks in the spectrum. The reaction conditions are being changed to possibly make this 

compound. 

The last successful compound synthesized was the Ru(II) compound C6 using the same 

procedure as described earlier and characterized by collecting the 1H NMR spectrum. The 1H 

NMR spectrum of compound C6 (Figure 43) was used to confirm the synthesis of the compound. 
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Figure 43. The 1H NMR spectrum of complex C6 in CDCl3. 

 

The complex C6 shows 1H NMR spectrum similar to complex C4.  However, the 

hydrogen, H18  of the imine appears at 9.30 ppm. Resonances of two doublets and two triplets for 

the four hydrogen environments on the pyridine ring span the spectrum from 9.30 ppm to 5.70 

ppm. The spectrum shows a singlet at 4.85 ppm and  doublet at 4.55 ppm due to the hydrogens 

H14 and H15 on the substituted cyclopentadienyl ring of ferrocene. Another intense singlet peak at 

4.25 ppm was assigned to the five hydrogens, H13 of the unsubstituted cyclopentadienyl ring. 

This range of chemical shifts agrees with the ferrocenyl peaks of C4 and those of Schiff base L6, 

however, as seen in C4,  the ferrocene peaks assigned to C6 are shifted slightly downfield relative 

to L6. The major difference between C4 and C6 are the two doublets from the four hydrogens due 

to the additional phenyl group attached to the ferrocene. These doublets appear at the chemical 

PF6
- 
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shifts 5.45 ppm and 5.55 ppm in C4 but are absent in C6. The observed NMR signals suggest a 

successful synthesis bringing the total number of Ru Schiff base complexes prepared to 4 

UV-vis experiments                                                                                       

An important step in the mechanism of action of anticancer drugs is their ligand exchange 

behavior. Therefore, the stability of the four successfully synthesized ruthenium arene complexes 

C1, C2, C4, and C6 were all studied in 10 % DMSO and  aqueous PBS at a pH of 7.4 and a 

temperature of 37 oC. The UV-vis spectrum of each compound was collected every 30 minutes 

for a period of 6 hours using a concentration of 100 µM. Over the six-hour period, the measured 

spectra for all of the compounds did not vary. The spectrum of the compound compound C1 is 

shown in Figure 45 while the spectra for the remaining compounds can be found in .  

Studies have shown that  the presence of the arene group at three coordinate site of the 

Ru(II) ion alters the electron distribution of the compound and stabilizes the Ru(II) the 

compound towards ligand exchange.43 This behavior of compounds C1, C2, C4, and C6 in 

aqueous PBS  are consistent with the earlier reported observations on Ru(II) arene compounds.  

It was therefore proposed that the four compounds are stable under physiological conditions of 

37 oC and pH of 7.4. Comparing the UV-vis spectrum of ligand L2 and L4 to their respective 

complexes, it can be observed that, the stability of the ligands were enhanced after binding to the 

metal.  
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Figure 44. UV-vis spectrum of 100 µM solution of C1 in 10% DMSO and PBS(aq) at a pH of 

7.4 and a temperature of 37 
o
C. 

 

Conclusion 

In all, four Ru(II) compounds, C1, C2, C4 and C6, have been synthesized according to one 

general procedure. The compounds have so far been characterized by 1H NMR spectroscopy. In 

addition, compound C2 has been confirmed by elemental analysis. Efforts were made to 

synthesize the remaining compounds C3 and C5, but the resulting NMR spectra were difficult to 

interpret. By varying the mole ratios of the reaction and carrying out the reaction for a longer 

duration, it is hoped that the complexes will be prepared. The stability of the 4 prepared 

compounds in aqueous buffer was also evaluated and all four complexes have so far proved very 

stable. These 4 compounds will be further studied to establish the binding behavior to HSA. 
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make a final volume of 600 µL. The stock solutions HSA- complex were incubated for a period 

of 1 hour at a temperature of 37 oC and then  each was transferred as triplicates into a 96-well 

plates. The excitation wavelength was set at 280 nm and the emission spectra were collected at 

299 nm to 600 nm. Another batch of the measurements were also carried out following the same 

procedure but incubated at 25 oC. 

Results and Discussion  

Fluorescence quenching, a widely used technique for studying the binding affinities 

between HSA and organic or inorganic complexes was employed to investigate the interaction of 

complexes C1, C2, C4 and C6 with HSA. The technique shows a decrease in the quantum yield of 

fluorescence from a fluorophore induced by  molecular interactions with a quencher molecule. 

Albumin proteins have intrinsic fluorescence due to the presence of three fluorophores: 

tryptophan, tyrosine and phenylalanine. Phenylalanine and tyrosine are reported to contribute to 

fluorescence quenching  by a small amount. Almost the entire fluorescence observed from HSA 

is produced from the tryptophan residue in Sudlow I.62 The fluorescence intensity detected as a 

function of the concentration of complex C2 by exciting HSA at 280 nm and collecting its 

emission spectrum from 299 nm to 600 nm is shown in Figure 46. The spectra yielded a λ max 

of 306 nm. 
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 Fo/F = Ksv[Q] + 1= 𝜏𝑜Kq[Q] +1 

 where Fo and F are the fluorescence intensities in the absence and presence of the quencher, 

respectively, Ksv is the Stern–Volmer quenching constant, Kq  is the bimolecular quenching 

constant and  𝜏𝑜 is the average lifetime of the fluorophore without the quencher which is 

approximately 10-8 s. From the equation, a plot of Fo/F against the concentration (Figure 46) of 

each of the complexes yielded a straight line whose slope was equal to the value of Ksv.  

 

 

Figure 47. Stern-Volmer plot for C2. 

 

A plot of Fo/F against the concentration of the complex C2 yielded a straight line with a 

slope of 21271 and an intercept of 1.02. Comparing the equation of the line to the Stern-Volmer 

equation,  Ksv equals the slope of the curve. The same approach was used to determine the Ksv 

values (Table 1) for the interaction between C4 and C6 with HSA. The Stern-Volmer quenching 

constant Ksv were in the range of 2.10 – 4.10 x 104 M-1. These calculated values are consistent 

with Ksv measures that have been reported for ruthenium(II) arene complexes. 69 
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 From the Stern-Volmer equation, it can be deduced that: 

𝜏𝑜Kq = Ksv, therefore, for C2 

𝜏𝑜Kq = 21271 

Kq = 21271/10-8 

Kq = 2.1 x 1012 M-1s-1 

A similar approach was followed to determine the bimolecular quenching constants (Kq) 

for both C4 and C6. The bimolecular quenching constants also ranged from 2.1 – 4.1 x 1012 M-1s-1 

and were found to be consistent with earlier reported bimolecular quenching constants for similar 

compounds. These observed constants are much greater than 2.0 × 1010 mol L−1 s −1,65, 68 the 

maximum value for dynamic quenching, indicating that the fluorescence quenching occurred via 

the static quenching mechanism. 

Kb and the number of binding sites “n” were calculated by generating a second plot from the 

modified Stern-Volmer equation: 

log(Fo-F)/F = n log[Q] + logKb.  

A graph of log(Fo-F)/F against log[Q] for complex C2  (Figure 48) also yielded a straight 

line with slope equal to “n”. The binding constants were calculated by finding the antilog of the 

intercept on the log(Fo-F)/F axis. Kb values calculated were also in the range of 3.6 -12.2 x 103 

M-1 (Table 1). These values were also consistent with similar Ru(II) piano-stool compounds 

already reported in the literature.69 The curves for complexes C4 and C6 are shown in 

APPENDIX C. 
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Figure 48. Modified Stern-Volmer plot for C2. 

 

Table 2 summarizes the results of the interaction between complexes C2, C4 and C6. 

Complex Ksv (104 M-1) Kb (103 M-1) Kq (1012 M-1 s-1) n 

C2 2.1 3.6 2.1 

 

0.83 

C4 4.1 12.2 4.1 

 

0.89 

C6 4.1 12.2 4.1 

 

0.89 

 

Table 2. Stern-Volmer quenching constant, Ksv, Binding Constants, Kb and number of binding 

sites n determined at 37 oC and pH 7.4 

Complex C1 was not included presently due to inconsistencies in fluorescence quenching 

of HSA. The fluorescence intensities determined showed increased intensities in higher complex 

concentrations yielding a Stern-Volmer plot with coefficient of determination (R2) of 0.946. 
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Conclusion 

So far in this research work, six Schiff base ligands and four ruthenium(II) compounds 

have been synthesized. The binding studies of three out of the four ruthenium(II) compounds 

synthesized have been achieved. The Stern-Volmer quenching constant  and the binding constant 

for the interaction between the complexes and HSA were found to be consistent with that already 

reported in literature. The bimolecular quenching constant also showed that, the quenching 

mechanism for the interaction between the complexes and HSA occurred through a static 

quenching mechanism. 

In the future, efforts will be made to carry out further experiments to establish the standard 

deviation of the results of complexes C2 C4 and C6 for the Stern-Volmer plots achieved so far. 

Additional experiment will evaluate other important drug properties, including the lipophilicity of 

the complexes and DNA interactions. The lipophilicity, which describes the ability of compounds 

to permeate cells would also be investigated to establish the ability of these compounds to enter 

cells.  It is also anticipated that, the compounds would be tested against different cell lines 

including MCF-7 breast cancer and A2780 ovarian cancer cell lines which earlier piano-stool 

ruthenium(II) compounds  have been tested against. This is to provide a comparative analysis of 

the efficacy of these compounds to already synthesized compounds such as RAPTA-C and 

RM175. Similar to RAPTA-C and RM175, the three compounds studied bind to HSA as shown in 

the fluorescence quenching of the tryptophan residue of HSA in this study. 
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APPENDIX A: SUPPLEMENTARY DATA OF CHAPTER TWO 

 

Figure A1. Positive mode ESI-HRMS data for ligand L1. 

 



76 

 

Figure A2. Positive mode ESI-HRMS data for ligand L2. 
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Figure A3. 1H NMR spectrum of 4-nitrophenylferrocene in DMSO-d6. 
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Figure A4. 1H NMR spectrum of 4-ferrocenylaniline in CDCl3. 
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Figure A5. Positive mode ESI-HRMS spectrum of L3. 
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Figure A6. Positive mode ESI-HRMS spectrum of L4. 
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Figure A7. 1H NMR spectrum of ferrocenoyl azide in DMSO-d6. 
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Figure A8. 1H NMR spectrum of 2-(trimethylsilyl)ethylferrocenylcarbamate in CDCl3. 

 

Figure A9. 1H NMR Spectrum of a minoferrocene in CDCl3. 
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. 

 

 

Figure A10. Positive mode ESI-HRMS spectrum of L5. 
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Figure A11. Positive mode ESI-HRMS spectrum of L6. 
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APPENDIX B: SUPPLEMENTARY DATA OF CHAPTER THREE 

 

Figure B1. UV-vis spectrum of 100 µM C2 in 10 % DMSO and PBS(aq) at pH 7.4 and 

temperature of 37 oC. 
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Figure B3. UV-vis spectrum of 100 µM C6 in 10 % DMSO and PBS(aq) at pH 7.4 and 

temperature of 37 oC. 
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APPENDIX C: SUPPLEMENTARY DATA OF CHAPTER FOUR 

 

Figure C1. HSA fluorescence quenching by C1 at 37 oC and pH of 7.4. 
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Figure C2. HSA fluorescence quenching by C4 at 37 oC and pH of 7.4. 

 

 

Figure C3. Stern-Volmer plot of C4. 
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Figure C4. Modified Stern-Volmer plot C4. 

 

 

Figure C5. Fluorescence quenching of C6. 
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Figure C6. Stern-Volmer plot for C6. 

 

Figure C7. Modified Stern-Volmer plot for C6. 

y = 40533x + 0.9963

R² = 0.9865

0

0.5

1

1.5

2

2.5

0.E+00 5.E-06 1.E-05 2.E-05 2.E-05 3.E-05 3.E-05

F
o
/F

[Q]/M

Ksv

y = 0.8931x + 4.0852

R² = 0.9733

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

-5.7 -5.5 -5.3 -5.1 -4.9 -4.7 -4.5

lo
g
(F

o
-F

)/
F

log[Q]

Kb and n


