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Abstract 

Ruthenium(II)-arene complexes were combined with furoxan (1,2,5-oxadiazole 2-oxide) 

moieties to generate new anticancer and antibacterial drug candidates. Previous studies 

have shown that Ru(II) organometallic complexes can exhibit significant anticancer 

activity with low levels of side-effects. Furoxans are heterocyclic molecules capable of 

releasing nitric oxide (NO), which can induce apoptosis or necrosis. Therefore, furoxans 

were employed as ligands for Ru(II)-arene complexes to design new drug candidates. 

Furoxan derivatives were synthesized with different substituents (-NO2, -H, -OCH3, -

OPh, -SPh, -SOPh, -SO2Ph), which were found to affect the amount of NO released. NO 

release was quantified via electron paramagnetic resonance (EPR) spectroscopy. The 

complexes were found to donate more NO than the ligands; the highest concentration of 

NO was donated by the complex containing (-SO2Ph) substituent. Furthermore, 

antibacterial assays were performed, and the complexes exhibited higher cytotoxicity 

than the corresponding ligands. This work also reports the synthesis of a new 

heterobimetallic complex combining a Ru(II)-arene with a gold(III) compound. 

Keywords: Nitric oxide; Furoxan; Ruthenium(II) anticancer complexes; Gold(III) 

anticancer complexes; heterobimetallic complexes; EPR 
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Acetylcholine Neurotransmitter that carries signals between nerves and 
regulates muscle contraction. 

Aconitase An enzyme required in the Krebs cycle, contains a [4Fe-
4S] cluster.  

Active site Also called the catalytic site; it is the part of the enzyme 
surface containing the amino acid residues that bind to 
the substrate to catalyse a specific reaction. 

Angina A medical condition characterized by the hardening of the 
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dehydroascorbic acid. 

Atherosclerosis Narrowing of the arteries due to the presence of plaque 
(i.e., accumulation of fat, cholesterol, …etc.).  

Apoptosis  Programmed cell death.  
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nitrogen atom and another heteroatom(s).  
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Cofactor  Inorganic ion required for the activity of enzyme(s); if the 
cofactor is an organic molecule then its called a 
coenzyme.  

Complex I, II, IV Proteins in the mitochondria required for cellular 
respiration. 

Condensed heterocycles A class of heterocyclic compounds that contain fused-
ring(s); for example: quinoline. 

Cytostatic cells Cells that are not growing or dividing. 

Cytotoxic Being toxic to living cells. 

Denitrification  A process performed by several bacterial strains; it is the 
reduction of nitrate to N2(g). 

Endothelium Single layer of cells found in the lining of organs and 
blood vessels. 

Enzyme  A molecule (usually a protein) that catalyses reactions in 
biological systems. 

Furoxan 1,2,5-oxadiazole 2-oxide; a five-membered heterocycle 
that can act as a nitric oxide donor. 
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Glial cells The dominant type of cells in the central nervous system 
(i.e., brain and spinal cord) that support and act as 
insulators for the neurons (i.e., nerve cells that conduct 
electrical impulses).  

Glutathione A tripeptide (Cys-Glu-Gly) that helps in protecting the 
cells from reactive oxygen species (abbreviated GSH). 

Glyceryl trinitrate  A medical drug used in the treatment of angina 
(abbreviated GTN). 

Guanylate cyclase Enzyme involved in muscle relaxation. 

Half-life The time required for the concentration of a reactant to 
decrease to half its original concentration.  

HeLa cells A cell line derived from cervical cancer cells. 

Hydrophobic  A substance (or parts of) that is insoluble in water.  

Hyperfine interaction  Interaction between electron spin and nuclear spin.   

Hypoxic Cells that are low in oxygen. 

In situ  Synthesis of a compound in a reaction mixture; typically, 
compounds that are required as reaction intermediates, 
or difficult to isolate, or unstable are synthesized in situ.   

In vitro  An experiment performed outside a biological system.   

In vivo An experiment performed in a whole or living organism.  

Krebs cycle The metabolic pathway that generates energy via aerobic 
respiration in the mitochondria.  

Lumen The cavity of an organ or blood vessel. 

Macrophage Immune cells that defend the body from microorganisms 
such as bacteria by engulfing and destroying them. 

Mesoionic heterocycle Five membered heterocycles belong to the non-
benzenoid aromatics that has a dipolar structure with 
delocalized negative and positive charges; the term 
mesoionic combines the two terms (mesomeric and 
ionic).  

Microorganism  An organism that can only be seen with a microscope; for 
example: bacteria. 

Mitochondria One of the components of the cell that is responsible for 
generating energy via a process known as cellular 
respiration.  

Necrosis Uncontrolled cell death; spreads cellular debris into the 
neighboring cells.   

Neurodegeneration  The loss of function of the neurons due to alteration in 
their structure or their death.  

Neurons  Nerve cells that conduct electrical impulses.  
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Neurotransmitter  A compound with low molecular weight whose function is 
to transmit nerve impulses.  

Neutrophils Immune cells in charge of destroying pathogens by 
ingesting them or by secreting specific enzymes.   

Nitric Oxide Synthases 
(NOS) 

A family of enzymes that synthesize nitric oxide from 
arginine in living systems. It contains three isoforms: 
nNOS (neuronal), iNOS (inducible), eNOS (endothelial). 

Nitroglycerin  see glyceryl trinitrate.   

Nitropress A medical drug used to treat heart failure.  

Nitrosyl complex A transition metal complex that contains a NO ligand. 

Normoxia Normal level of oxygen.  

Oxadiazole A five-membered heterocyclic aromatic compound with 
the chemical formula C2H2N2O. 

Oxidative stress A cellular state occurs when the rate of production of 
reactive oxygen species is higher than the rate of their 
degradation by antioxidants.  

Oxygen-fixation 
hypothesis 

The effect of oxygen on radiotherapy; this hypothesis 
postulates that molecular oxygen has affinity for electrons 
and can form the anionic superoxide radical (O2

. —), which 
damages the DNA.  

Plasmodium  A genus of parasites that results in malaria.  

Platelet  Blood cells that repair damaged blood vessels by forming 
clots.  

Proteasomes Protein complexes that hydrolyse unrequired proteins in 
the cell. Enzymes that assist proteasomes are called 
proteases.  

Prototropy A type of tautomerism that involves the migration of a 
proton between different parts of the molecule.  

Purkinjie fibers Specialized cardiac muscle cells in charge of conducting 
electrical impulses in the heart. 

Reactive nitrogen species Highly reactive products of nitric oxide (NO) reactions 
(abbreviated RNS).  

Reactive oxygen species Highly reactive chemical species that are produced from 
the partial reduction of molecular oxygen (abbreviated 
ROS). 

Ribosomes The organelles responsible for protein synthesis. 

Selenols Compounds containing the functional group R-Se-H. 

Side-chain prototropic 
tautomerization 

A specific form of prototropy that refers to the transfer of 
a proton between a ring and a side-chain. 

Spin-trap in EPR A molecule that traps the paramagnetic species and 
forms a stable spin-adduct that can be detected via EPR. 
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Sodium nitroprusside see nitropress.  

Superoxide dismutase An enzyme catalyses the disproportionation (i.e., 
dismutation) reaction of superoxide, O2

. —, into oxygen, 
O2, and hydrogen peroxide, H2O2. 

Tautomerism  Coexistence of two or more molecular structures (i.e., 
tautomers or constitutional isomers) in an equilibrium due 
to their dynamic interconversion. 

Thromboembolism  When a thrombus (i.e., clot) detaches from a blood vessel 
and travels into another location to plug a new vessel. For 
example, it can plug a vessel in the brain resulting in 
stroke.  

Tumour  Abnormal mass of tissue caused by uncontrolled cell 
growth (i.e., cancer). 

Vasodilation  Relaxation (dilatation) of blood vessels that causes the 
blood pressure to decrease. 

Warburg effect  The anaerobic glycolysis and fermentation in the 
presence of oxygen; this phenomenon occurs in cancer 
cells. 
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Quotation 

 

 

 

 

“Weak people revenge. 

Strong people forgive. 

Intelligent people ignore.” 

 

- Albert Einstein 
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Chapter 1. Introduction 

Cancer is one of the major causes of death in Canada and in the world. During the next 

two decades, it is predicted that there will be 22 million new cancer cases worldwide.1 The 

Canadian Cancer Statistics estimated that in 2017 there were 206,200 new cancer cases and 

80,800 deaths from this disease in Canada.2 There are three main types of cancer treatment: 

surgery, radiotherapy, and chemotherapy.3-5 The first two methods can only remove solid tumours 

(i.e., localized cancer cells).3, 5 However, migrating cancer cells, which are known as metastasized 

cells, cannot be treated by these approaches.3, 5 In addition, surgery and radiotherapy cannot 

remove all cancer cells from solid tumours. Thus, there is a need to design chemotherapeutics 

that target these cells to provide complete cancer remission. 

Metals have a variety of applications as chemotherapeutics due to their biological and 

chemical properties.6-8 The behaviour of metal ions can be tuned by their coordinating ligands.9-

12 In one common example, DNA is the target for several metal-based anticancer therapeutics.13 

Metal ions are capable of interacting with DNA by coordinating to its basic nitrogen and oxygen 

atoms.14 Furthermore, some metals are redox active and can generate radicals that create 

structural distortions in DNA.15, 16 These distortions hinder cell division and therefore prevent 

propagation of cancer in the body.17-19 In recent years, other novel approaches were developed 

to generate metal complexes that target cancer cells in different ways. For example, protein 

inhibitors and photoactivated complexes have garnered attention.13, 20, 21 

1.1. Platinum-based chemotherapeutics 

Platinum-based (Pt-based) chemotherapeutics are currently used in clinics against 

several forms of cancer.22-24 They are considered the benchmark for metal-based anticancer 

compounds.22, 25, 26 Cisplatin, cis-diamminedichloroplatinum(II), was the first reported Pt-based 

anticancer drug (Figure 1.1).27 The United States Food and Drug Administration (FDA) approved 

the clinical use of this compound in 1978, and it is still used widely in modern chemotherapy.22 It 

was first synthesized by Michele Peyrone in 1845, but its anticancer properties were not 

discovered until 1965 by Barnett Rosenberg.28, 29 Cisplatin can enter the cell via passive diffusion 

and active transport (through membrane proteins).30, 31 It can bind to DNA after chloride ligand 

exchange with water.31 This results in structural distortions in the DNA and eventually cell death 

via apoptosis.32 Cisplatin can also platinate the tubulin protein and thus prevent microtubule 
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assembly, a process that is required for cell division.33 The main use of cisplatin is in the treatment 

of genitourinary tumours, such as testicular and ovarian cancers.14 Further research has led to 

the development of other Pt-based compounds such as carboplatin, cis-diammine(1,1-

cyclobutanedicarboxlyto-O,O’)platinum(II), and oxaliplatin, (1R,2R-diaminocyclohexane)(oxalato-

O,O’)platinum(II) (Figure 1.1).27 These drugs were approved for clinical use in the treatment of 

different forms of cancer, such as head and neck and lung cancers.34 Although Pt-based drugs 

are effective chemotherapeutics, they cause several side-effects due to their low specificity. Side-

effects include nephrotoxicity (i.e., toxicity in the kidneys), ototoxicity (i.e., toxicity in the ears) and 

nausea.35-37 Furthermore, some cancer cells can become resistant to these drugs by activating 

more DNA repair mechanisms and/or by increasing the drug efflux rate.36, 38, 39  

 

 

Figure 1.1. Pt(II)-based chemotherapeutics currently in clinical use. 

 

1.2. Ruthenium(III)-based complexes  

Toxicity, low selectivity, and acquired cellular resistance are major issues for Pt-based 

chemotherapeutics.40-43 Therefore, researchers are investigating the anticancer activity of other 

metals.44-46 A number of ruthenium-based (Ru-based) complexes exhibit anticancer activity and 

lower cytotoxicity than Pt-based drugs.3, 47, 48 Ligand exchange rates for both platinum and 

ruthenium-based complexes are slow (typically one to two hours) which is comparable to the rate 

of cell division. This property of ligand exchange is one factor in these metal’s anticancer activity.49 

Ru(III) complexes typically have a six-coordinate octahedral geometry and therefore have a 

greater variety of ligand combinations and isomers compared to the four-coordinate, square-

planar geometry of Pt complexes.50 This extends the potential to tune the properties of the 

compounds, giving more scope to target anticancer pathways.51, 52 Moreover, the reduction of 

Ru(III) to Ru(II) does not change the geometry of the complexes, as opposed to the reduction of 

Pt(IV) to Pt(II), which changes the number of ligands and bond lengths.50  
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The first Ru(III)-based complex to enter clinical trials in 1999 was NAMI-A (New 

Antitumour Metastasis Inhibitor-A), imidazolium trans-[tetrachloro-(dimethylsulphoxide)(1H-

imidazole)ruthenate(III)] (Figure 1.2).3, 53 NAMI-A was found to be 1000-fold less cytotoxic than 

cisplatin.54 Tumour cells do not internalize this drug, instead, it interacts with membrane proteins, 

such as collagen.55, 56 The membrane-binding mechanism of NAMI-A reduces the activity of 

certain enzymes in metastasized cells.57 Therefore, NAMI-A is effective against metastasis as 

opposed to primary tumours.55-59 Recently, NAMI-A was found to be effective against leukaemia; 

however, it has not yet been approved for clinical use.60  

The second Ru-based compound to enter clinical trials was indazolium trans-

[tetrachlorobis(1H-indazole)ruthenate(III)], which is commonly known as KP1019 (Figure 1.2).50 

Unlike NAMI-A, KP1019 can be internalized by cancer cells and therefore it is effective against 

primary tumours.55 Both NAMI-A and KP1019 are able to bind to the most abundant protein in the 

serum, human serum albumin (hsA). These drugs also bind to human serum transferrin (hsT).61, 

62 Transferrin functions to deliver iron to the cell.63 More transferrin receptors are found on the 

membrane of some tumour cells compared to the healthy ones, because these cells divide rapidly 

and thus require more nutrients, such as iron.62 Therefore, both albumin and transferrin may play 

a role in carrying Ru(III) complexes to the targeted cancer cells.64, 65  

 

 

 

Figure 1.2.  Ru(III)-based anticancer complexes. 
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1.3. Ruthenium(II) piano-stool complexes 

There have been significant developments in the field of Ru(II) organometallic anticancer 

therapeutics.66-71 In particular, Ru(II)-arene piano-stool complexes (Figure 1.3) have shown 

promise in preclinical studies.66, 72-75 These coordination compounds are designed with 𝜂6-arene 

ring(s), which provide a stable piano-stool, pseudo-octahedral geometry, and act as a 

hydrophobic surface that increases the permeability of the complex across the cell membrane.76 

 

 

Figure 1.3.  The general chemical structure of Ru(II)-arene complexes. 

 

If these ligands are extended arene rings, such as dihydroanthracene, they can allow interactions 

with DNA via intercalation (i.e., stacking between base pairs).64, 77 Typically, the arene used in 

these types of compounds is one of the following aromatic rings: benzene, hexamethylbenzene, 

tri-isopropylbenzene, cymene, or biphenyl.66, 78 By examining several Ru(II)-arene complexes, 

researchers concluded that the lipophilicity of the arene ligand can impact the cytotoxicity of the 

compound.66 Lipophilic complexes have better cell permeability, and thus are more likely to be 

internalized by cells.66, 79 However, in a recent study the opposite effect was observed; replacing 

the arene ring, p-cymene, with less lipophilic benzoate resulted in higher cytotoxicity. 80 Benzoate 

has an electron withdrawing substituent (-OCO—) on benzene making the ring less lipophilic than 

p-cymene which has electron donating alkyl groups. In addition, Ru(II)-arene complexes are 

characterized by having one or two labile group(s) and a monodentate ligand or chelating 

ligand.66, 78  

There are two general types of Ru(II)-arene complexes that have become the focus of 

current research. The first of these are called RAPTA complexes and were developed by Dyson 

and co-workers.81 RAPTA complexes with the general chemical formula [RuII(𝜂6-arene)X2(PTA)] 

(PTA: 1,3,5-triaza-7-phosphaadamantane, X: leaving group, typically chloro ligand), are common 

Ru(II)-arene compounds that have lower toxicity than NAMI-A.82 In 2001, the first member of this 

class of compounds, RAPTA-C, [Ru(η6-p-cymene)Cl2(PTA)], was reported.83 This complex can 



5 

selectively damage the DNA in cancer cells while leaving healthy cells relatively unaffected, since 

it is only active at pH ≤ 7.83 Tumour cells are hypoxic (i.e., low in oxygen), hence they have lower 

pH than the physiological (pH ≥ 7.4).81 Furthermore, RAPTA-C was found to possess anti-

metastatic activity (Figure 1.4).84 On the other hand, the analogue of RAPTA-C, DAPTA-C [Ru(η6-

p-cymene)Cl2(DAPTA)] (DAPTA: (3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1]nonane)) 

exhibits anti-angiogenic activity (i.e., prevent the growth of new blood vessels at the tumour site).85 

The amphiphilic PTA ligand was found to increase the solubility of RAPTA complexes; however, 

this is limited by the nature of the coligands.81 Researchers also reported that some RAPTA 

complexes exhibit antibacterial activity that does not correlate with their ability to damage DNA in 

vitro suggesting that the mechanism of action may not always involve DNA.81  

It has been demonstrated that the chloro-ligand(s) in RAPTA compounds exchange with 

water (i.e., aquation or hydrolysis) when the chloride concentration in the environment is low. This 

process increases the biological reactivity of the complexes.78, 81 Hydrolysis does not occur as 

readily in the blood plasma because the chloride concentration is high ([Cl—] = 104 mM).78 

However, the intracellular and intranuclear systems have lower chloride concentration, [Cl—] = 23 

mM and 4 mM, respectively, which promotes aquation.78 RAPTA compounds are the basis for the 

complexes described in this thesis, where DNA intercalating or nitric-oxide donating groups have 

been coordinated in place of the PTA ligand. 

 

 

Figure 1.4.  Chemical structures of anticancer Ru(II) piano-stool complexes.   

 

The second type of anticancer Ru(II)-arene complexes is called RAED (Ruthenium Arene 

Ethylenediamine) or [Ru(II)(η6-arene)X(en)]. This family of compounds was first reported in 2001 

by Sadler and co-workers.86 RAED is effective against primary tumours, such as ovarian cancer, 

and reduces the development of lung metastasis (Figure 1.4).86, 87 The cytotoxicity of these 

compounds was found to be affected by the hydrophobicity of the arene ring(s), the stability of 

the chelating ligand, and the ability of the halide leaving group to exchange with water.64, 78 
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Aquation influences the solubility of the complex and its electrostatic interaction with 

DNA.64, 78 Another factor that impacts this process is the nature of the chelating ligand where 

electron donors enhance halide ligand exchange.75 These Ru(II) piano-stool complexes can 

coordinate to guanine bases in DNA after aquation, which results in structural distortions and 

causes the cell to undergo apoptosis.64, 87 Apoptosis is the goal of most chemotherapeutics 

because this process is less damaging to the surrounding healthy tissues in comparison to 

necrosis (i.e., uncontrolled cell death).88 

1.4.  Heterometallic ruthenium(II)-based anticancer chemotherapeutics 

As described above, some Ru(II) complexes were found to exhibit anticancer properties 

in vitro and in vivo.66, 77 Therefore, researchers began investigating the effect of adding another 

metal with anticancer properties to Ru(II) scaffolds. It is reasonable to expect better bioactivity 

when having multiple functional sites in the molecular structure of a single compound. The 

synergistic interaction of metal centres may also result in novel modes of action against cancer, 

and the nature and length of spacer groups can influence metal-metal interactions.66, 89 In 1998, 

BBR3464 became the first multinuclear complex to enter clinical trials (Figure 1.5 – a).90 It 

contains three Pt(II) centers and was found to interact electrostatically and covalently with DNA.66 

BBR3464 is active against gastric, ovarian, lung, and melanoma cancers. However, it was 

removed from clinical trails at Phase II.14, 66, 90, 91  

Pt(II) was also combined with Ru(II) to generate a flexible binuclear complex capable of 

interacting with the DNA through two sites (Figure 1.5 – b).92 The Ru centre has intercalative and 

electrostatic interactions with the DNA minor groove, while Pt(II) coordinates to the major 

groove.92, 93 Trimetallic complexes, such as ruthenocene linked to Pt(II) or Au(I), have the potential 

of acting as anticancer, antimalarial, or anti-HIV therapeutics.94 The ruthenocene complexes 

presented in Figure 1.5 – c exhibited anticancer activity against HeLa cells, a cell line derived 

from cervical cancer cells.66, 94 The Ru(II)-arene scaffold has also been linked to other 

mononuclear complexes to generate active anticancer agents. Figure 1.5 – d shows the structure 

of Ru(II)-arene, analogous to RAPTA-C, linked to titanocene.66, 95 This bimetallic compound was 

found to be cytotoxic in ovarian cancer cells and exhibited better activity than the mononuclear 

building blocks.66, 95 In addition, Ru(II)-arene linked to cis,cis,trans-

diamminedichloridobiscarboxylatoplatinum(IV) acts as a cisplatin prodrug.66 Pt(IV) is reduced in 

cells to Pt(II) forming cisplatin and the axial spacer, 2-pyridinepropionate, dissociates.66   
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Figure 1.5.  Chemical structure of some multinuclear chemotherapeutics. 

 

1.5.  Nitric oxide donors and their anticancer properties 

Nitric oxide (NO) is an endogenous radical that has several biological functions.96-99 The 

major role of NO is to act as a vasodilator* (i.e., relaxes the arteries in order to lower blood 

pressure).97, 100 Thereby, nitric oxide regulates blood pressure and prevents heart attack and 

stroke.100-102 Furthermore, NO is cytotoxic and genotoxic at high concentration. NO induces cell 

                                                

* This topic is explained in Chapter 2. 



8 

death and inhibits metastasis in some forms of cancer, for example, pancreatic, liver, breast, 

ovarian, and skin.100, 103-106 Low concentrations of NO (<300 nM) were found to assist in cancer 

cell proliferation and activate angiogenic factors.105-107 At higher concentrations of NO (>300 nM), 

the rate of phosphorylation of a tumour suppressor transcription factor known as p53 increases.105, 

107, 108 Phosphorylation activates p53, which results in cytostasis (i.e., halts cell division or growth) 

or apoptosis (i.e., programmed cell death).105, 108 Therefore, the bioactivity of NO in tumour cells 

is dependant on its concentration, the tumour site microenvironment, and the duration of exposure 

(Figure 1.6).96, 97, 106 In addition, nitric oxide acts as a ligand and coordinates to different metals, 

such as iron and copper, present in metalloproteins.105, 109, 110 For example, NO can inhibit cellular 

respiration by binding to the iron and copper present in cytochrome c oxidase (also known as 

complex IV) in the mitochondria.96, 105 Furthermore, high concentration of NO can inhibit glycolysis 

(i.e., breakdown of glucose) in tumour cells.105 Tumour cells produce energy from glycolysis 

followed by lactic acid fermentation.111 This interesting phenomenon in cancer cell metabolism is 

known as the Warburg effect, which is defined as the anaerobic glycolysis and fermentation in 

the presence of oxygen, and was reported in 1920 by the Nobel laureate Otto Warburg.111, 112  

 

 

Figure 1.6.  The effect of nitric oxide concentration on tumour cells. 

 

Under normal levels of oxygen (i.e., normoxia), nitric oxide is synthesized from the amino 

acid L-arginine via enzymes known as nitric oxide synthases (NOS).97 NO can also be produced 

from serum nitrite by deoxyhemoglobin.113, 114 When the partial pressure of oxygen is low (i.e., 
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hypoxia), NOS enzymes are deactivated, and the oxygen deficiency will trigger deoxyhemoglobin 

to reduce nitrite to NO.97, 113, 114 Solid tumours, such as head and neck tumours, have regions of 

hypoxia. Although they tend to grow new blood vessels (i.e., angiogenesis), these vessels are not 

sufficient to supply blood to the tumour site, which drops the level of oxygen.115, 116 The hypoxic 

regions in tumours are also radioresistant.117-119 In radiotherapy, radiation is used to ionize 

biomolecules and generate electrons that undergo various reactions to form radicals.120 Radicals 

can damage the DNA and/or other parts of the cancer cell.120, 121 Oxygen was found to amplify the 

effect of radiation in cells.120, 122 It has an affinity for electrons and can form the anionic superoxide 

radical (O2
.—), which damages DNA.120, 122 The effect of oxygen on radiotherapy is known as the 

oxygen-fixation hypothesis.121 This explains why hypoxic cells are less sensitive to radiation.120  

Molecules other than oxygen also have an affinity for electrons, and thus can increase the 

sensitivity of tumour cells to radiotherapy.120 Researchers have attempted to develop such 

molecules, which are known as radiosensitizers or radio-enhancers.120 According to some 

experiments, nitric oxide was effective in radio-sensitizing hypoxic tumour cells.106, 123-128 Other 

experiments refuted this observation.97, 107, 129 Subsequently, researchers came to realize that 

whether or not NO acts as a radiosensitizer is dependant on the cellular environment and the 

concentration of NO.97, 106, 107 

RRx-001, (1-bromoacetyl-3,3-dinitroazetidine), is a radiosensitizer that is selectively 

activated in hypoxic tumour cells to release nitric oxide (Figure 1.7).97, 130, 131 This anticancer agent 

is currently in phase II clinical trails.130 As stated earlier, deoxyhemoglobin acts as a reducing 

agent under hypoxia; thus, it reduces (-NO2) substituents in RRx-001 and generates NO.97 

Furthermore, NO released by RRx-001 can dilate the blood vessels allowing oxygenation of the 

tumour cells.132 As a result, RRx-001 is used in combination therapy studies as an agent to 

increase the sensitivity of tumour cells toward chemo and radiotherapy.130 Researchers have 

anticipated using RRx-001 as a chemosensitizer in several other diseases, such as malaria and 

sickle cell anemia.133, 134 Interestingly, RRx-001 is a dinitroazetidine derivative, which is a class of 

high energy compounds that was originally used in aerospace industry before being identified as 

a novel class of anticancer agents.133 

Another NO donor drug, known as OKN-007 (2,4-disulfophenyl-tert-butylnitrone, Figure 

1.7), is also in clinical trials.135 This drug is effective against malignant glioma (i.e., brain 

tumour).135 The mechanism of action of OKN-007 is still unknown, but, it is thought that it acts as 

a scavenger of free radicals.135  
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Figure 1.7.  Nitric oxide anticancer agents currently in clinical trials. 

 

 

In addition, researchers have synthesized ruthenium nitrosyl complexes to study their NO 

donating properties. Ruthenium complexes of the form trans-[(NO)L(NH3)4Ru]3+ (L = an aromatic 

nitrogen heterocycle) function as vasodilators.136 Since nitric oxide can inhibit tumour growth, 

some ruthenium nitrosyl complexes were found to exhibit anticancer activity, such as the 

trinuclear Ru complex presented in Figure 1.8.78, 137 This cluster was found to exhibit cytotoxicity 

against melanoma cells.137 Furoxan (1,2,5-oxadiazole 2-oxide) derivatives are nitric oxide donors 

that were used as ligands on Pt(II) complexes to generate molecular hybrids with pronounced 

cytotoxicity in colon and gastric cancer cell lines.138 Other furoxan derivatives were found to be 

cytotoxic in sarcoma and mammary adenocarcinoma (Figure 1.8).139 
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Figure 1.8.  Nitric oxide releasing compounds with anticancer activity. 

 

 

1.6.  Antibacterial agents: historical overview and the application 
of nitric oxide donors 

Antibacterial agents have a long history. In 1928, Sir Alexander Fleming discovered the 

world’s first antibiotic, penicillin, which is a natural product used to treat several bacterial 

infections, such as pneumonia and scarlet fever.140, 141 Afterword, Albert Schatz and Selman 

Waksman successfully isolated the natural product streptomycin, which was the first antibiotic to 

treat tuberculosis.140 The period between the 1960s and 1990s witnessed the discovery of several 

synthetic drugs by medicinal chemists.141 Nalidixic acid was the first quinolone antibacterial agent 

isolated as a by-product from the synthesis of chloroquine.142 Although, the discovery of penicillin 

marks the world’s first antibiotic, in 1910 the German scientist Paul Ehrlich was the first to 

introduce a synthetic compound with antimicrobial activity.140 His compound, 3‐amino‐4‐

hydroxyphenylarsenic(I) (also known as arsphenamine, Salvarsan or compound 606), was found 

to be effective against syphilis and trypanosomiasis (Figure 1.9).140 Arsphenamine is the world’s 

first chemotherapeutic agent, initiating the concept of chemotherapy. Surprisingly, the structure 

of this compound was not confirmed until 2005 via electrospray ionization mass spectrometry.143  
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Figure 1.9.  Arsphenamine is a mixture of a trimer and a pentamer of organoarsenic 
compounds. 

 

Bacterial infections represent a global problem as microorganisms can develop resistance 

to a variety of antibiotics.144, 145 There is a continuous demand for new drugs that can have 

different modes of action than the classical antibiotics to overcome bacterial resistance that 

resulted from drug overuse in the past.146-148 The majority of the current antibiotics originate from 

natural products or their derivatives (i.e., semisynthetic).141, 149 These compounds can target 

different parts of the bacterium including the cell wall, the ribosomes, or the DNA.141 Natural 

products have proven to be effective antibiotics over the years, but they tend to be difficult to 

synthesize in the laboratory.141 According to an analysis of FDA-approved drugs as of the year 

2016, the antibiotics derived from microbes (i.e., bacteria and fungi) are 97% of all the antibacterial 

natural products.150 Some, especially first-generation antibiotics, are metabolites (i.e., molecules 

used in metabolism) extracted from microbes.141 These microorganisms have the genetic code to 

acquire resistance against their metabolites and can pass this code to the bacteria present in the 

environment.141  

Recent research focuses on developing synthetic antibiotics that have unconventional 

targets.141 Synthetic compounds need to have structural features that allow them to penetrate the 

bacterium cell wall since antibiotics rely on active transport (i.e., passing through transmembrane 

proteins) rather than diffusion.149 An example of an unconventional antibiotic is tigecycline (Figure 

1.10).151 The FDA approved the clinical use of this drug in 2005.151 Tigecycline is the first 

tetracycline in a new class of antibiotics known as glycylcyclines.151 This semisynthetic drug is 

used to treat multi-drug resistant bacteria that have acquired an efflux pump and ribosomal 

protection.151 Figure 1.10 is a timeline illustrating some of the important discoveries and historical 

advancements in the field of antibiotics. 
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Figure 1.10.  Timeline illustrating the historical development of antibiotics. 

 

Endogenous nitric oxide is produced as an immunological response to pathogens.152-154 

NO and the products that result from its reaction with other molecules in the cell were found to 

exhibit antibacterial activity.153 The products of NO reactions, such as S-nitrosothiols and 

peroxynitrites (ONOO—), are known as Reactive Nitrogen Species (RNS) and have been found 

to mutate bacterial DNA by deaminating its nucleosides or promote strand breaks.153 Since nitric 

oxide is generated in higher organisms as part of their immune defence mechanism, researchers 

anticipated that synthesizing NO-donors that may potentially exhibit activity against multi-drug 

resistant bacteria.155 For example, nanoparticles were found to be effective scaffolds in carrying 

NO and delivering it to bacteria.156, 157  

Relevant to this thesis are reports that furoxan derivatives can act as antibacterial agents 

since they are capable of releasing NO under physiological conditions.158 For example, the 

benzofuroxan derivative presented in Figure 1.11 – A was found to be effective against several 

bacterial strains, such as Gram-positive Staphylococcus aureus and Gram-negative Escherichia 

coli (E. coli).159 The sulfonylhydrazone furoxan derivative, (E)-3-methyl-4-((2-

tosylhydrazono)methyl)-1,2,5-oxadiazole 2-oxide, was also found to be effective against E. coli 

(Figure 1.11 – B).160 Aside from their antibacterial activity, furoxan derivatives were found to be 

effective against viruses and parasites. Figure 1.11 – C, D shows two furoxan derivatives that 

are effective against Trypanosoma cruzi and Plasmodium falciparum (the malaria parasite).161 
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Figure 1.11.  Antibacterial furoxan derivatives. 

 

1.7.  Gold in medicinal chemistry 

Chrysotherapy (derived from the Greek word for gold, chrysos) or aurotherapy is the 

treatment of diseases using gold-based compounds.162 The use of gold in medicine is dated back 

to 2500 B.C., where the Egyptians and Chinese used it in the treatment of some diseases, such 

as syphilis.65, 162 However, it had a small contribution in formulating drugs, as early physicians 

faced tremendous difficulty in dissolving gold to generate soluble remedies.163 Medieval 

alchemists solved this problem by developing potable gold, aurum potabile.163 The utilization of 

gold in modern chemotherapeutics began in 1890, when Robert Koch discovered the role of gold 

cyanide in treating tuberculosis.164 Gold cyanide, [Au(CN)2]—, also exhibits anti-HIV (Human 

Immunodeficiency Virus) activity.165, 166 Several gold(I) thiolate salts were developed as anti-

tubercular agents between 1925 and 1935.164 In the 1920s, the physician Jacques Foresteir 

began examining the application of gold in the treatment of rheumatoid arthritis (RA), since the 

patients who were administered gold drugs during clinical trials, experienced reduced joint pain.164 

Several gold-based compounds were synthesized and tested against RA. Auranofin, Et3PAuISR, 

(trade name Ridaura) and sodium aurothiomalate, [AuI-S-CH(CO2Na)(CH2CO2Na)]n, (trade name 

Myochrysine) are gold(I) complexes used in clinics as anti-arthritic agents (Figure 1.12).165 

Auranofin which was synthesized by Sutton and co-workers, was approved for clinical use in 

1985, and around the same year, reports showed that it exhibits antitumor activity due to its 

cytotoxicity.164 Therefore, researchers began focusing on the synthesis of new Au(I) phosphine 

complexes, such as [Au(d2pypp)2]Cl, to examine their role as anticancer agents (Figure 1.12).164 

Medicinal chemists were motivated to synthesize Au(III) complexes as potential anticancer 

chemotherapeutics, since Au(III) possesses the same square planar geometry as Pt(II) in 
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cisplatin. Furthermore, Au(III) and Pt(II) are isoelectronic (i.e., 8 electrons in d-orbitals) and thus 

might demonstrate the same biological activity. Recent studies have focused on applying 

auranofin and aurothiomalate in the treatment of several forms of cancer, such as chronic 

lymphocytic leukemia and lung cancer.167  

 

 

Figure 1.12.  Common gold-based chemotherapeutics. Both auranofin and sodium 
aurothiomalate are used in clinics to treat arthritis. 

 

The interest in using gold complexes as therapeutic agents stems from their ability to 

interact with thiol groups present in proteins, as well as, selenols present in enzymes like 

thioredoxin reductase.164 Thioredoxin reductase is the enzyme responsible for regulating the 

redox reactions inside cells, thus it is the target of several chemotherapeutics.164 Au(I) and Au(III) 

complexes can inhibit the activity of this enzyme because they have high affinity for cysteine and 

selenocysteine amino acids, which are present in its active site.164 The inhibition of thioredoxin 

reductase, which is present in the mitochondria, leads to cell death.164  

1.8.  Gold(I) anticancer compounds 

Gold(I)-based anticancer compounds are divided into two categories: 1) neutral 

complexes that possess linear geometry, such as auranofin and 2) positively charged complexes, 

such as [Au(d2pypp)2]Cl, which was found to be selectively active against breast cancer.164 Both 

categories were found to display the same mode of action. They target the mitochondria and 

cause oxidative stress, which leads to apoptosis.164 Recent research focuses on synthesizing 

gold(I) complexes with N-heterocyclic carbene (NHC) ligands since these compounds were found 
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to be selectively cytotoxic against tumour cells.168-170 Studies showed Au(I)-NHC complexes that 

are lipophilic and positively charged can accumulate more readily in cancer cells (i.e., have higher 

bioavailability), particularly in the mitochondria.171 Coordination of highly lipophilic ligands, such 

as triphenylphosphine has been found to enhance mitochondrial uptake.167 Examples of Au(I)-

NHC complexes are presented in Figure 1.13. 

 

 

 

 

Figure 1.13.  Examples of gold(I) N-heterocyclic carbene (NHC) complexes. 

 

1.9.  Gold(III) anticancer compounds 

Gold(III) has a high reduction potential rendering it unstable in biological systems.166 Most 

notably, gold(III) complexes can be reduced by glutathione (GSH) and ascorbic acid in 

physiological environments.164 To address this issue, researchers used chelating ligands that 

stabilize gold in its (3+) oxidation state.164 Examples of such complexes are presented in Figure 

1.14. [AuX2(damp)], [Au(ESDT)X2], † and Au(III) meso-tetraphenylporphyrin are cytotoxic in vivo 

and in vitro.164, 172 In addition, [Au(dien)Cl]Cl2 is cytotoxic in the cisplatin-resistant ovarian cell line 

A2780.173 [Au(Quinpy)Cl]Cl2 and [Au(terpy)Cl]Cl2‡ were found to interact with DNA, demonstrating 

that the cytotoxicity of gold-based complexes may not always be attributed to their interaction with 

                                                

† Damp = 2-[(dimethylamino)methyl]phenyl; ESDT = ethylsarcosinedithiocarbamate. 

‡ Quinpy = N-(8-quinolyl)pyridine-2-carboxamide; terpy = 2,2′:6′,2″-terpyridine. 

Increased uptake into mitochondria 
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the mitochondria.166, 174 However, since most gold-based compounds do not target DNA, they 

could exhibit activity against cisplatin-resistant cells, due to their different mode of action.167  

 

 

Figure 1.14.  Gold(III) complexes exhibiting anticancer activity.162, 164 

 

1.10.  Research goals 

The first two research chapters in this thesis will discuss the synthesis and 

characterization of: 1) novel nitric oxide releasing Ru(II)-arene complexes and their role as 

anticancer and antibacterial agents; 2) a heterobimetallic Ru(II)-arene–Au(I) complex and its 

potential use as a scaffold to build new multinuclear complexes. The compounds in both chapters 

were characterized by different methods including: Nuclear Magnetic Resonance (NMR) 

spectroscopy, Electrospray Ionization Mass Spectrometry (ESI-MS), Matrix Assisted Laser 

Desorption Ionization Time of Flight (MALDI-TOF), Infrared (IR) spectroscopy, and Electron 

Paramagnetic Resonance (EPR) spectroscopy.   
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The goal of Chapter 2 is to develop a structure-activity relationship for a series of furoxan 

derivatives coordinated to a Ru(II)-arene moiety based on RAPTA-C. The furoxan derivatives 

were functionalized with electron donating groups (-OCH3, -OPh, -SPh) or electron withdrawing 

groups (-NO2, -SOPh, -SO2Ph) or a standard (-H) (Figure 1.15). EPR spin-trapping was used to 

measure the NO-donating ability of the furoxan derivatives and the complexes. Furthermore, the 

antibacterial activity of all the compounds was evaluated in vitro using a turbidity assay. The 

National Cancer Institute (NCI) has accepted four of the furoxan derivatives, L1(-NO2), L5(-SPh), 

L6(-SOPh), and L7(-SO2Ph) for evaluation of anticancer activity using NCI 60 screening.  

The goal in Chapter 3 is to synthesize a heterobimetallic Ru(II)-arene complex with 

potential anticancer and/or antibacterial activity. The original proposal was to synthesize a Ru(II)-

Cu(II) heterobimetallic complex. However, this effort failed after several attempts due to the 

reasons described later in the chapter. Consequently, an alterative metal with anticancer 

properties (i.e., gold(III)) was used (Figure 1.16). The chemical structure of the binuclear complex 

was confirmed via NMR, ESI-MS, and X-ray fluorescence (XRF) spectroscopy. 

Chapter 4 concludes the research addressed in this thesis and suggests some future 

work.  
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Figure 1.15.  General structure of the Ru(II)-arene nitric oxide donating complex and the 
substituents used to functionalize the furoxan ring. 

 

 

Figure 1.16.  Ru(II)-arene-Au(III) heterobimetallic complex and its potential targets in the 
cell. The compound is expected to inhibit thioredoxin reductase in the 
mitochondria due to the presence of Au(III). It may also migrate to the 
nucleus and damage the DNA.  
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Chapter 2. Nitric Oxide Donating Ruthenium(II) 
Complexes as Anticancer and Antibacterial Agents 

2.1. Introduction  

During lightning strikes, N2 and O2 gaseous molecules react to form a colourless gas 

known as nitric oxide, NO, § Figure 2.1.175 Nitric oxide is a free radical that can subsequently react 

with O2 generating the toxic brown gas nitrogen dioxide, NO2.96 Therefore, NO was primarily 

considered an air pollutant until the discovery of its physiological role during the 1970s and 

1980s.96 It is now well established that NO is an endogenous molecule responsible for the dilation 

of smooth muscles in blood vessels.176, 177 Consequently, NO regulates blood pressure and can 

be used to prevent the hardening of arteries caused by atherosclerosis and angina.178, 179 These 

findings were made by three researchers: Robert Furchgott, Louis Ignarro, and Ferid Murad, who 

were awarded the Nobel Prize for Physiology and Medicine in 1998.96, 180 Due to the biological 

importance of NO, it was named the molecule of the year by the journal Science in 1992.178 

   

Figure 2.1.  Chemical structure of nitric oxide. 

 

Most radicals are reactive species owing to the fact that they possess unpaired electrons. 

NO is moderately reactive since the unpaired electron is delocalized over the nitrogen and oxygen 

atoms, with a higher probability of finding it on nitrogen (ca. 60%).96 This explains why NO gas 

does not dimerize at room temperature and pressure.181 The bond order of NO is 2.5 with a 

corresponding bond length equal to 1.154 Å, which is shorter than the double bond in nitroxyl 

anion (1.26 Å in NO—) and longer than the triple bond in nitrosonium cation (1.06 Å in NO+).96, 182   

There are three enzymes (isoforms) in the human body responsible for the synthesis of 

NO. These enzymes are known as Nitric Oxide Synthases (NOS) and are found in several parts 

                                                

§ Although the molecule NO is commonly referred to as nitric oxide, the IUPAC nomenclature is nitrogen 
monoxide. By convention, chemists do not include a dot with the chemical formula to denote the presence 
of unpaired electron (NO.), whereas, biologists do. 
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of the body, thus they have different characteristics.181, 183 Neuronal NOS (nNOS or NOS I) is 

found in the nervous system and generates NO that acts as a neurotransmitter (i.e., allows 

communication between neurons).178, 181 Inducible NOS (iNOS or NOS II) is located in 

macrophages.184 Macrophages are cells that belong to the immune system and defend the body 

by using NO as a cytotoxic agent.178, 183 The concentration of NO synthesized by iNOS is relatively 

higher than that generated by the other two isoforms, and it is only induced to generate NO when 

a foreign molecule or microorganism is present in the body.178, 184 The third type of NOS is 

endothelial NOS (eNOS or NOS III). Endothelial tissue is found in the lining of organs and blood 

vessels. NO released in this tissue acts as a vasodilator.181 Since NO is a small lipophilic 

molecule, it has a high diffusion rate and can penetrate the membranes of the endothelium and 

muscle cells.109 In the past, researchers referred to NO as EDRF (Endothelium-Derived Relaxing 

Factor).109 Figure 2.2 illustrates how NO acts as a vasodilator. When NO binds to an enzyme 

called soluble Guanylate Cyclase (sGC), which is present in muscle cells, it activates it by 

changing the geometry of the iron(II) metal in the enzyme. The NO ligand pulls Fe(II) out of the 

plane of the porphyrin ring where it resides, resulting in the active conformation of sGC.96, 109 

 

Figure 2.2. The role of NO as a vasodilator in blood vessels.96, 176 1) acetylcholine binds 
to its receptor protein in the endothelium, 2) this stimulates the entrance of 
Ca2+ and activates the enzyme eNOS, 3) eNOS oxidizes arginine and forms 
citrulline and NO, 4) NO binds to the enzyme soluble Guanylate Cyclase 
(sGC) and activates it, 6) after several steps that are initiated by the active 
sGC, the muscle relaxes resulting in a lower blood pressure.   
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Glyceryl trinitrate or nitroglycerin (GTN) and sodium nitroprusside or nitropress (SNP) are 

two drugs that were approved for clinical use to lower blood pressure, such as in the case of 

angina or heart failure, respectively (Figure 2.3).176, 185, 186 GTN was synthesized in 1847 by 

Ascanio Sobrero, while the preparation of SNP was reported in 1848 when it was the first iron 

nitrosyl complex to be synthesized.96, 180 It is remarkable that both compounds were used as 

vasodilation drugs before a link was made to the role of NO in biological systems and the ability 

of these compounds to release it. 

 

 

Figure 2.3.  Chemical structure of the vasodilators GTN and SNP. 

 

The medical applications of NO are not limited to its ability to regulate the blood pressure. 

NO can also inhibit platelet aggregation which is a condition that results in thromboembolic 

disorders.187, 188 NO released by neurons targets glial cells, nerve terminals, and Purkinjie fibers 

(i.e., cardiac muscle cells that conduct electrical impulses in the heart).109, 189 Researchers have 

proven that neurons containing nNOS are not susceptible to degradation from neurodegenerative 

diseases such as Alzheimer’s disease.109, 190  

Macrophages and neutrophils have cytotoxic activity since they are capable of releasing 

NO. 191-193 What makes NO toxic in this case is its high local concentration. The concentration of 

NO released by this defense mechanism is 100 times higher than that released from neuronal 

and endothelial cells.109 This provides insight into the impact of the concentration of NO on its 

biological activity. The cytotoxicity of NO comes from its ability to damage iron-sulfur clusters in 

metalloproteins when it has a high concentration in the physiological environment.183, 194, 195 In 

addition, elevated levels of NO allow it to react with superoxide radical, O2
. —, which is released 

from immune cells as part of their defense mechanism.196 The reaction between these two 

radicals results in the formation of cytotoxic peroxynitrite anion, ONOO—.175, 197  
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In the presence of tumour tissues, macrophages are stimulated to release NO.198 Nitric 

oxide inhibits the enzyme aconitase, which is involved in the Krebs cycle (i.e., the metabolic 

pathway that generates energy via aerobic respiration in the mitochondria), and consequently 

reduces protein synthesis.199 Complexes I and II in the electron transport chain of the 

mitochondria are also inhibited by NO, which impairs cellular respiration.200 Therefore, tumour 

cells can struggle to survive in the presence of elevated NO concentration.  

Nitric oxide also exhibits antimicrobial activity.198, 201 It can inhibit the growth of the 

Plasmodium parasite, which is responsible for malaria.198, 202 Furthermore, the origin of the 

effectiveness of nitrate and nitrite salts as food preservatives, is that they generate nitric oxide 

which interacts with metalloproteins, particularly, iron-containing proteins in microbes, and thus 

prevents their growth.201 Although NO is toxic towards bacteria, it is an intermediate molecule in 

the denitrification pathway (i.e., the reduction of nitrate to N2(g)) in bacterial cells, and it is 

maintained at a small steady-state concentration (≤ 60 nM).203, 204  

This chapter will focus on the synthesis of new furoxan (1,2,5-oxadiazole 2-oxide) 

derivatives coordinated to Ru(II)-arene complexes to be used as anticancer and antibacterial 

agents. Furoxan is a five-membered aromatic heterocycle capable of releasing NO in the 

presence of thiols.205-207 Therefore, the newly synthesized furoxan derivatives and their 

corresponding complexes are expected to donate nitric oxide under physiological conditions. 

There are four isomers of oxadiazole, illustrated in Figure 2.4. Furoxan is an azole that belongs 

to the class of N-oxide heterocycles that are characterized by the presence of the coordinate-

covalent, also called dative, bond between nitrogen and oxygen.208 This bond is indicated by an 

arrow or by using formal charges (N→O or N+-O—). X-ray crystallography revealed that the 

unsubstituted furoxan ring is planar and the N→O bond length is 1.240 Å.209 This bond is 

characterized by strong absorption of infrared (IR) radiation at 1620 cm—1.209 

 

 

Figure 2.4.  The four isomers of oxadiazoles and furoxan (1,2,5-oxadiazole 2-oxide). 
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Applications of furoxan derivatives vary with their substituents, which can impact the 

amount of NO released.210-213 For example, furoxans used as vasodilators need to release less 

NO than those used to make high-energy explosive materials.214, 215 Figure 2.5 illustrates some 

of the applications of furoxan derivatives. For instance, 4-phenylfuroxan derivative is used as a 

neuroprotective agent for the central nervous system.216 4-phenyl-3-furoxancarbonitrile inhibits 

platelet aggregation in vitro, while CAS 1609 (4-hydroxymethyl-furoxan-3-carboxamide) acts as 

a vasodilator.188, 217 In addition, furoxans can exhibit antibacterial activity. For example, (E)-3-

methyl-4-((2-tosylhydrazono)methyl)-1,2,5-oxadiazole 2-oxide was found to be active against E. 

coli.160 Furthermore, some benzofuroxans, which are condensed heterocycles, exhibit 

antileukemic activity.218, 219  

 

 

Figure 2.5.  Applications of furoxan derivatives. 

 

In this chapter, the syntheses and characterization of seven new furoxan ligands and their 

corresponding Ru(II)-arene complexes are described. The furoxan derivatives differ in the 

functional group at C4 (-NO2, -H, -OCH3, -OPh, -SPh, -SOPh, -SO2Ph), and a pyridinyl group is 

appended at C3 to allow coordination to a Ru(II) center. The complexes have a piano-stool 
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geometry, as shown in Figure 2.6. The first two derivatives (-NO2, -H) were obtained by following 

the Wieland approach for the synthesis of furoxans.220 The other three derivatives (-OCH3, -OPh, 

-SPh) were synthesized via nucleophilic aromatic substitution of the -NO2 group. Finally, the 

sulfinyl (-SOPh) and the sulfonyl (-SO2Ph) derivatives were obtained by oxidation of the thiol in 

the ligand with (-SPh) substituent.  

 

 

Figure 2.6.  Design of the NO-releasing Ru(II)-arene complexes. 

 

The amount of NO released by the complexes and their corresponding ligands was 

quantified via Electron Paramagnetic Resonance (EPR) spectroscopy using a spin-trapping 

technique. In addition, the antibacterial activity of all compounds was tested against Gram-positive 

and Gram-negative bacteria, Bacillus subtilis and Escherichia coli, respectively, using a turbidity 

assay. Four of the furoxan derivatives were submitted to the National Cancer Institute (NCI) to 

investigate their anticancer activity via NCI-60 screening.  

In general, nitric oxide donors can either release NO spontaneously or require a specific 

reagent to mediate its release.209 It has been found that some furoxan derivatives are able donate 

NO, detected as nitrite, without the assistance of thiols.221 Nevertheless, most furoxan derivatives 

require thiols, and as such they can only donate NO in reducing biological environments.222 

Significant to this thesis is the observation that bacterial and tumour cells can exhibit reducing 

environments that are low in oxygen and high in glutathione.223 Glutathione is a tripeptide 

containing the amino acid cysteine in which a thiol group is present.223 Therefore, it is 
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hypothesized that the complexes and the ligands in this thesis could preferentially be activated in 

hypoxic cells.  

Tautomerism and isomerization are common in some furoxan derivatives.208, 209 This will 

also be discussed by comparing the new furoxan derivative (-NO2) to its literature analogue, which 

differs only by the presence of a phenyl substituent as opposed to the pyridinyl functionality.224, 

225 The literature analogue is presented in Figure 2.7. 

 

 

Figure 2.7.  Relevant furoxan derivative synthesized previously by the literature. 

 

2.2. Experimental 

2.2.1. Materials and Methods  

All reagents were purchased from Sigma-Aldrich, except for sodium N-(dithiocarbamoyl)-

N-methyl-D-glucamine (MGD), which was purchased from Alfa Aesar and ruthenium(III) chloride 

trihydrate, RuCl3.3H2O, from Pressure Chemical. All reagents were used as received. Nuclear 

Magnetic Resonance (NMR) spectra were recorded on a Bruker-AV (400, 500, or 600 MHz) 

instruments. Infrared (IR) spectra were recorded in the range of 4000-400 cm-1 using a 

PerkinElmer Spectrum Two FTIR Spectrometer equipped with a UATR Diamond/ZnSe ATR 

(Single Reflection). Mass spectra (positive and negative ion) were obtained on Bruker micrOTOF 

time-of-flight electrospray ionization mass spectrometer (ESI-MS). Electron Paramagnetic 

Resonance (EPR) spectra were obtained using a Bruker EMXplus spectrometer equipped with a 

PremiumX microwave bridge and HS resonator at X-band (9.3-9.4 GHz). Optical density was 

determined using a BioTek microplate reader. The growth of bacterial cultures was monitored 

with a Cary 1E UV-Visible spectrophotometer.  



27 

Note that elemental analysis of C, H, and N was not performed because this class of 

compounds tend to decompose readily and thus may lose the N→O moiety. The purity of the 

compounds ranges approximately between 90 – 97 % (determined from the 1H NMR spectra). A 

change in the proton chemical shifts of the ligands’ pyridyl substituent can confirm the 

coordination to the Ru(II)-arene moiety. Figure 2.8 shows the stacked 1H NMR spectra of L1(-

NO2) and C1(-NO2). The pyridyl protons shift downfield when the ligand is coordinated to Ru(II) 

moiety. The assigned and integrated spectra for all the compounds can be found in Appendix A. 

Some of the 13C NMR spectra may not contain the correct number of C atoms due to the low 

concentrations of the samples being tested. In addition, Ru(II) complexes have a characteristic 

isotopic pattern that can be seen in mass spectra (provided in Appendix A). C4(-OPh) was found 

to have several isotopic peaks. However, some complexes may not have this isotopic pattern, but 

will have a molecular weight similar to the compound of interest, and thus may not provide 

evidence of the indicated complex. While the author is confident in the structural assignment of 

all compounds and complexes described in this thesis, several of the complexes (C1-C7) were 

isolated and characterized as impure mixtures. 

 

Figure 2.8. The stacked 1H NMR spectra of C1(-NO2) and its corresponding ligand. 
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2.2.2. Synthesis of 4-nitro-3-(pyridin-4-yl)-1,2,5-oxadiazole 2-oxide (L1) 

Acetic acid (50 mL) was mixed with 4-vinylpyridine, C7H7N, (11 mL, 102 mmol) and the 

solution was placed in an ice-bath. Saturated aqueous solution of sodium nitrite, NaNO2, (40 g, 

580 mmol, dissolved in ca. 70 mL H2O) was added dropwise over an hour. Caution: nitrogen 

dioxide gas, NO2, will form, if large portions of NaNO2 were added. NO2 is toxic orange-

brown gas. If formed, the gas evolution must cease before adding additional portions of 

the nitrite solution. The solution was left to stir for two hours in the ice-bath before warming to 

room temperature (23 °C) for an additional 16 h. The solution was then diluted with H2O, followed 

by extraction with dichloromethane (5 × 200 mL). The organic extracts were washed with brine, 

dried over anhydrous magnesium sulfate, MgSO4, then filtered and concentrated in vacuo. The 

crude product was purified via silica gel column chromatography using ethyl acetate as eluent to 

yield the product as a yellow-white precipitate. Yield: 5.0 g, 24 %. 1H NMR (500 MHz, acetone-

d6) 𝛿 δ 8.85 (d, J = 5.1 Hz, 2Hb), 7.77 (d, J = 5.1 Hz, 2Ha). 13C NMR (126 MHz, acetone) 𝛿 151.77, 

126.28, 123.41, 120.92, 117.32. Positive ESI-MS: calculated for [M+H]+ 209.0311 and [M-O+H]+ 

193.0361; found, 209.0313 and 193.0363, respectively.  

 

 

2.2.3. Synthesis of 3-(pyridin-4-yl)-1,2,5-oxadiazole 2-oxide (L2) 

L2 was obtained as a side-product from the synthetic procedure of L1 with modifications. 

The amount of NaNO2 was half that for the synthesis of L1 (20 g, 290 mmol). The amount of the 

other reagents was the same as that used for L1. The reaction was left to stir at room temperature 

(23 °C) for 6 h. The compound was purified by silica gel column chromatography using ethyl 

acetate as eluent. The product was obtained as a white precipitate. Yield: 0.5 g, 3.0%. 1H NMR 

(400 MHz, DMSO-d6) δ 8.82 – 8.62 (m, 2Hb), 7.73 – 7.56 (m, 3Ha+c). 13C NMR (101 MHz, DMSO) 

δ 152.45, 150.56, 143.69, 138.36, 119.78. Positive ESI-MS: calculated for [M+H]+ 164.0460 and 

[M-O+H]+ 148.0511; found, 164.0458 and 148.0507, respectively.  
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2.2.4. Synthesis of 4-methoxy-3-(pyridin-4-yl)-1,2,5-oxadiazole 2-oxide (L3) 

L1 (0.1189 g, 0.572 mmol) was dissolved in methanol (20 mL). Potassium methoxide, 

KOCH3 (0.0607 g, 0.866 mmol) was added to the solution. The reaction was left to stir at room 

temperature (23 °C) for 3 h. The yellow-white precipitate was filtered, rinsed with hexanes then 

dried in vacuo. Yield: 0.05 g, 50%. 1H NMR (500 MHz, acetone-d6) δ 8.85 (d, J = 6.4 Hz, 2Hb), 

7.65 (d, J = 6.4 Hz, 2Ha), 3.78 (s, 3Hc). 13C NMR (126 MHz, acetone) δ 151.17, 121.08, 56.66 

(quaternary carbons were difficult to resolve). Positive ESI-MS: [M-NO+H]+ calculated 164.0586, 

found 164.0473; [M-O+H]+ calculated 178.0617, found 178.0596; [M+H-NO-Me]+ calculated 

152.0586, found 152.0695. 

 

 

2.2.5. Synthesis of 4-phenoxy-3-(pyridin-4-yl)-1,2,5-oxadiazole 2-oxide (L4) 

L1 (1.233 g, 5.93 mmol) was dissolved in dichloromethane (20 mL). Phenol (0.560 g, 5.95 

mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene, (abbreviated: DBU) (896 µL) were mixed in a 

separate vial to obtain phenolate. Phenolate was then added to the L1 solution. The resulting 

solution was left to stir at room temperature (23 °C) for 24 h. Reaction progress was monitored 

by TLC, with ethyl acetate as the elution solvent. The organic solution was washed with sodium 

bicarbonate, NaHCO3 (5 × 5 mL), dried over anhydrous MgSO4, then filtered and dried in vacuo 

to yield a yellow precipitate. L4 tends to degrade into 4-cyanopyridine (C6H4N2), which appears 

as colourless needle crystals so the product should be stored at low temperature (ca. -2 °C). Yield: 
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0.4 g, 26%. 1H NMR (400 MHz, CDCl3-d) δ 8.84 – 8.76 (m, 2Hb), 7.60 – 7.51 (m, 2Ha), 7.25 – 7.17 

(m, 2Hc), 6.93 – 6.80 (overlap, 3Hd+e). 13C NMR (101 MHz, CDCl3) δ 156.30, 150.56, 129.70, 

125.60, 120.94, 120.43, 116.26, 115.55. Positive ESI-MS: calculated for [M-O+Na]+ 261.0522 and 

[C13H11N3O4+ACN+Na]+ 337.0908; found 261.1105 and 337.0995, respectively.  

 

 

2.2.6. Synthesis of 4-(phenylthio)-3-(pyridin-4-yl)-1,2,5-oxadiazole 2-oxide 
(L5) 

This procedure was similar to L4, but with appropriate modifications (thiophenol was used 

instead of phenol). The product was obtained as a white solid. Yield: 60%. 1H NMR (400 MHz, 

acetone-d6) δ 7.56 – 7.53 (m, 2Hb), 7.47 – 7.44 (m, 2Ha), 7.38 – 7.32 (overlap, 4Hc+d), 7.30 – 7.27 

(m, 1He). 13C NMR (101 MHz, acetone) δ 137.55, 136.22, 130.95, 129.88, 129.16, 128.42, 128.35, 

127.7. Positive ESI-MS: calculated for [M-O+H]+ 256.0544; found, 256.0464.  

 

 

2.2.7. Synthesis of 4-(phenylsulfinyl)-3-(pyridin-4-yl)-1,2,5-oxadiazole 2-
oxide (L6) 

The literature procedure for the synthesis of the sulfinyl group was followed with 

modifications.226 L5 (0.267, 1.00 mmol) was dissolved in methanol (15 mL) then H2O2 (30%, 2 

mL, 20 equivalent) and zirconium(IV) chloride, ZrCl4 (1.61 g, 10 equivalent), were added to afford 
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a yellow-green solution. The reaction took around 10 minutes to reach completion. Reaction 

progress was monitored by TLC (ethyl acetate: hexanes, v/v, 3:7). Once the starting material was 

completely consumed, the reaction was quenched with water (15 mL) followed by extraction with 

chloroform (3 × 10 mL). Organic layers were combined and dried over anhydrous MgSO4, filtered 

and dried in vacuo. The product was isolated as a clear, dense oil. Yield: 0.27 g, 94%. 1H NMR 

(500 MHz, CDCl3-d) δ 7.58 – 7.56 (m, 2Hb), 7.48 – 7.40 (overlap, 3Hd+e), 7.37 – 7.32 (overlap, 

4Ha+c). 13C NMR (126 MHz, CDCl3) δ 136.70, 133.72, 132.35, 131.51, 129.55, 129.95, 127.70, 

125.53. Positive ESI-MS: calculated for [M-O+H]+ 272.0488; found, 272.0522. 

 
 

2.2.8. Synthesis of 4-(phenylsulfonyl)-3-(pyridin-4-yl)-1,2,5-oxadiazole 2-
oxide (L7) 

The literature procedure for the synthesis of sulfonyl group was followed with 

modifications.226 L5 (0.265, 1.00 mmol) was dissolved in methanol (15 mL) then H2O2 (30%, 4.0 

mL, 40 eq) and ZrCl4 (3.20 g, 20 eq) were added to afford a yellow-green solution. The reaction 

took 15 minutes to reach completion. Reaction progress was monitored by TLC (ethyl acetate: 

hexanes; v/v; 3:7). Once the starting material had disappeared the reaction was quenched with 

water (15 mL), followed by extraction with chloroform (3 × 10 mL). The organic layers were 

combined and dried over anhydrous MgSO4, then filtered and dried in vacuo. The product was 

isolated as a clear, pale yellow dense oil. Yield: 0.28 g, 92%.1H NMR (400 MHz, CDCl3-d) δ 8.15 

– 8.12 (m, 1Hb), 7.93 – 7.77 (overlap, 3Hd+e), 7.69 – 7.53 (overlap, 4Ha+c+b’). 13C NMR (101 MHz, 

CDCl3) δ 133.94, 132.70, 132.31, 129.40, 129.12, 128.81, 128.25, 128.18. Positive ESI-MS: 

calculated for [M-O+H]+ 288.0474; found, 288.0471. 
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2.2.9. Synthesis of [Ru(𝜼𝟔-p-cymene)Cl2]2 

This complex was prepared according to the literature procedure.227 Ruthenium(III) 

chloride trihydrate, RuCl3.3H2O, (438 mg, 1.68 mmol) was dissolved in ethanol (20.0 mL) and α-

phellandrene, C10H16, (3.40 mL, 20.9 mmol) was added. This solution was refluxed for 4 h. After 

cooling to ca. 0 °C for 12 h, red crystals were filtered, washed with cold ethanol (2 mL) and 

hexanes (2 mL), and dried in vacuo. Yield: 0.482 g, 94%. 1H NMR (DMSO-d6): δ 5.82 (d, J = 6.2 

Hz, 2H, benzyl, p-cymene), 5.77 (d, J = 6.2 Hz, 2H, benzyl, p-cymene), 2.83 (septet, J = 6.9 Hz, 

1H, isopropyl, p-cymene), 2.09 (s, 3H, methyl, p-cymene), 1.19 (d, J = 6.9 Hz, 6H, isopropyl, p-

cymene).  

 

 

2.2.10. General synthetic procedure for the complexes 

The chosen furoxan derivative (2 mmol) was dissolved together with [Ru(𝜂6-p-

cymene)Cl2]2 (1 mmol) in methanol (20 mL). The solution was then left to stir at room temperature 

(23 °C) for 12 h. The solution was concentrated to ca. 2 mL under reduced pressure, then the 

product was filtered, rinsed with cold hexanes and dried in vacuo.  
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2.2.11. Synthesis of C1(-NO2) 

The product was obtained as an orange powder. Yield: 70 %. 1H NMR (500 MHz, acetone-

d6) δ 9.32 (d, J = 6.0 Hz, 2Hb), 7.83 (d, J = 6.0 Hz, 2Ha), 5.59 (d, J = 5.8 Hz, 2H, benzyl, p-

cymene), 5.39 (d, J = 5.8 Hz, 2H, benzyl, p-cymene), 2.97 (hept, J = 6.9, 1H, isopropyl, p-

cymene), 2.05 (s, 3H, methyl, p-cymene), 1.32 (d, J = 6.9 Hz, 6H, isopropyl, p-cymene). 13C NMR 

(126 MHz, acetone) δ 157.38, 126.78, 103.93, 84.14, 83.12, 22.53, 18.04. Positive ESI-MS 

showed a base peak at 565.0846, however it could not be assigned to any mass adduct containing 

the compound of interest. The isotopic pattern indicates the presence of Ru + 2Cl. 

 

 

2.2.12. Synthesis of C2(-H) 

The product was obtained as a white powder. Yield: 45%. 1H NMR (400 MHz, DMSO-d6) 

δ 8.73 (d, J = 5.1 Hz, 2Hb), 7.75 – 7.53 (m, 2Ha), 5.83 – 5.75 (two doublets, 4H, benzyl, p-cymene), 

2.83 (hept, J = 6.9, 1H, isopropyl, p-cymene), 2.09 (s, 3H, methyl, p-cymene), 1.19 (d, J = 6.9 Hz, 

6H, isopropyl, p-cymene). 13C NMR (101 MHz, DMSO) δ 151.09, 119.94, 100.61, 86.82, 85.98, , 

30.45, 21.98, 18.32. Negative ESI-MS: [M-O-H]— calculated 451.9876 found 451.9917; [M-

2NO+formic acid-H]— calculated 453.9920, found 453.9903; [deoxygenated ligand-H]-calculated 

146.0360, found 146.0393. 
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2.2.13. Synthesis of C3(-OCH3) 

The product was obtained as a yellow-orange precipitate. Yield: 50%. 1H NMR (400 MHz, 

CDCl3-d) δ 9.31 (d, J = 6.3 Hz, 2Hb), 8.81(d, J = 6.3 Hz, 2Ha), 5.26 (s, 3Hc), 5.47 (d, J = 6.1 Hz, 

2H, benzyl, p-cymene), 5.25 (d, J = 6.1 Hz, 2H, benzyl, p-cymene), 2.86 – 2.80 (m, 1H, isopropyl, 

p-cymene), 3.47 (s, 3Hc), 2.13 (s, 3H, methyl, p-cymene), 1.31 (d, J = 6.8 Hz, 6H, isopropyl, p-

cymene). 13C NMR (101 MHz, CDCl3) δ 155.84, 134.74, 126.85, 84.30, 82.89, 23.05, 18.84. 

Positive ESI-MS: reverse [M+K]+= M2 adduct, calculated [M2-CH3+NH4]+ 505.0414, found 

505.3262. 

 

 

2.2.14. Synthesis of C4(-OPh) 

The product was obtained as an orange powder. Yield: 32%. 1H NMR (400 MHz, CDCl3-

d) δ 9.25 (t, J = 6.4 Hz, 2Hb), 8.15 (d, J = 5.9 Hz, 1Ha), 8.00 (d, J = 5.9 Hz, 1Ha’), 7.49 (dt, J = 8.5, 

6.9 Hz, 2Hc), 7.45 – 7.27 (m, 3Hd+e), 5.48 (d, J = 5.5 Hz, 2H, benzyl, p-cymene), 5.26 (d, J = 5.5 

Hz, 2H, benzyl, p-cymene), 3.01 (m, 1H, isopropyl, p-cymene), 2.14 (s, 3H, methyl, p-cymene), 

1.34 (d, J = 6.8 Hz, 6H, isopropyl, p-cymene). 13C NMR (151 MHz, CDCl3) δ 155.92, 152.19, 

143.20, 134.05, 130.29, 126.81, 122.03, 120.19, 119.97, 119.43, 105.74, 83.12, 82.50, 30.84, 

22.42, 18.46. MALDI-TOF: [M-O+CH3OH+H]+ calculated 578.0545, found 578.501. 
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2.2.15. Synthesis of C5(-SPh) 

The product was obtained as an orange powder. Yield: 25%. 1H NMR (500 MHz, CDCl3-

d) δ 7.50-7.49 (overlap, 3Hb+e), 7.32 – 7.29 (overlap, 4Ha+c), 7.24 – 7.21 (m, 2Hd), 5.47 (d, J = 5.9 

Hz, 2H, benzyl, p-cymene), 5.33 (d, J = 5.9 Hz, 2H, benzyl, p-cymene), 2.92 (hept, J = 6.5 Hz, 

1H, isopropyl, p-cymene), 2.16 (s, 3H, methyl, p-cymene), 1.28 (d, J = 6.5 Hz, 6H, isopropyl, p-

cymene). 13C NMR (101 MHz, CDCl3) δ 137.23, 137.22, 129.17, 127.80, 127.78, 127.31, 127.29, 

101.41, 96.89, 81.44, 80.73, 30.78, 22.28, 19.02. MALDI-TOF: [M] calculated 577.486 Da, found 

577.055 Da. 

 

 

2.2.16. Synthesis of C6(-SOPh) 

The product was obtained as a brown precipitate. Yield: 20%. 1H NMR (500 MHz, CDCl3-

d) δ 8.07 – 8.05 (overlap, 4Ha+b), 7.75 – 7.73 (overlap, 3Hc+e), 7.58 – 7.55 (m, 2Hd), 5.67 (d, J = 

6.4 Hz, 2H, benzyl, p-cymene), 5.24 (d, J = 6.4 Hz, 2H, benzyl, p-cymene), 2.70 (hept, J = 8.3 
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Hz, 1H, isopropyl, p-cymene), 2.15 (s, 3H, methyl, p-cymene), 1.35 (d, J = 8.3 Hz, 6H, isopropyl, 

p-cymene).  13C NMR (101 MHz, CDCl3) δ 145.55,129.58, 129.25, 127.95, 81.46, 80.55, 31.46, 

22.40, 19.07. MALDI-TOF: [M-O] calculated 576.9932 Da, found 576.602 Da 

 

 

2.2.17. Synthesis of C7(-SO2Ph) 

The product was obtained as a brown precipitate. Yield: 30%. 1H NMR (400 MHz, CDCl3-

d) δ 8.15 (d, J = 7.5 Hz, 1Hb), 7.93 – 7.64 (overlap, 6Ha+b’+c+e), 7.41 – 7.37 (m, 2Hd’), 5.99 (d, J = 

5.9 Hz, 2H, benzyl, p-cymene), 5.77 (d, J = 5.9 Hz, 2H, benzyl, p-cymene), 2.81 (hept, J = 6.5Hz, 

1H, isopropyl, p-cymene), 2.22 (s, 3H, methyl, p-cymene), 1.31 (d, J = 6.5 Hz, 6H, isopropyl, p-

cymene). 13C NMR (101 MHz, CDCl3) δ 137.04,134.79, 133.30, 132.91, 130.61, 130.19, 129.68, 

128.95, 128.73, 127.20, 102.27, 98.24, 80.26, 79.08, 22.32, 19.03. 
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2.2.18. Ru(𝜼𝟔-p-cymene)(Pyridine)Cl2 – control  

The compound was synthesized according to the literature procedure.228 1H NMR (500 

MHz, CDCl3-d) δ 9.07 – 9.01 (m, 2Hb), 7.74 (tt, J = 7.6, 1.6 Hz, 1Hc), 7.34 – 7.28 (m, 2Ha), 5.44 

(d, J = 5.8 Hz, 2H, benzyl, p-cymene), 5.22 (d, J = 5.8 Hz, 2H, benzyl, p-cymene), 2.99 (hept, J = 

6.5Hz, 1H, isopropyl, p-cymene), 2.10 (s, 3H, methyl, p-cymene), 1.31 (d, J = 6.5 Hz, 6H, 

isopropyl, p-cymene). 

 

 

2.2.19. Synthesis of (nitro)(phenyl)-1,2,5-oxadiazole 2-oxide 

The compound was synthesized according to the literature procedure.220, 225 Styrene, 

C8H8 ( 5.0 mL, 44 mmol) was mixed with aqueous solution of NaNO2 (20 g in ca. 30 mL H2O) in 

acetic acid (25 mL). The solution was left to stir at room temperature (23 °C) for one hour. The 

white precipitate was filtered and washed with cold hexanes then dried in vacuo. Positive ESI-

MS results are included in Appendix A.  

 

  



38 

2.2.20. Summary of syntheses 
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2.2.21. Crystal structure determination of C1 (decomposed) 

X-ray diffraction was performed on a single crystal at the University of British Colombia. 

The data were collected using a Bruker Apex DUO diffractometer using Mo Kα radiation filtered 

with a Triumph monochromator. The strategy for automatic data collection was determined using 

COSMO. The crystal was oriented using Kappa geometry and was kept at 273 K during data 

collection. Using Olex2, the structure was solved with the olex2.solve structure solution program 

using Charge Flipping and refined with the olex2.refine refinement package using GaussNewton 

minimisation.229, 230 Crystal Data for C17H21Cl2N2ORu (M  = 441.34 g/mol): triclinic, space group 

P-1 (no. 2), a = 7.2742(13) Å, b = 11.827(2) Å, c = 12.046(2) Å, α = 64.300(5)°, β = 89.453(5)°, γ 

= 77.446(5)°, V = 907.3(3) Å3, Z = 2, T = 273.15 K, μ(Mo Kα) = 1.163 mm-1, Dcalc = 1.6155 g/cm3, 

4361 reflections measured (3.94° ≤ 2Θ ≤ 56°), 4361 unique (Rint = 0.0000, Rsigma = 0.0623) which 

were used in all calculations. The final R1 was 0.0631 (I>=2u(I)) and wR2 was 0.1739 (all data). 

2.2.22. Colour test for N-oxide heterocycles  

This test was performed as described in the literature without modifications.208, 231 In a test 

tube or round-bottom flask, N, N-dimethylaniline (0.2 mL) was mixed with concentrated HCl (0.05 

mL) and the furoxan derivative (ca. 0.1 g). The solution was refluxed for 1 min. A blue-violet colour 

indicative of a positive test has developed. Ethanol (1 mL) may be added to the cooled solution if 

there is difficulty in observing the colour. This test was performed on L1(-NO2) and L2(-H).  

2.2.23. EPR spectroscopy and spin-trapping 

Preparation of spin-trap complex, Fe(MGD)2 

The Fe(MGD)2 complex was used to trap nitric oxide released by the compounds in situ. 

According to the literature, fresh stock solutions of this complex can be prepared in degassed 

phosphate buffered saline, (PBS), (purged with N2(g)) using 1 equivalent of Mohr’s salt, 

(NH4)2Fe(SO4)2
.6H2O, and 5 equivalents of sodium N-(dithiocarbamoyl)-N-methyl-D-glucamine, 

(Na-MGD).232 The final concentration of the spin-trap was 10 mM in the EPR samples.  

Preparation of EPR samples 

The compound to be studied for NO release was prepared in a mixture of degassed PBS 

and DMSO (49:1, v/v) to give a final concentration of 5 mM. The compound was mixed with the 

spin-trap, then a solution of reduced glutathione (abbreviated: GSH) prepared in degassed PBS 
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was added. The final concentration of GSH in the sample was 25 mM (i.e., 1 equivalent of 

compound was reacted with 5 equivalents of GSH). A 40 µL aliquot of the sample mixture was 

placed in a capillary tube that was sealed at one end. The capillary tube was placed inside an 

EPR tube, which was then sealed with Parafilm to reduce solvent evaporation.  

Preparation of the DPPH standard  

The stable organic radical, 2,2-diphenyl-1-picrylhydrazyl (DPPH), was used as a 

concentration standard. DPPH was dissolved in methanol to give a concentration of 4.77 µM, as 

determined using a NanoDropTM 2000/2000c Spectrophotometer with measurement at 515 nm. 

A 40 µL aliquot of the DPPH solution was placed in a capillary tube sealed at one end. This 

capillary tube together with the capillary tube of the compound of interest were placed side-by-

side in the EPR tube. The top of the EPR tube was sealed with Parafilm to reduce solvent 

evaporation.  

Preparation of the S-nitrosoglutathione standard  

S-nitrosoglutathione solution was used as a positive control for NO release. This solution 

was prepared following the literature procedure with some modifications.233 The spin-trap 

Fe(MGD)2 was mixed with 1 equivalent of sodium nitrite, NaNO2, followed by 1 equivalent of GSH, 

and 500 equivalents of concentrated hydrochloric acid. The solution was prepared in a mixture of 

degassed PBS and DMSO (49:1, v/v). The final concentration of S-nitrosoglutathione in the EPR 

sample was 5 mM, and the spin-trap was 10 mM. 

Experimental parameters used in EPR spectroscopy 

Microwave power: 20 mM; modulation amplitude: 6.0 Gauss; modulation frequency: 100 

kHz; time constant: 5.12 ms; sweep width: 70 Gauss; sweep time: 10.24 s; number of scans: 9.  

2.2.24. Turbidity assay to investigate the antibacterial activity of the 
compounds 

The complexes and the corresponding furoxan ligands were tested against Gram-positive 

Bacillus subtilis (B. subtilis) and Gram-negative Escherichia coli (E. coli) bacteria. Turbidity 

measurements were performed as described in the literature with some modifications.75 The 

assay was conducted in sterile 96-well Thermo Scientific microplates. Using a BioTek microplate 

reader, the growth of bacteria was monitored by measuring the absorbance at 620 nm every 10 
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minutes for 12 hours at 37 °C. The broth, Luria-Bertani (ThermoFisher Scientific), was prepared 

using distilled-deionized water supplied by a Millipore Milli-Q deionization system. The broth, 

pipette tips, and glassware were autoclaved for 20 minutes in a wet cycle.  

The assay was performed as follows. A single colony was inoculated into broth (15 mL) 

and incubated at 37 °C while shaking (200 rpm) for 16 hours. Afterward, additional broth was 

added (25 mL) and the bacteria was left in the incubator for 2 hours, then the optical density at 

620 nm (OD620) was measured (0.7 – 0.8) in a 1 mL cuvette. Stock solutions of the compounds 

were prepared in DMSO (1%) and broth (99%). The compound concentration was in the range of 

20-300 µg/mL for the ligands and 20-400 µg/mL for the complexes. The assays were performed 

in 4 replicates, using 25 µL of compound and 175 µL of culture in each well. Three negative 

controls were used: solvent control (DMSO: broth, 1:99, v/v), broth control, and culture control 

(culture: broth, 7:1, v/v). The final volume of solution in each well was 200 µL.  

 

2.3. Results and Discussion  

2.3.1. Synthesis 

The Wieland reaction is a three-step, one-pot synthesis, ** where the π-bond of an alkene 

undergoes radical reactions that result in the formation of the aromatic heterocycle, furoxan.225 

Takayama and co-workers proposed the mechanism outlined below (Scheme 1):225 

NaNO2
H+

→ HNO2 + Na
+ 

2HNO2 → H2O +  NO + NO2 

                                                

** Note that in the proposed mechanism (Scheme 1) five steps are outlined. Furoxan forms in the third step; 
however, the proton is later substituted with a nitro group.   
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Scheme 1.  Proposed reaction mechanism for the synthesis of furoxan ring from a vinyl 
group and NaNO2 under acidic conditions.225 

 

Under acidic conditions NaNO2 forms nitrous acid. At pH < 5.0, nitrous acid will dissociate 

and form dinitrogen trioxide, N2O3.201 This molecule generates two radicals, NO and NO2, which 

react with the alkene in the first step.225 However, another mechanism for this reaction has been 

suggested.234 In the first step (Scheme 2), the alkene (a) reacts with NO2 to form a carbon-

nitrogen bond. The aryl radical (b) then reacts with NO to form pseudonitrosite (c) which loses 

water and forms furoxan (d).234  

 

 

Scheme 2.  An alternative reaction mechanism for the formation of furoxan.234 

 

The two mechanisms predict different outcomes for the position of the exocyclic oxygen 

relative to the aryl group. The first reaction mechanism (Scheme 1) depicts what occurs during 

the synthesis of the new furoxan derivative L1(-NO2).225, 235 The position of the nitrone group 

relative to the aryl group can be determined using Heteronuclear Multiple Bond Correlation 
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spectroscopy, (HMBC, see section 2.3.3). Based on the spectrum, the pyridinyl substituent was 

found at C3. 

Matsubara and co-workers reported that the presence of water in the reaction mixture 

during furoxan synthesis will generate 𝛼-nitrooxime (Scheme 3 – c) as a by-product. Water can 

attack the dinitrosoalkene resonance contributor (a) to form pseudonitrosite (b) which 

tautomerizes to form 𝛼-nitrooxime (c). This might explain the low yield of L1(-NO2) synthesis 

(Scheme 3).234 

 

 

Scheme 3.  Proposed mechanism for the synthesis of α-nitroxime by-product.234 

 

Furoxans are stable in acid but are sensitive to bases.209 1,8-Diazabicyclo[5.4.0]undec-7-

ene (DBU) was used as a base in the nucleophilic substitution reactions employed in the 

syntheses of L4(-OPh) and L5(-SPh). DBU is a strong base (pKa = 12 in H2O) that can deprotonate 

phenol and thiophenol. In addition, DBU cannot act as a nucleophile, under the experimental 

conditions and therefore, will not compete with the nucleophiles present in solution and result in 

side-products.236 It is important to note that, L1(-NO2) was used to synthesize L4(-OPh) and L5(-

SPh), instead of L2(-H), not only because the yield of L1(-NO2) was higher than L2(-H), but also 

because L2(-H) is a monosubstituted furoxan derivative that is unstable in the presence of bases. 

Previous studies have found that 4 and 3-monosubstituted furoxans can produce α-hydroxyimino 

nitrile oxide and α-nitro nitriles, respectively (Scheme 4).209 
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Scheme 4.  Degradation reactions of monosubstituted furoxans under basic 
conditions.209 

 

Physical characterization 

The general physical properties of furoxans tend to be defined by their substituents. If both 

substituents on the furoxan ring are alkyl groups, then the compound will be a colourless liquid.209 

If both substituents are aryl groups, or an aryl and an alkyl group, then the compound is obtained 

as a white solid.209 These physical features help in confirming the identity of the compounds. It 

was observed that all the furoxan derivatives synthesized in this work were obtained as white-

yellow solids, except those that contain sulfur (L5, L6, and L7), which were light yellow liquids at 

room temperature (ca. 20-23 °C). However, they formed a solid at a low temperature (when placed 

in the fridge or freezer). This demonstrated that the compounds L5, L6, and L7, could be obtained 

as solids with low melting points.   

Chemical characteristics and nucleophilic substitution reactions of furoxans 

The six π-electrons in furoxan – two (C=N) and the lone pair of O – are delocalized; 

therefore the system is aromatic. Furoxans are mesoionic heterocycles (i.e., contain a dipolar 

structure with delocalized negative and positive charges) since they have a dipolar group (N→O). 

The resonance forms of mesoionic heterocycles are characterized by not having neutral 

structures.237 In furoxans, a positive charge is delocalized on the ring while the exocyclic oxygen 

carries a negative charge. The positive charge makes furoxan susceptible to nucleophilic attack. 

The mesoionic structures and the general resonance form are illustrated below (Scheme 5): 
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Scheme 5.  Mesoionic structures of furoxan. 

 

The N atom in the (N→O) group acts as σ-donor, and NO has a π-orbital that can accept 

electrons.208 Therefore, backdonation from the exocyclic oxygen can occur and two mesoionic 

structures are obtained where both charges are present in the ring (Scheme 6): 

 

 

Scheme 6.  Additional mesoionic structures of furoxan. 

 

Synthesis of L3(-OCH3) via nucleophilic substitution versus methylation reaction 

A two-step synthetic route for the formation of methylated furoxan derivatives has been 

reported.238 In the first step, a nucleophilic substitution reaction of the nitro group in 4-nitrofuroxan 

with hydroxide is performed.238 Sodium hydroxide, NaOH, is used as the source of nucleophilic 

OH— in a solvent mixture containing H2O and tetrahydrofuran. 4-Hydroxyfuroxan forms in the first 

step and will undergo a side-chain prototropic tautomerization.238 Tautomerization is defined as 

the coexistence of two or more molecular structures (i.e., tautomers or constitutional isomers) in 

an equilibrium due to their dynamic interconversion.239 Prototropy is a type of tautomerism that 

involves the migration of a proton between different parts of the molecule.239 Side-chain 

prototropic tautomerization is a specific form of prototropy that refers to the transfer of a proton 

between a ring and a side-chain.238 In the second step, 4-hydroxyfuroxan is treated with a 

methylation reagent, such as methyl iodide, CH3I, or dimethyl sulfate, (CH3O)2SO2, to form a 

methylated furoxan.238 The second step results in the formation of two regioisomers O-Me and N-

Me, with O-Me being the predominant product (Scheme 7).238 Therefore, the drawback of this 

synthetic pathway is the formation of two regioisomers both capable of releasing NO. Since this 
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work is aimed to synthesize furoxans that differ only in the substituent at the 4-position with no 

other structural differences, a different procedure was employed in the formation of the methylated 

furoxan derivative. In this procedure, the 4-nitrofuroxan (L1) was treated with potassium 

methoxide, KOCH3, and by a nucleophilic substitution reaction the methylated furoxan derivative 

(L3) has formed in one step. This reaction workup is similar to the procedure reported in 1927 by 

Ponzio.240 

 

Scheme 7.  Formation of two regioisomers during the methylation reaction of 4-
hydroxyfuroxan.238 

 

Thiophenol versus phenol reactivity 

Thiophenol, PhSH, is more acidic than phenol, PhOH. The pKa of PhSH in water is 6.5, 

while the pKa  of PhOH is 10.0, which implies that the S-H bond is relatively weak.241 This feature 

of thiols makes them more reactive nucleophiles than alcohols.242 The only concern in using thiols 

in the nucleophilic substitution reaction to form L5(-SPh), is the formation of disulfide bonds. 

Nevertheless, it is known that thiols can form salts, therefore by reacting PhSH with DBU a white 

salt will form (Figure 2.9) and can be reacted with L1(-NO2). This minimizes the self-reaction of 

the thiols. In addition, it was found that the nitro substituent (in L1) is a good leaving group when 

thiolates are used as nucleophiles.242 Alcohols can be used as reaction solvents since they are 

weaker nucleophiles and thus will not compete with thiols.242 
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Figure 2.9.  1H NMR spectrum of thiolate compared to thiol. 

 

Oxidation reaction of L5(-SPh) 

Oxidation of sulfides requires the presence of excess H2O2 and a long reaction time.243 

Heat might be effective in increasing the rate of the reaction.243 However, since thermal 

isomerization is possible (see section 2.3.3), zirconium(IV) chloride, ZrCl4, was used as a catalyst. 

In this reaction, aqueous H2O2 (30 %) is used as an oxidizing agent in the presence of methanol 

as a co-solvent. A more concentrated H2O2 solution (50-80%) can be used with acetic acid as a 

co-solvent, if a metal catalyst is not available. The oxidation of sulfide to sulfoxide is faster than 

the oxidation of sulfoxide to sulfone.241, 243 A stacked 1H NMR plot (internal standard is CDCl3) of 

L5(-SPh), L6(-SOPh), and L7(-SO2Ph) is presented in Figure 2.10. As can be seen from the 

spectra, the multiplicity and the chemical shifts change upon oxidation. When the thiol is oxidized, 

it becomes an electron withdrawing group and therefore the signals are deshielded in L6(-SOPh) 

and L7(-SO2Ph) with respect to L5(-SPh). The spectrum of L6(-SPh) contains minor impurities, 

however since the spectrum does not contain signals in the same region as L7(-SO2Ph), then the 

reaction was successfully terminated at the first oxidation step. The L7(-SO2Ph) spectrum also 

contains minor impurities, but these are not in the region of L5(-SPh) or L6(-SOPh). A spectrum 

of L5(-SPh) is also provided in deuterated acetone in Appendix 1, since CDCl3 signal overlaps 

with the compound signals. Therefore, it is possible to stop the reaction at the first oxidation step 

to form sulfoxide as the sole product, by adding water to dilute the peroxide, before the second 

oxidation step; the reaction progress needs to be monitored with TLC. Alternatively, one 
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9 
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equivalent of oxidizing agent can be used to ensure the reaction will stop at the first oxidation 

step.241 The reaction mechanism in Scheme 8 illustrates how H2O2 acts as an electrophilic 

oxidant.241  

 

Figure 2.10. A stacked 1H NMR spectra of L5(-SPh), L6(-SOPh), and L7(-SO2Ph) in CDCl3. 

 

 

 

 

Scheme 8.  Oxidation of thiol by H2O2.241 
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Colour test for N-oxide moiety in furoxans 

In 1959, Katritzky and Coats reported a color test for the N-oxide moiety.231 N-oxides act 

as oxidizing agents. They can oxidize N,N-dimethylaniline under acidic conditions into crystal 

violet and methyl violet.†† A blue colour indicates a positive test of N-oxide, however, it may turn 

violet after reflux, because as the solution cools down, it absorbs moisture from air.244 In general, 

treating N,N-dimethylaniline with inorganic oxidizing agents, such as Cu(NO3)2 and H2O2, forms 

crystal violet via oxidative N-dealkylation.231 Oxidative N-dealkylation occurs when tertiary amines 

are oxidized at the α-carbon resulting in the removal of the alkyl group.245 The proposed 

mechanism is illustrated in Scheme 9.245 In addition, if the N-oxide compound contains a nitro 

substituent, like the L1(-NO2) furoxan derivative, an orange-red colour solution will form, because 

it is believed that the nitro group can give rise to a charge transfer with dimethylaniline.231 This 

test was performed on L1(-NO2) and L2(-H). As can be seen in Figure 2.11, an orange-red 

solution was obtained from the former ligand (a), while the latter exhibited a blue colour (b) which 

turned violet (c) a few minutes after cooling the reaction to room temperature, 23 °C.  

This colour test is useful when synthesizing novel compounds, since it can quickly – within 

one minute – indicates the presence (or absence) of N-oxide moiety. With respect to furoxan 

derivatives, 1H and 13C NMR spectroscopy are effective in determining the structure of 

hydrocarbons, while 17O and 15N HMBC can prove the presence of heteroatoms. However, the 

latter two experiments are time consuming and may require isotopic labelling. A 1H-15N HMBC 

(Appendix A) experiment was performed on L1(-NO2) and was only able to detect the presence 

of the pyridyl nitrogen, while the two nitrogen atoms in furoxan are far from the protons and thus 

were not observed. Mass spectrometry can also assist in confirming the structure from the 

molecular weight but for furoxans fragmentation to lose the exocyclic oxygen can be a problem.246-

250 Indeed, there are alternative methods and analyses to prove the structure, particularly, X-ray 

diffraction (XRD). However, it may not always be likely to obtain a single crystal of an N-oxide 

novel compound. Therefore, this colour test is useful in proving the presence of N-oxide.  

 

                                                

†† The detailed mechanism of this reaction is not clear. 
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Scheme 9.  Proposed mechanism for the synthesis of crystal violet and methyl violet.245 

 

 

 

Figure 2.11.  Colour test for N-oxide. A) colour test performed on L1(-NO2); B) colour test 
performed on L2(-H); C) same test as in (B) but after cooling to room 
temperature.  

A B

 

C
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2.3.2. Infrared spectroscopic analysis   

Characteristic infrared (IR) absorptions of the (=N→O) bond in furoxan are observed in 

the regions 1200-1300 cm—1 and 850-950 cm—1.209, 251 However, having a nitro group in the 

compound can interfere with the signal at 1200-1300 cm—1. A doublet is typically observed in the 

region (1410-1475 cm—1) which corresponds to (O-N→O).251 In addition, the two C=N stretching 

frequencies in the furoxan ring can be observed in the regions (1600-1625 cm—1) and (1500-1600 

cm—1).251 The IR spectra of L1(-NO2) and its corresponding Ru(II) complex are provided below 

(Figure 2.12 and Figure 2.13). The IR spectrum of L4(-OPh) is also provided in Figure 2.14. The 

IR spectra of the other compounds are not provided as different functional groups in these 

compounds can interfere with the signals characteristic of the furoxan moiety. This section is 

meant to elucidate the usefulness of IR spectroscopy in identifying bonds or groups in the furoxan 

ring that cannot be inferred using other spectroscopy techniques such as NMR and mass 

spectrometry. Nevertheless, IR spectroscopy should not be used as a primary tool in identifying 

the chemical structure of these compounds. 

 

Figure 2.12.  IR Spectrum of L1(-NO2). The characteristic regions of (=N→O) absorption 
are highlighted. 

38

48

58

68

78

88

98

400900140019002400290034003900

T
ra

n
s
m

it
ta

n
c
e

 %

Wavenumber (cm-1)

Ligand 1 (-NO2) IR Spectrum



52 

 

Figure 2.13.  IR Spectrum of C1(-NO2). The characteristic regions of (=N→O) absorption 
are highlighted. 

 

 

Figure 2.14.  IR Spectrum of L4(-OPh). The characteristic regions of (=N→O) absorption 
are highlighted. 
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2.3.3. Isomerization of furoxans  

Thermal isomerization is a common phenomenon in furoxans.208 It is very likely to observe 

structural isomerization if the substituents on the furoxan ring are electron-donors.209 These 

substituents were found to lower the energy barrier for isomerization.209 Electron-donating groups 

favour the 4-position of the furoxan ring but electron-withdrawing groups will not always favour 

the 3-position.209 Researchers have found that one of the best methods to distinguish between 

furoxan isomers is to use NMR spectroscopy. The C and H nuclei in the substituents are more 

shielded when N-oxide moiety is closer to them since N-oxide has a shielding effect. In other 

words, if a substituent is in the 3-position (closer to an N-oxide), the 13C and 1H NMR signals will 

appear upfield with respect to the signals corresponding to the same nuclei in the other isomer. 

The shielding effect is more pronounced in the C and H nuclei positioned near the spatial 

environment of N-oxide functionality.209 Photo-isomerization is also observed in furoxans and is 

dependant on the wavelength of light.209 

Since furoxan synthesis reactions are regiospecific, thermal isomerization is useful in 

obtaining regioisomers that are difficult to synthesize. Refluxing one isomer of furoxan at high 

temperature in solvents such as toluene or benzene will form dinitrosoalkene intermediate through 

which the exocyclic oxygen atom can transform from one nitrogen to the other.252 Both isomers 

can be isolated as pure products via chromatographic separation.  

The position of the exocyclic oxygen on the furoxan ring (the type of isomer) can be 

determined by using Heteronuclear Multiple Bond Correlation (HMBC) spectroscopy.246 Figure 

2.15 shows the HMBC spectrum for L4(-OPh). Since Ha in the pyridinyl group correlates to the 

quaternary carbon that has a chemical shift of ~116 ppm, then the N→O group is closer to the 

pyridinyl substituent (the pyridinyl substituent is in position 3, while the phenoxy substituent is in 

position 4). This assignment was made following the literature method in assigning the type of 

furoxan isomer.246  
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Figure 2.15. Determining the isomer of the furoxan L2(-OPh) via HMBC spectroscopy. 

 

 

Several furoxans are known to exhibit thermal isomerization at room temperature.208 The 

NMR spectra of these compounds cannot be resolved, because it is a mixture of two isomers and 

the intermediate state (Scheme 10).208 Heteronuclear Single Quantum Coherence (HSQC) can 

be used to determine whether or not the furoxan derivatives exhibit isomerization. The HSQC 

spectra for L1(-NO2) and its analogus structure (with a phenyl instead of a pyridyl substituent) are 

presented in Figure 2.16. HSQC does not show which isomer is present, however it indicates 

whether the molecule isomerizes. The complexity of the spectrum increases with the number of 

molecules (isomers and intermediate) present. 

 

 
𝜹𝑯 = 𝟕. 𝟓𝟔 𝒑𝒑𝒎 

 

𝜹𝑪 = 𝟏𝟏𝟔 𝒑𝒑𝒎 
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Scheme 10.  Isomerization of furoxan.208 

 

 

 

Figure 2.16.  HSQC spectra for L1(-NO2) (top) and its analog (nitro)(phenyl)-1,2,5-
oxadiazole 2-oxide (bottom). 
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2.3.4. Nitric oxide detection via electron paramagnetic resonance 

Principles of electron paramagnetic resonance (EPR)  

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), 

is a spectroscopic method used to study the structure and electronic properties of paramagnetic 

species (i.e., species that have unpaired electron(s)).253 An unpaired electron has a magnetic 

dipole that can interact with an external magnetic field, 𝐵.253 The magnetic dipole can be aligned 

with or against the applied magnetic field, and therefore an unpaired electron can be in one of 

two energy states (i.e., quantized).253 The splitting in energy that is caused by the interaction 

between the electron magnetic dipole and the external magnetic field is known as the Zeeman 

effect (Figure 2.17).253 Since a single unpaired electron has a spin-angular momentum quantum 

number of 1/2, the “up” and “down” spin states are ms = —1/2 (lower energy), and ms = +1/2 

(higher energy), respectively. For a transition to occur the resonance condition, ℎ𝜐 = 𝐵𝛽𝑒𝑔𝑒, must 

be satisfied so that photon energy equals the Zeeman splitting, where ℎ = Planck’s constant, 𝜐 = 

the light frequency, 𝑔𝑒 is the electron g value, 𝛽𝑒 is the Bohr magneton and 𝐵 is the applied 

magnetic field.‡‡ The observed transition is detected as an EPR signal.253 The signal is an 

absorption spectrum but it is plotted by the acquisition software as the first derivative. 

 

Figure 2.17.  Single electron energy splitting due to Zeeman effect. 

 

The energy of EPR transitions is described by the following equation: 

 Δ𝐸 = ℎ𝜐 = 𝐵𝛽𝑒𝑔 2.1 

                                                

‡‡ The magnetic field can be measured in Tesla (T) – SI unit, or Gauss (G) – cgs unit. 1 T= 10000 G 
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The effect of the local environment is parameterized by the g value (𝑔), which varies from free 

electron 𝑔𝑒 = 2.0023 due to the effect of local magnetic field contributions from the paramagnetic 

compound, so that the resonance condition is defined as ℎ𝜐 = 𝐵𝛽𝑒𝑔.253 When acquiring the EPR 

spectrum of a compound, the microwave frequency, 𝜐, is held constant while the magnetic field, 

𝐵, is swept over a specific range.253 Therefore, from the above equation only 𝐵 is changing, and 

at a specific value of 𝐵, the product of 𝐵𝛽𝑒𝑔 will equal the energy required for an EPR transition 

of a single electron. The following figure is a block diagram that elucidates the main parts of an 

EPR spectrometer (Figure 2.18). The sample in the EPR tube is placed inside the cavity which 

is positioned between two magnetic poles. Microwave radiation is directed to the cavity via a 

waveguide.  

 

 

Figure 2.18.  Block diagram illustrates the main parts of the EPR spectrometer. 

 

Mode of nitric oxide release by furoxan 

There are several classes of NO donors. Some compounds, such as organic nitrates and 

nitrites, hydroxy amine, and hydroxamic acid generate nitric oxide in vivo due to specific 

enzymes.178 Enzymes capable of catalysing the release of NO are glutathione S-transferase 

(GST), NOS, guanylate cyclase, xanthine oxidase, and catalyse, to name a few.178 Other classes 

of NO donors such as syndonimine, C-nitroso compounds and oximes do not require the 

presence of enzymes and release NO when exposed to light, heat, metals (Fe3+, Cu2+), thiols, or 

when the pH of their environment is altered.178 Furoxans were found to generate the NO radical 
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in the presence of thiols.178, 209 Therefore, NO quantification via EPR was performed in the 

presence of reduced glutathione (GSH).  

GSH is the most abundant thiol in cells with concentrations ranging between 0.5–10 

mM.254 Cancer cells often have elevated concentrations of GSH.255 Therefore, furoxans are more 

likely to release NO in tumour cells than in healthy cells. It has been suggested that thiolates can 

attack the 3 and/or the 4 positions on the furoxan ring resulting in the release of NO.158, 256 

However, some furoxans might experience the nucleophilic attack primarily at the 3 position 

(Scheme 11).158, 205 Apoptosis can then be triggered by the elevated concentration of NO and the 

reduced concentration of GSH in the cell. The depletion of GSH induces apoptosis in several 

forms of cancer including pancreatic and lung cancers.257-260 GSH acts as an ROS scavenger, 

thus its depletion can potentially increase the concentration of ROS and lead to cell death.66 

 

 

 

Scheme 11.  Proposed mechanisms for nitric oxide release from furoxan upon its reaction 
with thiolate at the 3-position (a), and at the 4-position (b).158, 205 
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Introduction to spin-trapping 

Nitric oxide can act as a ligand since it has an affinity for many metal ions, such as Fe, 

Co, Mn, Cu, and Ru. It can exist in bent, bridged and linear coordination geometries.185 When NO 

has a bent geometry, it has a nitroxyl anion (NO—) character (sp2 hybridized) and metal-to-ligand 

charge transfer is observed.185, 261 A linear binding geometry results in a nitrosonium cation, NO+, 

character (sp hybridized) and ligand-to-metal charge transfer can occur. 185, 261 Nitrosyl complexes 

of hemoglobin have a bent bond angle of (145°).262 The Fe-N-O bond is bent due to the 

hybridization of the orbitals in NO.262  

In general, Fe(II) complexes have a high affinity for nitric oxide in solution. The resulting 

complexes are paramagnetic and can be studied by EPR.262 Isotopic labelling of the nitrogen 

nucleus in NO was performed to prove that NO released from NO-donors becomes a ligand in 

the spin-adduct (the iron nitrosyl complex).263 A spin-trap is a molecule that traps the 

paramagnetic species and forms a stable spin-adduct that can be detected via EPR.264 Herein, 

the spin-trap is synthesized from Mohr’s salt and a ligand containing a dithiocarbamate group. 

Mohr’s salt, (NH4)2Fe(SO4)2·6H2O, forms the octahedral aquo Fe(II) complex, [Fe(H2O)6]2+, when 

dissolved in H2O. The sodium N-methyl-D-glucamine dithiocarbamate (MGD) salt is a water 

soluble molecule that exchanges with the aquo ligands of [Fe(H2O)6]2+ to form a square planar 

complex, Fe(MGD)2, which acts as a spin-trap for nitric oxide (Figure 2.19). For one equivalent 

of Fe(II), five equivalents of MGD are required to drive the reaction forward.263 The rate constant 

of NO binding to Fe(MGD)2 is high (1 to 5 × 108 M—1s—1), therefore, NO is more likely to form the 

spin-adduct than undergo side reactions.263 

 

 

Figure 2.19.  Formation of spin-adduct. MGD reacts with Fe2+ to form a square planar 
complex that can then react with nitric oxide radical to form the spin-adduct, 
nitrosyl-Fe complex. 
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Since NO has an unpaired electron in its π* orbital, it is a paramagnetic molecule that can 

be detected using EPR. Nitric oxide in the gas phase can be measured directly by EPR. However, 

it cannot be directly detected in solution or biological environment, and spin-trapping is required 

to observe a clear NO signal.263 One reason NO cannot be detected in solution is that the angular 

momentum of the unpaired electron (L) can couple with the angular momentum of the nitric oxide 

molecule, which influences the paramagnetic character and results in a broad signal.181 In 

addition, the concentration of NO in physiological systems is relatively low and performing 

experiments that mimic this environment will require having low concentration of NO-donors. 

Therefore, the amount of NO released by these compounds might be lower than the detection 

limit of the EPR instrument, making it hard to prove whether the compounds of interest are 

capable of donating NO.263 It has also been noted that the low solubility of NO in water prevents 

it from being detected by EPR spectroscopy; nevertheless, it can be detected when it is trapped 

by the Fe(II) complex at room temperature.265, 266 Thus it is necessary to use the spin-trapping 

method when measuring NO in biological systems or in solution.  

The spin of the unpaired electron of NO interacts with the nuclear spin of nitrogen (14N, 

99.632%, I = 1) resulting in what is known as hyperfine interaction. Since I = 1, the z component 

of the nuclear spin angular momentum vector has three orientations defined by MI = —1, 0, +1. 

As a result, the hyperfine interaction of the unpaired electron with 14N in NO leads to a three-line 

spectrum. Figure (2.20) shows the EPR spectrum acquired from the spin-trapping experiment 

with C1(-NO2). From the middle spectral line, the g-value can be determined using the following 

equation: 

 
𝑔 =

ℎ𝜐

𝛣𝛽𝑒
 

2.2 

B is the magnetic field at the centre of the spectrum (3387.7 G = 338.77 mT) which defines the g 

value. Experiments were performed using X-band frequency, 𝜐 = 9.67 GHz, that yields an 

experimental g-value of 2.039. This value is in agreement with the literature g-value of NO spin-

adduct, which is reported to be 2.04.263 The hyperfine splitting constant is the distance between 

the EPR lines which was found to be (aN = 12.5 G), also in agreement with the literature.233 
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Figure 2.20.  EPR spectrum of C1(-NO2) complex. 

 

The reaction between GSH and the compounds was investigated at pH 7.4, under an inert 

atmosphere in PBS. One disadvantage of using Fe(MGD)2 as a spin-trap is that the solution must 

be deoxygenated prior to mixing the spin-trap with the NO-donor.263 The presence of oxygen in 

solution can oxidize Fe(II) to Fe(III) and generate reactive oxygen species (ROS). Under 

physiological conditions, NO has a relatively short half-life due to several different reactions.109 In 

the presence of superoxide anion, NO is oxidized to give the peroxynitrite anion which then 

isomerizes to form nitrate, NO3
—.109 However, NO can also oxidize to form nitrite, NO2

—. Both 

nitrate and nitrite are stable end products.198, 205 It is important to note that if nitrite and/or S-

nitrosothiols are present in solution, then they will be reduced to NO by the Fe(MGD)2 spin-trap 

with the production of the ferric complex, [Fe(MGD)2]+.263 These reactions are slower than the 

formation of the NO spin-adduct.  

Determining NO release from EPR signal intensity 

To quantify the amount of paramagnetic species in a sample, the acquired EPR spectrum 

(the first derivative) is doubly integrated to measure the area under the absorption spectrum.263 

In other words, the area under the absorption curve is proportional to the number of unpaired 

electrons (Figure 2.21).263 The value obtained from the second integral is compared with a 

standard that has a signal in the same magnetic field region as the compound of interest.263 In 

this work, 2,2-diphenyl-1-picrylhydrazyl (DPPH) was used as an internal standard. Preliminary 

3350 3360 3370 3380 3390 3400 3410 3420

Magnetic Field (G)

aN aN

g-value
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EPR spectra were acquired for all the complexes and the corresponding ligands without the 

standard to check if they release nitric oxide. Figure 2.22 shows the spectra from complexes 1, 

3, and 4.   

 

 

Figure 2.21.  Determining the amount of NO from the intensity of the EPR spectrum. 

 

As shown in Figure 2.22, one hour following mixing with excess GSH (5 equivalents of 

GSH), C1(-NO2) released the highest amount of NO. C4(-OPh) released a very small amount of 

NO and C3(-OCH3) which did not release any NO. The EPR spectra from the samples were 

measured over several hours. The intensity of the signal from C1(-NO2) remained constant over 

time, thus only the spectrum from the first hour is shown in the figure. C4(-OPh) released 1.3 

times more NO after 6 hours than after the first hour. Finally, C3(-OCH3) did not exhibit any EPR 

signal until around the eighth hour. The intensity of this signal was then comparable to that of C4(-

OPh). To better compare the amount of NO released by these compounds, the intensity of the 

signals was determined by double integrating the spectra. The results of measuring the signal 

intensities over the first two hours are presented in Figure 2.23. 
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                                            Complex 1 

  

                                   

                                            Complex 4 

 

                              

                                            Complex 3 

 

Figure 2.22.  EPR spectra acquired from reacting 1 equivalent of the complexes with 5 
equivalents of reduced GSH under physiological conditions (37 °C, pH 7.4, 

in PBS). Although the vertical axis, which has arbitrary units, is typically 
removed from EPR spectra, it is included above to indicate the difference in 
the intensity of the signals.  
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Figure 2.23. Comparison of the amount of NO released from complexes 1, 3 and 4 
determined by plotting the intensity from the second integral of the EPR 
signal over two hours. 

 

Following the same method of analysis, the amount of nitric oxide was also quantified for 

the rest of the complexes. Figure 2.24 shows the intensity determined from double integrating 

the EPR spectra of all the complexes. The order in terms of the amount of nitric oxide they release 

is as follows:  

C7(-SO2Ph) > C1(-NO2) > C5(-SPh) > C4(-OPh) > C2(-H) > C6(-SOPh) > C3(-OCH3) 

 

 

Since the complexes are different only in terms of their substituents on the furoxan ring, 

the electronic effect of these groups can assist in rationalizing the results. Electron withdrawing 

substituents (-NO2 and -SO2Ph) lower the electron density on the furoxan ring, making it 

electrophilic, and thus more susceptible to nucleophilic attack by the thiolate group of GSH. The 

substituents (-SPh) and (-OPh) are electron donors since they have atoms capable of donating 

lone pairs, sulfur and oxygen, respectively; however, they can also donate electrons to the phenyl 

ring. Based on the results obtained above, it is speculated that these substituents (-SPh and -
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OPh) donate electrons to the phenyl ring and thus the furoxan rings are still susceptible to 

nucleophilic attack by thiolate and release more nitric oxide than the reference complex, C2(-H). 

Similar to the sulfonyl substituent, the sulfinyl substituent is an electron withdrawing group.267 

Therefore, complex C6(-SOPh) was expected to release more nitric oxide than the reference 

complex,C2(-H), yet it did not. This might be caused by the presence of the phenyl ring. The 

sulfinyl substituent possibly cannot withdraw electrons simultaneously from both, the phenyl and 

the furoxan, rings.§§ Finally, the methoxy substituent acts as an electron donor in C2(-OCH3) and 

therefore increases the electron density on the furoxan ring, making it less susceptible to 

nucleophilic attack by thiolate.  

 

Figure 2.24.  Comparing the intensity values obtained from quantifying the amount of 
nitric oxide released by the complexes. 

 

The EPR spectra of the furoxan derivatives and their corresponding complexes are 

presented in Table 1. Under the same conditions the furoxan ligands were found to release less 

nitric oxide than the complexes. This could result from the absence of the Ru(II) metal centre, 

which can act as a Lewis acid and withdraw electrons from the pyridyl substituent. The intensity 

values obtained from the double integral of the EPR spectra are provided in Figure 2.25. The 

                                                

§§ This is based on the author’s speculations  
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signals for L2(-H), L3(-OCH3), and L6(-SOPh) were weak, thus those were not integrated and are 

not presented in the figure.  

Table 1.  EPR spectra of the furoxan derivatives and their corresponding complexes. 

 

 

 

 

 

Figure 2.25.  Comparing the intensity values obtained from quantifying the amount of 
nitric oxide released by the ligands. 
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Is reduced glutathione required for NO release by the complexes? 

It was important to confirm that the furoxans selectively released nitric oxide in the 

presence of thiolate (from GSH). Therefore, the EPR spectra were acquired for three of the 

complexes: C1(-NO2), C3(-OCH3), and C4(-OPh) without reacting them with GSH. C3(-OCH3) 

and C4(-OPh) did not release any nitric oxide (EPR silent), and C1(-NO2) released approximately 

3 times less nitric oxide than in the presence of GSH (Figure 2.26). This indicates that C1(-NO2) 

is less selective in terms of its reactivity than the other two complexes.  

 

Figure 2.26.  EPR spectra from spin-trapped NO in the absence of GSH for complexes C1, 
C3, and C4. 

 

The aim of this research was to synthesize complexes that will be selectively activated in 

tumour cells, thus C1(-NO2) is not a good candidate. The GSH-independent reactivity of this 

complex brings up some questions. What is the mechanism by which nitric oxide is released? 

What happens if it was reacted with one equivalent of GSH as opposed to excess GSH (5 

equivalents)? The author speculates that the GSH-independent release of NO was mediated by 

the -NO2 group, which can undergo side-reactions under physiological conditions. When the 

complex was reacted with one equivalent of GSH, the amount of nitric oxide released was 

comparable to that obtained from reacting the complex with excess GSH (Figure 2.27).  
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Figure 2.27.  Assessing NO release by C1(-NO2) under different amounts of GSH. 

 

Quantifying the amount of NO by calibrating it against a standard 

To determine the concentration of nitric oxide released by the complexes, the stable 

radical DPPH (g = 2.0037), was used as a standard (Figure 2.28).268  

 

Figure 2.28.  The compound of interest and the standard (DPPH) are placed in capillary 
tubes inside an EPR tube. The signal acquired shows both the NO triplet and 
DPPH signal. 
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The value obtained from the second integration of the trapped NO signal was calibrated 

against the standard (Figure 2.29). The DPPH sample was prepared in methanol and had a 

concentration of 4.77 µM, corresponding to an intensity of 1.38 × 109. As shown in Figure 2.29, 

the EPR signal intensity from nitric oxide released by the compound C4(-OPh) is 2.68 × 109. 

Therefore, the concentration of nitric oxide released is calculated to be 9.26 µM. It is difficult to 

estimate the error in the NO concentration since the measurements were not performed in 

replicates.  

 

Figure 2.29.  The method employed in calculating the amount of nitric oxide released by 
the complexes. 

Using this method, the concentration of nitric oxide released by all the complexes was 

calculated. Figure 2.30 shows the change in NO concentration over one hour for complexes 1 – 

7. All spectra were obtained at room temperature and in the presence of 5 equivalents of GSH. 

The amount of NO-released follows the same trend as that obtained using the intensities of the 

spectra. C7(-SO2Ph) released the highest concentration of NO at 38 µM.  

 

Figure 2.30.  Concentration of nitric oxide released by the complexes over one hour. 
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Comparing NO release of C7(-SO2Ph) with S-nitrosoglutathione 

After calculating the concentration of nitric oxide released by the complexes upon their 

reaction with excess GSH in one hour, it was important to compare them to an NO-generating 

standard. Sodium nitrite (NaNO2) was used for this purpose. In this case, 1 equivalent of NaNO2, 

1 equivalent of GSH, and 500 equivalent of HCl, leads to the in situ formation of S-

nitrosoglutathione.233 Using Fe(MGD)2 and a probe, these measurements were compared to the 

NO release of C7(-SO2Ph) at room temperature using 5 mM of the compound C7 and 25 mM of 

GSH. The aim of this experiment is to compare the amount of NO released by both solutions (i.e., 

the complex and the reference) following their reaction with GSH. The concentration of nitric oxide 

can be calculated by calibrating the intensity of the EPR signal for each of the samples against 

the intensity of the standard, DPPH, (Figure 2.31). As can be seen from the EPR spectra, the 

amount of nitric oxide released after five minutes by the reference is approximately 14 times 

higher than that of C7(-SO2Ph). This demonstrates that the furoxan complex produces less NO 

than the reference, but that the amount detected is still significant. In addition, the concentration 

of NO donated by C7(-SO2Ph) reaches a plateau after 40 min (see Figure 2.30) and thus the 

highest amount of NO that can be released by this complex is 38 µM which is at most 3 times less 

than that released by the reference (123 µM) in 5 minutes. This suggests that the complex does 

not react completely with GSH. Nevertheless, the amount released is promising in terms of being 

able to influence biological processes.  

 

Figure 2.31.  Comparing the concentration of nitric oxide released by 5 mM of C7(-SO2Ph) 
and 5 mM of NaNO2 under similar reaction conditions. 
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Comparing the concentration of nitric oxide released by the ligand versus the 
complex 

As stated earlier, the ligands were found to release less nitric oxide than the complexes 

based on the intensities of the EPR signals (see Table 1). Therefore, a quantitative analysis of 

the amount of nitric oxide released by complex C1(-NO2) and its corresponding ligand L1(-NO2) 

was performed. The experiment was done at room temperature using 5 mM of Ru(II) compound 

and 25 mM GSH in degassed PBS, pH 7.4. The concentration of nitric oxide was calibrated 

against DPPH (Figure 2.32). C1(-NO2) was found to release 26 µM of NO, while the ligand 

released 11 µM, under the same conditions. Therefore, the Ru(II) complex is more reactive than 

the ligand. This might be attributed to the presence of the Lewis acidic, Ru(II), which can withdraw 

electrons from the pyridyl moiety, making the complex more susceptible to nucleophilic attack by 

thiolate.  

 

 

Figure 2.32.  Comparing the concentration of nitric oxide released by the complex versus 
the ligand. 
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2.3.5. Nitric oxide anticancer activity  

Cytostatic cells (i.e., cells that are not growing or dividing) have active NOS and low activity 

of ribonucleotide reductase (RR).269 RR is an enzyme required for the synthesis of DNA. The 

activity of RR in tumour cells, which are fast dividing cells, is higher than in normal cells.269 When 

tumour cell cultures are exposed to NO, RR activity is inhibited, and thus the proliferation of cells 

is also inhibited.269 These results confirmed the ability of NO to stimulate cytostasis in cancer 

cells.  

Electron withdrawing groups in furoxan derivatives, such as -NO2 and -SO2Ph, exhibit 

better biological activity than electron donating substituents.205, 270 The -NO2 and -SO2Ph were 

found to be good activators of sGC when they are positioned closer to the nitrone functional group 

(position 3).267 In addition, nitrite, nitrate and S-nitrosothiols were found to be generated as side-

products when furoxans were tested in biological systems containing sGC.256 It has been 

suggested that furoxans containing (-NO2) can also assist in the formation of ROS in biological 

systems.270  

Unfortunately, due to time constraints, anticancer studies were not completed in this 

thesis. However, four of the furoxan derivatives L1(-NO2), L5(-SPh), L6(-SOPh), and L7(-SO2Ph) 

were sent to the National Cancer Institute (NCI) to investigate their anticancer activity via NCI-60 

screening. The screening results are still unavailable.  
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2.3.6. Nitric oxide antibacterial activity  

Nitrite salts exhibit antimicrobial activity in meat and are commonly used as food 

preservatives.201 The commonly used food additive and preservative, sodium nitrite, can 

inhibit the growth of both aerobic and anaerobic microorganisms.201 Researchers have 

studied the effect of NO formed from nitrite salts on the growth of bacteria in food. They 

concluded that NO can bind to the iron in heme enzymes of the respiratory chain located 

in the membrane of Gram-negative bacteria and thus impairing aerobic respiration.201 

However, since some bacterial strains can grow anaerobically, and they do not require the 

presence or activity of the respiratory chain. This suggests a different mechanism for 

bacterial growth inhibition in the presence of nitrite. It has been reported that nitrite can 

bind to sulfhydryl enzymes in bacteria and thereby inhibit their growth.201 Nitrite-cured 

meat was found to contain more Gram-positive, catalase-negative bacteria than Gram-

negative bacteria. This was a crucial observation that provided insight into the effect of 

NO on both bacterial types. If bacteria are treated with a source of NO in the presence of 

oxygen, NO can react with oxygen to form NO2
— which can then generate nitrous acid. 

Nitrous acid is a strong antimicrobial agent.201 In addition, NO can act as an antimicrobial 

agent since it can penetrate the cellular membrane because it is hydrophobic.109, 271-273 NO 

has low solubility in water; it was measured to be 56.3 ppm at 25 °C and 1 atm.201 Different 

strains of bacteria may have different response to NO because the permeability of this 

small molecule will vary depending on the structure of the cellular membrane.201  

Due to the antibacterial activity of NO, the furoxan derivatives and the 

corresponding complexes described in this thesis were tested in the model Gram-positive 

bacterium Bacillus subtilis (B. subtilis) and in the model Gram-negative bacterium 

Escherichia coli (E. coli). Gram-negative bacteria are characterized by having an outer 

membrane as opposed to Gram-positive bacteria, which do not (Figure 2.33).274 The 

permeability of small molecules into Gram-negative bacteria is hindered or lowered, which 

is expected to cause higher resistance to many antibiotics. The following diagram shows 

the membrane structure of both bacterial strains: 
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Figure 2.33.  The cell envelope structure of Gram-negative and Gram-positive 
bacteria. 

 

To monitor the microbial growth under the effect of the new compounds, a turbidity 

assay was performed. As bacteria grow, the growth medium becomes more turbid due to 

increased cell concentration and therefore a spectrophotometer can be used to determine 

the optical density (O.D.). The Optical density is a quantitative measurement of the light 

that is scattered by the cells present in the liquid culture.275 If the O.D. value decreases, 

then the growth of cells is inhibited. A schematic diagram describing how the assay was 

performed is presented in Figure 2.34. The compound of interest was incubated with 

bacteria in a microplate. A spectrophotometer was used to measure the absorbance 

during the log phase of bacterial growth. There are four phases of bacterial growth (Figure 

2.35).275 Bacteria are in the log phase when the rate of cells produced is higher than the 

rate of cell death and thus the growth is exponential and follows the equation (2.3) 

below:275 

 𝑁 = 𝑁𝑜2𝑛 2.3 

Where N is the final cell number, N° is the initial cell number, and n is the number of 

generations. During this phase the bacterial cells are most susceptible to environmental 

factors, such as antibiotics.275 Therefore, the antibacterial activity of the furoxan 

derivatives and complexes was tested during the log phase.  
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Figure 2.34.  Schematic diagram showing how the turbidity assay was performed. 
The compound of interest was incubated with the bacterial strains in 
a microplate for 12 h at 37 °C. The cell growth was monitored using a 

spectrophotometer to evaluate the absorbance at 620 nm. 

 

 

 

 

Figure 2.35.  The four phases of bacterial growth. Lag phase: no cell division or 
slow cell division. Log phase: the number of cells increases at a 
logarithmic rate. Stationary phase: the number of cells produced 
equal the number of cells dying. Death phase: the number of cells 
decreases at a logarithmic rate.  

Incubation at 37 °C for 12 h 
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The antibacterial activity of a compound can be assessed at different 

concentrations to evaluate efficacy. An example of this type of study using the turbidity 

assay to measure the inhibitory effect of C2(-H) against B. subtilis is shown in Figure 2.36.  

 

Figure 2.36.  Antibacterial activity of C2(-H) against B. subtilis. The compound 
concentration was in the range of (0 – 400 µg/mL). The absorbance 
was measured at 620 nm over 8 hours and was found to be in the 
range of (0.45 – 0.15). 

 

The inhibitory concentration (IC50) of the compounds was determined after 12 hours of 

incubation by plotting the log of the concentration of compound against the percentage of 

cell growth inhibition, which is measured according to the following formula:  

 
𝑎𝑐𝑡𝑢𝑎𝑙 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%) = 100 − ( 

𝐴 − 𝑁𝐶

𝑃𝐶 − 𝑁𝐶
× 100) 

2.4 

Where A is the absorbance measured for a specific compound concentration, which is the 

average of four replicates. NC is the negative control (i.e., media without culture or 

compound) and PC is the positive control (i.e., culture in media without compound). The 

actual inhibitory concentration data is fitted to a sigmoidal curve, described by equation 
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(2.5), to interpolate the concentration required to inhibit the growth of 50% of the bacterial 

population (IC50):276 

 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑐𝑒𝑙𝑙 𝑔𝑟𝑜𝑤𝑡ℎ 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 (%)

=
exp (𝑠𝑙𝑜𝑝𝑒 × (log[𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑] − 𝐼𝑃))

1 + exp (𝑠𝑙𝑜𝑝𝑒 × (log[𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑] − 𝐼𝑃))
× 𝑆𝑃 

2.5 

Where IP and SP are the inflection and saturation points, respectively. Both ligands and 

complexes were found to be ineffective against E. coli, however, they exhibited some 

activity against B. subtilis. Concentration-response curves for B. subtilis incubated with 

different concentrations of the ligands is presented in Figure 2.37. The IC50 values of the 

ligands against B. subtilis were determined from the concentration-response curves 

(Table 2). However, the IC50 values of the ligands against E. coli were higher than the 

highest concentration of the ligands used in the assay, since none of the ligands exhibited 

a significant inhibitory effect (Table 2). The reported uncertainty values are one standard 

deviation, as calculated from the fitting algorithm in Excel 365 program.276  

 

Figure 2.37.  The concentration-response curves of ligands against B. subtilis. 
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Table 2.  Antibacterial cytotoxicity (IC50) results 

Compound 

B. subtilis E. coli 

IC50 (µM) ± SD 

Ligand 1 (-NO2) 835 ± 7 >1441 ± 10 

Ligand 2 (-H) 754 ± 4 >1839 ± 10 

Ligand 3 (-OCH3) >1553 ± 10 >1553 ± 22 

Ligand 4 (-OPh) >1175 ± 4 >1175 ± 16 

Ligand 5 (-SPh) 807 ± 10 >1106 ± 18 

Ligand 6 (-SOPh) 396 ± 4 >1044 ± 15 

Ligand 7 (-SO2Ph) >989 ± 7 >989 ± 13 

SD, standard deviation. This measurement was calculated by determining how much the 

actual value deviates from the fitting curve. 

 

According to the results in Table 2, the IC50 values for the ligands are high, 

indicating low to moderate cytotoxicity against B. subtilis. The IC50 of L6(-SOPh) was found 

to be the lowest (396 ± 4 µM), which indicates that it possesses the highest antibacterial 

activity of all the ligands. The ligands L2(-H) and L5(-SPh) exhibited low, but measurable, 

cytotoxicity with IC50 values of 754 ± 4 µM and 807 ± 10 µM, respectively.  

The complexes displayed greater antibacterial activity against B. subtilis than the 

ligands. The concentration-response curves for B. subtilis are presented in Figure 2.38 

from which the IC50 values in Table 3 were interpolated. As with the ligands, the complexes 

were found to be ineffective against E. coli. Furthermore, the IC50 values of the complexes 

against E. coli were higher than the highest concentration of the complexes used in the 

assays (Table 3).  
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Figure 2.38.  The concentration-response curves of complexes against B. subtilis. 
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Table 3.  Antibacterial cytoxicity (IC50) results for the complexes. 

Compound 

B. subtilis E. coli 

IC50 (µM) ± SD 

Control (Ru(𝜂6-p-

cymene)(Pyridine)Cl2) 

>1297 ± 13 
>1297 ± 11 

Complex 1 (-NO2) 511 ± 5 >972 ± 12 

Complex 2 (-H) 425 ± 4 >1065 ± 10 

Complex 3 (-OCH3) >1001 ± 11 >1001 ± 7 

Complex 4 (-OPh) 267 ± 4 >891 ± 15 

Complex 5 (-SPh) 548 ± 10 >866 ± 6 

Complex 6 (-SOPh) 200 ± 7 >842 ± 5 

Complex 7 (-SO2Ph) 260 ± 15 >820 ± 7 

SD, standard deviation  

 

The IC50 values of the complexes indicate a moderate cytotoxicity against B. 

subtilis. In general, the complexes were found to have lower IC50 values than their 

corresponding ligands indicating a higher cytotoxicity. C6(-SOPh) was found to be the 

most cytotoxic with an IC50 of 200 ± 7 µM. The sulfone derivative C7(-SO2Ph) exhibited 

similar cytotoxicity to C6(-SOPh) with an IC50 of 260 ± 15 µM. This agrees with the general 

prediction that furoxans with a sulfone substituent tend to have biological activities, for 

instance acting as antimicrobial agents.209 It is interesting to note that the sulfoxide 

derivative C6(-SOPh) was the most cytotoxic. According to the author’s knowledge, 

furoxans with sulfoxide substituents are not well examined in the literature in terms of their 

biological role. Therefore, this finding suggests a new class of furoxans that exhibit 

biological activity.  
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To assess the role of the Ru(II)-arene moiety, the unfunctionalized complex, Ru(η6-

p-cymene)(Pyridine)Cl2, was also tested for antibacterial activity as a control. It was 

determined that the control complex was not cytotoxic (Table 3), demonstrating that the 

Ru(II)-arene was not solely responsible for the observed antibacterial activity of the 

furoxan complexes. Assessment of the cytotoxicity of the control complex revealed that 

the antibacterial activity is not only due to the presence of the Ru(II)-arene moiety, since 

the control was not cytotoxic. As was mentioned earlier, arene rings are lipophilic, which 

promote internalization by cells. Once the compound is internalized, if it only contains the 

Ru(II)-arene moiety, such as the control, it will not be cytotoxic.75 However, if it contains 

the NO releasing moiety (furoxan derivatives), then it can be cytotoxic, because it can 

attack the cysteine protease enzymes, hindering the replication and growth of cells.277-279 

It seems likely that the furoxan ligands exhibited lower cytotoxicity than the complexes 

because they were not internalized by cells. In conclusion, both the Ru(II)-arene moiety 

and the NO-releasing moiety are crucial in providing cytotoxic compounds.  

2.3.7. Crystal structure of decomposed C1(-NO2) 

The complex C1(-NO2) was not stable and a crystal structure was obtained for the 

decomposed product (Figure 2.39). The ligand L1(-NO2) has decomposed to give 4-

cyanopyridine. Decomposition of furoxan ring is a common phenomenon.280, 281 This 

process occurs over time and might be caused by exposure to heat or light. 

 

Figure 2.39.  Crystal structure of decomposed C1(-NO2). 
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2.4. Conclusion and future work 

This chapter described the synthesis and application of furoxan derivatives which 

were used as ligands on a Ru(II)-arene moiety based on the structure of RAPTA-C. The 

complexes exhibited different abilities to release nitric oxide due to the difference in the 

functional groups on the furoxan ring. Electron withdrawing groups (-NO2 and -SO2Ph) 

lower the electron density in the furoxan ring and make it susceptible to nucleophilic attack 

by thiols present in physiological systems, such as glutathione. The antibacterial activity 

of the complexes and their corresponding ligands was also investigated by performing a 

turbidity assay. The furoxan derivative with the sulfoxide substituent, L6(-SOPh), exhibited 

the highest cytotoxicity among the seven derivatives. To the author’s knowledge, a 

sulfoxide substituent has never been attached to furoxan derivatives. Therefore, this new 

derivative needs to be studied further in terms of its bioactivity. Furthermore, future work 

will focus on analysing the anticancer activity of the compounds. 
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Chapter 3. Synthesis and Characterization of New 
Ruthenium(II)-Gold(III) Heterobimetallic Complex 

3.1. Introduction 

3.1.1. Gold-based chemotherapeutics and thioredoxin reductase 
inhibitors 

In recent years, there has been an increase in studies focused on the utilization of 

gold complexes as anticancer therapeutics.282-286 However, development of Au(III)-based 

coordination complexes as medicinal agents is challenged by their poor stability in 

biological systems.165, 287 These compounds can undergo redox reactions in hypoxic 

tumour environments, which can result in the reduction of Au(III) to Au(I) and elemental 

Au.164, 287, 288 Furthermore, intracellular hydrolysis of Au(III) typically occurs at a faster rate 

than that for Pt(II).165 Nonetheless, some Au(III) complexes are stable under physiological 

conditions and exhibit cytotoxic effects against several cancer cell lines, including 

cisplatin-resistant cells.289-293 This class of complexes provides a suitable alternative to 

Pt(II)-based therapeutics due to their mode of action, which is usually different from 

cisplatin.65, 167 Au(III) complexes can inhibit enzymes containing thiol and/or selenol 

groups, particularly thioredoxin reductase (TrxR), by undergoing ligand-exchange 

reactions and forming new Au-S bonds, due to the strong affinity of gold ions for thiols.65, 

287, 294 The resulting gold-protein interactions lead to apoptosis.167, 287 TrxR and a number 

of other thiol containing enzymes, such as cysteine proteases and glutathione reductase, 

are often upregulated in cancer cells; therefore, Au(III) complexes can selectively target 

these cells.294-298 In addition, the most abundant intracellular thiol-containing molecule, 

reduced glutathione (GSH), with a concentration ranging between 0.5 – 10 mM in tumour 

cells, was also found to interact with some Au(III) complexes.223, 288  

The thioredoxin system regulates redox reactions in living cells.299 It consists of: 1) 

thioredoxin, which is a small protein (12 kDa) that acts as a scavenger of hydrogen 

peroxide and hydroxyl radicals; 2) NADPH (reduced Nicotinamide Adenine Dinucleotide 

Phosphate), which controls the level of reduced thioredoxin; and 3) TrxR, an enzyme that 

reduces the disulfide bond between two cysteines present in the active site of 

thioredoxin.299-301 Cancer cells often exhibit oxidative stress (i.e., an imbalance between 

ROS production and depletion) and consequently overexpress TrxR.299, 302 TrxR isoforms 
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are found in the cell cytosol and mitochondria.299, 301 Studies have shown that this enzyme 

improves the survival rate of tumour cells.299, 301, 302 Furthermore, TrxR in the cytosol can 

promote metastasis in breast cancer cells.299, 303 The Au(I) complex, auranofin (discussed 

earlier in Chapter 1) was found to inhibit the activity of TrxR in multiple myeloma (i.e., 

cancer in plasma cells, which are a type of white blood cells).299, 304 Inhibition of TrxR 

increased the amount of reactive oxygen species (ROS) resulting in apoptosis.299, 305 

Therefore, TrxR can serve as a target for chemotherapeutics (Figure 3.1).301, 302, 304  

 

 

Figure 3.1.  Proposed mechanism of action of auranofin in cancer cells.1) 
auranofin inhibits the TrxR enzyme, which is present in the cytosol 
and mitochondria; 2) the concentration of reactive oxygen species 
(ROS) increases and triggers the mitochondria to activate caspase; 3) 
activated caspase degrades cellular components and prepares the 
cell for apoptosis. 
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3.1.2. Bimetallic anticancer compounds 

Heterobimetallic complexes combine the unique therapeutic features of individual 

metal centres into one molecule and may generate new activity through synergy between 

the metal-containing components.306 Recent developments in this area have included a 

limited number of ruthenium and gold-based bimetallic complexes. These compounds 

have demonstrated cytotoxic activity and have been suggested as alternatives to 

platinum-based therapeutics (Figure 3.2).65, 306, 66 The work in this chapter provides insight 

into the development of heterobimetallic chemotherapeutic candidates designed around  

Au(III) centre coupled to Ru(II)-arene scaffold.  

A previously published example of a related compound is a Ru(II)-arene linked 

through a spacer to auranofin to generate a hybrid molecule (Figure 3.2-A) that targets 

TrxR and/or DNA.66 In another example, a Ru(II)-arene was combined with derivatives of 

Au(I)-NHC*** (Figure 3.2-b). These complexes were found to be cytotoxic to renal and 

colon cancer cell lines and exhibited higher selectivity than the mononuclear moieties due 

to a synergistic interaction between Ru and Au.307 Recently, one derivative of these 

complexes, [Ru (p-cymene)Cl2(µ-dppm)Au(IMes)]ClO4, known as RANCE-1, was studied 

further in vitro to investigate its activity in renal cancer cells.†††306 The binuclear complex 

manifests the therapeutic features of Au-NHC-based compounds (antiproliferative and 

cytotoxic), as well as, Ru(II)-based compounds (anti-metastatic and anti-angiogenic).306 

                                                

*** NHC = N-Heterocyclic Carbene 

††† R’ = 1,2,4-trimethylbenzene is the ligand coordinated to Au(I) 
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Figure 3.2.  Heterobimetallic Ru(II)-arene-Au(I) complexes that exhibit anticancer 
activity. 

 

Besides ruthenium and gold-based compounds, copper complexes are also known 

to exhibit anticancer activity.308-312 The coordination number for Cu(II) complexes can vary 

based on the ligands employed in the structure.313 Typically, Cu(II) has four-coordinate 

square-planar geometry.313 However, it could also exist as five-coordinate trigonal 

bipyramidal or square pyramidal; or six-coordinate octahedral.313 
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There are different modes of action by which Cu complexes can act as 

chemotherapeutics, this includes inhibition of proteasome, DNA damage, and ROS 

generation leading to apoptosis.308, 314 Copper is an endogenous metal that is involved in 

the development and growth of cells.313 It is a cofactor for several enzymes, such as 

superoxide dismutase and ascorbate oxidase.313 When not bound to proteins, free copper 

ions can participate in Fenton’s reaction, which leads to the generation of ROS.315, 316 In 

biological systems, copper exists in two oxidation states: cuprous (Cu+) and cupric 

(Cu2+).316 High levels of copper are associated with angiogenesis (i.e., generation of new 

blood vessels from the tumour site) in several forms of cancer, such as lung and brain 

cancers.313 This is because copper is required as a cofactor for the enzymes/proteins 

involved in angiogenesis and tumorigenesis. Nevertheless, in 2004, Dou and co-workers 

reported that some copper complexes, such as NCI-109268 (Figure 3.3), act as 

anticancer agents by inhibiting proteasomes, which are protein complexes that hydrolyse 

unrequired proteins in the cell.317  

 

 

Figure 3.3.  The chemical structure of NCI-109268, a Cu(II)-based complex with 
anticancer properties. 

 

Proteasomes are the target for some chemotherapeutics since their inhibition 

causes apoptosis.318 Proteasome inhibition is not caused by the oxidative activity of the 

copper complex. Instead, the organic ligands bind to the endogenous copper ions present 

at elevated levels in tumour cells and this leads to proteasome inhibition.313, 317 Hence, 

organic copper complexes can be selective toward cancer cells as opposed to healthy 

cells, which have lower concentrations of copper.313 The ligands used in this class of 

complexes need to be labile.313, 319 Indeed, this brings up the questions: is the metal 

required, and can the organic compound serve as the anticancer agent by itself? Dou and 

co-workers found that neither the organic ligand nor Cu(II) chloride can inhibit 
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proteasomes; the complex is required to manifest anticancer activity.317 Although there 

are several studies on the anticancer activity of organic copper complexes, the mechanism 

by which they inhibit proteasome remains unclear.313, 317, 320, 321 Aside from these 

complexes, many copper complexes can generate ROS, which damage DNA and result 

in apoptosis.312, 321-323 

In this chapter, the synthesis of a heterobimetallic Ru(II)-arene-Au(III) complex 

(Figure 3.4-A) will be addressed. In addition, a summary will be given of the unsuccessful 

attempts to synthesize Ru(II)-arene-Cu(II) complex (Figure 3.4-B) and a discussion of the 

problems with the synthesis of these and related compounds is presented. 

 

 

Figure 3.4.  Chemical structure of: (a) Ru(II)-arene-Au(III) bimetallic complex; (b) 
Ru(II)-arene-Cu(II) bimetallic complexes. 
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3.2. Experimental 

3.2.1. Materials and methods. 

All reagents were purchased from Sigma-Aldrich except ruthenium(III) chloride 

trihydrate, RuCl3.3H2O, which was purchased from Pressure Chemical. Reagents were 

used as received. Nuclear Magnetic Resonance (NMR) spectra were recorded on Bruker-

AV (400, 500, or 600 MHz) instruments. Infrared (IR) spectra were recorded in the range 

of 4000-400 cm-1 using a PerkinElmer Spectrum Two FTIR Spectrometer equipped with a 

UATR Diamond/ ZnSe ATR (Single Reflection) accessory. Mass spectra (positive ion) 

were obtained on an Agilent 6210 time-of-flight electrospray ionization mass spectrometer.  

3.2.2. Synthesis of 4'-(4-pyridyl)-2,2':6',2''-terpyridine (Pterpy) ligand. 

Pterpy was prepared according to the literature procedure.324 4-

pyridinecarboxaldehyde, C6H5NO, (2.80 mL, 29.7 mmol), 2-acetylpyridine, C7H7NO, (6.70 

mL, 59.7 mmol), and NaOH (2.55 g, 63.8 mmol) were mixed and ground using a mortar 

and pestle until a yellow powder was obtained. The powder was refluxed with ammonium 

acetate (22.3 g, 289 mmol) in glacial acetic acid (50.0 mL) for 3 h. A mixture of ethanol 

(30 mL) and H2O (40 mL) was added and the solution was cooled to room temperature. 

The product was filtered and then recrystallized from ethanol and dried in vacuo. Yield: 

3.22 g (35%). 1H NMR (500 MHz, DMSO-d6) δ 8.78 (t, J = 3.4 Hz, 6Hd+e+g), 8.69 (d, J = 

7.9 Hz, 2Ha), 8.06 (t, J = 7.8 Hz, 2Hc), 7.95 (dd, J = 4.4, 2.5 Hz, 2Hf), 7.55 (dd, J = 7.9, 4.5 

Hz, 2Hb). 
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3.2.3. Synthesis of [Au(Pterpy)Cl]Cl2 complex (C1). 

C1 was prepared following the literature procedure.325 Pterpy (0.1739 g, 0.563 

mmol) was partially dissolved in a mixture of methanol and water (1:4, v/v, 50 mL). 

HAuCl4.H2O (0.1947 g, 0.5 mmol) was added to the mixture and the pH was adjusted to 3 

using NaHCO3(aq). The solution was then refluxed for 2 h. Subsequently, the solution was 

cooled to room temperature and the product was collected via vacuum filtration and rinsed 

with cold hexanes (2 mL). Yield: 0.2515 g (93%). 1H NMR (500 MHz, DMSO-d6) 𝛿 9.08 (d, 

J = 5.7 Hz, 2Hd), 9.00 (s, 2He), 8.89 (dd, J = 13.6, 6.4 Hz, 4Hg+a), 8.59 (d, J = 5.7 Hz, 2Hf), 

8.28 (t, J = 7.9 Hz, 2Hc), 7.75 (t, J = 6.2 Hz, 2Hb).  

 

 

3.2.4. Synthesis of [Ru(𝜼𝟔-p-cymene)Cl2]2 (C2). 

C2 was prepared according to the literature procedure (see section 2.2.9).227 
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3.2.5. Synthesis of Ru(II)-arene-Au(III) complex (C3). 

C1 (0.2042 g, 0.334 mmol) and C2 (0.1201 g, 0.167 mmol) were refluxed in 

methanol (40 mL) for 1.5 h. The reaction was left to cool down to room temperature, then 

the product was collected via vacuum filtration and rinsed with dichloromethane (2 mL). 

Yield: 0.1001 g (71%). 1H NMR (400 MHz, DMSO-d6) δ 9.86 (d, J = 4.8 Hz, 2Hg), 9.05 – 

9.00 (m, 2Hf), 8.92 (s, 2He), 8.83 (dd, J = 4.9, 1.6 Hz, 2Hd), 8.81 – 8.51 (m, 2Ha), 8.19 (td, 

J = 8.0, 1.6 Hz, 2Hc), 7.66 (dd, J = 8.0, 4.9 Hz, 2Hb), 5.81 (d, J = 6.2 Hz, 2H, benzyl, p-

cymene), 5.77 (d, J = 6.2 Hz, 2H, benzyl, p-cymene), 2.86 – 2.80 (m, 1H, isopropyl, p-

cymene), 2.09 (s, 3H, methyl, p-cymene), 1.19 (d, J = 6.9 Hz, 6H, isopropyl, p-cymene). 

Positive ESI-MS: [M+2Na]2+ calculated 481.9625, found 481.9477; [M+H]+ calculated 

918.9539, found 918.9388.  

 

 

3.2.6. X-ray Crystallography 

Single crystals suitable for X-ray diffraction were mounted on 100 µm MiTeGen 

dual-thickness micromounts. The temperature was regulated by Oxford Cryosystem 

Cryostream. Bruker SMART DUO was used for data collection, equipped with an APEX II 

CCD area detector placed 50 mm from the crystals. The radiation sources were either: Mo 

Kα radiation (λ(Mo) = 0.71073 Å) filtered with graphite TRIUMPH-monochromator or Cu Kα 

radiation (λ(Cu) = 1.54178 Å). 
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3.2.7. Crystal structure determination of Ru(Pterpy)Cl3. 

During the synthesis of C3, an impurity crystalized in the NMR tube containing 

DMSO. The impurity was found to be Ru(Pterpy)Cl3. This is a known compound; however, 

its crystal structure has not been determined before. The crystal data were viewed using 

Olex2 and solved using SHELXL.229, 230, 326 

Crystal Data for C20H14Cl3N4Ru (M  = 517.77 g/mol): monoclinic, space group 

P21/c (no. 14), a = 10.1597 (2) Å, b = 13.6038(2) Å, c = 13.7817(2) Å, β = 97.0630(10)°, 

V  = 1890.32(5) Å3, Z = 4, T = 150(2) K, μ(Cu Kα) = 10.732 mm-1, Dcalc = 1.819 g/cm3, 

8372 reflections measured (8.77° ≤ 2Θ ≤ 133.29°), 3297 unique (Rint = 0.0503, Rsigma = 

0.0578) which were used in all calculations. The final R1 was 0.0356 (I > 2σ(I)) and wR2 

was 0.0806 (all data). 

3.2.8. Crystal structure determination of [Ru(𝜼𝟔-p-
cymene)(NH3)2Cl]PF6. 

During the unsuccessful attempts to synthesize Ru(II)-arene-Cu(II), a crystal of 

[Ru(𝜼𝟔-p-cymene)(NH3)2Cl]PF6 was obtained. The crystal was kept at 299.01 K during 

data collection. Using Olex2, the structure was solved with the SHELXL, structure solution 

program using Dual Space and refined with the olex2.refine, refinement package using 

GaussNewton minimisation.229, 230, 326 

Crystal Data for C40N8RuClPFH (M  = 903.30 g/mol): triclinic, space group P-1 (no. 

2), a = 8.1167(13) Å, b = 9.0006(14) Å, c = 11.3836(18) Å, α = 88.140(2)°, β = 88.283(2)°, 

γ = 77.956(2)°, V = 812.7(2) Å3, Z = 1, T = 299.01 K, μ (Mo Kα) = 1.282 mm-1, Dcalc = 

1.8456 g/cm3, 16901 reflections measured (3.58° ≤ 2Θ ≤ 58.42°), 4409 unique (Rint = 

0.0128, Rsigma = 0.0108) which were used in all calculations. The final R1 was 0.0189 

(I>=2u(I)) and wR2 was 0.0503 (all data). 
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3.3. Results and Discussion 

3.3.1. Synthesis 

Synthesis of 4'-(4-pyridyl)-2,2':6',2''-terpyridine (Pterpy) ligand 

The ligand 4'-(4-pyridyl)-2,2':6',2''-terpyridine can be prepared via the Kröhnke 

pyridine synthesis. The proposed reaction scheme is illustrated below (Scheme 12). 

 

 

Scheme 12.  Proposed reaction scheme for the synthesis of Pterpy via Kr�̈�hnke 

pyridine synthesis. 

 

Initially, 4-pyridinecarboxaldehyde reacts with 2-acetylpyridine to form the α,β-unsaturated 

compound (a) through the Claisen-Schmidt reaction.327, 328 Subsequently, compound (a) 

reacts with another ketone to form the 1,5-dicarbonyl compound (b) via a Michael addition 

reaction.327, 328 Compound (b) then reacts with ammonium acetate to form a new pyridine 

ring, which is known as the Kröhnke reaction.327, 328 This synthetic approach is commonly 

used in the preparation of 2,4,6-trisubstituted pyridine derivatives.327, 328 

The unsuccessful synthesis of Ru(II)-arene-Cu(II) heterobimetallic complex 

A summary of some of the procedures employed in this synthesis is provided in 

Table 4. The synthesis of the Ru(II)-arene-Cu(II) bimetallic complex was not successful 
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despite several attempts. The proposed reason for this is that when [Cu(Pterpy)Cl]Cl is 

reacted with [Ru(𝜂6-p-cymene)Cl2]2, Ru(II) exchanges with Cu(II) and thus the final 

product(s) contained Pterpy coordinated to Ru(II), such as: [Ru(Pterpy)2]Cl2 and/ or 

[Ru(Pterpy)Cl2]. Initially, it was speculated that the relatively high temperature used in 

the initial reaction attempts might have resulted in the dissociation of Ru(II) from the 

arene, and then the free metal exchanged with Cu(II). Therefore, the reaction was also 

performed at room temperature or lower (ca. 0 °C) but this also was unsuccessful. 

Ligand exchange kinetics can be related to the electronic and geometrical structures of 

coordination compounds.49 The ligand exchange rate for Ru(II) complexes is slow and 

similar to Pt(II), which is relevant with respect to chemotherapeutic properities.49, 329 Each 

Ru(II) in [Ru(𝜂6-p-cymene)Cl2]2 possesses a pseudo-octahedral geometry, therefore 

during substitution reactions, it is likely to lose one ligand (chloro) and form a five-

coordinate intermediate.49 Afterwards, the new ligand (the uncoordinated pyridine in 

[Cu(Pterpy)Cl]Cl will attack and the bimetallic complex can form. It is difficult to explain 

how Ru(II) in the pseudo-octahedral geometry can lose coordination with p-cymene., 

The rate of ligand-exchange for Cu(II) is high so it is possible to speculate that Cu(II) will 

lose coordination with Pterpy in solution. Furthermore, since Ru(II) has a high affinity for 

nitrogen, once it encounters three N-coordination sites, it forms new bonds with Pterpy 

and dissociates from the arene. This hypothesis assumes that the arene provides lower 

crystal field stabilization energy than Pterpy.‡‡‡  

To determine whether the complex of interest has formed, MALDI-TOF was used 

to measure the molecular weight of the final products. Ideally, X-ray crystallography would 

have been used as the primary technique to characterize this compound and to confirm 

the structure. However, all the attempts to grow crystals failed; only one crystal was 

obtained from experiment (SJ-100) and did not correspond to the product (Figure 3.5). 

Proton NMR cannot be used in characterizing the product since Cu(II) is paramagnetic, d9 

which results in broad lines.  

                                                

‡‡‡ There is no direct evidence for this; but it is consistent with the results obtained from the 
experiments in this chapter. 
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Figure 3.5.  Crystal structure obtained from experiment SJ-100, [Ru(η6-p-
cymene)(NH3)2Cl]PF6. The counterion is omitted for clarity.  

 

After several trials, the Cu2+ metal centre, [Cu(Pterpy)Cl]Cl, was replaced with 

zinc(II) or ruthenium(II). All experiments with these metal ions also proved to be 

unsuccessful. The goal of using Zn(II) was to determine whether the final product had the 

skeletal structure of interest. Zn(II) is diamagnetic, d10, and thus NMR spectroscopy can 

be used to judge the outcome of the experiments. Nevertheless, if stability of the metal 

complex is the reason for the unsuccessful synthesis of the bimetallic complex, then 

indeed Zn(II) will not be a better alternative than Cu(II). According to the Irving-Williams 

series, which predicts the stability of divalent first row transition metal complexes, Zn(II) 

should form less stable complexes than Cu(II) irrespective of the type and/ or the number 

of ligands.330 On the other hand, Ru(II) was expected to provide a stable complex when 

coordinated to Pterpy. The issue with the synthesis of [Ru(Pterpy)Cl2] was the possibility 

of having a mixture of Ru(II) and Ru(III)-based complexes. These experiments were 

discontinued due to time considerations.  
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Table 4.  Summary of the procedures followed in the attempt to synthesize the 
Ru(II)-arene-Cu(II) heterobimetallic complex. 

abbreviations: SM = starting material; MeOH = methanol; DCM = methylene chloride; 
DMF = Dimethylformamide; TEA = Triethylamine; eq = equivalents; soln = solution; Rt = 
room temperature 
* MALDI-TOF results are given as: mass – percentage 
 

Exp Cu-Ru Solvent(s) pH Temp. Reagent(s) MALDI* 

1 
 
 

SJ-14 MeOH - Reflux 6 h  - 407-100 
483-84 
720-3 

2 SJ-39 Toluene - Reflux 6 h - SM 

3 SJ-64 Acetone, H2O (1/1; 
v/v) 

~3 Rt  CuCl2.2H2O 
(3 eq) 

407-100 
720-3 

4 SJ-70-
C 

Acetone, DCM (1/1; 
v/v) 

>7 Rt  Na2CO3 (1 
eq) 

SM 

5 SJ-72-
C 

DMF ~12 Rt TEA (3 eq) 409-93 
483-100 
577-30 
721-32 

6 SJ-75-
E 

DMF ~12 Rt TEA (3 eq) 
NH4PF6 (>5 
eq) 

392-41 
577-35 
721-100 

7 SJ-86 CH3CN - Rt - 407-100 
483-66 

8 SJ-91 MeOH 
 

- Mixing at Rt 
(5 min) 
~0 °C before 

extraction (1 
h) 

CuPterpy (4 
eq)  
Ru-arene (~1 
eq) 
Ether for 
extraction 

408-82 
577-100 
651-72 
714-16 
757-5 
1053-2 
1223-3 

9 SJ-94 MeOH 
CH3CN 
 

- 0 °C when 

RuL was 
added & 
during 
extraction 

CuPtpy (4 
eq) 
Ru-arene (1 
eq) 
 

410-100 
482-45 
579-8 
720-0.7 

10 SJ-95 MeOH - Stirring at Rt 
~0 °C during 

extraction  

CuPtpy (4 
eq) 
Ru-arene (1 
eq) 
Ether for 
extraction 

408-100 
484-40 
579-9 
721-2 

11  The above crude soln - Reflux 4 h  - No 
change 

13 SJ-100 MeOH 
CH3CN  

- Rt (24 h)→ 
Reflux 4 h 

NH4PF6 (5 
eq) 

292-41 
447-100 
720-60 
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Exp Zn-Ru Solvent(s) pH Temp. Reagent(s) MALDI 

1 SJ-22 MeOH - Reflux 6 h - 446-100 
720-87 

2 SJ-38 toluene - Reflux 4 h - 446-100 
720-79 

3 SJ-48 H2O - Rt 12 h - 482-29 
580-100 

4 SJ-62 Acetone, H2O (1/1; 
v/v) 

~3 Rt ZnCl2 (3 eq) 447-100 
720-91 

5 SJ-70-
A 

Acetone, ether (4/1; 
v/v) 

- Rt ZnCl2 (3 eq) SM 

6 SJ-70-
B 

Acetone, ether (3/2; 
v/v) 

>7 Rt ZnCl2 (3 eq) 
Na2CO3 (1 
eq) 

SM 

7 SJ-71-
D 

DMF >7 Rt ZnCl2 (3 eq) 
Na2CO3 (3 
eq) 

268-100 
446-70 
720-90 

8 SJ-
70A2 

Acetone, ether (4/1; 
v/v) 

~3 Rt ZnCl2 (3 eq) 
NH4PF6 (>5 
eq) 

578-16 
721-100 

Exp Ru-Ru Solvent(s) pH Temp. Reagent(s) MALDI 

1 SJ-35 MeOH - Reflux 6 h  - 578-100 

2 SJ-76-
G 

DCM, acetone (1/1) ~13 Rt TEA (3 eq) 447-100 
720-72 

3 SJ-95 CH3CN  - Reflux 4 h 
~0 °C before 

extraction 

RuPtpy(4 eq) 
RuL (1 eq) 
Ether for 
extraction 

447-88 
578-60 
754-14 
721-100 

 

Synthesis of Ru(II)-arene-Au(III) heterobimetallic complex 

Initially, Au(III) was coordinated to the tridentate Pterpy ligand. The resulting 

complex was reacted with the dimeric starting material, [Ru(𝜂6-p-cymene)Cl2]2, which 

breaks into monomers in solution and coordinates via Ru(II) to the pyridyl moiety in the 

Au(III) complex. It is important to do the reaction in this order, because if Pterpy was 

reacted with Ru(II) dimer prior to its reaction with Au(III), it will have multiple sites capable 

of acting as Lewis bases and thus can become a bidentate ligand on the Ru(II) metal 

centre (two chloro ligands in the Ru(II)-arene monomer will exchange with two pyridines 

in Pterpy).  

According to the procedure reported in the Experimental (3.2.5) section of this 

chapter, the crude product was rinsed with dichloromethane. However, during the initial 

experimental trials, the crude was not rinsed with any solvent. In one of these experiments, 
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crystals were observed after approximately two months at room temperature in the NMR 

tube containing the crude product dissolved in DMSO-D6. The crystals were identified as 

Ru(Pterpy)Cl3 (Figure 3.6) from the X-ray crystal structure. Although it is a minor product, 

it is interesting since the absence of counterion in the crystal structure means that the Ru 

ion is in the (3+) oxidation state, despite the dimeric starting compound containing two 

Ru(II) centres. The presence of this product could be due to: a) traces of the Ru(III) ion 

was present in the reaction solution as an impurity that was carried along with Ru(II) dimer, 

[Ru(𝜂6-p-cymene)Cl2]2, in addition to traces of unreacted Pterpy; and/or b) the Ru(II) 

monomer lost its coordination to the arene ring, p-cymene, reducing the stability of its 2+ 

oxidation state, and enabling oxidization and exchange with Au(III) in [Au(Pterpy)Cl]Cl2. 

The first hypothesis can be refuted, since Ru(III), d5, is paramagnetic and thereby results 

in broad signals in the 1H NMR spectrum. This distinctive feature was not observed in the 

NMR spectra of the starting material [Ru(𝜂6-p-cymene)Cl2]2 or the final product, Ru(II)-

arene-Au(III). The second hypothesis suggests that Ru(II)/(III) has a higher affinity for 

Pterpy than the arene. It is important to keep in mind that the crystals were observed after 

a long period of time which allows slow metal-ligand exchange reactions to take place.  

 

Figure 3.6.  Crystal structure of the by-product obtained from the synthesis of 
Ru(II)-arene-Au(III). 
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Au(III), d8, is isoelectronic and isostructural with Pt(II), d8, which has been 

suggested it could have anticancer properities.331 Au(III) complexes assume square-

planar geometry, which is the same geometry that is crucial for Pt(II) bioactivity.331 

However, some of these complexes were found to be unstable in physiological systems 

due to the high reduction potential of Au(III).166, 167 To solve this issue, chelating ligands 

are typically used to stabilize gold in its (3+) oxidation state.164, 167 In addition, Au(III) is a 

soft Lewis acid and can form stable coordination complexes with soft bases like 

phosphorous, and borderline bases like pyridine.332, 333 Therefore, Au(III) was coordinated 

to the tridentate ligand Pterpy.  

3.3.2. X-ray fluorescence (XRF) analysis 

Principle of XRF  

X-ray fluorescence (XRF) is a non-destructive technique used to identify or confirm 

the presence of elements in a sample and their mass or concentration.334 X-ray radiation 

is high in energy and thus is used to excite inner-shell electrons (i.e., core electrons in the 

K, L, or M layer) to a higher energy state.171, 334 The excited electron can be ejected from 

the atom or it can relax back to the inner shell while emitting light (fluorescence) at a 

wavelength that is element-specific.334 The intensity of the fluorescence emission 

correlates to the amount of element present in the tested sample.171, 334  

XRF Results 

XRF analysis was performed on the Ru(II)-arene-Au(III) heterobimetallic complex. 

Unfortunately, due to instrumental uncertainty, the analysis could only confirm the 

presence of elements, but could not be used to calculate the concentration. The results of 

XRF analysis are presented in Figure 3.7 and these results confirm the presence of Au, 

Ru, and Cl elements.  
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Figure 3.7.  XRF spectrum for Ru(II)-arene-Au(III) heterobimetallic complex. 
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3.4. Conclusion and future work 

In this chapter, the synthesis of a heterobimetallic Ru(II) complexes was described. 

The initial aim of this research was to synthesize a Ru(II)-arene-Cu(II) binuclear complex. 

After several experimental trials, the synthesis was unsuccessful, mainly because Cu(II) 

is labile and cannot form a stable complex even when it is coordinated to a tridentate 

ligand, Pterpy. This heteronuclear complex was intended to be bifunctional, in the sense 

that the Ru(II) centre targets transport into cancer cells and can eventually interact with 

DNA when internalized in the cell nucleus, and Cu(II) can generate ROS which results in 

oxidative stress that induces apoptosis. Recent research tend to emphasize the role of 

Cu(II) complexes as ROS generators, without considering the fact that many forms of 

cancer lead to elevated concentrations of Cu ion, which is required as a cofactor for 

several enzymes involved in angiogenesis and cancer cell proliferation. Since Cu ions are 

labile, as shown in this work, loss of ligands in biological systems could assist in cancer 

cell proliferation as opposed to its death. Thus, future research should focus on the stability 

of Cu(I)/(II) coordination complexes in physiological conditions. Due to the synthetic issues 

associated with the use of Cu ions, the author turned to Au(III), since it can also generate 

oxidative stress and exhibit anticancer activity.167 In addition, Au(III) was shown to form 

stable complexes under physiological conditions, when coordinated to chelating 

ligands.167 This chapter only reports the synthesis of the heterobimetallic complex without 

investigating its biological activity, because the complex was found to exhibit low solubility 

in several solvents including DMSO. Therefore, future work should consider enhancing 

the solubility of this compound by modifying its structure, such as, adding functional 

groups on the pyridine rings in the spacer ligand, Pterpy, that can form H-bonds.  
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Chapter 4. Conclusion  

In this thesis, the synthesis and characterization of fifteen new compounds were 

described, in which seven were heterocyclic furoxan derivatives and eight were 

organometallic complexes. The complexes contain the Ru(II)-arene moiety and belong to 

the family of RAPTA-C compounds. All the compounds, including the heterocyclic ligands, 

were intended to be used as anticancer and/ or antibacterial agents. The speculated mode 

of action for the compounds described in Chapter 2 was that the Ru(II)-arene moiety will 

promote transport into cancerous or bacterial cells, enabling cytotoxic nitric oxide to be 

released from the furoxan ligand inside the cells. The heterobimetallic complex reported 

in Chapter 3 was expected to be selective, since it also possesses the Ru(II)-arene 

moiety. In addition, it was speculated that this complex could have enhanced bioactivity 

due to synergistic interactions between Ru(II) and Au(III).  

Chapter 2 contributes to the synthesis and application of N-heterocyclic oxides. 

Furoxan derivatives were used as ligands on the Ru(II)-arene moiety to generate 

compounds that mimic the structure of RAPTA-C. The complexes exhibited different 

abilities to release nitric oxide and variable cytotoxicity in bacterial cells. These studies 

demonstrated that altering the electronic properties of the substituents on the furoxan ring 

can impact its NO-donating character. Electron withdrawing groups (i.e., -NO2, -SO2Ph) 

lower the electron density in the furoxan ring making it more susceptible to nucleophilic 

attack by thiol-containing biomolecules, such as glutathione. Antibacterial studies showed 

that the furoxan derivative with the sulfoxide substituent, L6(-SOPh), demonstrated the 

highest cytotoxicity among the seven derivatives. According to the author’s knowledge, a 

sulfoxide substituent has not been used as a functional group on furoxan derivatives. 

Therefore, this new class of compounds need to be studied further in terms of their 

bioactivity. The NCI will evaluate the anticancer activity of four of the furoxan derivatives, 

L1(-NO2), L5(-SPh), L6(-SOPh), and L7(-SO2Ph) using NCI-60 screening.  

Chapter 3 introduced the synthesis of a new heterobimetallic complex that 

consists of a Ru(II)-arene moiety, which is analogous to RAPTA-C, linked to a Au(III) 

centre coordinated to the tridentate ligand, Pterpy. The structure of this complex still needs 

to be confirmed via X-ray diffraction. Indeed, the low solubility of this molecule in several 

solvents, including dimethyl sulfoxide (DMSO), hindered the analysis of its biological 
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activity. Nevertheless, modifications of the chemical structure may solve this issue. For 

instance, functionalizing the Pterpy ligand with substituents capable of forming H-bonds 

could enhance the solubility of the complex in biological systems. In addition, changing 

the spacer length could modulate the cytotoxicity by altering the synergistic interactions 

between Ru(II) and Au(III).  

Serendipity, “the faculty of making fortunate discoveries by accident,” revealed 

three crystal structures, two of which are novel.96 The first being the by-product for the 

synthesis of L1(-NO2) reported in Chapter 2, 4-cyanopyridine (Figure 4.1), which can be 

used as a reagent in several reactions.335-338 The crystal structure of this compound has 

been reported previously, and is not discussed further in this thesis. However, it is an 

interesting compound from a synthetic perspective. In 1958-1972, multiple articles 

reported the synthesis of anti-tuberculosis drug, isonicotinylhydrazide (INH, commonly 

called Isoniazid) from 4-cyanopyridine and hydrazine hydrate.339 Isoniazid (Figure 4.1) is 

still manufactured today using the same reagents.340 Recently, 4-cyanopyridine has been 

implicated in the synthesis of another anti-tuberculosis drug, ethionamide (Figure 4.1).341 

The industrial method for manufacturing 4-cyanopyridine involves ammoxidation of 4-

methylpyridine.342 Ammoxidation ( also called Sohio process) is the industrial synthesis of 

nitriles by using ammonia and molecular oxygen.343, 344  

 

 

Figure 4.1.  Chemical structure of two anti-tuberculosis drugs synthesized from 
4-cyanopyridine. 

 

In addition, the synthetic procedure for L1 (-NO2), described in Chapter 2, can be 

used to provide an alternative route to the synthesis of niacin by replacing the starting 

material with 3-vinylpyridine (Scheme 13). The by-product will be 3-cyanopyridine. Then, 

by using base hydrolysis, 3-cyanopyridine will be converted to nicotinic acid (i.e., niacin: 
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a form of vitamin B3).342 Typically, niacin is manufactured from 3-picoline (i.e., 3-

methylpyridine).342  

 

 

Scheme 13.  Proposed synthetic pathway for niacin. 

 

The second crystal, reported in Chapter 3, was identified to be the novel 

organometallic complex: [Ru(𝜂6-p-cymene)(NH3)2Cl]PF6. This compound formed a few 

crystals while attempting to synthesize the Ru(II)-arene Cu(II) bimetallic compound. In the 

future, the biological activity of this new complex can be investigated. Furthermore, a third 

crystal was found to be [Ru(Pterpy)Cl3] complex, which is the by-product formed during 

the synthesis of Ru(II)-arene-Au(III). This is a known compound but, its crystal structure 

has not been reported. In the future, the [Ru(Pterpy)Cl3] compound can be coordinated to 

another metal complex through the pyridyl moiety in Pterpy to synthesize binuclear 

compounds.  

In this thesis, the development of new furoxan derivatives and their corresponding 

Ru(II)-arene complexes was discussed. This research contributes to the field of N-

heterocyclic oxides and their application in medicine. Furthermore, the synthesis of the 

heterobimetallic complex Ru(II)-arene-Au(III) provides insight into the development of 

binuclear complexes and their potential use as chemotherapeutics.   
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Appendix A.  Supplementary Information for Chapter 
2 

1H NMR spectrum for L1(-NO2) 

 

Solvent impurities: 𝛿 1.20 (t, CH2CH3, ethyl acetate), 1.96 (s, CH3, acetic acid), 4.05 (q, 

CH2CH3, ethyl acetate).  
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13C NMR spectrum for L1(-NO2) 

 

Solvent impurities: δ 14.41 (CH3, ethyl acetate), 62.34 (CH2, ethyl acetate), 206.18 (CO, 

(CD3)2CO signal). 
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HMBC spectra for L1(-NO2) 
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1H-15N HMBC spectrum of L1(-NO2) at 300 K 

 

  



 

131 

Electrospray ionization mass spectrum (positive) for L1(-
NO2) 

 

[M+H]+ calculated 209.0311 found 209.0313; [M+H-O]+ calculated 193.0362 found 

193.0363; [M-NO-CNO2+H] calculated 105.0453 found 105.0456.  
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1H NMR spectrum for L2(-H) 

 

Solvent impurities: 𝛿 1.96 (s, CH3, acetic acid). 
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13C NMR spectrum for L2(-H) 

 

Solvent impurities:  δ 172.10 (CO, acetic acid). 
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HMBC spectra for L2(-H) 

 

 

a 

b 

a b 

e 

c 

d 

 

b-d 

a-c 



 

135 

Electrospray ionization mass spectrum (positive) for L2(-H) 

 

[M+H-O]+ calculated 148.0511 found 148.0507.  
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Electrospray ionization mass spectrum (positive) for L2(-H) 

 

[M+H]+ calculated 164.0460 found 164.0458; [M+H-O]+ calculated 148.0511 found 148.0511.  
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1H NMR spectrum for L3(-OCH3) 

 

Solvent impurities: 𝛿 1.3 (s, silicon grease), 1.96 (s, CH3, acetic acid), 4.05 (q, CH2CH3, ethyl 

acetate).  
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13C NMR spectrum for L3(-OCH3) 
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Electrospray ionization mass spectrum (positive) for L3(-OCH3) 

 

 [M+H-NO]+ calculated 164.0586 found 164.0473; [M+H-O]+ calculated 178.0617 found 

178.0596; [M+H-NO-Me]+ calculated 152.0586 found 152.0695. 
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1H NMR spectrum for L4(-OPh) 
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13C NMR spectrum for L4(-OPh) 
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HMBC spectra for L4(-OPh) 
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Electrospray ionization mass spectrum (positive) for L4(-
OPh) 

 

[M – O + Na]+  calculated mass 261.0522, found 261.1105; [C13H11N3O4 + ACN + Na]+ 

calculated 337.0908, found 337.0995.  
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1H NMR spectrum for L5(-SPh) 

 

Solvent impurities: 𝛿 2.84 (s, OH, water).  
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13C NMR spectrum for L5(-SPh) 

 

 

 

 

 

 

 

 

 

 

 



 

146 

Electrospray ionization mass spectrum (positive) for L5(-
SPh) 
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1H NMR spectrum for L6(-SOPh) 

 

Solvent impurities: 𝛿 1.56 (s, OH, water), 2.17 (s, CH3, acetone).  
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13C NMR spectrum for L6(-SOPh) 
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Electrospray ionization mass spectrum (positive) for L6(-
SOPh) 
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1H NMR spectrum for L7(-SO2Ph) 
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13C NMR spectrum for L7(-SO2Ph) 
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MALDI-TOF spectrum for L7(-SO2Ph) 

 

Electrospray ionization mass spectrum (positive) for L7(-SO2Ph).  
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1H NMR spectrum for C1(-NO2) 
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13C NMR spectrum for C1(-NO2) 
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Electrospray ionization mass spectrum (positive) for C1(-
NO2) 
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1H NMR spectroscopy for C2(-H) 

 

Solvent impurities: 𝛿 1.09 (t, CH3, diethyl ether), 1.25 (m, CH2, n-hexane), 1.99 (s, 

CH3CO, ethyl acetate), 3.31 (s, HDO, suppressed), 4.03 (q, CH2CH3, ethyl acetate). 
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13C NMR spectrum for C2(-H) 
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Electrospray ionization mass spectrum (negative) for C2(-H) 

 

[M – O – H]+ calculated 451.9876 found 451.9917; [M – 2NO + formic acid – H]+ 

calculated 453.9920 found 453.9903; [deoxygenated ligand – H]+ calculated 146.0360 

found 146.0393.  
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1H NMR spectrum for C3(-OCH3) 

 

Solvent impurities: 𝛿 1.25 (t, CH3, EtOH), 1.56 (s, OH, water), 2.17 (s, CH3, acetone), 

3.49 (s, CH3, MeOH).  
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Electrospray ionization mass spectrum (positive) for C3(-
OCH3) 

 

Reverse [M+ K]+ = M2 adduct, calculated [M2- CH3 + NH4]+ 505.0414 found 505.3262. 
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1H NMR spectrum for C4(-OPh) 
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13C NMR spectrum for C4(-OPh) 
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MALDI-TOF spectrum for C4(-OPh) 

 

[M-O+CH3OH+H]+ calculated 578.054 Da, found 578.501 Da 
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1H NMR spectrum for C5(-SPh) 
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13C NMR spectrum for C5(-SPh) 
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MALDI-TOF spectrum for C5(-SPh) 

 

[M] calculated 577.49 Da found 577.055 Da.
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1H NMR spectrum for C6(-SOPh) 
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MALDI-TOF spectrum for C6(-SOPh) 

 

 

[M-O] calculated 576.9932 Da, found 576.602 Da 
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1H NMR spectrum for C7(-SO2Ph) 
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13C NMR spectrum for C7(-SO2Ph) 
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1H NMR spectrum for Ru(𝜼𝟔-p-cymene)(Pyridine) – control  
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Electrospray ionization mass spectrum (positive) for 4-nitro-
3-phenyl-1,2,5-oxadiazole 2-oxide 
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C1 Crystal data Tables 
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Appendix B.  Supplementary Information for Chapter 
3 

1H NMR spectrum for Pterpy  

 

Solvent impurities: 𝛿 1.06 (t, CH3, ethanol), 2.09 (s, CH3, acetone), 3.33 (s, HDO).  
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1H NMR spectrum for [Au(Pterpy)Cl2]Cl 

 

Solvent impurities: 𝛿 1.06 (t, CH3, ethanol), 2.09 (s, CH3, acetone), 3.44 (q, CH2, 

ethanol), 3.66 (suppressed, s, HDO).  
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MALDI-TOF for [Au(Ptepy)Cl2]Cl 
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1H NMR spectrum for Ru(II)-arene-Au(III) 
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Electrospray ionization mass spectrum for (positive) Ru(II)-
arene-Au(III) 

 

 [pterpy+H] calculated 311.1291 found 311.1183, [M+2Na]2+ calculated 481.9625 found 

481.9477, [M+H]+ calculated 918.9539 found 918.9388.  
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IR spectra for {Au(Pterpy)Cl2]Cl and Ru(II)-arene-Au(III) 
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[Ru(Pterpy)Cl3] Crystal data Tables 
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[Ru(𝜼𝟔-p-cymene)(NH3)2Cl]PF6 Crystal data tables 
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