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Abstract 

Metallocenes have demonstrated great potential as components of novel 

pharmaceuticals. Notable examples include ferrocene (Fc) compounds such as Ferrocifen 

and Ferroquine, which have shown clinical success as anticancer and antimalarial drugs 

respectively. In this work, metallocene conjugates have been developed to modify, 

enhance, and manipulate the activity of known drugs and biomolecules. The first study 

utilizes Fc as a bridge between two biologically-active molecules, biotin, a receptor 

targeting moiety and chlorambucil, a chemotherapeutic, to give a novel trifunctional 

anticancer compound.  Comparison of the activity of the resulting trifunctional molecule 

against the NCI-60 human-tumor cell-line screen with a series of control compounds, 

which had systematic absences of each of the three components, demonstrated that the 

Fc group increases anticancer activity. Furthermore, statistical analysis of patterns of 

activity in the NCI-60 data indicate that the Fc group likely exhibits activity due to the 

generation of reactive oxygen species (ROS). In the second study, Fc and receptor 

targeting moieties, biotin or estrone, were appended to an antimetastatic Ru(III) scaffold. 

The ligands of the compounds show promising cytotoxicity and selectivity, whereas the 

bimetallic complexes are less active, but still more cytotoxic than the parent Ru(III) 

complex. Spectroscopic and theoretical studies indicate a potential electrochemical 

interaction between the two redox-active metal centres. To further explore its ROS 

generating utility as a medicinal tool, Fc was also coupled to a series of quinolone-based 

antibiotics. Despite a design that aimed to allow the quinolone activity to be unencumbered 

by the Fc group, while allowing for ROS generation, the compounds showed little activity 

against a panel of bacterial pathogens. This suggested a fundamental pharmacological 

issue with the compounds, possibly related to transport into cells. The fourth type of 

metallocene conjugate in this work installed ruthenocene-like tags to aromatic amino-acid 

side chains of human serum transferrin. These protein organometallics were studied for 

their ability to be transported into cancer cells, by comparing the tagged iron-loaded (holo) 

and iron-free (apo) forms of the protein. Circular Dichroism studies indicate that holo-

transferrin maintains its secondary structure following modification, suggesting that the 

labelled protein could be transported via the transferrin receptor. Overall, the work in this 

thesis demonstrates the scope for diverse applications of metallocenes in medicinal 

chemistry. 
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Chapter 1. Introduction 

1.1. Metal Based Biological Compounds 

Biometals are metals that are present in appreciable amounts in living things, and 

are considered essential for their survival. Important biometals include copper, cobalt, 

manganese, zinc and iron,1 which are found in structures such as metalloproteins or as 

cofactors in enzymes.2 These metal-containing biomolecules are central to processes vital 

to life, such as oxygen transport, DNA replication, and regulation of hormone responses.3 

For medicinal applications, other metals have been introduced that are not considered 

essential for life, but have shown considerable potential either as diagnostics or in the 

treatment of disease.4 From a diagnosis standpoint, radioactive isotopes of metals such 

as technetium, gadolinium, and gallium are used extensively for medicinal imaging.5, 6 

Furthermore, newly emerging therapeutics based on platinum, gold, copper, vanadium, 

ruthenium, and iron are showing potential to treat bacterial and fungal diseases, and 

cancer.7  

Metal complexes inherently possess characteristics that are not found readily in 

organic compounds. This includes straight-forward access to an array of 3D structures. 

Due to the different in coordination numbers that various metal ions allow8 and the large 

variety of ligands that metals can bind, essentially limitless structures and geometries are 

possible.9 Another important feature of metal complexes is the potential of the metal ion 

to exist in different oxidation states. An important biological example of this is iron, which 

is found mainly as Fe(II) and Fe(III) in the body. Fe(II) is found in hemoglobin, which is 

used to transport oxygen around the body,10 whereas Fe(III) is found primarily in the 

transport and storage proteins transferrin and ferritin.11 The combination of access to 

structural diversity, and control of oxidation states has been a key factor in the potential 

success of many metal-based drug candidates.12 However, since the human body 

presents a multitude of potential ligands, and environments that vary in properties such 

as pH and reduction potential, understanding the behaviour of medicinal metal complexes 

in vitro and in vivo is challenging.13  
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 Metal Based Anticancer Drugs 

 Cancer treatment regimens generally fall into three main categories:; (i) surgery 

to physically remove tumours, (ii) radiation to shrink and kill tumours, and (iii) 

chemotherapy that uses molecular agents to kill, or stop\retard the growth of cancer 

cells.14 Chemotherapeutic drugs were first developed in the 1940’s when a nitrogen 

mustard in combination with folic acid was administered in a successful attempt to treat a 

patient with non-Hodgkin’s lymphoma, a type of blood cancer.15 In the subsequent 80 

years there has been a massive international effort to develop new chemotherapeutics, 

with over 100 cancer treatment drugs currently approved for use in humans.16-18 These 

are predominantly organic compounds, with the only clinically-approved metal-based 

drugs being platinum compounds. Platinum therapies, specifically cisplatin, carboplatin, 

or oxaliplatin (Figure 1.1) are given to over 50% of cancer patients.19 The general 

hypothesized mechanism for cisplatin involves aquation via a loss of a chloride and the 

addition of water. This process is driven by the relatively low concentration of chloride in 

the cell.20 This aquated form can then interact with guanine and adenine in the DNA 

backbone of cancerous cells in order to disrupt DNA replication, ultimately leading to 

apoptosis or cellular necrosis.21 These compounds have paved the way for cancer therapy 

candidates using complexes of other metal ions including gold, copper, iron and 

ruthenium.22 Although compounds containing these other metals have yet to find clinical 

use, many  have shown promising results in vivo and in human trials.23 

 Metal Based Antibacterial Agents 

Metal based antibacterial agents have been in use for thousands of years. As early 

as 2500 BC copper pots were used to store drinking water, which was also used for 

treating burns and skin diseases via the oligodynamic effect (the ability of metal ions to 

Figure 1.1: Clinically approved platinum drugs. 
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harm living organisms).24 Many metals have been shown to have antibacterial properties 

including vanadium, nickel, gold, zinc, aluminum, bismuth, and silver.25 Silver, in particular, 

is widely used as an antimicrobial agent, with recent developments including nanoparticles 

in clothing,26 food storage,27  and catheters to help prevent urinary tract infections,28 

among many other commercial applications and products.29 Other metals also have 

shown efficacy towards bacteria and biofilms30, 31 demonstrating great potential for further 

development in this field. 

1.2. Metallocene-based Biological Agents 

 Metallocenes have garnered great interest for their biological activity in recent 

years.32 Amongst the many classes of organometallics, metallocenes are considered 

amongst the most stable,33 and they can be categorised as either classical or bent (Figure 
1.2). Classical metallocenes have their capping ligands parallel, with this configuration 

found for metals such as iron, ruthenium, or cobalt. Typically, classical metallocenes have 

a set of parallel cyclopentadiene rings (Cp), with the metal usually in the 2+ oxidation state; 

Cp rings have a 1- charge. Bent metallocenes generally have 4+ metal centers with the Cp 

rings at angles of between 82 and 95°, and chlorides occupying the other coordination 

sites.34 Many of these compounds have been tested for their biological activity and found 

to exhibit anti-tumor activity against a wide variety of tumor cells. These affects were less 

potent than the clinically leading metal drug, cisplatin. However, titanocene dichloride 

(Figure 1.2) reached phase-II clinical trials.35 

Figure 1.2: Metallocene Examples. (Top) Classical Metallocenes. (Bottom) Bent 
Metallocenes. 
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 Of the varieties of classical metallocenes, ferrocene (Fc), the iron containing 

derivative, was the first example discovered and is the most studied. From the perspective 

of synthesis, the chemistry of Fc shares similarities with benzene, in terms of both 

reactivity and electronically, as they both have aromatic pi-delocalized ring systems. 

Consequently, as a synthetic analogue for benzene, inclusion of Fc is a convenient way 

to introduce a metal into an organic scaffold.36, 37 Ferrocene is temperature stable to 

500 °C, insensitive towards air and water, lipophilic relative to many biological molecules, 

and can exhibit two stable biologically-relevant oxidation states (II and III).38 Ferrocene is 

not toxic, and can be broken down by the liver and excreted without causing any adverse 

health effects.39 However in 1984 Köpf-Maier et al. showed the first example of ferrocene 

exhibiting antiproliferative properties.34 The origin of this activity has been linked to the 

redox-active iron center of ferrocene. Under biological conditions, the Fe(II) centre of Fc 

can be oxidized to Fe(III), forming ferrocenium (Fc+). This redox couple is able to cycle  

through a mechanism known as the Fenton reaction (Figure 1.3).40 This reaction can 

produce reactive oxygen species (ROS), with hydroxyl radical and peroxyl being the most 

prevalent radical species generated. These can in turn cause cellular damage via radical 

reactions with biological molecules, DNA, and other cellular components. ROS as shown 

in Figure 1.3 include hydroxyl radical, peroxides, superoxide, and singlet oxygen, all of 

which are biological ROS. Many of these species are short lived, particularly radical ROS 

(unpaired electrons shown in red in Figure 1.3) and are highly reactive. The biological 

effects of ROS include lipid peroxidation, amino acid oxidation, enzyme cofactor oxidation 

and DNA/RNA backbone oxidation.41 These radical species in high amounts are all 

capable of causing oxidative stress (the imbalance between the production of ROS and a 

Figure 1.3: (Top) Biologically relevant ROS. (Bottom) ROS generated capable of 
causing cellular damage. 
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biological system’s ability to readily remove the ROS or repair the resulting damage), 

which can ultimately lead to cell death.42, 43 This ability of ferrocene to cycle between Fe(II) 

and Fe(III) oxidation states under biological condition (redox window between 0.3- 1.0 V)34, 

40  has been exploited for use in anti-malarial, anti-cancer, and anti-fungal compounds.44-

47   

 Ferrocene Anticancer Agents 

 Ferrocene is a redox active, air stable, and moisture stable iron(II) compound. 

This means that it can be modified by a multitude of synthetic derivatizations, which can 

be tailored to different biological applications.44, 48, 49 These synthetic modifications include 

adding Fc into organic substructures of interest, in many instances replacing a phenyl ring. 

These new Fc-based structures possess different chemical properties from their parent 

compounds, which can change and possibly generate new activity. The most well known 

and studied example of Fc incorporation into the backbone of a known drug is Tamoxifen, 

where a phenyl ring was replaced with Fc to give Ferrocifen (Figure 1.4).  Tamoxifen is 

an approved anticancer drug targeted towards the prevention and treatment of breast 

cancer in men and woman.50-52 Tamoxifen has two major metabolites, 4-hydroxy 

Figure 1.4:  Major metabolites of Tamoxifen and the ferrocene derivative 
Ferrocifen shown in red. 
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Tamoxifen and Endoxifen, both of which have a phenol ring trans to an ethyl subunit. 

These Tamoxifen metabolites are the bases for ferrocifen, as they represent the most 

potent and active biological forms of Tamoxifen, making them a good synthetic starting 

point in the attempts to make a potent Fc drug. 

 Tamoxifen treats the hormone-dependant, estrogen-receptor (ER) positive forms 

of breast cancer (ER+). However, mutation can lead to cancer cells where the ER is 

absent. Generation of the ER negative (ER-) form is a resistance survival mechanism that 

ultimately renders tamoxifen ineffective. Over 40% of all ER+ cancer patients will see no 

long-term cytotoxic effect from tamoxifen, making this treatment ineffective over time.53 

Ferrocifen shows higher cytotoxic activity against both the ER+ and ER- forms of breast 

cancer. This indicates a different mechanism of action from Tamoxifen that may be less 

susceptible to mutations.53, 54 The cytotoxicity of ferrocifen towards both ER+ and ER- 

breast cancers suggests that the observed activity involves the Fc iron center, which has 

been implicated by the amount of ROS produced by the compound in-vitro.55 It has been 

hypothesised that the redox activity of the metal complex promotes intramolecular electron 

transfer, which leads to generation of ROS, ultimately damaging breast-cancer cells.56 

Figure 1.5 shows the hypothesis mechanism for radical generation when Fc is included 

in the organic structure of tamoxifen, ultimately generating ROS via a quinone. 

The ability to generate ROS has been a major driving force for the derivatization 

of known organic drugs with ferrocene since ferrocifen was first synthesized in 1996.57 

Figure 1.5: ROS generating mechanism of Ferrocifen. 
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This has led to the incorporation of ferrocene into many types of biologically relevant 

molecules in the hopes of modulating activity and avoiding the development of resistance. 

These biomolecules can be anything present in an organism that is essential to one or 

more typical processes, or any compound that can disrupt these processes.58 Numerous 

small-molecule Fc derivatives have been reported as potential therapeutics. These are 

compounds that have either shown activity towards cellular targets or are specifically 

designed to have a cellular interaction that allows for Fc transport. Several prominent 

examples are shown in Figure 1.6 and are representative of important general types of 

metallocene conjugates. The first example is conjugation of Fc to an azole structure, a 

common backbone of many drugs that frequently shows anticancer activity.59, 60 

Compound A in Figure 1.6 has shown tumour growth inhibition that is enhanced by the 

lipophilic properties of the compound.59 The azole structure readily provides access to 

derivatives via the many different substitutable sites located on either of the rings (Fc or 

azole subunits). These substitutions provide an opportunity to modulate lipophilicity, which 

influences uptake into cancerous cells and ultimately cytotoxicity. Compound B in Figure 
1.6 shows another example of an Fc-azole adduct, in this case with an indole linked to Fc. 

This compound showed strong activity towards the lung cancer cell line A549 (IC50 = 5 

M).61 

Ferrociphenols such as Compound C show some of the most promising 

antiproliferative properties amongst small-molecule Fc derivatized molecules.62 63, 64 Many 

of these compounds are based on the tamoxifen/ferrocifen scaffold with an Fc group that 

can act as a redox antenna via a quinoidal resonance form allowing for ROS generation, 

as shown above in Figure 1.5. This quinoidal resonance form is only accessible by the 

correct stereoisomer of the molecule. This is seen when contrasting compound C in 

Figure 1.6, made by Vassieries et al. that displayed 1 µM activity towards both the ER+ 

and ER− breast cancer, while Compound D Figure 1.6, showed poor activity. This 

suggests that the E isomer, with respect to the phenol and Fc groups, in Compound C is 

preferential for electron transfer.65 This established the need for a phenol core connected 

via conjugation to a Fc core, which has lead to a diverse array of synthetic analogues. 

Pigeon et al. demonstrated that by modulating the side chains to increase the lipophilicity 

and steric hindrance, the activity was dramatically decreased.64 This provided valuable 

insight into the delicate balance of these compounds’ lipophilic properties as seen in 

Compound E, Figure 1.6.64 These lipophilic groups can be modulated with hydrophilic 
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functionalities such as esters and alcohols in order to regain cytotoxicity.63 This modulation 

of functional groups and importance of lipophilicity was coincidently discovered earlier by 

Plazuk et al. when they were able to combine the Fc core with phenol appendages via a 

1,2,3-triazole ring.66 This structural derivatization not only allowed for lipophilicity to be 

within an appropriate range for maximum uptake, but subsequently reintroduced 

cytotoxicity to the molecule, with IC50 values in the 15-50 µM range against several cancer 

cell lines, seen for Compound F, Figure 1.6. 

 Ferrocene-based compounds often suffer from two major drawbacks: limited 

aqueous solubility, and insufficient cellular internalization. These factors can prevent them 

from interacting with biological substructures in or around the cell. Proximity to relevant 

cellular targets is important when considering the primary mechanism of action of many 

Fc-containing therapeutics, which is ROS generation. Since ROS are very reactive, if they 

are not in proximity with the biological species of interest, they may not be as effective, as 

they can possibly interact with other non-relevant compounds.45 This concept of increasing 

the ROS proximity was demonstrated by Ong et al. who showed increased cytotoxicity by 

comparing Fc appended to an acridine (Figure 1.7, left), a strong DNA binding molecule, 

to an Fc-phenyl, which shows little to no preferential DNA binding. The acridine moiety 

intercalates DNA thereby bringing Fc into close proximity and ultimately increasing 

cytotoxicity due to ROS. The phenyl derivative showed lower activity as it did not interact 

significantly with DNA, and ROS generated by the Fc were more remote.67  Another 

cellular interaction that is important and has been demonstrated for these Fc-based 

Figure 1.6:  Selective biologically relevant ferrocene derivatized small molecule 
conjugates. 
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therapeutics is the inhibition of topoisomerase II. Topoisomerases are a family of enzymes 

that are responsible for DNA replication, specifically the unwinding and winding processes 

that allow DNA to control the synthesis of proteins. This enzyme family in cancer cells is 

uncontrolled and rapidly synthesized, whereas in healthy cells it is extremely regulated, 

which makes it an attractive cancer target.68 This property was exploited by Krishna et al. 

when they performed a full structure-activity relationship (SAR) study of topoisomerase II 

to determine two of the best appendages to the ferrocene group. The results showed that 

azlactone and thiomorpholide, (Figure 1.7, right) increased activity and ability to interact 

with topoisomerase II, which led to tumour suppression and tumour cell death.69   

The second major issue for many Fc-functionalized compounds is their limited 

aqueous solubility. These non-polar molecules often have limited solubility in polar 

solvents, with particular issue in aqueous biological solutions such as growth media and 

serum.70 This has led researchers to modify these Fc groups with water solubilizing 

appendages, including small and large biological molecules. 

Fc groups have been appended to amino acids71 and peptides.72 Individual amino 

acid residues coupled to Fc have drawn interest with applications in biological sensing 

and as DNA binding probes.48 Higgins et al. demonstrated that lysine coupled to an Fc 

group via a peptide linkage (Figure 1.8, Top left) cleaves DNA. They suggested this was 

due to the lysine acting as a zwitterion, whose free amine group could bring the Fc closer 

to the negatively charged DNA backbone. Subsequently, oxidation of Fc to Fc+ could then 

generate ROS, ultimately leading to DNA damage and apoptosis.73 This synergy between 

a zwitterion and an Fc group has been used in targeting other diseases, with promising 

results.74, 75 Spacer groups between the Fc and the amino acid have also been employed. 

For example, Kenny et al. reported the use of a binaphthyl spacer between Fc and a 

Figure 1.7:  (Left) Acridine DNA interacting ferrocene analog. (Right) 
Topoisomerase interacting ferrocene derivatives. 

Azlactone Thiomorpholide 
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butyric-acid-functionalized lysine (Figure 1.8, Top right). This compound was cytotoxic 

towards H1299 human non-small cell lung carcinoma cells with an IC50 value of 0.62 µM, 

which is significantly more active than cisplatin against the same cell line (IC50 = 3 µM). 

Other Fc-naphthyl-amino-acid systems have also shown promising anticancer activity, 

suggesting this is a promising chemotherapeutic motif.76  

Fc derivatized peptides are some of the earliest examples of Fc functionalized 

biomolecules, with publications dating back to the late 1950s, just a few years after the 

discovery of ferrocene.77 The coupling of peptide sequences to Fc has been shown to 

modulate peptide activity. Zhou et al. combined Fc with a known peptide sequence, that 

Figure 1.8: (Top, left) lysine derived ferrocene with zwitterionic capabilities. 
(Top, right) Naphthyl derivative showing separation can 
synergistically increase activity. (Middle) Zhou compounds that 
tethered a peptide with a known sequence to greatly increase 
cellular uptake and Fc internalization. (Bottom) Ferrocene peptides 
with locked 3D helical structure (Red and Green dashed lines show 
hydrogen bonding). This increases biological likeness and 
availability. 
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was capable of binding to overexpressed receptor proteins, to promote uptake and activity 

(Figure 1.8, middle). The Fc-peptide conjugate showed greater cytotoxicity than the 

individual components, with an IC50 value of 5.2 µM when tested against B16 melanoma.78 

Peptides attached to Fc can also form well-defined three-dimensional structures through 

hydrogen bonding, which has the potential to modulate interactions with biological 

systems.79 Figure 1.8, Bottom shows an example of an Fc-peptide constructed from four 

units of the non-natural amino acid α-aminoisobutyric acid. As indicated in the figure, the 

peptide adopts a distinctive helical structure due to hydrogen bonding interactions within 

the peptide backbone.80 

Fc has also been appended to a variety of receptor-targeting molecules. These 

molecules include hormones, enzyme substrates, nucleosides, vitamins, and synthetic 

antigens.45, 48 Appending Fc to hormones has shown considerable promise for enhanced 

transport and targeting.  Hormones are chemical signaling molecules and can be broadly 

divided into two classes: peptide hormones  and steroid hormones. The use of steroids as 

components of anticancer drugs takes advantage of the overexpression of specific steroid 

receptors in certain cancers.81 Attaching chemotherapeutics to steroids can thus increase 

internalization and targeting of cancer cells with upregulated hormone receptors. Much of 

the work on Fc-steroids has been reported by three research groups: the Melendez group 

at the University of Puerto Rico, the Jaouen group at the Chimie ParisTech, and the 

Manosroi group at Chiang Mai University.82 Their studies have shown that the specific 

positioning of an Fc group on a steroid molecule can modulate anticancer activity. In the 

case of estradiol, Jaouen et al. were able to attach Fc to C-17 and C-7 (Figure 1.9, Top, 
left) showing that they could induce antiproliferative activity derived from the Fc molecules 

and promoted binding of the steroid to the estrogen receptor. When the ferrocene was 

appended at other positions of estradiol, the activity significantly decreased.57 It was 

proposed that receptor binding lowered the redox potential of Fc enough that it could 

produce ROS in the cell, resulting in the observed anticancer activity.83 Complimentary 

work by Melendez et al. determined that by attaching Fc to C3-O of estradiol (Figure 1.9, 
Top right) the hormone could serve as a targeting vector for the Fc to help internalize the 

compound in MCF-7 cells preferentially over healthy cells.84 Similar to estrogen, 

testosterone can also be used as a targeting vector to improve the cytotoxicity of Fc 

functional groups and to target specific cell types. Docking studies have helped to 

elucidate the testosterone-receptor binding mechanism and determine which positions are 
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most important for receptor recognition. These docking studies provided important 

information about which hormone positions are critical and which can be modified by Fc 

without encumbering receptor binding. Validation of this approach was provided 

experimentally by Jaouen et al. where appropriately Fc-substituted testosterone and an 

Fc-functionalized testosterone metabolite (Figure 1.9, bottom) demonstrated greater 

anticancer activity, while substitutions at positions important for hormone binding resulted 

in lower activity.85  

Growth factors and vitamins can also be used as functional groups to target Fc to 

cancer cells.86 This approach of using biological vectors can improve selective targeting 

of cancer cells. There are many hallmarks of cancer cells that can be targeted, including: 

redox status, pH, cell permeability, and overexpression of certain cellular membrane 

receptors.87 Targeting of receptors pertaining to cellular growth, such as vitamin receptors, 

has been particularly effective since these can be greatly overexpressed in rapidly 

proliferating cancer cells, as compared to normal cells. Receptors for vitamins such as 

vitamin B12, folic acid, biotin, and riboflavin have been shown to be valid targets.88  

In the case of folic acid and the folate receptor, a “Trojan horse” approach has 

been investigated to increase transport of pharmacophores. By appending a therapeutic 

Figure 1.9: (Top, left) Positional functionality dictating Fc steroid activity. (Top, 
right) Fc appended steroid for cancer cell targeting. (Bottom) 
Compounds reported by Jaouen et al. showing functionality and 
linkage type to corroborate docking studies. 
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molecule to folic acid, it has been suggested that binding to the surface protein receptor 

can promote selective transport into cancer cells where the receptor is overexpressed.89 

This approach is potentially widely applicable since overexpression of the folate receptor 

has been observed in kidney, breast, lung, and ovarian cancers, amongst others.90 This 

has made it an attractive biological vector that can improve the cytotoxicity and 

accumulation of known drug moieties in tumours.91 This pharmacophore behaviour has 

been exploited by Bertuzzi et al. using an amide coupling via a triazole linker to link folate 

to Fc, giving a novel conjugate with cytotoxicity comparable to cisplatin and selectivity 

towards cancerous cells over healthy cells (Figure 1.10, Top, left).92 

 Biotin is another potential biological vector, which is a growth promoter that plays 

an essential role in signalling, gene regulation, and chromatin structure formation.93 

Although it is necessary for proper cellular function, humans do not biosynthetically 

produce biotin, meaning it must be acquired from food.94 Biotin binds to the sodium-

dependant multivitamin transporter (SMVT), which shows elevated expression in many 

cancer cells. There has been considerable research into biotin as a functional group in 

bioactive molecules due to its low molecular weight, simple structure, and high specificity 

for binding with the SMVT receptor. Derivatization of biotin with Fc has been demonstrated 

by Plażuk et al. using a Friedel-Crafts reaction to couple biotin to Fc (Figure 1.10, Top , 

Figure 1.10:  Small molecule receptor targeted ferrocene conjugates.(Top, left) 
Triazole linked folic acid ferrocene conjugate. (Top, right) Biotin 
inked Fc. (Bottom, left) Variable linker length displaying difference 
in uptake and activity. (Bottom, right) Biotin linked Fc with 
derivatizable appendage to increase solubility and provide 
versatility. 
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right) with different length linkers (Figure 1.10, Bottom , left). These compounds 

demonstrated very little loss of binding efficiency to the SMVT as compared to biotin itself, 
95 and showed moderate activity (IC50 = 13 - 100 µM) towards a variety of colon cancer 

cell lines96 (Figure 1.10, Bottom, left). These results were expanded upon in thesis work 

by Reid et al. that showed by focusing on more biotin-specific cell lines, and increasing 

water solubility significantly better activity was observed (IC50 = 0.1 - 12 µM) (Figure 1.10, 
Bottom, right).97  

 Other Ferrocene-based Biological Agents 

 Ferrocene containing compounds have shown promise as therapeutics beyond 

anticancer applications. The most notable example is the antimalarial compound 

ferroquine (FQ), which is a Fc derivative of the widely used malaria treatment chloroquine 

(CQ). In FQ a Fc group replaces a propyl chain in CQ (Figure 1.11). This change 

moderately changes lipophilicity and potentially provides a different mechanism of action. 

FQ is active against malaria strains that have acquired resistance to CQ, and 

demonstrates no loss of potency over time.98 The success of FQ has made it a viable lead 

compound as it has entered into clinical trials with codrug therapies previously.99 

Bacterial resistance to antibiotics is an emerging health crisis that is motivating the 

development of novel antibacterial agents.100, 101 Bioorganometallic compounds are 

promising candidates in these studies since they can exhibit wide structural and chemical 

diversity, promoting a variety of possible modes of action and potentially avoiding bacterial 

resistance issues found with conventional antibiotics.102 Fc functionalization of known 

antibiotic structures is one strategy that has been explored. This can be achieved in two 

ways: (i) replacement of a molecular fragment in an antibiotic structure with Fc (as in 

ferrocifen and ferroquine) or (ii) by linking Fc to an antibiotic compound. A notable example 

Figure 1.11: Chloroquine(CQ) and Ferroquine (FQ). 
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of the former strategy was reported by Patra et al. with the Fc derivative of the natural 

product, Platensimycin. This compound contains a complicated tetracyclic cage, which 

was replaced with two Fc groups (Figure 1.12, left). The substitution not only simplifies 

the structure, but the Fc groups are also similar to the original tetracyclic cage in terms of 

space filling. Although the new Fc-functionalized compound had moderate antibacterial 

activity (IC50 = 128 µM against Vancomycin-intermediate S. aureus (VISA) Mu50 strain) 

when compared to the parent compound (IC50 = 16 µM), it demonstrated that, in general, 

an organometallic compound can display activity against an antibiotic-resistant bacterial 

strain103. Another example is Fc-functionalization of penicillin. Although penicillin is widely 

used for many bacterial infections, resistant bacteria are now prevalent. Appending of 

ferrocene to the penicillin core structure has been explored as a strategy to address this 

issue. An example of a Fc-functionalized penicillin drug candidate is shown in Figure 1.12, 
right. This compound showed moderate antibiotic activity,104 which was possibly limited 

by the increased lipophilicity from Fc. It was also hypothesized that the activity of the 

compound was limited because the Fc group was not being oxidized to Fc+ in bacterial 

cells. This oxidation step is required to initiate Fenton-like chemistry and generate toxic 

ROS. This was tested by chemically oxidizing the Fc to Fc+ before administering the 

compound. Interestingly, the chemically oxidized derivative showed increased activity,105 

demonstrating that the redox potential of the Fc group was not in the biological window 

that would allow for the conversion of Fc to Fc+ in bacterial cells, preventing in vitro 

generation of ROS.  

Metallocenes incorporated into the core structure of known antibiotics suffer from 

an inherent issue, that being these cores are highly specific and by adding a metallocene 

into the main backbone, it changes the lipophilicity and polarity. This issue has been 

Figure 1.12: Ferrocene functionalized Platensimycin (left) and Penicillin (right). 
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addressed by joining the antibiotic and Fc via a linker molecule. These linkers can be 

varied in length, hydrophilicity, and other properties. An example of this strategy was 

reported by Wang et al., who took optochin, a known antibacterial,106 and coupled it to Fc 

via a triazole linker that had either aryl or alkyl substituents (Figure 1.13, left). However, 

the effect on the efficacy of the antibiotic molecule was negligable107. A wide variety of 

attachments and linkers are available to join Fc to antibiotics and other bioactive 

molecules. This has enabled some structure-activity relationships to be explored. For 

example, Kumar et al. showed that by tethering a Fc to an isatin (1H-indole-2,3-dione) via 

a triazole, they could install different length alkyl linkers. This variation did not strongly 

impact on the antibacterial activity of the parent compound, but showed the utility of the 

triazole to tether Fc to compounds of interest.108 In a related study, Kumar et al. linked an 

Fc group to a β-lactam inhibitor, via a similar linkage (Figure 1.13, Top, right). 
Unfortunately this modulated the pharmacophore properties too much, ultimately 

rendering the overall compound ineffective.109 Although these linkers are generally benign, 

there are rare cases where the linker participates and can enhance activity. An example 

of this was reported by Yavuz et al. that showed coupling via cytotoxic linkers could be 

helpful. The linkages used were urea, thiourea, and sulfonamides (Figure 1.13, Bottom, 

right), all of which have shown potency towards bacterial cells. These simple designs 

allow for not only expansion of the compound scope, but also relatively high potency (IC50 

= 8.25 - 128 µM against both Gram positive and Gram negative bacteria).110 

Another family of Fc-linked bioactive compounds are those with linkages that are 

found biologically, of which ester and amide linked scaffolds are the most prevalent. These 

Figure 1.13: Examples of linker effects on antibiotic Fc conjugates. 
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types of attachments are biologically relevant bonds found in sugars and peptides, and 

the chemistry used to install these linkers is mild enough not to degrade biomolecules. 

This was shown by Costa et al. who were able to couple an antimicrobial peptide to a Fc 

using well-established solid-state peptide synthesis.111 This was achieved by incorporating 

the Fc into the backbone of the peptide via an amide linkage. This simple addition via a 

biologically relevant linkage showed five times greater inhibitory ability than the 

underivatized version towards the bacterial strains E. faecalis, S. aureus, and  E. coli.111   

 Hetero-Bimetallic Ferrocene compounds 

The mechanism of action of many medicinally relevant (anti- cancer, malarial and 

bacterial) Fc compounds has been frequently linked to redox cycling and generation of 

ROS.112-114 This has also been implicated in the activity of other metal-based drug 

candidates, notably copper complexes.115 However, beyond this, a wide array 

mechanisms have been identified as the origin of the observed anticancer and 

antibacterial activity of metal compounds. For example, gold compounds can inhibit 

specific proteins, ruthenium compounds can interact directly with DNA, and iridium 

complexes can cause premature oxidation of necessary reduction pathways.22 This 

diversity of activity within metal complexes can potentially be enhanced even further by 

linking two or more different metal centers in a single molecule. This has the potential to 

produce new drug candidates with multiple modes of action. Although there are many 

combinations that could be explored, some metal combinations, specifically those 

revolving around Fc, are more prevalent in the literature than others. These combinations 

primarily include platinum, gold, and ruthenium. 

Of all the metals studied for their anticancer abilities, platinum is the most 

researched, with cisplatin leading the way. The anticancer activity of cisplatin arises 

primarily from binding to DNA and its induction of apoptosis. Although cisplatin has been 

widely used to treat testicular, ovarian, lung, head, neck and colorectal cancers,116 it still  

has significant disadvantages. One of the main issues with cisplatin and other platinum 

complexes is their susceptibility to acquired resistance.117 This inspired development of 

Fc-platinum(II) complexes with the goal to combine the activity of the platinum centre with 

the ROS generation of Fc. The first studies of this type were reported in the 1980’s when 

Neuse et al. synthesized a di-ferrocene analogue of cisplatin using a bidentate diamine 

ligand to install the ferrocene groups (Figure 1.14, A). However, the anticancer properties 
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of this compound were not investigated at the time.118 A related compound was reported 

by Nieto et al. using two monodentate β-aminoethyl Fc ligands (Figure 1.14, B). This 

compound showed cytotoxicity towards HeLa cells that was similar to cisplatin.119 Related 

compounds have since been reported with pyridyl (Figure 1.14, C),120 guanidine (Figure 

1.14, D),121 and phenylphosphine (Figure 1.14, E)122 donating groups, with anticancer 

activity typically comparable or better than that of cisplatin against a variety of cancer 

types. 

 Another major disadvantage of Pt(II) anticancer agent is dose-limiting toxicity. 

Cisplatin, for example, causes a variety of serious side effects including kidney damage, 

inner ear damage, neurotoxicity, cardiotoxicity, and many more.123 This is due largely to 

limited selectivity, with cisplatin targeting DNA in both cancerous and healthy cells. This 

issue has so far not been alleviated using the bimetallic strategy described above. 

However, one promising approach is the use of Pt(IV) prodrugs. These compounds have 

the potential to be reduced preferentially in hypoxic tumor environments to selectively yield 

Figure 1.14: (A) Di-ferrocene cisplatin variant. (B) β-aminoethyl di-ferrocene 
cisplatin variation. (C) Pyridyl-palladium derivative. (D) Ferrocene-
Guanidine bimetallic. (E) Phenylphosphine diferrocene. 

2 

2 
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Pt(II) compounds.124 Consequently, the cytotoxic Pt(II) species can be generated in the 

environment of cancerous cells, while leaving normal cells relatively unaffected. This can 

reduce side effects.   

 There are several reports of bimetallic Fc-Pt(IV) complexes. One of the earliest 

examples of this class of compound was synthesized by Jamail et al. They reported a 

diphosphine platinum, bridged via a ferrocene to study as a catalyst for iodination 

reactions.125 Banfic et al. showed the application of these types of compounds to cancer 

treatment with the development of Fc-Pt(IV) prodrugs.126 They were able to link Fc groups 

in the axial positions of a Pt(IV) oxaliplatin core. Their synthetic strategy allowed different 

length linkers to the Fc groups, providing access to a suite of compounds (Figure 1.15). 

These compounds showed promising activity, with IC50 values in the micromolar range 

against several cancerous cell lines. However, the different linker lengths were not found 

to significantly impact on activity. Overall, these complexes demonstrated the potential of 

Fc-Pt(IV) species, and suggest that this is a promising direction for future development.126 

Ruthenium-based heterobimetallic compounds have also garnered interest in 

recent studies.127 The potential of Ru(II) and Ru(III) compounds as anticancer agents 

when in combination with Fc has been particularly promising. One of the earliest examples 

was reported by Auzias et al. who showed linking Fc to Ru(II) arene centers via a pyridyl 

ester linkage gave compounds with cytotoxicity exceeding that of cisplatin.128 Recently, 

the Walsby group at SFU has demonstrated enhanced cytotoxic activity for both Ru(II) 

and Ru(III) complexes with the addition of Fc-functionalized nitrogen-donor ligands.129, 130 

These classes of compounds are discussed further in Chapter 3. 

Figure 1.15: Platinum-Fc prodrugs. 
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1.3. Ruthenium-based Biological Agents 

 The success of platinum-based chemotherapeutics has inspired research into the 

medicinal applications of a variety of other metal ions. Of these, ruthenium is currently the 

most heavily studied with several Ru complexes having reached human clinical trials 

(Figure 1.16). These compounds NAMI-A, KP1019, NKP-1339, and TLD1443, have all 

shown promising results, and have inspired the development of a diverse array of Ru 

complexes that have performed well in pre-clinical studies.131 Currently there are several 

types of ruthenium complexes of medicinal interest, including conventional coordination 

compounds (Ru(II) and Ru(III)) and organometallic complexes (Ru(II)).132, 133 

Ru compounds possess fundamental chemical properties that are advantageous 

for medical use. First is their slow ligand exchange. Ru(II) and Ru(III) complexes both 

Figure 1.16: Ru Compounds that have entered clinical trials. 
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exhibit ligand exchange rates that are typically in the range of minutes to hours under 

physiologically relevant conditions.134 This kinetic inertness can potentially allow 

pharmacophore ligands to remain coordinated in vitro and in vivo.135 Significantly, the rate 

of ligand exchange for Ru complexes is comparable to the timescale of cell division, 

meaning that their ligands can potentially remain coordinated for long enough to influence 

cellular processes.136 137  

Another important property of Ru complexes is the redox activity of the metal 

center. Under physiological conditions, Ru(II), Ru(III), and Ru(IV) oxidation states are 

accessible, although the latter is rarely reported. This redox activity has been linked to the 

reactivity of some Ru(III) complexes. Reduction can potentially instigate Fenton-like 

chemistry resulting in induction of oxidative stress. Furthermore, it has been proposed that 

reduction of Ru(III) complexes may promote interactions of biomolecules with more labile 

Ru(II) species, suggesting a pathway for selective activation. This feature of Ru(III) 

complexes has been explored through tuning of the reduction potential via ligand design, 

which is a promising avenue for improved drug selectivity.138   

 Ru(II) Anticancer/Antimicrobial Compounds 

 Anticancer Ru(II) compounds fall into two main classes: (i) Ru(II) light-activated 

polypyridyl compounds and (ii) Ru(II) organometallics.  

 Ru(II) polypyridyl compounds have been studied for their bioactive properties 

since the first report in 1952 by Dwyer et al. 131 (Figure 1.17). Since that time, there has 

been a significant effort to develop new photoactivated Ru(II) polypyridyl complexes, with 

Figure 1.17: First polypyridyl Ru(II) compounds. 
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a wide variety of different aromatic bidentate N-donor ligands reported.131, 139-144 A 

particular focus of these developments has been on the selective delivery of these 

compounds to tumour cells to enhance cytotoxicity and minimize off-target effects.144 

Ru(II) polypyridyl anticancer compounds are often classified in terms of photodynamic 

reactivity or photoactivated therapy. In photodynamic therapy (PDT) photosensitizer 

molecules are administered either topically or intravenously, and the target tissue layers 

are irradiated with light of a specific wavelength to activate the compound that has entered 

the cells.145 These photosensitizer molecules then activate oxygen in tissues to generate 

primarily singlet oxygen, which then leads to cell death. Photoactivation therapy (PACT) 

uses light-induced activity that is independent of the presence of oxygen, making it more 

attractive toward solid tumours as they are typically low in oxygen (hypoxic).146 These 

types of compounds have also shown promise as antibiotics.140, 141 For example Aldrich-

Wright et al. demonstrated that ruthenium polypyridyl compounds were active against B. 

subtilis and S. aureus, with certain strains of methicillin-resistant bacteria showing 

minimum inhibitory concentrations (MIC) as low as 2 µg/ml.147 (Figure 1.18, left) Recently, 

Bu et al. demonstrated the use of Ru(II) polypyridyl compounds against biofilms, in 

conjunction with known antibiotics, to prevent resistance buildup as well as biofilm 

formation142 (Figure 1.18, right).  

Figure 1.18: Antibiotic Ru(II) polypyridyl compounds. 
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 The second major area of development for bioactive Ru(II) compounds are 

organometallics. Similar to Fc, ruthenocene (Rc) has shown both anticancer and 

antimicrobial activity.148 Functionalization of existing molecular structures with Rc is 

synthetically more difficult than Fc and consequently there are fewer reports on the 

medicinal applications of Rc. One example by Lee et al. is a structural mimic of Ferrocifen, 

with the Fc being replaced by Rc. This compound however showed greater instability due 

to dimer formation observed for the Rc,149 which is a feature of many Rc compounds.150 

Further attempts to make Rc analogues of known bioactive Fc compounds produced 

similar results. Ismail et al. were able to synthesize Rc derivatives of nucleosides as well 

as their Fc counterparts.151 This study showed that the Fc derivatives were significantly 

more cytotoxic than the Rc compounds. Inherently the size and lipophilicity of the Fc and 

Rc compounds are similar, leading the authors to suggest that the oxidation potentials of 

the Rc moieties were too high for redox cycling to occur under physiological conditions, 

inhibiting the generation of ROS.151 There has been limited research on novel 

antimicrobials containing Rc (Figure 1.19). Wenzel et al. reported a triorganometallic 

compound containing manganese, rhenium and Rc. However, the Rc derivative showed 

little to no activity when compared to the Fc counterpart.102, 152  

Although Rc derivatives have so-far shown limited promise as anticancer agents, 

organometallic Ru(II) piano-stool complexes have become a major area of development 

as potential chemotherapeutics.153 These scaffolds were first identified for their anticancer 

capabilities by Dale et al. in the early 1990’s.154 They were able to show that the 

coordination of a Ru arene (Ru organometallic bond to an aromatic ring) to the 

commercially available antibacterial and antiprotozoal drug, metronidazole, resulted in 

superior cytotoxicity towards E. coli, as compared to metronidazole alone.155 Much of the 

development in this field has centered around two families of Ru arene compounds. The 

first class of molecules are Ru arenes with a single exchangeable halide and a bidentate 

Figure 1.19: Rare example of Ruthenocene antimicrobial. 
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donor ligand, which have shown significant cytotoxic activity. The earliest studies of these 

compounds focused on Ruthenium Arene Ethylene Diamine complexes (RAED) but 

numerous derivatives with different donor ligands have since been reported (Figure 1.20, 
left). The second prominent family have two halide ligands and a 1,3,5-triaza-7-

phophatricyclo[3.3.1.1]decane (PTA) ligand. These Ru Arene PTA (RAPTA) compounds 

(Figure 1.21) typically show lower cytotoxicity but promising antimetastatic activity.156 Both 

types of Ru arene complex present robust scaffolds for chemical modification to diversify 

their mechanism of action and tune pharmacological properties.157   

 Anticancer Ru piano-stool complexes have been reported bearing an array of 

arenes including benzene, cymene, tetrahydroanthracene, dihydroanthracene, and 

biphenyl.158 Cymene is the most commonly used arene due to suitable hydrophobicity and 

synthetic accessibility via the commercially available precursor -phellandrene.159, 160  The 

RAED-type compounds possess a labile chloride ligand, allowing for hydrolysis to occur, 

which can activate interactions with biomolecules.161, 162 RAED compounds form stable 

DNA adducts with guanine at position 7 of DNA.133, 158  A wide variety of bidentate ligands 

can be coordinated to the remaining two coordination sites of RAED-type complexes, 

yielding an essentially infinite array of derivatives. This includes changing the donating 

atoms (from N-N to N-O (Figure 1.20, middle)163, 164, N-S (Figure 1.20, right)165, S-S166 

or O-O167), and derivatization of the alkane backbone (Figure 1.20).168, 169 

 RAPTA-type complexes such as RAPTA-C (Figure 1.21, left) typically show quite 

different activity. This likely stems from differences in their fundamental chemical 

properties. These compounds have the same Ru arene core as RAED complexes, 

Figure 1.20: RAED derivatives. 
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however, these molecules have two chloride ligands, making them neutral in charge. In 

addition, they have a monodentate PTA ligand that is stable and enhances aqueous 

solubility.170,171 Modification of RAPTA scaffolds has been achieved by derivatization of 

the arene, which can be achieved using a Birch reduction to generate reduced arene 

precursors. This approach can be used to introduce functionalities with intrinsic activity or 

enable subsequent coupling of pharmacophores. This allows for tailored arenes and 

RAPTA complexes to be made and explored (Figure 1.21, middle).172, 173 For example, 

ethacrynic acid, a known glutathione inhibitor, was coupled to a RAPTA core, enhancing 

both the uptake and cytotoxicity of these inhibitors174 (Figure 1.21, right).  

 Interestingly it has been shown that the activity of RAPTA compounds is not 

generally predicated on chloride ligand exchange,175 unlike RAED complexes. However, 

changes in the overall lipophilicity of the compounds has been shown to have an impact 

on their anticancer activity profiles.176 The PTA ligand plays a role in the selectivity of 

RAPTA compounds towards tumorigenic cells, and even methylation of this ligand causes 

a dramatic loss in selectivity. This suggests that PTA functionalization is not 

advantageous.171  However, replacement of the PTA ligand with functional ligands has 

shown promise using, for example, monodentate nitrogen donors (Figure 1.21, middle). 

This approach was used previously in the Walsby group to produce Fc-functionalized 

RAPTA analogues, with pyridine, imidazole, or piperidine.177, 178 Another interesting 

approach has been tethering human serum albumin (HSA) to the RAPTA scaffold. The 

protein can act as a vector to cancerous cells allowing for cellular targeting of the Ru(II) 

arene compound.179  

Figure 1.21: RAPTA derivatization with complex arenes. 
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The success of Ru(II) arenes as anticancer candidates has inspired studies into 

their use as antimicrobials. This antibacterial activity has been tested using isolated 

bacterial cultures from cancer patients.180 The concept of coupling known antibiotics to the 

Ru-arene scaffold was demonstrated by Turel et al.181 Coupling ofloxacin, a quinolone 

antibiotic used clinically, to treat a wide range of infections including pneumonia, cellulitis, 

urinary tract infections182 gave new antimicrobial compounds with activity against 

Trypanosoma b. rhodesiense, Trypanosoma cruzi, and Plasmodium falciparum.181 Similar 

antimicrobial activity was observed for RAPTA analogues using nalidixic acid, 

cinoxacin,183 and ciprofloxacin180 as the bidentate ligands. Other compounds containing 

biologically relevant backbones have been studied including azo-Schiff bases,184 

napthoquinones,185 and pyrimidine substructures.186   

 Ru(III) Anticancer/Antimicrobial Compounds 

Ru(III) anticancer compounds have attracted considerable interest as 

chemotherapeutic candidates since a number of these compounds, NAMI-A, KP-1019, 

and NKP-1339 (BOLD-100) have reached human trials (Figure 1.22).187 

 These compounds are chemically similar salts, being comprised of anionic 

octahedral Ru(III) complexes containing four equatorial chloride ligands, two trans axial 

ligands, and a charge-compensating cation. The ligands in the axial positions are usually 

“soft” donors containing nitrogen or sulfur. In this thesis, derivatives of NAMI-A, 

imidazolium [trans-RuCl4(1H- imidazole)(DMSO-S)] have been developed.188 NAMI-A has 

Figure 1.22: Ru(III) compounds that have gone through clinical trials. 
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shown in vivo activity and demonstrated both selectivity and cytotoxic activity towards lung 

metastases189 and slows their spread.134, 190 The most significant results for this compound 

demonstrate up to 100% reduction in metastatic tumors, but with minimal effects on 

primary tumor growth.191 Unlike cisplatin and other platinum compounds, NAMI-A has low 

cytotoxicity against solid tumour cell lines.192 This lack of cytotoxicity against primary 

tumours has been linked to rapid extracellular transformations and interactions with cell 

membranes, which limits internalization.193 Although stable in the solid state, NAMI-A 

undergoes step-wise exchange of ligands under aqueous conditions, with the ligand 

exchange processes influenced by pH.194 Under physiologically-relevant conditions (pH of 

7.4 , temperature of 37 °C and Cl- concentration of 139.7 µM) the stepwise dissociation of 

two chlorides from the NAMI-A scaffold occurs within minutes, giving rise to both 

Figure 1.23: NAMI-A ligand exchange processes intercellularly. 
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mononuclear aquated complexes in solution and polyoxo oligomeric species. (Figure 
1.23).195 

Some experimental evidence suggests that NAMI-A loses its original ligands 

rapidly in biological environments.196 This could account for the different activity profile 

compared to Ru(III) compounds such as NKP-1339 (BOLD-100).197 The activity of NAMI-

A-type compounds have yet to be mechanistically understood in terms of the scope of 

their biological interactions.198  However, it has been shown that they are capable of 

binding to DNA and RNA both in vivo and in cellulo.132, 199 However, under physiologically 

relevant conditions, these interactions are not believed to occur and are deemed 

insignificant to their overall antimetastatic activity.193 

The activity of NAMI-A differs from the other major class of Ru(III) compounds that 

have entered clinical trials, this being the trans-[tetrachlorobis(1H-indazole)ruthenate] or 

KP-1019 family of compounds. These compounds are structurally similar to NAMI-A, but 

with the DMSO ligand being replaced by a nitrogen heterocycle to give bis-ligand 

complexes.  The first of these compounds to reach human clinical trials, KP-1019 (Figure 
1.22) possesses an octahedral structure with two trans N-donor indazoles in the axial 

position and 4 chloride ligands equatorially, all compensated by a protonated indazole. 

This compound has been superseded by the sodium-compensated analogue KP-1339  

(also known as NKP-1339 and BOLD-100), which has greater aqueous solubility.200 KP-

1019 has shown cytotoxic effects on tumour cells arising from direct interreference with 

cell signalling and metabolic pathways.134 Recent evidence suggests that ROS generation 

instigated by the complex leads to apoptosis via mitochondrial pathways.201 Another 

feature of KP-1019 and related compounds, that likely enhances their activity, is that they 

are readily internalized by cells. This has been demonstrated by X-ray fluorescence (XRF) 

with KP1019 and NAMI-A (Figure 1.24).202 NAMI-A does not appear to be transported 

readily into cancer cells, likely a reason for its lower cytotoxicity.  
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Ru(III) compounds have also been studied for their antibacterial properties. This 

work however has not been fruitful, as many Ru(III) anticancer compounds have shown 

little to no antibacterial activity.203 However, there are two types of Ru(III) compounds that 

have had positive results. The first are Ru(III) Schiff-base complexes, which showed 

promising activity against Escherichia coli and Bacillus subtilis.204 It was demonstrated that 

modulation of the redox potential of the Ru(III) by adding an electron withdrawing group 

to the Schiff-base backbone could modify the activity profile.205 The second group of 

compounds have Ru(III) moieties coupled to known antimicrobials, specifically 

quinolones. These compounds are structurally similar to NAMI-A and NKP-1339 with the 

quinolones bound through monodentate nitrogen donors.206 Although these compounds 

show strong interactions with DNA, via intercalation,207 they have shown a minimal 

increase in activity towards bacteria as compared to the parent antibiotics.208 

 

1.4. Thesis Overview 

The research in this thesis involves the design and development of new 

metallocene-based bioactive agents. This work focuses on the synthesis, 

characterization, and the modulation of biological activity by attaching metallocenes to 

known biological scaffolds, either proteins, small-molecule conjugates, or antibiotics. The 

first three research chapters involve the use of ferrocene, while Chapter 5 involves the 

incorporation of a ruthenium organometallic into a protein backbone. These studies 

Ru XRF (untreated) Ru XRF (NAMI-A) Ru XRF (KP-1019) 

Figure 1.24: Ru(III) uptake to evaluate cellular activity using XRF. 
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provide insight into the biological applications of metallocenes, particularly their application 

as components of novel antibacterial and chemotherapeutic agents.  

In Chapter 2 ferrocene is used as a bridge between pairs of biologically-active 

molecules. These molecules are either targeting, or therapeutic in nature. The ferrocene 

acts as linkage that can also generate ROS upon internalization into cells. This activity, 

when combined with an appended therapeutic, chlorambucil, can give molecules with a 

dual mechanism of action. A series of six compounds have been synthesized to 

systematically evaluate the role of the different molecular components and the anticancer 

activity of these new therapeutic candidates. Anticancer activity was evaluated against a 

panel of 60 cell lines, and patterns of activity correlated with the effects of individual 

molecular components.  

In Chapter 3, a series of bimetallic Fc-Ru(III) compounds were designed and 

synthesized. These compounds are an evolution of previous work in our group, that 

showed an increase in the cytotoxic activity of antimetastatic Ru(III) complexes with 

incorporation of Fc. The new approach taken in this chapter is the incorporation of 

targeting vectors, biotin and estrone, that allow both greater uptake and increased 

solubility. 

In Chapter 4, antibacterial quinolone structures were functionalized to incorporate 

ferrocene, via a relatively inert linker, to the antibiotic. The goal of this work was to develop 

new antibiotics with multiple modes of action.  

Chapter 5 involves the incorporation of a mixed-ring ruthenium metallocene 

fragment into the peptide backbone of transferrin, the iron transporter protein. This was 

achieved via organometallic functionalization of surface aromatic amino-acid side chains, 

with the goal of metal binding without disrupting the folding or iron binding of transferrin. 

The incorporation of Ru, stability, and cellular transport is studied through a variety of 

analytical methods.  

Chapter 6 proposes the design and synthesis of new metallocene-based 

molecules inspired by the work in the previous 4 chapters. The novel molecules and 

synthetic methods developed in this thesis suggest that a variety of new compounds for 

sensing and targeted chemotherapeutic activity could be developed.  
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Chapter 2. Trifunctional Ferrocene-Bridged 
Bioconjugates 

2.1. Introduction 

 As described in the introduction, ferrocene (Fc) has found numerous uses in 

catalysis, materials science, and biological applications. The Fc moiety imparts redox 

activity and can also specify geometries of attached functional groups, leading to 

applications as part of molecular backbones or as part of ancillary ligands. 

Unsymmetrically substituted Fc molecules are of particularly interest since chemically, 

electronically, and sterically distinct groups can be attached, allowing tuning of properties 

such as catalytic activity and biological interactions. There are two families of disubstituted 

unsymmetrical molecules: 1,1’-disubstituted and 1,2-disubstituted (Figure 2.1), however, 

the former are relatively uncommon due to difficulties arising from unintended generation 

of symmetrically substituted 1,1’-Fc products or 1,2-substituted species. 

A variety of synthetic routes to unsymmetrical 1,1’disubstituted Fc molecules have 

been reported. Of these methods there are three examples of note that are either 

prevalent in the literature, or closely related to the work in this chapter. The first example 

is by the Heretsch group at Freie Universität Berlin, in Germany.209 They developed a 

technique that uses flow chemistry to create 1,1’- substituted ferrocene azides that 

possess an azide at R1 and a halogen at R2  (Figure 2.2, left). These azides can then be 

used as is or they can be reduced to primary amines, which allows for a wide variety of 

chemistry including reductive aminations, and amide couplings.209 Although this approach 

provides considerable reaction scope, a flow chemistry setup is unique and not easily 

replicable. 

1, 1’-substitution 1, 2-substitution 

Figure 2.1: The two types of disubstituted unsymmetrical ferrocene ligand. 
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 The second example of note is by Martos-Maldonado et al.210 They were able to 

take 1’,1’ ferrocene dialcohol species and transform them to a ferrocene azide with an 

alcohol appendage on the second ring (Figure 2.2, centre). The azide was then clicked 

to a glucose to allow for sensing. The alcohol at the 1’ position of the ferrocene was then 

transformed subsequently to an azide, clicked to a peg linker, and then tethered to a gold 

nanoparticle. Martos-Maldonado et al. also started with a different starting material that 

allowed for more diversity of their linkages.210 The glucose was still clicked to the ferrocene 

however, with a methylester in the 1’ position (Figure 2.2, centre). This compound could 

then be deprotected to a carboxylic acid then amide coupled to form an 1,1’ amide triazole 

ferrocene species.210 Although this intermediate is very useful, to get the required starting 

material (1 azide, 1’methylester ferrocene) requires an arduous process. This includes 8 

steps, gas cylinders for bubbling reagents and purifications along every step, making the 

overall yield low. 211, 212 These ferrocene species can all be seen in Figure 2.2. 

The last example is one of the most prominent examples in the literature. This is a 

1 amine, 1’ carboxylic acid ferrocene (Figure 2.2, right). This compound is a precursor 

for many applications as it can be selectively coupled at either the amine or the carboxylic 

acid depending on the reagent of choice.213, 214 Of the many applications, the most notable 

are synthetic peptide scaffolds since the Fc starting material provides an easy way to 

make different peptide conjugates.215 This 1-amine, 1’ carboxylic acid ferrocene (Figure 
2.2, right), however, has drawbacks. The first being that the compound would be directly 

bound to an Fc group, this can limit solubility and possibly impede interactions with 

biological receptors. Secondly, this compound is not the readily accessible synthetically, 

since it requires nine steps to produce the 1 amine, 1’ carboxylic acid ferrocene (Figure 
2.2, right) starting material, and the use of dangerous pyrophoric reagents.  

Figure 2.2: Prevalent 1,1’ disubstituted Fc literature examples. 
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A variety of methods have been described that are suitable for coupling Fc to 

biomolecules. These include ester couplings, ether couplings, amide couplings, triazole 

linkages, thioesters, disulfide, and many others.216-219 The resulting bioconjugates can 

have properties where “the whole is greater than the sum of the parts” where, for example, 

the biological component can promote targeted delivery of a reactive small molecule.220 

Indeed, the primary use of bioconjugates is as a drug delivery system (DDS), most 

commonly comprised of a tumor recognition moiety and a cytotoxic agent connected 

directly or through a suitable chemical linker.221 These types of conjugates need to be 

sufficiently stable in aqueous media to exert their combined effect, but also preferably 

cleavable at sites of disease to selectively release the cytotoxic agent. Cancer cells 

typically overexpress a variety of receptors, which can be viable targets for DDSs to deliver 

a cytotoxic payload.222 Examples of targeting moieties include folic acid, aptamers, 

proteins, and monoclonal antibodies.223 The use of larger and more complex biological 

targeting agents is currently an area of active development, however, DDSs based on this 

approach have some drawbacks. Monoclonal antibodies, for example, have shown clinical 

success in this type of application, but are very expensive and can potentially be 

immunogenic.221 As a result, there is considerable interest in small-molecule agents, such 

as vitamins as targeting molecules in DDSs.224  

 Vitamins are essential for all living organisms to survive, however rapidly dividing 

cancer cells require specific vitamins to sustain their accelerated cell growth.88 As a result, 

the receptors involved in this vitamin uptake are often overexpressed on the surface of 

cancer cells, making vitamins a useful biomarker for imaging and identification of tumor 

cells, and an ideal target for a DDS. Folic acid, riboflavin, and biotin are all vitamins that 

are essential for cell division and particularly for cell growth. Biotin is a growth promoter, 

and its receptor expression levels are typically higher in cancer cells than in normal 

tissues.88 The receptor that biotin binds is the sodium multivitamin transporter (SMVT).88 

Although the exact mechanism of SMVT regulation is not clear, SMVT expression has 

been linked to high proliferation rate of many cancer cells. Indeed, this receptor is 

overexpressed in numerous cancer cell lines such as leukemia (L1210FR), colon (Colo-

26), and breast cancers (MCF-7), making biotin an ideal small molecular vector for cancer 

targeting.223  

This chapter describes the synthesis of a new unsymmetrical 1,1’-Fc intermediate 

and its application to generate a trifunctional anticancer, receptor targeting DDS. The new 
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intermediate enables orthogonal chemistry at each Cp ring of Fc, and potentially is 

applicable to a wide variety of applications. In this work we demonstrate a biological 

application of this intermediate with the synthesis of a new anticancer candidate molecule 

that includes a cancer-cell targeting functionality (biotin) and a chemotherapeutic 

component (chlorambucil). This approach has yielded a trifunctional conjugate with all 

three components, vector, drug, and Fc contributing to the observed activity. 

2.2. Experimental 

Biotin was purchased from Toronto Research Chemicals. Chlorambucil was 

purchased from Oakwood Chemical. All other reagents were purchased from Sigma 

Aldrich. All chemicals were used without further purification. 1H NMR spectra were 

recorded on a 500 MHz Bruker DMX NMR spectrometer. High-resolution mass 

spectrometry was performed on an Agilent 6210 TOF LC/MS using ESI-MS.   

 Synthesis 

1,1’-Ferrocenedicarboxaldehyde (2.1) 

The starting material (2.1) was synthesized according to the 

literature procedure.225 Ferrocene (2.5 g, 13.5 mmol) was dissolved 

in dry hexanes (100 mL) under nitrogen in a 250 mL Schlenk flask. 

To this was added an n-butyl lithium solution (12 mL, 2.5 M in 

hexanes, 27 mmol), dropwise, with stirring. This was followed by the 

addition of tetramethylene ethylenediamine (TMEDA) (4.8 mL, 31.5 mmol). The reaction 

mixture was stirred overnight at room temperature resulting in the formation of dilithiated 

ferrocene as an orange precipitate. The resulting suspension was then cooled to 0 °C and 

anhydrous dimethylformamide (DMF, 2.13 mL, 27.5 mmol) was added. The mixture was 

allowed to warm to room temperature then stirred for another 2 hrs. The reaction mixture 

was quenched by adding ice-cooled 5 M aqueous HCl (200 mL), and the product was 

extracted with diethyl ether (4 x 100 mL). The organic fractions were collected and dried 

over Na2SO4, filtered, and the solvent was removed under reduced pressure to afford the 

crude product (2.1) as a dark-red solid. This was purified by column chromatography 

(dichloromethane: hexane, 1:1 v/v) to give the final products as red crystals, upon 

evaporation of the solvent (1.5 g, 47%). The compound matched literature NMR and 



35 

HRMS values. 1H NMR (CDCl3, 500 MHz) δ 4.67 (s, 4H), 4.89 (s, 4H), 9.95 (s, 2H). HRMS 

(ESI+) (LC-MS) Calcd. for C12H10O2Fe m/z 242.003 [M+], Found m/z 243.005 [M++H+], 

265.007 [M+Na+].   

1,1’-Di(hydroxymethyl)ferrocene (2.2) 

Using the literature procedure with some modification. 226 2.1 (1 

g, 4.0 mmol) was dissolved in MeOH (50 mL) in a 125 mL 

Erlenmeyer flask. To this NaBH4 (1.3 g, 33 mmol) was added in 

small portions over a period of 15 min. The mixture was then 

stirred at room temperature for 3 hrs. The solvent was then 

removed under reduced pressure to yield an orange, brown solid. This solid was dissolved 

in 100 mL of DCM and the DCM solution was then extracted with 50 mL of H2O. This 

aqueous layer was the was then extracted with DCM (3  100 mL). The organic layers 

were combined and dried over Na2SO4, and then filtered and the solvent removed under 

reduced pressure to give 2.2 as yellow solid (0.955 g, 94%). The compound matched 

literature NMR and HRMS values. HRMS (ESI+) (LC-MS) Calcd. for C12H14O2Fe m/z 

246.087 [M+], Found 246.090[M+], m/z 247.090 [M+H+]. 

1-hydroxymethy, 1’-((prop-2-yn-1-yloxy)methyl) ferrocene (2.3, Alkyne-Fc-Hydroxyl) 

2.2 (0.389 g, 1.6mmol) was dissolved in DMSO (15 mL) 

in a 50 mL round-bottom flask and stirred until fully 

dissolved. To this flask, NaOH pellets were added 

(0.095 g, 2.4 mmol). Of note, the NaOH was left as 

pellets and was not ground. This solution was stirred for 

15 min, then propargyl bromide (190 µL, 2.5 mmol) was added dropwise, and the reaction 

mixture was stirred for an additional 15 hrs. This solution was then extracted with diethyl 

ether (3  50mL). The combined organic fractions were dried with Na2SO4, filtered, and the 

solvent removed under reduced pressure to give the crude product (2.3) as a red oil. The 

product was purified using column chromatography (hexanes:ethyl acetate, 3:7 v/v) with 

pure 2.3 collected as the second fraction as a red oil (0.233 mg, 52%). 1H NMR (500 MHz, 

CDCl3) δ 4.76 (t, J = 5.7 Hz, 1H), 4.27 (d, J = 2.6 Hz, 2H), 4.18 (d, J = 2.4 Hz, 2H), 4.16 

– 4.13 (m, 3H), 4.10 – 4.08 (m, 3H), 4.07 (d, J = 2.3 Hz, 2H), 3.41 (d, J = 2.4 Hz, 1H), 

1..99 (s, 1H)z. 13C NMR (126 MHz, DMSO) δ 89.30, 83.16, 80.89, 79.68, 79.42, 79.15, 
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77.42, 70.17, 70.14, 69.16, 69.13, 69.08, 69.05, 68.52, 68.49, 67.43, 59.38, 56.60. HRMS 

(ESI+) Calcd. for C15H16O2Fe m/z 284.050 [M+], Found m/z 285.049[M+H+]. 

2,5-dioxopyrrolidin-1-yl-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-
yl)pentanoate. (2.4, Biotin-NHS) 

Following the literature procedure with some 

modification,227 to a solution of D-biotin (1.0 g, 

3.84 mmol) in DMF (10 mL) was added N-

Hydroxysuccinimide (NHS) (0.56 g, 4.61 mmol) 

and 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC•HCl) (0.92g, 4.8 mmol). This 

solution was then heated using a heat gun until total dissolution of all the compounds 

occurred. The reaction mixture was then stirred overnight at room temperature and 

subsequently concentrated under reduced pressure and quenched with water. The 

resulting solution was then stirred for 10 min at 0 °C and then filtered. The precipitate was 

then triturated with diethyl ether, yielding the product 2.4 as a white powder, which was 

used in subsequent reactions without further purification. (1.1 g, 78.7%) The compound 

matched literature NMR and HRMS values. 1H NMR (500 MHz, DMSO) δ 6.39 (d, J = 28.9 

Hz, 1H), 5.57 (d, J = 8.0 Hz, 1H), 4.30 (t, J = 6.5 Hz, 1H), 4.15 (t, J = 5.7 Hz, 1H), 3.10 (q, 

J = 6.4 Hz, 1H), 2.89 – 2.77 (m, 1H), 2.67 (t, J = 7.4 Hz, 2H), 2.58 (d, J = 12.4 Hz, 2H), 

1.71 (d, J = 12.3 Hz, 2H), 1.58 – 1.38 (m, 2H), 1.24 (q, J = 12.3 Hz, 2H), 1.18 – 0.96 (m, 

2H). HRMS (ESI+) Calcd. for C14H19N3O5S m/z 341.105 [M+H+], Found m/z 

342.107[M+H+] 

3-azido- 1-Propanamine, (2.5) 

Following the literature procedure with some 

modification,228 3-bromopropylamine hydroboride (3.28 

g, 15.0 mmol) was dissolved in H2O (10 mL). An aqueous 

solution (10 mL) of sodium azide (3.25 g, 50.0 mmol) was added and the mixture was 

heated to reflux and stirred for 16 hrs. The reaction mixture was then cooled to room 

temperature and the aqueous solution was concentrated to half its original volume under 

reduced pressure. The solution was then cooled in an ice bath and diethyl ether (50 mL) 

was added, followed by KOH pellets (~4 g), which were added slowly. Throughout the 

KOH addition process, the temperature was kept below 10° C with stirring and the pH was 

monitored. Additional KOH was added until the pH was ~13. The solution was then 
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separated, and the aqueous solution was extracted with diethyl ether (2  50 mL). The 

combined organic layers were dried over Na2SO4, filtered, and solvent removed under 

reduced pressure to yield 2.5 as a pale-yellow oil (1.61 g, 86%). The compound matched 

literature NMR values. NMR. 1H NMR (500 MHz, CDCl3) δ 3.37 (t, J = 6.7 Hz, 2H), 2.80 (t, 

J = 6.8 Hz, 2H), 1.73 (p, J = 6.8 Hz, 2H), 1.42 (s, 2H).  

N-(3-azidopropyl)-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide. 
(2.6, Biotin-Azide) 

 Following the literature procedure with 

some modification,229 In a 20 mL 

scintillation vial a solution of 2.4 (1.0 g, 2.9 

mmol) and triethylamine (610 µL, 4.38 mmol) in DMF (10 mL), along with  2.5 (0.33 g, 3.3 

mmol) was added. The mixture was stirred overnight at room temperature. Subsequently  

DMF was removed under reduced pressure, and the residue was mixed with diethyl ether. 

The resulting precipitate was filtered and washed with additional diethyl ether. The 

precipitate was then recrystallized from isopropanol to give 2.6 as an off-white solid (0.325 

g, 34.6%). The NMR spectrum of the compound matched that reported in the literature. 

HRMS (ESI+) Calcd. for C13H22N6O2S m/z 326.152 [M+], Found m/z 327.158[M+ H+] 

 [(2-propyn-1-yloxy)methyl] benzene (2.7) 

A solution of KOH (2.69 g, 48 mmol) in DMSO (25 mL) was 

cooled in an ice bath and treated sequentially with benzyl 

alcohol (6.48 g, 60 mmol) and propargyl bromide (4.76 g, 40 

mmol). The reaction mixture was stirred for 1 hr at room temperature before being diluted 

with diethyl ether and H2O. The organic layer was separated, washed with H2O, dried 

using Na2SO4, filtered, and concentrated under reduced pressure. Flash chromatography 

using dichloromethane afforded benzyl propargyl ether, 2.7. Yield 4.72 g, 81%. 1H NMR 

(500 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 4.63 (d, J = 1.4 Hz, 2H), 4.19 (dd, J = 2.5, 1.1 

Hz, 2H), 2.49 (t, J = 2.3 Hz, 1H). 
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4-[(2-propyn-1-yloxy)methyl]- Benzenemethanol (2.8) 

1,4 benzene dimethanol (0.276 g, 2.0 mmol) was 

dissolved in DMSO (15 mL) in a 50 mL round-

bottom flask and stirred until fully dissolved. To this 

flask, NaOH pellets were added (0.095 g, 2.4 mmol). Of note, the NaOH was left as pellets 

and was not ground. This solution was stirred for 15 min, then propargyl bromide (190 µL, 

2.5 mmol) was added dropwise, and the reaction mixture was stirred for an additional 15 

hrs. This solution was then extracted with diethyl ether (3  50mL). The combined organic 

fractions were dried with Na2SO4 , filtered, and the solvent removed under reduced 

pressure to give the crude product (2.8) as a white solid. The product was purified using 

column chromatography (hexanes:ethyl acetate, 3:7 v/v) with pure 2.8 collected as the 

second fraction, which was isolated as a white solid (204 mg, 58%). 1H NMR (500 MHz, 

CDCl3) δ 7.35 (d, J = 2.2 Hz, 4H), 4.69 (s, 2H), 4.61 (s, 2H), 4.17 (d, J = 2.3 Hz, 2H), 2.47 

(t, J = 2.4 Hz, 1H). HRMS (ESI+) Calcd. for C11H12O2 m/z 176.084 [M+], Found m/z 

176.107[M+], m/z 159.081[M-OH-]. 

Ferrocenemethanol (2.9) 

Ferrocene carboxaldehyde (1.00 g, 4.67 mmol) was dissolved in 

methanol (50 mL) in a round-bottom flask and stirred for 5 minutes 

until fully solubilized. Then NaBH4 (0.95 g, 25 mmol) was added in 

small aliquots and the mixture was allowed to stir for 6 hours at room 

temperature. The solvent was then removed under reduced 

pressure. The residue was then dissolved in 25 mL of DCM and 100 mL of water was 

added, then extracted (3  75mL) with DCM. The combined organic phases were then 

dried with Na2SO4, and the solvent removed to yield 2.9, which was then used without 

further purification in the next step. HRMS (ESI+) Calcd. for C11H12FeO: m/z 216.0238 

[M+], found m/z 216.0243. 

Ferrocene, [(2-propyn-1-yloxy)methyl]- (2.10) 

To a stirring solution of 2.9 (432 mg, 2 mmol, 1 eq) in 

10 mL DMF/toluene (1:1),  sodium hydride (175 mg, 4 

mmol, 2 eq) was added at 0 °C and stirred for 10 minutes 

under N2(g). Propargyl bromide (80% wt. in toluene, 300 
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µL, 2.8 eq) was added dropwise over 5 minutes at room temperature. After 3 hours of 

stirring at room temperature, the reaction was quenched with H2O and extracted with Et2O 

(3  50mL). The combined organic layers were washed with brine, then dried with Na2SO4, 

filtered, and then concentrated under reduced pressure. The product was then purified via 

flash column chromatography with hexanes/EtOAc (9:1), affording 2.10 as an orange solid 

(447 mg, 88% yield). 1H NMR (400 MHz, CDCl3) δ 4.38 (s, 2H), 4.25 (t, J = 1.9 Hz, 2H), 

4.15 (t, J = 1.9 Hz, 2H), 4.14 (s, 5H), 4.12 (d, J = 1.9 Hz, 2H), 2.44-2.43 (m, 1H). HRMS 

(ESI+) Calcd. for C14H14FeO: m/z 254.0394 [M+], found m/z 254.0380 [M+]. 

 
Benzyl 4-(4-(bis(2-chloroethyl)amino)phenyl)butanoate (2.11, Phen-Chloram) 

In a 20 mL scintillation vial containing DCM (10 

mL) benzyl alcohol (0.108 g, 1 mmol) and 

chlorambucil (0.314 g, 1.03 mmol) was added. To 

this solution, EDC•HCl (0.224 g, 1.17 mmol) and 

dimethylaminopyridine (DMAP) (0.142 g, 1.17 

mmol) were added. The reaction mixture was 

stirred overnight at room temperature, and then quenched with 25 mL of H2O and 

extracted with DCM (3  100 mL). The combined organic layers were washed with brine 

and saturated aqueous sodium bicarbonate. The solution was then dried with Na2SO4, 

filtered, and concentrated under reduced pressure to yield 2.11 as a white solid (0.362 g, 

92%) . 1H NMR (500 MHz, CDCl3) δ 7.42 – 7.30 (m, 5H), 7.05 (d, J = 8.1 Hz, 2H), 6.62 (d, 

J = 8.1 Hz, 2H), 3.70 (t, J = 7.1 Hz, 4H), 3.62 (t, J = 7.0 Hz, 4H), 2.56 (t, J = 7.6 Hz, 2H), 

2.38 (t, J = 7.5 Hz, 2H), 1.94 (q, J = 7.6 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 173.41, 

144.29, 136.07, 130.64, 129.74, 128.59, 128.24, 112.23, 66.17, 53.65, 40.51, 33.97, 

33.65, 29.72, 26.76. HRMS (ESI+) Calcd. for C21H25Cl2NO2 : m/z 393.126 [M+], found m/z 

394.132 [M+H+]. 
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Ferrocenyl 4-(4-(bis(2-chloroethyl)amino)phenyl)butanoate (2.12, Fc-Chloram) 
To a 20 mL scintillation vial containing DCM (10 

mL) 2.9 (0.216 g, 1 mmol) and chlorambucil (0.314 

g, 1.03 mmol) was added. To this solution, was 

added EDC•HCl (0.224 g, 1.17 mmol) and DMAP 

(0.142 g, 1.17 mmol), and the resulting reaction 

mixture was stirred overnight at room temperature. 

The reaction was quenched with H2O and 

extracted with DCM (3  100 mL).  The combined organic layers were washed with brine 

and aqueous sodium bicarbonate. The solution was then dried with Na2SO4, filtered, and 

then concentrated under reduced pressure. This residue was then purified using column 

chromatography (SiO2, 1:1 ethyl acetate: hexane) to yield 2.12 as an orange solid (0.432 

g, 86%). 1H NMR (500 MHz, CDCl3) δ 7.06 (d, J = 8.7 Hz, 2H), 6.63 (d, J = 8.7 Hz, 2H), 

4.92 (s, 2H), 4.29 (t, J = 1.9 Hz, 2H), 4.20 (t, J = 1.8 Hz, 2H), 4.18 (d, J = 1.5 Hz, 4H), 3.71 

(d, J = 6.7 Hz, 4H), 3.64 (d, J = 6.6 Hz, 4H), 2.55 (t, J = 7.6 Hz, 2H), 2.32 (t, J = 7.5 Hz, 

2H), 1.91 (p, J = 7.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 173.42, 144.32, 130.62, 

129.72, 112.18, 81.45, 69.69, 68.94, 68.68, 62.75, 53.63, 40.54, 33.95, 33.62, 29.71, 

26.81, 1.03.HRMS (ESI+) Calcd. for C25H29Cl2FeNO2 : m/z 501.092 [M+], found m/z 

502.099 [M+H+]. 

 

N-(3-(1-((benzyloxy)methyl)-1H-1,2,3-triazol-4-yl)propyl)-5-(2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamide(2.13, Bio-Phen) 

To a 20 mL scintillation vial, a solution 

of 2.7 (0.0161 g, 0.11 mmol) and 2.6 

(0.0327 g, 0.10 mmol) in CH2Cl2:MeOH 

(1:1, 10 mL) followed by CuSO4•H2O (50 

mol%) and sodium ascorbate (100 mol%) 

were added. The reaction mixture was then stirred overnight at room temperature. The 

layers were then separated, and the aqueous layer was extracted twice with 50 mL of 

brine and 20 mL of DCM. The organic extracts were combined, and the solvent removed 

under reduced pressure to yield 2.13 as a white solid (0.038 g, 81%). 1H NMR (500 MHz, 

MeOD) δ 7.99 (s, 1H), 7.56 – 7.06 (m, 5H), 4.63 (s, 2H), 4.57 (s, 2H), 4.49 – 4.45 (m, 1H), 

4.43 (t, J = 7.0 Hz, 2H), 4.28 (dd, J = 7.9, 4.5 Hz, 1H), 3.20 (q, J = 5.9, 5.3 Hz, 3H), 2.90 

(dd, J = 12.7, 5.0 Hz, 1H), 2.68 (d, J = 12.8 Hz, 1H), 2.28 – 2.17 (m, 2H), 2.10 (p, J = 6.8 
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Hz, 2H), 1.86 – 1.51 (m, 4H), 1.44 (q, J = 7.6 Hz, 2H). 13C NMR (126 MHz, MeOD) δ 

175.71, 69.10, 68.69, 49.42, 49.34, 40.57, 36.92, 36.76, 36.21, 30.46, 30.22, 29.25, 29.19, 

28.96, 28.83, 26.24.HRMS (ESI+) Calcd. for C23H32N6O3S: m/z 472.226 [M+], found m/z 

473.220 [M+H+]. 

 

N-(3-(1-((ferrocenyloxy)methyl)-1H-1,2,3-triazol-4-yl)propyl)-5-(2-oxohexahydro-1H-
thieno[3,4-d]imidazol-4-yl)pentanamide(2.14, Bio-Fc) 

To a 20 mL scintillation vial, a solution 

of 2.7 (0.0161 g, 0.11 mmol) and 2.9 

(0.0327 g, 0.10 mmol) in 

CH2Cl2:MeOH (1:1, 10 mL) followed by  

CuSO4•H2O (50 mol%) and sodium 

ascorbate (100 mol%) was added. The reaction mixture was then stirred overnight at room 

temperature. The layers were separated, and the aqueous layer was extracted 2  100 

mL of brine and 20 mL of DCM. The organic extracts were combined, and the solvent 

removed under reduced pressure to yield 2.14 as an orange solid (0.0417 g, 72% 

yield).  1H NMR (500 MHz, MeOD) δ 7.95 (s, 1H), 4.60 (bs, 2H), 4.57 (s, 2H), 4.48 (ddd, J 

= 7.9, 5.0, 0.9 Hz, 1H), 4.43 (t, J = 7.0 Hz, 2H), 4.39 (s, 2H), 4.34 – 4.28 (m, 1H), 4.25 (t, 

J = 1.8 Hz, 2H), 4.17 (t, J = 1.8 Hz, 2H), 4.14 (s, 5H), 3.25 – 3.16 (m, 3H), 2.91 (dd, J = 

12.8, 5.0 Hz, 1H), 2.69 (d, J = 12.7 Hz, 1H), 2.27 – 2.18 (m, 2H), 2.10 (p, J = 6.8 Hz, 2H), 

1.82 – 1.51 (m, 4H), 1.44 (q, J = 7.5 Hz, 2H). 13C NMR (126 MHz, MeOD) δ 187.43, 70.67, 

69.28, 63.37, 61.64, 57.00, 41.02, 39.64, 37.20, 36.73, 31.13, 30.66, 26.76, 25.86. HRMS 

(ESI+) Calcd. for C27H37FeN6O3S: m/z 580.192 [M+], found m/z 580.189 [M+],  m/z 581.196 

[M +H+]. 

 
Ferrocenyl 4-(4-(bis(2-chloroethyl)amino)phenyl)butanoate (2.15, Alkyne-Fc-
Chloram) 

To a 20 mL scintillation vial containing DCM (10 

mL) was added 2.3 (0.284 g, 1 mmol) and 

chlorambucil (0.314 g, 1.03 mmol). To this 

solution EDC•HCl (0.224 g, 1.17 mmol) and 

DMAP (0.142 g, 1.17 mmol) were added. The 

reaction mixture was then stirred for 2 days at 

room temperature, after which the reaction was 
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quenched with H2O and extracted with DCM (3  100 mL). The combined organic layers 

were washed with brine (3  100mL), aqueous sodium bicarbonate (3  100mL), 1 M 

NaOH (3  100mL), and water. The solution was then dried with Na2SO4, filtered, and then 

concentrated under reduced pressure to yield 2.15 as an orange solid (0.489 g, 86%). 1H 

NMR (500 MHz, CDCl3) δ 7.03 (d, J = 8.6 Hz, 2H), 6.60 (d, J = 8.7 Hz, 2H), 4.88 (s, 2H), 

4.36 (s, 2H), 4.24 (q, J = 1.9 Hz, 4H), 4.17 (dt, J = 4.7, 1.8 Hz, 4H), 4.14 – 4.11 (m, 2H), 

3.70 (d, J = 6.6 Hz, 4H), 3.61 (ddd, J = 7.9, 6.4, 1.1 Hz, 4H), 2.52 (t, J = 7.6 Hz, 2H), 2.45 

(t, J = 2.4 Hz, 1H), 2.29 (t, J = 7.5 Hz, 2H), 1.89 (p, J = 7.5 Hz, 2H). 13C NMR (126 MHz, 

CDCl3) δ 173.35, 171.15, 144.34, 130.61, 129.70, 112.19, 83.23, 81.88, 79.82, 74.51, 

70.07, 69.91, 69.37, 69.18, 67.31, 62.51, 60.39, 56.72, 53.62, 40.52, 33.93, 33.59, 26.78, 

21.05, 14.21. HRMS (ESI+) Calcd. for C29H33Cl2FeNO3: m/z 569.119 [M+], found m/z 

570.116 [M +H+]. 

 
4-((prop-2-yn-1-yloxy)methyl)benzyl-4-(4-(bis(2-
chloroethyl)amino)phenyl)butanoate (2.16, Alkyne-Phen-Chloram) 

To a 20 mL scintillation vial containing 

DCM (10 mL) was added  2.8 (0.462 g, 

1 mmol) and chlorambucil (0.314 g, 1.03 

mmol). To this solution was added 

EDC•HCl (0.224 g, 1.17 mmol) and DMAP (0.142 g, 1.17 mmol). The reaction mixture was 

then stirred overnight at room temperature after which the reaction was quenched with 

H2O and extracted with DCM (3  100 mL).  The combined organic layers were washed 

with brine (3  100mL), aqueous sodium bicarbonate (3  100mL), 1 M NaOH (3  100 

mL), and water. The solution was then dried with Na2SO4, filtered, and then concentrated 

under reduced pressure to yield 2.16 as a white solid (0.356 g, 77%). 1H NMR (500 MHz, 

CDCl3) δ 7.35 (d, J = 2.2 Hz, 4H), 7.03 (d, J = 8.6 Hz, 2H), 6.60 (d, J = 8.7 Hz, 2H), 4.88 

(s, 2H), 4.36 (s, 2H), 4.14 – 4.11 (m, 2H), 3.70 (d, J = 6.6 Hz, 4H), 3.61 (ddd, J = 7.9, 6.4, 

1.1 Hz, 4H), 2.52 (t, J = 7.6 Hz, 2H), 2.45 (t, J = 2.4 Hz, 1H), 2.29 (t, J = 7.5 Hz, 2H), 1.89 

(p, J = 7.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 173.44, 173.42, 144.39, 137.48, 137.10, 

136.20, 135.85, 130.67, 130.64, 129.80, 128.48, 128.46, 128.34, 128.33, 112.30, 79.71, 

79.66, 74.84, 74.78, 71.32, 71.23, 65.94, 65.83, 57.24, 57.15, 53.71, 40.60, 34.04, 33.71, 

33.69, 26.82, 26.81. HRMS (ESI+) Calcd. for C25H29Cl2NO3: m/z 461.159 [M+], found m/z 

462.163 [M+H+]. 

 



43 

4-(((1-(3-(5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)propyl)-
1H-1,2,3-triazol-4-yl)methoxy)methyl)benzyl-4-(4-(bis(2-
chloroethyl)amino)phenyl)butanoate (2.17, Bio-Phen-Chloram) 

To a 20 mL scintillation vial, a 

solution of 2.15 (0.0570 g, 0.10 

mmol) and 2.6 (0.0327 g, 0.10 

mmol) in CH2Cl2:THF:H2O 

(1:1:0.1, 10 mL) followed by 

CuSO4•H2O (50 mol%) and sodium ascorbate (100 mol%) was added. The reaction 

mixture was then stirred at room temperature for 3 hours. Subsequently, the organic 

solvents were removed under reduced pressure and 20 mL of water was added. To this 

50 mL of DCM was added and the layers were separated, and the aqueous layer was 

extracted (2 x 100mL) with DCM. The organic extracts were combined, and the solvent 

removed under reduced pressure. The compound was then purified using reverse-phase 

column chromatography (water→acetonitrile, 0-100%)  to give a white solid 2.17 (32.34 

mg, 41% yield).  1H NMR (500 MHz, DMSO) δ 8.14 (s, 1H), 7.89 (t, J = 5.7 Hz, 1H), 7.34 

(s, 4H), 6.99 (d, J = 8.4 Hz, 2H), 6.68 – 6.61 (m, 2H), 6.38 (d, J = 31.7 Hz, 2H), 5.07 (s, 

2H), 4.55 (s, 2H), 4.52 (s, 2H), 4.34 (t, J = 7.0 Hz, 2H), 4.29 (dd, J = 7.7, 5.0 Hz, 1H), 4.12 

(ddd, J = 8.3, 5.0, 2.6 Hz, 1H), 3.71 – 3.66 (m, 6H), 3.09 (ddd, J = 8.6, 6.1, 4.4 Hz, 1H), 

3.03 (q, J = 6.5 Hz, 2H), 2.80 (dd, J = 12.4, 5.1 Hz, 1H), 2.56 (d, J = 12.4 Hz, 1H), 2.45 (t, 

J = 7.6 Hz, 2H), 2.33 (t, J = 7.4 Hz, 2H), 2.07 (t, J = 7.4 Hz, 2H), 1.93 (t, J = 6.9 Hz, 2H), 

1.81 – 1.73 (m, 2H), 1.65 – 1.39 (m, 4H). HRMS (ESI+) Calcd. for C38H51Cl2N7O5S: m/z 

787.305 [M+], found m/z 788.309 [M+H+].  
 
2-(((1-(3-(5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)propyl)-
2,3-dihydro-1H-1,2,3-triazol-4-yl)methoxy)methyl)Ferrocenyl 4-(4-(bis(2-
chloroethyl)amino)phenyl)butanoate(2.18, Bio-Fc-Chloram) 

 To a 20 mL scintillation 

vial, a solution 

of 2.15 (0.057 g, 0.10 

mmol) and 2.6 (0.0327 g, 

0.10 mmol) CH2Cl2:THF:H2O (1:1:0.1, 10 mL) followed by CuSO4•H2O (50 mol%) and 

sodium ascorbate (100 mol%) was added. The reaction was then allowed to stir for 3 hours 

at room temperature. The layers were separated, and the aqueous layer was extracted 2 
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 100mL) with DCM. The organic extracts were combined, and the solvent removed under 

reduced pressure. The compound was then purified using reverse phase column 

chromatography (acetonitrile→water, 0-100%) yielding 2.18 (32 mg, 36% yield). 1H NMR 

(500 MHz, CDCl3) δ 7.65 (s, 1H), 7.05 – 7.00 (d, J = 8.59 Hz, 2H), 6.60 (d, J = 8.7 Hz, 

2H), 6.30 (s, 1H), 5.39 (s, 1H), 4.86 (s, 2H), 4.61 (s, 2H), 4.47 (dd, J = 7.8, 4.9 Hz, 1H), 

4.39 (t, J = 6.8 Hz, 2H), 4.35 (s, 2H), 4.29 (q, J = 4.3 Hz, 2H), 4.22 (dt, J = 3.5, 1.8 Hz, 

5H), 4.16 – 4.14 (s, 5H), 3.69 (t, J = 6.7 Hz, 4H), 3.61 (t, J = 6.7 Hz, 4H), 3.30-3.18 (m, 

2H), 3.13 (td, J = 7.4, 4.5 Hz, 1H), 2.88 (dd, J = 12.9, 4.9 Hz, 1H), 2.69 (d, J = 12.8 Hz, 

1H), 2.52 (t, J = 7.6 Hz, 2H), 2.28 (t, J = 7.5 Hz, 2H), 2.17 (td, J = 7.4, 2.0 Hz, 2H), 2.10 

(t, J = 6.5 Hz, 2H), 1.87 (p, J = 7.5 Hz, 2H), 1.67 (td, J = 18.0, 13.9, 6.7 Hz, 2H), 1.41 (q, 

J = 7.56 Hz, 2H). HRMS (ESI+) Calcd. for C42H55Cl2FeN7O5S: m/z 895.271 [M+], found m/z 

896.267 [M+H+]. 

 In Vitro Cytotoxicity 

Compounds 2.11-2.14, 2.17 (Bio-Phen-Chloram), and 2.18 (Bio-Fc-Chloram),  

were submitted to the Developmental Therapeutics Program at the US National Cancer 

Institute for the NCI-60 Human Tumor Cell Lines Screen. This screen is comprised of a 

panel of 60 human tumour cell lines including types of leukemia, non-small cell lung, colon, 

central nervous system, melanoma, ovarian, renal, prostate, and breast cancers. After an 

initial 1-dose screen (10 µM) the growth inhibition and lethality are recorded. The 

compounds above showed significant activity against many of these cell lines. However, 

according to the criteria of the NCI-60 program, they were not deemed sufficiently active 

for further testing. The testing procedure at the US National Cancer Institute initially 

prepares the compounds in DMSO:glycerol 9:1 at a concentration of 4 mM. The solution 

is then diluted 1:400, giving a testing concentration of 10 µM. On the day of drug addition 

to growing cells in tissue culture, 90 µL of DMSO is added to each well (4 mM solution of 

drug), and then mixed/sonicated and 75 µL is transferred, using a 12-channel hand 

pipettor, to a 12 channel reservoir plates, which is sealed and stored under nitrogen in a 

desiccator box until delivered to the testing lab. Following compound addition, the plates 

were incubated for 48 h at 37 °C in humidified incubators with 5% CO2. The plates were 

washed with water and air-dried. Sulforhodamine B (SRB) solution (100 μL) at 0.4% (w/v) 

in 1% acetic acid was added, and plates were incubated for 10 min at room temperature. 

After staining, unbound dye was removed by washing with 1% acetic acid and the plates 
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were air dried. Bound stain was solubilized with 10 mM trizma base, and the absorbance 

read at 515 nm.230 231 

 Stability Study 

The stability of the ester of compound 2.18 (Bio-Fc-Chloram) towards hydrolysis 

was studied using high resolution mass spectrometry (HRMS) obtained on an Agilent 6210 

TOF LC/MS using ESI-MS. Initially, a stock solution was prepared by dissolving 2.18 (Bio-
Fc-Chloram) in DMSO at a concentration of 1.2 mM. PBS solutions were prepared at a 

range of pH values, by adjusting with HCl or NaOH.232 These PBS solutions were then 

incubated at 37 °C for 2 hours to ensure temperature equilibration prior to compound 

addition. A 10 L aliquot of the DMSO stock was then added to 990 µL of PBS to give a 

final solution containing 12 µM of 2.18 (Bio-Fc-Chloram) and 1% DMSO. Solutions were 

incubated at 37 °C with aliquots taken for analysis at various time points up to 180 mins. 

At each time point, 10 µL of the 2.18 (Bio-Fc-Chloram)/PBS solution was injected and 

subjected to a 5-minute c18 column gradient from H2O to ACN. The time between 

withdrawing an aliquot and injection into the MS was less than 45 seconds. Retention 

times were recorded, and peak areas were examined at the same retention time across 

all samples to ensure the accuracy of each peak integration.      

 Theoretical Calculations 

Geometry optimizations were performed with Gaussian 16 (Revision A0.3),233 

using the uLSDA function set234 and the SDD basis set on all atoms,235 since this 

functional/basis set combination has previously afforded results that were experimentally 

accurate for other metal complexes, and particularly ferrocene compounds.236-240 All 

calculations employed a polarized continuum model (PCM) for H2O.241 Frequency  

calculations  at  the  same  level  of  theory  confirmed  that  the optimized structures were 

located at a minimum on the potential energy surface. 
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2.3. Results and Discussion 

 Synthesis 

This work demonstrates a new synthetic strategy enabling generation of 

asymmetric 1,1’ Fc derivatives. To make this approach broadly useful required 

development of an asymmetric 1,1’ Fc intermediate that: (i) could be produced in high 

yield over few steps, (ii) had functionalities on each Fc ring with orthogonal reactivities, 

and (iii) enabled functionalization with a wide array of molecules at both positions. The 

compound we have developed (2.3, Alkyne-Fc-Hydroxyl) that fulfills these criteria has a 

methylene propargyl ether on one Cp ring of Fc, enabling functionalization via “click” 

chemistry, and a hydroxymethyl group on the other ring allowing a variety of reactions, 

such as esterification (Figure 2.1).  

The precursor to intermediate 2.3 (Alkyne-Fc-Hydroxyl), ferrocene dimethanol, 

was synthesized according to the literature. Briefly, Fc was first lithiated at the 1 and 1’ 

positions and then quenched with dimethylformamide to form the 1,1’ dialdehyde species. 

This was then reduced to give ferrocene dimethanol. The dialcohol was then stirred with 

NaOH pellets and propargyl bromide to make the new intermediate 2.3 (Alkyne-Fc-
Hydroxyl) in high yield. The key to generating the asymmetric 1,1’ Fc compound in this 

reaction was the use of NaOH pellets rather than ground NaOH.242 The latter rapidly 

generates the symmetric 1,1’ Fc dimethyloxypropargyl. We hypothesize that by using 

NaOH pellets the surface area for the reaction is reduced allowing for a more controlled 

deprotonation of Fc(MeOH)2 and limiting reactivity at both the 1 and 1’ positions. By 

slowing the reaction, it was then possible to tune the reaction time to optimize the yield of 

the asymmetric product. Using a reaction time of 15 hours a 52% yield of 2.3 (Alkyne-Fc-
Hydroxyl) was achieved from the monoalkylation step. 

The intermediate 2.3 (Alkyne-Fc-Hydroxyl) was used to synthesize the 

asymmetric target 1,1’ Fc compound 2.18 (Bio-Fc-Chloram). This molecule was designed 

to be a trifunctional anticancer species with: (i) a receptor targeting component (biotin) for 

enhanced uptake and selectivity, (ii) a redox-active component (Fc) for generation of 

cytotoxic reactive oxygen species (ROS), and (iii) a known cytotoxic anticancer drug 

(chlorambucil), which targets cancer cells by a different mechanism from Fc, in this case 

by interfering with DNA replication.243 Synthesis of the target compound 2.18 (Bio-Fc-
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Chloram) from 2.3 (Alkyne-Fc-Hydroxyl) first used an ester coupling of the carboxylic 

acid of chlorambucil and the alcohol of 2.3 (Alkyne-Fc-Hydroxyl) to link the 

chemotherapeutic to the Fc molecule. Subsequently, a Cu(II)-catalyzed 1,3 dipolar 

Figure 2.3: Synthetic schematic summary. 

2.3 

2.18 

2.11 

2.14 

2.12 

2.17 

2.13 
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cycloaddition (“click” reaction)229 was used to install the biotin functionality at the other 

ring, using biotin azide and reaction at the propargyl group of 2.3 (Alkyne-Fc-Hydroxyl) 
to generate the triazole linker. 

To assess the contribution of each of the three components of 2.18 (Bio-Fc-
Chloram) to anticancer targeting and activity, a series of control molecules were also 

synthesized, each with one component absent. Monosubstituted Fc molecules with either 

biotin (2.14 (Bio-Fc)) or chlorambucil (2.12 (Fc-Chloram)) were synthesized from 

ferrocenemethanol (2.9) and methoxypropargyl ferrocene (2.10), using similar methods 

for the individual coupling steps in the synthesis of disubstituted target compound 2.3 
(Alkyne-Fc-Hydroxyl). To evaluate the influence of Fc on the activity of 2.3 (Alkyne-Fc-
Hydroxyl), Fc was replaced by benzene. Interestingly, the approach of using NaOH 

pellets, which enable facile synthesis of 2.3 (Alkyne-Fc-Hydroxyl), also was successful 

in generating the para benzene analogue 2.8 (Alkyne-Phen-Hydroxyl) from 1,4-

benzenedimethanol, indicating the useful generality of this approach. The synthesis of 2.8 
(Alkyne-Phen-Hydroxyl) has been reported previously by Lemercier et al. among 

others.244 However, our approach uses milder regents, with easier to handle solvents and 

can be done on a much larger scale more safely and effectively. The monosubstituted 

benzenes were produced using the same chemistry as the Fc molecules, in this case 

starting with benzenemethanol. 

As mentioned previously, biotin was used as the targeting group in this chapter. 

Biotin is a growth promoter, that is taken up via endocytosis.245 This endocytic pathway 

engulfs the entire molecule upon protein recognition of the urea subgroup on biotin. In 

general, endocytosis allows for large molecules to be taken into the cell and can also be 

used to transport species conjugated to biotin. This has been shown to be effective for a 

variety of compounds and biomolecules but requires that recognition of the urea group is 

not disrupted.246, 247 

For the cytotoxin, as mentioned above, Chlorambucil was used. Chlorambucil is a 

nitrogen mustard, meaning the chloroethylamine functional group is the cytotoxic 

component.248, 249 Intramolecular nucleophilic attack by the nitrogen results in 

displacement of chloride resulting in the formation of aziridinium rings (cyclic aminium 

ions). These aziridinium rings are highly susceptible to nucleophilic attack by the N-7 
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center of guanine in DNA, which results in DNA interstrand crosslinking and ultimately 

induces cells to undergo apoptosis.243 .  

Overall, the synthetic method developed here provides easy access to a new 

asymmetric 1.1’ Fc intermediate. The orthogonal reactivity of the functional groups on 

each ring, alcohol, and alkyne, have been used to develop a novel anticancer candidate 

molecule. However, this approach also has the potential to find applications in a variety of 

field such as catalysis and materials science. 

 In vitro studies 

The activity of compounds 2.11 - 2.14, 2.17 (Bio-Phen-Chloram), and 2.18 (Bio-
Fc-Chloram) was studied using the NCI-60 Human Tumor Cell Lines Screen available 

through the Developmental Therapeutics Program at the US National Cancer Institute.231 

This screen provides data on 60 human tumour cell lines, allowing for analysis of overall 

efficacy and patterns of activity. Percentage growth inhibition and lethality were 

determined using a single-dose screen at a compound concentration of 10 µM. The results 

of this screen are summarized in the heat-map in Figure 2.4, with numerical data tabulated 

in supporting information, and show significant activity not only from the target compound 

2.18 (Bio-Fc-Chloram), but also from the control molecules. According to the criteria of 

the NCI-60 program, the compounds studied did not meet the threshold of activity for 

additional testing. These thresholds are selected to efficiently capture compounds with 

anti-proliferative activity based on historical screening data. 231, 250-252 However, we note 

that very few widely studied metal-based anticancer compounds, including compounds 

that have reached human clinical trials, show significant cytotoxic activity at a 

concentration of 10 M.66, 134, 253-255 Furthermore, the patterns of activity from the single-

dose screen provide the most valuable information here, and have been used successfully 

in previous studies to probe the mechanisms of metal-based therapeutics.139, 256-258 

2.3.2.1 Overall Activity against NCI-60 Cell Panel 

The results from the NCI-60 screen are based on a one-dose assay that examines 

cell growth over 48 hours. Activity is tabulated using values that range from 0 - >100 %, 

representing growth inhibition as a percentage when compared to a no-drug control. For 

example, a value of 30 equates to 70% growth inhibition. As noted above, 10 M is a low 

dose for testing metal-based anticancer compounds and consequently the level of growth 
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inhibition is low against some cell lines. Figure 2.4 shows a heatmap that represents the 

growth inhibition data for the target compound 2.18 (Bio-Fc-Chloram) and the five control 

molecules, where in this table, red cells denote growth inhibition and blue cells indicate no 

inhibition or a growth increase. To give a rough sense of the relative general activity of the 

compounds, the growth inhibition across all 60 cell lines was averaged in each case. This 

suggests that compound 2.11 (Phen-Chloram) is the most active overall, with an average 

inhibition of 10.8% and a maximum of 57.8% and is followed by compound 2.12 (Fc-
Chloram) that has an average inhibition of 7.01% with a maximum of 63.1%. These results 

are consistent the effect of the cytotoxic chlorambucil component, which also contributes 

to the activity of the target compound 2.18 (Bio-Fc-Chloram), which has an average 

inhibition of 5.87% with a maximum of 50.3%. This result for the lead compound is 

interesting given that the other biotin-containing compounds showed low average activity 

and suggests that the Fc-chlorambucil moiety has a significant effect. 

Although the average activity of these compounds is relatively low at the 10 M 

testing concentration, this metric is quite crude. It does not account for selective activity 

against specific cell lines, which is a hallmark of many anticancer agents. For example, 

the chlorambucil-containing molecules all show strong growth inhibition against the SR 

human lymphoma cell line. Furthermore, the levels of activity measured are sufficient to 

test the hypothesis of this work, that a multifunctional chemotherapeutic candidate could 

be generated using the asymmetrically substituted Fc. A deeper analysis of the patterns 

of activity and likely mechanisms of 2.18 (Bio-Fc-Chloram) and the control compounds, 

using the NCI-60 data, is provided in the following sections.  
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Figure 2.4: Heatmap showing NCI-60 in vitro data. Red indicates more active 
and blue represents little to no activity. 
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2.3.2.2 Direct Comparisons Between Compounds 

Looking at general trends evident from the activities in Figure 2.4, the highest 

overall activity is observed for the Fc and benzene chlorambucil control compounds 2.11 
(Phen-Chloram), 2.12 (Fc-Chloram)), followed by the target trifunctional compound 

(2.18, Bio-Fc-Chloram). This corresponds to the expected activity of the established 

chemotherapeutic component. By contrast, the biotin control molecules (2.13 (Bio-Phen), 

2.14 (Bio-Fc)), show comparatively low activity, likely due to the promotion of cellular 

growth by the biotin fragment.88, 259, 260 Central to this work is the role of the Fc in the 

cytotoxic activity of the complexes, particularly the trifunctional compound 2.18 (Bio-Fc-
Chloram). To evaluate this, the % growth values for the pairs of Fc and benzene 

compounds with the same functional group(s) were compared. Differences were 

considered significant when (% growth) was greater than 1%. This comparison for the 

trifunctional compound 2.18 (Bio-Fc-Chloram) versus the benzene analogue 2.17 (Bio-
Phen-Chloram) shows the strong positive effect of the Fc on the cytotoxic activity. As 

shown in Figure 2.5, the Fc-bridged compound is significantly more active in 47/60 (78%) 

of cells lines. In the cell lines that the benzene-bridged molecule (2.17 (Bio-Phen-
Chloram)) is more active, (% growth) is small, with a range of 0.084 – 7.6%, suggesting 

a marginal advantage. Whereas, in the cases where the Fc compound is favoured, (% 

growth) is typically larger, ranging from 1.07 – 42.35%, with many values over 10%. This 

demonstrates that the Fc bridge plays an important role in the activity of the (2.18 (Bio-
Fc-Chloram)) and acts as a pharmacophore that supplements the activity of the 

chlorambucil moiety. Compound 2.18 (Bio-Fc-Chloram) shows more activity against 

strains in the leukemia, non-small cell lung, CNS, and breast cancer cell lines as shown 

by clusters of red in Figure 2.4.  

The same comparison for the biotin control compounds show that the Fc molecule 

(2.14 (Bio-Fc)) is significantly more active against 33/60 (55%) of cells lines, whereas the 

benzene analogue (2.13 Bio-Phen) is favoured in 19/60 (32%) of cases. Although a 

weaker effect, this nonetheless emphasizes the potential of the Fc group to enhance 

cytotoxic activity. As discussed above, biotin promotes the growth of many cancers,245 and 

thus the overall activity of both compounds is low, contributing to a less statistically 

significant comparison overall. Interestingly, the monosubstituted Fc and benzene 

chlorambucil control molecules 2.12 (Fc-Chloram), 2.11 (Phen-Chloram) show the 

opposite effect, with greater activity in 20/60 (33%) for the Fc compounds versus 33/60 
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(55%) for the benzene analogue. Thus, the presence of the Fc, in this case, reduces the 

effective activity of the chlorambucil. Figure 2.5 shows a more thorough activity 

breakdown comparing these two substituents. Although either benzene or Fc substitution 

of chlorambucil is not expected to interfere with the mechanism of action, cellular 

internalization could be modulated. Thus, the lower activity of the 2.12 (Fc-Chloram) 

versus 2.11 (Phen-Chloram), is likely due to a negative effect of the Fc on the transport 

of the compounds into cells, and emphasizes the importance of the targeting group, biotin, 

in the design and effectiveness of the trifunctional compound 2.18 (Bio-Fc-Chloram). As 

mentioned above, biotin is taken up via endocytosis. This means that both compounds 

2.13 (Bio-Fc) and 2.14 (Bio-Phen) are likely taken into the cells similarly and in their 

entirety. Consequently, the greater activity of compound 2.14 (Bio-Fc) as compared to 

2.13 (Bio-Phen), is attributed to the additional cytotoxic contribution of the Fc moiety.  
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Figure 2.5: Component Comparison Table of Activity. The X represents where 
the Fc is advantageous over the phenyl bridge. 

2.11 2.12 2.13 2.14 2.17 2.18 
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2.3.2.3 Statistical Comparison with Known Chemotherapeutics 

To gain additional insight into the mechanism of the trifunctional compound 2.18 
(Bio-Fc-Chloram), the COMPARE algorithm developed by the National Cancer Institute 

Developmental Therapeutics Program (DTP) was used to analyze the NCI-60 data.139, 257,

261 This program is accessible free-of-charge, via the public COMPARE website.262 The 

DTP provides a database of over 88,000 pure compounds that have been tested against 

the NCI-60 human cancer-cell panel. Each of these compounds has a distinctive pattern 

of responses to the different cell lines, which is related to their mechanism of action. The 

COMPARE program compares this “fingerprint” from a probe compound and ranks the 

similarity of responses to all other compounds in the DTP database, or from a subset of 

the database. Pattern similarity between the probe compounds and compounds in the 

database are assessed quantitatively by evaluating Pearson correlation coefficients (PCC, 

(x,y)). The PCC measures the linear correlation between two data sets, and is calculated 

as the covariance (cov(x,y)  Eq. 2.1), which evaluates the joint variability of two variables: 

1
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i i
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x x y y
x y

n
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where �̅� and �̅� are the mean values of the populations and n is the size of the population, 

divided by the product of their standard deviations (Eq. 2.2): 

cov( , )( , )
x y

x yx y
 

=
(2.2) 

where cov(x,y) is the covariance of the variables x, y and X and X are their standard 

deviations. PCC values range from +1 to −1, where +1 corresponds to perfectly linear 

positive correlation, 0 indicates no correlation, and −1 reflects a perfect linear negative 

correlation. Thus, the closer  (x,y) is to 1, the stronger the linear correlation between the 

two data sets; |(x,y)| 1-0.7 indicates a strong linear relationship, |(x,y)| 0.7-0.5 indicates 

moderate, and |(x,y)| 0.5-0.3 indicates a weak relationship. In terms of analyzing NCI-60 

data using the COMPARE algorithm, higher values of (x,y) between the response pattern 

of the target molecule and a compound from the DTP database suggest that the two 
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compounds possess similar mechanisms of action. This has been found to be effective in 

identifying chemotherapeutic compounds with a variety of mechanisms, such as 

antitubulin agents.263-267 

 The % growth reactivity patterns of 2.11 - 2.14, 2.17 (Bio-Phen-Chloram), and 
2.18 (Bio-Fc-Chloram) were all compared to the Standard Agents subset of the DTP 

database. This is comprised of 171 well-known chemotherapeutics, most of which have 

established mechanisms of action. 

Table 2.1 shows a summary of the top COMPARE correlation results for each of 

the test compounds, cross-referenced with a library of compounds with known mechanism 

of action. Each hit is correlated with at least one matching compound that is a known DNA 

alkylating agent and/or a ROS generating compound. This allowed us to establish possible 

mechanism of action of each compound and role of specific functionalization. Compound 

2.11 (Phen-Chloram) shows an activity profile that suggests it works similarly to a DNA 

alkylating agent. Since, this compound  is a simply modified chlorambucil, which is a 

known DNA alkylating agent,249 this result is as expected and validates the use of the 

COMPARE algorithm in this work.  Interestingly, Compound 2.12 (Fc-Chloram) shows 

two top results, both with a correlation score of 0.68, that are a DNA alkylating agent 

(Cyclodisone) and an ROS generating compound (Menogaril). As for 2.11 (Phen-
Chloram), the DNA alkylating ability correlates with the activity of the chlorambucil moiety. 

However, generation of ROS is consistent with a contribution from Fc. This result suggests 

that by coupling a Fc to chlorambucil a species with a dual mechanism of action has been 

generated.  

Compound 2.13 (Bio-Phen) and 2.14 (Bio-Fc) both have a biotin attached to 

either a phenyl ring (2.13) or  Fc (2.14), which means that the variability in activity profiles 

will be dependent on the appendage attached to the biotin. Biotin inherently has no anti-

cancer activity and is a growth promoter.93, 96, 246, 268, 269 Table 2.2 shows the top correlation 

scores of these compounds. Compound 2.13 shows little correlation to any of the 

compounds in the library, and the top results are all compounds that are not known to be 

DNA alkylating or ROS generating, all with poor correlation (< 0.41). Compound 2.14 has 

biotin attached to an Fc, which means that any of the activity of the compound can be 

attributed to the Fc. This is corroborated by the results in Table 2.1 that show compound 

2.14 has an activity profile that is similar to many ROS generating compounds. These 
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observations support the conclusion that Fc functionalization invokes a ROS generating 

mechanism of action. 

COMPARE analysis of the target compound 2.18 (Bio-Fc-Chloram) shows a 

strong correlation (0.67) with aclacinomycin A, which has previously been reported to have 

both ROS generating and DNA cross linking mechanisms.285, 286 This is consistent with Fc 

and chlorambucil components both contributing to the activity of the new trifunctional 

compound. By contrast, 2.17 (Bio-Phen-Chloram) shows less strong correlations in 

general, with some similarity to known DNA-cross linking compounds, reflecting that 

chlorambucil is the only active component in the molecule. Overall, the COMPARE 

analysis with known chemotherapeutics indicates that linking chlorambucil to the Fc bridge 

leads to growth inhibition via contributions from both components. This validates a key 

feature of the design of the target compound 2.18 (Bio-Fc-Chloram). However, the 

inclusion of the biotin targeting agent appears to have a weak effect on the activity of the 

compounds. 
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Diaziquone,270 Triethylenemelamine,271 Thiotepa,272 
Hepsulfam,273 Dianhydrogalatitol,274 Improsulfan 
hydrochloride,275 Uracil nitrogen mustard,276 Chlorambucil,249 
Cyclodisone,277 Menogaril,278 Amsacrine,279 Flavone acetic 
acid,280 Merbarone,281 Piperazine alkylator,282 Flavone acetic 
acid ester,283 Cyanomorpholino,284 Alclacinomycin A,285, 286 
Lomustine,287 Bleomycin288 

Diaziquone,270 Triethylenemelamine,Triethylenemelamine,271 Thiotepa,272

Hepsulfam,273 Dianhydrogalatitol,Dianhydrogalatitol,274 Improsulfan 
hydrochloride,hydrochloride,275 Uracil nitrogen mustard,Uracil nitrogen mustard,276 Chlorambucil,249

Cyclodisone,Cyclodisone,277 Menogaril,Menogaril,278 Amsacrine,279 Flavone acetic 
acid,280 Merbarone,281 Piperazine alkylator,Piperazine alkylator,282 Flavone acetic 
acid ester,283 CyanoCyanomorpholino,284 Alclacinomycin A,Alclacinomycin A,285, 286

Lomustine,287 Bleomycin288

Table 2.1:  Table of COMPARE compounds showing known mechanism of actions. 



59 

2.3.2.4 Statistical Comparisons of 2.18 (Bio-Fc-Chloram) and Controls 

 The COMPARE algorithm was also used to study mechanistic similarities within 

the suite of molecules synthesized in this chapter by generating a matrix of PCC values 

(Table 2.2). The strongest correlation (PCC = 0.90) is between the trifunctional compound 

2.18 (Bio-Fc-Chloram) and the non-biotin analogue 2.12 (Fc-Chloram). This reflects the 

influence of both active components on the overall cytotoxicity of the lead compound, and 

a relatively weak contribution from biotin. The importance of Fc to activity is shown by 

comparison of 2.18 (Bio-Fc-Chloram) with 2.11 (Phen-Chloram) and 2.17 (Bio-Phen-
Chloram). PCC values of 0.69 and 0.62 respectively show a strong mechanistic similarity, 

but lower correlation than with 2.12 (Fc-Chloram), since the Fc group is not contributing 

to the activity profile while the chlorambucil remains active. Interestingly, although the 

monofunctionalized molecules 2.11 (Phen-Chloram) and 2.12 (Fc-Chloram) show a 

strong mechanistic correlation (PCC = 0.81), they both show a modest correlation with 

chlorambucil itself (PCC = 0.46, 0.48 respectively). This is likely related to the modification 

of the carboxylic acid tail of chlorambucil. The pKa of this group (5.75)289 implies that 

chlorambucil will be essentially fully deprotonated at physiological pH (7.4), so that the 

compound is an anion in solution. Whereas 2.11 (Phen-Chloram) and 2.12 (Fc-Chloram) 

are not physiologically ionizable, meaning they are neutral species, and with the addition 

of either lipophilic group (benzene or Fc), likely have quite different inter- and intracellular 

transport characteristics from chlorambucil. 

Table 2.2: Correlation values of compounds examined as well as their parent 
biomolecules. 
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 Stability Study 

The ferrocene linker system described in this chapter for 2.18 (Bio-Fc-Chloram) 
uses a cleavable ester joining Fc to the chemotherapeutic chlorambucil component. This 

design targets selective release of chlorambucil within cancer cells for increased activity 

and selectivity. Release of chemotherapeutic components from drug conjugates enables 

them to exhibit their full activity without interference from other attached groups.223 In this 

case, coupling of the drug to the receptor targeting biotin component via Fc, was hoped 

to assist in targeting cancer cells.269 Furthermore, cleavage of ester groups can be 

enhanced in cancer cells due to increased expression of esterases290 and reduced pH due 

to modified metabolism.291  

 LC-HRMS was used to characterise the stability of the ester of 2.18 (Bio-Fc-
Chloram) towards hydrolysis. As shown in Figure 2.6, hydrolysis produces the Bio-Fc-
Hydroxyl fragment (2.19) and Chlorambucil. This process was monitored by incubating 

the trifunctional compound at 37 C and measuring the intensity of the peak of m/z =  

 

896.271 from the intact compound (2.18 (Bio-Fc-Chloram)), which was attenuated over 

time, and a new peak from m/z = 610.202 amu from 2.19 (Bio-Fc-Hydroxyl), which grew 

in intensity. This process was studied at physiological pH (7.4) and more acidic conditions 

(pH 6) representative of conditions found in many cancer cells.292  As shown in Figure 
2.7, hydrolysis of 2.18 (Bio-Fc-Chloram) is faster under more acidic conditions. At both 

pH values the data were fitted to a pseudo-first-order kinetic model, giving rate constants 

of k(pH 6) = 0.011 min-1 and k(pH 7.4) = 0.007, min-1 and corresponding half lives of t1/2(pH 

6) = 65 mins and t1/2(pH 7.4) = 95 mins. Biotin has a half life in the bloodstream of 

approximately 2 hours,293 indicating that binding and uptake occur primarily within that 

time. As many cancer strains possess over-expressed biotin receptors,94 this uptake is 

believed to be faster and more efficient than in normal cells. The half life of 2.18 (Bio-Fc-

Figure 2.6: Ester hydrolysis of 2.18 at pH 7.4. 

2.18, 

2.19, 
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Chloram) at physiological pH is comparable to the half-life of biotin, suggesting that under 

physiological conditions it can remain intact long enough for biotin-mediated 

 

internalization. Upon cancer cell internalization, the physiological pH drops to as low as 

pH 6.291, 294 As shown above, this leads to significantly faster cleavage of the chlorambucil 

fragment.  Consequently, 2.18 (Bio-Fc-Chloram) has the potential to preferentially target 

cancer cells with overexpressed biotin receptors, and then efficiently release chlorambucil, 

while also delivering a redox-active, cytotoxic Fc moiety. This property can provide for 

selective activation and minimize off-target effects.   

 Theoretical Calculations 

DFT calculations of the structures of the biotin-containing compounds 2.11-2.14, 
2.17 (Bio-Phen-Chloram) and 2.18 (Bio-Fc-Chloram) were performed to determine 

conformations under aqueous conditions. The possible conformations of these molecules  

Figure 2.7: Time dependence of change in normalized concentration of 2.18 at 
pH 7.4 (Red) and pH 6 (black) and fitting to pseudo-first-order 
kinetics. 
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are particularly important for the biotin component since they could impact on receptor 

recognition and binding.  Due to the low energy barrier to rotation around the Fc axis,295 a 

multitude of conformations could potentially be accessible. However, in all the biotin-

containing molecules, the lowest energy conformation has the biotin receptor near the 

dimethyl ether bridge of the Fc (Figure 2.8). In each case the distance from the ether 

oxygen of the linker to one of the urea protons of the imidazolidinone ring of the biotin is 

close enough (1.662-1.800 Å) to allow hydrogen bonding to occur.296 This was calculated 

to occur for compounds 2.13 (Bio-Phenyl), 2.14 (Bio-Fc), 2.17 (Bio-Phen-Chloram), and 

2.18 (Bio-Fc-Chloram), and potentially negatively impacts on receptor recognition and 

uptake of all of the molecules.  

The ether subunit was originally chosen to modulate lipophilicity. By including an oxygen 

rather than a carbon, the hydrogen bond acceptor makes these compounds slightly more 

Figure 2.8: DFT optimized structures of 2.13, 2.14, 2.17 and 2.18. Dashed lines 
used to represent hydrogen bonding. Compounds optimized using 
H2O solvation. 
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polar and, in theory, hydrophilic. However, an unintended consequence of this was the 

possible formation of an intramolecular hydrogen bond. This is facilitated by the amount 

of flexibility within the linkage backbone. Compound 2.18 has a chain length of 3 carbons, 

with a calculated torsion angle of 108°. This angle suggests that the carbon chain is 

beginning to wrap in on itself.  The intramolecular hydrogen bond will likely interfere with 

receptor interactions since the urea protons hydrogen bond to asparagine and serine 

amino acids in the binding pocket of the SMVT receptor. 297  

The DFT calculations provide some additional insights into the structure of the lead 

compound 2.18 (Bio-Fc-Chloram). The first is the unencumbered nature of the ester 

linkage. This sterically accessible site allows for both protonation of the carbonyl and 

nucleophilic attack of water, both vital steps in ester cleavage. The second important 

insight revolves around the nitrogen of the chlorambucil. As mentioned previously, 

formation of an aziridinium ring is key to the DNA alkylating mechanism of this drug. The 

calculated structure of 2.18 (Bio-Fc-Chloram), and the other chlorambucil-containing 

control molecules, indicates that this will not be sterically hindered by the ferrocene or the 

targeting subunit. This is consistent with the results from the COMPARE algorithm 

analysis above, that indicated that the mechanism of the chlorambucil unit is largely 

unaffected by conjugation to the other components.  

 Challenges Addressed in this Chapter 

The synthetic work presented in this chapter encountered many unforeseen 

challenges. The original design for these compounds was a dialcohol species with 

selective esterification to attach both the targeting and the chemotherapeutic components. 

This process however yielded poor results. The major complications were (i) using 

relatively expensive substrates (biotin and chlorambucil) and getting a lack of selectivity 

meant poor recovery, leading to a large amount of wasted material as this reaction formed 

many undesired products and (ii) the instability of the ester bonds made isolation of the 

final compound challenging as either side could hydrolyze readily meaning that isolation 

was difficult, and the yields were low.  

Changing the one linking precursor to an alkyne resolved the issues with 

nonselective esterification. However, linking to this using the click reaction provided its 

own challenges. Many click reactions use mixtures of solvents for a higher yield. One of 
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these solvents in the mixture is usually water as this can push the reaction to 

completeness within minutes as both the copper and reducing agent salts are both very 

water soluble.298 This was an issue in the synthesis of 2.18 (Bio-Fc-Chloram) since water 

could cause ester hydrolysis during the click process. To address this, an alcohol-based 

solvent system was used that could solubilize the salts while minimizing the degradation. 

After a screen of alcohols and ethers, THF with water was the chosen solvent mixture as 

it degraded the final product the least. Interestingly, the degradation products formed with 

alcohols were not just the expected methyl ester but also methyl ether. This suggests an 

additional reaction pathway catalyzed by the ferrocene group. 

2.4. Conclusions 

The goals in this chapter were two-fold. First, to develop a simple and effective 

synthetic strategy for the asymmetric 1,1’ substitution of ferrocene. Second, to test the 

hypothesis that using ferrocene as a redox-active linker between two different 

pharmacophores could generate trifunctional therapeutics.  

The first goal was addressed by kinetic control of the reaction of 1,1’-

di(hydroxymethyl)ferrocene with propargyl bromide. This was achieved by using NaOH 

pellets, rather than powdered NaOH, giving the asymmetric 1,1’ intermediate with one 

original OH group available for linking via alcohol chemistry and an alkyne on the other 

ring for click chemistry. There are only limited reports of methods for the synthesis of 

asymmetric 1,1’ ferrocenes, despite their potential for a variety of applications, such as in 

catalysis. However, previously reported approaches typically require convoluted 

syntheses. Thus, the method described here will potentially be of interest to a wide array 

of researchers. 

The intermediate developed in this chapter was used to create a new three-

component molecular conjugate comprising a targeting molecule (biotin) and a cytotoxin 

(chlorambucil) connected to the individual rings of Fc (the redox-active component). In 

part, this demonstrated the versatility of the methodology for the synthesis of asymmetric 

1,1’ ferrocenes, but it also explores the potential for developing trifunctional medicinal 

compounds with a central Fc linker.  
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To evaluate the mechanism of anticancer activity of the new conjugate (2.18 (Bio-
Fc-Chloram)), a series of control molecules were also synthesized: monosubstituted 2.14 
(Bio-Fc) and 2.12 (Fc-Chloram); and benzene derivative 2.17 (Bio-Phen-Chloram), 2.13 
(Bio-Phen), and 2.11 (Phen-Chloram). All of these compounds were then tested against 

60 different cancer cell lines by the National Cancer Institute (NCI) in the USA. Analysis 

of the NCI-60 screen then allowed the influence of the individual components of the 

conjugate on overall activity to be evaluated. Although this testing was done at a 

concentration that would be considered low for most non-platinum anticancer compounds 

(10 M), there was nonetheless promising activity against several cell lines from the lead 

compound 2.18 (Bio-Fc-Chloram). Comparison with the benzene analogue shows that 

the Fc group significantly enhances activity against the majority of cells lines, validating 

the design principle of Fc as a medicinally-functional linker. To test the hypothesis that this 

enhancement in activity was derived from generation of ROS by Fc, two approaches were 

used. First a statistical analysis of the activity across the 60 cell lines was used to compare 

the mechanism of activity with known anticancer compounds. Using the COMPARE 

algorithm developed by the NCI, the presence of the Fc group was found to give 

correlations with compounds known to exhibit cytotoxicity via ROS generation. For 

example, the trifunctional Fc compound 2.18 (Bio-Fc-Chloram) showed a strong 

correlation with aclacinomycin A, which has been previously reported to have both ROS-

generating and DNA cross-linking mechanisms, corresponding to the reactivity of the Fc 

and chlorambucil components in the new trifunctional compound.   

Having determined that the Fc group can enhance activity via ROS generation, the 

other components of the molecular scaffold were also studied for their role in the activity 

of the trifunctional compound. Chlorambucil was linked to Fc via an ester so that the drug 

cargo could be preferentially released upon internalization in the reduced-pH environment 

of cancerous cells. A stability/release study in buffer showed that 2.18 (Bio-Fc-Chloram) 

has a longer half life at physiological pH (7.4) than at pH 6, suggesting that chlorambucil 

could release preferentially in cancerous cells.  

Overall, this chapter shows that despite decades of research into the synthetic 

chemistry of Fc, there remains much space for further development. In particular, the 

generation of new precursors that can be synthesized readily under mild conditions has 

the potential to impact a variety of fields. In this case we demonstrate this concept with an 

unsymmetrical 1,1’ precursor, which can be functionalized easily to produce 
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unsymmetrical ferrocenes with potential applications including medicine, catalysis, and 

materials science. 
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Chapter 3. Ferrocene Functionalized, Receptor 
Targeting,  Analogues of the Ru(III) 
Anticancer Compound NAMI-A 

3.1. Introduction  

The clinical successes of platinum chemotherapeutics have inspired the 

development of many new metal-based anticancer compounds. Although Pt drugs are 

highly effective antitumor agents, they also show severe side effects and have issues with 

resistant cancer-cell populations.21, 117, 299 Metal-based drug candidates  containing gold, 

iron, and ruthenium have all shown emerging successes as anticancer agents. Ruthenium 

compounds have progressed the furthest in human clinical trials and are poised to be the 

next generation of metal-based chemotherapeutic agents.131 Significantly, Ru complexes 

can overcome some of the issues faced by their Pt counterparts. For example, some Ru 

compounds preferentially accumulate in cancerous cells rather than healthy cells,300  and 

the drug resistance experienced by Pt drugs has yet to be observed to the same extent 

with Ru compounds.138, 301,302, 303 

Ru(III) coordination complexes have shown initial successes in clinical trials and 

have been extensively studied since their activity was first discovered in 1975.304 The 

anticancer activity of Ru(III) compounds is strongly influenced by their ligands, however 

they share fundamental properties that make them attractive as anticancer agents. These 

include: (i) ligand-exchange rates that are favourable on the timescale of cell division;131 

(ii) multiple physiologically accessible oxidation states (II, III, and IV); and (iii) the ability to 

adopt a variety of conformations and coordinate an array of ligands.305 Of the Ru(III) 

anticancer candidates reported to date, three standouts have emerged. The first of these 

to be developed was (imidazolium [trans-RuCl4(1H-imidazole)(DMSO-S)]) (NAMI-A) 

(Figure 3.1) and its derivatives.198 These types of compounds do not typically show 

significant cytotoxic activity but have demonstrated promising antimetastatic properties. 

The other two prominent compounds (indazolium [trans-RuCl4(1H-indazole)2]) (KP1019) 

and (sodium [trans-RuCl4(1H-indazole)2] (NKP-1339, KP-1339, BOLD-100) both exhibit 

activity against primary tumors from a variety of cell lines.134, 306-308 The latter is currently 

being tested in human trials, and is the closest non-platinum metal-based anticancer 

compound to clinical application.309 
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Although the Ru(III) compounds mentioned above are structurally similar (Figure 
3.2), differences in the axial ligands impact on their activity. Unlike the bis-indazole 

complexes, NAMI-A shows low cytotoxic activity.190 This is believed to occur due to the 

lower internalization of NAMI-A-like compounds in cells, reflecting the impact of the DMSO 

ligand.190 This suggests that the antimetastatic properties of these types of compounds is 

due to extracellular processes.134 

New analogues of NAMI-A have been developed by replacing the axial imidazole 

ligand with other aromatic nitrogen donor ligands. These modifications have been used to 

alter properties such as binding to serum proteins310 and to install functionalities that could 

promote cytotoxicity.305, 311-313 As mentioned previously in this thesis, Fc has shown 

promise in a variety of therapeutic applications, including cancer treatment. Although the 

aqueous solubility of Fc is low, which limits its application as a therapeutic on its own, 

there are numerous reports of the in vitro and in vivo activity of a wide variety of Fc 

derivatives and functionalized molecules.45, 151, 314 These reports suggest the predominant 

mechanism of action for Fc revolves around ROS generation. This arises from the 

oxidation of Fc to Fc+
, which then starts Fenton-like chemistry to generate cytotoxic ROS. 

82, 104, 315, 316   

This concept has been demonstrated by Mu et al. who reported pyridine NAMI-A 

(NAMI-A-pyr) derivatives with a variety of bridges from the pyridine to Fc (Figure 3.2).129  

The redox activity of the Ru(III) and Fe(II) centers in these complexes potentially provides 

activation through electron transfer between the two metal centers, simultaneously 

Figure 3.1: Leading Ru(III) anticancer compounds. 
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generating a Ru(II) center and an Fc+ ion.317, 318 Consequently, these  compounds were 

found to have two modes of action, being both antimetastatic and cytotoxic.129 

 Although this earlier work showed the potential of linking Ru(III) and Fc to 

modulate anticancer activity, an issue with compounds of this nature is their lack of 

specificity and targeting. The internalization of these types of compounds into cancer cells 

is not highly specific as they are likely internalized via passive diffusion, which can occur 

in healthy and cancerous cells.319 This lack of selectivity is also seen with cisplatin and 

other Pt anticancer compounds and is largely responsible for the high levels of side effects 

observed.123 

These issues can be addressed by exploiting differences between the metabolism 

of normal and cancerous cells, and targeting specific features of tumor biology and 

microenvironments.320 In general, cancer cells have an increased propensity to proliferate 

compared to normal cells. As a result, the cancerous cells overexpress receptors that 

allow them to proliferate rapidly. This has motivated the development of strategies to target 

Figure 3.3: Graphical depiction of overexpression found in healthy cells(left) vs. 
cancerous cells(right). 

Figure 3.2: Bimetallic Fc-Ru(III) NAMI-A derivatives designed by Mu et al. 
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these receptors, with small molecules, monoclonal antibodies, and oncolytic viruses all 

being examples of this approach.221, 321-323 Figure 3.3 shows a schematic of the 

overexpression of the estrogen receptor protein found in many breast cancer cells, which 

enhances proliferation. Figure 3.3 shows an increase in the amount of surface estrogen 

receptor proteins that are being expressed as well as a large increase in the amount of 

DNA that is used to encode these receptor proteins.   

Small-molecule, receptor-targeting chemotherapeutics are appealing since they 

are relatively cost-effective to develop and allow scope for modification through 

established synthetic chemistry.324 The application of vitamins has emerged as a 

promising approach in this field. Many vitamins, such as biotin (vitamin H, Figure 3.4, left) 
are essential for cell growth 259 and receptors for their uptake are often overexpressed in 

tumor cells as compared to normal cells.269 Biotin uptake receptors , predominantly the 

sodium multivitamin transporter (SMVT)325 are particularly interesting targets since they 

are typically overexpressed more significantly than receptors for other vitamins, such as 

those for folate and vitamin B-12, in many cancer cells. The SMVT is a transmembrane 

protein that has shown to be versatile enough to allow vitamin binding, even after 

significant chemical modification of the vitamin molecules.246 Examples of cell lines that 

overexpress the SMVT include leukemia (L1210FR), ovarian (Ov2008, ID8), Colon (Colo-

26), mastocytoma (P815), lung (M109), renal (RENCA, RD0995), and breast (4T1, JC, 

MMT06056) cancer.88, 268 

Like vitamins, hormones play a vital role in cell growth. Hormones promote stem-

cell activation, which in turn leads to cellular proliferation and growth. This enhance in 

cellular proliferation increases the amount of overexpression of select hormone receptors, 

ones that are specifically required for cell growth.326 For example, estrogen receptor 

overexpression is present in over 60% of all breast cancers.327 As a higher number of the 

receptors are found on the membrane and an increased amount of DNA for encoding 

these receptors is found in the nucleus, overexpression of specific receptors can be as 

high as 60-80% relative to healthy cells.328, 329 Within the estrogen category of hormones 

there are three principal endogenous estrogen molecules that exhibit hormonal activity: 

estrone, estradiol, and estriol.330, 331 (Figure 3.4, right). Estradiol and estriol are 

metabolites of estrone,330, 332 and are produced by cytochrome p450 and 17β-

Hydroxysteroid dehydrogenases, both of which reversibly hydroxylate estrone to give the 

other estrogens.332 Although estrone is an agonist for the estrogen receptors, ERα and 
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ERβ, the metabolites are significantly more potent and bind with a higher affinity.333 

Nonetheless, estrone-coupled compounds have seen moderate success for targeting both 

breast and colon cancers, and it is believed transformation to the more potent forms of the 

estrogen steroids can also play a role.331, 334 

 This chapter focuses on using receptor-targeting small molecules coupled to a 

bimetallic scaffold to preferentially target cancer cells. The intrinsic activity of these 

compounds is derived from the bimetallic Ru(III)-Fc backbone, which has been shown to 

exhibit both cytotoxic and antimetastatic activity in earlier studies. This has been achieved 

by designing a new ligand precursor that allows for the incorporation of: (i) an Fc group, 

(ii) a Ru(III) centre, and (iii) one of the previously mentioned targeting molecules (Biotin or 

Estrone).  

3.2. Experimental 

Biotin was purchased from Toronto Research Chemicals. All other reagents were 

purchased from Sigma Aldrich. All chemicals were used without further purification. 1H 

NMR spectra were recorded on a 500 MHz Bruker DMX NMR spectrometer. High-

resolution mass spectrometry was performed on an Agilent 6210 TOF LC/MS using ESI-

MS. UV–vis spectra were measured using a Cary1E UV–visible spectrophotometer, 

connected to a Haake F3 water bath, which maintained the temperature of each sample 

at 37 °C. EPR measurements were performed at X-band (9.3–9.4 GHz) using a Bruker 

EMXplus spectrometer with a PremiumX microwave bridge and HS resonator. 

Measurements utilized a Bruker ER 4112HV helium temperature-control system and 

continuous-flow cryostat to maintain a temperature of 100 K. The Bruker cryostat system 

Figure 3.4: (Left) Biotin or Vitamin H. (Right) Estrone and 2 of the major 
metabolites it breaks into. 

Figure 3 4 (Left) Biotin or Vitamin H. (Right) Estrone and 2 of the major
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also enabled reproducible sample placement within the EPR resonator using a quartz-

tube holder. Solution conditions and spectroscopic parameters were kept constant for 

each experiment so that the intensities of the EPR signals from Ru(III)-based species in 

different samples could be compared. As a result, differences in instrument sensitivity 

between measurements were minimal, and automatic tuning of the spectrometer gave a 

Q-factor of 6700 ± 10%. All spectra were simulated using the MATLAB-based program, 

EasySpin.335 Aqueous cyclic voltammograms and differential pulse voltammograms were 

recorded on a CH Instruments 660 potentiostat, equipped with a Ag/AgCl (1 M KCl) 

reference electrode, a platinum-wire counter electrode, and a basal-plane graphite 

working electrode (0.09 cm2). The basal-plane graphite electrode was prepared according 

to the method of Blakemore et al.336 Fc was used to calibrate the electrode potential for 

cyclic voltammetry and K3[Fe(CN)6] was used to calibrate the electrode potential for DPV. 

 Synthesis 

Ruthenium Starting Materials 

Anionic bis-DMSO Ru(III) starting materials (3.13-3.15) were synthesized according to the 

literature, with some modifications.134, 188 The cationic counterion of (3.13), was exchanged 

with either Na+ (3.14) to improve aqueous solubility of the final products, or PPN+ (3.15) 

to aid in the formation of crystals for X-ray analysis. 

(DMSO)2H[trans-RuCl4(DMSO-S)2](3.13)337 

In a 50 mL round bottom flask, 30 mL of ethanol (anhydrous) was 

used to dissolve RuCl3 (1 g, 5 mmol). This solution was then 

refluxed for 3 hrs. Upon completion, this solution was then cooled 

to room temperature, filtered using a course glass frit, and the 

solvent was removed under vacuum to give approximately 1 mL of 

solution. To this, 2 mL of DMSO and 1.5 mL of 37% HCl was added, and this solution was 

heated to 80 °C for 10 minutes. This solution was then cooled to room temperature and 

approximately 10 mL of acetone was added. The resulting solution was then stored in the 

freezer overnight, resulting in the formation of an orange precipitate. The solution was 

filtered and washed with cold acetone to yield 3.13 as an orange, crystalline precipitate 

(1.418g, 51%). 
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Na[trans-RuCl4(DMSO-S)2](3.14)132 

In a 50 mL round bottom flask, 30 mL of ethanol and 400 µL of H2O 

was used to dissolve 3.13 (0.566 g, 1.00 mmol). In a separate flask 

NaCl (0.08766, 1.5 mmol) was dissolved in 300 µL of H2O. These two 

solutions were then combined. An orange precipitate was formed 

instantly. This solution stirred for 15 minutes and was then filtered, 

and the precipitate was washed with ethanol to yield 3.14 as an orange crystalline solid 

(0.344 g, 79%).  

PPN[trans-RuCl4(DMSO-S)2](3.15)129 

In a 25 mL round bottom flask, 6 mL of acetone was used to dissolve 

3.13 (0.200 g, 0.35 mmol). To this solution, 

Bis(triphenylphosphine)iminium chloride (PPNCl) (0.310 g, 0.53 

mmol) was added. Then dichloromethane was slowly added until the 

solids dissolved. This was then stirred for 30 minutes at room 

temperature. Subsequently half of the solvent was removed under vacuum. To this 

concentrated solution, diethyl ether was added until a precipitate was formed. This 

precipitate was then filtered and washed with diethyl ether to yield 3.15 as an orange solid 

(0.406 g, 83%).  

Ligand Synthesis 

N-ferrocenyl-1-(pyridin-4-yl)methanamine (3.1) 

In a 50 mL round-bottom flask, dry ethanol (10 mL) was added 

along with ferrocene carboxaldehyde (0.663 g, 3.1 mmol), 4-

methylamino pyridine (0.325 g, 3 mmol), and 1 scoopula tip of 

MgSO4. This solution was then stirred at room temperature 

overnight, then filtered, and the solvent was removed under reduced pressure. To the solid 

residue MeOH (10 mL) and NaBH4 (1.2 g, 31 mmol) was added. This solution was then 

stirred for 6 hrs. at room temperature, after which the solvent was removed under reduced 

pressure. To the residue, DCM (150 mL) was added, along with 200 mL of 1M HCl. This 

solution was then stirred for 5 minutes and extracted. The organic layer was extracted (3 

 20 mL) with 1M HCl, then the aqueous extracts were combined, and the organic layer 



74 

was discarded. The aqueous solution was then basified to a pH of approximately 10 using 

aqueous sodium bicarbonate. This solution was then extracted with DCM (3  150 mL), 

the organic fractions were combined, dried with Na2SO4, filtered, and then the solvent was 

removed under reduced pressure, yielding 3.1 as a red solid (0.938 g, 99%).  1H NMR 

(500 MHz, DMSO) δ 8.48 (d, J = 6.0 Hz, 2H), 7.35 (d, J = 6.0 Hz, 2H), 4.19 (t, J = 1.8 Hz, 

2H), 4.12 (s, 5H), 4.09 (d, J = 1.8 Hz, 2H), 3.72 (s, 2H), 3.39 (s, 2H). HRMS (ESI+) Calcd. 

for C17H18FeN2 : 306.082 [M +  H+], found m/z 306.083 [M+],  m/z 307.088 [M+H+]. 

Ethyl 2-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-decahydro-
6H-cyclopenta[a]phenanthren-3-yl)oxy)acetate (3.2) 

Following the literature procedure with some modification,338 

Estrone (0.270 g, 1.0 mmol) was added to a 50 mL round-

bottom flask containing 10 mL of DMF. To this, K2CO3 (0.332 

g, 2.4 mmol) was added, and the solution was stirred for 30 

min. To this, ethyl bromoacetate (0.200 g, 1.2 mmol) was 

added dropwise and the reaction mixture was stirred at room 

temperature for 18 hrs.  After this time, approximately half of 

the solvent was removed under reduced pressure. The resulting solution was then diluted 

with H2O (100 mL) and then extracted with ethyl acetate (3  80 mL). The combined 

organic layers were then washed with brine, dried using Na2SO4 and the solvent was 

removed under reduced pressure to yield 3.2 as an off-white powder. The product was 

then used without further purification in the next synthetic step. 

2-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-decahydro-6H-
cyclopenta[a]phenanthren-3-yl)oxy)acetic acid (3.3) 

Following the literature procedure with some 

modification,338 3.2 was added to MeOH (15 mL) and 3 

mL of a 3 M NaOH aqueous solution was added to 

enable complete dissolution. This solution was stirred for 2 hrs at room temperature then 

poured into ethyl acetate (50 mL). The solution was then extracted with H2O (20 mL) and 

1M NaOH (2  20 mL). The aqueous solutions were then combined and acidified with 10% 

HCl in water to give a solution pH of approximately 2. The solution was then filtered, and 

the filtrate washed with ethanol to yield 3.3 as an off-white solid (0.617g, 63%). 1H NMR 
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(500 MHz, CDCl3) δ 7.22 (d, J = 8.6 Hz, 1H), 6.73 (dd, J = 8.6, 2.8 Hz, 1H), 6.67 (d, J = 

2.8 Hz, 1H), 4.65 (s, 2H), 2.97 – 2.83 (m, 2H), 2.51 (dd, J = 19.1, 8.7 Hz, 1H), 2.42 – 2.33 

(m, 2H), 2.30 – 2.22 (m, 2H), 2.15 (dt, J = 19.0, 8.9 Hz, 2H), 2.09 – 1.99 (m, 2H), 1.96 (dd, 

J = 9.2, 2.7 Hz, 1H), 1.69 – 1.37 (m, 6H).  

N-ferrocenyl-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(pyridin-4-
ylmethyl)pentanamide (3.4, Py-Bio-Fc) 

To a 20 mL scintillation vial 306 mg (1 mmol) of 3.1 was 

added along with 268 mg of biotin (1.1 mmol) in 10 mL of 

anhydrous DMF. This solution was stirred for 10 minutes 

to ensure solubilization of the compounds. To this 

solution 570 mg (1.5 mmol) of (1-

[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxide hexafluorophosphate (HATU)  was 

added followed by 170 µL of N,N-Diisopropylethylamine (DIPEA). The resulting reaction 

mixture was then stirred at room temperature for 2 hrs. The solvent was then removed 

under vacuum. The resulting solid was purified using column chromatography (6:4 

acetonitrile:MeOH). The desired product, 3.4, eluted as a yellow band, and was recovered 

by removal of solvent under vacuum as a yellow solid. (0.393 g, 74%) as a mixture of 

rotamers in a 1:1 mixture.1H NMR (500 MHz, CDCl3) δ 8.57 (d, J = 6.1 Hz, 2H), 8.52 (d, 

J = 6.0 Hz, 2H), 7.05 (d, J = 5.9 Hz, 2H), 7.03 (d, J = 6.1 Hz, 2H), 5.63 (s, 1H), 5.54 (s, 

1H), 5.04 (d, J = 13.6 Hz, 3H), 4.71 – 4.46 (m, 6H), 4.43 (s, 3H), 4.40 – 4.34 (m, 3H), 4.34 

– 4.26 (m, 3H), 4.22 (s, 3H), 4.16 (t, J = 1.9 Hz, 3H), 4.14 (t, J = 1.8 Hz, 2H), 4.13 (d, J = 

2.3 Hz, 13H), 4.11 – 4.09 (m, 5H), 3.20 (td, J = 7.3, 4.5 Hz, 1H), 3.12 (td, J = 7.3, 4.4 Hz, 

2H), 2.91 (ddd, J = 16.3, 12.8, 5.0 Hz, 3H), 2.72 (dd, J = 15.6, 12.8 Hz, 3H), 2.63 – 2.54 

(m, 2H), 2.22 (t, J = 7.3 Hz, 3H), 1.84 – 1.56 (m, 14H), 1.52 (td, J = 9.1, 4.1 Hz, 2H), 1.39 

(q, J = 7.7 Hz, 3H). HRMS (ESI+) Calcd. for C27H32FeN4O2S: m/z 532.166 [M+H+], found 

m/z 532.161 [M+], m/z 532.165 [M+H+]. 
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N-ferrocenyl-2-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-3-

yl)oxy)-N-(pyridin-4-ylmethyl)acetamide (3.5, 
Py-Estro-Fc) 

In a 50 mL round-bottom flask, 3.1 (0.100 g, 0.327 

mmol) and 3.3 (0.118 g, 0.360 mmol) were added 

to 10 mL of DMF. This solution was then cooled to 

0 °C and HATU (0.186 g, 0.490 mmol) and triethyl 

amine (170 µL, 0.981 mmol) were added and the 

reaction was stirred overnight at room temperature. The resulting solution was diluted with 

DCM (100 mL), and then washed with a 1M HCl aqueous solution. The organic layer was 

dried with Na2SO4, filtered, and concentrated under reduced pressure to yield a yellow 

solid. This was then purified via an ethyl acetate plug column to yield 3.5 as a pale-yellow 

solid (0.175 g, 87%) as a mixture of rotamers in a 1:1 mixture. 1H NMR (500 MHz, DMSO) 

δ 8.56 – 8.49 (m, 1H), 8.48 – 8.34 (m, 1H), 7.25 – 7.15 (m, 2H), 7.11 (d, J = 5.8 Hz, 2H), 

6.72 (dd, J = 8.7, 2.8 Hz, 1H), 6.62 (d, J = 2.7 Hz, 1H), 6.55 – 6.43 (m, 0H), 6.41 – 6.36 

(m, 1H), 5.01 (s, 1H), 4.60 (d, J = 6.8 Hz, 2H), 4.47 (s, 1H), 4.36 (s, 1H), 4.34 – 4.30 (m, 

2H), 4.28 (s, 1H), 4.20 (t, J = 1.8 Hz, 1H), 4.15 (d, J = 8.0 Hz, 7H), 4.10 (t, J = 1.8 Hz, 1H), 

2.91 – 2.64 (m, 2H), 2.44 (dd, J = 18.9, 8.8 Hz, 1H), 2.34 (d, J = 16.1 Hz, 1H), 2.26 – 2.11 

(m, 1H), 2.13 – 2.02 (m, 1H), 1.95 (d, J = 12.4 Hz, 3H), 1.75 (t, J = 8.1 Hz, 1H), 1.52 (tt, J 

= 21.3, 10.2 Hz, 3H), 1.37 (q, J = 10.1, 8.5 Hz, 1H), 0.82 (d, J = 4.7 Hz, 4H).  HRMS (ESI+) 

Calcd. for C37H40FeN2O3: m/z 616.239 [M+], found m/z 617.233 [M+ H+]. 

N-ferrocenyl-N-(pyridin-4-ylmethyl)acetamide (3.6, Py-Acetyl-Fc) 

In a 50 mL round-bottom flask, 3.1 (0.100 g, 0.327 mmol) and acetic 

acid (70 µL, 0.360 mmol) were added to 10 mL of DMF. This solution 

was then cooled to 0 °C, then HATU (0.186 g, 0.490 mmol) and triethyl 

amine (170 µL, 0.981 mmol) was added and the reaction mixture was 

stirred overnight at room temperature. The solution was then diluted 

with DCM (100 mL) and washed with a saturated aqueous solution of NH4Cl. The organic 

layer was dried with Na2SO4, filtered, and the solvent was removed under vacuum to yield 

a yellow solid. This was then purified using column chromatography, with acetone acting 

as the eluent, to yield 4.6 as a pale-yellow solid (0.106 g, 93%) as a mixture of rotamers 
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in a 1:1 mixture. 1H NMR (500 MHz, CDCl3) δ 8.55 (ddd, J = 21.3, 4.5, 1.6 Hz, 4H), 7.06 

(ddd, J = 21.1, 4.5, 1.6 Hz, 4H), 4.56 (s, 2H), 4.43 (s, 2H), 4.37 (s, 2H), 4.22 (s, 2H), 4.17 

– 4.07 (m, 18H), 2.31 (s, 3H), 2.03 (s, 3H). HRMS (ESI+) Calcd. for C19H20FeN2O: m/z 

348.094 [M+], found m/z 349.099 [M+H+]. 

N-ferrocenyl-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(pyridin-4-
ylmethyl)pentanamide [RuCl4 DMSO]PPh4 (3.7) 

In a 20 mL scintillation vial, to a suspension 

of 3.15 (0.122 g, 0.25 mmol) in acetone (10 

mL), 3.4 (0.063 g, 0.12 mmol) was added. 

This solution was stirred for 2 hrs. yielding a 

precipitate that was isolated by filtration, 

washed with diethyl ether to yield a pale 

green solid. This solid was then redissolved 

in dichloromethane and then purified using 

column chromatography (1:9 MeOH:DCM). 

The product 3.7 was collected as a pale 

green solid.(0.137 g, 82%). HRMS (ESI+) m/z Calcd. for C36H30NP2 : 538.185 [M+], found 

538.190 [M+]. HRMS (ESI-) Calcd. for C29H38N4Cl4O3FeRuS2: m/z 853.950 [M-], found m/z 

853.959 [M-]. 

N-ferrocenyl-2-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-3-yl)oxy)-N-(pyridin-4-

ylmethyl)acetamide [RuCl4 DMSO]PPh4 

(3.8) 

In a 20 mL scintillation vial, to a suspension 

of 3.15 (0.122 g, 0.25 mmol) in acetone (10 

mL), 3.5 (0.074 g, 0.12 mmol) was added. 

This solution was stirred for 3 hrs. yielding a 

precipitate that isolated by filtration, then 

washed with hexanes to yield a yellow green 

solid. This solid was then redissolved in 

dichloromethane and purified using column 

PPN 

PPN 
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chromatography (0.75:9.25 MeOH: DCM). The product 3.8 was collected as a pale yellow-

green solid.(0.131 g, 74%). HRMS (ESI+) m/z calcd. for C36H30NP2 : 538.185 [M+], found 

538.190 [M+]. HRMS (ESI-) Calcd. for C39H46N2Cl4O4FeRuS: m/z 938.030 [M-], found m/z 

938.038 [M-]. 

N-ferrocenyl-N-(pyridin-4-ylmethyl)acetamide [RuCl4 DMSO]PPh4 (3.9) 

In a 20 mL scintillation vial, to a suspension of 3.15 (0.122 g, 

0.25 mmol) in MeOH (10mL), 3.6 (0.074 g, 0.12 mmol) was 

added, and the solution was stirred for 3 hours. The solvent 

was then removed under reduced pressure. The residual solid 

was then purified using column chromatography, with acetone 

as the eluent to yield 4.9 (0.124 g, 86%) HRMS (ESI+) m/z 

calcd. for C36H30NP2 : 538.185 [M+], found 538.190 [M +].(ESI-) 

Calcd. for C21H26N2Cl4O2FeRuS: m/z 669.883 [M-], found m/z 

669.885 [M-] 

N-ferrocenyl-5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(pyridin-4-
ylmethyl)pentanamide [RuCl4 DMSO]Na (3.10, Ru-Bio-Fc) 

In a 20 mL scintillation vial, 3.6 (0.074 g, 0.12 mmol) 

was added to a suspension of 3.14 (0.122 g, 0.25 

mmol) in Acetone:DCM (10 mL:10 mL) and the 

solution was stirred for 6 hours. The solvent was 

then removed under reduced pressure. The residue 

was then redissolved in DCM (10 mL) and diethyl 

ether was added (10 mL) resulting in the formation 

of a yellow precipitate. This solution was then 

placed in the freezer for 1 hour, then filtered, and 

the precipitate collected. This solid was then 

purified using column chromatography (1:5 

MeOH:DCM→2:3 MeOH:DCM) to yield 3.10 (0.0905 g, 81%). HRMS (ESI-) Calcd. for 

C29H38N4Cl4O3FeRuS2: m/z 853.950 [M-], found m/z 853.942 [M-]. 

 

PPN 
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N-ferrocenyl-2-(((8R,9S,13S,14S)-13-methyl-17-oxo-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthren-3-yl)oxy)-N-(pyridin-4-
ylmethyl)acetamide [RuCl4 DMSO]Na (3.11, Ru-Estro-Fc) 

In a 20 mL scintillation vial, to a suspension 

of 3.14 (0.100 g, 0.24 mmol) in 

Acetone:DCM (10 mL:10 mL) 3.5 (0.074 g, 

0.12 mmol) was added. This solution was 

stirred for 6 hours, after which half of the 

solvent was removed under reduced 

pressure, and diethyl ether was added (20 

mL), which resulted in the formation of a 

yellow precipitate. The solution was filtered, 

and the precipitate was then purified using 

column chromatography (1:9 MeOH:DCM) 

to yield 3.11 (0.096 g, 83%). HRMS (ESI-) 

Calcd. for C39H46N2Cl4O4FeRuS: m/z 938.030 [M-], found m/z 938.040 [M-]. 

N-ferrocenyl-N-(pyridin-4-ylmethyl)acetamide [RuCl4 DMSO]Na (3.12, Ru-Acetyl-Fc) 

In a 20 mL scintillation vial, to a suspension of 3.14  (0.100 g, 0.24 

mmol) in Acetone:DCM (10 mL:10 mL), 3.6 (0.074 g, 0.12 mmol) 

was added. This solution was stirred for 6 hrs., after which half of 

the solvent was removed under reduced pressure, and diethyl 

ether was added (20 mL), which resulted in the formation of a 

yellow precipitate. This solution was then filtered, and the 

precipitate was then purified using a plug column (1:5 

MeOH:DCM) to yield 3.12 (0.076 g, 92%). HRMS (ESI-) Calcd. for 

C21H26N2Cl4O2FeRuS: m/z 669.883 [M-], found m/z 669.882 [M-]. 

 Optical Spectroscopy 

UV–visible spectra were recorded using a Cary 1E spectrophotometer. 

Measurements  were  performed  on  1  mL  of  solution  with  a concentration of 200 μM 

in PBS with 1% DMSO at a scan rate of 3 nm/s  at  1  min  intervals  over  30  min. 
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 Preparation of Electron Paramagnetic Resonance Samples 

Initially, 120 mM stock solutions of compounds were made in DMSO. These stock 

solutions were then diluted 100-fold in phosphate-buffered saline (PBS) to give a final 

concentration of 1.2 mM. Subsequently, the solutions were incubated at 37 °C for the 

following time periods: 0, 5, 10, and 30 min. At each time point 210 µL aliquots were taken 

and mixed promptly with 90 µL of glycerol, which acted as a glassing agent. These 

samples were then immediately frozen in liquid nitrogen.  

 Electron Paramagnetic Resonance Measurements and 
Simulations 

EPR samples  were  measured  on  a  Bruker  EMXplus  spectrometer  with  a 

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

Low-temperature measurements were conducted at 100 K using a Bruker ER 4112HV 

temperature-control system  and  continuous-flow  cryostat  system operating with liquid 

nitrogen.  To ensure  that  the intensities  of  the  EPR  signals  from  Ru(III)-based  species  

in  different  samples  could  be compared and that the data were reproducible, the solution 

conditions and spectroscopic parameters  were  kept  the  same  for  each  sample.  

Furthermore, a  quartz  tube  holder inside the Bruker cryostat system ensured 

reproducible placement of each sample in the EPR  resonator.  As a  result,  variation  in  

instrument  sensitivity  between  measurements was  minimized,  and  automatic  tuning  

of the  spectrometer  gave  a  Q-factor  of  6700  ± 10%. Experimental parameters: 

frequency = 9.38 GHz, microwave  power  =  2.0  mW,  time  constant  =  40.96  ms,  

modulation amplitude = 6 G, average of five scans of 2 min each, temp. = 100 K.    

Spectra were analyzed using the MATLAB program EasySpin339 to determine g 

values and hyperfine interactions of the ruthenium centers. When signals from multiple 

paramagnetic species were detected, simulated spectra from each component were 

multiplied by appropriate weighting factors and added together to provide the best possible 

match to the experimental data. 
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 Electrochemistry 

Aqueous cyclic voltammograms and differential pulse voltammograms were 

recorded on a CH Instruments 660 potentiostat, equipped with a Ag/AgCl (1M KCl) 

reference electrode, a platinum-wire counter electrode, and a basal-plane graphite 

working electrode, which was prepared according to the method of Blakemore et al.336 The 

measurements were performed using 200 μM concentrations of each complex with 1% 

DMSO in 2 mL of PBS and were recorded using a 25 mV/s scan rate. Fc was used as an 

external standard to calibrate the reference electrode for CV. K3[Fe(CN)6] was used as an 

external standard to calibrate the reference electrode for DPV. 

 Computational Details 

To  determine  the  spin  density  distribution on each  Ru(III)  (S =  1/2)  complex, 

density  functional  theory  (DFT)  and geometry optimizations were performed with 

Gaussian 16 (Revision A0.3),233 using the uLSDA function set234 and the SDD basis set 

on all atoms.235 This functional/basis set combination has afforded results that were 

experimentally accurate for other metal complexes, including ferrocene compounds.236-240 

All calculations employed a polarized continuum model (PCM) for H2O.241 Frequency  

calculations  at  the  same  level  of  theory  confirmed  that  the optimized structures were 

located at a minimum on the potential energy surface. 

 Cytotoxicity Testing 

Cytotoxicity assays were performed by Devon Heroux in Dr. Marcel Bally’s 

laboratory at the BC Cancer Agency. The MCF-7, MDA-MB-231 and MCF-10A cell lines 

were purchased from ATCC and maintained at 37°C with 5% CO2 in DMEM (Gibco) 

supplemented with 10% fetal bovine serum (FBS, Gibco) and 2 mM L-glutamine (Gibco). 

Cholera toxin was added to the MCF-10A cell line to increase proliferation.340 For the in 

vitro cytotoxicity assays, cells were seeded at 2000 cells/well in quadruplicates in 384-well 

plates (Greiner Bio-One). At 24 hrs. post seeding, the compounds were added to give 

concentrations of 0.5–400 μM. All compounds were solubilized in DMSO and diluted in 

media to achieve a final concentration of 1% DMSO per well. After a 72 hrs. of compound 

exposure, the cells were incubated with 4.8 μM Hoescht33342 (Life Technologies) and 

1 μM ethidium homodimer I (Biotium) for 20 min to evaluate total nuclei and dead cell 
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counts, respectively. The plates were then imaged using an IN-Cell Analyzer 2500 (GE 

Healthcare), an automated fluorescent microscopic platform that enables high content 

screening. Cell counts were determined via the IN-Cell Developer Toolbox software. Cells 

were classified as “dead” if they showed >30% overlap of the two stains. Data were plotted 

using Prism 6.0 (GraphPad software), and IC50 values were interpolated from the fitted 

dose–response curves. Statistical significance was determined using one-way ANOVA, 

and a p-value <0.05 was considered significant. 

3.3. Results and Discussion 

 Synthesis 

The new compounds described in this chapter were designed as targeted 

analogues of the Ru(III)-Fc compounds described previously by Mu et al.129 In the earlier 

work, the addition of Fc to a NAMI-A-like Ru(III) center via a nitrogen heterocycle linker 

generated compounds with very promising cytotoxicity. However, these compounds, like 

most Ru(III) anticancer complexes, lack chemical features that selectively target cancer 

cells or tumors.153 Thus, the new compounds in this work also link Fc to a NAMI-A Ru(III) 

center via a pyridine, but the linker between the metal centers contains an amine 

functionality that allowed incorporation of a targeting arm (Figure 3.5). As previously 

Figure 3.5: Ligand design for bimetallic targeting moiety. 
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mentioned, the biological targeting groups chosen in these studies were biotin and 

estrone, with acetyl acting as a control functional group. 

 The synthesis of the new targeting ligands 3.4 (Py-Bio-Fc)and 3.5 (Py-Estro-Fc) 

started with Fc carboxaldehyde, which then was linked with 4-aminomethyl pyridine via 

reductive amination. This step installed both the Ru(III) coordinating moiety (pyridine) and 

a secondary amine to which amide bonds could be formed. The targeting molecules were 

then installed at the amine under standard peptide coupling conditions (HATU, DIEA). 

Analysis of the final ligand products by NMR was complicated since the ligands exist as 

conformational isomers, specifically rotamers, due to restricted rotation around the amide. 

This led to a two-fold splitting of all the NMR signals, but otherwise posed no other issues, 

with the ligands also characterized by high-res mass spec (HRMS). Based on the 

intensities of the peaks in the NMR spectra of the ligands, the relative amounts of the two 

rotamers were comparable. These rotamers were not expected to pose issues in the 

subsequent studies, since it was anticipated that both conformations around the tertiary 

nitrogen will act the same biologically.341 This has been shown to be the case of three FDA 

approved drugs (Telenzepine, Colchicine and Lesinurad), which all contain conformational 

isomers, and suggests that such isomers are generally not significant to overall activity.342  

Figure 3.6: X-ray crystal structure of compound 3.1 with ellipsoids at 50% 
probability level.  
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With the ligands in hand, the Ru(III)-Fc complexes were then synthesized by reacting the 

appropriate bis-DMSO salt starting material (3.14, and 3.15) with the ligand to give the 

final bimetallic compounds.  

Compound 3.1 is the key intermediate in the synthesis of the targeting ligands and 

has, to our knowledge, not been reported previously. Although this new compound was 

fully characterized by mass spec and NMR, it was also possible to obtain an X-ray crystal 

structure (Figure 3.6) to fully characterize its structure and geometry. The compound 

showed two distinct conformations in the crystal structure, with the hydrogen at the 

secondary nitrogen pointing either into, or out of, the plane relative to the X-axis. The 

image shown in Figure 3.6 is of the major isomer (55%) only, for clarity. 

  The three bimetallic complexes were synthesized with either Na+ counterions 

(3.10 (Ru-Bio-Fc) ,3.11 (Ru-Estro-Fc), 3.12 (Ru-Acetyl-Fc)) or with  PPN+ (3.7, 3.8, 3.9), 

using procedures based on the original reports of NAMI343 and NAMI-A.188  This involved 

Figure 3.7: X-ray crystal structure of compound 3.9 with ellipsoids at 50% 
probability level. PPN cation removed for visual clarity.  
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synthesis initially of the appropriately compensated bis-DMSO starting materials, 

(cation)[trans-Ru(DMSO-S)2Cl4], using ion exchange with the original (DMSO)2H+ starting 

material to give the Na+  or PPN+ compensated complexes. Subsequently, an axial S- 

coordinated DMSO ligand was replaced with the ferrocenylaminopyridine ligand (3.1). The 

compounds were prepared with Na+ counterions for optimal solubility in aqueous 

solutions, and these species were used in spectroscopic and biological studies. This is the 

most common formulation for Ru(III) anticancer compounds, such as NKP-1339,344 and 

was also used in the previously reported Ru(III)-Fc NAMI-A analogues.129  The PPN+ 

counterion was used to facilitate the growth of X-ray quality crystals. This large and 

hydrophobic cation has been used successfully in previous studies for this purpose, 

allowing for structural characterization of the anions.129 Although, crystal structures of Na+-

compensated Ru(III) anticancer complexes have been reported previously,188, 345 issues 

with desolvation and finding appropriate solvent systems can make growth and isolation 

of suitable quality crystals challenging. Obtaining crystal structures of Ru(III) compounds 

is particularly important since they are difficult to characterize by NMR due to 

paramagnetic line broadening and chemical shifts. Figure 3.7 shows the crystal structure 

of the Ru(III) acetyl Fc complex (3.9). This structure shows the expected octahedral 

coordination environment around the Ru(III) ion and confirms coordination of the Fc ligand 

via pyridine. Also of note, the tertiary amide directs the acetyl group away from the two 

metal centers, suggesting that the function of the targeting molecules in this position would 

not be sterically inhibited. However, crystals of the estrone and biotin functionalized 

complexes could not be obtained, despite numerous attempts using different solvent 

combinations, temperatures, and crystallization approaches.   

 UV-Vis Studies of Ligand Exchange processes 

The anticancer activity of Ru(III) complexes NAMI-A, KP-1019 and NKP-1339, as 

well as other structurally similar analogues, has been linked to their prodrug behaviour.12, 

302, 346, 347 Activation of these prodrugs involves ligand-exchange processes, which 

generate new species, both in blood following intra-veinous administration and inside cells 

following transport across cell membranes.12, 312, 348-350 Furthermore, reduction of the 

Ru(III) center in vivo, has been implicated in the anticancer activity of some prominent 

Ru(III) anticancer compounds.317, 318, 351 The aqueous solution behavior of NAMI-A is 

characterized by multiple ligand-exchange steps involving loss of DMSO and Cl–,195, 352 
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which is a pH dependent process.351This leads to the formation of several different mono-

nuclear Ru(III) species in solution under physiological conditions, as well as the generation 

of insoluble oligomers.195 Similar behavior has been reported for NAMI-A-pyr345 by Mu et 

al., which provides a relevant comparison for the Ru ferrocenyl pyridine complexes 

reported here.  A variety of analytical methods have been used to characterize these 

ligand-exchange processes of Ru(III) anticancer compounds, including optical 

spectroscopy, HPLC, HRMS, DFT calculations, and magnetic resonance methods.129 

Time-dependent UV–vis spectra from each compound incubated in PBS with 1% 

DMSO at 25 °C show spectral changes with incubation that are consistent with ligand 

exchange processes. Figure 3.8 shows the time-dependent UV-Vis spectra of all three 

complexes.  Initially, the spectrum shows a λmax at 392 - 394 nm for compounds 3.10 - 
3.12. A similar absorbance has been reported for NAMI-A-pyr and is attributed to a ligand-

to-metal charge-transfer from the pyridine ligand to the Ru center.353 The other major 

absorbance at 248 nm and the shoulder at approximately 300 nm are attributed to the 

ligand backbone.129 Upon incubation, the intensity of the peak at 392-394 nm for 

compounds 3.10 - 3.12 steadily decreased and a new peak at 342-344 nm emerged. An 

Figure 3.8: UV-Vis measurements of ligand exchange processes of compounds 
3.10, 3.11 and 3.12. Time-dependent UV-Vis spectra in PBS at 25 °C. 
Data aquired over 30 minutes at 1 minute intervals. 
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isosbestic point at 368 nm appears, which represents a new species that dominates the 

spectra. This is indicative of DMSO loss from the complexes, which is expected as the 

NAMI-A-pyr subunit is present in all three compounds and the ligand exchange rates 

should not vary greatly. 

 Electron Paramagnetic Resonance (EPR) Measurements and 
Simulations  

Data collection and simulations for this section were done with the help of 

Gregory MacNeil from the Walsby group at Simon Fraser University. 

Ru(III) is paramagnetic (d5, low spin, S = ½) and thus is amenable to study by 

electron paramagnetic resonance (EPR). Application of this method to study the solution 

behaviour and biomolecule interactions of Ru(III) anticancer compounds was developed 

by the Walsby group.129, 193, 292, 354 Changes to the coordination environment of Ru(III) ions 

due to ligand exchange results in corresponding changes in their EPR spectra. 

Considerations of symmetry and ligand-field effects of coordinated species can enable 

assignment of specific species in solution. Furthermore, analysis of relative signal 

intensities can characterize concentrations of different species in solution and the rates of 

ligand exchange. The relatively slow ligand-exchange rates of Ru(III) complexes, which 

are typically of the order of minutes to hours,355 allow for time-course ligand-exchange 

studies to be conducted under physiologically relevant conditions at 37 °C. The Ru(III) 

compounds can be incubated, and aliquots extracted and frozen in liquid nitrogen to give 

a “snapshot” of the solution composition at a particular time point. Ru(III) species can then 

be identified by their unique g values and line widths, and their relative concentrations at 

different time points determined from their spectral intensities.  

As expected for NAMI-A-type complexes,351 compounds 3.10 - 3.12 undergo 

several ligand-exchange steps, resulting in overlapping of signals from multiple species in 

solution at longer time points. These spectra were analyzed by simulation using the 

MATLAB-based EPR analysis toolbox Easyspin.339 To do this for each incubation time-

point the experimental EPR spectrum was simulated by first simulating individual spectra 

for each of the species present, which are defined by specific g values and line widths. 

The individual spectra were then multiplied by a weighting factor corresponding to the 
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relative solution concentration of each Ru(III) species. These are then summed together 

to match the experimental spectrum as closely as possible at each timepoint. 

Compounds 3.10 - 3.12 were incubated for time periods of 0, 5, 10 and 30 minutes 

to show the time-dependent changes in both spectral features and signal intensity. For the 

control compound 3.12 (Ru-Acetyl-Fc) at the first time point, nominally 0 minutes, two 

well-resolved uniaxial signals were detected (Figure 3.8, left). As describe previously for 

NAMI-A-type compounds, the uniaxial spectra are consistent with Ru(III) complexes 

whose first coordination sphere has tetragonal symmetry.129, 193, 195 The possible species 

with this symmetry are the parent complex and the products formed by exchange of the 

axial DMSO ligand for an aqua ligand, or OH− if subsequent H+ dissociation occurs. In 

principle, loss of the axial pyridine ligand could also produce a tetragonally symmetry 

species with a uniaxial EPR spectrum. However, NMR measurements of the solutions 

after 30 minutes of incubation do not show the presence of free ligand. Furthermore, the 

kinetic inertness of Ru(III) complexes in general, typically inhibits aqueous exchange of 

heterocyclic donor ligands.345 Indeed, this is fundamental to the role that such ligands play 

in the activity of Ru(III) anticancer compounds such as NAMI-A and NKP-1339. Since the 

“0” time point still encompasses sample preparation time, there is inherently a delay of 

around 30 seconds prior to freezing the sample for EPR analysis, which leaves enough 

time for some ligand exchange to occur.  

Comparison with the previous EPR study of the pyridine analogue of NAMI-A, 

NAMI-A-pyr, shows similar species at early incubation time points.129, 195 Furthermore, the 

g values of the species from 3.12 (Ru-Acetyl-Fc) (Table 3.1) match well with the spectra 

from NAMI-A-pyr195 confirming that Species 1 is the parent compound, and Species 2 is 

the solution product formed by aqueous exchange of DMSO. With increasing incubation 

times Species 2 becomes increasingly predominant, as shown by a more intense EPR 

spectrum, reflecting the ongoing exchange of DMSO from the compound. After extended 

incubation, a small contribution from a third species is observed, which also has a uniaxial 

EPR spectrum. This has not been reported previously in similar compounds in the NAMI-

A family and does not correspond to chloride ligand-exchange products, which have lower 

symmetry. 
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The EPR spectra and corresponding g values for 3.10 (Ru-Bio-Fc) (Appendix A.31 
- A.33 and Table 3.1) are similar to 3.12 (Ru-Acetyl-Fc) indicating the same pathway for 

ligand exchange. NMR measurements were used to determine if there was any loss of the 

pyridine-Fc ligands during the incubation of any of the complexes. However,  after thirty-

minutes of incubation at 37 °C, no free ligand was detected. This suggests that the 

pyridine-Fc ligands do not readily dissociate, and their coordination is stable within the 

timeframe of the EPR experiment.   

Overall, the EPR spectra indicate that the first step of ligand exchange, loss of the 

axial DMSO ligand, occurs as expected for derivatives of NAMI-A-pyr. This is also 

consistent with changes observed in the UV-Vis spectra. However, the rate of ligand 

exchange is slower than observed previously for these types of compounds193  and no 

contributions from chloride ligand exchange were observed. This suggests that the pyr-
N-Fc ligand backbone may be influencing the ligand exchange processes of the 

complexes. 

Figure 3.9: EPR Spectra showing ligand exchange process of Compound 3.12 
in frozen solution of PBS. Two timepoints are show, time 0 and 5 
minutes.  
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Table 3.1: g values and relative weighting of species in simulations of EPR 
spectra of compounds 3.10 - 3.12. 

Compound 
3.10 (Ru-
Bio-Fc) 

Species 1 Species 2 Species 3 

Time Point g┴ g‖ % g┴ g‖ % g┴ g‖ % 
0 2.44 1.785 40 2.355 1.874 58 2.245 1.918 2 
5 2.44 1.785 40 2.355 1.874 56 2.245 1.918 4 

10 2.44 1.785 36 2.355 1.874 56 2.245 1.918 8 
30 2.44 1.785 31 2.355 1.874 56 2.245 1.918 13 

Compound 
3.11 (Ru-
Estro-Fc) 

Species 1 Species 2 Species 3 

Time Point g┴ g‖ % g┴ g‖ % g┴ g‖ % 
0 2.421 2.04 80 2.311 2.00 20 

N/A 
5 2.421 2.04 80 2.311 2.00 20 

10 2.421 2.04 70 2.311 2.00 30 
30 2.421 2.04 60 2.311 2.00 40 

Compound 
3.12 (Ru-

Acetyl-Fc) 
Species 1 Species 2 Species 3 

Time Point g┴ g‖ % g┴ g‖ % g┴ g‖ % 
0 2.441 1.775 75 2.307 1.875 25 

N/A 
5 2.441 1.775 25 2.307 1.875 75 

10 2.441 1.775 20 2.307 1.875 70 2.245 2.03 10 
30 2.441 1.775 20 2.307 1.875 50 2.245 2.03 30 

 Electrochemical Properties 

The compounds described in this chapter all have the potential to act as prodrugs 

via three processes: (i) reduction of the Ru(III) center to provide Ru(II) species that are 

active towards biomolecule interactions and can instigate production of ROS,356  (ii) 

oxidation of the Fc (Fe(II)) center to a Fc+ (Fe(III)) species that can generate ROS, and 

(iii) ligand-exchange processes resulting in coordination to biomolecules.129 The bimetallic

metal complexes developed in this chapter, 3.10 (Ru-Bio-Fc), 3.11 (Ru-Estro-Fc), and 

3.12 (Ru-Acetyl-Fc) all have the potential to undergo processes (i) and (ii) via electron 

transfer between the Ru(III) and Fe (II) centers. This has been suggested previously as 
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the origin of anticancer activity in related complexes129 and could enable synergistic 

activation of the two metal centers towards cytotoxicity. 

To assess the potential for redox activation, electrochemical measurements of 

compounds 3.10 - 3.12 was performed in 1% DMSO in a PBS solution. The 

oxidation/reduction potential of a compound is a measure of its propensity to lose or gain 

electrons, thus being oxidized, or reduced respectively. Eox and Ered are a compound’s 

oxidation and reduction potentials measured in millivolts (mV). E1/2 is the sum of Eox and 

Ered divided by 2, which corresponds the standard potential, E0, under standard conditions. 

Initially, cyclic voltammograms of each compound were measured to determine E1/2 for 

the Ru(II)/Ru(III) and Fc/Fc+ redox couples. However, only compound 3.12 (Ru-Acetyl-
Fc) gave signals that were sufficiently resolved so that E1/2 values could be determined. 

Whereas the signals from 3.10 (Ru-Bio-Fc) and 3.11 (Ru-Estro-Fc) were broadened and 

unresolvable. 

Table 3.2: Redox Potentials of both Ligands and Ru-Complexes in PBS buffer 
with 1% DMSO. 

Compound E1/2 (RuIII/II) Vs. NHE E1/2 (Fc+/Fc) 

3.4 (Py-Bio-Fc) 528 mV 

3.5 (Py-Estro-Fc) 660 mV 

3.6 (Py-Acetyl-Fc) 528 mV 

3.10 (Ru-Bio-Fc) 280 mV 524 mV 

3.11 (Ru-Estro-Fc) 244 mV 516 mV 

3.12 (Ru-Acetyl-Fc) 287 mV 562 mV 

To determine E1/2 values for compounds 3.10 (Ru-Bio-Fc) and 3.11 (Ru-Estro-
Fc) differential pulse voltammetry (DPV) was applied. This method provides better 

resolution to acquire oxidation or reduction potentials, depending on the direction of the 

increments and the starting potential. Unfortunately, unlike in cyclic voltammetry, a 

continuous sweeping scan can not be obtained where reversibility could be observed. 

Figure 3.10 shows both the DPV for compounds 3.10 (Ru-Bio-Fc) and 3.11 (Ru-Estro-
Fc), as well as the CV of compound 3.12 (Ru-Acetyl-Fc). 
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Comparison with previous studies of Mu et al. on pyridine linked Ru(III) Fc 

complexes129  allows the electrochemical processes measured by CV and DPV to be 

identified. In each case, the lower potential peak (244 – 287 mV) corresponds to the 

Ru(III/II) redox couple and the higher potential peak (524 – 562 mV) is from Fc+/Fc.129  

Mu et al. have noted in studies of related pyridine linked Ru(III) Fc complexes, that 

attached Fc groups can increase the electron donating properties of coordinated pyridine 

ligands leading to a lowering of the Ru(II/III) potential.129 This is consistent with the 

E1/2(RuII/III) for 3.10 - 3.12 being lower than the parent compound NAMI-A-pyr (E1/2 = 329 

mV). More generally, this shows that the electronic properties of the Ru center can be 

influenced by the functional groups attached to the coordinating pyridine. This is potentially 

important if the redox-activity of the Ru center is a factor in the overall activity of the 

compounds.  

Figure 3.10: CV of Compound 3.12 (Left) and DPV of compounds 3.10 (Ru-Bio-Fc) 
(Top, right) and 3.10 (Ru-Estro-Fc) (Bottom, right). 
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 DFT Calculations 

Compounds 3.10 – 3.12 were examined by DFT using Gaussian C.01, to 

characterize their structural features and electronic properties. A particular focus of these 

studies was the geometry around the amine linker connecting the Ru(III), Fc, and targeting 

groups. In particular, whether there were any steric interactions between these groups, 

and what impact the metal centers could have on receptor binding. The main electronic 

property of interest was the distribution of spin density on the molecule. The paramagnetic 

Ru(III) ion introduces an unpaired electron, which does not remain completely localized 

on the metal center. This electron can be delocalized over the ligands, potentially 

indicating potential for electron transfer pathways.129 Calculations of spin density were 

correlated with line broadening and chemical shifts in the NMR of the compounds, since 

spin density located near magnetic nuclei can significantly affect their spectra.  

From the calculations (Figure 3.11), compounds 3.11 (Ru-Estro-Fc) and 3.12 
(Ru-Acetyl-Fc) both have some spin density on the Fe of the Fc , 3.4% and 3.7% 

respectively. Interestingly, the calculations indicate no spin density on the Fc of 3.10 (Ru-
Bio-Fc) despite a linker structure that initially appear similar to the other complexes. 

However, a closer examination of the structures shows that the dihedral bond angles 

between the Ca-Nb-Cc-Cd(Figure 3.11) are 46.7° and 45.3° for 3.11 (Ru-Estro-Fc) and 

3.12 (Ru-Acetyl-Fc) respectively but significantly larger for 3.10 (Ru-Bio-Fc) (60.8°). This 

confirms the significance of this bond angle in the spin density distribution, the calculation 

Figure 3.11: Spin density of compounds 3.10, 3.11, 3.12 with their cations 
omitted. 
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for 3.10 (Ru-Bio-Fc) was repeated but with the angle constrained to the value found for 

3.12 (Ru-Acetyl-Fc, 45.3°). This resulted in a calculated spin density of 3.4%, confirming 

that the geometry of the linker was the key factor in the spin density distribution difference 

in 3.10 (Ru-Bio-Fc), rather than other chemical differences arising from the biotin. Overall, 

these calculations confirm that the spin-density calculated on the Fc is a through-space 

phenomenon and that possible electron transfer pathways will be impacted by the linker 

geometry. The presence of spin density on the Fc groups is corroborated by comparison 

of the NMR of the complex 3.12 (Ru-Acetyl-Fc) and its ligand 3.6 (py-Acetyl-Fc). The 

peak of the unfunctionalized cyclopentadiene ring is shifted up-field by 0.433 ppm and 

significantly broadened (18.4 Hz) in the bimetallic compound compared to the ligand 

(Figure 3.12).   

The observation of spin density at the Fc center is interesting since it suggests that 

there is a pathway for electron transfer between the two metal centers. This could convert 

the Ru(III)-Fc parent complex to a Ru(II)-Fc+ species, with both metal components thus 

Figure 3.12: 1H NMR spectra and spin densities calculated by DFT. 
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primed to generate reactive oxygen species (ROS). This type of synergistic activation has 

been suggested previously for Ru(III)-Fc complexes,129 and provides an appealing method 

for generating toxic species in tumor environments.  

 Cytotoxicity Results 

These results were gathered in collaboration with Devon Heroux at the BC 

Cancer institute under the supervision of Dr. Marcel Balley. 

Compounds 3.10 (Ru-Bio-Fc), 3.11 (Ru-Estro-Fc) and 3.12 (Ru-Acetyl-Fc) were 

tested against three cell lines, MDA-MD-231, MCF-7, and MCF-10A. These cell lines are 

all different variants of breast cancer and have differing levels of receptor-protein 

expression. Breast cancer patients routinely have the expression of estrogen receptor 

(ER), progesterone receptor (PR), and amplification of HER-2/Neu surface protein 

evaluated.357 These markers allow classification of breast cancer tumors as hormone 

receptor positive tumors (either ER or PR), HER-2/Neu amplified tumors, or neither. The 

latter group is referred to as triple-negative breast cancer based on the lack of these three 

molecular markers.358 MDA-MD-231 is an epithelial human breast cancer line that is highly 

aggressive, invasive, and poorly differentiated.358 Although MDA-MD-231 cells do not 

express the hormone receptors since they are triple negative, they do however have 

elevated expression of the sodium multivitamin transporter (SMVT). The SMVT  enhances 

cellular uptake of essential vitamins, such as biotin (vitamin H), and thus promotes the 

growth of rapidly dividing cancer cells.246 This makes this type of cancer an attractive 

model to study, as activity against this robust cancer type can be used as a benchmark 

against other more sensitive cancer lines.  

MCF-7 is the most studied breast cancer-cell line in chemotherapy research and 

is highly modifiable.359 This cell type is of particular interest since it can retain several 

characteristics of mammary epithelium. These include, morphology, monolayer formation, 

and the ability to form dome and 3D structures.360-362 It is also one of the few breast cancer 

cell lines available for study that express the estrogen receptor to substantial levels that 

can mimic human breast cancer.359 MCF-7 also expresses the SMVT at a very high level. 

This means that this cell line represents a good model system for studying the targeting 

of biotin and estrone functionalized compounds. This allows for in vitro testing of breast 
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cancer biology and chemotherapeutic efficacy of many SMVT targeted therapies as this 

cell line is well documented and studied.  

Of the many derivatives of MCF-7, MCF-10A is a widely used non-malignant breast 

epithelial cell line.363 These cells exhibit many features of normal breast epithelium 

including a lack of dependence on growth factors and hormones for proliferation and 

survival. This means that they express these receptors at normal levels and use these 

hormones and nutrients in ways other than proliferation, which more closely resembles 

normal cellular behavior. 

The different properties of the three cell lines enabled studies of the effectiveness 

of the targeting strategies employed in the molecule design of 3.10 (Ru-Bio-Fc), 3.11 (Ru-
Estro-Fc), versus the control, 3.12 (Ru-Acetyl-Fc). Based on the levels of SMVT 

expression it was anticipated that 3.10 (Ru-Bio-Fc) would have greater uptake in the 

tested cells according to MCF-7 > MDA-MD-231 > MCF-10A. Similarly, 3.11 (Ru-Estro-
Fc) was expected to target the tested cell lines with efficiencies according to estrogen 

receptor expression: MCF-7 > MCF-10A > MDA-MD-231.   

Table 3.3: Compounds 3.4-3.6 and 3.10-3.12 Cytotoxicity Results 

Compound 
Cancer Cell Line  (IC50 in µM) 

MDA-MD-231 MCF-7 MCF-10A 

3.4 (Py-Bio-Fc) 88.2 ± 21.2 60.6 ± 2.8 >200

3.5 (Py-Estro-Fc) 21.6 ± 0.9 17.3 ± 0.4 >200

3.6 (Py-Acetyl-Fc) 83.6 ± 14.7 155.2 ± 21.7 >200

3.10 (Ru-Bio-Fc) 199.2 ± 5.2 61.7* >200

3.11 (Ru-Estro-Fc) 87.6 ± 16.0 73.7 ± 11.2 >200

3.12 (Ru-Acetyl-Fc) >200 84.9 ± 19.5 >200

*Compound 3.10 against MCF-7 cells were tested in duplicate, therefore not enough replicates were run to
confirm an uncertainty
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Table 3.3 shows the IC50 values of both the ligands, 3.4 (py-Bio-Fc), 3.5 (py-
Estro-Fc) and 3.6 (py-Acetyl-Fc), as well as the bimetallic compounds 3.10 (Ru-Bio-Fc), 
3.11 (Ru-Estro-Fc) and 3.12 (Ru-Acetyl-Fc). The MCF-10A cell line was completely 

unaffected by any of the ligands or complexes. This suggests that these compounds will 

not affect healthy noncancerous cell lines and that the compounds in this chapter may 

exhibit selectivity between cancerous and healthy cells.112, 364 Against the cancerous cell 

lines (MCF-7 and MDA-MD-231), the Fc-ligands, 3.4 - 3.6, showed promising cytotoxicity  

with distinct patterns of activity. It was predicted that for biotin-substituted ligand 

compound 3.4 (Py-Bio-Fc), the results from the two cancer-cell lines would follow a trend 

based on the amount of SMVT expression, with slightly more elevated levels of SMVT 

expression in MCF-7 than in MDA-MD-231.246 This means that uptake of 3.4 (Py-Bio-Fc) 

into these cancerous cells should vary depending on the level of SMVT expression, 

resulting in differing activity arising from ROS generation by the Fc functionality. This is 

shown by the IC50 values for 3.4 (Py-Bio-Fc) against MDA-MD-231 and MCF-7 of 88.2 

and 60.6 µM respectively. The estrone containing ligand 3.5 (Py-Estro-Fc) shows activity 

that is modulated with respect to estrogen receptor expression in the cancer cells. MCF-

7 cells have higher estrogen receptor expression than MDA-MD-231, and correspondingly 

are more sensitive to compound 3.5 (Py-Estro-Fc) with a lower IC50 value (17.3 vs. 

21.6 µM) between these two cell lines. Although it was predicted that compound 3.6 (Py-
Acetyl-Fc) would be the least cytotoxic of the ligands, due to the absence of any targeting 

or transport promoting features, owing to the small size and lipophilic nature of 3.6 (Py-
Acetyl-Fc) compared to 3.4 (Py-Bio-Fc) and 3.5 (Py-Estro-Fc) the observed potency 

could be a result of greater cellular uptake by nonspecific mechanisms. 

Table 3.3 also shows the activity of the bimetallic Ru-Fc complexes 3.10 - 3.12. 
Overall, the Ru complexes are less active than the ligands. However, the patterns of 

activity follow the same general trends. For example, 3.11 Ru-Estro-Fc is more effective 

against MCF-7 cells than MDA-MD-231. This is the expected based on estrogen receptor 

expression levels of MCF-7 compared to MDA-MD-231. The same is true for compound 

3.10 (Ru-Bio-Fc), which is more active against MCF-7 than MDA-MD-231 based on 

SMVT expression levels, as expected. The overall lower cytotoxicity when comparing 3.10 
- 3.12 to 3.4 - 3.6 suggests that the free pyridine on compounds 3.4 - 3.6, which is used 

for coordination to the Ru, could play a role in the overall activity of the ligands. It is also 

possible that the Ru(III) centre interferes with receptor recognition.  
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Further work needs to be done to fully elucidate the mechanism for cytotoxicity of 

these compounds and to determine if the Ru(III) subunit provides any benefits to the 

antimetastatic properties of this compound as was originally hypothesized.  

3.4. Conclusions 

This chapter describes the development of new anticancer candidates that contain 

three pharmacologically important features: (i) a Ru(III) anticancer coordination complex, 

(ii) a Fc group, and (iii) a receptor targeting molecule. The linking together of these 

components was made possible by a new Fc-aminopyridine ligand scaffold (3.1), which 

has the potential to be useful in a variety of applications where linking of Fc to a metal 

center with a third functional molecular feature would be beneficial. A benefit of this 

approach is its simplicity, with the readily synthesized secondary amine linker (3.1) able 

to be substituted to form an amide bond with a desired targeting molecule. In this chapter 

biotin (3.10 (Ru-Bio-Fc)) and estrone (3.11 (Ru-Estro-Fc)) were used to help increase 

targeting and solubility, while an acetyl group (3.12 (Ru-Acetyl-Fc)) was used as a control. 

The resulting ligands were then coordinated to a Ru(III) center using well-established 

chemistry from the Ru(III) anticancer literature, to make new analogues of the 

antimetastatic compound NAMI-A.  

The paramagnetic Ru(III) center of the bimetallic compounds enabled studies of 

electronic properties by magnetic resonance methods. EPR measurements demonstrate 

the expected aqueous exchange of DMSO, which is typical for NAMI-A-type compounds. 

Direct paramagnetic NMR measurement of the complexes provided insight into the 

distribution of unpaired electron density across the molecules. Although prediction of 1H 

chemical shifts is challenging ab initio, comparison with the Fc-pyridine ligands, previously 

reported Ru(III) complexes, and between the three bimetallic compounds in this chapter 

enabled assignment of the NMR spectra. Particularly notable was the shifting and 

broadening of the 1H peaks from the Cp rings of the Fc groups in the complexes. This is 

consistent with significant spin density on Fc, which was confirmed by DFT calculations of 

Ru-Acetyl-Fc (3.12) and Ru-Estro-Fc (3.11). This type of delocalization of spin density 

onto Fc has previously been suggested as indicating in intramolecular pathway for 

electron transfer between the two centers, synergistically generating bioactive Ru(II) and 

Fc+ species. 
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The electronic properties of the bimetallic complexes were further characterized 

by electrochemical methods. The reduction potential of Ru(III) centers are lower than that 

of NAMI-A-pyr by 42 – 85 mV but are still high enough to generate a Ru(II) species in 

vitro/in vivo via biological reducing agents.365 It has been suggested that the generation of 

Ru(II) species could be an important component of the anticancer activity of Ru(III) 

compounds,318, 366 and could be used to target hypoxic conditions found in many tumors. 

the redox potentials of the Fc components of compounds 3.10 - 3.12, are particularly 

significant. Since the generation of Fc+ from Fc is beneficial to the production of ROS, the 

oxidation potential must be within the biological redox window. The observations suggest 

that the oxidation potentials of 524, 516 and 562 mV for 3.10 - 3.12 respectively are all 

sufficiently low enough to generate Fc+ species. It should be noted that similar bimetallic 

systems have been shown to have the ability to undergo electron transfer via the ligand 

backbone. This was seen previously by Mu et al. who noted a characteristic EPR signal 

at a g value of 4.3, indicative of high spin Fe(III) and confirming oxidation of Fc in the 

absence exogenous oxidizing agents. To study this possibility for compounds 3.10 - 3.12, 

DFT calculations were performed in conjunction with NMR to help determine the extent of 

possible spin density transfer from Ru(III) to Fe(II). The DFT calculations suggest that ~3% 

spin density can be observed on the Fe(II) of compound 3.11 and compound 3.12. This 

agrees with NMR data that showed significant line broadening of the Fc peaks in 

compound 3.12 (Figure 3.12). These observations suggest a possible pathway for the 

generation of ROS via the redox cycling of Fe(II) to Fe(III) as the increased spin density 

will make the initial oxidation of the Fe center more facile.     

The Fc and the Ru(III) components of the complexes both potentially play a role in 

the overall anticancer activity of the bimetallic complexes. However, neither component 

intrinsically targets cancer cells over a healthy cell. The addition of the targeting 

components, biotin and estrone, did increase the activity of the ligands when compared to 

the control compound. However, the Ru(III) compounds 3.10 - 3.12 showed lower 

cytotoxicity. This suggests that the free pyridine on compounds 3.4 - 3.6 that is used for 

coordination to the Ru could be contributing to the overall activity of the ligands. Neither 

the ligands or the complexes showed activity against MCF-10A cells, indicating that the 

targeting strategy enabled discrimination between cancerous and normal cells. 
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Chapter 4. Ferrocene-Functionalized Quinolone 
Antibiotics  

4.1. Introduction 

Antibacterial resistance is an ever-growing problem. This rise in resistant bacterial 

strains has motivated development of new antibiotics with novel modes of action.367 A 

promising approach to this challenge is the insertion of ferrocene (Fc) into known 

antibacterial molecules. This strategy has found traction in a variety of pharmaceutical 

applications, including anticancer and antiplasmodial agents.33, 44, 48 Ferrocene provides a 

stable source of iron with well-established chemistry and can, for example, replace 

benzene functionalities in molecular backbones (Figure 4.1).  The main influence of Fc 

groups on the activity of modified pharmaceuticals has been linked to the production of 

reactive oxygen species (ROS). Redox cycling between Fe(II) and Fe(III) can produce 

hydroxyl radicals via Fenton chemistry, which can then damage DNA and other cell 

components.314 Interest in Fc as a pharmacophore has increased significantly in the last 

decade. High-profile examples of Fc derivatives are the breast-cancer treatment tamoxifen 

(ferrocifens, (Figure 4.1, a)) and of the antimalarial chloroquine (ferroquine, (Figure 4.1, 
a)).33, 55, 56, 98 

Although metallocenes in their neutral form are considered benign, in charged 

states, or by changing the oxidation state (ex. Fe(II) to Fe(III)), they have been shown to 

be quite potent as anti-cancer, antifungal, or antibiotic agents.48 However, solubility of Fc 

compounds in medicinal applications can be an issue due to the hydrophobicity of the Fc 

group, but this can be addressed by adding a charge to the overall molecule. One 

approach to this is using an oxidized form of the metallocene. In the case of Fc (Fe(II)), 

generation of ferrocenium (Fc+, Fe(III)) has the added benefit of potentially catalyzing the 

generation of ROS via Fenton chemistry.55, 104  A simple case of this was reported by Kopf 

et al. when either Fc or the oxidized complex, Fc+, with a trichloroacetic acid counterion, 

were introduced to mice that had been implanted with Ehrlich ascites tumor cells and 

studied over 90 days.34 The Fc+ treatment with optimal dosing cured 60-100% of the 

animals, while ferrocene showed no effect.34, 114 This showed that once activated by 

oxidation, Fc could be an effective chemotherapeutic,34 and suggests two conclusions 

about the cytotoxicity of Fc compounds. The first is that ROS production from the 
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metallocene can kill cells since the oxidized species, Fc+ enables the generation of ROS 

via Fenton chemistry.  The second conclusion is that the aqueous solubility of the charged 

species is greater, which allows for higher concentrations during administration and 

improved drug-like behaviour in vivo.32 

There have been some notable developments in the field of Fc antibacterials. One 

approach has been to tether the Fc group to an innocent site of a medicinally relevant 

biological molecule. This biological molecule can be an antibiotic (Figure 4.1, b), a natural 

product (Figure 4.1, c), or a quinolone antimalarial (Figure 4.1, d). This approach typically 

uses a linker that can separate the Fc functional group from the attached bioactive 

molecule to minimize negative effects of the Fc on the intrinsic activity of the parent 

compound in the conjugate. There are many reports in the literature that employ this 

general strategy.33  Some examples that are particularly relevant to the work in this chapter 

include the report by Singh et al. who have shown that by tethering a Fc to isatin with 

varying linker lengths they could modulate the anticancer activity (Figure 4.2). The triazole 

linker that was chosen proved be a straightforward way to tether Fc to the compound of 

interest,108 an approach that was also used in this chapter. Another example was reported 

by Kumar et al. where they introduced a Fc group to a β-lactam inhibitor, unfortunately 

Figure 4.1: Ferrocene derivatized organic compounds. (a) Tamoxifen derivative, 
(b) Penicillin G derivative, (c) Platensimycin derivative, (d)
Chloroquine derivative.

a b c d 
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this derivatization to the lactam modulated the lipophilicity too drastically, which ultimately 

made both components ineffective.109  

In this work, we have tethered Fc to a series of quinolone antibiotics (Figure 4.3). 

The quinolone class of antibiotic is derived from the 4-quinolone bicyclic core,368 which 

provides several potential sites for derivatization. (Figure 4.3, R1-R5). Quinolones have 

been studied extensively, with many derivatives having an increase in efficacy and an 

expanded scope of activity.368 The first synthetic quinolone antibiotic is generally 

considered to be nalidixic acid.369 Nalidixic acid has a very narrow range of antibacterial 

activity against intestinal bacteria associated with urinary tract infections.370 This motivated 

development of new quinolones, such as fluoroquinolones, which have a fluorine atom 

attached to the aromatic backbone (Figure 4.3, R4) and show a broader spectrum of 

activity against both Gram-negative and Gram-positive bacteria, with improved 

pharmacokinetics.371-374  

Figure 4.2: Isatin derivatives designed by Singh et al. that show varying linker 
lengths between the antibiotic and the Fc group108 
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This activity of fluoroquinolones is derived from binding to bacterial gyrases and 

topoisomerase type II enzymes, which interferes with DNA synthesis pathways, inhibiting 

bacterial replication. This disruption of DNA replication affects both aerobic and anaerobic 

bacterial strains.371 Quinolines are often administered to patients before other kinds of 

antibiotics due to their activity against a wide variety of bacterial infections, with the 

fluoroquinolone antibiotic375 ciprofloxacin being the predominant choice and one of the 

most prescribed antibiotics worldwide.374,376 Quinolones take advantage of the DNA 

gyrase and topoisomerase type II enzymes’ function to generate double-stranded breaks 

in bacterial chromosomes as part of the enzyme’s mechanism for DNA replication.377 

Therefore, quinolones can over-activate these enzymes and take advantage of their ability 

to fragment DNA. To do this, quinolones bind in a noncovalent manner at the enzyme–

DNA interface in the cleavage–ligation active site (Figure 4.4, A).378 They can then interact 

with the enzyme and intercalate into the DNA at both cleaved scissile (enzyme cleavable) 

bonds (Figure 4.4, C).379 Due to their intercalation, quinolones stabilize the cleavage 

complex by acting as a physical block to the ligation, resulting in bacteriostasis (stoppage 

Figure 4.3: Quinolone structure and the possible modification sites to modulate 
activity 

Figure 4 3 Quinolone structure and the possible modification sites to modulate 
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of growth) at low concentrations of quinolone, and bactericidal activity (bacteria death) 

with higher concentrations.380 The scissile bonds on each strand are staggered, thus two 

drug molecules are required to increase levels of double-stranded DNA breaks (Figure 
4.4, A and B). When DNA tracking systems such as replication or transcription enzymes381 

interact with quinolone-stabilized gyrase or topoisomerase type II DNA, these complexes 

are converted to permanent DNA chromosomal breaks.382 The generation of these DNA 

breaks triggers DNA repair pathways.368 If the strand breaks overwhelm these repair 

processes, this leads to cell death via apoptosis. This is the primary mechanism that 

quinolones use to kill bacterial cells. Figure 4.4 shows a quinolone antibiotic (levofloxacin) 

in the binding pocket of a DNA gyrase as well as the space available to accommodate 

modification of the quinoline and the hydrophobicity within the binding pocket (Figure 4.4, 

D). 

Thus, in addition to acting as poisons, quinolones act as catalytic-inhibitors. This 

accompanying loss of enzyme activity affects several nucleic-acid processes and likely 

contributes to the overall toxicity of these drugs.376 This mechanism of interaction 

possessed by the quinolones, although specific to gyrases and topoisomerase type II, has 

been shown to be susceptible to antimicrobial resistance through mutations involving 

Figure 4.4: Quinolone(Levofloxacin)-DNA cleavage complex of gyrase. A) 
Zoomed in region of the binding pocket. B) A chemical 
representation of levofloxacin in the binding pocket interacting with 
magnesium. C) DNA fitting into the pocket and the unwinding by 
levofloxacin. D) The bond distances (in Å) to different 
hydrophobic(red) and hydrophilic(white) surfaces. PDB: 4Z2B 
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specific enzymes.383 There have been four generations of fluoroquinolones licensed for 

clinical use, with many of them being discontinued to lack of potency towards resistant 

bacterial strains.384 

Herein we describe the development of new Fc-functionalized quinolones. Our 

approach has been to tether Fc to the backbone of known antibacterial quinolones, with 

the goal of modifying activity with minimal disruption of the intrinsic quinolone activity and 

binding ability to the topoisomerase type II enzyme. Although previous work has shown 

that combining these moieties can provide benefits,385, 386 tethering the Fc group to the 

more active part of the molecules (Figure 4.5, left) inherently changes their activity profile, 

which can have both positive and negative results.  This derivatization at R3 (Figure 4.3) 

changes the activity of the quinolone which could modify the pharmacokinetic profile. This 

is evident when this group is changed from an ethyl to a proton. This modification yields 

two distinctly different quinolone compounds, Ciprofloxacin and Enrofloxacin, which have 

distinctly different activities387; Ciprofloxacin is a leading antibiotic prescribed in 

humans,388 whereas Enrofloxacin is only approved for domestic animal treatments.389  

Our work has tethered a ferrocene molecule to the quinolone  (Figure 4.5, right) 
in a way that still allows for topoisomerase type II binding to occur. This design aims to 

leave the mechanism of action for the quinolone unchanged as well as allowing for 

ferrocene-based ROS generation. We have employed a stable triazole linker to generate 

new antibacterial candidates that potentially have dual mechanisms of action arising from 

the combined effects of their organic and inorganic components.   

 

Figure 4.5: Quinolone Fc structures. Left is previous work386; Right is work 
from this chapter 



106 

4.2. Experimental 

Ferrocenecarboxaldehyde and Levofloxacin were purchased from Oakwood 

Chemical. 4-amino-1-butanol was purchased from Combi-blocks, Inc. Enrofloxacin, 

Ciprofloxacin, and Nalidixic acid, as well as all other reagents were purchased from Sigma 

Aldrich. All chemicals were used without further purification. 1H NMR was recorded on a 

500 MHz Bruker DMX NMR spectrometer. High-res. mass spectrometry was done on an 

Agilent 6210 TOF LC/MS using ESI-MS. 

 Synthetic Procedure 

4-azido-1-butanamine (4.1)
4-amino-1-butanol (960 µL, 10.4 mmol) was cooled to

0° C. To this 10 mL of HBr (48% aqueous) was slowly 

added. After 4 hours of stirring at reflux, the mixture 

was concentrated to less than 1mL under reduced pressure. To the residue was added 

10 mL of H2O and sodium azide (2.8g, 43 mmol). This solution was then heated at 80° C 

overnight. This solution was then cooled in an ice bath to 0° C. A 1 M aqueous solution of 

NaOH was the added until the pH of the solution was approximately 13 while maintaining 

a temperature below 5° C. This solution was then extracted with DCM (3  100mL). The 

combined organic phases were dried over Na2SO4 and then solvent was removed under 

vacuum to yield 0.85 g of 4.1 as a yellow oil in an 72% yield. 1H NMR (400 MHz, CDCl3) 

δ 3.28 (t, J = 6.8 Hz, 2H), 2.71 (t, J = 7.0 Hz, 2H), 1.81 – 1.56 (m, 2H), 1.55 – 1.40 (m, 

2H). HRMS (ESI+) Calcd. for C4H10N4: m/z 114.0905 [M+H+], found m/z 115.0980. 

Ferrocene methanol (4.2) 
Ferrocene carboxaldehyde (1.00 g, 4.67 mmol) was dissolved in 

methanol (50 mL) in a round-bottom flask and stirred for 5 minutes 

until fully solubilized. Then NaBH4 (0.95 g, 25 mmol) was added in 

small aliquots over 10 minutes. The mixture was then allowed to 

stir for 6 hours at room temperature. The solvent was then removed 

under reduced pressure. The residue was dissolved in 50 mL DCM and 20 mL of water 

was added, then extracted (3  75 mL) with DCM. The combined organic phases were 

then dried with Na2SO4, and the solvent removed under vacuum to yield 0.99 g (98%) of 
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4.2, which was then used without further purification in the next synthetic step. HRMS 

(ESI+) Calcd. for C11H12FeO: m/z 216.0238 [M+], found m/z 216.0243. 

 
O-propargylated ferrocene methanol (4.3) (Fc-Alkyne) 

 
To a stirring solution of 4.2 (432 mg, 2 mmol, 1eq) in 

10 mL DMF/toluene (1:1) at 0 °C, sodium hydride 

(175 mg, 4 mmol, 2 eq) was added.  The reaction 

mixture was then stirred for 10 minutes under N2(g). To 

this solution propargyl bromide (80% wt. in toluene, 300 µL, 2.8 eq) was added dropwise 

over 5 minutes. After 3 hours of stirring at room temperature, the reaction was quenched 

with H2O and extracted with Et2O (3  75 mL). The combined organic layers were washed 

with brine, then dried with Na2SO4, filtered, and then concentrated under reduced 

pressure. The product was then purified via flash column chromatography with n-

hexane/EtOAc (9:1) affording 447 mg (88% yield) of 4.3 as an orange solid. 1H NMR (400 

MHz, CDCl3) δ 4.38 (s, 2H), 4.25 (t, J = 1.9 Hz, 2H), 4.15 (t, J = 1.9 Hz, 2H), 4.14 (s, 5H), 

4.12 (d, J = 1.9 Hz, 2H), 2.44-2.43 (m, 1H). HRMS (ESI+) Calcd. for C14H14FeO: m/z 

254.0394 [M+], found m/z 254.0380. 

 
1-cyclopropyl-7-[4-[(1,1-dimethylethoxy)carbonyl]-1-piperazinyl]-6-fluoro-1,4-
dihydro-4-oxo-3-Quinolinecarboxylic acid (boc-ciprofloxacin, 4.4)  

 
Following a literature procedure,390 111 mg (0.33 

mmol) of ciprofloxacin was dissolved in 10 mL of 

dioxane:H2O (1:1). 0.75 mL of 1 M NaOH was then 

added, and the solution was stirred for 5 minutes. 

Then 111 mg (0.50 mmol) of di-tert-butyl 

dicarbonate was added and the solution was stirred for 12 hrs. at room temperature. The 

solution was then filtered, washed with acetone, and the precipitate was collected yielding 

quantitative amounts of 4.4, which was not further purified and matched literature HRMS 

values for 4.4. HRMS (ESI+) m/z Calcd. for C22H26FN3O5: m/z 431.1856 [M+H+], found m/z 

432.2003. 
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General procedure for antibiotic azido-butyl linkage 
 

In a 20 mL scintillation vial, the selected antibiotic (0.33 mmol), HATU (190 mg, 

0.50 mmol, 1.5 eq), and N,N-Diisopropylethylamine (129 mg, 1 mmol, 3 eq) were all 

dissolved in dry THF at 0 °C and the solution was sealed under a N2(g) atmosphere. Then 

4.1 (0.33 mmol, 1 eq) was added and the reaction stirred overnight at room temperature. 

The solvent was then removed under reduced pressure. This crude reaction mixture was 

then dissolved in DCM (150 mL) and was washed successively with aqueous 1 M HCl (50 

mL), water (50 mL), and saturated aqueous NaHCO3 (50 mL). The combined organic 

layers were dried with MgSO4, and the solvent was removed under reduced pressure. 

These compounds were then used in subsequent reactions without further purification. To 

confirm the identity of the azide, IR spectroscopy was performed on each sample, since 

the azide has a diagnostic IR absorbance from the N=N=N asymmetric stretch at around 

2080 to 2110 cm-1.391 HRMS was also used to confirm the identity of the intermediates.  

 
Boc-ciprofloxacin (4.4) was then dissolved in 10 mL of DCM and 5 mL TFA at 0°C. 

This solution was then stirred overnight at room temperature in a sealed vial. The solvent 

was then subsequently removed under reduced pressure. The residue was washed with 

1M NaOH then extracted with DCM. The organic layer was dried with Na2SO4, and the 

solvent was removed under reduced pressure yielding the deprotected azido-ciprofloxacin 

derivative (2.8). This compound was used without further purification. 

 
6-((4-azidobutyl)carbamoyl)-8-ethyl-2-methyl-5-oxo-5,8-dihydro-1,8-naphthyridin-1-
ium(4.5) (Nali-Azide) 

 
HRMS (ESI+) Calcd. for C16H20N6O2 : m/z 
328.1648 [M+H+], found m/z 329.1626. IR band: 
2105.68 cm-1 (N=N=N asymmetric stretch). 
 
 
 

 
 
N-(4-azidobutyl)-1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-fluoro-4-oxo-1,4-
dihydroquinoline-3-carboxamide (4.6) (Enro-Azide) 

 
HRMS (ESI+) Calcd. for C23H30N7FO2: m/z 
455.2445 [M+H+], found m/z 456.2481. IR 
band: 2088.19 cm-1 (N=N=N asymmetric 
stretch). 
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4-(6-((4-azidobutyl)carbmoyl)-9-fluoro-3-methyl-7-oxo2,3-dihydro-7H-
[1,4]oxazino[2,3,4-i]quinoline-10-yl)-1-methylpiperazin-1-ium (4.7) (Levo-Azide) 

HRMS (ESI+) Calcd. for C22H28N7FO3: m/z 
457.2238[M+H+], found m/z 458.2383. IR band: 
2087.39 cm-1 (N=N=N asymmetric stretch). 

N-(4-azidobutyl)-1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-1-yl)-1-,4-
dihydroquuinoline-3-carboxamide (4.8) (Cipro-Azide) 

HRMS (ESI+) Calcd. for C21H26N7FO2: m/z 
427.2132[M+H+], found m/z 428.2145. IR band: 
2094.92 cm-1 (N=N=N asymmetric stretch). 

General procedure for synthesis of triazole Fc-antibiotic linkage via “click” chemistry 

In a 20 mL scintillation vial, compound 4.3 (Fc-Alkyne) (0.36 mmol, 3 eq) was 

dissolved in a 9:1 EtOH:H2O mixture. To this the corresponding antibiotic-azido 

compounds (4.5-4.8) were added (0.12 mmol, 1eq). This reaction was stirred for 5 minutes 

to ensure complete solubilization. Then copper sulfate (0.06 mmol, 0.5 eq) and sodium 

ascorbate (0.06 mmol, 0.5 eq) were added. The vial was then sealed, and the reaction 

mixture stirred at room temperature for 2 hours. After which a yellow precipitate was 

isolated by filtration. The precipitate was washed with 9:1 EtOH:H2O (100 mL) and DCM 

(100 mL) to remove any unreacted propargyl ferrocene. These compounds were then 

purified using column chromatography. In each case the pure ferrocene clicked antibiotics 

(4.9-4.12) were collected as yellow-orange solids. Identification and purity were confirmed 

by HRMS and 1H NMR.  

6-((4-butyl-triazole-ferrocenylmethanol)carbamoyl)-8-ethyl-2-methyl-5-oxo-5,8-
dihydro-1,8-naphthyridin-1-

ium (4.9) (Nali-Fc) 

The compound was isolated 

using column chromatography 

with 100% MeOH as the eluent to 

yield the final product in a 72% 

yield (0.053 g). X-ray quality 
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crystals of 4.9 were obtained by slow evaporation in acetone. 1H NMR (500 MHz, CDCl3) 

δ 9.99 (t, J = 5.8 Hz, 1H), 8.89 (s, 1H), 8.63 (d, J = 8.1 Hz, 1H), 7.51 (s, 1H), 7.30 (d, J = 

8.2 Hz, 1H), 4.62 (s, 2H), 4.55 (q, J = 7.2 Hz, 2H), 4.40 (t, J = 7.2 Hz, 2H), 4.36 (s, 2H), 

4.24 (t, J = 1.8 Hz, 2H), 4.13 (t, J = 1.8 Hz, 2H), 4.11 (s, 5H), 3.52 (q, J = 6.6 Hz, 2H), 2.69 

(s, 3H), 2.08 – 1.95 (m, 2H), 1.67 (p, J = 7.0 Hz, 2H), 1.50 (t, J = 7.1 Hz, 3H). HRMS 

(ESI+) Calcd. for C130H34FeN6O3: m/z 582.2042 [M+], found m/z 582.2103. 

 
N-(4-butyl-triazole-ferrocenylmethanol)-1-cyclopropyl-7-(4-ethylpiperazin-1-yl)-6-
fluoro-4-oxo-1,4-dihydroquinoline-3-carboxamide (4.10) (Enro-Fc) 
 

The compound was isolated using 

column chromatography with 10% 

MeOH: 90% DCM and to yield the 

final product in a 63% yield (0.1494 

g). 1H NMR (500 MHz, CDCl3) δ 

10.09 (t, J = 5.9 Hz, 1H), 8.80 (s, 1H), 8.01 (d, J = 13.2 Hz, 1H), 7.51 (s, 1H), 7.33 (d, J = 

7.1 Hz, 1H), 4.62 (s, 2H), 4.39 (t, J = 7.2 Hz, 2H), 4.36 (s, 2H), 4.23 (t, J = 1.8 Hz, 2H), 

4.15 – 4.12 (m, 2H), 4.11 (s, 5H), 3.53 – 3.43 (m, 3H), 3.33 (t, J = 5.0 Hz, 4H), 2.69 (t, J = 

4.9 Hz, 4H), 2.59 (s, 5H), 2.52 (q, J = 7.2 Hz, 2H), 2.07 – 1.94 (m, 2H), 1.32 (q, J = 6.7 

Hz, 2H), 1.12 (m, 5H). HRMS (ESI+) Calcd. for C37H44N7FFeO3: m/z 709.2839 [M+], found 

m/z 709.2848. 

 
4-(6-((4-butyl-triazole-ferrocenylmethanol)carbmoyl)-9-fluoro-3-methyl-7-oxo2,3-
dihydro-7H-[1,4]oxazino[2,3,4-i]quinoline-10-yl)-1-methylpiperazin-1-ium (4.11) 
(Levo-Fc) 
 

The compound was isolated using 

preparatory HPLC with Acetonitrile: 

H2O (0→100%) to yield the final 

product in a 18% yield (0.041 g). 1H 

NMR (500 MHz, CDCl3) δ 10.08 (t, J = 5.9 Hz, 1H), 8.60 (s, 1H), 7.70 (d, J = 12.4 Hz, 1H), 

7.52 (s, 1H), 4.62 (s, 2H), 4.43 – 4.35 (m, 8H), 4.25 – 4.22 (m, 3H), 4.11 (s, 5H), 3.50 (q, 

J = 6.5 Hz, 2H), 3.38 (q, J = 12.5 Hz, 5H),  2.59 (s, 1H), 2.38 (s, 4H), 2.02 (q, J = 7.5 Hz, 

3H), 1.57 (d, J = 6.7 Hz, 3H), 1.25 (s, 2H). HRMS (ESI+) Calcd. for C36H42N7FeFO4: m/z 

711.2632[M+], found m/z 711.2659. 
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N-(4-butyl-triazole-ferrocenylmethanol)-1-cyclopropyl-6-fluoro-4-oxo-7-(piperazin-
1-yl)-1-,4-dihydroquuinoline-3-carboxamide (4.12) (Cipro-Fc)

The compound was isolated using 

column chromatography with 15% 

MeOH: 85% DCM and to yield the 

final product in a 32% yield (0.101 g). 
1H NMR (500 MHz, CDCl3) δ 10.06 (t, 

J = 5.9 Hz, 1H), 8.80 (s, 1H), 8.01 (d, 

J = 13.1 Hz, 1H), 7.52 (s, 1H), 7.34 (d, J = 7.0 Hz, 1H), 4.61 (s, 2H), 4.40 (d, J = 7.3 Hz, 

2H), 4.36 (s, 2H), 4.23 (t, J = 1.9 Hz, 2H), 4.13 (t, J = 1.8 Hz, 2H), 4.11 (s, 5H), 3.56 – 3.42 

(m, 4H), 3.35 (m, 5H), 3.24 (m, 4H), 2.00 (p, J = 7.4 Hz, 3H), 1.65 (p, J = 6.9 Hz, 2H), 1.33 

(t, J = 6.4 Hz, 2H). HRMS (ESI+) Calcd. for C35H40N7FFeO3: m/z 681.2521[M+], found m/z 

681.258. 

 BioMAP Bacterial Assay 

Compounds were plated in a 384-well plate at a concentration of 128 µM and then 

frozen until the assay was ready to be run. Compound plates were removed from the −70 

°C freezer and thawed at room temperature for up to two hours, then sonicated and 

centrifuged at low velocity. 384w polystyrene plates were labelled via an automated label 

maker and dispensed with 20 µL of sterile Luria-Bertani (LB) media using the Matrix 

WellMate dispenser. These sterile assay plates were then treated with compound using a 

Tecan Freedom Evo 100 liquid handler. Using a notched 384w pintool, approximately 

200 nL of each sample inside the compound plate was transferred into the assay plate 

while shaking. The pin tool was then washed once with water, twice with water/DMSO, 

then once with EtOH and dried before the next liquid transfer operation. Each assay plate 

was treated again with a control plate that had control antibiotics arranged on the sides 

but was empty in the compound section. Finally, the treated assay plate was dispensed 

with 10 µL of a concentrated bacterial inoculum to achieve a final concentration of 

approximately 5  105 colony forming units (CFUs). The time = 0, optical density at 600 nm 

was taken with a SpectraMax i3x platereader. Plates were then incubated at 37 °C for 20 

hours before a T20 absorbance was taken. 
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For analysis of antibacterial activity, MIC90 values were determined as the lowest 

concentration of compound for which there was a 90% or greater inhibition of bacterial 

growth compared to the negative control (100% growth). Correspondingly, MIC50 values 

are the lowest concentration for which there was a 50% or greater inhibition compared to 

the negative control.  

 DFT Calculations 

Geometry optimizations were performed using the Gaussian 16 program (Revision 

A0.3),233 the uLSDA function set234 and the SDD basis set on all atoms.235 This 

functional/basis set combination has afforded results that were experimentally accurate 

for other metal compounds.236 236-239 All calculations employed a polarized continuum 

model (PCM) for the H2O solvent.241 Frequency  calculations  at  the  same  level  of  theory  

confirmed  that  the optimized structures were located at a minimum on the potential-

energy surface. 

Compound coordinates were then extracted from the output files and used to 

calculate pharmacokinetic properties such as logD using Molecular Operating 

Environment (MOE). This software package is designed for drug discovery and 

computational modeling, pharmacophore discovery, and medicinal chemistry applications. 

MOE was used to calculate logD values and other relevant pharmacophore properties. 
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4.3. Results and Discussion 

 Synthesis 

 Synthetically these compounds represent an extension of the method reported 

previously by Kumar et al.109 This earlier work showed the first applicable attempt to link 

Fc to an antibiotic via a triazole, demonstrating metabolic stability and physiochemical 

favourability. This approach was used in this chapter to append Fc to known antibiotics 

with the incorporation of a spacer to minimally perturb the mechanisms of both 

components. This was done by first synthesizing Fc-MeOH from commercially available 

Fc aldehyde. This reduction is clean and done within minutes. To this alcohol, an alkylation 

reaction was used to install the propargyl group. Subsequently, 4-amino-1-butanol was 

refluxed with HBr to yield an HBr salt. This compound was then refluxed with sodium azide 

to form the desired butyl linker (compound 4.1, Figure 4.6). This linker allows for triazole 

formation at one end via the azide and the peptide coupling at the other end via the amine. 

Compound 4.8 needed to be protected first since the free piperazine would react in a 

similar fashion to compound 4.1, and as a result could form polymeric chains of antibiotics. 

For the peptide coupling, standard peptide coupling conditions were used. These 

conditions (1.1 eq of HATU and 3 eq of DIEA in DCM) allowed for the free carboxylic acid 

end of the quinolone peptides to react with the amine linker. This meant that any unreacted 

antibiotic could simply be washed away via an aqueous sodium bicarbonate extraction. 

This would deprotonate the unreacted antibiotic carboxylic acid starting material, making 

it a salt and extremely water soluble, while leaving the linked intermediate molecules 

Figure 4.6: Synthetic Procedure 
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(compounds 4.5-4.8) in the organic layer. Compound 4.1 was also removed in this 

process, as it is volatile and upon removal of the organic solvent compound 4.1 is also 

evaporated. This allowed for the reactions to proceed to the next step without further 

purification since there was no unreacted azide remaining in the solution. Unreacted azide 

is the only compound in the reaction mixture that could complicate the next step as it could 

react with the propargyl Fc (compound 4.3, (Fc-Alkyne)) and give undesired click 

products. The final step of the synthesis combines the antibiotic-linker intermediate with 

propargyl-Fc in the presence of Cu(II) and a reducing agent (sodium ascorbate). This 

reaction was allowed to stir for 2 hours to ensure completion. LC-HRMS showed complete 

azide consumption and conversion to the desired triazole product in each case. 

Compounds 4.09, 4.10, and 4.12 were then purified using column chromatography. 

However, compound 4.11 (Levo-Fc) was not able to be purified using column 

chromatography as the overall yield was extremely low and isolation required preparative 

HPLC. This resulted in a small overall yield, but still enabled sufficient compound to be 

produced for characterization and biological studies.  

The X-ray crystal structure of 4.09 (Figure 4.7) confirms the expected connectivity 

and geometry. Given that the same synthetic strategy was used to make 4.10 - 4.12, this 

also corroborates the expected structure of the other Fc-antibiotics, as determined by 

NMR and HRMS.     

Figure 4.7: X-ray crystal structure of compound 4.09 with ellipsoids at 50%
probability level
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 Bacterial Assays  

Bacterial assays were performed by Dennis Liu of Dr. Roger Linington’s at Simon 

Fraser University. 

These compounds were designed to test the hypothesis that incorporation of Fc 

into a known antibacterial molecular scaffold could result in a dual mechanism of action. 

These mechanisms were anticipated to arise from the distinctive components of the new 

molecules: the quinolone interacting with DNA gyrases, and Fc having the ability to create 

ROS. To test this idea, the Fc-quinolones were screened against 19 different gram-

positive or gram-negative bacteria. The bacteria in the screen were from different strains, 

families, and classes, so each bacterium is susceptible to different antibiotics to varying 

degrees. This can reveal characteristic activity profiles or “fingerprints” of an antibiotic 

class. This screening strategy has been termed the antibiotic mode of action profile 

(BioMAP).392 The BioMAP screen was developed by Dr. Roger Linington’s lab while at the 

University of California, Santa Cruz as a screening platform that is low-cost, high 

throughput, and accessible to any research program with a plate reader. The results of 

the screen are shown below in Table 4.1. 

As the results in the table show, many of the compounds are not active. At a 

concentration of 128 µM, 90% growth inhibition was not shown against any of the tested 

bacteria. This was disappointing as the unmodified antibiotics can all inhibit bacterial 

growth at lower concentrations (Table 4.1). Quinolone-based antibiotics were chosen as 

the scaffold for Fc functionalization due to their potency against a wide array of bacteria. 

The observed activity of the parent compounds found in the assays reported here are 

expected, with one example, ciprofloxacin, being one of the most widely used antibiotics 

worldwide. 371, 374 Of note, compound 4.11 (Levo-Fc) showed moderate activity against V. 

Cholerae with a MIC90 of 32 µM. This specific compound and strain combination was 

notable since no other Fc-functionalized compound showed activity against this strain and 

this compound showed no measurable activity against any other bacteria.  
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Table 4.1: BioMAP results showing no activity for compounds 4.09-4.12 

 4.09 = Nali-Fc, 4.10 = Enro-Fc, 4.11 = Levo-Fc, 4.12 = Cipro-Fc 

Bacteria Classification Compound Activity (MIC90) 
Control Compounds 

(MIC90) 

Type Class Family Strains 4.09 4.10 4.11 4.12 
Nalidixic 

Acid 
Enrofloxacin Levofloxacin Ciprofloxacin 

G
ra

m
-N

eg
at

iv
e 

Gammaproteo-
bacteria 

Enterobacteriaceae 

E. coli >128 >128 >128 >128 >128 0.06 0.1 0.17 

K. Aerogenes >128 >128 >128 >128 >128 0.25 0.33 2.83 

K. pneumoniae >128 >128 >128 >128 >128 3.33 4 2 

P. alcalifaciens >128 >128 >128 >128 >128 0.25 0.42 0.13 

S. enterica >128 >128 >128 >128 4 0.06 0.06 0.05 

S. sonnei >128 >128 >128 >128 8 0.1 0.13 0.08 

Psuedituberculos >128 >128 >128 >128 >128 0.06 0.13 0.14 

Enterobac-teriaceae 

Moraxellaceae A baumanii >128 >128 >128 >128 42.7 0.83 1 2 

Pseudomonadaceae P. aeruginosa >128 >128 >128 >128 >128 3 3.33 0.5 

Vibrionaceae V. Cholerae >128 >128 32 >128 1.33 0.01 0.02 0.02 

Alphaproteobacteria Alphaproteobacteria O. anthropi >128 >128 >128 >128 >128 0.21 0.83 0.83 

G
ra

m
-P

os
iti

ve
 

Bacilli 

Bacillaceae B. subtilis >128 >128 >128 >128 >128 0.33 0.19 0.38 

Listeriaceae L. ivanovii >128 >128 >128 >128 >128 4 3.33 8 

Staphylococcaceae 

MSSA >128 >128 >128 >128 >128 0.67 1 1.17 

MRSA >128 >128 >128 >128 >128 13.3 32 64 

S. epidermids >128 >128 >128 >128 >128 3.33 1.67 1.33 

Enterococcaceae 
E. faecium >128 >128 >128 >128 >128 3.33 1 0.67 

E. faecalis >128 >128 >128 >128 >128 3.33 2.67 1 

Streprococcaceae S. pneumoniae >128 >128 >128 >128 >128. 3.33 0.83 >128



117 

While the results shown in Table 4.1 are less than ideal, part of the hypothesis 

tested in this work was to determine if the addition of an Fc group could mitigate bacterial 

resistance. The quinolones that were chosen for these studies are all members of different 

generations of antibiotics.368, 393 This means that they were all developed at different 

timepoints as improvements on the predecessors. Nalidixic acid was the first quinolone-

class antibiotic approved for use in humans, however, over time its use has declined due 

to bacterial resistance and the development of more potent new derivatives.394 However, 

the quinolones all have a similar mechanism of action, that is they all interfere with DNA 

replication by inhibiting the ligase activity of topoisomerases and  DNA gyrase.376, 393 All of 

these enzymes are responsible for the supercoiling and replication of DNA. Quinolones 

interfere with these enzyme and as a result DNA can be released with single and double 

strand breaks, may not be fully unwound, or may have duplication errors, with all of these 

effects ultimately leading to cell death.376 A single mechanism of action means that this 

family of compounds is susceptible to development of bacterial resistance.395, 396 This 

resistance can arise from mutations to the DNA gyrase or topoisomerase. Resistance can 

also develop via other pathways, such as efflux resistance mechanisms, which can 

prevent the compound from accumulating in the cell. 397 

To test the effect of the Fc group on the activity of the antibiotics, the compounds 

were screened against mutant strains of Escherichia coli (E. coli). These strains all 

contained a specific mutation to a gene that alters their physiology in some way. Of the 

many strains with single mutations tested in this study, one notable strain has a mutation 

to the DNA gyrase binding pocket that alters the physiology of the bacteria. This mutation 

is relevant to the work in this chapter since this is one of the main mutation sites known to 

inhibit quinolone activity.396 Other mutated strains include mutations to affect gyrase 

subunit A and three different mutations to affect gyrase subunit B. Of the other mutations 

of note, there are mutations to efflux regulator proteins, which could modulate 

internalization of compounds, and mutations that involve cell-wall integrity and biogenesis. 

This screen contained 28 mutant bacteria and a wildtype E. coli as a control. These results 

can be seen in Table 4.2.  
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Table 4.2: Table of MIC90 against mutant strains of E. coli 

4.09 = Nali-Fc,  4.10 = Enro-Fc, 4.11 = Levo-Fc, 4.12 = Cipro-Fc 

The results presented in Table 4.2 show that the Fc-quinolone antibiotics were not active 

against mutant strains of E. coli. These compounds were tested at 256 µM in the hopes 

that this might make it possible to detect activity, unfortunately none was detected at this 

concentration.  

The BioMAP assay results demonstrate that addition of Fc was detrimental to the 

activity profile of the quinolones. To elicit some activity from the new compounds, a variety 

of antibacterial studies were conducted. Many bacterial strains can experience mutations 

Bacteria Classification Compound Activity MIC90 
Species Strain Mutation Mutant Gene 4.09 4.10 4.11 4.12 

E. coli

MG1655-
Wildtype 

N/A N/A >256 >256 >256 >256

S83L S83L 

gyrA 

>256 >256 >256 >256

Cip1 S83L >256 >256 >256 >256

Cip3 S83A >256 >256 >256 >256

Cip5 D87Y >256 >256 >256 >256

Cip2KB D87G >256 >256 >256 >256

Cip15KB L509G 

gyrB 

>256 >256 >256 >256

NA3 S464Y >256 >256 >256 >256

Cip8 D426N >256 >256 >256 >256

Tet8 R77H 
marR 

>256 >256 >256 >256

Cm2 H120fs >256 >256 >256 >256

Cm3 E118* 
acrR 

>256 >256 >256 >256

Rif1 A151fs >256 >256 >256 >256

Rif7 I572L 

rpoB 

>256 >256 >256 >256

Rif11 I572S >256 >256 >256 >256

Cef2 D516N >256 >256 >256 >256

Cef9 P248S 
evnZ 

>256 >256 >256 >256

Cef6 T402M >256 >256 >256 >256

Cef7 W4* rfaH >256 >256 >256 >256

Gn12 E289fs rfaG >256 >256 >256 >256

Kn14 I127fs 
cyoA 

>256 >256 >256 >256

Kn6  W82* >256 >256 >256 >256

Gn14 Y176* ubiB >256 >256 >256 >256

Kn15 D342H 
ubiF 

>256 >256 >256 >256

Str1 Q120* >256 >256 >256 >256

Str3 K43R 

rpsL 

>256 >256 >256 >256

Str4 K43N >256 >256 >256 >256

RK2 P91Q >256 >256 >256 >256

AC29-1 N/A Plasmid >256 >256 >256 >256

AC30-1 N/A Plasmid >256 >256 >256 >256
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over time, as a result these mutations can morph their physiological properties. For 

example, E. Coli has a doubling time of approximately 15 hours in the wild, within this 

amount of time there can be as many as 6 mutations in that bacterial colony, which speaks 

to the rapidly changing bacterial morphology.398, 399 This means that the bacterial cell lines 

will change over time, and these compounds could be active against the mutated strains 

of E. Coli. The mutated strains that were chosen possessed different mutations, which 

could alter the effectiveness of compounds 4.9-4.12. Some of these mutations allowed for 

increased uptake (Gn12), alteration to efflux mechanisms (Cm3, Rif1), and turnoff of 

antibiotic resistance of oxidative stress genes (Tet8, Cm2). However, all these were 

unaffected by the Fc compounds. The compounds were also tested at different pHs (6.7 

and 7.4) to help the oxidation of the Fc to Fc+ to generate ROS. It has been shown that 

lower pHs can preferentially generate ferrocenium, which can start the Fenton reaction 

and leads to ROS generation.400 This process could have instigated another bacteria 

killing mechanism, distinct from that of the quinolones, potentially providing a 

complimentary path for bactericidal activity.401 Unfortunately, no detectable increase in 

activity was observed. The second approach to promote antibacterial activity in these 

mutant bacterial assays was to vary the amount of iron in the growth media. As iron is an 

essential metal for bacterial growth, limiting availability in the cellular environment could 

promote the uptake of iron containing compounds such as 4.09-4.12.402 The amounts of 

iron, in the form of Fe(III) citrate were varied (25, 50, and 100 mg/L), however this too 

showed no increase in overall growth or proliferation inhibition.  

 Theoretical Calculations 

To gain more insight into the lack of antibacterial activity of the Fc-quinolones, their 

fundamental chemical properties were studied. This first required calculation of their 

Figure 4.8: X-ray crystal structure of 4.09 (left) compared to the DFT optimized 
structure (right). 
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structures. To bench-mark these calculations the DFT structure of 4.09 (Nali-Fc) was 

compared to its crystal structure. The calculated structure had bond lengths that agreed 

to within 0.09 Å of the crystal structure. However, the calculated structure showed a 

rotation of the peptide bond linking nalidixic acid to the Fc-linker moiety. This difference 

likely shows the effect of crystal packing forces in the crystalline environment on the 

conformation of the molecule  Indeed, a DFT calculation using the x-ray crystal structure 

coordinates confirmed this was higher in energy. Thus, the DFT-calculated configuration 

was considered likely to be closer to the orientation found in solution. 

 Calculated Lipophilicity 

The calculations below were done with the assistance of Dr. Kathleen Prosser in 

Dr. Seth Cohen’s group at the University of California San Diego. 

Calculations of molecular properties were performed using the molecular operating 

environment (MOE) package. This is a drug-discovery platform that uses optimized 

geometry and structural coordinates of compounds to calculate pharmacokinetic 

parameters such as pKa, LogP, and other properties related to drug behaviour such as 

numbers of acceptors and donors. Analysis of the “druglikeness” of molecules can be 

assessed using Lipinski’s rule of 5, which is a set of guidelines to evaluate whether 

compounds are potentially viable orally-active drugs. Although only about 50% of clinically 

used drugs strictly follow these rules,403, 404 they are a good starting point to assess the 

pharmacokinetics of drug candidates.405, 406 Lipinski’s rules for drug-like molecules are as 

follows: (i) no more than 5 hydrogen-bond donors, (ii) no more than 10 hydrogen-bond 

acceptors, (iii) a molecular mass of under 500, and (iv) a logP value less than 5. Although 

all the first three criteria are relatively easy to calculate, the calculation of lipophilicity (logP) 

is more challenging. For many organic compounds this can be done using a variety of free 

and commercially available packages. However, the approach typically used involves 

weighted sums of contributions from molecular components, with the weighting factors 

estimated empirically from fitting to large libraries of molecules with known experimental 

logP values.407 This method is usually less applicable to metal complexes, since they can 

show more intrinsically three-dimensional  structures, which influence their overall 

lipophilicity significantly beyond contributions from just the chemical components. This 

was considered in the calculations of logP for the Fc-quionolones by first calculating the 

structures as described above, and then using these calculated structures as input into 
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the MOE software. This then gave a more accurate estimation of the value of logP, 

particularly the contribution from Fc.   

Table 4.3: Calculated pharmacokinetic properties of the quinolone antibiotics 
and Fc derivatives. 

Compound 
Name 

Lipinski 
Acceptors 

Lipinski 
Donors 

Lipinski 
Violations LogP Weight pKa Lipinski 

Druglike 

Nalidixic Acid 5 2 0 0.423 234.25 4.99 Yes 
4.9 (Nali-Fc) 9 2 1 2.238 585.51 14.00 Yes 
Enrofloxacin 6 1 0 1.646 359.40 8.23 Yes 

4.10 (Enro-Fc) 10 1 2 3.461 710.66 14.00 No 
Levofloxacin 7 1 0 0.677 361.37 8.15 Yes 

4.11 (Levo-Fc) 11 1 2 2.492 712.63 14.00 No 
Ciprofloxacin 6 2 0 1.037 331.35 8.18 Yes 

4.12 (Cipro-Fc) 10 2 1 2.852 682.60 14.00 Yes 

 The calculated properties displayed in Table 4.3 show that Fc functionalization of 

the quinolones has a significant impact on their pharmacokinetics parameters. Adding Fc 

increases the molecular weight beyond the 500 Da threshold proposed by the Lipinski 

criteria, but this is less relevant here due to the addition of a heavy metal atom, and the 

compact nature of the Fc group. There is also an increase in Lipinski (hydrogen-bond) 

acceptors. In compounds 4.9-4.12 this increase is 4 in each case, with 3 from the triazole 

ring and 1 from the ether bridge linking the Fc. Increased numbers of H-bond donors and 

acceptors can lead to poor solubility, absorption and permeation into cells.406 This is 

particularly significant when passive diffusion is the predominant pathway for a drug into 

cells. However, in this case the Fc-quinolones still fall within the guidelines for maximum 

Lipinski acceptors (10 or less) with only 4.11 (Levo-Fc) being higher than this with 11 

acceptors.408 As expected, addition of the hydrophobic Fc group to the parent quinolones 

significantly increases lipophilicity, with a calculated LogP 1.815 higher in each case. 

Nonetheless, the LogP values of the Fc compounds, ranging from 2.238 to 3.461, are still 

well within the limits for optimal oral availability according to Lipinski’s rules. These 

lipophilicity values suggest that the Fc-quinolones could cross bacterial cell membranes 

through passive diffusion. A study by Ebejer et al. using over 10,000 different compounds, 

all of which contained antibacterial activity against a minimum of 1 bacterial strain, found 

that over 70% of them had LogP values in this range.409   

Despite the pharmacokinetic parameters of the Fc-quinolones apparently being 

acceptable, the BioMAP activity studies demonstrate these compounds are not active at 
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concentrations as high as 256 M. This means that even though many of the Lipinski 

values are reasonable for good drug-like properties, there must be other pharmacokinetic 

and/or chemical properties that are inhibiting activity. For example, addition of Fc as in this 

chapter, by modification of a carboxylic acid group, significantly raises the pKa of these 

compounds. This is due to the absence of other highly acidic protons in the molecular 

structures. The pKa values of a compound can directly affect lipophilicity, solubility, protein 

binding, and ability to permeate cell membranes.410 The parent antibiotics have pKa values 

in the range 5.00 - 8.23, and can thus all be zwitterionic at physiological pH. Whereas the 

Fc derivatives (pKa ~14) are all likely to remain protonated at the amide position, making 

these compounds cations. Consequently, different uptake and internalization processes 

are likely to occur.411 Examination of the WHO list of essential medicines, which includes 

both ciprofloxacin and levofloxacin, shows that at least 77.5% of all these compounds 

have pKa in the range of 2-12.410 This number increases in some estimates to over 95%, 

depending on how ‘ionizable’ is defined.410, 412  

4.4. Conclusion 

In this chapter four novel ferrocene-appended quinolones were synthesized and 

tested for their antibiotic activity. The design of these molecules aimed to maintain the 

interactions of the parent compounds that were responsible for their activity, while also 

providing an additional pathway for antibiotic activity through ROS generation by 

ferrocene. The overall goal was to repurpose known antibiotics to increase their activity 

against antibiotic resistant bacteria. 

To make these bifunctional molecules, the quinolone antibiotics were initially 

functionalized with a four-carbon azide linker via an amide coupling. This subsequently 

enabled coupling via a click reaction to dimethyloxypropargyl Fc, through formation of a 

triazole, to give a final linker length between the quinolone and the Fc of ten atoms. This 

linker design provides significant distance between the two pharmacophores, with the goal 

of limiting perturbation of the activity of the parent antibiotic. Furthermore, although the 

triazole and the ether groups provide some constraints on the conformation of the linker, 

the four-carbon alkyl chain installs flexibility that can potentially ameliorate some 

unfavourable protein interactions of the Fc group. Both the triazole and ether component 
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of the ligand also help with aqueous solubility by increasing the number of hydrogen-bond 

acceptors, which is particularly important to counter the effect of the hydrophobic Fc group. 

To test the antibiotic activity of these compounds, a BioMAP bacterial assay was 

performed. Unfortunately, with the exception of 4.11 (Levo-Fc), which showed some 

effectiveness against V. Cholerae, there was no activity of these compounds up to a MIC90 

value of 128 µM.  This screen was run against 19 different bacterial strains, all of which 

were wildtype, with a mix of both Gram-positive and Gram-negative bacteria. Furthermore, 

as part of the hypothesis for this chapter was that Fc functionalization could repurpose 

known antibiotics towards resistant bacteria, additional screening was also performed 

against mutated E. coli strains. This screen contained 30strains of E. coli, 1 wildtype, and 

29 mutated. The mutated strains were all developed to probe a specific bacterial 

mechanism that could be associated with resistance. Along with these bacterial mutations, 

other factors in the screen were altered to try to increase the measurable antibacterial 

activity of the new compounds. This included altering the pH of the media to promote 

Fenton chemistry catalyzed by the Fc irons center,413 and modulating iron amounts in the 

bacterial growth media to help increase Fc antibiotic uptake into bacteria. Regrettably, 

none of these modulations positively impacted on the activity, and ultimately the 

compounds were deemed inactive. 

To further probe the inactivity of these compounds, calculations of their molecular 

properties were performed. It was hypothesized that one or more fundamental 

pharmacokinetic properties had been negatively impacted by addition of Fc, possibly 

compromising transport across bacterial cell membranes, for example. The MOE software 

package was used in conjunction with DFT to determine several relevant properties. In 

each case, a marked increase in lipophilicity was calculated, but logP values were still 

within what is considered the “drug-like range”. Possibly, more significant is an increase 

in pKa due to functionalization of the carboxylic acid groups of the parent antibiotics. In 

the Fc-quinolone compounds, the amide proton of the linker has a predicted pKa of around 

14, meaning these compounds are very likely to be cationic in solution, as the amide 

protonation site is unlikely to be deprotonated (pKa of ~14). This indicates that the Fc 

compounds will be cations at physiological pH, which may negatively impact on transport 

into bacterial cells, whereas the parent compounds are zwitterionic under physiological 

conditions. The pKa values of the Fc-quinolones are well outside the range of most clinical 

antibiotics, further suggesting that this could contribute the lack of activity of the new 
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compounds.410 The second contributing factor could be the size of the molecule, as there 

is limited space in the hydrophobic pocket of DNA gyrase to accommodate derivatization 

on the molecule (Figure 4.4, D). This derivatization could prevent the antibiotic from 

binding sufficiently with the gyrase inhibiting its influence on DNA-protein interactions. Fc 

derivatization could enhance interactions with a hydrophobic pocket of the protein near 

the binding site.  

It is interesting that addition of Fc to known antibiotics was unsuccessful in terms 

of activity, when similar modifications have previously promoted anticancer properties of 

known compounds.44 The concept of installing an ROS generating functionality is a 

relatively general approach to generating cytotoxicity in a variety of cells and organisms.414 

However, in this case it is possible that the Fc group was unable to fulfill this role due to 

limitations on cellular transport. Future studies could address this through direct 

measurements of the internalization of suitably functionalized analogues or using other 

approaches to install a charge on the Fc compounds. 
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Chapter 5. Ruthenium Organometallic Modification 
of Transferrin 

5.1. Introduction 

Labelling of biomolecules is an important technique in biochemical research,415 

which enables studies of biological processes such as cell signaling, protein binding, drug 

metabolism, and enzyme kinetics.416 The molecular tags used as probes are generally 

small, low molecular weight compounds that, through spectroscopic techniques, can be 

monitored and tracked.417, 418 These tags are frequently attached to biological vectors such 

as antibodies, proteins, amino acids, and peptides, enabling the study of particular 

targets.419 There are many types of molecular  tags, with fluorescent molecules being the 

most prevalent (Figure 5.1).420 Probe compounds are frequently linked to biological 

targeting molecules via amines or thiols since these types of linkages are stable and can 

be formed under biological conditions,421, 422 Thus, the most common labeling sites on 

proteins are the side chains of lysine and cysteine,76 as these have NH2 or SH groups 

respectively available for reaction with probe molecules. This is particularly relevant for 

labeling with metallic species, since these groups can form coordinate bonds via their lone 

pairs to a variety of metals. Click reactions are also emerging as a promising linking 

method to biomolecules, and this chemistry has been demonstrated under biological 

Figure 5.1: Fluorescent dyes used for biological imaging. The molecule color 
represents the color the molecule fluoresces. 
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conditions.423, 424 However this triazole linkage approach generally requires the installation 

of an alkyne425, 426 and an azide.   

Metal-based tags have attracted attention as they can be conveniently studied 

through a wide array of techniques including IR, NMR, EPR, inductively coupled plasma 

mass spectroscopy (ICP-MS), fluorescence, and fluorescence live-cell imaging.8, 427-429 

Furthermore, tags containing non-biological metals have the additional advantage of 

having no background signals in many spectroscopic techniques, as these metals are not 

naturally occurring in the body. By contrast, organic labels in biological systems can be 

buried in the background from other organic biomolecules and the general biological 

milieu.  

However, a major issue with many potentially useful metal tags is that they cannot 

be appended to biomolecules under near physiological conditions. The required chemistry 

needs to work in the presence of oxygen, water, and at ambient temperatures. Another 

complication that arises is that target biomolecules typically present a variety of ligands 

that can potentially coordinate metals. These ligands can steer the complexation away 

from a desired location. In proteins, amino, imidazole, and thioethers functional groups 

are examples of good ligands for metal ions and can potentially be sites of off-target metal 

complexation. One strategy to avoid this is to protect selected side-chain functional 

groups, but this can be cumbersome and, or many cases, is not feasible.430-432 

The [Ru(C5R5)]+ or RuCp+  organometallic substructure is a particularly promising 

metal-based labelling component. This molecular fragment is stable under biological 

conditions433 and Ru has the dual benefits of being a non-biological metal and having a 

distinctive isotopic pattern (96Ru (5.54%), 98Ru (1.87%), 99Ru (12.76%), 100Ru (12.60%), 
101Ru (17.06%), 102Ru (31.55%), 104Ru (18.62%)), which makes it readily identifiable by 

mass spec. methods.434, 435 In terms of its general chemistry, RuCp+ can be used to label 

aromatic rings to give stable RuCp+(arene) complexes.436-439 These species can be 

prepared by heating [RuCp(MeCN)3]+ in a solution with the targeted arene-containing 

compound, with examples shown in Figure 5.2.440 Although this can provide an avenue 



127 

for RuCp+(arene) complexes to be made, this approach is not practical for peptides and 

proteins since heating can cause degradation and is not viable under biological conditions.  

A step towards more biologically relevant work in this area includes the work of 

Grotjahn et al.,  who were able to synthesise a [Ru(µ5,µ1-C5H4-

(CH2)3NH2)(MeCN)2]+ complex that could metalate phenylalanine and small peptides.441, 

442 Fairchild et al. showed that by reacting [RuCp(MeCN3)]+ with free aromatic amino 

acids, that the corresponding RuCp+(amino acid)  complexes could be made.443, 444 

However, these compounds must be synthesized under an inert atmosphere, meaning 

this approach is not applicable to biological systems. Many of the examples shown in 

Figure 5.2. have been made as catalysts or for materials purposes, which shows the 

versatility of the RuCp+(arene) complex.445-452 

Recently, it was shown that metallocene groups can be added directly to peptides 

by reacting with aromatic amino-acid residues under mild conditions.442, 453, 454 One 

example by Albada et al. showed a [Rh(C5H5)(CO)3]+ complex that, under acidic aqueous 

Figure 5.2: Ruthenium Arene triacetonitrile compound and the corresponding 
RuCp (arene)complexes that can be made. 
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conditions, could couple to a tyrosine in a G-protein receptor-targeting peptide.453 This 

process was the first example of this type of coupling under physiologically relevant 

conditions. Perekalin et al. found an efficient, photochemical method to install a RuCp+ 

group at aromatic amino-acid side chains, using a [RuCp(C10H8)]+ precursor, under mild, 

aqueous conditions. They reported the application of this chemistry to aromatic amino 

acids (Figure 5.3, left) and small peptides (Figure 5.3, right) under ambient conditions, 

in water, using 364 nm wavelength light.433,455 Perekalin et al. also previously attempted 

to use this approach on proteins, however this work was unsuccessful.455 The most recent 

example of this light-mediated aromatic amino-acid coupling chemistry was done by the 

Ritter lab at the Max Plank Institute. They were able to modify tryptophan residues in 

synthetic peptides with the [RuCp]+ group (Figure 5.3, compound 5.2). This [RuCp]+ 

tyrosine subunit was then displaced using harsh conditions (150 °C, triflouroacetic acid) to 

insert an 18F radio label at the specific tyrosine residues where the [RuCp]+ was appended 

(Figure 5.4).456 In this chapter it is shown that this appealing method for functionalizing 

aromatic amino acids can be used to generate Ru-labeled proteins. This required 

Figure 5.3: Biologically relevant ruthenocene coupled compounds. (Left) Amino 
acid derivatives. (Right) Peptide coupled ruthenocene. Figure 
modified with permission.  

5.2 

Figure 5.4: Site specific radiolabeling by Ru tag displacement. 456 
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development of a procedure using an appropriate counterion for solubility of the precursor 

and resulted in multiple labeling sites on protein molecules. 

Transport proteins are critical to the survival of biological organisms since they 

carry nutrients required for growth. Of these nutrients, iron is particularly important as it 

plays a crucial role in various physiological processes457, 458 such as cell growth and 

division, and formation of heme- and other iron-containing proteins.459 These proteins can 

participate in oxygen transport,460, 461 metabolism,462, 463 neurotransmitter generation and 

release,464 synthesis of DNA,465 synthesis of collagen,466 and synthesis of steroid 

hormones.467 Iron is highly regulated in cells as elevated concentrations can lead to 

oxidative stress, damaging biomolecules such as proteins, lipids, and nucleic acids.468, 469 

Transport of iron in the body is mediated by human serum transferrin (HSTF) (Figure 

5.5).470 HSTF has a molecular weight of approximately 80 kDa and comes in two forms: 

holo (iron loaded) (Figure 5.5, left) and apo (unloaded) (Figure 5.5, right).471 Apo-HSTF 

has a nanomolar binding affinity for iron and can transport up to two Fe(III) atoms per 

protein molecule in specific binding sites. As rapid proliferation is a hallmark of cancer 

cells, this increases the need for nutrients such as iron. Consequently, HSTF receptor 

expression on tumor-cell surfaces is dysregulated in many cancers.472, 473 This abnormal 

receptor expression can affect proliferation,474 migration, 475 invasion,476 apoptosis,477 and 

metastasis.478 Iron binding by HSTF causes a change in the tertiary structure of the protein 

from the open apo form to the closed holo form. Both Fe(III) binding sites in HSTF contain 

two tyrosines, one histidine and one aspartic acid. To complete the coordination sphere 

of the octahedral Fe(III) a carbonate anion is required.479 In the blood stream HSTF is on 

Figure 5.5: Crystal structure of both holo-HSTF and apo-HSTF.  PDB(3QYT and 
2HAU) 
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average approximately 30% saturated with Fe(III).480 However, binding of two Fe(III) ions 

is required for the protein to adopt the correct conformation to bind optimally to the 

transferrin receptor on the cell surface, which then initiates internalization of the protein-

receptor complex through endocytosis. The resulting endosomes have an internal pH of 

5.5, which stimulates release of Fe(III) from HSTF. This occurs because the lower pH 

protonates the coordinated carbonate and then the ligand is released. This protonation 

causes the Fe(III) to dissociate from the protein and be released into the cell. Apo-HSTF 

and is then recycled back to the cell surface.481 Both apo-HSTF and holo-HSTF are large 

proteins with masses of 79570 and 79562 Da respectively.482,483, 484   

It has been suggested that HSTF could act as a targeting vector for 

chemotherapeutics.317, 485 This has been demonstrated, by Kratz et al. who were able to 

bind the antitumor agent Ru-trans-[(Ind)2Cl4]− to transferrin in order to probe cellular 

transport.486 Another example using Na[trans-[Ru(DMSO)(Imidazole)Cl4]] has shown 

binding to HSTF, which led to an increase in uptake of the Ru compound into cancer 

cells.366 

This chapter describes the synthesis of protein organometallics by modification 

with [RuCp]+ labels. The synthetic method454 has been optimized to allow for multiple 

[RuCp]+ centers to be an added to a protein, reproducibly, under mild, aqueous conditions. 

Comparison of results with apo- and holo-HSTF demonstrate the application of this 

approach to probe biological transport processes. 

5.2. Experimental 

All reagents were purchased from Sigma Aldrich. All chemicals were used without 

further purification. 1H NMR was recorded on a 500 MHz Bruker DMX NMR spectrometer. 

High-res mass spectrometry was done on an Agilent 6210 TOF LC/MS using ESI-MS. UV-

Vis spectra were collected using a Cary 100 Bio spectrophotometer. 
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 Synthesis 

Ruthenocene (5.1)  

Synthesis of ruthenocene used a modified literature procedure.456 To a 

flame dried Schlenk flask (150 mL) under N2(g), ruthenium trichloride (0.828 

g, 0.04 mmol) and anhydrous ethanol (25 mL) were added, followed by 

freshly cracked cyclopentadiene (3.94 mL, 0.05 mmol). The resulting 

solution was stirred for 5 min to allow for complete dissolution of RuCl3. To 

this mixture, zinc dust (2.05 g, 0.4 mmol) was added. This mixture rapidly turned blue and 

then slowly grey while stirring for 2 hrs. at room temperature. This mixture was then filtered 

to remove zinc, and then the filtrate was evaporated to dryness under reduced pressure. 

The dark solid residue was then dissolved in toluene (100 mL) and filtered through a plug 

of silica. This was then eluted with toluene (150 mL), and the resulting solution was 

evaporated under reduced pressure yielding ruthenocene (5.1) as a pale-yellow solid 

(0.700 g, 96%). 1H NMR (500 MHz, CDCl3) δ 4.56 (, 10 H). HRMS (ESI+) Calcd. for 

C10H10Ru: m/z 231.983 [M+], found m/z 249.993 [M++H2O]. 

[(Cp)Ru(η 6 -naphthalene)]·BF4 (5.2) ([RuCp(C10H8)]+[BF4]-) 

Synthesis of 5.2 followed a modified literature procedure.456 
In a flame-dried round-bottom flask (500 mL), equipped with 

a reflux condenser, under N2(g), 5.1 (0.452 g, 1.95 mmol), 

naphthalene (2.50 g, 19.5 mmol) AlCl3 (0.261 g, 1.95 mmol), 

and aluminum powder (26.4 mg, 0.977 mmol) were added. 

Then dry decalin (50 mL) was added, followed by the 

dropwise addition of TiCl4 (0.107 mL, 0.977 mmol) via a syringe. The resulting red 

suspension was heated to 140 °C and was then stirred for 50 hours. After cooling to room 

temperature, the reaction mixture was poured onto a mixture of ice (150 mL), a 

concentrated HCl solution (2.8 mL), and H2O2 (35% solution in H2O, 2.8 mL). The aqueous 

layer was separated from the organic layer, and then the aqueous layer was extracted 

with hexanes (2  25 mL). The combined organic layers were then extracted with water 

(50 mL). The combined aqueous layers were then added back to the reaction flask, and 

fluoroboric acid (48% solution in water, 0.51 mL, 3.9 mmol) was added to the combined 

aqueous layers. The resulting orange solution was stirred for 15 minutes, and then the 



132 

suspension was extracted with dichloromethane combined with 5% nitromethane (4  100 

mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated 

under reduced pressure to dryness. The brown residue was then dissolved in acetone and 

passed through a short alumina column and the solvent was evaporated under reduced 

pressure. The residue was dissolved in acetone (15 mL) and was then added dropwise to 

a vigorously stirring diethyl ether (150 mL). The suspension was filtered, and the resulting 

pale-yellow solid was washed with diethyl ether (2  30 mL) and dried under reduced 

pressure to afford 5.2 as a yellow solid (0.410 g, 55% yield). 1H NMR (500 MHz, Acetone) 

δ 7.91 (dd, J = 6.7, 3.3 Hz, 2H), 7.70 (dd, J = 6.8, 3.2 Hz, 2H), 7.25 (dd, J = 4.4, 2.4 Hz, 

2H), 6.47 (dd, J = 4.5, 2.4 Hz, 2H), 5.14 (s, 5H). 1H NMR (500 MHz, CDCl3) δ 4.56 (s, 10 

H). HRMS (ESI+) Calcd. for C15H13Ru: m/z 295.006 [M+], found m/z 295.017 [M+]. 

Iron Loading Apo-HSTF to generate Holo-HSTF 

Following a known procedure,487 in a 20 mL scintillation vial, 200 mg of apo-transferrin 

(iron free protein) was dissolved in 6 mL of phosphate buffered saline (PBS). In another 

scintillation vial to make a 1 mg/mL solution, 4 mg of ferric ammonium citrate was 

dissolved in 10 mM NaHCO3 with 20 mM HEPES (4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid) at an overall pH of 7.7 to make a resulting 1 mg/mL 

solution. 4 mL of the second solution (ferric ammonium citrate) was added to the first 

solution (transferrin). The resulting combined solution was then incubated for 10 minutes 

at 37 °C resulting in a colour change from yellow to dark red. A PD-10 column (GE 

Healthcare) equilibrated with 25 mL of PBS. 2 mL of the combined iron-transferrin solution 

was loaded on the column and an orange product was eluted with 3 mL of H2O. The 

column was then washed with 25 mL of H2O to remove any unreacted salts. The PD-10 

column was then re-equilibrated with 25 mL of PBS before reloading of the sample and 

repeating the elution process. This process of equilibrate, load eluent, and wash was 

repeated until the entire batch of iron-transferrin solution was isolated. The OD of this 

solution was then checked at 280 and 465 nm to confirm 100% iron loading. This was 

confirmed by a ratio (λmax465 / λmax280) of 0.0496.487  

General Ru-Protein Coupling Procedure 

Protein couplings were performed in the same fashion to tag both forms of transferrin. In 

a 2 mL Eppendorf tube, the protein of choice either apo-HSTF or holo-HSTF, was added 
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(12 mg, 1.5 10−7 mol). To this, 500 µL of water was added. To a separate Eppendorf 

tube, 5.2 (1.1 mg, 1 mmol) was added and dissolved in 500 µL of water. The solutions 

were combined and transferred to an NMR tube. This NMR tube was capped and then 

placed under a UV curing lamp at a wavelength of approximately 365 nm and irradiated 

for 1 hour. This sample was cooled using an air stream on the NMR tube to minimize 

thermal degradation of the protein. The tube was rotated every 15 minutes to irradiate the 

sample equally. It should be noted that other glass vessels could be used, however the 

relatively thin glass of the NMR tube was beneficial for a rapid reaction.433 After 1 hour of 

irradiation the sample was transferred to an Eppendorf tube and a white precipitate that 

formed during the reaction was separated by centrifugation. The supernatant was 

decanted and loaded onto a PD-10 column (GE Healthcare).488 This column was 

equilibrated with 25 mL of PBS. 2 mL of the combined solution was loaded onto the column 

and an orange product was eluted using 3 mL of an appropriate buffer. The buffer choice 

was determined depending on the experiment. ICP-AES and UV-Vis required elution with 

phosphate buffered saline (154 mM NaCl, pH 7.4). Protein-MS required elution with 5 mM 

ammonium acetate (pH 7.4). The protein concentration was then determined using a 

NanoDrop™ 2000 and stored at 4 °C if the sample was going to be used within a week, 

or at -20° C if the sample was going to be used in more than a week. 

 UV-Vis 

UV–visible spectra were recorded using a Cary 1E spectrophotometer equipped with a  

Haake  F3  water  bath  to  maintain  all  the  samples  at  a  temperature  of  37  °C. 

Measurements  were  performed  on  1  mL  of  solutions  with  a concentration of 50 μM 

in H2O at a scan rate of 3 nm/s. 

 Protein-MS 

5 μM protein (stocks diluted in 10% acetic acid) were infused at 10 μL/min and analyzed 

using a quadrupole-ion mobility-time-of-flight (TOF) mass spectrometer (Synapt G2S 

HDMS, Waters, Milford, MA, USA). A modified nanospray source was used with capillary 

voltage set to 3 kV and source temperature set to 120 °C. 
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 ICP-AES 

Validation of Microwave Digestion using Certified Reference Material 

Since a biological certified reference material (CRM) that contains certified values 

of Ru were not found, the DOLT-5 CRM (dogfish liver certified reference material for trace 

metals and other constituents, certified for Fe – 1070 mg/kg ± 80; Zn 105.3 mg/kg ± 5.4 

and Cu 35.0 mg/kg ± 2.4, National Research Council Canada) that was spiked with a 

known amount to Ru was used in its place. 250 mg of the DOLT-5 CRM was weighed into 

35 mL digestion vessels in triplicate. To each vessel containing DOLT-5, 100 µL of a 1000 

ppm Ru standard solution (Sigma-Aldrich, St. Louis, MO, USA) was added. 3.0 ml of HNO3 

(70% w/w, PlasmaPure, for trace analysis, SCP Science, Baie D’Urfe, Quebec, Canada), 

2.0 ml of H2O2 (≥30% w/w, for trace analysis, Sigma-Aldrich, St. Louis, MO, USA), and a 

stir bar were added to each vessel before being placed on a stir plate for 15 minutes for 

“pre-digestion” (room temperature). The digestion method titled “RTTBovineMuscle” 

(parameters outlined in Table 1) was performed using the Discover SP-D 10/35 microwave 

digestion system (CEM Corporation, Matthews, NC, USA). After digestion, the contents of 

each vessel were quantitatively transferred to acid-washed 10 mL volumetric flasks, 

diluted to the mark with 18.2 MΩ•cm deionized water (Simplicity water purification system, 

Millipore, Billerica, MA, USA) and analyzed using a calibration curve. The calibration curve 

solutions were prepared by adding the appropriate volume of 1000 ppm standard solutions 

of Cu, Fe, Zn, and Ru to acid-washed 10 mL volumetric flasks that contained 3.0 mL highly 

pure concentrated nitric acid before filling to the mark with deionized water (0-1 ppm Cu, 

0-50 ppm Fe, 0-5 ppm Zn, and 0-20 ppm Ru).

Analysis of Protein Solutions and Cell Pellets for total Fe and Ru 

The protein solutions and cell pellets were stored at −20°C until being thawed at 

room temperature for 45 minutes. The samples were transferred into 35 mL digestion 

vessels (in known volume for the protein solutions and quantitatively for the cell pellets). 

3.0 ml of HNO3 (70% w/w, PlasmaPure, for trace analysis, SCP Science, Baie D’Urfe, 

Quebec, Canada), 2.0 ml of H2O2 (≥30% w/w, for trace analysis, Sigma-Aldrich, St. Louis, 

MO, USA), and a stir bar was added to each vessel before being placed on a stir plate for 

15 minutes for “pre-digestion” (room temperature). The digestion method titled 

“RTTBovineMuscle” (parameters outlined in Table 1) was performed using the Discover 

SP-D 10/35 microwave digestion system (CEM Corporation, Matthews, NC, USA). After 
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digestion, the contents of each vessel were quantitatively transferred to acid-washed 10 

mL volumetric flasks, diluted to the mark with 18.2 MΩ•cm deionized water (Simplicity 

water purification system, Millipore, Billerica, MA, USA) and analyzed using a calibration 

curve. 

Table 5.1: Digestion Parameters 
Stage Temperature Ramp time Hold time Pressure Power Stirring 

1 200 3:00 4:00 300 300 Med 
Temperature profile: “ramp to temp” 

Sample Analysis by Inductively Coupled Plasma-Atomic Emission Spectroscopy 

Simultaneous multi-element specific detection of Cu (324.754 nm), Fe (259.940 nm), Zn 

(213.856 nm), and Ru (240.272 nm) of the digested samples was achieved with the 

Prodigy, high-dispersion, radial-view ICP-AES (Teledyne Leeman Labs, Hudson, NH, 

USA) with the following parameters: a radio frequency (RF) power of 1.3 kW, an Ar gas 

coolant flow rate of 19 L min-1, auxiliary flow rate of 0.5 L min -1, and a nebulizer gas 

pressure of 25 psi. The raw data collected using the ICP-AES data acquisition and 

controller software (SALSA) was imported into Microsoft Excel for data analysis. 

5.3. Results and Discussion 

 Synthesis of Ruthenium Starting Materials 

The synthesis of ruthenocene (compound 5.1) is well established in the 

literature.95, 151, 489, 490 However, during this work some details and refinements of the 

reported synthetic procedures were determined. The first being the use of zinc dust as a 

reducing agent instead of zinc granules. The larger surface area of the dust gives much 

higher yields in less time. Secondly, synthesis of 5.1 requires freshly cracked 

cyclopentadiene. In the standard procedure this “cracking” is performed under nitrogen at 

170-180 °C, which poses a safety hazard due to the flammability of Cp. The Cp is then

collected using a saltwater bath in the collection trap to slow down dimerization and 

stabilize the compound. The procedure that was followed in this chapter was a 

modification of the method of Birmingham et al. where liquid N2 was used instead of the 

salt bath. This approach limits dimerization and back reaction processes.491 The freshly 

cracked cyclopentadiene was then stored in a −20 °C freezer until ready to be used.  



136 

Another method for the synthesis of 5.1 was also developed during this thesis 

work. This process involved using sublimation to isolate the product and a shorter reaction 

time of only 90 minutes, versus 4 hours in the conventional procedure. Unfortunately, this 

process is lower yielding and was not ideal for scaleup. This reaction process was however 

adapted for an undergraduate setting and can be seen in more detail here (Harrypersad, 

S.; Canal, J.P., The Synthesis of Ruthenocene- A Methodology Appropriate for the 

Undergraduate Curriculum. J. Chem. Ed., Accepted). 

Compound 5.2 ([RuCp(C10H8)]+[BF4]-), the light-activated precursor used to label 

HSTF (Figure 5.3), was synthesized from ruthenocene (5.1). A detailed procedure for the 

synthesis of the PF6 salt, [RuCp(C10H8)]+[PF6]- has been reported.492 However, the PF6
- 

compound is insoluble in water, which makes it inappropriate for protein couplings. The 

BF4
- anion makes the RuCp+ complex water soluble, and thus the BF4 salt was preferred 

to label HSTF. Synthesis of this compound has also been reported, but unfortunately, the 

literature procedure was not detailed enough to be reproduced. The main issue 

encountered was that the isolation of the BF4
- salt was not possible using the same 

procedure as the PF6 compound. In both cases, after completion of the initial reaction 

steps, the reaction mixture is quenched with water and the appropriate anionic salt is 

added, either KPF6 (for the PF6 anion) or fluoroboric acid (for the BF4 anion). For the PF6 

salt this results in precipitation of [RuCp(C10H8)]+[PF6]-, which is then easily isolated. 

However, when this method is applied to the BF4
- salt, no precipitate is observed, since 

the BF4 anion generates a water-soluble ion pair ([RuCp(C10H8)]+[BF4]-). Thus, the 

isolation process had to be altered to isolate the BF4 salt. The published procedure for 

isolation of [RuCp(C10H8)]+[BF4]- reported extraction from water using DCM.  However, this 

approach, as reported, produced very little product. With the generous assistance of the 

original author (Dr. Dmitry Perekalin),492 it was determined that 5% nitromethane needed 

to be added to the organic layer for the extraction. This increased the polarity of the organic 

layer to the point that 5.2 ([Ru(Cp(C10H8)]+[BF4]-) could be isolated in good yield. Of note, 

there are other procedures to obtain 5.2 ([RuCp(C10H8)]+[BF4]-) that involve shorter 

reaction times using a microwave reactor.493 Unfortunately, these reactions could not be 

reproduced.  
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 Protein Coupling Reaction 

 Following the isolation of the precursor 5.2 ([Ru(C5H5)(C10H8)]+[BF4]-), it was then 

possible to perform the protein coupling reaction. This approach enabled coupling of the 

Ru tag to accessible aromatic amino acids: tyrosine, tryptophan, and phenylalanine. The 

side chains of these amino acids can form an η6
 bond with the metal to form a protein 

organometallic conjugate. Previous work has shown that tryptophan is preferentially 

bound. In these earlier experiments reaction with a mixture of the three aromatic amino 

acids yielded 80% tryptophan binding with tyrosine and phenylalanine binding 10% 

each.455 This suggests that protein binding will also occur preferentially at tryptophan sites. 

In the amino-acid studies, the organometallic products were characterized by X-ray 

crystallography, revealing that the distance from the Ru ion to the centroid of the attached 

Figure 5.6: Crystal structure of holo-HSTF showing the possible binding 
residues for the Ru tag. PDB (3QYT) 
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aromatic ring was 2.5 Å. This suggests that a similar bond length would be expected upon 

binding to proteins, which in these studies were apo and holo human serum transferrin 

(apo-HSTF and holo-HSTF).  

Binding of tag molecules to the surface of a protein is preferred since binding to 

the interior could lead to 

changes in protein structure 

and even cause unfolding.455 

To determine the potential 

binding sites and the 

occurrence of binding to the 

surface aromatic amino 

acids of apo-HSTF and holo-

HSTF, the crystal structure of 

these proteins was examined 

using PyMOL.  

 The surface of a 

protein shown in PyMOL is 

determined by the Connolly 

surface of that protein (as 

shown in Figure 5.6 by grey 

outline). This surface is a 

traced-out area that a water 

molecule from the 

surrounding environment 

could contact. To determine 

the number of possible 

binding sites on the protein, a 

threshold was set based on 

an aromatic amino acid 

being within 2.5 Å of this 

surface for the crystal 

structure of holo-HSTF 

(PDB: 3QYT). This predicted 

Figure 5.7: Crystal structures of apotransferrin 
showing the possible binding residues 
for the Ru tag. PDB (2HAU) 
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that 8 tryptophan residues were within the binding distance criteria. Figure 5.6 left shows 

these residues in blue. Given the expected preference for formation of the organometallic 

Ru center at tryptophan sidechains, these 8 locations are the most likely binding sites for 

the Ru tag. However, the labelling reaction was performed with a 10,000-fold excess of 

the precursor compound 5.2 ([RuCp(C10H8)]+[BF4]-), suggesting that other aromatic 

sidechains could also bind to the Ru center. Tyrosine (Figure 5.6, middle) and 

phenylalanine (Figure 5.6, right) sites combine for over 30 possible binding locations on 

the surface of holo-HSTF. Although binding to these sites is intrinsically less favourable, 

it seems likely that they will contribute to the population of bound Ru species.  

The crystal structure of apo-HSTF (PDB: 2HAU) shows the open form of the 

protein in the absence of the two Fe3+ ions found in the holo form.479 In this form, there are 

more surface-accessible aromatic amino acids that could potentially react with precursor 

5.2. Analysis of the protein structure in PYMOL shows that there are 16 surface tryptophan 

residues (Figure 5.7, middle) and over 50 tyrosine and phenylalanine amino acids 

(Figure 5.7, top and bottom respectively). This means that a larger number of binding 

sites are accessible, and a higher loading of the Ru tag is possible. The two iron-binding 

sites of HSTF each contain 2 tyrosine residues, which are potential sites for Ru tags to 

coordinate. This suggests that the Ru metalation process could inhibit iron binding in the 

apo protein. It should be noted that these values are based on the crystal structures, which 

unlike the protein in solution, are static. Motions of the proteins in solutions could alter the 

orientation and surface exposure of these proteins, possibly changing the number of 

exposed sites. 
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 UV-Visible Binding Study 

 UV-Visible spectroscopy was used in the initial analysis of the Ru tagged HSTF. 

The backbone of a protein absorbs in the range of 180 - 230 nm, which is due almost 

entirely to the n→π* and π→π* transitions of the peptide bonds.494 Absorptions in the 

range of 230 - 300 nm are primarily dominated by π→π* transitions of the aromatic side 

chains of tryptophan, tyrosine, and phenylalanine.202, 494, 495 These are the primary sources 

of absorbance for most proteins; however, metal-containing proteins can exhibit additional 

absorbances,  including in the visible region. In the case of HSTF, the λmax for the apo and 

holo forms of the protein are at 237 and 279 nm respectively. The holo protein has an 

additional absorbance at 470 nm arising from the d → d transitions of the two Fe(III) 

binding sites. As a reference for the protein-bound Ru species, the UV-Vis spectrum of 

the precursor 5.2 ([RuCp(C10H8)]+[BF4]-) was also measured. The λmax for this compound 

is at 322 nm, which is at longer wavelength than any absorbances from apo-HSTF (Figure 
5.8). As also shown in Figure 5.8, apo-HSTF has a distinctive absorbance at 280 nm. 

Following reaction with 5.2 ([RuCp(C10H8)]+[BF4]-), this peak is retained and a new peak 

Figure 5.8: UV-Vis spectra of 5.2, unlabeled Apo-HSTF and Ru-Apo-HSTF 
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at 341 nm is introduced, consistent with the formation of Ru-apo-HSTF species. The 

longer wavelength of the new peak in the Ru-apo-HSTF spectrum, compared to that of 

5.2 ([RuCp(C10H8)]+[BF4]-), is consistent with a different coordination environment, with the 

naphthalene of the precursor replaced by the indole of tryptophan, with possible 

contributions from the phenyl of phenylalanine and the phenol of tyrosine.  

Similar UV-Vis spectral changes were observed from modification of holo-HSTF 

(Figure 5.9). The unmodified protein shows a distinctive peak at 279 nm from the π→π* 

transitions of aromatic amino acid side chains.496 Modification of the protein with the Ru 

tag generates a new peak at 329 nm corresponding to the organometallic Ru(II) species. 

In both protein-labeling experiments, the modified proteins were passed through a PD10 

column. The precursor 5.2 ([RuCp(C10H8)]+[BF4]-) was retained to the column, while the 

proteins eluted readily. This further ensures that the signals observed at longer 

wavelength in each case are from protein-bound organometallic species rather than any 

free precursor. 

Figure 5.9: UV-Vis spectra of 5.2, unlabeled Holo-HSTF and Ru-Holo-HSTF 
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 Protein MS 

Quadrupole-ion mobility-time-of-flight protein mass spectrometry was performed 

by Cristina Lento under the supervision of Dr. Derek Wilson’s group at York University.   

Quadrupole-ion mobility-time-of-flight protein mass spectrometry was used to 

determine the extent of RuCp tag binding to apo- and holo-HSTF. To fully solubilize the 

compounds, 10% acetic acid was added. This was to unfold the protein and can increase 

the concentration of dissolved protein in solution. The increase in concentration allows a 

higher quality signal to be seen, which allows for a higher accuracy in the results. Initially, 

measurements were made on the unmodified proteins giving molecular weights of 

MW(apo-HSTF) = 79651  1 Da (Figure 5.10, Top) and MW(holo-HSTF) = 77764  20 

Da (Figure 5.10, 2nd from Top). These values are both in good agreement with literature 

values of 79570 Da for apo-HSTF497 and holo-HSTF being 75353-79562482. This range of 

values for the literature holo-protein in the literature example depends on the extent of 

glycosylation in wild-type protein at position Asn630.498 The accuracy of these 

measurements and their correlation with literature reports, confirmed that it would be 

possible to use this approach to assess the level of labelling with Ru tag in each case.  

Measurements of the labelled proteins show weight increases consistent with 

multiple modifications per protein molecule (Table 5.1). The RuCp+ fragment has a 

molecular weight of 166.94 a.m.u., and thus the weight increase of the tagged proteins 

divided by this value corresponds to the average number of labelling sites per protein.  

The average mass of labeled apoprotein (Ru-apo-HSTF) was found to be 81523  58 Da 

(Figure 5.10, 3rd from Top), indicating a mass increase of 1961 Da, corresponding to an 

average of 11.7  0.3 modifications per protein. Although this standard deviation (58) is 

relatively large, the mean for this sample is also large.  
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Figure 5.10: MS of HSTF. (Top) Apo-HSTF. (2nd from Top) Holo-HSTF. (3rd from 
Top) Ru-Apo-HSTF. (Bottom) Ru-Holo-HSTF. 
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In the case of holo-HSTF the molecular weight of the tagged protein (Ru-holo-

HSTF) is 79570.3  1.3 Da (Figure 5.10, Bottom), showing an average mass increase of 

1806 Da over the unlabelled protein, and corresponding to 10.82  0.01 modifications per 

protein. The lower modification number of the holo-HSTF is consistent with the closed 

conformation adopted following iron binding, which has fewer surface accessible aromatic 

amino acids. 

Table 5.2: Summary of protein labelling to determine extent of protein 
labelling. 

Compound MW Mass 
Difference Ru Tag Amount 

Apo transferrin 79561.5493 
1961.2699 11.7481 

Apo transferrin-labelled 81522.8193 

Holo transferrin 77764.1578 
1806.1513 10.8190 

Holo transferrin-labelled 79570.3091 

The calculated number of labelling sites is reasonable based on the calculations of 

accessible surface residues described above. The apo-HSTF has over 40 possible binding 

sites with 16 tryptophan residues, indicating that an average of 12.1 modifications is 

reasonable. Similarly, holo-HSTF has over 30 surface accessible binding sites, including 

8 tryptophan residues. Given the calculated average modification of 10.8 tags, this also 

indicates attachment of Ru-Cp tags at tryptophan and phenylalanine residues.  

 ICP-AES 

These data were collected by Tristen Bridle at the University of Calgary under the 

supervision of Dr. Jurgen Gailer. 

To determine the extent of RuCp tag binding to apo- and holo- HSTF, inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) was performed. This is a 

technique that is used to determine if an element is present, and with the use of a 

calibration curve, how much of that element is present.500 To prepare samples, the tagged 

apo- and holo-HSTF are digested in a mixture of nitric acid and hydrogen peroxide. This 

ensures that all of the compound is dissolved in solution.501-503 This solution is then excited 
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using ionised gas (argon) and the result is a unique emission spectrum for each element. 

These spectra are then analyzed for the elements present, and their quantity to which they 

are present. ICP-AES has a detection limit of 1 ppm,504 therefore it can detect very small 

amounts of compound. Since Ru is an exogenous metal in biological systems, the 

presence of any signal in this work should confirm the presence of labeled HSTF. To 

confirm this, and avoid false-positive results, both unlabelled apo- and holo- transferrin 

were measured. No Ru was detected in either of the unlabelled proteins as expected.  

Table 5.3: ICP-AES apo- and holo- HSTF Ru Concentrations 

However, the ICP-AES measurements confirm that the labelled proteins contain 

Ru in significant amounts (Table 5-3). Apo-HSTF shows ~17 mol of Ru to every mol of 

HSTF, meaning that this was labelled ~17 times, and Holo-HSTF show ~18 RuCp tags 

per protein. These results were encouraging and provided further confirmation that the 

label is being attached to the protein, while also validating the ICP-AES method.  

Comparing the calculated labeling numbers from ICP-AES to those from protein-

MS (section 5.3.4), shows that the latter predicts fewer average modifications per protein. 

Looking at the data collection process for both techniques, protein-MS is a precise 

technique for looking at the tag binding since it is directly measuring the weight of the 

overall molecule and uses an external calibrant. ICP-AES collects data in counts/second, 

meaning that it measures a detector response. This is then interpreted against a manually 

derived calibration curve, which can lead to some uncertainties. This is an indirect method 

for measuring the amount of tag and is inherently, less accurate. These factors can 

contribute to an overestimation of the amount of Ru binding found in the ICP-AES, and 

why the data in the protein-MS is believed to be more closely representative of the amount 

of binding.  

Sample Amount of Fe 
(mol:mol HSTF) 

Amount of Ru 
(mol:mol HSTF) 

Holo-HSTF 
2.30 

0 

Ru-Holo-HSTF 16.7349 

Apo-HSTF 
0 

0 

Ru-Apo-HSTF 18.3800 
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The ICP-AES measurements of the Ru-tagged proteins in solution served to 

validate procedure used in general. However, the main goal of the ICP-AES experiments 

was to determine the extent to which the tagged HSTF could be internalized in cancer 

cells. This was studied in the MCF-7 and MDA-MB-231 breast cancer cell lines.505 These 

cell lines exhibit different expression levels of the HSTF receptor protein, with MDA-MB-

231 expressing higher HSTF receptor levels than MCF-7,506 and as such we would expect 

a larger amount of Ru in the MDA-MB-231 cell line. The cells were incubated with either 

Ru-Apo-HSTF or Ru-Holo-HSTF at concentrations of 250 and 100 µg/mL for 12 hours and 

were then then washed to remove any uninternalized Ru-HSTF. These cells were then 

centrifuged into a pellet and subjected to the ICP-AES measurements. Unfortunately, 

these results were inconclusive since the total concentration of Ru was below the 

detection limit of the instrument. Further experimental optimization in the future will be 

required to characterize the cellular Ru concentration. Alternatively, a more sensitive 

technique such as ICP-MS could be used to quantify the amount of Ru-HSTF that entered 

the cells. 

 Circular Dichroism 

 Circular dichroism spectroscopy is a technique that uses polarized light to 

elucidate structures of optically-active chiral substances, by measuring the difference in 

absorbance of right and left-circularly polarized light. One of its main uses is to elucidate 

the secondary structure of proteins,507 and any changes that may occur upon interaction 

with an external ligand.508 The CD spectra of unmodified apo and holo HSTF have a strong 

Figure 5.11: CD Spectra of Apo- and Holo-HSTF both unlabeled (Red) and Ru-
labelled (Black) 
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band at approximately 210 nm, which is consistent with a structure containing alternating 

α-helices and β-sheets (Figure 5.11, Red Spectra). 509  

The Holo-HSTF sample (Figure 5.11, left) shows very little change in the overall 

spectrum upon modification with the RuCp tag (Figure 5.11, left black) suggesting that 

there is minimal change in the overall secondary structure. Holo-HSTF is considered a 

highly ordered and stable protein conformation with approximately 75% of its secondary 

structure coming from α-helices and β-sheets.510 This high level of stability is believed to 

supplemented by iron binding in Holo-HSTF which keeps the conformation intact,510 thus 

the RuCp tag does not disrupt the protein secondary structure upon coordination. Apo-

HSTF, however, has no iron bound, and the conformation is described as “open”,511 which 

means that there is less structure and overall lower stability.512 Upon complexation with 

the RuCp tag, a significant decrease is seen in the CD signal intensity (Figure 5.11, right 
black), this suggests that there is a more pronounced structural change upon 

complexation with the RuCp tag.508   

The results for the holo protein are very encouraging, since they indicate that even 

with multiple Ru-Cp tags attached, the overall structure is similar to the unlabelled protein. 

Thus, the tagged holo-protein likely has a suitable conformation to interact with the HSTF 

receptor for internalization in cells. This validates the overall concept of the protein 

modification and motivates further studies of the internalization of Ru-Holo-HSTF in cells. 

5.4. Conclusions 

This chapter presents a new methodology to label proteins by appending a 

ruthenium metallocene fragment to aromatic amino-acid side chains. A naphthalene 

substituted ruthenoceneium analogue (5.2, [RuCp(C10H8)]+[BF4]-) was used as the 

precursor, with protein modification via replacement of the naphthalene group following 

light activation in aqueous media, under physiologically relevant conditions. This method 

was developed originally for labeling of small peptides,454 and the work in this chapter is 

the first example of the extension of the technique to proteins.  

To demonstrate the application of this approach to proteins, studies were 

performed on transferrin (HSTF) since it is actively transported across cell membranes in 

the iron-bound form (holo-HSTF) and would enable characterization of Ru internalization 
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of the modified protein. Initially, the efficiency of the labelling rection was probed using 

complimentary methods. UV-Vis measurements showed changes to the protein spectrum 

characteristic of the bound Ru species, in both apo-HSTF and holo-HSTF. This was further 

quantified by ESI-MS, which indicated average modification of apo-HSTF with 12.1 Ru 

tags and holo-HSTF with 10.8. These numbers are consistent with the expectation that 

surface aromatic residues will be preferentially modified and demonstrates that the 

method used is effective in labelling proteins. Notably, less modification of Holo-HSTF 

reflects the lower number of surface-accessible aromatic amino acids available for 

modification in the closed conformation.  ICP-AES results confirmed the presence of RuCp 

tag bound to both the apo-HSTF and the holo-HSTF and corroborated the results shown 

by the complimentary analytical techniques. Encouragingly, CD measurements indicate 

that although the apo form of the protein is significantly perturbed by the Ru-Cp 

modification, the holo protein retains its structure. This indicates it could still bind to the 

HSTF receptor and could be then internalized within cells by endocytosis. 

This work has some interesting possible future applications. Firstly, the distinctive 

isotopic pattern of ruthenium suggests application in metabolomics. The transport, 

localization, and interactions of Ru-modified proteins could be followed readily using mass 

spec. methods. Furthermore, modification of the precursor (5.2) ([RuCp(C10H8)]+[BF4]-) 

with a functionalized Cp ring could enable appending of pharmaceutically active 

compounds using strategies similar to those described elsewhere in this thesis. This would 

then enable the use of proteins such as HSTF as vectors for selective transport. In the 

case of HSTF, increased demand for iron in rapidly proliferating cancer cells can lead to 

overexpression of receptors, allowing for discrimination from normal cells. More generally, 

this work shows a novel application of organometallic chemistry to chemical biology.  
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Chapter 6. Future work and Conclusions 

6.1. Future Work 

 Ferrocene Coupled Bioconjugates 

 This thesis describes different applications of Fc to modify the mechanisms of 

biologically-active molecules. The work described in Chapter 2 opens avenues towards 

new unsymmetrically di-substituted Fc molecules. This was achieved through the 

development of a new intermediate (2.3 (Alkyne-Fc-Hydroxyl, Figure 6.1)) that allows 

for orthogonal chemistry to occur on each Cp ring of Fc, providing a convenient method 

for different functionalities to be appended to the molecule. The methylene propargyl ether 

on one Cp ring of the intermediate enables linking of a wide range of molecules via “click” 

chemistry. On the other Cp ring is a hydroxymethyl group, which was used in this work to 

link to a known chemotherapeutic molecule (chlorambucil) via esterification. However, this 

presents some challenges for biological applications due to the propensity of the ester 

linkage to hydrolyze under physiological conditions. To address this potential stability 

issue, intermediate 2.3 (Alkyne-Fc-Hydroxyl) could be further reacted to enable linking 

via an amide bond rather than an ester. Amide bonds are less susceptible to hydrolysis 

and enable linking of a wide array of functional molecules. A possible approach to access 

amide chemistry is shown in Figure 6.1. Here 2.3 (Alkyne-Fc-Hydroxyl) can be oxidized 

to an aldehyde using MnO2, this can then go through a reductive amination to the 

Amine Intermediate 6.1 

Figure 6.1: Proposed synthesis of 1,1 Asymmetric Fc with an amine instead of 
an ester. 

2.3 
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intermediate oxime, which in turn can be reduced to the amine (Figure 6.1, amine 
intermediate 6.1). The amine then allows for an amide coupling instead of the ester 

coupling that was demonstrated in Chapter 2. Although the ester was chosen to allow for 

drug release, the amide has similar drug release capabilities, while also being more stable 

in biological environments. This increased stability could increase the overall activity of 

the molecule. 

The other issue with molecule design seen in Chapter 2 was the choice of 

targeting molecule. Biotin provided a good starting point to test the molecule design 

concept, but this choice resulted in some synthetic complications. The aqueous solubility 

of the hydrophilic biotin group is different from the hydrophobic Fc ferrocene group, which 

made solvent choice for synthetic couplings challenging. This complicated the final click-

reaction step as it made an optimal solvent mixture hard to find. Since the copper source 

for many click reactions is a copper salt, a solvent needs to be chosen that can solubilize 

this. Many of these solvents are polar and act as good nucleophiles (MeOH, Water, 

ethanol). As a result, the ester linkage of the desired click products can cleave by way of 

hydrolysis and ester interchange by the solvent. An alternative approach would be to 

switch to a more synthetically amenable targeting molecule, such as a 

triphenylphosphonium-based group (Figure 6.2). Triphenylphosphines are known to 

target mitochondria,513 and with high efficiency. This functional group is attracted to the 

negatively charged inner membrane of mitochondria and accumulates in the mitochondrial 

matrix.514 Emerging research in cancer therapy suggests that by exploiting this 

accumulation, ROS-mediated redox signaling and antiproliferative pathways in cancer 

cells can be altered, leading to apoptosis and cell growth retardation. 515, 516  Another issue 

with the biotin group, was that it seemed to have a weak effect on uptake and specificity, 

as determined by analysis of the NCI-60 data.  With this in mind, another promising 

alternative to biotin could be the use of targeting peptides. This can be achieved by taking 

Figure 6.2: Proposed synthesis of mitochondrial targeting fragment. 

2.5 
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compound 2.5 (Figure 6.2) and coupling it to a desired peptide via an amide bond. Click 

chemistry could then be used to attach azide-functionalized peptides to 2.3 (Alkyne-Fc-
Hydroxyl).517  

The work in Chapter 4 showed that appending ferrocene to known antibiotics can 

impact on activity, although in this case the result was a reduction in efficacy. Despite 

these results, this work still has potential, and could be extended to other antibiotics, with 

a greater focus on biological interactions and fundamental chemical properties that 

modulate uptake and overall activity. A potentially useful improvement to the molecular 

design would be to increase the length of the chain linking the Fc and the antibiotic parent 

compound. This can reduce interference of the ferrocene with the biological interactions 

of the original antibiotic, while still harnessing the potential activity benefits of ferrocene. 

The appropriate choice of linker can also modulate lipophilicity allowing for optimization of 

cellular uptake and transmembrane transport. The Fc compounds produced in this work 

are significantly more hydrophobic than their parent molecules, which may impact 

negatively on their activity. One approach to address this is installation of a biocompatible 

hydrophilic linking chain such as polyethylene glycol (PEG). This has been used effectively 

in several metal-based medicinal compounds,518-523 and has the potential to greatly 

improve transport into cells. The hypothesized application of longer linkers for Fc addition 

to ciprofloxacin is shown in Figure 6.3. 

Figure 6.3: Fc Antibiotics with modulated lipophilicity to enhance uptake. 
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 Bi-Metallic Ferrocene Ruthenium Compounds 

 Chapter 3 describes a method for the derivatization of bimetallic compounds 

allowing for incorporation of a small-molecule targeting moiety. These compounds contain 

Fc and Ru(III) subunits that can generate cytotoxic and antimetastatic activity respectively. 

While the cytotoxic activity of these new compounds has been assessed, their 

antimetastatic activity still needs to be evaluated. Some factors that influence metastasis 

include cell adhesion, invasion, and migration.524-526 The latter can be assessed using a 

wound-healing assay. This assay takes a monolayer of cells on a plate and removes a 

segment (wound) of them from the middle (Figure 6.4). The cells are then incubated with 

the compound of interest. The cells are starved with a nutrient-reduced minimal media 

and consequently are stimulated to migrate to find nutrients, including into the gap on the 

plate. If the tested compound has antimetastatic properties, the migration of cells into the 

gap can be inhibited. This assay will be performed in the future on the Fc-Ru(III) 

compounds, to see if they have both cytotoxic and antimetastatic properties. 

The targeted Fc ligands in Chapter 3 provide opportunities to coordinate to other 

metal compounds generating and array of new anticancer candidates. One such example 

is organometallic Ru(II) arenes, which have been widely studied for their anticancer 

activity.143, 366 Coordination of ligands 3.2 - 3.4 to the Ru(II) center (Figure 6.5) could add 

targeting properties to these compounds. The ligands themselves have shown promising 

activity, and by appending a Ru(II) arene compound (Figure 6.5), they could modulate 

lipophilicity, uptake, and mechanisms of action. The Ru(II) center is not expected to be 

redox active, and compounds of this type of target cancer cells via mechanisms such as 

nucleic acid binding.158 Thus, linking Fc to these centers has potential to install new 

Figure 6.4:  Process to perform wound-healing assay and a cartoon depiction 
analysis showing the amount of cellular migration into the wound. 
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activity, as shown by earlier work in our group.130 Additionally, inclusion of the targeting 

molecules can further enhance overall activity and improve selectivity.  

A possible issue with monodentate nitrogen-donor coordination to the Ru(II) centers of 

these types of organometallic compounds is undesirable ligand exchange.527, 528 To 

resolve this issue, a bidentate ligand dinitrogen donor motif could be used to provide 

stability to the overall scaffold of the bimetallic compounds (Figure 6.6). 

 Ruthenium Coupled Proteins 

Chapter 5 demonstrates the use of a RuCp tag as a method to label aromatic 

amino acids on the surface of proteins. This labelling technique involves the use of a 

water-soluble naphthalene analogue of ruthenocenium as a precursor that, under UV light, 

can install RuCp at the rings of aromatic amino acids.  While the RuCp is a useful label, 

this approach could be expanded by attaching  a “payload” to the Cp ring of the precursor 

Figure 6.5: Monodentate Ru(II) Compounds using ligands 4.2 - 4.4. 

Figure 6.6: Proposed synthetic pathway of bidentate bimetallic Ru(II)-Fc ligand. 
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and using the modified protein as a targeting vector. The payload could be, for example, 

a chemotherapeutic drug, which could then be selectively targeted to cancer cells via a 

protein uptake pathway. Figure 6.7 shows a possible synthetic approach for linking to the 

Cp ring of the precursor by an amide coupling. The first step would involve synthesis of 

1,1’ symmetric di-substituted ruthenocene. Subsequently, the naphthalene group can be 

added using the same method as in Chapter 5 to make the unsubstituted precursor. Then 

reaction with the functional group on the Cp, a carboxylic acid in Figure 6.7, can allow 

coupling of a pharmacophore. 

  

Figure 6.7: Organometallic ruthenium protein with a drug payload. 
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6.2. Concluding Statement 

This thesis focuses on developing new applications for metallocenes in medicine.  

The work described falls into three main areas: (i) design and synthesis of metallocene-

based therapeutic candidates, (ii) development of new synthetic methods for appending 

metallocenes to biomolecules, and (iii) mechanistic studies of the influence of 

metallocenes on anticancer and antibacterial activity. Although, the chemistry of 

metallocenes, and particularly Fc, is often considered a mature field, the work here 

demonstrates a bright future for further research. Particularly impactful developments are 

a new approach for synthesis of 1,1’ asymmetrically substituted Fc molecules, and the 

demonstration of metallocene-based protein organometallics. Each of these has scope for 

significant future applications, not only in medicine but in other fields such as analytical 

chemistry and biomaterials. 

The theme of linking each of the Fc-focused chapters is the delivery of Fc as an 

ROS generating moiety. The different strategies employed demonstrate that Fc can be a 

versatile pharmacophore that instills cytotoxicity to biologically-active backbones. This 

concept was demonstrated in Chapters 2 and 3, with Fc providing improved activity for 

trifunctional and bimetallic anticancer agents. However, Chapter 4 serves as warning that 

the ROS generating ability does not abrogate that need for Fc-functionalized compounds 

to have fundamental properties suitable for drug-like behaviour. With this in mind, Chapter 

5 provides a possible pathway, through organometallic modification of transport proteins, 

to overcome issues such as transport into cells. 

Overall, the work in this thesis demonstrates the scope and diversity for 

metallocenes in medicinal chemistry. 
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Appendix A. Supplementary Material for Chapter 2 

Selected NMR Spectrum 

 
Figure A.1:1H NMR Spectrum of 2.3 
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Figure A.2:1H NMR Spectrum of 2.11 
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Figure A.3:1H NMR Spectrum of 2.12 
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Figure A.4:1H NMR Spectrum of 2.13 
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Figure A.5:1H NMR Spectrum of 2.14 
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Figure A.6:1H NMR Spectrum of 2.17 
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Figure A.7:1H NMR Spectrum of 2.18 
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NCI-60 Cytotoxicity Results 

 
Table A.1: Cytotoxicity (GI50) data of compound 2.11 at 10 µM. 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

CCRF-CEM 82.086 HCC-2998 101.06 SK-MEL-2 111.01 RXF 393 109.076 

HL-60(TB) 68.696 HCT-116 92.707 SK-MEL-
28 101.115 SN12C 79.128 

K-562 93.818 HCT-15 88.586 SK-MEL-5 93.745 TK-10 107.234 

MOLT-4 76.718 HT29 95.813 UACC-
257 94.09 UO-31 83.614 

RPMI-8226 96.265 KM12 99.742 UACC-62 77.782 PC-3 83.205 
SR 42.181 SW-620 91.052 IGROV1 87.783 DU-145 96.731 
A549/ATCC 78.879 SF-268 80.363 OVCAR-3 100.909 MCF7 81.785 

EKVX 101.449 SF-295 87.681 OVCAR-4 104.779 MDA-MB-
231/ATCC 102.924 

HOP-62 84.2 SF-539 85.215 OVCAR-5 116.63 HS 578T 113.677 
HOP-92 102.943 SNB-19 95.902 OVCAR-8 89.687 BT-549 95.501 

NCI-H226 90.254 SNB-75 84.854 NCI/ADR-
RES 93.867 T-47D 75.645 

NCI-H23 89.317 U251 89.21 SK-OV-3 108.364 MDA-MB-
468 87.012 

NCI-H322M 103.425 LOX IMVI 77.214 786-0 98.954 

NCI-H460 53.069 MALME-
3M 91.991 A498 98.543 

NCI-H522 84.257 M14 95.09 ACHN 50.597 

COLO 205 97.993 MDA-MB-
435 94.405 CAKI-1 73.662 
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Table A.2: Cytotoxicity (GI50) data of compound 2.12 at 10 µM. 

Cancer Cell 
line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer Cell 
line 

GI50 
value 

CCRF-CEM 84.387 HCC-2998 96.271 SK-MEL-2 119.897 RXF 393 100.754 
HL-60(TB) 91.311 HCT-116 102.153 SK-MEL-28 114.813 SN12C 90.102 

K-562 95.85 HCT-15 86.634 SK-MEL-5 92.7 TK-10 110.87 
MOLT-4 82.476 HT29 100.212 UACC-257 102.449 UO-31 81.19 

RPMI-8226 96.121 KM12 99.194 UACC-62 81.794 PC-3 88.639 
SR 36.878 SW-620 89.922 IGROV1 79.81 DU-145 102.759 

A549/ATCC 83.573 SF-268 83.592 OVCAR-3 105.783 MCF7 68.342 

EKVX 102.006 SF-295 94.863 OVCAR-4 110.356 MDA-MB-
231/ATCC 104.616 

HOP-62 96 SF-539 87.548 OVCAR-5 112.352 HS 578T 92.902 
HOP-92 99.419 SNB-19 91.58 OVCAR-8 88.87 BT-549 99.4 

NCI-H226 89.149 SNB-75 91.361 NCI/ADR-
RES 88.127 T-47D 99.212 

NCI-H23 86.078 U251 84.173 SK-OV-3 109.758 MDA-MB-
468 89.115 

NCI-H322M 105.252 LOX IMVI 76.109 786-0 102.954 
NCI-H460 75.89 MALME-3M 93.471 A498 92.052 
NCI-H522 89.006 M14 103.131 ACHN 78.458 

COLO 205 108.759 MDA-MB-
435 102.65 CAKI-1 70.72 

 

Table A.3: Cytotoxicity (GI50) data of compound 2.13 at 10 µM. 

Cancer 
Cell line 

GI50 
value 

Cancer Cell 
line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

CCRF-CEM 103.210 HCC-2998 110.830 SK-MEL-2 115.038 RXF 393 121.211 
HL-60(TB) 98.939 HCT-116 100.015 SK-MEL-28 109.377 SN12C 102.352 

K-562 101.831 HCT-15 102.973 SK-MEL-5 101.954 TK-10 102.248 
MOLT-4 104.112 HT29 111.460 UACC-257 98.730 UO-31 92.146 

RPMI-8226 110.082 KM12 105.683 UACC-62 96.794 PC-3 93.853 
SR 105.611 SW-620 101.536 IGROV1 107.424 DU-145 109.340 

A549/ATCC 101.742 SF-268 106.606 OVCAR-3 103.451 MCF7 94.353 

EKVX 101.651 SF-295 99.387 OVCAR-4 99.921 MDA-MB-
231/ATCC 99.067 

HOP-62 99.912 SF-539 97.218 OVCAR-5 107.081 HS 578T 119.923 
HOP-92 102.216 SNB-19 104.657 OVCAR-8 103.551 BT-549 110.023 

NCI-H226 104.284 SNB-75 93.938 NCI/ADR-
RES 105.560 T-47D 103.326 

NCI-H23 103.997 U251 101.619 SK-OV-3 112.423 MDA-MB-
468 97.565 

NCI-H322M 101.287 LOX IMVI 98.083 786-0 103.293 
NCI-H460 105.984 MALME-3M 105.370 A498 91.708 
NCI-H522 99.122 M14 99.427 ACHN 101.636 
COLO 205 115.733 MDA-MB-435 104.098 CAKI-1 93.486 
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Table A.4: Cytotoxicity (GI50) data of compound 2.14 at 10 µM. 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

CCRF-CEM 93.940 HCC-2998 94.464 SK-MEL-2 105.590 RXF 393 118.516 
HL-60(TB) 97.346 HCT-116 104.336 SK-MEL-28 113.432 SN12C 89.552 

K-562 97.369 HCT-15 100.142 SK-MEL-5 98.144 TK-10 121.150 
MOLT-4 97.144 HT29 108.523 UACC-257 106.556 UO-31 77.310 

RPMI-8226 95.180 KM12 101.203 UACC-62 92.700 PC-3 96.679 
SR 98.798 SW-620 102.446 IGROV1 106.170 DU-145 108.516 

A549/ATCC 103.071 SF-268 93.903 OVCAR-3 109.477 MCF7 93.129 

EKVX 100.219 SF-295 100.922 OVCAR-4 112.124 MDA-MB-
231/ATCC 100.126 

HOP-62 103.915 SF-539 97.410 OVCAR-5 107.173 HS 578T 86.269 
HOP-92 79.776 SNB-19 99.598 OVCAR-8 105.494 BT-549 101.851 

NCI-H226 102.863 SNB-75 96.103 NCI/ADR-
RES 102.670 T-47D 102.726 

NCI-H23 99.525 U251 97.923 SK-OV-3 94.363 MDA-MB-
468 97.534 

NCI-H322M 107.182 LOX IMVI 99.585 786-0 105.996 
NCI-H460 108.096 MALME-3M 99.936 A498 98.223 
NCI-H522 90.223 M14 103.814 ACHN 97.007 

COLO 205 116.709 MDA-MB-
435 104.391 CAKI-1 84.763 

 

Table A.5: Cytotoxicity (GI50) data of compound 2.17 at 10 µM. 

Cancer 
Cell line 

GI50 
value 

Cancer Cell 
line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

CCRF-CEM 101.706 HCC-2998 117.342 SK-MEL-2 116.673 RXF 393 105.13 
HL-60(TB) 99.862 HCT-116 106.343 SK-MEL-28 110.242 SN12C 97.808 

K-562 99.333 HCT-15 103.139 SK-MEL-5 101.451 TK-10 119.928 
MOLT-4 103.52 HT29 107.755 UACC-257 106.375 UO-31 87.322 

RPMI-8226 104.681 KM12 97.123 UACC-62 86.441 PC-3 99.755 
SR 92.015 SW-620 96.699 IGROV1 93.24 DU-145 108.13 

A549/ATCC 103.984 SF-268 96.293 OVCAR-3 105.831 MCF7 91.11 

EKVX 104.601 SF-295 107.417 OVCAR-4 106.808 MDA-MB-
231/ATCC 102.844 

HOP-62 100.558 SF-539 93.141 OVCAR-5 97.53 HS 578T 112.614 
HOP-92 95.166 SNB-19 95.864 OVCAR-8 99.261 BT-549 105.815 

NCI-H226 100.575 SNB-75 98.662 NCI/ADR-
RES 110.204 T-47D 107.593 

NCI-H23 101.061 U251 97.344 SK-OV-3 113.442 MDA-MB-
468 91.978 

NCI-H322M 104.849 LOX IMVI 94.418 786-0 100.837 
NCI-H460 101.232 MALME-3M 105.873 A498 88.729 
NCI-H522 97.738 M14 98.2 ACHN 100.252 
COLO 205 122.137 MDA-MB-435 104.38 CAKI-1 86.16 
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Table A.6: Cytotoxicity (GI50) data of compound 2.18 at 10 µM. 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

Cancer 
Cell line 

GI50 
value 

CCRF-CEM 96.041 HCC-2998 88.712 SK-MEL-2 119.147 RXF 393 98.872 
HL-60(TB) 90.402 HCT-116 99.719 SK-MEL-28 115.127 SN12C 85.19 

K-562 95.919 HCT-15 93.881 SK-MEL-5 95.246 TK-10 103.961 
MOLT-4 91.296 HT29 100.228 UACC-257 103.326 UO-31 81.722 

RPMI-8226 105.589 KM12 96.292 UACC-62 86.404 PC-3 95.455 
SR 49.67 SW-620 94.332 IGROV1 83.985 DU-145 100.926 

A549/ATCC 95.699 SF-268 87.739 OVCAR-3 105.539 MCF7 81.697 

EKVX 94.995 SF-295 101.25 OVCAR-4 107.948 MDA-MB-
231/ATCC 102.928 

HOP-62 99.213 SF-539 88.463 OVCAR-5 103.633 HS 578T 95.428 
HOP-92 99.824 SNB-19 94.536 OVCAR-8 92.859 BT-549 91.997 

NCI-H226 90.919 SNB-75 79.8 NCI/ADR-
RES 93.898 T-47D 100.495 

NCI-H23 96.066 U251 95.169 SK-OV-3 100.873 MDA-MB-
468 87.74 

NCI-H322M 99.706 LOX IMVI 77.589 786-0 104.593 
NCI-H460 92.362 MALME-3M 94.04 A498 96.381 
NCI-H522 93.632 M14 102.861 ACHN 89.09 

COLO 205 110.671 MDA-MB-
435 103.31 CAKI-1 77.796 
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Figure A.8: Geometry optimized structure of 2.11. 
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Table A.7: Calculated coordinates for compound 2.11. 

 Coordinates  
Atom Element X Y Z 
1 C -5.64704 -0.26964 1.444168 
2 H -4.936072 0.401895 1.953462 
3 H -6.105503 -0.922274 2.214987 
4 C -4.891108 -1.164514 0.510719 
5 O -3.554596 -0.865732 0.498086 
6 O -5.376142 -2.075647 -0.183606 
7 C -2.729201 -1.683757 -0.3905 
8 H -2.863187 -2.751202 -0.123157 
9 H -3.094395 -1.559513 -1.42981 
10 C -1.303003 -1.228837 -0.231112 
11 H -0.98701 -1.337489 0.823866 
12 H -1.228143 -0.150779 -0.473302 
13 C -0.366178 -2.028213 -1.138347 
14 H -0.428201 -3.103443 -0.874889 
15 H -0.727686 -1.941035 -2.18501 
16 C 1.055552 -1.560495 -1.037868 
17 C 2.048209 -2.33631 -0.420811 
18 C 1.434967 -0.297126 -1.519517 
19 C 3.364378 -1.885891 -0.293685 
20 H 1.778225 -3.318447 -0.009295 
21 C 2.746106 0.166997 -1.410887 
22 H 0.682309 0.34134 -2.003583 
23 C 3.750323 -0.628914 -0.808714 
24 H 4.082677 -2.504521 0.255934 
25 H 2.992243 1.154774 -1.819649 
26 N 5.067402 -0.169815 -0.73727 
27 C 5.369093 1.220903 -0.993267 
28 H 6.464781 1.344874 -1.093852 
29 H 4.93298 1.572435 -1.951104 
30 C 6.169164 -1.01293 -0.347842 
31 H 6.987929 -0.932117 -1.100604 
32 H 5.848878 -2.068719 -0.354155 
33 C 4.865315 2.093972 0.142895 
34 H 5.36169 1.866764 1.100105 
35 H 3.773394 2.010889 0.263781 
36 C 6.785473 -0.667455 0.990868 
37 H 7.143833 0.375779 1.026063 
38 H 7.608237 -1.354532 1.247354 
39 Cl 5.224907 3.873149 -0.254789 
40 Cl 5.521941 -0.815795 2.341698 
41 C -6.732168 0.520602 0.753743 
42 C -7.612283 -0.093669 -0.153881 
43 C -6.885608 1.886196 1.03964 
44 C -8.631617 0.65085 -0.759364 
45 H -7.471335 -1.157257 -0.388854 
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46 C -7.908468 2.630243 0.436363 
47 H -6.19438 2.371691 1.741636 
48 C -8.78632 2.013367 -0.464965 
49 H -9.3124 0.163466 -1.467623 
50 H -8.017603 3.696399 0.668342 
51 H -9.587074 2.593478 -0.938858 

 

 

 
Table A.8: Calculated coordinates for compound 2.12. 

 Coordinates  
Atom Element X Y Z 
1 C -4.547162 2.530668 -1.2057 
2 C -3.522811 2.184038 -0.253211 
3 C -3.128744 0.819701 -0.496157 
4 C -3.913787 0.319009 -1.59966 
5 C -4.787693 1.378962 -2.039498 
6 H -3.129281 2.834125 0.529855 
7 H -2.399139 0.25201 0.086846 
8 H -3.885907 -0.697727 -1.999008 
9 H -5.519675 1.312046 -2.845773 
10 Fe -5.107071 0.933746 -0.096004 
11 C -6.324643 -0.636612 0.267179 
12 C -5.442561 -0.399653 1.383354 
13 C -7.087857 0.561763 0.037104 
14 H -6.351509 -1.563847 -0.308843 
15 C -5.662902 0.950892 1.841145 
16 C -6.679956 1.545995 1.009999 
17 H -7.828212 0.707097 -0.750888 

Figure A.9: Geometry optimized structure of 2.12. 
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18 H -5.135343 1.434889 2.665673 
19 H -7.05939 2.565517 1.093352 
20 C -4.478728 -1.388392 1.959228 
21 H -3.757478 -0.893359 2.630948 
22 H -5.026979 -2.154641 2.544216 
23 C -3.73502 -2.081152 0.858003 
24 O -2.385041 -1.841197 0.926889 
25 O -4.240503 -2.764185 -0.048613 
26 C -1.589772 -2.355249 -0.187874 
27 H -1.606995 -3.46258 -0.16454 
28 H -2.066206 -2.036812 -1.138565 
29 C -0.198384 -1.7987 -0.042333 
30 H 0.242018 -2.116324 0.921823 
31 H -0.246575 -0.691169 -0.018348 
32 C 0.700414 -2.243605 -1.196418 
33 H 0.777604 -3.349604 -1.199954 
34 H 0.211706 -1.959377 -2.15278 
35 C 2.070453 -1.637777 -1.112695 
36 C 3.208626 -2.41268 -0.845218 
37 C 2.25487 -0.253018 -1.257531 
38 C 4.479252 -1.843082 -0.732921 
39 H 3.094643 -3.495698 -0.700695 
40 C 3.516502 0.333644 -1.157761 
41 H 1.38496 0.386708 -1.464893 
42 C 4.666048 -0.454525 -0.90901 
43 H 5.322864 -2.485131 -0.45574 
44 H 3.606961 1.418105 -1.296039 
45 N 5.928724 0.138774 -0.843186 
46 C 6.054235 1.573703 -0.716046 
47 H 7.109354 1.864549 -0.883791 
48 H 5.462869 2.114011 -1.483855 
49 C 7.150727 -0.624684 -0.82781 
50 H 7.848541 -0.2313 -1.60362 
51 H 6.938207 -1.670659 -1.107456 
52 C 5.62095 2.025675 0.667738 
53 H 6.257191 1.608012 1.464673 
54 H 4.567049 1.772167 0.864791 
55 C 7.904986 -0.582832 0.483911 
56 H 8.157499 0.448519 0.784888 
57 H 8.820104 -1.195882 0.44461 
58 Cl 5.753335 3.876208 0.770566 
59 Cl 6.858461 -1.269205 1.854172 
60 H -5.064561 3.489029 -1.272149 
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Table A.9: Calculated coordinates for compound 2.13. 

 Coordinates  
Atom Element X Y Z 
1 C -0.156164 1.999511 -1.049808 
2 H -0.453468 1.664562 -2.060045 
3 C -0.358826 1.074116 1.210344 
4 H -0.367139 2.160393 1.41128 
5 H -1.254899 0.616274 1.667897 
6 H -0.844406 2.807193 -0.717494 
7 O -0.424012 0.823903 -0.208224 
8 C 2.109077 0.767921 1.809551 
9 C 2.757839 -0.328594 2.371697 
10 H 2.480935 1.722368 1.436636 
11 N 0.783672 0.427859 1.794545 
12 N 0.600722 -0.848273 2.320377 
13 N 1.803736 -1.290844 2.66813 
14 C 4.201334 -0.630699 2.545735 
15 H 4.353054 -1.138507 3.515237 
16 H 4.795809 0.30302 2.561075 
17 C 4.67549 -1.543656 1.404325 
18 H 3.97071 -2.393975 1.329534 
19 H 5.671096 -1.9682 1.631508 
20 C 4.695605 -0.772077 0.085541 
21 H 3.891518 -0.008107 0.117623 
22 H 5.640751 -0.200687 0.001327 
23 N 4.53422 -1.56459 -1.118838 
24 H 5.353514 -1.796296 -1.690272 
25 C 2.12589 -1.919998 -0.73386 
26 C 3.355929 -2.099488 -1.589347 
27 O 3.339201 -2.738263 -2.674981 

Figure A.10: Geometry optimized structure of 2.13. 
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28 H 2.186047 -2.65251 0.10209 
29 H 2.11749 -0.925251 -0.241233 
30 C 0.824968 -2.13693 -1.490895 
31 H 0.576559 -1.215889 -2.062948 
32 H 0.975714 -2.937839 -2.240421 
33 C -0.310925 -2.440537 -0.522614 
34 H -0.219631 -3.485006 -0.156339 
35 H -0.186457 -1.804189 0.379933 
36 C -1.709186 -2.195368 -1.077146 
37 H -1.68102 -1.254339 -1.66835 
38 H -2.007909 -2.993339 -1.787623 
39 C -2.720563 -2.072995 0.061671 
40 H -2.815089 -3.047884 0.579817 
41 H -2.312402 -1.368112 0.8169 
42 C -4.092 -1.577002 -0.351503 
43 C -4.064438 -0.226665 -1.092706 
44 H -4.61593 -2.322411 -0.983011 
45 C -6.279897 -0.251445 0.112761 
46 C -5.374934 0.587405 -0.789991 
47 H -3.96202 -0.428154 -2.178027 
48 H -6.924145 -0.914645 -0.493081 
49 H -6.91273 0.372793 0.765198 
50 H -5.917074 0.835202 -1.725356 
51 S -5.156252 -1.285971 1.168679 
52 N -3.020335 0.656057 -0.630822 
53 H -1.996328 0.451774 -0.587191 
54 N -4.859794 1.788029 -0.157545 
55 H -5.433657 2.546309 0.204938 
56 C -3.483238 1.808578 -0.050869 
57 O -2.774767 2.719427 0.461079 
58 C 1.284311 2.379846 -0.994076 
59 C 2.250451 1.550105 -1.590408 
60 C 1.696717 3.528511 -0.300332 
61 C 3.610334 1.862322 -1.491807 
62 H 1.925875 0.649467 -2.132587 
63 C 3.060217 3.843303 -0.19575 
64 H 0.939261 4.183836 0.151115 
65 C 4.018276 3.008853 -0.790181 
66 H 4.350797 1.206003 -1.967123 
67 H 3.375027 4.745971 0.34081 
68 H 5.083669 3.257406 -0.716612 
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Table A.10: Calculated coordinates for compound 2.14. 

 Coordinates  
Atom Element X Y Z 
1 C 0.172345 2.184287 -0.139223 
2 C -0.615534 2.884579 0.853802 
3 C -1.034963 4.141474 0.294169 
4 C -0.513524 4.233659 -1.046899 
5 C 0.224261 3.026517 -1.321935 
6 H -0.820374 2.522554 1.862684 
7 H -1.596511 4.917279 0.814813 
8 H -0.640793 5.075032 -1.728504 
9 H 0.774764 2.804412 -2.238992 
10 Fe 1.006297 3.945312 0.278655 
11 C 2.211738 5.550143 0.125176 
12 C 1.771658 5.281066 1.473422 
13 C 2.91263 4.369039 -0.32697 
14 H 2.02121 6.453278 -0.455567 
15 C 2.231834 3.971043 1.874268 
16 C 2.928539 3.397423 0.742549 
17 H 3.328686 4.204293 -1.323219 
18 H 2.054023 3.486874 2.835407 
19 H 3.34926 2.384832 0.658151 
20 C 0.924768 0.935617 0.077977 
21 H 1.088306 0.759502 1.15678 
22 C -0.188029 -0.288371 -1.734648 
23 H 0.313154 0.528286 -2.28871 
24 H 0.048392 -1.264803 -2.196508 
25 H 1.930974 0.961514 -0.394654 
26 O 0.250522 -0.306363 -0.371432 
27 C -2.471666 0.835849 -1.452509 
28 C -3.746292 0.342211 -1.712255 

Figure A.11: Geometry optimized structure of 2.14. 
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29 H -2.12471 1.778434 -1.031804 
30 N -1.619856 -0.16401 -1.837108 
31 N -2.331728 -1.257917 -2.320766 
32 N -3.616265 -0.933344 -2.242347 
33 C -5.096223 0.906466 -1.452401 
34 H -5.667757 0.948678 -2.398342 
35 H -5.010514 1.944593 -1.076898 
36 C -5.843522 0.025959 -0.443623 
37 H -5.741803 -1.027178 -0.769924 
38 H -6.92399 0.262255 -0.443394 
39 C -5.258308 0.177862 0.963044 
40 H -4.173568 0.39192 0.863962 
41 H -5.700197 1.061713 1.461819 
42 N -5.432342 -0.976492 1.820893 
43 H -6.229744 -1.016797 2.463995 
44 C -3.481279 -2.120692 0.867644 
45 C -4.641755 -2.102795 1.826823 
46 O -4.897335 -3.059917 2.60427 
47 H -3.868113 -2.260346 -0.166987 
48 H -2.973753 -1.131807 0.845707 
49 C -2.45762 -3.195703 1.187732 
50 H -2.046084 -3.017885 2.20279 
51 H -2.956078 -4.182083 1.237832 
52 C -1.339928 -3.17046 0.156313 
53 H -1.711703 -3.54407 -0.820608 
54 H -1.050703 -2.112556 -0.018701 
55 C -0.080515 -3.915042 0.568478 
56 H 0.312208 -3.44347 1.495504 
57 H -0.312254 -4.966767 0.834274 
58 C 0.977667 -3.868251 -0.535449 
59 H 0.739618 -4.618573 -1.314112 
60 H 0.937091 -2.880444 -1.043186 
61 C 2.382047 -4.083713 -0.017099 
62 C 2.882287 -2.974521 0.915417 
63 H 2.449083 -5.050596 0.524137 
64 C 4.957156 -4.025844 -0.070374 
65 C 4.448061 -3.016562 0.967704 
66 H 2.443611 -3.129773 1.922397 
67 H 5.088437 -5.023307 0.387356 
68 H 5.907524 -3.703281 -0.52624 
69 H 4.804139 -3.312427 1.97388 
70 S 3.653438 -4.142479 -1.39331 
71 N 2.600234 -1.633851 0.434509 
72 H 1.654485 -1.305833 0.149796 
73 N 4.801758 -1.643278 0.673372 
74 H 5.751186 -1.277236 0.645267 
75 C 3.72833 -0.858685 0.309217 
76 O 3.798836 0.352813 -0.039619 
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Table A.11: Calculated coordinates for compound 2.17. 

 Coordinates  
Atom Element X Y Z 
1 C -3.87848 -0.521506 -2.246601 
2 H -4.939345 -0.850539 -2.349317 
3 C -3.279453 1.843521 -1.851372 
4 H -3.422515 1.968047 -2.943922 
5 H -3.713008 2.700476 -1.307149 
6 H -3.526891 -0.223086 -3.257402 
7 O -3.965488 0.681706 -1.400358 
8 C -0.811104 1.217516 -2.136706 
9 C 0.308918 1.599722 -1.405504 
10 H -0.91949 0.546348 -2.984955 
11 N -1.865915 1.863329 -1.550263 
12 N -1.426089 2.633205 -0.475369 
13 N -0.112192 2.460288 -0.400722 
14 C 1.737414 1.204552 -1.512413 
15 H 2.357664 2.122241 -1.573538 
16 H 1.90384 0.637358 -2.449407 
17 C 2.148258 0.355228 -0.302355 
18 H 1.845595 0.891084 0.618299 
19 H 3.249647 0.227673 -0.26352 
20 C 1.461552 -1.008094 -0.365148 
21 H 0.477445 -0.890355 -0.867669 
22 H 2.035579 -1.698275 -1.018077 
23 N 1.239564 -1.670916 0.90369 
24 H 1.879764 -2.415764 1.210175 
25 C -0.723551 -0.291022 1.395494 
26 C 0.160954 -1.459721 1.724103 
27 O -0.065241 -2.241694 2.692948 
28 H -0.13245 0.64987 1.379245 
29 H -1.101377 -0.410658 0.354003 

Figure A.12: Geometry optimized structure of 2.17. 

 

Figure A.12: Geometry optimized structure of 2.17. 
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30 C -1.912474 -0.160632 2.327609 
31 H -2.442254 -1.134736 2.366111 
32 H -1.569526 0.02985 3.362756 
33 C -2.853691 0.924945 1.831681 
34 H -2.407466 1.930358 1.974894 
35 H -2.965488 0.810165 0.731976 
36 C -4.249516 0.860973 2.428195 
37 H -4.65458 -0.155589 2.227457 
38 H -4.218363 0.963323 3.532034 
39 C -5.168151 1.920037 1.813774 
40 H -5.009936 2.896552 2.310448 
41 H -4.883749 2.072757 0.750199 
42 C -6.63223 1.537453 1.869004 
43 C -6.949398 0.228681 1.143228 
44 H -6.97501 1.45016 2.920561 
45 C -9.101057 1.556272 1.074531 
46 C -8.474173 0.183695 0.785583 
47 H -6.678658 -0.619525 1.806134 
48 H -9.563554 1.571179 2.078148 
49 H -9.854851 1.827553 0.317288 
50 H -8.994932 -0.587832 1.385954 
51 S -7.725348 2.811549 1.032637 
52 N -6.299295 0.104618 -0.146509 
53 H -5.334626 0.419012 -0.386715 
54 N -8.449199 -0.177074 -0.616739 
55 H -9.268609 -0.381607 -1.184407 
56 C -7.182029 -0.15919 -1.168044 
57 O -6.893866 -0.370451 -2.374523 
58 C -0.29625 -4.31998 0.343129 
59 H -0.245035 -4.016143 1.414405 
60 H -0.717617 -5.348723 0.346395 
61 C 1.106888 -4.422076 -0.154493 
62 O 1.937979 -4.876983 0.847562 
63 O 1.547022 -4.168933 -1.293737 
64 C 3.354076 -4.987658 0.489325 
65 H 3.783473 -5.670822 1.240503 
66 H 3.437365 -5.426951 -0.524896 
67 C 3.990127 -3.615535 0.516295 
68 H 3.922122 -3.180771 1.53425 
69 H 3.421044 -2.960223 -0.174387 
70 C 5.446946 -3.604241 0.054984 
71 H 6.082958 -4.156225 0.774479 
72 H 5.514115 -4.142423 -0.913836 
73 C 5.928406 -2.19005 -0.094844 
74 C 6.846676 -1.611507 0.79335 
75 C 5.388496 -1.361881 -1.0925 
76 C 7.215828 -0.267455 0.698664 
77 H 7.26733 -2.22472 1.601733 
78 C 5.749483 -0.019429 -1.208057 
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79 H 4.665726 -1.783379 -1.807396 
80 C 6.685635 0.558973 -0.316722 
81 H 7.88161 0.1512 1.461561 
82 H 5.310498 0.578279 -2.017086 
83 N 7.052374 1.898501 -0.451722 
84 C 6.266804 2.78628 -1.279545 
85 H 6.818127 3.736002 -1.420356 
86 H 6.105503 2.37358 -2.296855 
87 C 8.156585 2.483816 0.266863 
88 H 8.820839 3.026643 -0.445151 
89 H 8.772546 1.685169 0.714208 
90 C 4.923785 3.075432 -0.631558 
91 H 5.018828 3.624969 0.318476 
92 H 4.339329 2.15371 -0.46564 
93 C 7.756989 3.485234 1.329381 
94 H 7.162892 4.317398 0.914013 
95 H 8.63642 3.88347 1.861072 
96 Cl 3.922181 4.139174 -1.782589 
97 Cl 6.678688 2.677174 2.604096 
98 C -2.972638 -1.533963 -1.62822 
99 C -1.87479 -2.056152 -2.326185 
100 C -3.205531 -1.978809 -0.314523 
101 C -1.002777 -2.973976 -1.726359 
102 H -1.699023 -1.743901 -3.366583 
103 C -2.331474 -2.883731 0.290991 
104 H -4.07188 -1.584559 0.237619 
105 C -1.208848 -3.382494 -0.397182 
106 H -0.131687 -3.362104 -2.266457 
107 H -2.492766 -3.190401 1.333688 

 

  



223 

 

 

 

 

 

 

 
 
 
 
 
 

 
Table A.12: Calculated coordinates for compound 2.18. 

 Coordinates  
Atom Element X Y Z 
1 C 0.852235 1.937285 -0.3779 
2 C -0.24281 2.415895 0.436714 
3 C -0.65968 3.69507 -0.07533 
4 C 0.165745 4.014469 -1.2154 
5 C 1.097728 2.9309 -1.4062 
6 H -0.64873 1.909579 1.316167 
7 H -1.44381 4.325851 0.347887 
8 H 0.12186 4.940625 -1.79063 
9 H 1.883667 2.878209 -2.16381 
10 Fe 1.296317 3.711399 0.429331 
11 C 2.248812 5.457381 0.692024 
12 C 1.435182 5.147417 1.84161 
13 C 3.192979 4.380229 0.512156 
14 C 1.866898 3.8754 2.363848 
15 C 2.956694 3.403526 1.54491 
16 H 3.938252 4.31463 -0.28301 
17 H 1.430362 3.351415 3.215464 
18 H 3.494834 2.462272 1.67009 
19 C 1.605397 0.677798 -0.19816 
20 H 1.65248 0.376942 0.863573 
21 C 0.704077 -0.33559 -2.26643 
22 H 1.274021 0.509847 -2.69272 
23 H 1.032993 -1.28328 -2.75064 
24 H 2.637236 0.776338 -0.5926 
25 O 0.968348 -0.47694 -0.85752 
26 C -1.41553 1.039426 -2.57499 
27 C -2.74434 0.646834 -2.71881 

Figure A.13: Geometry optimized structure of 2.18. 

 

Figure A.13: Geometry optimized structure of 2.18. 
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28 H -0.94688 2.022308 -2.52224 
29 N -0.70069 -0.12303 -2.50364 
30 N -1.54039 -1.22077 -2.58852 
31 N -2.77988 -0.73953 -2.72028 
32 C -3.98694 1.459259 -2.76819 
33 H -4.72591 0.955399 -3.417 
34 H -3.77883 2.449344 -3.21577 
35 C -4.58224 1.641596 -1.36399 
36 H -4.67233 0.646692 -0.88715 
37 H -5.60403 2.056437 -1.4362 
38 C -3.69467 2.547864 -0.51462 
39 H -2.6332 2.388363 -0.79658 
40 H -3.90971 3.606717 -0.74887 
41 N -3.82735 2.373332 0.923505 
42 H -4.29609 3.106476 1.467567 
43 C -2.73279 0.177532 0.887407 
44 C -3.35514 1.319249 1.648644 
45 O -3.47201 1.297179 2.913199 
46 H -3.56057 -0.48958 0.559378 
47 H -2.25664 0.536296 -0.04762 
48 C -1.74384 -0.64786 1.691559 
49 H -0.80377 -0.07422 1.842981 
50 H -2.15503 -0.84072 2.701246 
51 C -1.42532 -1.94446 0.964654 
52 H -2.30906 -2.61758 1.005975 
53 H -1.25057 -1.72389 -0.11159 
54 C -0.20205 -2.67485 1.492867 
55 H 0.680257 -2.00849 1.374442 
56 H -0.29892 -2.87236 2.580347 
57 C 0.004301 -3.97876 0.729536 
58 H -0.79159 -4.69618 1.014016 
59 H -0.11657 -3.77592 -0.35509 
60 C 1.36371 -4.60986 0.932738 
61 C 2.534969 -3.75101 0.396357 
62 H 1.547084 -4.83716 2.000596 
63 C 3.303237 -6.12809 0.060938 
64 C 3.632971 -4.67322 -0.24021 
65 H 2.948872 -3.16322 1.236168 
66 H 3.656474 -6.40194 1.070105 
67 H 3.736287 -6.82056 -0.67856 
68 H 4.641593 -4.4372 0.152978 
69 S 1.450245 -6.24642 0.006784 
70 N 2.157901 -2.885 -0.70304 
71 H 1.629111 -1.98286 -0.61699 
72 N 3.536095 -4.33472 -1.65119 
73 H 4.084584 -4.78365 -2.38345 
74 C 2.700842 -3.27169 -1.89786 
75 O 2.480111 -2.73044 -3.02548 
76 C 2.177047 6.678828 -0.13758 
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77 H 2.748347 7.504781 0.333483 
78 H 2.592523 6.495374 -1.14795 
79 O 0.771433 7.070612 -0.24665 
80 C 0.428496 8.297384 -0.76643 
81 O -0.78242 8.564364 -0.85622 
82 C 1.536658 9.21576 -1.17933 
83 H 2.147369 9.469216 -0.2854 
84 H 2.230641 8.678935 -1.85981 
85 C 1.023344 10.48504 -1.83075 
86 H 0.420638 10.23407 -2.72479 
87 H 0.339626 11.00934 -1.13497 
88 C 2.168955 11.41742 -2.22364 
89 H 2.779593 11.62015 -1.31886 
90 H 2.831142 10.89732 -2.94459 
91 C 1.672195 12.70283 -2.81522 
92 C 1.745163 12.96361 -4.19306 
93 C 1.064418 13.68019 -2.00692 
94 C 1.238847 14.14277 -4.74904 
95 H 2.210173 12.2195 -4.85388 
96 C 0.554904 14.86554 -2.54044 
97 H 0.991426 13.50953 -0.92369 
98 C 0.64003 15.1298 -3.93 
99 H 1.324542 14.29272 -5.83191 
100 H 0.097372 15.59485 -1.86125 
101 N 0.16794 16.32694 -4.46678 
102 C 0.233498 16.56602 -5.89333 
103 H 1.212142 16.24376 -6.30185 
104 H 0.151883 17.65047 -6.08758 
105 C -0.47624 17.30743 -3.61788 
106 H 0.08225 17.43556 -2.66905 
107 H -0.46975 18.28983 -4.12317 
108 C -1.90793 16.89995 -3.31539 
109 H -2.55715 16.94535 -4.20313 
110 H -1.96471 15.90516 -2.84563 
111 C -0.88577 15.83397 -6.61346 
112 H -0.86907 14.75115 -6.41145 
113 H -1.87834 16.25403 -6.38925 
114 Cl -0.65197 16.01947 -8.45677 
115 Cl -2.63665 18.09616 -2.08064 
116 1 0.612146 5.759608 2.213527 
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Appendix B. Supplementary Material for Chapter 3 

X-ray Crystal Structure Data 

B1: Table of crystal data and details of data collection and refinement. 

 3.1 3.9 
Empirical formula C17H20FeN2O C57H56FeCl4N3O2P2RuS 
M (g mol-1) 324.20 1207.817 
Space Group Monoclinic C 2/c Triclinic P 1 
a (Å) 38.5051 (15) 10.158 (2) 
b (Å) 7.7116 (3) 13.870 (3) 
c (Å) 10.4632 (4) 21.178 (5) 
Α (deg) 90 99.399 (11) 
Β (deg) 100.097 96.494 (9) 
γ (deg) 90 91.458 (9) 
V (Å3) 3058.8 (2) 2921.8 (11) 
Z 8 5 
ρcalc (g cm-3) 1.408 1.372 
µ (mm-1) 7.896 6.946 
λ (Å) 1.54178 1.54178 
T (K) 299 296 
Goodness of fit 1.140 1.288 
R1 0.0503 0.0668 
WR2 0.1346 0.1938 
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Aqueous Cyclic Voltammetry 

  

Figure B.2: Cyclic voltammogram of ferrocene in a solution of 1% DMSO and PBS.  
Scan rate of 25 mV/s, T = 25 °C. This sample is used as an external 
reference to calibrate the instrument. All other data was calibrated 
based around this number. 



228 

Differential Pulse Voltammetry 

 

 

 

 

 

Figure B.3: DPV of ferricyanide in a solution of 1% DMSO and PBS.  Scan rate of 
25 mV/s, T = 25 °C. This sample is used as an external reference to 
calibrate the instrument. All other data was calibrated based around 
this number. 

 

Figure A.15: DPV of ferricyanide in a solution of 1% DMSO and PBS.  Scan rate of 
25 mV/s, T = 25 °C. This sample is used as an external reference to 
calibrate the instrument. All other data was calibrated based around 
this number. 

E1/2 (F+/0) = 436 mV 

 

E1/2 (F+/0) = 436 mV 
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Figure B.4: DPV of 3.4 in a solution of 1% DMSO and PBS.  Scan rate of 25 mV/s, T 
= 25° C. 

  

Figure B.5: DPV of 3.5 in a solution of 1% DMSO and PBS.  Scan rate of 25 mV/s, T = 
25 °C. 
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Figure B.6: DPV of 3.6 in a solution of 1% DMSO and PBS.  Scan rate of 25 
mV/s, T =  25 °C. 

 

DFT Calculations 

 

 

 

 

 

 

 

 

 

 

Figure B.7: Geometry optimized structure of 3.1. 

 

Figure A.19: Geometry optimized structure of 3.1. 
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Table A.14: Calculated coordinates for compound 3.1. 

 Coordinates  
Atom Element X Y Z 
1 C -1.459163 -1.167781 0.005731 
2 C -0.174415 -1.210038 0.658336 
3 C 0.733891 -1.969473 -0.171639 
4 C 0.003156 -2.381905 -1.34729 
5 C -1.348742 -1.894426 -1.237615 
6 H 0.075399 -0.773972 1.628302 
7 H 0.411264 -2.985134 -2.16121 
8 H -2.15213 -2.06205 -1.956792 
9 Fe -0.867087 -3.07191 0.333164 
10 C -0.810637 -5.08168 0.154328 
11 C -0.081847 -4.643636 1.32064 
12 C -2.17101 -4.615157 0.277474 
13 H -0.39922 -5.646565 -0.683858 
14 C -0.992901 -3.909547 2.166234 
15 C -2.283589 -3.891176 1.521033 
16 H -2.969637 -4.767934 -0.450324 
17 H -0.743049 -3.432978 3.11565 
18 H -3.182276 -3.400391 1.898261 
19 H 0.978351 -4.816142 1.517278 
20 H -2.36021 -0.688369 0.391705 
21 C 2.162906 -2.251529 0.12661 
22 H 2.447223 -3.243924 -0.279838 
23 H 2.30227 -2.31069 1.23639 
24 N 3.03216 -1.246744 -0.484934 
25 H 2.712273 -0.288936 -0.276756 
26 C 4.440336 -1.440792 -0.205445 
27 H 4.697079 -1.332899 0.879453 
28 H 4.696096 -2.492716 -0.457635 
29 C 5.326927 -0.529858 -1.000158 
30 C 4.84123 0.189447 -2.103285 
31 C 6.682511 -0.371125 -0.664194 
32 C 5.71441 1.017488 -2.820352 
33 H 3.78896 0.085439 -2.390884 
34 C 7.486425 0.473011 -1.43699 
35 H 7.112456 -0.899095 0.195842 
36 N 7.022231 1.166776 -2.505082 
37 H 5.354904 1.588301 -3.685719 
38 H 8.547289 0.608055 -1.1928 
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Table A.15: Calculated coordinates for compound 3.4. 

 Coordinates  
Atom Element X Y Z 
1 C -0.280084 -3.400356 -2.173211 
2 C 0.228928 -2.076726 -1.917899 
3 C 1.488591 -2.203623 -1.223063 
4 C 1.76363 -3.614587 -1.068366 
5 C 0.66995 -4.352254 -1.646996 
6 H -0.261816 -1.134585 -2.173908 
7 H 2.640239 -4.033169 -0.565455 
8 H 0.567764 -5.438271 -1.66664 
9 Fe 0.02476 -3.100931 -0.195619 
10 C 0.266273 -3.559945 1.756781 
11 C 0.009614 -2.150333 1.58395 
12 C -0.843714 -4.287821 1.191221 
13 H 1.154377 -3.998123 2.215127 
14 C -1.260558 -2.006974 0.914211 
15 C -1.787293 -3.328132 0.670244 
16 H -0.943345 -5.373584 1.14849 
17 H -1.729761 -1.065497 0.623858 
18 H -2.725847 -3.560994 0.1647 
19 H 0.668987 -1.335973 1.89124 
20 H -1.22714 -3.640901 -2.658591 
21 C 2.364725 -1.089099 -0.763683 
22 H 2.928597 -1.408341 0.137715 
23 H 1.760244 -0.214798 -0.472057 
24 N 3.327754 -0.691194 -1.788896 
25 C 4.280191 -1.705899 -2.20243 
26 H 3.749224 -2.57042 -2.649121 
27 H 4.892679 -1.235732 -3.000767 
28 C 5.153283 -2.171704 -1.077953 
29 C 5.56573 -3.509139 -0.982435 
30 C 5.600091 -1.276549 -0.092256 

Figure B.8: Geometry optimized structure of 3.4. 

 

 

Figure A.20: Geometry optimized structure of 3.4. 
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31 C 6.412962 -3.891039 0.065546 
32 H 5.23371 -4.251392 -1.719024 
33 C 6.443916 -1.74118 0.922036 
34 H 5.289821 -0.224075 -0.121162 
35 N 6.853791 -3.029386 1.011615 
36 H 6.749581 -4.930773 0.158796 
37 H 6.809685 -1.059576 1.699681 
38 C 3.317529 0.512847 -2.443196 
39 O 4.170903 0.764815 -3.347668 
40 C 2.261446 1.516643 -2.053442 
41 H 1.254543 1.063692 -2.178385 
42 H 2.349803 1.756838 -0.972795 
43 C 2.350912 2.794209 -2.867101 
44 H 3.345946 3.258637 -2.720146 
45 H 2.288182 2.550072 -3.945785 
46 C 1.258475 3.784121 -2.495472 
47 H 0.262386 3.319283 -2.659069 
48 H 1.316657 4.015493 -1.409919 
49 C 1.34789 5.075814 -3.292482 
50 H 1.292884 4.846553 -4.379539 
51 H 2.339167 5.548309 -3.122638 
52 C 0.247901 6.063915 -2.942717 
53 H -0.742751 5.591437 -3.101304 
54 H 0.306852 6.31755 -1.861688 
55 C 0.353114 7.347485 -3.731982 
56 C -0.730962 8.377439 -3.500346 
57 H 1.363305 7.782861 -3.631205 
58 C -1.577077 7.895274 -5.702178 
59 C -1.972237 7.88351 -4.249662 
60 H -1.471122 8.91707 -6.101135 
61 C -2.629411 9.059337 -2.363819 
62 H -0.406309 9.326885 -3.990245 
63 H -2.16884 6.827323 -3.952223 
64 S 0.128248 7.051574 -5.624377 
65 N -1.3043 8.660607 -2.195889 
66 H -0.766122 9.006057 -1.399465 
67 N -2.983167 8.757368 -3.678049 
68 H -3.968523 8.737184 -3.946742 
69 O -3.365846 9.590169 -1.495824 
70 H -2.219225 7.281117 -6.350487 
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Table A. 16: Calculated coordinates for compound 3.5. 

 Coordinates  
Atom Element X Y Z 
1 C 1.236329 -4.363258 -1.319525 
2 C 1.200008 -2.934254 -1.499193 
3 C 2.386787 -2.374454 -0.896091 
4 C 3.165538 -3.46855 -0.360241 
5 C 2.452275 -4.693631 -0.614115 
6 H 0.403334 -2.363921 -1.982397 
7 H 4.116477 -3.363045 0.169456 
8 H 2.765625 -5.693114 -0.309142 
9 Fe 1.328253 -3.398347 0.456605 
10 C 1.645745 -3.143143 2.4355 
11 C 0.886411 -2.045156 1.887629 
12 C 0.913085 -4.360452 2.184754 
13 H 2.614046 -3.067797 2.932959 
14 C -0.316766 -2.583352 1.300507 
15 C -0.299577 -4.014733 1.482866 
16 H 1.229587 -5.367698 2.460177 
17 H -1.093133 -2.011198 0.789917 
18 H -1.060963 -4.714646 1.134968 
19 H 1.179024 -0.993238 1.902087 
20 H 0.468621 -5.069132 -1.639935 
21 C 2.762065 -0.933503 -0.84818 
22 H 3.418112 -0.74994 0.02851 
23 H 1.863961 -0.307776 -0.710815 
24 N 3.474321 -0.515867 -2.057716 
25 C 4.675617 -1.262955 -2.386754 
26 H 4.424087 -2.32663 -2.565538 
27 H 5.049111 -0.83646 -3.34097 
28 C 5.725436 -1.157023 -1.322033 
29 C 6.551873 -2.244942 -1.004788 
30 C 5.92408 0.043808 -0.62199 
31 C 7.544852 -2.087808 -0.029526 
32 H 6.42796 -3.209468 -1.512604 

Figure B.9: Geometry optimized structure of 3.5. 

 

Figure A.21: Geometry optimized structure of 3.5. 
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33 C 6.937836 0.114969 0.339553 
34 H 5.293287 0.917845 -0.829232 
35 N 7.745664 -0.929575 0.64127 
36 H 8.204184 -2.923884 0.23347 
37 H 7.115092 1.043496 0.895777 
38 C 3.067953 0.476305 -2.904158 
39 O 3.716765 0.781609 -3.941842 
40 C 1.789864 1.194351 -2.516569 
41 H 0.946309 0.47082 -2.45216 
42 H 1.905232 1.665238 -1.514608 
43 O 1.529941 2.183096 -3.51117 
44 C 0.393092 2.96026 -3.332815 
45 C 0.156304 3.919433 -4.330411 
46 C -0.48261 2.831062 -2.245446 
47 C -0.957171 4.75484 -4.252507 
48 C -1.599546 3.680972 -2.169381 
49 H -0.310377 2.09012 -1.456869 
50 C -1.290969 5.75425 -5.32459 
51 C -1.852592 4.633676 -3.156557 
52 C -1.795101 7.12078 -4.789287 
53 C -2.959798 5.645229 -3.136522 
54 C -2.246924 7.01317 -3.340814 
55 C -3.937808 5.633148 -1.95257 
56 C -3.180607 8.077282 -2.819787 
57 C -3.548386 6.561627 -0.799158 
58 C -3.233229 7.980711 -1.279526 
59 H -2.653062 6.15387 -0.288583 
60 H -2.280462 3.590606 -1.313227 
61 H 0.861161 3.995744 -5.167979 
62 H -0.432561 5.890939 -6.006987 
63 H -1.000689 7.885859 -4.873121 
64 H -4.935994 5.935414 -2.323348 
65 H -4.355778 6.59421 -0.039279 
66 H -4.069015 4.600873 -1.571707 
67 H -2.642825 7.46697 -5.41531 
68 H -2.102862 5.313883 -5.941193 
69 C -4.204866 9.099864 -0.984472 
70 C -3.023832 9.573517 -3.074154 
71 H -1.994249 9.917857 -2.862701 
72 H -3.259371 9.856286 -4.114506 
73 C -4.03259 10.158726 -2.065736 
74 H -5.022502 10.320042 -2.53705 
75 H -3.739255 11.128269 -1.622683 
76 O -5.006451 9.159986 -0.028722 
77 H -4.199876 7.817682 -3.196668 
78 C -1.928411 8.464765 -0.612761 
79 H -1.688596 9.523783 -0.819975 
80 H -2.018221 8.345778 0.482533 
81 H -1.074463 7.849501 -0.95287 
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82 H -1.334076 7.007778 -2.704969 
83 H -3.569935 5.495508 -4.059208 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table A.17: Calculated coordinates for compound 3.6. 

 Coordinates  
Atom Element X Y Z 
1 C 1.025431 -3.831083 -1.89063 
2 C 1.090451 -2.392295 -1.847838 
3 C 2.327917 -2.015035 -1.205782 
4 C 3.035232 -3.23074 -0.869868 
5 C 2.229347 -4.349902 -1.285043 
6 H 0.326611 -1.6997 -2.208671 
7 H 4.002293 -3.27528 -0.360902 
8 H 2.476093 -5.403797 -1.148392 
9 Fe 1.226087 -3.163007 0.008683 
10 C 1.605415 -3.225602 1.992181 
11 C 0.909619 -2.012492 1.63608 
12 C 0.786559 -4.343421 1.590067 
13 H 2.587651 -3.286344 2.463701 
14 C -0.34052 -2.380541 1.016488 
15 C -0.415937 -3.821241 0.986797 
16 H 1.040282 -5.398419 1.705215 
17 H -1.087883 -1.690862 0.620776 
18 H -1.23114 -4.412121 0.566088 
19 H 1.272799 -0.994866 1.793634 
20 H 0.201598 -4.424266 -2.290428 
21 C 2.806725 -0.627788 -0.946317 
22 H 3.462741 -0.625698 -0.049725 

Figure B.10: Geometry optimized structure of 3.6. 

 

Figure A.8: Geometry optimized structure of 3.6. 
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23 H 1.956832 0.039721 -0.728465 
24 N 3.559498 -0.086822 -2.077436 
25 C 4.712288 -0.855216 -2.511484 
26 H 4.396525 -1.862416 -2.847074 
27 H 5.120244 -0.313043 -3.390696 
28 C 5.757109 -0.97672 -1.444179 
29 C 6.511535 -2.149482 -1.291155 
30 C 6.024046 0.092079 -0.573278 
31 C 7.502886 -2.201453 -0.303064 
32 H 6.332819 -3.018323 -1.936829 
33 C 7.031153 -0.043576 0.388141 
34 H 5.449274 1.024152 -0.649591 
35 N 7.769499 -1.170201 0.532142 
36 H 8.106143 -3.10726 -0.166613 
37 H 7.260741 0.779442 1.075909 
38 C 3.236099 1.058628 -2.754911 
39 O 3.945052 1.459722 -3.728967 
40 C 2.023926 1.821158 -2.305894 
41 H 1.104642 1.210654 -2.366319 
42 H 2.12266 2.176879 -1.264116 
43 H 1.906115 2.695644 -2.962868 

 

 

 

 

 

 

 

 

 

 

 

 
Table A.18: Table of Coordinates and spin densities for compound 3.10. 

 Coordinates  Spin Density 
Atom Element X Y Z  
1 C 0.63438 -3.85465 -1.557473 0.00000 
2 C 0.985886 -2.457181 -1.563088 0.00000 
3 C 2.26278 -2.310455 -0.90473 0.00002 
4 C 2.706434 -3.628521 -0.509679 -0.00001 
5 C 1.699465 -4.579415 -0.904654 0.00000 

Figure B.11: Geometry optimized and depiction of spin density at an isovalue of 0.004 
for compound 3.10. 

 

 

Figure A.22: Geometry optimized and depiction of spin density at an isovalue of 0.004 
for compound 3.10. 
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6 H 0.383737 -1.640177 -1.967402 0.00000 
7 H 3.635041 -3.844559 0.026292 0.00000 
8 H 1.727374 -5.654968 -0.723899 0.00000 
9 Fe 0.932967 -3.167308 0.321316 0.00002 
10 C 1.262756 -3.233532 2.313012 0.00000 
11 C 0.82858 -1.919521 1.903868 0.00000 
12 C 0.243178 -4.17934 1.928679 0.00000 
13 H 2.206867 -3.472074 2.805503 0.00000 
14 C -0.460426 -2.052792 1.268928 0.00000 
15 C -0.821623 -3.44996 1.282881 0.00000 
16 H 0.280174 -5.25908 2.081868 0.00000 
17 H -1.04871 -1.242288 0.835446 0.00000 
18 H -1.731554 -3.881552 0.862746 0.00000 
19 H 1.386005 -0.990067 2.037127 0.00000 
20 H -0.284851 -4.286361 -1.956375 0.00000 
21 C 3.003649 -1.036648 -0.682427 -0.00006 
22 H 3.65359 -1.141798 0.212324 0.00001 
23 H 2.300826 -0.213016 -0.477169 0.00001 
24 N 3.836531 -0.68057 -1.830979 -0.00007 
25 C 4.803913 -1.675749 -2.258144 0.00024 
26 H 4.287161 -2.600608 -2.582252 -0.00006 
27 H 5.31231 -1.239775 -3.144601 -0.00029 
28 C 5.798762 -1.99759 -1.186986 -0.00482 
29 C 6.289749 -3.298496 -1.007533 0.00094 
30 C 6.279577 -0.997959 -0.326819 0.00082 
31 C 7.227898 -3.559477 -0.01161 -0.00508 
32 H 5.941739 -4.121522 -1.64273 -0.00009 
33 C 7.215426 -1.311987 0.652924 -0.00465 
34 H 5.919573 0.033936 -0.42058 -0.00008 
35 N 7.685261 -2.579964 0.815416 -0.00879 
36 H 7.634674 -4.558939 0.162249 0.00059 
37 H 7.616336 -0.563664 1.341713 0.00043 
38 C 3.739692 0.492279 -2.533389 0.00001 
39 O 4.498227 0.716136 -3.525855 -0.00009 
40 C 2.713714 1.501015 -2.081551 -0.00001 
41 H 1.702959 1.040999 -2.094089 0.00000 
42 H 2.904636 1.77672 -1.022665 0.00000 
43 C 2.714237 2.753962 -2.937665 0.00000 
44 H 3.732422 3.190178 -2.954234 0.00000 
45 H 2.48203 2.487574 -3.987621 0.00000 
46 C 1.718083 3.785286 -2.432018 0.00000 
47 H 0.697749 3.345282 -2.416208 0.00000 
48 H 1.957486 4.046787 -1.378511 0.00000 
49 C 1.707533 5.051129 -3.274178 0.00000 
50 H 1.439438 4.79883 -4.323788 0.00000 
51 H 2.731277 5.481945 -3.30788 0.00000 
52 C 0.73501 6.096037 -2.753559 0.00000 
53 H -0.284383 5.663044 -2.697833 0.00000 
54 H 1.015323 6.377227 -1.714923 0.00000 
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55 C 0.730268 7.350734 -3.594402 0.00000 
56 C -0.235249 8.440384 -3.182442 0.00000 
57 H 1.757521 7.736911 -3.720495 0.00000 
58 C -1.543856 7.938623 -5.140032 0.00000 
59 C -1.626248 7.988897 -3.637746 0.00000 
60 H -1.48096 8.941852 -5.591787 0.00000 
61 C -1.821356 9.251476 -1.703934 0.00000 
62 H 0.020764 9.357503 -3.765717 0.00000 
63 H -1.802567 6.953344 -3.264713 0.00000 
64 S 0.103352 7.014866 -5.386795 0.00000 
65 N -0.509535 8.790338 -1.799438 0.00000 
66 H 0.198427 9.129445 -1.145925 0.00000 
67 N -2.455477 8.929969 -2.903326 0.00000 
68 H -3.475221 8.951864 -2.959828 0.00000 
69 O -2.335903 9.84461 -0.723644 0.00000 
70 H -2.33291 7.338328 -5.616333 0.00000 
71 Ru 9.010805 -2.986028 2.247397 0.81222 
72 Cl 10.253807 -1.045091 1.650311 0.04901 
73 Cl 10.267707 -4.267841 0.704882 0.05798 
74 Cl 7.737939 -1.702492 3.77755 0.05631 
75 Cl 7.750806 -4.899066 2.814623 0.06189 
76 S 10.619461 -3.353896 3.892409 -0.00730 
77 O 10.571469 -4.631318 4.940524 -0.00461 
78 C 12.324838 -3.407897 3.149585 -0.00177 
79 H 12.444897 -2.492199 2.548113 0.00001 
80 H 13.035464 -3.46999 3.988262 -0.00026 
81 H 12.344666 -4.299144 2.505375 -0.00002 
82 C 10.816953 -1.854841 4.977121 -0.00210 
83 H 9.861283 -1.740118 5.509317 -0.00001 
84 H 11.660783 -2.06268 5.653181 -0.00030 
85 H 10.996936 -0.994591 4.312114 -0.00001 

 

 

 

 

 

 

 

 

 

 

Figure B.12: Geometry optimized and depiction of spin density at an isovalue of 
0.004 for compound 3.11. 

 

Figure A.23: Geometry optimized and depiction of spin density at an isovalue of 
0.004 for compound 3.11. 
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Table A.19: Table of Coordinates and spin densities for compound 3.11. 

 Coordinates  Spin Density 
Atom Element X Y Z  
1 C 0.844194 -3.858681 -1.622613 -0.00079 
2 C 0.986684 -2.429736 -1.507947 -0.00064 
3 C 2.389182 -2.1254 -1.345801 -0.00078 
4 C 3.11389 -3.378336 -1.37559 0.00027 
5 C 2.160899 -4.444539 -1.546324 -0.00057 
6 H 0.175793 -1.697112 -1.506512 0.00009 
7 H 4.191896 -3.492955 -1.238317 0.00007 
8 H 2.393384 -5.509732 -1.585704 0.00004 
9 Fe 1.76603 -3.355794 0.110493 0.03402 
10 C 2.873934 -3.595578 1.792912 0.00071 
11 C 2.143921 -2.352089 1.823957 -0.00085 
12 C 1.915847 -4.664484 1.644643 -0.00068 
13 H 3.963383 -3.708003 1.860097 0.00023 
14 C 0.737157 -2.650564 1.700632 -0.00068 
15 C 0.596022 -4.0825 1.589391 -0.00062 
16 H 2.150505 -5.727598 1.568187 0.00002 
17 H -0.074717 -1.921534 1.677331 0.00004 
18 H -0.341293 -4.627697 1.466077 0.00003 
19 H 2.586372 -1.357383 1.916169 0.00002 
20 H -0.095097 -4.403237 -1.729357 0.00013 
21 C 2.977011 -0.772446 -1.125009 -0.00003 
22 H 3.673968 -0.81409 -0.264821 -0.00001 
23 H 2.185271 -0.060507 -0.836048 0.00000 
24 N 3.719664 -0.245043 -2.272122 -0.00015 
25 C 4.955273 -0.921369 -2.658582 0.00028 
26 H 4.72325 -1.859508 -3.202738 -0.00005 
27 H 5.455103 -0.244675 -3.383106 -0.00030 
28 C 5.818477 -1.229323 -1.478188 -0.00530 
29 C 6.428881 -2.483035 -1.33525 0.00097 
30 C 5.971152 -0.311101 -0.426834 0.00081 
31 C 7.061061 -2.819242 -0.140784 -0.00523 
32 H 6.382782 -3.225702 -2.140651 -0.00010 
33 C 6.60749 -0.69861 0.747639 -0.00484 
34 H 5.548818 0.698139 -0.503545 -0.00009 
35 N 7.097315 -1.958694 0.91228 -0.00861 
36 H 7.514025 -3.799648 0.027191 0.00063 
37 H 6.710687 -0.030522 1.606706 0.00047 
38 C 3.284998 0.780975 -3.063242 0.00000 
39 O 3.947348 1.192962 -4.053888 -0.00011 
40 C 1.956864 1.39805 -2.672837 -0.00001 
41 H 1.169581 0.61272 -2.623227 0.00000 
42 H 2.034797 1.860486 -1.662979 0.00000 
43 O 1.628895 2.382435 -3.651864 0.00000 
44 C 0.460057 3.101325 -3.437173 0.00000 
45 C 0.166221 4.079687 -4.400474 0.00000 
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46 C -0.393819 2.898649 -2.34345 0.00000 
47 C -0.981288 4.862604 -4.279929 0.00000 
48 C -1.545294 3.695556 -2.224486 0.00000 
49 H -0.179527 2.140219 -1.582319 0.00000 
50 C -1.373368 5.882617 -5.312114 0.00000 
51 C -1.853739 4.667631 -3.176254 0.00000 
52 C -1.923388 7.2086 -4.72226 0.00000 
53 C -3.001115 5.630975 -3.105421 0.00000 
54 C -2.347195 7.033097 -3.27193 0.00000 
55 C -3.958442 5.538583 -1.908258 0.00000 
56 C -3.313494 8.039955 -2.698991 0.00000 
57 C -3.586496 6.440692 -0.728493 0.00000 
58 C -3.336004 7.887399 -1.162437 0.00000 
59 H -2.667096 6.051283 -0.247232 0.00000 
60 H -2.208746 3.548666 -1.362467 0.00000 
61 H 0.855099 4.21504 -5.243876 0.00000 
62 H -0.532716 6.077595 -6.002399 0.00000 
63 H -1.16158 8.007616 -4.790964 0.00000 
64 H -4.973646 5.813739 -2.253041 0.00000 
65 H -4.381408 6.413737 0.044632 0.00000 
66 H -4.042801 4.48919 -1.562548 0.00000 
67 H -2.794192 7.541274 -5.323455 0.00000 
68 H -2.17695 5.430461 -5.931045 0.00000 
69 C -4.345639 8.95572 -0.812154 0.00000 
70 C -3.220123 9.549286 -2.902168 0.00000 
71 H -2.20146 9.926731 -2.69442 0.00000 
72 H -3.484158 9.858812 -3.927962 0.00000 
73 C -4.233802 10.057824 -1.857711 0.00000 
74 H -5.237213 10.195845 -2.307343 0.00000 
75 H -3.971253 11.022148 -1.384957 0.00000 
76 O -5.132222 8.950771 0.157881 0.00000 
77 H -4.328086 7.753283 -3.068869 0.00000 
78 C -2.040218 8.39975 -0.499043 0.00000 
79 H -1.846437 9.47442 -0.670969 0.00000 
80 H -2.106289 8.237887 0.592435 0.00000 
81 H -1.168322 7.832232 -0.87469 0.00000 
82 H -1.424582 7.042446 -2.650387 0.00000 
83 H -3.619251 5.487958 -4.023817 0.00000 
84 Ru 7.663818 -2.586204 2.71314 0.78607 
85 Cl 5.735004 -1.544716 3.65223 0.04907 
86 Cl 6.382182 -4.559455 2.378226 0.05173 
87 Cl 9.537677 -3.628323 1.733189 0.063361 
88 Cl 8.913408 -0.602951 3.033452 0.057076 
89 S 8.189829 -3.269945 4.876339 -0.007092 
90 O 9.538949 -4.152836 5.239489 -0.004385 
91 C 6.778819 -4.208849 5.644996 -0.001685 
92 H 5.879183 -3.579802 5.547597 0.000023 
93 H 6.67179 -5.130476 5.054433 0 
94 H 7.059599 -4.401972 6.691981 -0.000256 
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95 C 8.245021 -1.816793 6.037681 -0.002001 
96 H 8.380545 -2.225768 7.050852 -0.000287 
97 H 9.094821 -1.200834 5.708906 -0.000017 
98 H 7.297065 -1.2679 5.916059 0.000019 

 

 

 

 

 

 

 

 

 

 

Table A. 20: Table of Coordinates and spin densities for compound 3.12. 

 Coordinates  Spin Density 
Atom Element X Y Z  
1 C 0.744551 -3.545342 -1.265933 -0.000858 
2 C 0.962009 -2.12136 -1.289055 -0.00070 
3 C 2.379674 -1.874589 -1.166448 -0.00089 
4 C 3.038017 -3.161637 -1.079326 0.00037 
5 C 2.030292 -4.188737 -1.142301 -0.00065 
6 H 0.190723 -1.350319 -1.353709 0.00009 
7 H 4.10953 -3.320914 -0.936655 0.00007 
8 H 2.208198 -5.26349 -1.082004 0.00004 
9 Fe 1.709329 -2.93054 0.406129 0.03737 
10 C 2.819442 -3.070512 2.099833 0.00079 
11 C 2.160462 -1.790718 2.013712 -0.00099 
12 C 1.802017 -4.093002 2.058276 -0.00081 
13 H 3.901226 -3.236789 2.174814 0.00009 
14 C 0.737992 -2.019648 1.92584 -0.00074 
15 C 0.516058 -3.445555 1.953014 -0.00067 
16 H 1.97656 -5.170068 2.083752 0.00002 
17 H -0.032003 -1.251427 1.835969 0.00004 
18 H -0.451564 -3.946022 1.887395 0.00003 
19 H 2.658501 -0.818408 2.006852 0.00003 
20 H -0.222584 -4.047915 -1.315122 0.00013 
21 C 3.030183 -0.533615 -1.071979 -0.00002 
22 H 3.70432 -0.522033 -0.191473 -0.00001 

Figure B.13: Geometry optimized and depiction of spin density at an isovalue of 0.004 for 
compound 3.12. 

 

 

Figure A.24: Geometry optimized and depiction of spin density at an isovalue of 0.004 for 
compound 3.12. 
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23 H 2.265147 0.238513 -0.88828 0.00001 
24 N 3.81464 -0.156348 -2.247555 -0.00014 
25 C 4.977706 -0.971215 -2.582635 0.00027 
26 H 4.658216 -1.928597 -3.042339 -0.00006 
27 H 5.520672 -0.401035 -3.3668 -0.00029 
28 C 5.831794 -1.253862 -1.389579 -0.00511 
29 C 6.377605 -2.527382 -1.173622 0.00085 
30 C 6.038886 -0.28502 -0.394688 0.00088 
31 C 6.998515 -2.823685 0.036717 -0.00483 
32 H 6.286763 -3.313461 -1.932671 -0.00009 
33 C 6.661171 -0.633819 0.799488 -0.00501 
34 H 5.670004 0.73879 -0.531081 -0.00009 
35 N 7.087549 -1.90533 1.036466 -0.00856 
36 H 7.401776 -3.81494 0.260607 0.00046 
37 H 6.803209 0.077252 1.617159 0.00063 
38 C 3.507686 0.89076 -3.077454 0.00000 
39 O 4.240704 1.161125 -4.078119 -0.00012 
40 C 2.286941 1.704743 -2.763716 -0.00001 
41 H 1.372794 1.084965 -2.73064 0.00000 
42 H 2.377096 2.223869 -1.791929 0.00000 
43 Ru 7.652449 -2.464545 2.860724 0.78373 
44 Cl 6.254967 -4.392409 2.671915 0.04482 
45 Cl 9.467707 -3.674375 1.944159 0.05730 
46 Cl 8.987536 -0.527592 3.007499 0.06216 
47 Cl 5.806821 -1.274114 3.757634 0.05622 
48 S 8.215457 -3.233496 4.984891 -0.00711 
49 O 9.280119 -2.450867 5.978886 -0.00441 
50 C 8.832218 -4.987772 4.912 -0.00199 
51 H 8.076888 -5.572631 4.362197 0.00001 
52 H 9.778156 -4.95213 4.352113 -0.00002 
53 H 8.96374 -5.32159 5.952903 -0.00029 
54 C 6.695489 -3.50211 6.024251 -0.00172 
55 H 7.03167 -3.96707 6.963994 -0.00025 
56 H 6.251044 -2.507332 6.17391 0.00000 
57 H 6.015926 -4.145971 5.442773 0.00003 
58 H 2.169107 2.463129 -3.552 0.00000 
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Cytotoxicity Results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure B.15: Cytotoxicity results of 3.5 against MDA-MD-231. 

 

Figure A.26: Cytotoxicity results of 3.5 against MDA-MD-231. 

Figure B.14: Cytotoxicity results of 3.4 against MDA-MD-231. 

 

Figure A.25: Cytotoxicity results of 3.4 against MDA-MD-231. 
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Figure B.16: Cytotoxicity results of 3.6 against MDA-MD-231. 

 

Figure A.27: Cytotoxicity results of 3.6 against MDA-MD-231. 

Figure B.17: Cytotoxicity results of 3.4 against MCF-7. 

 

Figure A.28: Cytotoxicity results of 3.4 against MCF-7. 
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Figure B.19: Cytotoxicity results of 3.6 against MCF-7. 

 

Figure A.30: Cytotoxicity results of 3.6 against MCF-7. 

Figure B.18: Cytotoxicity results of 3.5 against MCF-7. 

 

 

 

Figure A.29: Cytotoxicity results of 3.5 against MCF-7. 
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Figure B.20: Cytotoxicity results of 3.10 against MDA-MD-231. 

Figure B.21: Cytotoxicity results of 3.11 against MDA-MD-231. 
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Figure B.22: Cytotoxicity results of 3.12 against MDA-MD-231. 

Figure B.23: Cytotoxicity results of 3.10 against MCF-7. 
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Figure B.25: Cytotoxicity results of 3.12 against MCF-7. 

Figure B.24: Cytotoxicity results of 3.11 against MCF-7. 
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EPR Simulations 

 

Figure B.26: Frozen-solution (100 K) EPR spectra of 3.10 in PBS following 
incubation at 37 C for times shown, and simulations of spectral 
components. For details of EPR data collection parameters see 
section 3.2.4 in the main text. For g values and spectral weightings in 
simulations see Table 3.1 in main text. 
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Figure B.27: Frozen-solution (100 K) EPR spectra of 3.11 in PBS following 
incubation at 37 C for times shown, and simulations of spectral 
components. For details of EPR data collection parameters see 
section 3.2.4 in the main text. For g values and spectral weightings in 
simulations see Table 3.1 in main text. 
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Figure B.28: Frozen-solution (100 K) EPR spectra of 3.12 in PBS following 
incubation at 37 C for times shown, and simulations of spectral 
components. For details of EPR data collection parameters see 
section 3.2.4 in the main text. For g values and spectral weightings in 
simulations see Table 3.1 in main text. 
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Appendix C. Supplementary Material for Chapter 4 

X-ray Crystal Structure Data 

Table C.1: Table of crystal data and details of data collection and refinement. 

 4.09 
Empirical formula C30H34FeN6O3 
M (g mol-1) 581.47 
Space Group Monoclinic P 21/n 
a (Å) 5.6374(4) 
b (Å) 34.898(3) 
c (Å) 14.3000(12) 
Α (deg) 90 
Β (deg) 92.738 (5) 
γ (deg) 90 
V (Å3) 2810.1 (4) 
Z 4 
ρcalc (g cm-3) 1.374 
µ (mm-1) 0.579 
λ (Å) 0.71073 
T (K) 299 
Goodness of fit 1.024 
R1 0.0763 
WR2 0.1289 
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DFT Coordinates 

 

Table C.2: Calculated coordinates for compound 4.09. 

 Coordinates  
Atom Element X Y Z 
1 C -2.750383 -0.105067 -0.296487 
2 C -2.746715 -0.693713 0.979282 
3 C -3.41413 -1.950866 0.92703 
4 C -3.456116 -2.294187 -0.424398 
5 C -2.849615 -1.222333 -1.136024 
6 H -2.957422 -0.065934 1.817497 
7 H -3.437544 -2.637277 1.746581 
8 H -3.574367 -3.285338 -0.807328 
9 H -3.157247 -1.065546 -2.146702 
10 Fe -4.170536 -0.843482 -0.042414 
11 C -5.627669 -1.512081 -0.501058 
12 C -5.531133 -1.14769 0.841245 
13 C -5.329588 -0.339139 -1.252185 
14 H -6.205948 -2.325848 -0.884781 
15 C -5.229278 0.245153 0.84631 
16 H -5.971235 -1.678202 1.657237 
17 C -4.75097 0.623398 -0.421528 
18 H -4.91923 -0.471746 -2.23379 
19 H -4.721229 0.630734 1.704838 
20 H -4.508758 1.624374 -0.715255 
21 C -2.041284 1.214663 -0.656565 
22 H -2.311739 1.957293 0.066235 
23 C -0.10895 0.119043 -1.611443 
24 H -0.425161 -0.873881 -1.362257 
25 H -0.475029 0.370082 -2.589096 
26 H -2.354634 1.526645 -1.627114 
27 O -0.611261 1.061789 -0.642358 
28 C 2.337643 -0.735637 -1.90959 

Figure C.1: Geometry optimized structure of 4.09. 

 

Figure A.40: Geometry optimized structure of 4.09. 
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29 H 2.141002 -1.767779 -2.116207 
30 N 2.170604 1.399882 -1.205733 
31 N 3.387188 1.128527 -1.204332 
32 C 4.722188 -0.874003 -1.261301 
33 H 5.007134 -1.682722 -1.903713 
34 H 4.381892 -1.267797 -0.329052 
35 C 5.908461 0.067068 -0.990845 
36 H 6.247241 0.499015 -1.910741 
37 H 5.56923 0.839019 -0.332515 
38 C 7.087441 -0.680754 -0.325901 
39 H 7.501619 -1.388756 -1.013402 
40 H 6.75592 -1.196831 0.5521 
41 C 8.13102 0.378457 0.078408 
42 H 8.419085 0.94196 -0.782916 
43 H 7.678281 1.022711 0.802384 
44 N 9.342169 -0.220735 0.658815 
45 C 10.082605 -0.936268 -0.385595 
46 O 9.485669 -1.622903 -1.253922 
47 H 9.10399 -0.84303 1.407118 
48 C 12.226473 -0.120431 0.611561 
49 C 11.615405 -0.792323 -0.399648 
50 C 14.500386 -0.46846 -0.371669 
51 C 12.450002 -1.376015 -1.531403 
52 C 13.960277 -1.207202 -1.434597 
53 C 14.805714 -1.781392 -2.385409 
54 C 16.680468 -1.02212 -1.066196 
55 C 16.186051 -1.672384 -2.206827 
56 H 14.40311 -2.297464 -3.231621 
57 H 16.857876 -2.083746 -2.928721 
58 O 11.917578 -1.981555 -2.498409 
59 N 13.640318 0.330679 0.547093 
60 C 14.202636 0.252078 1.905019 
61 H 14.205178 -0.766004 2.232744 
62 H 15.204784 0.627271 1.897732 
63 C 13.342768 1.097583 2.867773 
64 H 13.333432 2.115645 2.5399 
65 H 12.342375 0.717879 2.879088 
66 H 13.754238 1.044311 3.855154 
67 N 15.834951 -0.457306 -0.183549 
68 C 18.203764 -0.953553 -0.822741 
69 H 18.438042 -0.072389 -0.263236 
70 H 18.515725 -1.817415 -0.273435 
71 H 18.715763 -0.924995 -1.762269 
72 H 11.658732 0.109948 1.491667 
73 C 1.433816 0.205867 -1.599357 
74 N 3.656599 -0.077408 -1.899062 
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Table C.3: Calculated coordinates for compound 4.10. 

 Coordinates  
Atom Element X Y Z 
1 C -1.473589 -3.476221 -1.432087 
2 C -1.408637 -3.994802 -0.127571 
3 C -1.517862 -5.412466 -0.168363 
4 C -1.248729 -5.771866 -1.488399 
5 C -1.020175 -4.562375 -2.198244 
6 H -1.954408 -3.484509 0.638335 
7 H -1.374427 -6.038689 0.68723 
8 H -0.919597 -6.737106 -1.814195 
9 H -1.227975 -4.559274 -3.247939 
10 Fe -2.515211 -4.712485 -1.289083 
11 C -3.500414 -5.911675 -1.866778 
12 C -3.769285 -5.519834 -0.555116 
13 C -3.624441 -4.732418 -2.652878 
14 H -3.634671 -6.897858 -2.260506 
15 C -4.012873 -4.120021 -0.592321 
16 H -4.087959 -6.168842 0.233793 
17 C -3.57355 -3.602765 -1.819754 
18 H -3.080389 -4.698781 -3.573978 
19 H -3.806479 -3.55769 0.294384 
20 H -3.712989 -2.592648 -2.146054 
21 C -1.268404 -1.991314 -1.798004 
22 H -1.87061 -1.38049 -1.157878 
23 C 0.911193 -2.460122 -2.486756 
24 H 0.74133 -3.490402 -2.255473 
25 H 0.647187 -2.274311 -3.506871 
26 H -1.552915 -1.831166 -2.816122 
27 O 0.108967 -1.644637 -1.629183 

Figure C.2: Geometry optimized structure of 4.10. 
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28 C 3.20056 -2.703998 -1.383351 
29 H 2.962491 -3.555589 -0.779889 
30 N 3.200298 -1.14322 -3.002806 
31 N 4.385725 -1.212592 -2.585225 
32 C 5.626802 -2.878595 -1.338179 
33 H 5.595879 -3.537119 -2.180822 
34 H 5.586943 -3.44941 -0.434388 
35 C 6.943532 -2.070518 -1.366139 
36 H 7.001861 -1.502972 -2.272221 
37 H 6.972612 -1.406207 -0.528693 
38 C 8.132235 -3.050393 -1.28636 
39 H 8.107465 -3.706076 -2.131485 
40 H 8.053133 -3.62225 -0.385195 
41 C 9.469719 -2.281286 -1.27694 
42 H 9.570023 -1.712551 -2.177382 
43 H 9.498577 -1.620595 -0.435659 
44 N 4.466036 -1.972596 -1.386741 
45 C 2.401418 -2.128678 -2.269276 
46 N 10.564152 -3.258539 -1.176202 
47 C 11.87651 -2.587771 -1.132146 
48 O 12.809809 -3.113983 -0.474575 
49 C 12.141364 -1.259681 -1.870806 
50 C 11.155552 -0.66875 -2.614599 
51 C 13.533374 -0.627393 -1.764694 
52 N 11.241639 0.722932 -3.145854 
53 H 10.268187 -1.229367 -2.81541 
54 C 13.803394 0.598365 -2.615486 
55 O 14.423235 -1.119707 -1.021385 
56 C 12.627364 1.195488 -3.385339 
57 C 10.508727 0.787875 -4.419351 
58 C 15.041155 1.139237 -2.707141 
59 C 12.854426 2.184115 -4.287124 
60 H 10.902784 0.167025 -5.196273 
61 C 9.978921 2.138431 -4.840297 
62 C 9.007437 0.901711 -4.332537 
63 C 15.288848 2.302308 -3.685773 
64 H 15.843466 0.756204 -2.109246 
65 C 14.272399 2.771509 -4.449611 
66 H 12.047083 2.559716 -4.880294 
67 H 10.466968 2.150385 -5.791907 
68 H 10.389311 2.767651 -4.079112 
69 H 8.713081 0.096649 -4.971803 
70 H 8.945196 0.730051 -3.278495 
71 F 16.517177 2.849497 -3.787996 
72 N 14.524556 3.844305 -5.427868 
73 C 15.592426 4.725649 -4.925761 
74 C 14.940092 3.256293 -6.714252 
75 C 15.850522 5.852559 -5.943047 
76 H 16.489428 4.158955 -4.786562 
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77 H 15.290738 5.151769 -3.992055 
78 C 15.201275 4.384372 -7.734866 
79 H 15.836816 2.687926 -6.57481 
80 H 14.166237 2.613998 -7.080785 
81 H 16.626638 6.495469 -5.577679 
82 H 14.954508 6.418588 -6.079771 
83 N 16.264431 5.268854 -7.227704 
84 H 15.507958 3.959165 -8.668792 
85 H 14.30316 4.949041 -7.878698 
86 H 10.53206 -3.865893 -1.969733 
87 C 16.509572 6.349175 -8.194554 
88 H 17.282706 6.992356 -7.825721 
89 H 15.612302 6.91448 -8.332289 
90 C 16.946685 5.742397 -9.539636 
91 H 16.175961 5.0959 -9.906131 
92 H 17.120169 6.527125 -10.24516 
93 H 17.846944 5.181474 -9.401739 

 
Table C.4: Calculated coordinates for compound 4.11. 

 Coordinates  
Atom Element X Y Z 
1 C -2.827904 -0.177909 -0.307514 
2 C -2.676427 0.289032 1.010741 
3 C -3.023389 -0.743534 1.920922 
4 C -2.982216 -1.929781 1.189565 
5 C -2.660019 -1.560442 -0.147082 
6 H -3.028856 1.27518 1.231975 
7 H -2.939014 -0.666462 2.984864 
8 H -2.793916 -2.902262 1.594135 
9 H -2.997259 -2.204261 -0.932151 
10 Fe -4.027224 -0.768239 0.609379 
11 C -5.258553 -1.816012 0.965704 
12 C -5.291639 -0.616959 1.678633 
13 C -5.289322 -1.446787 -0.408179 
14 H -5.598585 -2.763437 1.327807 

Figure C.3: Geometry optimized structure of 4.11. 
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15 C -5.308748 0.42696 0.714732 
16 H -5.608637 -0.507528 2.694947 
17 C -4.951333 -0.089671 -0.53927 
18 H -4.868704 -2.136186 -1.109832 
19 H -4.90274 1.374006 1.00428 
20 H -4.966043 0.459605 -1.457841 
21 C -2.441282 0.617683 -1.566987 
22 H -2.854042 1.602886 -1.502274 
23 C -0.439276 -0.59725 -1.786721 
24 H -0.66423 -1.171972 -0.912268 
25 H -0.840482 -1.089031 -2.648172 
26 H -2.829261 0.123813 -2.433048 
27 O -1.016737 0.707096 -1.668733 
28 C 2.01392 -1.328253 -1.543961 
29 H 1.850468 -2.200831 -0.946232 
30 N 1.783901 0.677589 -2.542084 
31 N 3.017796 0.476856 -2.440991 
32 C 4.391511 -0.970057 -1.089204 
33 H 4.550862 -1.997334 -0.836363 
34 H 4.134579 -0.422314 -0.206674 
35 C 5.674934 -0.379644 -1.70562 
36 H 5.928455 -0.92652 -2.589093 
37 H 5.503512 0.646694 -1.95558 
38 C 6.840428 -0.468939 -0.700288 
39 H 7.029003 -1.493631 -0.456461 
40 H 6.589037 0.067102 0.190664 
41 C 8.094733 0.156481 -1.340273 
42 H 8.342835 -0.379778 -2.232213 
43 H 7.890478 1.178958 -1.580993 
44 N 9.231334 0.098312 -0.407585 
45 H 10.023448 0.534455 -0.833455 
46 C 9.565344 -1.299404 -0.096852 
47 O 8.664769 -2.177585 -0.044605 
48 C 11.996497 -0.712641 0.092488 
49 C 11.038321 -1.673595 0.158614 
50 C 13.795867 -2.284301 0.800492 
51 C 11.438782 -3.110214 0.486013 
52 C 12.892449 -3.350784 0.880139 
53 C 15.067276 -2.415235 1.406283 
54 C 13.316931 -4.608818 1.324537 
55 C 15.494935 -3.676942 1.844167 
56 C 14.629806 -4.778228 1.780662 
57 H 12.640005 -5.437222 1.318512 
58 O 10.602138 -4.049766 0.453939 
59 C 14.207574 0.060954 0.631228 
60 C 15.712681 -0.190903 0.722039 
61 N 13.44249 -1.043801 0.067846 
62 C 13.577156 1.465518 0.66918 
63 H 13.373583 1.792314 -0.329119 
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64 H 12.664405 1.431777 1.226729 
65 H 14.255633 2.14826 1.136718 
66 O 15.939953 -1.286367 1.612678 
67 F 15.058428 -5.998235 2.16745 
68 N 16.856184 -3.83898 2.376586 
69 C 16.848006 -3.59079 3.825274 
70 C 17.755756 -2.879009 1.719528 
71 C 18.274219 -3.754405 4.383165 
72 H 16.195338 -4.290943 4.303258 
73 C 19.181168 -3.043521 2.278911 
74 H 17.763202 -3.061562 0.665219 
75 N 19.170071 -2.791629 3.726864 
76 H 18.267265 -3.573562 5.437765 
77 H 19.525335 -4.039421 2.092534 
78 C 20.530634 -2.943175 4.262412 
79 H 20.878632 -3.937695 4.076542 
80 H 21.182169 -2.241923 3.784103 
81 H 20.521357 -2.759631 5.316653 
82 H 16.087722 -0.415476 -0.254321 
83 H 16.213265 0.67431 1.10431 
84 H 14.44813 0.438345 -0.340547 
85 H 16.503748 -2.595459 4.014426 
86 H 17.412652 -1.883072 1.906815 
87 H 19.83501 -2.344842 1.800177 
88 H 18.619664 -4.749216 4.194135 
89 H 11.699583 0.313718 0.036787 
90 N 3.298964 -0.865206 -2.069033 
91 C 1.088018 -0.458559 -1.939596 

 

 

 
  

Figure C.4: Geometry optimized structure of 4.12. 

 

 

Figure A.43: Geometry optimized structure of 4.12. 
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Table C.5: Calculated coordinates for compound 4.12. 

 Coordinates  
Atom Element X Y Z 
1 C -2.9582 -0.7691 -1.8589 
2 C -4.0021 -1.6640 -1.4142 
3 C -4.0355 -2.8022 -2.2970 
4 C -3.0053 -2.6220 -3.2918 
5 C -2.3386 -1.3745 -3.0166 
6 H -4.6702 -1.4852 -0.5685 
7 H -4.7302 -3.6413 -2.2376 
8 H -2.7830 -3.3019 -4.1156 
9 H -1.5288 -0.9305 -3.6012 
10 Fe -4.3073 -1.0797 -3.3157 
11 C -5.0931 -1.0693 -5.1779 
12 C -6.1229 -1.2541 -4.1853 
13 C -4.4201 0.1744 -4.8953 
14 H -4.8554 -1.7568 -5.9910 
15 C -6.0866 -0.1243 -3.2897 
16 H -6.8007 -2.1061 -4.1153 
17 C -5.0337 0.7586 -3.7280 
18 H -3.5837 0.5928 -5.4573 
19 H -6.7321 0.0277 -2.4233 
20 H -4.7436 1.6975 -3.2526 
21 C -2.5481 0.5100 -1.2094 
22 H -3.4146 0.9783 -0.7056 
23 C -0.2586 -0.1932 -0.7699 
24 H -0.3612 -1.2631 -1.0767 
25 H -0.0303 0.3566 -1.7116 
26 H -2.1978 1.2270 -1.9830 
27 O -1.4829 0.3532 -0.2272 
28 C 1.8710 -1.1748 0.0771 
29 H 1.5541 -2.2034 0.2562 
30 N 1.7525 1.1796 -0.1240 
31 N 3.1473 0.7148 -0.4128 
32 C 4.3439 -1.5947 -0.4703 
33 H 4.6101 -1.5778 -1.5160 
34 H 4.1435 -2.6103 -0.1658 
35 C 5.5004 -1.0236 0.3648 
36 H 5.8327 -0.0928 -0.0692 
37 H 5.1625 -0.8482 1.3750 
38 C 6.6645 -2.0279 0.3792 
39 H 6.9532 -2.2615 -0.6348 
40 H 6.3534 -2.9327 0.8813 
41 C 7.8601 -1.4113 1.1230 
42 H 8.1755 -0.5133 0.6171 
43 H 7.5700 -1.1707 2.1346 
44 N 8.9844 -2.3817 1.1450 
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45 H 8.9842 -3.3189 1.5608 
46 C 12.0333 -0.7922 2.7246 
47 C 11.3443 -1.1837 1.4078 
48 C 13.9719 0.2074 1.6375 
49 C 12.1379 -0.7878 0.3092 
50 C 13.3990 -0.1238 0.3940 
51 C 14.0833 0.2072 -0.8048 
52 C 15.8808 1.1867 0.4634 
53 C 15.2980 0.8449 -0.7703 
54 H 13.6166 -0.0626 -1.7630 
55 O 11.7164 -1.0330 -0.8607 
56 N 13.2559 -0.1481 2.8016 
57 C 15.2305 0.8799 1.6479 
58 H 15.1049 1.8184 2.1606 
59 F 15.9516 1.1585 -1.9186 
60 N 17.1636 1.8654 0.4748 
61 C 18.3422 1.1511 0.6024 
62 C 17.2394 3.2421 0.3586 
63 C 19.6259 1.8303 0.6139 
64 H 18.3717 0.4339 -0.2066 
65 C 18.5229 3.9209 0.3698 
66 H 16.7464 3.5138 -0.5662 
67 N 19.7014 3.2072 0.4975 
68 H 20.1181 1.5584 1.5384 
69 H 18.5881 4.4877 -0.5496 
70 H 18.4922 4.6383 1.1791 
71 H 16.6515 3.6643 1.1633 
72 H 18.2761 0.5840 1.5223 
73 H 20.2128 1.4071 -0.1904 
74 C 13.7002 0.1056 4.2106 
75 H 13.0356 0.8332 4.6555 
76 C 13.6058 -1.2243 4.9937 
77 H 13.2039 -1.0484 5.9801 
78 H 12.9647 -1.9084 4.4578 
79 C 15.1478 0.6312 4.3542 
80 H 15.8092 0.0151 3.7626 
81 H 15.2022 1.6489 4.0181 
82 H 11.6492 -0.9607 3.7147 
83 C 10.0458 -1.8805 0.4474 
84 O 10.8470 -2.7719 -0.2679 
85 H 20.5900 3.6771 0.5055 
86 C 0.9267 -0.0457 0.1923 
87 N 3.0943 -0.7521 -0.2562 
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Appendix D. Supplementary Material for Chapter 5 

ICP-AES 

Table D.1: ICP-AES counts per second of Fe and Ru for Ru-apo-HSTF and Ru-
Holo-HSTF. 

 Replicate Measurement 1 2 3 4 5 Average 

Blank  Fe signal intensity (c/s) 181 232 212 153 237 203 
Ru signal intensity (c/s) -41 -44 -64 -7 -101 -51.4 

hTf - labelled 
1.032 mg/mL 

Fe signal intensity (c/s) 11201 10648 11127 10910 11011 10979.4 
Ru signal intensity (c/s) 22929 22359 22765 22641 22845 22707.8 

hTf - unlabelled 
13.484 mg/mL 

Fe signal intensity (c/s) 46139 46337 46309 46033 45662 46096 
Ru signal intensity (c/s) -5 10 1 -34 -14 -8.4 

aTf - labelled 
2.320 mg/mL 

Fe signal intensity (c/s) 839 736 869 861 771 815.2 
Ru signal intensity (c/s) 55652 55424 56269 57146 55510 56000.2 

aTf - unlabelled 
9.269 mg/mL 

Fe signal intensity (c/s) 2009 1928 1945 1999 1994 1975 
Ru signal intensity (c/s) 3 -44 -3 21 -25 -9.6 

 

Table D.2: ICP-AES counts per second of Fe and Ru for Ru-apo-HSTF and Ru-
Holo-HSTF in MDA-MD-231 and MCF-7. 

 Replicate Measurement 1 2 3 4 5 Average 

MDA1 - Untreated Fe signal intensity (c/s) 359 355 339 365 347 353 
Ru signal intensity (c/s) -18 -57 -3 -6 -36 -24 

MDA2 - aTf, 100 µg/mL Fe signal intensity (c/s) 232 87 163 190 144 163.2 
Ru signal intensity (c/s) -41 0 -57 -64 -23 -37 

MDA3 - aTf, 250 µg/mL Fe signal intensity (c/s) 239 199 190 192 204 204.8 
Ru signal intensity (c/s) -55 12 42 -29 -29 -11.8 

MDA4 - hTf, 100 µg/mL Fe signal intensity (c/s) 246 272 209 251 277 251 
Ru signal intensity (c/s) -25 -3 -31 3 -31 -17.4 

MDA5 - hTf, 250 µg/mL Fe signal intensity (c/s) 187 131 153 198 159 165.6 
Ru signal intensity (c/s) -41 9 71 -25 20 6.8 

MCF1 - Untreated Fe signal intensity (c/s) 405 429 362 391 338 385 
Ru signal intensity (c/s) -12 6 -57 -21 -12 -19.2 

MCF2 - aTf, 100 µg/mL Fe signal intensity (c/s) 524 541 529 481 492 513.4 
Ru signal intensity (c/s) -70 -23 11 -59 -29 -34 

MCF3 - aTf, 250 µg/mL Fe signal intensity (c/s) 342 308 263 300 350 312.6 
Ru signal intensity (c/s) -30 -9 -38 -24 -58 -31.8 

MCF4 - hTf, 100 µg/mL Fe signal intensity (c/s) 369 384 363 360 336 362.4 
Ru signal intensity (c/s) -56 -10 -28 1 -30 -24.6 

MCF5 - hTf, 250 µg/mL Fe signal intensity (c/s) 521 543 628 732 564 597.6 
Ru signal intensity (c/s) -3 86 15 25 1 24.8 
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Appendix E. Supplementary X-ray Files

Chapter 3 

Description:  

cif data file for compound 3.1 and 3.9 with ellipsoids at 50% probability level. 

Filename (for compound 3.1): Cif files.zip\cu_SH62_0m_a.cif  

Filename (for compound 3.9): Cif files.zip\mo_SH144_0m_a.cif 

Chapter 4 

Description:  

cif data file for compound 4.09 with ellipsoids at 50% probability level. 

Filename: Cif files.zip\cu_163_0m_a.cif 




