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Abstract 

Trifluoromethyl derivatives of the Ru(III) anticancer complexes indazolium [trans-

RuCl4(1H-indazole)2] (KP1019), sodium [trans-RuCl4(1H-indazole)2] (NKP-1339), and 

their imidazole- and pyridine-based analogues have been synthesized and 

characterized. The aqueous solution behaviour of these compounds and their 

interactions with proteins were investigated using 19F nuclear magnetic resonance 

(NMR), electron paramagnetic resonance (EPR), and UV-Visible spectroscopies. 

Furthermore, the lipophilicity of the new CF3 complexes was quantified using the 

distribution co-efficient (logD). Fluorescence competition studies and EPR showed that 

CF3 functionalization enhances non-coordinate interactions with human serum albumin 

(HSA), correlating with increased hydrophobicity. EPR and 19F NMR experiments 

demonstrated coordination of Ru(III) to the protein at longer incubation times. The more 

hydrophobic complexes also exhibited higher cytotoxic activity against the HT-29 human 

colon carcinoma and A549 non-small cell lung carcinoma cell lines. Proof-of-principle 19F 

magnetic resonance imaging (MRI) experiments show that these compounds can be 

used to monitor the tissue penetration behaviour and oxidation state of Ru(III) anticancer 

compounds.  

Keywords:  Ru(III) anticancer compounds; albumin; 19F NMR; 19F magnetic 
resonance imaging; theranostics; EPR 
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Chapter 1.  
 
Introduction 

1.1. Ruthenium(III) Anticancer Agents 

The activity of cisplatin (Figure 1.1), a platinum-based anticancer agent, was 

discovered in 1965 and spurred a new direction in anticancer drug research towards 

metal-based therapeutics.1, 2 Cisplatin and its derivatives are still widely used today, in 

an estimated 60% of all chemotherapeutic regimes,3, 4 since they are highly effective 

treatments for colon, testicular, ovarian, head, and neck cancers.5 However, cisplatin’s 

inherent toxic side effects6, including nausea and nephrotoxicity, as well as its acquired 

and inherent resistance in some cancers6, 7 detracts from its clinical success. The 

primary target for cisplatin is DNA, which is present in all cells, resulting in low specificity 

for tumour cells.8 This compelled researchers to develop alternative platinum-based and 

non-platinum based therapies that target the broad spectrum of cancer diagnoses. The 

focus of the research in this thesis is ruthenium(III) anticancer agents. 

Ruthenium complexes have fundamental properties that make them good as 

anticancer compounds. These properties include: (i) octahedral geometry, which allows 

for structural diversity;9 (ii) slow ligand-exchange kinetics that are favourable with respect 

to cell division rates;10, 11 and (iii) a range of oxidation states (II-IV) available under 

physiological conditions.12 Ruthenium(III) complexes were originally identified as 

potential chemotherapeutics in the late 1970s13 and were then further explored in the 

1980s by Clarke and coworkers.14 Keppler and coworkers reported a family of bis-azole 

compounds in 1986,15 now commonly known as “Keppler-type” complexes. This 

development was soon followed by Alessio and coworkers in 1992 with a report of 

structurally similar complexes that had an azole ligand trans to a sulfur-coordinated 

DMSO.16  
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Ruthenium anticancer compounds have shown both cytotoxic and antimetastatic 

activity.10, 17-19 These are distinct processes, where cytotoxicity is activity against the 

primary tumour, ultimately causing cell death, while antimetastasis inhibits the spread of 

cancer to secondary sites. In vitro studies have revealed that indazolium [trans-

RuCl4(1H-indazole)2] (KP1019) and sodium [trans-RuCl4(1H-indazole)2] (NKP-1339) 

show cytotoxic activity, while imidazolium [trans-RuCl4(1H-imidazole)(DMSO-S)] (NAMI-

A) shows antimetastatic activity (Figure 1.1).17, 18, 20-28 Based on these activities, these 

compounds entered clinical trials, with NAMI-A and KP1019 completing Phase I trials 

successfully.29 The more water soluble, sodium-compensated analogue of KP1019, 

NKP-1339, has progressed furthest in clinical studies.19, 23, 30, 31 It has provided disease 

stabilization against a number of solid tumors and showed only moderate nausea at the 

maximum dosage level.31 The work presented here will focus on derivatives of the 

Keppler-type compounds. 

a) Cisplatin b) KP1019 c) NKP-1339 d) NAMI-A 

 

  

 

Figure 1.1. Structures of cisplatin and Ru(III) anticancer compounds. 

1.1.1. Mechanism of Action of Keppler-Type Compounds 

The mechanism of action of KP1019 and NKP-1339 has not been confidently 

determined, but it is known that these Ru(III) compounds are prodrugs. This means that 

they are inactive upon administration, but are metabolized in the body into the anticancer 

active form. It is thought that the active form of these types of complexes is attained via 

ligand exchange and a process known as “activation by reduction” (Figure 1.2).17 The 

activation by reduction theory postulates that when the Ru(III) compound is reduced to 
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Ru(II) in vivo, it is activated toward biomolecular interactions. This reduction could be 

promoted in the hypoxic environment found in many tumours. Hypoxia, which is oxygen 

deficiency in tissue, occurs in sufficiently large tumours because they rapidly outgrow 

their blood supply. This creates a distinction between normal and tumour tissues that 

could selectively favour the reduction of Ru(III) to Ru(II).17, 20 The ligand coordinated to a 

Ru(II) centre are more labile than those coordinated to Ru(III) with a similar coordination 

environment due to several factors. One aspect is described by the Hard and Soft Acid 

and Base (HSAB) theory, which describes the interactions of the harder Ru(III) and 

softer Ru(II) ions with the harder chloride and softer biomolecular ligands, such as 

histidine. When coordinated to softer Ru(II), the harder chloride ligands will be more 

likely to be exchanged for softer ligands. Furthermore, reduction produces a filled t2g 

orbital set, causing any π-donor ligands, such as chloride, to be less strongly bound to 

the Ru(II) centre.17 Also, upon reduction, the charge of the Ru complex increases to 2, 

so loss of a chloride ligand for a neutral ligand, such as water or a histidine, is promoted 

to reduce the overall charge. In this thesis, a protocol has been established to monitor 

the spatial distribution of the Ru(III) and Ru(II) oxidation states of fluorinated complexes 

using 19F magnetic resonance imaging (MRI).  

 

Figure 1.2. Schematic of activation by reduction theory as a Ru(III) compound 
migrates to a tumour. 

KP1019 and NKP-1339 are administered intravenously, making their aquation 

behaviour and serum protein interactions key components of their overall activity.19, 21, 32-

34 NKP-1339, the more soluble analogue of KP1019, is the focus of recent clinical trials, 

due to its increased solubility enabling higher dosage in lower chemotherapy infusion 
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volumes.32, 33, 35 In the presence of serum proteins, especially human serum albumin 

(HSA) and transferrin, these solubility issues are reduced.36 This is attributed to the 

proteins’ high affinity for Ru(III) complexes ,37, 38 which may also influence their transport 

and localization in vivo. It has been suggested that KP1019 and NKP-1339 could be 

transported into cancer cells via formation of a transferrin adduct followed by transferrin 

receptor-mediated endocytosis.39, 40 Once in the cell, the fate of KP1019/NKP-1339 is 

largely unknown, but recent work has shown that they interact with various 

biomolecules, including low molecular weight cytoplasmic proteins41, 42 and DNA.43, 44 

The lack of cohesiveness in the literature regarding the mode of action prompts the need 

for further investigation. 

1.2. Fluorinated Anticancer Agents 

Fluorine substitution is a common strategy in drug development. It can result in 

increased lipophilicity, which often leads to greater membrane permeation, and can also 

improve metabolic stability and enhance binding to target biomolecules.45-50 Fluorinated 

drugs are generally less prone to degradation due to the strength of the C-F bond, which 

is the strongest C-X bond at 485 kJ mol-1, compared to the C-H bond, with a bond 

strength of 413 kJ mol-1.51 Because of these advantages, an estimated 20-25% of drugs 

under development and as many as 30% of blockbuster pharmaceuticals contain 

fluorine.50, 52 As a result, fluorination has become a major consideration when designing 

new anticancer therapeutics, as demonstrated by the success of fluorinated anticancer 

drugs such as 5-fluorouracil (5-FU, Figure 1.3), which is used in the treatment of colon, 

breast, gastrointestinal, ovarian, liver, skin, head, and neck cancers.53, 54 In this thesis, 

trifluoromethyl substituted azoles have been used to generate new analogues of 

Keppler-type complexes. This functionalization was chosen since it gives: (i) sufficiently 

donating ligands for coordination to the metal centres, (ii) a significant increase in 

hydrophobicity, and (iii) a spectroscopic handle with up to six equivalent 19F nuclei per 

molecule for NMR and MRI studies. 
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Figure 1.3. Structure of 5-Fluorouracil (5-FU). 

1.3. Magnetic Resonance Spectroscopy 

Common spectroscopic methods for evaluating the solution behaviour and 

protein interactions of Ru(III) centres are nuclear magnetic resonance (NMR) and 

electron paramagnetic resonance (EPR). In general, both techniques examine the 

interaction of the magnetic moments of nuclei and electrons with their local chemical 

environment. Magnetic moments, , of electrons and nuclei arise from the spin angular 

momentum, defined by quantum number, I for nuclei and S for electrons. The interaction 

of the magnetic moment of a nucleus or an electron with an external magnetic field is 

described by the Zeeman effect, the energy of which is given by: 

 EZeeman= Z
B0 (1.1) 

where B0 is the applied external magnetic field, and Z is the magnetic moment of the 

particle. For a nucleus, Z is defined as: 

 
Z
= g

N

N
mI (1.2) 

where gN is the nuclear g value, N is the nuclear magneton, and mI is the nuclear 

magnetic spin quantum number. By substituting equation 1.2 into 1.1, the Zeeman 

energy of a nucleus placed in a magnetic field is defined by: 

 EZeeman= gN

Z
mIB0 (1.3) 
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Nuclei can exist in 2I + 1 spin states, mI, ranging from +I to –I. Taking the most common 

example of an NMR-active nucleus, 1H with I = ½, it can exist in two spin states, mI = +½ 

and mI = −½. The energy splitting between the two possible spin states is then given by: 

 EZeeman= gN

N
B0 =  

N
B0ħ (1.4) 

where N is the magnetogyric ratio of the nucleus and ħ is reduced Planck’s constant.  

Similarly for electrons, Z is defined as: 

 
Z
= g

e

B
m𝑠 (1.5) 

where ge is the free electron g value, B is the Bohr magneton, and ms is the electronic 

magnetic spin quantum number. Substituting equation 1.5 into 1.1, the Zeeman energy 

of an electron placed in a magnetic field is represented by: 

 EZeeman= ge

B
msB0 (1.6) 

So, for a free electron, s = ½ and ms =  ½, the energy splitting between the two 

possible spin states is given by: 

 EZeeman= ge

B
B0 (1.7) 

Thus the energy level splitting depends linearly on the magnetic field as shown in Figure 

1.4. The Zeeman energy level splitting for a nucleus is smaller than that of an electron 

and is due to the difference in the magnitude of the nuclear magneton, N (5.051 10-27J 

T-1), and the Bohr magneton, B (9.274 10-24J T-1). Transitions occur when the energy 

of the microwave radiation satisfies the resonance condition with: 

 ΔE = h (1.8) 

where h is Planck’s constant.  
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Figure 1.4. The energy level splitting diagram of a) a 1H nucleus with I = ½ and b) an 
unpaired electron in an applied magnetic field.  

In this thesis, NMR data were collected from 1H (I = ½, 99.98%,  = 26.75) and 

19F (I = ½, 100%,  = 25.17), and EPR data were measured from Ru(III) complexes. 

Ru(III) has a 4d5 configuration, and for octahedral complexes such as those studied 

here, the crystal field splitting is sufficient that they are found in the low spin form and 

thus have S = ½. Thus, since EPR is sensitive to unpaired electrons, it is ideal for 

studying Ru(III) complexes. The main features of each technique are listed in Table 1.1.  

Table 1.1. Comparison of NMR and EPR spectroscopies. 

 NMR EPR 

Type of spin angular momentum Nuclear  Electronic 

Different chemical environment Chemical shift g value 

Coupling to nuclei J coupling Hyperfine coupling 

Typical frequency MHz GHz 

1.3.1. Nuclear Magnetic Resonance Spectroscopy 

Nuclei with spin quantum number, I, greater than zero are considered NMR-

active nuclei. As stated above, a magnetic moment arises from the nucleus’s intrinsic 

spin angular momentum. The net or bulk magnetization of the sample, M, is the sum of 

each individual magnetic moment in the sample. In the absence of B0, all magnetic 

moments are randomly oriented, so M = 0. After applying B0, the nuclei are defined by 

either mI = +½ or mI = −½. For positive N (e.g., 1H or 19F), the z-component of the 

magnetic moment corresponding to mI = +½ aligns with the field direction and has lower 

E
n
e
rg

y

Applied Magnetic Field

ΔE = gNNB0 = h

mI = −½

mI = +½

(a)

E
n

e
rg

y

Applied Magnetic Field

ΔE = geBB0 = h

ms = −½

ms = +½
(b)
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energy, while the mI = −½ state aligns against the field and has higher energy. M then 

becomes a non-zero vector aligned in the direction of B0, which defines the z-axis. This 

is caused by a small population imbalance, stemming from a slightly larger population 

existing at lower energy than the population at higher energy (Figure 1.4a), with 

populations defined by the Boltzmann distribution. Using a semi-classical picture of the 

magnetization vectors, M can be rotated about any axis by applying a radiofrequency 

(RF) pulse to the sample. When M is rotated 90° into the x,y plane (Figure 1.5), the 

nuclei experience non-equilibrium magnetization. This magnetization in the x,y plane is 

detected as the NMR signal, in the form of a free induction decay (FID).  

 

Figure 1.5. Rotation of magnetization vector, M, into the x,y plane following an 90° 
RF pulse. 

In the presence of paramagnetic species, NMR signals experience line width 

broadening and a change in chemical shift in NMR. This is caused by two phenomena: 

contact and pseudo-contact interactions.55 Pseudo-contact interactions arise from 

through-space interactions between the magnetic dipoles of electrons and nuclei. 

Contact interactions are caused by direct overlap of the wave function of an unpaired 

electron with a nucleus, and are sometimes known as Fermi contact interactions. These 

interactions result in shorter relaxation times, causing the detected signal to decay faster 

than in the absence of paramagnetism. Relaxation is the process by which nuclei 

release energy absorbed following an RF pulse, and will be discussed in more detail in 

Chapter 3. Briefly, there are two types of relaxation: T1 which describes the recovery of 

the net magnetization along the z-axis, and T2 which describes the loss of coherence in 

the x,y plane. The linewidth of an NMR signal is determined by T2, as related by: 

 1/2 = 
1

T2
 (1.9) 

x

y

z

M

B0

x

y

z

M

B0

90 RF pulse
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where 1/2 is the signal’s width at half height. Thus a shorter T2 results in a broader 

signal. 

In Figure 1.6, a 1H NMR spectrum of (CF3PyrH)[RuCl4(CF3Pyr)2] , one of the 

complexes investigated in this thesis, can be seen. The 4-(trifluoromethyl)pyridinium 

counterion of the complex is diamagnetic and shows sharp 1H NMR signals from the  

and  protons at 8.81 and 7.73 ppm respectively. However, when 4-

(trifluoromethyl)pyridine is coordinated to the paramagnetic Ru(III) centre of the complex 

the signals from the protons are broadened, so substantially for the  protons that they 

are no longer detectable. As shown in Figure 1.6, the  protons are also shifted upfield 

to −5 ppm. One particularly useful result of this difference in diamagnetic and 

paramagnetic signals, is that it allows for discrimination between Ru(II) and Ru(III) 

complexes. Since Ru(II) (d 

6, S = 0) is diamagnetic, the chemical shifts of its ligand are 

only slightly shifted from those of the free ligands. In this thesis, this has been a 

particular focus for MRI studies of Ru complexes in the 2+ and 3+ oxidation states.  

Figure 1.6. 1H NMR spectrum of (CF3PyrH)[RuCl4(CF3Pyr)2]. 

δ (ppm)

−9−8−7−6−5−4−3−2−10567891011

Hβ–Ru(III)

Hα Hβ

Counterion
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1.3.1.1 19F NMR 

Fluorine-19 is a suitable nucleus for NMR spectroscopy because it is 100% 

abundant, has a nuclear spin of ½, and has a receptivity 83% of that of a proton. 

Compared to a proton, the fluorine nucleus is more sensitive to changes in its local 

environment due to a chemical shift range spanning about 800 ppm. Figure 1.7 shows a 

particular advantage of using 19F NMR for studies of these types of complexes, which is 

simplification of the spectra. The CF3 groups of (CF3PyrH)[RuCl4(CF3Pyr)2] have three 

chemically equivalent fluorine atoms, producing single peaks with triply intense signal 

intensity than that of a single fluorine atom. Thus, in the 19F spectrum, single peaks are 

observed for the protonated-ligand counterion and the paramagnetic signal from the 

Ru(III) coordinated ligand.  

19F NMR has been used for investigating interactions with proteins, allowing 

elucidation of specific binding affinity for some fluorinated drugs.56-58 This approach has 

been employed in this thesis for studies of Ru(III) anticancer compounds with human 

serum albumin (HSA). Because fluorine is not found naturally in biological environments, 

19F NMR and MRI spectra can be collected without interference from background 

signals.56-58 

Figure 1.7. 19F NMR spectrum of (CF3PyrH)[RuCl4(CF3Pyr)2]. 

−82−80−78−76−74−72−70−68−66−64−62

δ (ppm)
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1.3.2. Electron Paramagnetic Resonance Spectroscopy 

Elaborating on the discussion of EPR above, paramagnetic species are the focus 

in this thesis, and typically have a characteristic g value that is different from that of a 

free electron (Figure 1.8). The local magnetic field experienced by an electronic 

magnetic moment in a sample is typically not equal to B0, due to contributions from the 

local chemical environment. To enable comparison between samples measured at 

different frequencies, this is quantified in terms of a change to the g value, according to: 

 g = h

BB0
 (1.10) 

where B0 is the applied magnetic field, and g is the g value corresponding to the effective 

field at the electron. An EPR spectrum is generated when a species with an unpaired 

electron is placed in B0, and then the applied magnetic field is swept while keeping the 

microwave frequency constant. 

a) Free electron 

 

 

b) Electron affected by local 
environment 

 

Figure 1.8. Energy splitting diagrams of a) a free electron and b) an electron affected 
by its local environment after placement in a magnetic field. 

EPR only detects species with unpaired electrons. Since only the paramagnetic 

component is detected, no signals from components such as solvent or free ligands are 

observed, as would be the case in NMR. In paramagnetic metal complexes, such as the 

Ru(III) compounds studied in this thesis, EPR usually only reports on the first 

coordination sphere of the metal centre. As a result, it can be used to characterize 

ligand-exchange processes in aqueous solution and interactions with biomolecules. The 
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Walsby group has previously monitored ligand exchange in Ru(III) anticancer drug 

candidates and has reported the formation of aquation products and non-coordinate and 

coordinate protein interactions.36, 55, 59-61  

The EPR data from Ru(III) complexes presented in this thesis are “powder 

pattern” EPR spectra of frozen solutions. These spectra are an average of all of the 

molecules in the sample, which are fixed in place during freezing and are randomly 

orientated with respect to B0. The overall shape of the observed signal can be correlated 

with the symmetry of the Ru(III) species and, as such, the EPR signals can be classified 

as isotropic (where gx = gy = gz), uniaxial (where gx = gy = g, gz = g||) or rhombic (where 

gx ≠ gy ≠ gz) (Figure 1.9).  

Figure 1.9. Typical EPR spectral shapes as related to the coordination 
environment around the Ru(III) centre. 
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1.3.2.1 Simulation of EPR Spectra  

Spectral simulations were necessary to interpret the EPR data collected in this 

thesis. Simulations of EPR spectral were performed using the Matlab program, 

EasySpin,62 to obtain the g values and linewidths of each complex and species formed 

by ligand exchange. The complexes investigated here can undergo multiple ligand 

exchange steps both with water and protein ligands, frequently leading to several 

species in solution with overlapping spectra. Thus, when multiple signals were observed 

in the experimental data, unique spectral parameters were found for each species and 

their EPR spectra were simulated individually. These simulated spectra were then 

summed together with appropriate weighting factors to reproduce the experimental data 

as accurately as possible. 

1.4. Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is a standard non-invasive diagnostic tool for 

imaging soft tissues, providing clear anatomical information with high spatial resolution 

and excellent soft tissue contrast. MRI is built upon the fundamental principles of NMR, 

but it provides detailed spatial information that would otherwise be unavailable. MRI is 

discussed more thoroughly in Chapter 3, so the description here is brief. 

 1H imaging is the most common form of MRI since the human body is largely 

made up of water. Differences in relaxation rates (either T1 or T2) for the protons in water 

in different types of tissues can be exploited to enhance imaging of certain tissues. With 

its favourable NMR properties, 19F is also a suitable nucleus for MRI. The greatest 

benefit in using 19F MRI is that there is no fluorine background signal in biological tissue. 

In this work we have taken advantage of this to develop a method for definitively 

monitoring the interactions of the fluorinated Ru anticancer compounds in tissue model 

systems. 
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1.5. Research Goals 

In this work, a series of CF3 functionalized derivatives of KP1019, NKP-1339, and 

their imidazole and pyridine analogues, have been synthesized to test two hypotheses. 

First, to determine whether the CF3 modification would improve the pharmacological 

properties of the compounds, such as permeability and biomolecule interactions, by 

increasing hydrophobicity. Second, to determine if CF3 groups could be used as 

spectroscopic handles that would enable MRI studies of the compounds, resulting in 

spatial discrimination of their Ru(III) and Ru(II) oxidation states. Together, these 

research aims seek to develop new theranostic compounds with both improved 

cytotoxicity and in vivo imaging capabilities. 
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Chapter 2.  
 
Trifluoromethyl derivatives of NKP-1339 and its 
imidazole and pyridine analogs 

2.1. Introduction 

The bis-indazole complexes KP1019 and NKP-1339 (Figure 2.1) are the most 

promising ruthenium antitumour drug candidates, but development of new derivatives 

with different axial heterocyclic ligands is on-going. To date, only a modest number of 

analogues of these compounds have been reported.61, 63-65 The derivatization of Keppler-

type complexes through modification of the axial ligands is important because these 

ligands influence aqueous solubility, protein interactions, general cytotoxic activity, and 

adverse toxicological effects.36, 61, 66-70 Ligand exchange kinetics of Ru(III) complexes are 

typically sufficiently slow that they can be considered to be kinetically inert.70-72 In the 

case of Keppler-type complexes this means that the axial nitrogen heterocycles usually 

remain coordinated under physiological conditions and following cellular uptake.36, 67, 73-75 

36, 61, 66-70Thus, the development of new Keppler-type complexes is important, not only to 

the goal of developing new compounds with improved activity, but also to advance the 

understanding of the compounds currently undergoing clinical studies. 

As discussed in Chapter 1, fluorination is a strategy used frequently in drug 

development to modify in vivo activity. In particular, the addition of hydrophobic CF3 

groups has the potential to influence the absorption and distribution of the Ru(III) 

compounds described here, by modification of their overall lipophilicity, while also 

enabling 19F NMR studies. Previous studies of KP1019 suggest that the complex is 

taken up by cells both via passive diffusion,60, 76 and possibly by a pathway mediated by 

transferrin.39 Optimal passive transport requires that compounds have lipophilicity that is 

sufficiently high to penetrate the lipid core of cell membranes, but not so high so as to 
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become trapped within the membrane.48 Excessively hydrophobic compounds can 

exhibit low aqueous solubility so, moderately lipophilic molecules exhibit the best 

pharmacokinetic properties.77 The lipophilicity of the axial heterocyclic ligands of 

Keppler-type complexes has been associated with non-coordinate binding to the two 

principal hydrophobic binding domains of human serum albumin (HSA).36, 78 These types 

of interactions have been correlated with the low nephrotoxicity of KP1019 as compared 

to the bis-imidazole complex KP418 (Figure 2.1).79 The more hydrophobic indazole 

ligands of KP1019 may enable rapid sequestration of the complex by HSA in vivo.36 

Furthermore, studies of a series of KP1019/NKP-1339 analogues with heterocyclic 

ligands of varying hydrophobicity have shown that increased stability of non-coordinate 

interactions with HSA can also inhibit coordination to the protein.59 This was 

demonstrated to enhance activity, possibly by increasing bioavailability. 

 

Figure 2.1 Keppler-type Ru(III) anticancer complexes and new trifluoromethyl 
derivatives. 

In this study, the synthesis and characterization of trifluoromethyl derivatives of 

KP1019/NKP-1339, KP418, and the pyridine analogue of these complexes (Figure 2.1) 

are reported. This modification of the axial ligands increases lipophilicity and 

consequently modifies interactions with HSA. Furthermore, inclusion of fluorine enables 

the use of 19F NMR to monitor solution behaviour and interactions with proteins. 
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2.2. Experimental 

Materials: The starting compounds RuCl3·H2O (Pressure Chemical), 4-

(trifluoromethyl)pyridine (Alfa Aesar), 4-(trifluoromethyl)-1H-imidazole (Matrix Scientific), 

and 5-(trifluoromethyl)-1H-indazole (Accela BioChem) as well as HSA (Aldrich), 5-

fluorouracil (Aldrich), cisplatin (Sigma-Aldrich), RPMI 1640 media (Gibco), McCoys 5a 

modified medium (Gibco), L-glutamine (Gibco), fetal bovine serum (Gibco), Hoescht 

33342 nucleic acid stain (Life Technologies), and ethidium homodimer I (Biotium) nucleic 

acid stain were used as purchased. Na[RuCl4Pyr2]61, Na[RuCl4Im2]80 and Na[RuCl4Ind2] 

(NKP-1339)81 were prepared as described elsewhere.  

2.2.1. Crystallographic structure determination 

Single-crystal X-ray crystallographic analysis was performed on a Bruker SMART 

diffractometer equipped with an APEX II CCD area detector fixed at a distance of 5.0 cm 

from the crystal and a MoK fine focus sealed tube ( = 0.71073 nm) operating at 1.5 kW 

(50 kV, 30 mA) and filtered with a graphite monochromator. Structures were solved 

using direct methods and refined by SHELXle.82 Diagrams of complexes 1a, 2c, and 3c 

were generated by ORTEP-383 and POV-RAY.84 Crystal data, data collection parameters 

and details of structure refinement for compounds 1a, 2c, and 3c are listed in Table A.1 

in Appendix A. 

2.2.2. NMR measurements 

NMR experiments were performed using 5 mm NMR tubes (NewEra HL5) with a 

co-axial standard capillary (Wilmad, 60 µL) containing 5 mM trifluoroacetic acid (TFA) in 

D2O-based phosphate buffered saline (PBS) and were filled with 500 µL of solution to 

achieve a 50 mm sample height. The D2O PBS solution contained: NaCl (150 mM), 

KH2PO4 (7.6 mM) and K2HPO4 (42.4 mM), pH* 7.4. The pH of the D2O buffer was 

measured using a pH probe and the measurement was corrected to account for 

deuterium using the method of Glasoe and Long.85  
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All 19F speciation spectra were measured using a Bruker AVANCE III UltraShield 

400WB Plus spectrometer operating at 376 MHz for 19F. Additional 19F NMR spectra of 

the fluorinated ligands were collected using a Bruker AVANCE III 500 MHz 

spectrometer, operating at 470 MHz for 19F. Typical spectral parameters were as follows: 

spectral width, 60 ppm; acquisition time, 2.88 s; relaxation delay, 0.12 s; number of data 

points, 128k (zero-filled to 256k), and without 1H decoupling. The aqueous solution 

sample spectra were processed using a 1 Hz exponential line broadening prior to 

Fourier transform and the protein sample spectra a 5 Hz exponential line broadening 

prior to Fourier transform. The 19F signal from TFA was used as an external reference 

for calibrating chemical shifts (peak set to 0 ppm) and D2O was used as the source of 

the 2H lock signal. Sample temperatures of 37 °C during NMR experiments were 

obtained using a flow of heated air over the sample regulated with a Bruker BVT 3000 

temperature controller (calibrated using 99.5% CD3OD). 

Complexes in PBS: Complexes 1b and 2b were dissolved in D2O PBS at 37 °C, 

to give a concentration of 10 mM, and immediately placed in the spectrometer with the 

probe preheated to 37 °C, and each sample was maintained at this temperature 

throughout the experiment. During the first 10 minutes of incubation, 19F NMR 

measurements (20 scans) were made at 2 minute intervals. Subsequently, after 30 min, 

1, 2, and 6 h from the time of preparation, measurements were made with 80 scans.  

Ligands in PBS: 4-(trifluoromethyl)pyridine, 4-(trifluoromethyl)-1H-imidazole, and 

5-(trifluoromethyl)-1H-indazole were dissolved in D2O PBS, to give a concentration of 5 

mM. Due to lower aqueous solubility, 5-(trifluoromethyl)-1H-indazole was dissolved in 

DMSO then added to D2O PBS to achieve a concentration of 5 mM in a 25% DMSO 

solution. 19F NMR measurements (80 scans) were collected at 25 °C.  

Complexes with HSA: Complexes 1b, 2b, and 3b (10 mM) and HSA (2 mM) were 

dissolved together in D2O PBS at 37 °C. 19F NMR measurements (80 scans) were 

performed at 0, 30 min, 1, 2, 6 and 24 h from the time of preparation, with the solutions 

were maintained at 37 °C. 

Ligands with HSA: The ligands 4-(trifluoromethyl)pyridine, 4-(trifluoromethyl)-1H-

imidazole, and 5-(trifluoromethyl)-1H-indazole (5 mM) and HSA (2 mM) were dissolved 
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in D2O PBS and incubated at 37 °C for two hours. Due to lower aqueous solubility, 5-

(trifluoromethyl)-1H-indazole was dissolved in DMSO then added to D2O PBS to achieve 

a concentration of 5 mM in a 25% DMSO solution. 19F NMR measurements (80 scans) 

were collected at 25 °C. 

2.2.3. EPR sample preparation 

Complexes in PBS: Compounds 1b and 2b were dissolved in PBS to give a 

concentration of 3 mM, and incubated at 37 °C for 0, 30 min, 1, 2 and 6 h. The PBS 

solution contained: NaCl (137 mM), KCl (2.7 mM), Na2HPO4 (10 mM), and KH2PO4 (2 

mM), pH 7.4. After each incubation period, a 210 µL aliquot was taken and mixed with 

90 µL of glycerol, which acted as a glassing agent, to produce a final volume of 300 µL, 

and were then promptly frozen in liquid nitrogen. The low aqueous solubility of 3b meant 

it was not possible to obtain an EPR spectrum in PBS.  

Complexes with HSA: A solution of HSA (600 µL, 0.75 mM) in PBS was mixed 

with a 600 µL solution of each complex (1.5 mM), also in PBS. The combined solution 

was then diluted to 4 mL with PBS and incubated at 37 °C for one of the following time 

periods: 0, 30 min, 1, 2, 6, and 24 h. Each 4 mL solution was concentrated down to a 

volume of less than 200 µL using an Amicon centrifugal filter unit (molecular weight cut-

off 30 kDa) by centrifuging at 8 °C and 4500 rpm for 30 min, or until a volume of less 

than 200 µL was attained. The filtered product was then mixed with 90 µL of glycerol and 

diluted to a final volume of 300 µL with PBS, and frozen in liquid nitrogen. 

2.2.4. EPR measurements and simulations 

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 20 K. The Bruker cryostat system 

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 
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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.62 

2.2.5. Optical measurements 

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. Spectra were collected from the compounds dissolved in a PBS solution 

containing: NaCl (137 mM), KCl (2.7 mM), Na2HPO4 (10 mM), and KH2PO4 (2 mM), pH 

7.4. Complexes 2a,b and 3a,b were dissolved in DMSO to improve solubility then added 

to PBS, giving a 1% DMSO solution. Measurements were performed on 200 µM 

solutions of each complex in 1 mL volumes. Protein binding measurements were 

performed on 200 µM solutions of each complex with 100 µM HSA in 1 mL volumes. 

Complexes 2a,b and 3a,b required dissolution in DMSO then addition to PBS to give a 

1% DMSO solution to improve solubility. All samples were measured at 37 °C for a total 

of 2 h with scans taken at 10 min intervals. To monitor weak d-d transitions 

corresponding to HSA coordination, additional samples were made with 600 μM of each 

complex and 100 μM HSA, and were incubated at 37  C for 24 h with measurements 

made at one hour intervals. 

2.2.6. Fluorescence competition experiments 

Fluorescence competition experiments were performed according to the 

literature.78 Fluorescence spectra of the sodium-compensated complexes 1b, 2b, and 3b 

as well as Na[RuCl4Pyr2], Na[RuCl4Im2], and Na[RuCl4Ind2] (NKP−1339) were recorded 

at room temperature with a Horiba Fluorolog fluorimeter using entrance and exit slit 

widths of 5 nm and a 1 cm quartz cell. An excitation wavelength of 335 nm was used in 

all experiments and emission spectra were collected between 420 and 600 nm. The data 

were analysed with Stern-Volmer plots.86  
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A stock solution containing HSA (50 µM) and dansylglycine (50 µM), and a stock 

solution of each Ru(III) complex (1000 µM) were prepared in a PBS solution containing: 

NaCl (150 mM), Na2HPO4 (10 mM), and NaH2PO4 (2 mM), pH 7.4. Complex 3b and 

NKP-1339 were dissolved in DMSO to improve solubility then added to PBS to give a 

1% DMSO solution. Measurements were performed on 3.5 mL samples containing HSA 

(1 µM) and dansylglycine (1 µM) with Ru complex concentrations varied over a range of 

0-15 µM. 

2.2.7. logD measurements 

Distribution coefficients (D) were determined by the shake flask method87, 88 

using n-octanol and a PBS solution containing: NaCl (137 mM), KCl (2.7 mM), Na2HPO4 

(10 mM), and KH2PO4 (2 mM), pH 7.4. The sodium-compensated complexes 1b, 2b, 

and 3b, as well as Na[RuCl4Pyr2], Na[RuCl4Im2], and Na[RuCl4Ind2] (NKP-1339) were 

dissolved in n-octanol pre-saturated PBS to give 200 μM solutions; 3b and NKP-1339 

were dissolved in DMSO to improve solubility and then added to PBS to give a 1% 

DMSO solution. The aqueous solutions and n-octanol in 1:1 v/v ratio were mixed with an 

orbital shaker for 2 h at 25 °C. The mixtures were then centrifuged at 5000 rpm for 3 min 

at 25 °C. UV-Vis spectra were taken of the aqueous phase before and after shaking, and 

the absorbance at max was compared to ascertain the value of D. 

2.2.8. Electrochemical measurements 

Cyclic voltammograms were recorded on a CH Instruments 660 potentiostat, 

equipped with an 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.89 

K3[Fe(CN)6] was used to calibrate the electrode. Spectra were collected from 200 µM 

solutions of the sodium-compensated complexes 1b, 2b, and 3b, as well as 

Na[RuCl4Pyr2], Na[RuCl4Im2], and Na[RuCl4Ind2] (NKP-1339) in a PBS solution 

containing: NaCl (137 mM), KCl (2.7 mM), Na2HPO4 (10 mM), and KH2PO4 (2 mM), pH 

7.4., with 3b dissolved in DMSO then added to PBS, giving a 10% DMSO solution to aid 

in solubility. Prior to each measurement, samples were deaerated by passing a stream 
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of argon through the solutions for 5 minutes. Measurements were performed at room 

temperature at a scan rate of 25 mV/s. 

2.2.9. Biological activity testing 

A549 and HT-29 cells were acquired directly from Dr. Marcel Bally’s laboratory 

(BC Cancer Agency Research Centre, Vancouver, BC). A549 cells were cultured at 37 

°C under a 5 % CO2 atmosphere in RPMI 1640 media supplemented with 2 mM L-

glutamine and 10% fetal bovine serum. HT-29 cells were cultured at 37 °C under a 5 % 

CO2 atmosphere in McCoys 5a modified medium supplemented with 1.5 mM L-

glutamine and 10% fetal bovine serum. The sodium-compensated complexes 1b, 2b, 

and 3b, as well as Na[RuCl4Pyr2], Na[RuCl4Im2], Na[RuCl4Ind2] (NKP-1339), and 

cisplatin were diluted from 10 mM stocks in DMSO to give the desired concentrations in 

complete cellular media for cytotoxicity testing. To verify that the compounds would 

remain soluble under assay conditions, each compound was incubated in complete cell 

media at the maximum testing concentrations for 72 hours at 37 °C and in each case 

there was no evidence of precipitation.  

For the in vitro cytotoxicity assays, the A549 and HT-29 cells were seeded in 

quadruplet at 2000 cells/well and 3000 cells/well, respectively, in 384-well plates (Grener 

Bio-One). Following a 24 h incubation period, 20 µL aliquots of each complex in media 

were added to each well to give the desired concentration with a DMSO concentration of 

1%. Wells containing a media control and a vehicle (DMSO) control were also prepared. 

After 72 h of treatment with each complex, the cells were stained using 5 µL of a 10 

mg/mL stock of Hoescht 33342 nucleic acid stain and 3 µL of a 1 mM stock of ethidium 

homodimer I per mL of media. These stains generate a total cell count and a dead cell 

count respectively. After a 20 minute incubation period the plates were then imaged 

using an IN Cell Analyzer 1000 (GE Healthcare), which is an automated fluorescent 

microscopy 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. Statistical analyses to determine half maximal 

inhibitory concentrations (IC50) were performed using GraphPad software. 
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2.2.10. Synthesis 

(4-(CF3)Pyr)2H[trans-RuCl4(4-(CF3)Pyr)2] (1a). RuCl3•H2O (0.207 g, 1 mmol) was 

dissolved in ethanol (6 mL) and HCl (1 M, 6 mL) and refluxed for 3 hours to produce a 

clear, brown-orange solution. Half of the solvent was then removed by rotary 

evaporation. 4-(trifluoromethyl)pyridine (0.6950 mL, 6 mmol) was dissolved in ethanol 

(1.5 mL) and HCl (6 M, 1.5 mL), and added to the Ru solution. This combined solution 

was then refluxed for 30 minutes to give 1a as a fine orange powder. The product was 

isolated by gravity filtration and washed with cold ethanol (3  2 mL). X-ray quality 

crystals were recovered from the filtrate after it was stored at −18  C for several days. 

Yield: 47.8%, Mel. Temp. 230 °C (decomp.), C24H17Cl4F12N4Ru Calc. C, 34.64; H, 2.06; 

N, 6.73. Found C, 34.49; H, 2.05; N, 6.67. 1H NMR (DMSO):  = 8.81, 7.73, −5.07. 19F 

NMR (MeOD):  = −63.53, −77.64. 

Na[trans-RuCl4(4-(CF3)Pyr)2]•H2O (1b). 1a (0.0343 g, 0.041 mmol) was 

suspended in dried DCM (6 mL). NaBPh4 (0.171 g, 0.5 mmol) was dissolved in dry 

acetone (1 mL) and added dropwise to the 1a suspension to produce an orange 

solution. The solution was stirred at room temperature for 1.5 h and then diethyl ether 

(4.5 mL) was added and the solution was then allowed to stir 17 h. The desired product 

1b was formed as a fine yellow-orange powder, which was isolated by filtration and 

washed with diethyl ether (3  2 mL). Under ambient conditions the dry precipitate 

turned green after about 24 hours, but this process was slowed in a desiccator. It should 

be noted that the colour change did not cause any alteration to either the intensity or 

appearance of the EPR or NMR spectra of the compound. Yield: 58.5%, Mel. Temp. 138 

°C (decomp.), C12H9Cl4F6N2NaORu Calc. C, 24.93; H, 1.74; N, 4.85. Found C, 24.80; H, 

1.89; N, 4.85. 1H NMR (D2O):  = −6.08, 19F NMR (D2O):  = −75.77. 

4-(CF3)ImH[trans-RuCl4(4-(CF3)Im)2]•H2O (2a). RuCl3•H2O (0.208 g, 1 mmol) was 

dissolved in ethanol (5 mL) and HCl (1 M, 5 mL). The solution was refluxed for 3 hours, 

resulting in a clear, brown-orange solution, which was then concentrated to minimum 

solvent volume and additional HCl (1 M, 0.7 mL) was added. This Ru solution was then 

added to 4-(trifluoromethyl)-1H-imidazole (0.5444 g, 4 mmol) dissolved in HCl (6 M, 

0.3556 mL). The resulting solution was stirred at 60 °C for 10 min resulting in the 
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formation of the product 2a as an orange-red powder, which was recovered by gravity 

filtration and washed with DCM (3  2 mL). Yield: 44.5%, Mel. Temp. 189°C (decomp.), 

C12H12Cl4F9N6ORu Calc. C, 21.51; H, 1.81; N, 12.54. Found C, 21.52; H, 1.65; N, 12.71, 

1H NMR (MeOD):  = 8.68, 8.06, −16.35, −17.62, 19F NMR (MeOD):  = −63.01, −68.40. 

Na[trans-RuCl4(4-(CF3)Im)2]•2.5H2O (2b). 2a (0.0494 g, 0.075 mmol) was 

dissolved in cold acetone (1.5 mL) and NaBPh4 (0.0299 g, 0.875 mmol) was also 

dissolved in cold acetone (1.5 mL). The NaBPh4 solution was added dropwise to the 

solution of 2a to give an orange solution, which was stirred for 2 hours to give a colour 

change to brown. An excess of diethyl ether (50 mL) was added to give the product 2b 

as a dark red-brown precipitate that was recovered via gravity filtration and washed with 

diethyl ether (2  2 mL). Yield: 34.4%, Mel. Temp. 140°C (decomp.), 

C8H11Cl4F6N4NaO2.5Ru Calc. C, 16.48; H, 1.90; N, 9.61. Found, C, 16.87; H, 2.35; N, 

9.51. 1H NMR (MeOD):  = −16.30, −17.64, 19F NMR (MeOD):  = −68.41. 

PPh4[trans-RuCl4(4-(CF3)Im)2] (2c). 2a (0.1400 g, 0.2144 mmol) was dissolved in 

methanol (4.5 mL) and PPh4Cl (0.760 g, 2.075 mmol) was then added directly to the 

solution. The resulting orange solution was stirred for 45 minutes at room temperature 

and then cooled to −18  C for 1 h. Diethyl ether was added until 2c was produced as a 

fine orange precipitate, which was then recovered by filtration and washed with diethyl 

ether. X-ray quality crystals were recovered from the reaction filtrate after several days 

at −18  C. Yield: 49.7%, Mel. Temp. 235 °C (decomp.), C32H26Cl4F6N4RuP Calc. C, 

44.98; H, 3.07; N, 6.56. Found C, 45.11; H, 2.96; N, 6.68., 1H NMR (MeOD):  = 7.97, 

7.80, −16.31, −17.70, 19F NMR (MeOD):  = −68.41. 

5-(CF3)IndH[trans-RuCl4(5-(CF3)Ind)2]•4H2O (3a). RuCl3•H2O (0.057 g, 0.272 

mmol) was dissolved in ethanol (1.5 mL) and HCl (12 M, 1.5 mL) and was refluxed for 3 

hours resulting in a clear, brown-orange solution. This solution was then concentrated by 

removal of two thirds of the solvent via rotary evaporation. 5-(trifluoromethyl)-1H-

indazole (0.2023 g, 1.087 mmol) was dissolved in HCl (12 M, 3 mL, 60-70 °C) and then 

combined with the Ru solution still warm from reflux, and subsequently stirred at room 

temperature for 15 min. The product was produced as an orange-brown precipitate and 

was collected by gravity filtration, washed with water (3  2 mL) and then allowed to air 
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dry overnight. It was then washed with diethyl ether (50 mL) to give 3a as a pure light 

sandy orange solid. Yield: 50%, Mel. Temp. 162 °C (decomp.), C24H24Cl4F9N6O4Ru Calc. 

32.97; H, 2.77; N, 9.61. Found, C, 33.04; H, 2.88; N, 9.66. , 1H NMR (MeOD):  = 8.22, 

8.18, 7.71, 7.70, 7.63, 7.62, 4.70, 2.73, 1.59, 19F NMR (MeOD):  = −62.44, −64.99. 

Na[trans-RuCl4(5-(CF3)Ind)2] •2H2O•(CH3CH2)2O (3b). 3a (0.0166 g, 0.0207 

mmol) was suspended in dichloromethane (5 mL). NaBPh4 (0.0303, 0.0886 mmol) was 

dissolved in acetone (3 mL) and added dropwise to the 3a solution. The resulting 

solution was refluxed for 1.5 hours to give a clear, dark red solution. After concentrating 

to a minimum solvent volume by rotary evaporation, the resulting red-brown oil was 

dissolved in acetonitrile (0.5 mL) and then dichloromethane (3 mL) was added. Hexanes 

(6 mL) was added to this solution after which it became cloudy. After the solution was 

kept at 18 °C for 16 hours, it gave 3b as a red-brown precipitate, which was collected 

by gravity filtration. Yield: 11.2%, Mel. Temp. 122 °C (decomp.), C16H29Cl4F6N4NaO3Ru 

Calc. C, 32.10; H, 3.23; N, 7.49. Found C, 31.91; H, 3.32; N, 7.11. 1H NMR (MeOD):  = 

8.09, 1.59, −0.03, 19F NMR (MeOD):  = −64.44. 

PNP[trans-RuCl4(5-(CF3)Ind)2] (3c). 3a (0.0333 g, 0.0141 mmol) was dissolved in 

acetone (4 mL). Bis(triphenylphosphine)iminium (PNP) chloride (0.0238 g, 0.0414 mmol) 

was added directly to the solution of 3a, which was stirred for 1 h at 60 °C, after which 

diethyl ether (50 mL) was added to produce an orange suspension. The fine sandy 

orange precipitate was collected by gravity filtration and washed with diethyl ether (2  2 

mL). X-ray quality crystals were recovered from the filtrate after it was stored at room 

temperature for 2 weeks. Yield: 12.5%, Mel. Temp. 117-122 °C, C52H40Cl4F6N5P2Ru 

Calc. C, 54.13; H, 3.49; N, 6.07. Found C, 54.05; H, 3.67; N, 5.96. 1H NMR (MeOD):  = 

7.68, 7.60, 7.52, 4.59, 2.68, 1.48, 19F NMR (MeOD):  = −65.28. 
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2.3. Results and discussion 

2.3.1. Synthesis  

Compounds 1a,b, 2a,b,c, and 3a,b,c were synthesized using procedures derived 

from the original syntheses of KP1019, NKP-1339 and KP418 and their respective 

sodium and PPh4 compensated derivatives.15, 61, 81, 90 The identity and purity of the 

compounds were confirmed by elemental analysis, NMR (1H and 19F), and EPR 

spectroscopies, as well as X-ray crystallographic analyses.  

2.3.2. Crystal structures 

The sodium compensated complexes 1b, 2b, and 3b were used for speciation 

and biological studies due to their solubility in PBS. However, X-ray quality crystals of 

these compounds could not be grown. Consequently, a variety of solvent conditions and 

counterions were explored to produce suitably diffracting crystals that would allow 

characterization of the ruthenium-containing anions. Crystals were obtained for the CF3-

Pyr complex with a CF3-pyridinium cation (1a), the CF3-Im complex with PPh4
+ (2c), and 

the CF3-Ind complex with PNP+ (3c). The structures of the anions of these compounds 

as determined by X-ray crystallography are shown in Figure 2.2. Comparison of the 

bond lengths of each complex with the parent compounds show that addition of the CF3 

groups does not significantly affect the coordination sphere of the Ru centres. In all 

cases, the two nitrogen heterocycles are coordinated through their nitrogen atoms in a 

trans arrangement with an average Ru−N bond length of 2.074 Å. This value is similar to 

the reported values for KP418 (2.079 Å),80 KP1019 (2.061 Å),81 and PyrH[RuCl4Pyr2] 

(2.087 Å).61 Four equatorial chlorine ligands complete the coordination sphere with bond 

lengths ranging from 2.350−2.378 Å, which are within experimental error of KP418 

(2.342–2.356 Å),80 KP1019 (2.358–2.372 Å),81 and PyrH[RuCl4Pyr2] (2.357-2.367 Å).61 

The bond lengths around the ruthenium centre for each complex are given in Table A.2.  
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2.3.3. Lipophilicity (logD) measurements  

The axial heterocyclic ligands of Keppler-type complexes modulate their solution 

behaviour and interactions with biomolecules.36, 61 In particular, the ligands can define 

the overall lipophilicity of the complexes. Lipophilicity has been identified as an important 

general determinant of the pharmacokinetic behaviour of successful drugs,91 and is 

commonly quantified in terms of the water-octanol partition coefficient (logP)92 When 

charged species are involved, such as the anions of KP1019, NKP-1339 and their 

derivatives, lipophilicity can be defined at a specific pH by a distribution coefficient 

(logD).92, 93 Various structure-pharmacokinetic studies have provided quantitative 

correlations between lipophilicity and “druglikeness,” such as Lipinski’s observation that 

a value of logP less than 5 is optimal for oral bioavailability.94 Although current treatment 

protocols used in clinical trials of KP1019 and NKP-1339 employ intravenous 

administration,31 lipophilicity remains a key factor in the bioavailability of these types of 

complexes, defining solubility and interactions with biomolecules in vivo.36, 61 

Figure 2.2.  Crystal structures of the anions of complexes 1a, 2c, and 3c. For 
clarity, the counterions and co-crystallizing solvent molecules for each 
complex are omitted. Structures are drawn at the 50% probability level. 
Atoms are colour coded as: ruthenium (orange), chlorine (green), 
nitrogen (blue), and fluorine (magenta). 
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Complexes 1b, 2b, 3b, and their analogous unfluorinated counterparts, 

Na[RuCl4Pyr2], Na[RuCl4Im2], and Na[RuCl4Ind2] (NKP-1339), were dissolved in PBS at 

room temperature. Complexes 3b and NKP-1339 required 1% DMSO to improve 

solubility, and this small amount of DMSO was considered not to affect the overall 

measurement. The value of D was determined by measuring the UV-Vis spectrum of the 

PBS layer before and after shaking with n-octanol. The difference in max correlates with 

the change in concentration in the PBS layer due to partitioning into the n-octanol layer, 

with D calculated according to Equation 2.1:88 

  (2.1) 

The typical shake-flask protocol uses 24 hours of mixing prior to the 

measurement of concentration in each layer. However, to minimize the effects of ligand-

exchange processes, a shorter mixing time of 2 hours was used in these experiments. 

Aquation of all of the complexes occurs readily at 37 °C, but UV-Vis spectra collected at 

25 °C show that a negligible amount of ligand exchange occurs during two hours in PBS 

(Figures A.23-A.38). Thus all logD measurements were performed at this temperature. 

The lipophilicity of the fluorinated chemotherapeutic 5-fluorouracil was also measured by 

this procedure, giving a logD value of −0.88, which agrees with the literature logP value 

of −0.79,95 demonstrating the robustness of this protocol. 

The values of logD for both the parent Keppler-type complexes and their CF3 

functionalized derivatives are shown in Table 2.1. In both series of compounds the 

lipophilicity increases according to the type of heterocyclic ligands with indazole > 

pyridine > imidazole. Furthermore, the CF3 groups of 1b, 2b, and 3b increase their 

lipophilicity relative to their unsubstituted parent compounds. Thus, overall 3b is the 

most lipophilic of all the compounds and no detectable amount of the compound was left 

in PBS after mixing, so a value of logD could not be calculated. Complexes 1b (logD = 

0.38) and NKP-1339 (logD = 0.27) also show good lipophilicity. 

D =
[n-octanol]

[PBS]
 =
max (before shaking) 

max (after shaking) 
  1 
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Table 2.1  Distribution coefficients (logD), conditional binding constants (logK’), 
reduction potentials, and IC50 values for Keppler-type complexes and CF3 
functionalized derivatives. Values are ranked according to increasing 
logD.  

Complex logD logK’ E°’ (mV) 
IC50 (µM) 

HT-29 A549 

Na[RuCl4(CF3Ind)2] (3b) High 5.75 218a 24(4) 21(4) 

Na[RuCl4(CF3Pyr)2] (1b) 0.38 5.15 232 21(3) >100 

NKP-1339 0.27 5.03 17 10(1) 50(23) 

Na[RuCl4(CF3Im)2] (2b) −0.59 4.65 −141 >100 >100 

Na[RuCl4Pyr2] −1.12 3.90 −43 >100 >100 

Na[RuCl4Im2] −1.28 4.05 −188 >100 >100 

Cisplatin ---b --- b --- b 9(4) 5(1) 
aThis is a corrected E1/2 value because compound 3b was measured in a 10% DMSO PBS 
solution, see main text for correction method. 
bParameter not measured for cisplatin. 

As we show below, the lipophilicity of the complexes correlates with their solution 

stability, interactions with HSA, and cytotoxicity. This demonstrates quantitatively the 

importance of this property to key aspects of the behaviour of these types of complexes. 

2.3.4. Aqueous solution behaviour 

The solution behaviour of KP1019 and NKP-1339 has been thoroughly 

investigated using a variety of techniques.19, 23, 36, 60, 70, 73, 96 Under physiological aqueous 

conditions, KP1019 forms an insoluble monoaqua species that precipitates out of 

solution within minutes.73, 97 While this has not prevented KP1019 from performing well in 

clinical trials,19, 23, 66, 68, 96, 98 the alternative formulation with a sodium counterion, NKP-

1339, has greater solution stability and is currently under active clinical development.31, 

32 In contrast to the indazole complexes, KP418 is stable in solution, and undergoes 

step-wise ligand exchange to produce several soluble aquated species under 

physiological conditions.72, 80 This demonstrates the important role that the axial ligands 

play in the solution behaviour of these types of compounds. As shown below, 

modification of these ligands with CF3 groups has a distinct effect on how the complexes 

behave in PBS. 
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2.3.5. 19F NMR 

Each of the CF3 modified complexes has six equivalent 19F nuclei. This is 

advantageous for NMR studies since, combined with the high receptivity of 19F, this 

gives high signal-to-noise. Furthermore, a single 19F NMR signal is observed from each 

species in solution, which simplifies speciation studies. These properties are particularly 

important for these complexes since the paramagnetic Ru(III) (d5, low spin, S = ½) 

centre causes line broadening.  

Complexes 1b and 2b were dissolved in PBS (10 mM) and 19F NMR spectra 

were collected at selected time points during 6 hours of incubation at 37 °C. 

Trifluoroacetic acid (TFA) was used as an external 19F chemical shift reference, and 

defined 0 ppm. Incubation of complex 3b at 37 °C resulted in rapid precipitation, so NMR 

studies of its behaviour in PBS could not be conducted. A teal precipitate formed within 

10 minutes, which is likely an insoluble monoaqua species analogous to that observed 

for KP1019 under similar conditions.73 

a) Complex 1b b) Complex 2b 

  

 Figure 2.3. 19F NMR spectra of complexes 1b (a) and 2b (b) incubated in PBS at 
37 °C for 3 hours. Chemical shifts calibrated using an external 
trifluoroacetic acid (TFA) signal. 
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Initially, 1b shows a strong signal from the parent compound at 0.38 ppm (Figure 

2.3a). After 10 mins of incubation at 37 °C a second species ( = 1.72 ppm) is 

predominant, which is consistent with the production of a soluble monoaqua species, 

RuCl3(CF3Pyr)2(H2O). Further incubation generates three more signals ( = 3.26, 0.93 

and −0.02 ppm). These likely are produced by the cis and trans isomers of the second 

aquation product, [RuCl2(CF3Pyr)2(H2O)2]+ and a third species formed either by further 

ligand-exchange or generation of a species with coordinated hydroxide. From 30 

minutes onwards, there was a steady decrease in the overall signal intensity due to 

precipitation, with new peaks likely produced by soluble aggregate and oligomeric 

species appearing in the range of 6.9 to 10.8 ppm (Figure A.11). After 1 h, this is 

accompanied by the generation of a peak at 10.60 ppm, which correlates to the chemical 

shift of free CF3-Pyr as determined separately under the same solvent conditions (PBS, 

pH 7.4*, 37 °C, Figure A.10a). This suggests that loss of the ligand under physiological 

conditions follows the formation of aggregates and oligomeric species.  

Complex 2b exhibits a peak at 13.49 ppm prior to incubation at 37 °C (Figure 

2.3b), corresponding to the parent compound. Subsequently, the behaviour of this 

complex is quite different from 1b. In the first instance, chloride ligand exchange 

products were not observed, but rather a single predominant peak was detected even 

after 6 hours of incubation. This peak shifted steadily upfield with incubation, and is 

found at 11.59 ppm after 6 hours. Furthermore, a sharp signal at 13.74 ppm was also 

observed, which grew in intensity with incubation. This second signal arises from free 

CF3-Im, as determined by an independent measurement of the ligand under the same 

solvent conditions (PBS, pH 7.4*, 37 °C, Figure A.10b,  = 13.66 ppm). A secondary 

broad peak at  = 11.74 ppm evident in the 6 hour incubation spectrum is assigned to 

the Ru(III) species, [RuCl4(CF3Im)(H2O)]−, generated by exchange of a CF3-Im ligand.  

The greater solution stability of 2b, as compared to 1b, is consistent with the 

lower lipophilicity of the CF3-Im complex, as determined by measurements of logD (see 

above). Exchange of the CF3-Im ligand, although not a dominant process in solution, still 

has the potential to impact its pharmacological properties. The bis-imidazole complex, 

KP418, is known to exchange an imidazole ligand under biologically relevant conditions 

(pH 7.4, 37 °C),90 but not in aqueous solution alone.72 As discussed in the analysis of the 



 

32 

electrochemical properties of these compounds (see below), the CF3-Im ligand is less 

electron donating than imidazole, likely leading to a weaker Ru-N bond and promoting 

ligand exchange. 

The upfield shift of the 19F NMR peak from 2b with incubation possibly reflects 

changes in solution conditions during the experiment. EPR experiments show that the 

parent compound predominates throughout the incubation period (see below), excluding 

changes to the coordination sphere of the Ru(III) centre. Possibly, release of the CF3-Im 

ligand changes the nature of the solution sufficiently to account for the observed shift.99 

2.3.5.1 EPR 

The complexes in this study have paramagnetic Ru(III) (d5, low spin, S = ½) 

centres, so changes to their coordination environment can be studied readily by EPR. 

This approach has been used in previous studies of Keppler-type complexes, to 

characterize their ligand-exchange processes.36, 60, 61 Here, complexes 1b and 2b were 

dissolved in PBS at a concentration of 3 mM and incubated at 37 °C for 0, 30, 60, 120 

min and 6 hours. At these time points, aliquots were extracted, frozen, and EPR 

measurements were made. The solution stability of 3b was not sufficient to obtain EPR 

data, due to rapid precipitation under these conditions.  

As shown in Figure 2.4, the spectra of 1b and 2b at different time points exhibit 

overlapping signals from multiple components, and intensity changes with incubation. 

These data were analysed using spectral simulations to identify the contributions from 

different species, each of which was defined by unique g values and line widths. Each 

spectral component was multiplied by a weighting factor, which scaled with the relative 

concentration of the different Ru(III) species. The sum of the weighted spectra was then 

optimized to give the best possible match to the experimental data. 

For 1b, the multiple ligand-exchange processes detected by 19F NMR are also 

evident in the EPR spectra of the complex (Figure 2.4a). At 0 min of incubation, the 

parent complex exhibits a spectrum comprised of two components, a uniaxial signal with 

g = 2.71 and g|| = 2.35, and a rhombic signal with g = [2.65, 2.52, 2.29] (Figure A.5a). 

This assignment is consistent with previous EPR studies of KP1019 and KP418, which 
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also show two-component spectra.36 Two spectral components are observed for the 

parent species because the samples are frozen, immobilizing all possible orientations. 

This is in contrast to the NMR samples, where the complexes are tumbling rapidly and 

the resulting spectrum is an average of the possible geometries.  

With incubation at 37 C, these initial signals for 1b are steadily replaced by 

signals from ligand exchange products. The first of these, with g = [2.58, 2.28, 1.71], is 

visible during the first 30 minutes of incubation, after which its signal is attenuated. This 

is consistent with the 19F NMR data for the monoaqua species RuCl3(CF3Pyr)2(H2O). At 

longer incubation times the spectra are dominated by signals from two species with g = 

[2.35, 2.33, 2.09] and g = [2.28, 2.24, 1.95], which are likely the cis and trans isomers of 

the diaquo complex [RuCl2(CF3Pyr)2(H2O)2]+. Similar solution behaviour has been 

reported for KP418.36, 90 An overall reduction in intensity was observed, consistent with 

precipitation and was accompanied by a change in the colour of the solution from yellow-

orange to dark green. 

Figure 2.4. EPR spectra of (a) 1b and (b) 2b in PBS with incubation at 37 C. 
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The EPR spectra from 2b (Figure 2.4b) show signals from the parent compound 

that are also composed of a uniaxial component, g = 2.64 and g|| = 2.14, and a rhombic 

component fitted with g = [2.94, 2.30, 1.10] (Figure A.6a). In the latter case, a low field g 

value was not observed so a value similar to that reported for KP1019 and KP41836 with 

a large line width was used in the spectral simulation. With these parameters, the g3 

peak did not impact the simulation in the experimentally measured region. The 

appearance of the spectrum is essentially unchanged even after extended incubation at 

37 C. This indicates that the parent compound remains the dominant species in 

solution, which is consistent with the 19F NMR data. The species [RuCl4(CF3Im)(H2O)]− 

generated by loss of an axial CF3Im ligand, as identified by NMR, is tentatively assigned 

to a broad feature at 1800 G visible in the EPR spectra at incubation times of 1 h 

onwards. Such weak signals are also in accord with the NMR data. As with 1b, the 

overall reduction in signal intensity observed with incubation, is due to precipitation. For 

2b, precipitation is accompanied by a solution colour change from orange-brown to dark 

blue.  

2.3.5.2 UV-Vis 

The complexes 1a,b, 2a,b, and 3a,b were dissolved in PBS and UV-Vis spectra 

were collected at 10 minute intervals over two hours of incubation at 37 °C. Complexes 

2a,b and 3a,b were initially dissolved in DMSO, to improve solubility. In each case the 

different counterions, sodium or protonated ligand, had little impact on the appearance of 

the spectra. The only notable difference was between 3a and 3b, where the sodium-

compensated complex had lower solution stability. 

Consistent with the NMR and EPR experiments, 1a,b show spectral changes 

reflecting ligand-exchange processes. The parent compound exhibits a peak at  = 368 

nm, likely arising from a ligand-to-metal charge transfer (LMCT) transition, and 

absorbances at 261 and 325 nm which are assigned to ligand-based transitions 

(Figures 2.5, A.14). The observed isosbestic points are indicative of single ligand-

exchange processes, corresponding to the initial aquation reactions observed with NMR 

and EPR. Similar spectra and transition assignments have been reported previously for 

Na[RuCl4Pyr2].61 With incubation, the LMCT band decreases in intensity and a new 
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absorbance at  = 345 nm grows in intensity. After 120 minutes of incubation, the 

spectra show more complex changes in shape, consistent with multiple species in 

solution, as observed by EPR and 19F NMR. 

The spectra of 2a,b (Figures A.15-16) show little change during the incubation 

period, apart from a small red shift of the LMCT from  = 360 to 365 nm. This may reflect 

a contribution from the species generated by the loss of an axial CF3-Im ligand, detected 

by 19F NMR. At later time points, general broadening and absorbance increases in the 

spectra reflect the formation of insoluble species. 

Immediately after dissolution, the LMCT band of 3b (Figure A.18) was observed 

at  = 366 nm. This band disappears after 10 minutes of incubation at 37 C, which may 

indicate a rapid ligand-exchange process in PBS. However, analysis of subsequent time 

points was inhibited by precipitation. Complex 3a (Figure A.17) was comparatively 

stable in solution, which was surprising since the sodium-compensated forms of 

Keppler-type compounds have been found to be most soluble in several studies.31, 81, 97 

A similar suppression of the LMCT band to 3b was observed within 20 minutes of 

incubation.  
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Figure 2.5.  UV/Vis spectrum of complex 1a (200 μM) in PBS pH 7.4 solution at 
37 °C for two hours. 
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Overall, these UV-Vis measurements emphasize the prevalence of precipitation 

for these complexes under physiological conditions and the strong impact the ligands 

can have on this behaviour. Furthermore, as shown by EPR and NMR, the heterocyclic 

CF3 ligands also influence the ligand-exchange processes, determining the active 

species that are likely to be found in vitro and in vivo. 

2.3.6. Interactions of Complexes with HSA 

HSA (molecular mass 67 kDa) is the most abundant protein in the circulatory 

system and has been identified as the primary transporter of many drugs to their sites of 

activity.100, 101 It has two principal hydrophobic binding regions, known as site I and site II 

which are located in subdomains IIA and IIIA of the protein, respectively.102 HSA has 

high affinity for many Ru(III) complexes,37, 38 as such it is hypothesized to be the main 

transport protein for KP1019 and NKP-1339 in vivo.31 Our laboratory has studied 

coordinate and non-coordinate interactions of Keppler-type compounds previously and 

demonstrated that HSA interactions are prevalent for these Ru(III) complexes under 

physiological conditions.31, 36, 61 In particular, these studies have shown that KP1019 

forms non-coordinate interactions with the HSA initially, but coordinates to the protein 

after longer time periods.36 

2.3.6.1 Fluorescence competition experiments 

Fluorescence competition experiments were used to initially assess the effect of 

CF3 groups on interactions with HSA. This approach allows quantification of the 

interactions of the complexes with either of the hydrophobic binding sites of HSA, sites I 

and II.102 Displacement of a fluorophore with a specific affinity for one of these sites by a 

competing compound can be assessed by titration to yield a conditional binding 

constant, K, which is a measurement of a compound’s binding strength with HSA. This 

approach has been used previously for KP1019 and NKP-1339, demonstrating 

interactions with both sites I and II.78 This earlier study showed that KP1019 and NKP-

1339 have no preference for interactions with site I or II,78 and so for simplicity, 

experiments performed here have only examined interactions with site II.  
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An established marker for site II is the fluorophore, dansylglycine (DG),102 which 

fluoresces strongly in the region of 390-600 nm when in the hydrophobic environment of 

site II, and when displaced into hydrophilic media such as PBS, its fluorescence is 

diminished and red shifted to 540 nm. Therefore, a decrease in the fluorescence 

intensity from the HSA-DG adduct can be correlated to the displacement of DG from site 

II by a competitor, such as a Ru(III) complex. K can be determined using the Stern-

Volmer relationship (Equation 2.2), where I0 is the initial intensity of fluorescence when 

the competitor concentration cRu = 0 μM, and I is the intensity of fluorescence where cRu 

> 0 μM.78  

    (2.2) 

I0 /I was determined at various HSA to competitor ratios and then plotted against 

cRu, the concentration of the ruthenium competitor. This is a linear relationship in the 

presence of a single fluorophore, as is the case here for each of the Ru(III) complexes 

studied.86 From Equation 2.2, the conditional binding constant, K, was taken as the 

slope of the line of the resulting plot of I0 /I vs. cRu (Figure 2.6). 

Fluorescence competition experiments were performed for Na[RuCl4Pyr2], 

Na[RuCl4Im2] and NKP-1339 and their CF3 functionalized derivatives 1b, 2b, and 3b. 

Our logK’ value for NKP-1339 (5.03) compares well with that of the literature value 

(5.32).78 Comparison of the binding constants of each of the compounds (Table 2.1) 

show that the addition of the CF3–modified ligands increases the affinity for site II of 

HSA. Furthermore, there is a very good correlation between the values of logD and 

logK, demonstrating that the affinity of the site for compounds is modulated by 

hydrophobicity. The ordering of affinities for HSA binding, 3b > 1b > NKP-1339 > 2b > 

Na[RuCl4Pyr2] > Na[RuCl4Im2], reflects the combined contributions of the heterocyclic 

axial ligand and the CF3 groups to the overall hydrophobicity of the complexes. Notably, 

3b presents a significantly higher logK than any of the other compounds, behaviour that 

we attribute to its very hydrophobic CF3-Ind ligands. This also meant that at 

concentrations higher than 5 M, the concentration of displaced DG was sufficiently high 

I0

I
 = 1 + K'cRu 
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that its fluorescence led to non-linearity in the Stern-Volmer plot, and so data above this 

concentration were not used in the calculation of logK’. 

2.3.6.2 19F NMR 

Complexes 1b, 2b, and 3b (10 mM) were incubated with HSA (2 mM) at 37 °C 

for 24 hours, with spectra taken at 0 min, 30 min, 1, 2, 6, and 24 hours (Figure 2.7). 

These solutions were prepared with a fivefold excess of the ruthenium complexes to 

achieve higher concentrations of protein bound species with good signal-to-noise. 

However, sample spectra collected with a twofold excess, as used in the EPR and UV-

Vis experiments, showed the same spectral features. For comparison, additional spectra 

were collected of each fluorinated ligand (5 mM) with HSA (2 mM) in PBS after 

incubation at 37 °C for 2 hours (Figure A.10). 

Figure 2.6. Stern-Volmer plot of fluorescence competition experiments for 
complexes 1b (), 2b (), and 3b () and their unfluorinated 
counterparts Na[RuCl4Pyr2] (), Na[RuCl4Im2] (), and NKP-1339 
(). Fluorinated complex trendlines are dashed while unfluorinated 
complex trendlines are solid. Experimental conditions: cHSA = cDG = 1 
µM, cRu = 0-15 µM; excitation wavelength = 335 nm; ambient 
temperature; pH 7.4. 
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The 19F NMR spectra of 1b in the presence of HSA (Figure 2.7a) show distinct 

differences from those of the complex in PBS. The patterns of the peaks are reminiscent 

of the PBS studies, however they are shifted upfield and broadened in these protein 

studies. Initially, a broad peak is observed at −0.31 ppm, which is attributed to the parent 

complex, 1b. After 30 minutes of incubation, three additional peaks are observed at 3.23 

ppm, 1.44 ppm, and −1.70 ppm, and are assigned to the aquation products that were 

also observed in PBS. The observed shift and broadening are consistent with non-

coordinate interactions with HSA, likely with the hydrophobic binding domains of the 

protein. The protein-bound species are expected to have a longer correlation time due to 

their association with HSA, and consequently a shorter transverse relaxation time (T2) 

and corresponding larger linewidths.103 19F NMR has been used previously to investigate 

the change in fluorine signal from a CF3 group due to compound interacting with HSA, 

showing similar line broadening and chemical shift changes.56, 57 Furthermore, such 

hydrophobic interactions with HSA have been identified for KP1019, NKP-1339, and 

a) Complex 1b b) Complex 2b c) Complex 3b 

   

Figure 2.7. 19F NMR spectra of complexes a) 1b, b) 2b and c) 3b (10 mM) incubated 
with HSA (2 mM) in PBS at 37 °C for 6 hours. The 0 min spectra (2 min 
scans) have been adjusted to match the signal intensity of the remaining 
time points (4 min scans).  
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other Keppler-type complexes.23, 31, 36, 61 Interestingly the signal from the parent 

compound is more persistent in the presence of HSA than in PBS, demonstrating that 

interactions with the protein are influencing aqueous ligand-exchange processes. 

After 1 h of incubation of 1b, a sharp signal at 10.68 ppm is observed, 

corresponding to the free CF3-Pyr ligand, as determined by comparison with the 19F 

NMR spectrum of the isolated ligand in PBS ( = 10.60 ppm, Figure A.10a). This 

signal’s intensity increases with incubation, and after 24 hrs, it is composed of two 

components, the sharp peak assigned to free ligand in solution, and a broad feature that 

is slightly down field. Incubation of the CF3-Pyr ligand with HSA, produces a similar 

signal ( = 10.76 ppm, Figure 2.7a), indicating that this correlates with a population of 

the ligand that is interacting with the protein. This provides additional evidence for non-

coordinate interactions with HSA, likely promoted by the lipophilic CF3 group.  

Signals assignable to protein coordinated species, as detected by EPR and UV-

Vis, are not observed in the 19F NMR spectra. These species likely have even longer 

correlation times than the non-coordinated species, and may thus have very large line 

widths that make their signals unobservable. However, the loss of signals from non-

coordinated species, the absence of signals from free complexes or oligomeric species, 

and the observation that no precipitation occurs in the presence of HSA are all 

consistent with protein coordination at longer incubation times. Furthermore, the signals 

from free CF3-Pyr are more intense than observed from 1b in PBS. This indicates that 

protein interactions promote loss of the CF3-Pyr ligand. 

Complex 2b shows similar behaviour to 1b (Figure 2.7b). A broadened signal 

from the parent compound, shifted down field, is observed at incubation times up to 1 

hour. This is consistent with the complex forming non-coordinate interactions with the 

protein. Loss of this signal with incubation is accompanied by the increase of a sharp 

signal at  = 13.84 ppm, and broad peak at  = 15.94 ppm. Comparison with 19F NMR 

spectra from CF3-Im in PBS and with HSA (Figure A.10b), indicates that these signals 

are from free and protein-bound ligand populations, respectively. The proportion of free 

ligand is larger than for CF3-Pyr, possibly reflecting the lower lipophilicity of CF3-Im, 

which leads to less favourable interactions with hydrophobic sites of HSA. The loss of 
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CF3-Im from the Ru(III) complex is consistent with a previous study of the bis-imidazole 

complex KP418, which reports that the complex can release imidazole ligands in the 

presence of biological nucleophiles.90 

The solubility of 3b in PBS is substantially improved in the presence of HSA. 

Similar enhancement of solubility has been reported for KP1019, and was associated 

with rapid formation of non-coordinate interactions with the hydrophobic binding domains 

of the protein.36 Initially, a very broad 19F peak is observed at around 14 ppm, which we 

assign to the parent compound bound non-coordinatively with HSA (Figure 2.7c). After 

10 minutes of incubation, a sharp peak at  = 15.27 ppm develops, reflecting loss of a 

CF3-Ind ligand. Comparison with the spectra from CF3-Ind in PBS and with added HSA 

(Figure A.10c) suggests that interaction with protein will lead to broadening and an 

upfield shift of the 19F signal from the ligand. Thus, we conclude that the CF3-Ind ligand 

interacting with HSA is responsible for the signal observed at around 13.08 ppm at later 

time points. The relatively low proportion of free ligand, as compared to the protein 

associated species, is also consistent with the high lipophilicity of the CF3-Ind strongly 

promoting interactions of 3b with hydrophobic sites of HSA.  

Collectively, the 19F NMR data demonstrate that these complexes readily form 

non-coordinate interactions with HSA, in accord with the other spectroscopic studies 

discussed here. However, these data also show that the CF3 modified ligands are readily 

lost in the presence of the HSA. Because of differences in sensitivity between the 19F 

NMR measurements of the paramagnetic complexes and diamagnetic ligands, it is hard 

to assess relative concentrations of these species. Nonetheless, it is notable that in each 

case that the signals from released ligands are produced after the signals from non-

coordinated species are observed. This indicates that the free ligands are generated 

from protein bound species, suggesting that this could be a pathway for HSA to 

influence the speciation of these compounds, and possibly other Keppler-type 

complexes, in vivo. 
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2.3.6.3 EPR 

Measurements of EPR spectra were performed on 1b, 2b, and 3b following 

incubation with HSA in PBS for 0, 30 min, 1, 2, 6 and 24 hours at 37 °C. Protein-bound 

fractions were isolated using centrifugal ultrafiltration so that EPR spectra were from 

HSA-associated Ru(III) species exclusively. 

At the earliest time point (0 min), spectra from each complex show the presence 

of their respective parent compounds (Figure 2.8, Figures A.7-A.9). This was confirmed 

by spectral simulation, in the case of 1b and 2b by using the same spectral parameters 

determined from EPR measurements of the complexes in PBS (see above and Figures 

A.7-A.9). Although EPR measurements of 3b could not be made in PBS, greater 

solubility in the presence of HSA enabled spectra from protein-bound species to be 

detected with good signal-to-noise (Figure 2.8b). Identification of signals at early 

incubation time points as arising from the parent complex 3b was through their similarity 

to previously published data for NKP-1339.36 The presence of signals from the parent 

compounds in each case establishes that all three complexes rapidly bind to HSA 

without exchanging ligands, resulting in non-coordinate protein interactions. 

The overall EPR signal intensity from 1b decreased considerably during incubation at 37 

°C, indicating that protein bound species are not highly persistent. However, four new 

signals that were not previously observed in PBS were still readily observed during the 

incubation period. The first two species detected with g = [2.45, 2.34, 1.32] (1b-HSA1), 

and g = [2.29, 2.24, 2.10] (1b-HSA2) were apparent as early as 30 minutes of 

incubation. After six hours of incubation, 1b-HSA1 was replaced by two more protein 

associated species, 1b-HSA3 with g = [2.53, 2.37, 1.32], and 1b-HSA4 with g = [2.35, 

2.20, 1.83]. The formation of two HSA-coordinated species was also reported from EPR 

studies of Na[RuCl4Pyr2] with HSA.61 Observation of two additional species at the longer 

incubation times used here is consistent with the subsequent loss of a CF3-Pyr ligand 

following protein coordination, as demonstrated by 19F NMR measurement of 1b (see 

above). 
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a) Complex 1b b) Complex 3b c) Complex 2b d) Simulation 

   

Figure 2.8. EPR spectra of the sodium-compensated complexes 1b, 2b, and 3b (1.5 
mM) incubated with HSA (0.75 mM) at 37 °C for 24 hours. a) Complex 
1b, b) complex 3b, c) complex 2b, and d) simulation of the 60 minute 
spectrum of complex 2b. 

The EPR spectra of complex 2b with HSA are dominated by a single strong 

signal with g = [2.53, 2.34, 1.71] after 1 h of incubation. This signal is very similar to EPR 

spectra from the HSA-coordinated species of other Keppler-type complexes,36 

demonstrating that 2b also readily coordinates to the protein. A similar species is also 

observed for 3b, 3b-HSA1 with g = [2.44, 2.26, 1.78], which forms at approximately the 

same rate. Similar signals have been assigned to histidine coordinated complexes for 

KP1019 and KP418, with similar g values and characteristic large linewidths,36 indicating 

the same coordination mode for the CF3 modified analogues of these compounds. In the 

case of 3b, three additional minority species with narrow line widths are also observed: 

3b-HSA2, g = 2.29, g|| = 1.79; 3b-HSA3, g = [2.38, 2.29, 1.83]; and 3b-HSA4, g = [2.35, 

2.24, 1.77], which indicate small contributions from other binding modes, possibly to 

different amino acid side chains.36 
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Altogether, the EPR data indicate that the behaviour of 1b, 2b, and 3b are typical 

of Keppler-type complexes, with the rapid formation of non-coordinated species in the 

presence of HSA, followed by coordination to the protein at longer incubation times. 

However, comparison of the relative stability of their non-coordinated species shows a 

distinct trend. From spectral simulations, non-coordinated species are observed for 1b, 

2b, and 3b for up to 2 h, 1 h and 6 h respectively (Figure A.7-A.9). This demonstrates 

that the stability of non-coordinate interactions increases according to 2b < 1b < 3b, 

which correlates with their hydrophobicity as determined by their logD values. A previous 

study of pyridine-based NKP-1339 analogues demonstrated that stabilization of non-

coordinate interactions with HSA can lead to increased cytotoxic activity,61 suggesting 

that addition of CF3 group could be beneficial to in vivo activation. 

2.3.6.4 UV-Vis 

The behaviour of the complexes in the presence of HSA was also evaluated 

using UV-Vis measurements. Each compound (200 μM) was incubated with the protein 

(100 μM) in PBS at 37  C for 2 hours. Complexes 3a,b were initially dissolved in DMSO 

to improve solubility, giving a final DMSO concentration of 1%. For each complex, the 

type of counterion, either Na+ or protonated ligands, did not change the spectra.  

All of the complexes displayed better solution stability in the presence of HSA, as 

compared to PBS alone. However, the spectra at early incubation time points are similar 

to those in PBS, indicating little change to the coordination environments of the 

complexes initially (Figures A.19-A.24). Together, these observations are consistent 

with the rapid formation of non-coordinate protein interactions, as detected by 19F NMR 

and EPR (see above).  

At longer incubation times, the spectra of 1a,b diverge from those observed for 

the complexes in PBS. Although there is a reduction in the LMCT band at  = 378 nm 

from the parent compound, there is no corresponding appearance of a LMCT at higher 

energy that we assigned to the monoaqua species RuCl3(CF3Pyr)2(H2O). This was also 

observed by 19F NMR, with showed a much weaker signal from this species in the 

presence of the protein (Figure 2.7). For 2a,b the LMCT absorbance at  = 365 nm is 
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steadily attenuated over 2 h of incubation, reflecting more prevalent ligand exchange 

than for the complex in PBS. For 3a,b, the observed changes were generally broad and 

lacking distinct features, which precluded detailed analysis. These data, combined with 

the 19F NMR and EPR results, demonstrate that the presence of HSA not only improves 

solution stability but can also modify the ligand-exchange behaviour of these complexes. 

To characterize coordination to HSA, each complex was prepared at a higher 

concentration (600 μM) with HSA (100 μM) and monitored by UV-Vis over 24 hours of 

incubation at 37 °C. Complexes, 2a,b and 3a,b were first dissolved in DMSO to improve 

solubility, giving a final DMSO concentration of 1%. In previous studies of KP1019 and 

other Keppler-type complexes, HSA coordination was correlated with a weak d-d 

transition observed at lower energy.104, 105 This transition was observed for both 1a,b ( = 

652 nm, Figure 2.9, Figure A.25) and 3a,b ( = 613 nm, Figures A.26, A.27) with broad 

peaks in each case that grew in intensity over the first 12 h of incubation. Thus, these 

data are in agreement with the EPR studies of these complexes (see above), which also 

show coordination to HSA is favoured. The d-d transitions were not observed for 2a,b, 

possibly due to a large linewidth in this case. Taken together, the UV-Vis data are in 

good agreement with the results from the other spectroscopic techniques, showing 

modification of ligand-exchange process, evidence for non-coordinate interactions, and 

Figure 2.9.  UV-Vis spectrum of complex 1a (600 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution at 37 °C for 24 hours. 
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coordination to HSA. 

2.3.7. Electrochemical measurements 

The cyclic voltammograms of the sodium-compensated complexes 1b, 2b, 3b, 

Na[RuCl4Pyr2], Na[RuCl4Im2], and NKP-1339 were measured in PBS (Figures A.34-

A.40). Because of lower solubility, 3b was initially dissolved in DMSO before addition to 

PBS, to give a 10% DMSO solution. To determine the solvent correction for this solution, 

NKP-1339 was also measured in the same solvent mixture, resulting in a 37 mV 

lowering of its formal potential, E°’, as compared to pure PBS. This correction was used 

to calculate the value of E°’ for 3b in PBS. Each complex showed a one electron Ru(III) 

→ Ru(II) redox couple with the different ligands having distinct effects on the values of 

E°’ (Table 2.1).  

The reduction potentials have been reported for NKP-1339 (E°’ = 30 mV vs NHE) 

and KP418 (E°’ = −160 mV vs NHE) in 0.2 M phosphate buffer, pH 7.106 These values 

are similar to our results in PBS for NKP-1339 (E°’ = 17 mV vs NHE) and Na[RuCl4Im2] 

(E°’ = −188 mV). The reduction potential of each of the complexes can be estimated by 

Lever’s empirical parameterization approach using additive contributions from the 

ligands.107 As shown in Equation 2.3, the prediction of E°’ uses an electrochemical ligand 

parameter, EL, which correlates with the electron accepting characters of the ligands of 

redox-active metal complexes. The parameters SM and IM were determined by fitting EL 

and E°’ values from various complexes for particular Mn/Mn−1 redox couples.107 

 E°’ = SM ∙ ∑EL + IM (2.3) 

Parameters for Ru(III)(−1) → Ru(II)(−2) in aqueous phosphate buffer (pH 7, vs 

NHE) solutions have been reported by Reisner et al. with SM = 0.88 and IM = 0.46.106 

Using ligand parameters of EL(Cl−) = −0.24,107 EL(indazole) = 0.26,106 EL(pyridine) = 

0.25,107and EL(imidazole) = 0.09,108 we can thus calculate E°’ for NKP-1339 (20 mV), 

Na[RuCl4Pyr2] (60 mV), and Na[RuCl4Im2] (−230 mV), all of which are in reasonable 

agreement with the experimental values (Table 2.1), particularly when a negative shift of 

around 25 mV is added to the experimental values to account for solvent differences. 

For the complexes with CF3 modified ligands, the values of EL can be estimated using 
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Equation 2.3 and EL(Cl−). Using this approach, we calculate EL(CF3-Ind) = 0.34, EL(CF3-

Pyr) = 0.35, and EL(CF3-Im) = 0.11. The value of EL(CF3-Pyr) is in agreement with a 

literature report of EL = 0.32,107 indicating the values calculated by this method are 

reasonable. The electron-withdrawing CF3 groups increase the overall electron-

accepting properties of the ligands. This is reflected in higher values of EL, 

corresponding to the higher reduction potentials of their respective Ru-complexes.  

It has been suggested that Keppler type complexes may be activated in vivo by 

reduction to Ru(II) species.17, 31 This so-called “activation by reduction” hypothesis 

suggests that Ru(II) species may have increased reactivity towards biological targets.17 

This concept has drawn particular attention because it suggests that targeted activation 

may be possible by selective reduction of Ru(III) complexes in hypoxic tumour 

environments. Generally, the loss of Cl− ligands from these types of complexes is 

accelerated by reduction of the ruthenium centre.98, 108 Furthermore, it has been shown 

that KP1019 has a greater affinity towards the DNA-modelling nucleotide, guanine 

monophosphate (GMP), in the presence of two equivalents of the reducing agent 

glutathione.20 Related studies of indazole Ru(III) complexes of the type 

[Ru(III)Cl(6−n)(Hind)n](3−n)− (n = 0-4), show that their cytotoxic activity against the SW480 

colon carcinoma cell line correlates with their reduction potentials.98  

The compounds studied here with the highest reduction potentials, 1b, 3b, and 

NKP-1339, also exhibit cytotoxic activity while the other complexes are inactive (see 

below and Table 2.1). However, given that 1b has a reduction potential 215 mV more 

positive than NKP-1339, and yet shows lower activity, we conclude that the reduction 

potential is not the main discriminator for the reactivity of these complexes. However, the 

reduction potentials of all of the complexes are within the potential range of physiological 

reducing agents such as glutathione (E0’ = −250 mV), indicating that their Ru(III) centres 

could be reduced in vivo. Aqueous ligand exchange of Cl− will make reduction even 

more favourable, since Equation 2.3 parameterized for Ru(III)(0) → Ru(II)(−1) (SM = 

0.97, IM = 0.04)107 with EL(H2O) = 0.04107 predicts a significant increase in reduction 

potential. Thus, it seems that Ru(II) species could play an important role in the activity all 

of the compounds in this report. 
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2.3.8. Biological testing  

The sodium-compensated complexes 1b, 2b, and 3b, as well as Na[RuCl4Pyr2], 

Na[RuCl4Im2], and NKP-1339 were tested for cytotoxicity against the chemosensitive 

HT-29 human colon carcinoma and the more chemoresistant A549 non-small cell lung 

carcinoma cell lines109 by Kathleen Prosser (Walsby group, SFU) at the BC Cancer 

Agency Research Centre, Vancouver, BC. After the complexes were incubated with 

each of the cell lines for 72 hrs, cell viability was assessed using a fluorescent cell-

permeable nuclear marker (Hoescht 33342 nucleic acid stain) to determine total cell 

counts, and a cell-impermeable nuclear marker (ethidium homodimer I) was used to 

quantify dead cells. This enabled the “fraction affected” to be determined as the ratio of 

dead to live cells. Plots of fraction affected versus concentration (Figure 2.10, and 

Figure A.41) were then analysed to determine IC50 values (Table 2.1) by fitting to a 

sigmoidal (four-parameter logistic) curve (Figures A.42-A.48). 

 

Figure 2.10. HT-29 cell line cytotoxicity testing results of complexes 1b (), 2b (), 
and 3b () and their unfluorinated counterparts Na[RuCl4Pyr2] (), 
Na[RuCl4Im2] (), and NKP-1339 (). The results for cisplatin (, dotted 
line) are also displayed. Fluorinated complex lines are solid while 
unfluorinated complex lines are dashed. 

Using this approach, IC50 values for NKP-1339 of 10 ± 1 μM against HT-29 cells 

and 50 ± 23 μM against A549 cells were determined. These results confirm the cytotoxic 

activity of this compound, as described in previous literature reports with IC50 values of 

24.7668 and 156 μM110 against these respective cell lines. This compares well with 

0

0.2

0.4

0.6

0.8

1

0.1 1 10 100

F
ra

c
ti

o
n

 A
ff

e
c
te

d

Concentration (M)



 

49 

cisplatin against the HT-29 cell line which showed an IC50 of 9 ± 4 μM in our experiments 

(literature values of 20.36-25.4 μM111-113). Cisplatin was found to be more active against 

A549 cells with IC50 = 5 ± 1 μM (literature values of 2.36-5.95 μM114-116). The CF3 

functionalized analogue of NKP-1339, 3b, also shows good activity against HT-29 cells 

(IC50 = 24 ± 4 μM). Interestingly, 3b shows greater activity against the more 

chemoresistant cell line A549 than NKP-1339. An even greater change was observed for 

the pyridine complexes. While Na[RuCl4Pyr2] shows no activity against either cell line, its 

CF3-Pyr analogue (1b) shows good activity against HT-29 cells with IC50 = 2 ± 1 μM. 

Neither of the imidazole complexes show measurable activity, which is consistent with 

previous reports that KP418 showed no cytotoxic activity against HT29 cells.68 

The three active compounds also have the highest lipophilicity as shown by their 

values of logD (Table 2.1). This suggests that lipophilicity could be a major determinant 

of the cytotoxicity of Keppler type complexes. This is particularly notable in the case of 

the pyridine complexes, where addition of the CF3 group appears to raise logD 

sufficiently to generate activity.  

2.4. Conclusion 

CF3 functionalized derivatives of NKP-1339 and its pyridine and imidazole 

analogues were synthesized and their physicochemical properties, behaviour, and 

anticancer activity were investigated. Fluorination is a strategy in drug design that has 

been successful in increasing the metabolic stability of drug candidates. The work in this 

chapter demonstrates how the increased hydrophobicity of CF3-modified ligands can 

produce analogues of Keppler-type complexes with properties distinct from their 

unfluorinated parent compounds. The lipophilicity of the complexes was quantified by 

measurement of logD, this gave the order of hydrophobicity as 3b > 1b > NKP-1339 > 

2b > Na[RuCl4Pyr2] > Na[RuCl4Im2]. This was then found to correlate with the strength of 

interactions with the hydrophobic binding domain, site II, of HSA, as calculated from 

fluorescence competition experiments and confirmed by EPR and 19F NMR. 

Furthermore, the three compounds with the highest lipophilicity also exhibited the 

greatest cytotoxic activity, indicating that this also correlated to lipophilicity. Particularly 
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notable was that 3b was the most active against the chemoresistant A549 cell line, 

outperforming the clinically studied compound, NKP-1339.  

In addition, the CF3-modified ligands provide a useful spectroscopic handle, 

enabling 19F NMR to provide further insight into the ligand-exchange processes of these 

complexes. Each sodium-compensated complex has a single paramagnetically shifted 

19F NMR signal, which was used to characterize the aqueous solution behaviour of 1b 

and 2b in PBS. 1b has a step-wise aquation process while 2b is relatively stable in 

solution, and slowly precipitates out of solution over incubation at physiological 

temperature. 19F NMR also revealed that protein interactions lead to loss of a CF3-ligand 

of all three complexes. 

Taken together, this work demonstrates that trifluoromethylation could be a 

general strategy for influencing the pharmacological behaviour of Ru(III) anticancer 

compounds, potentially improving their efficacy and non-coordinate interactions with 

HSA.  
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Chapter 3.  
 
19F MRI of Fluorinated Ru(III) Anticancer Compounds 

3.1. Introduction 

Magnetic resonance imaging (MRI) is a versatile, non-invasive imaging method 

that has become an important tool in diagnostic medicine. 1H MRI is by far the most 

common type of MRI, which spatially resolves the endogenous protons of water in 

different tissues of the body. The relaxation rate of these protons is specific to tissue 

type, thus an imaging experiment can be manipulated to differentiate between tissue 

types and produce a detailed anatomical image. Paramagnetic imaging agents, utilizing 

complexes of metals such as gadolinium(III), are used commonly to highlight regions of 

interest, by manipulating the relaxation times of protons in targeted areas.117, 118 

However, 1H MRI has limitations, in particular the imaging of exogenous species. For 

example, monitoring of the tissue penetration of drugs with 1H MRI is incredibly 

challenging since typically use drug concentrations are low, so signals of the drug 

protons cannot be resolved from the more abundant signals from the protons of water, 

proteins, and other species in tissue.  

In this thesis, 19F MRI has been investigated as an approach to mitigate this 

issue for Ru anticancer compounds. Fluorine is not an essential element found in tissues 

and consequently is only found in negligible concentrations.46, 119, 120 Importantly, the 

biological fluorine concentration is well below the detection limits of 19F MRI 47, 49, 119, 120 

and therefore imaging of exogenous fluorinated molecules is not limited by background 

signals. Furthermore, 19F MRI scans from fluorinated molecules can be overlaid on 1H 

MRI scans of an organism to determine their anatomical distribution. In this chapter, the 

fluorinated compounds detailed in Chapter 2 were used in 19F MRI experiments to study 

tissue penetration and the oxidation state of their Ru(III) centres. The fluorinated 
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compounds, when introduced to tissue, provide clear insight into the tissue penetration 

behavior of these fluorinated compounds, which is not possible using 1H MRI. 

Furthermore, proof of principle 19F MRI experiments have been developed to monitor the 

activation by reduction postulate discussed in Chapter 1,17, 121 which hypothesizes that 

Ru(III) anticancer agents are reduced in vivo to give bioactive Ru(II) compounds in the 

hypoxic tumour environment. Given the demonstrated cytotoxic activity of the fluorinated 

compounds, and their application to 19F MRI, these compounds can therefore be 

considered “theranostics,” compounds with both therapeutic and diagnostic applications. 

Chapter 2 demonstrated the usefulness of 19F NMR in following the aqueous 

solution behaviour, as well as protein interactions, of CF3 functionalized Ru(III) 

anticancer compounds. When attempting to monitor the tissue penetration behaviour of 

Ru(III) complexes, and the possible reduction of the Ru centre, NMR can only provide 

chemical shift information and quantification of signals. MRI methods have the additional 

ability to correlate these data with spatial information.  

In this chapter, MRI experiments have been developed that monitor the diffusion 

of CF3 functionalized Ru(III) compounds into a tissue model of a tumour, and 

demonstrate that this approach could be used to monitor the oxidation state of the Ru 

centre in vivo. In order perform these measurements, significant experimental 

development was required, including identification of the optimal radiofrequency (RF) 

coils for imaging and then developing imaging protocols with liquid and agar gel 

samples. Additionally, the T1 and T2 relaxation times of the complexes were measured in 

order to optimize experimental imaging parameters. 

3.1.1. Relaxation Processes 

As mentioned above for 1H MRI of water in tissues, and in Chapter 1, the 

relaxation times of nuclei allow differentiation of various tissue environments. Following 

excitation by an RF pulse, nuclei undergo relaxation by two processes: (i) longitudinal or 

spin-lattice relaxation, characterized by T1 and (ii) transverse or spin-spin relaxation, 

characterized by T2. The T1 relaxation time is the decay constant for recovery of the net 

magnetization along the z-axis after an RF pulse and is calculated by: 
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 M() = M0 (1  e
(



T1
)
) (3.1) 

where M0 is the net magnetization vector and  is the time following the RF pulse. The 

inversion-recovery pulse sequence is the most common method of measuring T1. This 

pulse sequence utilizes a 180° pulse, which inverts the net magnetization in the z-axis, 

followed by a delay, , to allow partial T1 relaxation, and then a 90° pulse to tip the 

magnetization into the x,y plane for detection. T1 can be calculated by measuring signal 

intensity at various  and plotting their relationship (Figure 3.1). In an MRI experiment, 

the time between successive repetitions of a pulse sequence, TR, is set to at least five 

times T1 to ensure all nuclei return to equilibrium alignment to B0. 

 

Figure 3.1. T1 relaxation curve.  

Paramagnetism shortens T1 relaxation times,55 permitting shorter TR times and therefore 

faster image acquisition. This is advantageous for time dependent experiments, such as 

monitoring tissue penetration, because it allows close monitoring of temporal changes 

within a sample.  

The T2 relaxation time is the decay constant for spin states to lose coherence in 

the x,y, or transverse, plane following a 90° pulse. This phenomenon is responsible for 

FID decay and is defined by: 
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 Mxy(τ) = Mxy,maxe
−(

τ

T2
)
 (3.2) 

where Mxy is the transverse component of M, and  is the delay following the RF pulse. 

The Car-Purcell-Meiboom-Gill (CPMG) spin echo pulse sequence is commonly used to 

measure T2.122 It utilizes a 90° RF pulse followed by a train of successive 180° RF 

pulses separated by a delay, , continuing until T2 relaxation is complete. Immediately 

following the 90° pulse, all spins are in phase in the x,y plane, but they lose this 

coherence as some precess faster or slower than others due to the oscillations of local 

magnetic dipoles. The successive 180° pulses reposition the faster precessing magnetic 

moments to lag behind the slower ones, causing all of the spins in the x,y plane to 

refocus. The delay, , between the 90° and 180° pulses, and then the subsequent 180° 

pulses influences the decay in signal intensity (Figure 3.2). Similar to determining T1, by 

varying , and defining its relationship to signal intensity, T2 can be calculated (Equation 

3.2). 

 

Figure 3.2. T2 relaxation curve. 

3.1.2. One dimensional imaging 

One dimensional (1D) imaging employs a single linear magnetic field gradient, 

causing the resonant frequency to be spatially dependent. Magnetic field gradients are 

generated by a set of coils, known as gradient coils, one each in the x, y, and z 

directions. A variation in the static magnetic field, B0, is created by varying the amount or 
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direction of electrical current through the gradient coils. For example, if two tubes of 

water with different diameters are placed inside an RF coil (Figure 3.3), 1H NMR 

experiment would result in only one narrow peak in the resulting spectrum. After 

applying a field gradient along the x-axis, perpendicular to the tubes and to the principle 

magnetic field, B0, the nuclei in each vial of water now experiences a different applied 

magnetic field along the direction of the gradient. This translates to different resonant 

frequencies along the sample, allowing the nuclei to be spatially differentiated and for a 

1D image to be obtained. 

 

Figure 3.3.  One dimensional imaging of two tubes of water. a) Two tubes of water of 
varying diameters viewed from above (darkened circles) in an RF coil. b) 
The application of the x-gradient. c) The resulting 1D image of a). 

3.1.3. Two dimensional imaging 

Two dimensional (2D) imaging is an extension of 1D imaging, in that a second, 

perpendicular field gradient is applied to the sample, which spatially resolves the NMR 

signal in the second dimension. Images are constructed by dividing the 2D space into 



 

56 

discrete sample volumes, or “voxels” (Figure 3.4a). The first field gradient, the phase-

encoded gradient, causes the nuclei of the sample to be out of phase with each other in 

a predictable way (Figure 3.4b,c). The second field gradient encodes spatial information 

into each voxel’s frequency (Figure 3.4d), much like the field gradient applied in a 1D 

imaging experiment. Thus, each voxel is uniquely phased and frequency-encoded. Each 

voxel must be measured separately and then compiled into a complete image, in 

contrast to 1D imaging where the whole sample is scanned in a single experiment. In 

this thesis, the primary 2D MRI protocols used are chemical shift selective imaging 

(CHESS) and volume selective spectroscopy (VSS). Briefly, CHESS can selectively 

image a particular species in the sample, while VSS produces a matrix of NMR spectra 

acquired in each voxel. Both protocols are described in more detail below. 

 

Figure 3.4  Phase and frequency encoding in two dimensional imaging. a) A sample 
divided into 9 voxels, nuclei are aligned to the magnetic field. b) The 
application of the phase-encoded gradient on the y-axis. c) The phase-
encoded nuclei. d) The application of the frequency-encoded gradient on 
the x-axis. 

2D MRI can employ slice selection, meaning that the image obtained is of a 

selected plane of the sample from which the signal intensity is measured (Figure 3.5). A 

slice is selected using a field gradient combined with a selective RF pulse. Since the 

field gradient creates a range of resonant frequencies along the sample, a selective 

pulse with a defined frequency results in a small cross-section, or “slice,” through the 

sample that is excited by the RF pulse.  
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3.1.4. Terminology 

Some of the language surrounding MRI used in this chapter will not be familiar to 

the average reader and so definitions of common terminology follow. A two dimensional 

image is commonly referred to as a scan. The image’s signal-to-noise ratio (SNR) is 

increased by increasing the number of averaged scans, much like in NMR, and these 

averaged scans are referred to as averages. The dimensions of the image are defined 

by the field of view (FOV) and are measured in millimetres. As stated above, MR images 

are divided into voxels. The number of voxels into which a sample is divided is 

determined by the assigned matrix size, which is the number of frequency-encoded 

steps along one axis and the number of phase-encoded steps along the other. Higher 

resolution images are produced by a larger matrix, for example, the lack of detail 

produced by a 4×4 matrix compared to the high amount of detail in a 256×256 matrix in 

the same physical space is considerable. In VSS, there are two types of matrices: i) the 

acquisition matrix, which is used in data collection, and ii) the reconstructed matrix, 

which is used in the formation of the actual image. The acquisition matrix can be set to 

be a smaller value (4×4) so that the experiment length is shorter, and then the software 

Figure 3.5.  Selecting a slice of an object. a) the applied z-gradient, b) a sample in 
the gradient, c) the resulting frequencies, ω, from the sample as a 
result of the applied gradient, and d) the excitation width, Δω, of the 
selective pulse, which corresponds to the shaded region of the sample 
in b). 
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uses the collected data to predict an image with a larger reconstructed matrix (256×256) 

using interpolation (zero-filling).  

A sample can be divided up into slices and the separation between each slice is 

known as the interslice distance. Slice selection can be performed in three different 

orientations: axial, sagittal and coronal (Figure 3.6). The scan time is the time it takes to 

complete an imaging experiment and, in addition to matrix size and number of scans, is 

influenced by experimental parameters, i.e., repetition time, time to echo, pulse length, 

frequency and receiver gain. Repetition time (TR) is the time between pulse sequences, 

and limits the amount of longitudinal magnetization recovery from the excitation pulse. 

Thus, as stated above, TR is typically set to at least five times T1 to allow full recovery of 

longitudinal magnetization unless a T1 weighted image is desired. Time to echo (TE) is 

the time between the 90° excitation pulse and the echo signal maximum, and limits the 

amount that the transverse magnetization recovers following the excitation pulse. TE is 

typically kept short (~5-10 ms) unless a T2-weighted image is needed. 

 

Figure 3.6 Orientations of the three standard planes: axial, sagittal, and coronal.  

Pulse length is the length of the RF pulse in microseconds. It is affected by the 

selected nuclei being imaged, the sample properties, the coil size, and the power, thus 

the pulse length must be determined for each new sample. The basic frequency is the 

Larmor frequency of the selected nuclei and the spectrometer. Receiver gain is the 

amount of amplification applied to the FID signal. Since the intensity of the FID signal is 

influenced by sample concentration, the receiver gain must be adjusted for each new 

sample. 

Axial

Sagittal

Coronal

z
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When monitoring a time dependent process, such as a compound interacting 

with tissue, a balance must be struck between the desire to monitor these interactions 

with high temporal resolution and obtaining an image with high resolution and SNR. One 

must constantly make a compromise between image quality and experiment length 

within the constraint of the limit of detection. A satisfactory image above the limit of 

detection is one in which the sample’s features can be discerned. When an image meets 

these criteria but is not of high enough resolution and SNR where the amount of signal 

can be quantified, we have reached the limit of detection but not the limit of 

quantification. Because these experiments are proof of principle, parameters have been 

chosen to produce images that allow discrimination of key features rather than 

quantitatively reliable images. 

3.2. Experimental 

3.2.1. Materials and Instrumentation 

(CF3PyrH)[RuCl4(CF3Pyr)2] (1a), Na[RuCl4(CF3Pyr)2] (1b), 

(CF3ImH)[RuCl4(CF3Im)2] (2a), Na[RuCl4(CF3Im)2] (2b), (CF3IndH)[RuCl4(CF3Ind)2] (3a), 

and Na[RuCl4(CF3Ind)2] (3b) were prepared as described in Section 2.2.1. Complexes 

1a,b, 2a,b and 3a,b were reduced using a 1:1 ratio of compound to sodium ascorbate 

(Sigma-Aldrich); 1,3b were immediately reduced completely while 2b required an hour 

for reduction to go to completion. Fomblin Y (a perfluoropolyether oil, Aldrich), 

trifluoroacetic acid (Caledon), trifluoroethanol (Sigma-Aldrich), agar (Fisher Scientific), 

chicken liver (frozen, Independent grocery store), and beef kidney (fresh, Independent 

grocery store) were used as purchased. Samples were dissolved in a 50 mM phosphate 

buffered saline (PBS) solution containing: NaCl (150 mM), KH2PO4 (7.6 mM) and 

K2HPO4 (42.4 mM), pH 7.4.  

All magnetic resonance experiments were performed on a Bruker AVANCE III 

400WB spectrometer operating at 400 MHz for 1H and 376 MHz for 19F. NMR 

experiments measuring T1 and T2 relaxation times utilized a 5 mm BBFO NMR probe 

with the X channel tuned to 19F. NMR spectra were evaluated using the Bruker software 

TOPSPIN v.2.1 and Dynamics Centre v.2.2.1. Typical spectral parameters were as 
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follows: spectral width, 60 ppm; acquisition time, 0.72 s; number of dummy scans, 0-4; 

number of data points, 32k (T1 relaxation spectra zero-filled to 64k, T2 relaxation spectra 

were not zero-filled); and without 1H decoupling. The spectra were processed using a 1 

Hz exponential line broadening prior to Fourier transform. Sample temperatures of 37 °C 

during the NMR experiments were achieved using a flow of heated air over the sample 

regulated with a Bruker BVT 3000 temperature controller (calibrated using 99.5% 

CD3OD).  

MRI experiments utilized a micro 2.5 probe with interchangeable RF coils of 

varying diameters (5 mm, 10 mm, 20 mm, and 25 mm) which can be tuned to either 1H 

or 19F frequencies. The water-cooled Bruker micro 2.5 gradient coil system was 

separately mounted inside the room temperature shim set. The RF coils (Figure 3.7) 

available for use were: (i) a 360 MHz 5 mm dual channel 1H/19F birdcage coil (the 1H 

channel was tuned to 376 MHz and used for 19F and 1H experiments), (ii) a 360 MHz 10 

mm dual channel 1H/19F birdcage coil (the 1H channel was tuned to 376 MHz and used 

for 19F and 1H experiments), (iii) a 400 MHz 20 mm dual channel 1H/19F birdcage coil, 

and (iv) a 400 MHz 25 mm dual channel 1H/19F birdcage coil. MRI scans were evaluated 

using the Bruker software TOPSPIN v.2.0, ParaVision v.5.1 and CSI Tool.123  

 

Figure 3.7.  Schematic of a birdcage coil. 

3.2.2. Preparation of NMR and MRI samples 

T1 and T2 measurements 

Solutions of (CF3PyrH)2[RuCl4(CF3Pyr)2] (1a), Na[RuCl4(CF3Pyr)2] (1b), 

(CF3ImH)[RuCl4(CF3Im)2] (2a), Na[RuCl4(CF3Im)2] (2b), and Na[RuCl4(CF3Ind)2] (3b) 

were prepared at 20 mM in PBS, with 3b dissolved in DMSO and diluted with PBS to 

give a 20% DMSO solution to improve solubility. An additional 20 mM solution of each 



 

61 

complex was prepared with a 1:1 ratio of sodium ascorbate to induce reduction and 

generate the Ru(II) oxidation state. Approximately 700 µL of solution was transferred to 

a 5 mm NMR tube to give a sample height of 50 mm. Measurements were performed at 

25 °C. 

Selecting optimal coils 

To determine each coil’s ability to tune to the required resonant frequency, a 

solution of 100 mM trifluoroethanol (TFE) in PBS was placed in glass vials of 5 mm, 9 

mm, 18 mm, and 24 mm diameter, to match the corresponding coil size. To measure the 

SNR of each coil, pure trifluoroacetic acid (TFA, 13 M) and a solution of 100 mM TFA in 

PBS were placed in appropriately sized glass vials for the coil under investigation. All 

samples were filled to a height of 30 mm and spectra were collected at 25 °C. 

Liquid experiment sample preparation 

Solutions of TFA (100 mM), TFE (100 mM), (CF3ImH)[RuCl4(CF3Im2)] (2a, 50 

mM), and Na[RuCl4(CF3Pyr)2] (1b, 50 mM) were prepared in PBS. Complex 1b 

additionally was prepared with a 1:1 ratio of sodium ascorbate to induce reduction and 

generate the Ru(II) oxidation state. Approximately 700 µL of solution was transferred to 

a 5 mm NMR tube to give a sample height of 30 mm. Two 5 mm NMR tubes were then 

suspended in the 20 mm 400 MHz dual channel 1H/19F birdcage coil with unfluorinated 

Styrofoam (Figure 3.8). Scans were collected at 25 °C. 

Agar experiment sample preparation 

Agar gels (1%) containing Na[RuCl4(CF3Im)2] (2b) in the 3+ and 2+ oxidation 

states were prepared. Agar was dissolved in boiling PBS and stirred for approximately 2 

min over heat. The solution was allowed to cool to about 35 °C, in order to keep the agar 

solution liquid and to discourage aquation of the ruthenium complexes, which can occur 

rapidly at 37 °C. Compound 2b was pre-dissolved in a small amount of PBS and added 

to the agar solution at this point, to yield a 50 mM solution. The solution was then quickly 

transferred to a glass vial and allowed to cool and set. MRI scans were collected 

promptly after the agar gel set. Complex 2b was reduced to the Ru(II) oxidation state by 
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preparing it in solution with sodium ascorbate in a 1:1 ratio to again give a 50 mM 

solution, which was then added to the agar solution as described above. The agar 

mixture was left for an hour at ambient temperature before measurements were 

collected at 25 °C, to allow for complete reduction of the complex. 

A “tube within a tube” design was used for this sample (Figure 3.9). The 5 mm 

NMR tube was filled with about 1 mL of a 50 mM 2b containing agar gel to give a 30 mm 

sample height. A glass capillary of approximately 1 mm in diameter containing 50 mM 

Figure 3.9.  Two 5 mm NMR tubes suspended in the 20 mm coil. 

Figure 3.8.  "Tube within a tube" sample design for agar gel experiments.  

Ru(II)

Ru(III)
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reduced 2b in agar was suspended in the centre of the NMR tube using a small piece of 

plasticine in the NMR tube cap. 

Tissue experiment sample preparation 

Chicken liver was bought frozen and defrosted overnight in the refrigerator. Beef 

kidney was obtained fresh and the tissue was kept in the refrigerator until ready for use, 

at which point is was sliced into cubic or spherical pieces of desired size just prior to 

imaging.  

20 mm coil sample. A 100 mM solution of TFE in PBS was prepared. Glass 

beads (30-300 μm diameter) were placed in the bottom of a glass vial, to a height of 

about 8 mm. A piece of chicken liver (about 9 mm × 9 mm × 3 mm) was placed centred 

in the tube on top of the glass beads. The TFE solution (4 mL for a 18 mm diameter vial, 

1.5 mL for a 10 mm diameter vial) was then added to the vial to a total sample height of 

20 mm (Figure 3.10a). Scans were collected at 25 °C. 

  

Figure 3.10.  Tissue imaging sample for the a) 20 mm coil and b) the 5 mm coil. 

5 mm coil sample. A 25 mM solution of complex 2a in PBS was prepared. Glass 

beads (30-50 μm diameter) were placed in the bottom of a 5 mm NMR tube to a height 

of 2 mm. A piece of beef kidney (2.5 mm × 2.5 mm × 2 mm) was then placed on top of 

the bed of beads. 200 μL of the 2a solution was then added to the tube, giving a total 

sample height of 10 mm (Figure 3.10b). Scans were collected at 25 °C. 

a) b)
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3.2.3. MRI Protocols 

Images were collected using standard Bruker imaging sequences, as described 

below. The experimental set-up for each sample included the collection of a 1D 19F NMR 

spectrum for optimizing shimming and receiver gain settings. The basic frequency was 

set on resonance for the peak of interest and then manually input into ParaVision. From 

the measured 90° RF pulse length, the attenuation for each type of imaging experiment 

was manually calculated and optimized for each sample using the edprosol table in 

TopSpin. A OnePulse imaging sequence utilizing the non-localized spectroscopy 

(NSPECT) measuring method was then performed, for both 1H and 19F, to ensure that 

the basic frequency had been set correctly; the NSPECT measuring method gives the 

MRI software the ability to collect an NMR spectrum. Then a tripilot imaging sequence, 

utilizing the fast low angle shot (FLASH) measuring method, was performed and the 

resulting images were used to select slice position and orientation. The FLASH 

measuring method employs a very short TR and a 10° RF excitation pulse, which 

together enable rapid image acquisition. All experiments were performed without water 

suppression and with the option of automatically deriving pulse gains turned off. 

Signal-to-noise Ratio measurements 

All images were collected using a 32×32 matrix, 16 averages, 2 mm thick slices, 

2 mm interslice distance, and a receiver gain of 101 as defined in ParaVision. The FOV, 

power and number of slices were optimized for each coil and sample (Tables 3.1 and 

3.2). The ParaVision analytical protocol mic_rfTest was used to calculate the SNR in 

each slice, measured in SNR per mm3. 

Table 3.1.  Parameters for signal-to-noise ratio calculation experiments in pure TFA. 

Coil size (mm) Pulse length (μs) Power (W) Field of view (mm) # of slices 

5 5.9 75 6×6 10 

20 25.2 100 24×24 18 

25 30.38 100 25×25 18 
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Table 3.2.  Parameters for signal-to-noise ratio calculation experiments with 100 mM 
TFA in PBS. 

Coil size (mm) Pulse length (μs) Power (W) Field of view (mm) # of slices 

5 6.5 75 6×6 10 

20 25.2 100 24×24 18 

Chemical Shift Selective Imaging 

The chemical shift selective (CHESS) imaging sequence used in this thesis 

utilized the Rapid Imaging with Refocused Echoes (RARE) measuring method. The 

RARE measuring method is a fast spin echo pulse sequence similar to the CPMG 

sequence detailed in Section 3.1.1. The RARE factor determines the number of 

refocusing pulses that occur within one pulse sequence. All scans collected used the 

default RARE factor of 4. When an offset was needed to place the chemical shift of TFA 

or a ruthenium compound on resonance, it was measured from the 1D 19F NMR 

spectrum, and then manually set in ParaVision as a basic frequency offset. Parameters 

used for each experiment can be found in Tables 3.3 and B.1.  

Volume Selective Spectroscopy 

The volume selective spectroscopy (VSS) imaging sequence used in this thesis 

utilized the Chemical Shift Imaging (CSI) measuring method. The CSI imaging method 

produces an NMR spectrum in each phase-encoded voxel. Here, a basic frequency 

offset was applied to place the transmitter frequency between the chemical signals of 

interest to ensure the spectral width covered all chemical signals. Spectra were 

processed using the Bruker CSI Tool. Parameters used for each experiment can be 

found in Tables 3.3 and B.1-3. 

1H anatomical images 

1H anatomical images were collected using a multi-slice multi-echo (MSME) 

imaging sequence. Due to the relatively long T1 of tissues and their corresponding long 

TR, the MSME measuring method was designed to minimize the scan time of a spin  
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Table 3.3. Experimental parameters for 19F MRI scans of liquid samples. Pulse lengths were measure at −1.2 dB (100 W). 
CHESS scans which image all species in the sample are denoted as non-selective (NS), and selective images refer to 
the selectively imaged species. 

Sample Image 
Pulse length 

(µs) 
Avga Scan time TE (ms) TR (ms) Matrix 

FOV 
(mm) 

Slice thickness 
(mm) 

Voxel volume 
(mm3) 

Orientation 

TFA/fomblin CHESS NS 25.9 1 1 min 8.5 1500 256×256 14×14 5 0.015 Axial 

 VSS 25.9 1 4 min 12 3942.7 4×4b 14×14 5 61.25 Axial 

TFA/TFE CHESS NS 25.2 128 19 min 8.5 1500 32×32 16×16 5 1.25 Axial 

 VSS 25.2 48 50 min 12 3942.7 4×4 b 16×16 5 80 Axial 

 VSS 25.2 48 3h22min 12 3942.7 8×8 b 16×16 5 20 Axial 

 VSS 25.2 48 16h50min 12 3942.7 16×16 b 16×16 5 5 Axial 

 MSME NS 25.9 64 2h16min 85.6 1000 64×64 16×16 4 0.25 Axial 

 MSME TFE 25.9 64 2h16min 85.6 1000 64×64 16×16 4 0.25 Axial 

 MSME TFA 25.9 64 2h16min 85.6 1000 64×64 16×16 4 0.25 Axial 

TFA/2a CHESS NS 25.2 256 1h17min 8.5 1500 64×64 20×20 10 0.98 Axial 

 CHESS NS 25.2 64 38 min 8.5 1500 128×128 20×20 10 0.24 Axial 

 CHESS NS 25.2 32 5 min 8.5 1500 32×32 20×20 10 3.91 Axial 

 CHESS TFA 25.2 32 5 min 8.5 1500 32×32 20×20 10 3.91 Axial 

 CHESS 2a 25.2 32 5 min 8.5 1500 32×32 20×20 10 3.91 Axial 

 VSS 25.2 48 10h14min 12 3000 16×16 b 20×20 10 15.63 Axial 

1b CHESS Ru(III) 20 64 9 min 8.5 1500 32×32 20×20 10 3.91 Axial 

 CHESS Ru(II) 20 64 9 min 8.5 1500 32×32 20×20 10 3.91 Axial 

 CHESS NS 20 64 9 min 8.5 1500 32×32 20×20 10 3.91 Axial 
a Number of averaged scans 
b Reconstructed matrix was 32×32.
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echo pulse sequence. The MSME method excites a number of parallel slices 

simultaneously, hence “multi-slice,” instead of exciting each slice separately. The image 

with highest contrast was selected from the collection of echo images stemming from a 

single central slice. Parameters used for each experiment can be found in Tables B.2-4. 

3.3. Results and Discussion 

3.3.1. T1 and T2 measurements 

T1 and T2 relaxation times are important in imaging experiments since they 

directly affect to what value the experimental parameters, TR and TE, are set. Changing 

the temperature not only influences the solution stability and speciation of the Ru(III) 

complexes profiled in Chapter 2, it also affects their relaxation times. The relationship 

between relaxation and temperature depends on the correlation time, c, which is the 

time it takes for a molecule to rotate one radian and is defined as:124 

 c= 
4r3

3kT
 (3.3) 

where  is the viscosity of the solvent, r is the radius of the molecule treated as a 

sphere, k is the Boltzmann constant, and T is temperature. From equation 3.3, the 

correlation time of a nuclear spin bearing molecule is inversely proportional to 

temperature. The value of c is related to T1 and T2 as defined by: 
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where C is a constant dependent upon the magnetogyric ratio and internuclear distance 

of the nuclei, and  is the Larmor frequency. Together equations 3.3, 3.4, and 3.5 show 

how T1 and T2 are influenced by temperature. 
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The relaxation times of the trifluoromethylated complexes were calculated at 25 

°C and at physiological temperature (37 °C). Different experimental protocols were 

needed at each temperature. Paramagnetism decreases T1 and T2, typically from 

seconds to milliseconds or less, which will correspondingly shorten TR and TE values, 

enabling decreased scan time. The shortened scan time is helpful in attaining a higher 

SNR. 

The 19F T1 and T2 relaxation times of each compound were measured to 

determine optimal experimental TR and TE values. T1 values were measured using the 

inversion recovery method and T2 values were measured using the CPMG pulse 

sequence. Complexes 1a,b, 2a,b and 3b were prepared at 20 mM in PBS and filled to a 

height of 5 cm in a 5 mm NMR tube, with 3b dissolved in DMSO and then added to PBS 

to give a 20% DMSO PBS solution. To determine T1 and T2 times for the compounds in 

their reduced Ru(II) forms, sodium ascorbate was added to solutions of the Ru(III) 

complexes in a 1:1 molar ratio. Reduction was accompanied by a characteristic colour 

change: complex 1 from orange to red, complex 2 from orange-brown to blue, and 

complex 3 from burgundy to blue.  

To investigate the effect of the counterion on 19F T1 and T2 values, both the 

protonated ligand and sodium-compensated complexes were evaluated at 25 °C (Table 

3.4). The data in Table 3.4 clearly shows that the counterion can have an effect on 

relaxation times. At 25 °C, the counterion has no effect on the T1 of complexes 1 (60 ± 9 

ms for 1a and 58 ± 9 ms for 1b) and 2 (70 ± 2 ms for 2a and 70 ± 6 ms for 2b) in the 

Ru(III) oxidation state since they are identical within experimental uncertainty, while the 

T2 values of complex 2 are lowered by a factor of four in the presence of the sodium 

counterion (38 ± 8 ms for 2a to 9.23 ± 0.09 ms for 2b). In contrast, complexes 1 and 2 

have similar T2 values between the two counterions in the Ru(II) oxidation state (144 ± 5 

ms for 1a and 162 ± 13 for 1b, 190 ± 20 ms for 2a and 207 ± 17 for 1b), however their T1 

values are shortened (770 ± 30 ms for 1a to 500 ± 30 ms for 1b, and 741 ± 9 ms for 2a 

to 250 ± 40 ms for 2b). Due to poor solubility for complex 3b, only values for Ru(III) were 

obtained. 
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Table 3.4. 19F T1 and T2 values in milliseconds for complexes 1a,b, 2a,b and 3b in 
the 3+ and 2+ oxidation states at 25 °C. 

Complex 1a 1b 2a 2b 3a 3b 

T1, Ru(III) 60 (9) 58 (9) 70 (2) 70 (6) --- 130 (10) 

T2, Ru(III) 7.8 (0.7) 8.05 (0.14) 38 (8) 9.23 (0.09) --- 32 (5) 

T1, Ru(II) 770 (30) 500 (30) 741 (9) 250 (40) --- --- 

T2, Ru(II) 144 (5) 162 (13) 190 (20) 207 (17) --- --- 

After reduction to Ru(II) at 25 °C, most of the T1 values are increased at least 10-

fold, with the exception of complex 2b, which sees only a 3.5-fold increase. The T2 

values of the protonated-ligand compensated complexes are increased 5- to 12-fold 

while the sodium-compensated complexes see about a 20-fold increase. Compared to 

free water, which has T1 and T2 times of about 3 seconds,125 these relaxation times are 

significantly shorter. As a result, we can conclude that the 19F MRI experiments can be 

attained with shorter TR times than traditional 1H MRI experiments. 

In the MRI experiments, the fluorinated Ru(III) anions were the fluorinated 

compounds of interest, similar to the NMR experiments detailed in Chapter 2, so only the 

sodium-compensated complexes were measured at 37 °C (Table 3.5). T1 and T2 

relaxation times of complexes 1b and 2b in the 3+ oxidation state increased with 

increased temperature. Interestingly, in the 2+ oxidation state, this change was not 

consistent. For complex 1b, while T1 increased, T2 decreased with increased 

temperature. Complex 2b also saw a decrease in its T2 time while its T1 time did not 

change with reduction and temperature. 

Table 3.5. T1 and T2 relaxation times in milliseconds for complexes 1b and 2b in the 
3+ and 2+ oxidation states at 37 °C. 

Complex 1b 2b 

T1, Ru(III) 70 (6) 83 (4) 

T2, Ru(III) 8.83 (0.18) 25.4 (0.2) 

T1, Ru(II) 660 (20) 210 (30) 

T2, Ru(II) 96 (3) 135 (12) 
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3.3.2. Selecting optimal coils 

Each radio frequency coil was connected to the probe, loaded with an 

appropriately sized glass vial filled with 100 mM TFE in PBS, and an attempt to tune it to 

the 19F frequency was made. All coils, with the exception of the 10 mm coil, had a 

channel that could be tuned to 376 MHz. The 1H channel of the 360 MHz coils was used 

for both 1H and 19F, while the 1H and 19F channels was used accordingly for the 400 MHz 

coils. 

Comparative SNR was determined for images using each coil to quantify the 

difference in sensitivity between the coils. To do so, pure TFA (13 M) was placed in 

appropriately sized glass vials for the 360 MHz 5 mm coil as well as the 400 MHz 20 mm 

and 25 mm coils. 2D MRI scans were collected at room temperature with consistent 

matrix size, number of scans, slice thickness, and receiver gain so that a comparison 

could be made. Pulse length, power, field of view, and number of slices varied between 

coils as they are directly affected by coil size (Table 3.1-2). In each case, multiple slices 

(10 to 18) were taken, with some inside of the sample (Figure 3.11a) and some outside 

of the sample (Figure 3.11b). This strategy yielded zero and non-zero measurements, 

respectively. For this measurement, the background signal was taken from air, so 

Figure 3.10b is equivalent to the black regions of Figure 3.10a. In the absence of the 

19F signal in Figure 3.11a, Figure 3.11b is measured on a different intensity scale. 

  

Figure 3.11. Selected images (single slice) from a) within the sample vial and b) 
outside of the vial, which were used for measuring 19F SNR of pure TFA 
in the 20 mm coil. 

The SNR measurements revealed that the 5 mm coil is almost 8 and 10 times 

more sensitive than the 20 mm and 25 mm coils, respectively (Table 3.6), per voxel 

volume. Given that SNR is related to the number of averaged signals, and therefore 

a) b)
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scan time, a coil with a higher sensitivity and higher SNR will require a shorter scan time 

to obtain an image with equivalent signal intensity. The 25 mm coil was eliminated from 

use in further studies due to its lower SNR, and because the larger size of coil, required 

a larger fill volume (13 mL versus 6 mL for a 30 mm sample height compared to the 20 

mm coil).  

The SNR measurements were repeated with a 100 mM TFA in PBS solution to 

establish the sensitivity of the 5 mm and 20 mm coils for dilute solutions. This was closer 

to the experimental conditions to be used for imaging the Ru(III) complexes in tissues. 

The results were similar to the pure TFA measurements in that the 5 mm coil was about 

8 times more sensitive than the 20 mm coil. Since the 5 mm and 20 mm coils were the 

most sensitive available, they were used in subsequent imaging experiments. 

Table 3.6.  Results of SNR measurements. 

Coil size (mm) 
SNR per mm3 

TFA (13 M) TFA (100 mM) 

5 5224 76.1 

20 325 11.5 

25 623.5 ---* 

*SNR not determined. 

3.3.3. Imaging liquid samples 

To pursue the ultimate goal of monitoring the tissue penetration and oxidation 

state of Ru(III) anticancer agent as it interacts with a tumour, one consideration is the 

multiple signals that can arise due to ligand-exchange processes in aqueous solution 

and in the presence of biological molecules. This requires MRI protocols that can image 

all of these species and discriminate between Ru(II) and Ru(III) complexes in a single 

experiment. The two protocols utilized here capable of this are: (i) chemical shift 

selective imaging (CHESS) and (ii) volume selective spectroscopy (VSS).  

CHESS can selectively image a specific chemical species, producing a 2D scan 

that identifies where within the sample that species is located. This is done by employing 

an offset to the basic frequency to place a particular chemical shift on resonance, in 

combination with a selective excitation pulse. Since the fluorine atoms of the sodium-
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compensated fluorinated ruthenium compounds are chemically equivalent, they produce 

a single 19F NMR/MRI chemical shift, as do each of the species formed by ligand-

exchange processes. This makes it possible to monitor the behaviour of the complexes 

with 19F CHESS experiments. The CHESS protocol is also used in this thesis to produce 

typical MRI scans, which are non-selective and thus image all fluorinated compounds in 

the sample. This is done by centring the offset among all of the chemical shifts in the 

sample.  

VSS, also known as chemical shift imaging, produces a matrix, or grid, 

comprised of NMR spectra, where the chemical composition of each voxel is 

represented by an NMR spectrum. In contrast to CHESS, VSS experiments provide not 

only the spatial information of the desired Ru(III) complexes but also resolve chemical 

shifts, and relative quantities, of each species in each voxel. 

Experimental parameters for the CHESS and VSS experiments were initially 

optimized for the 400 MHz 20 mm coil using two NMR tubes containing pure TFA and 

Fomblin Y, a perfluorinated lubricant with LVAC 06/6 and MW = 1800 g/mol. These 

compounds allowed for rapid image acquisition due to high concentrations of fluorine. 

CHESS and VSS images were successfully obtained of an axial slice (Figure 3.12) and 

allowed determination of optimal imaging parameters (Table 3.3). The images shown in 

Figure 3.12, were collected using the most optimal sample conditions, determined by 

systematic variation of matrix size and number of scans, which resulted in satisfactory 

SNR in one minute for CHESS and four minutes for VSS, with only one averaged scan 

needed.  

Next, a sample containing NMR tubes of 100 mM TFA and 100 mM TFE in PBS 

was imaged (Figure 3.13-14) to determine the increase in scan time needed to obtain 

images with acceptable SNR from a more dilute sample. More than two hours was 

needed to produce reasonable CHESS scans of these solutions using the MSME 

method (described in the context of 1H MRI in section 3.2.3, Figure 3.13b-d). By 

contrast, a similar quality image obtained with the RARE method required only 19 min 

(Figure 3.13a). As a result, the RARE method was used for all future CHESS imaging 

experiments, this is particularly important since a two hour scan time is unrealistic for the 
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 tissue penetration time scale. This is because penetration could begin on the order of 

minutes.126, 127 A key result of these experiments was the observation that chemical shifts 

separated by at least 1.3 ppm can be selectively imaged, since TFA appears at −75.7 

ppm and TFE at −77 ppm. It is possible that signals even closer together can be imaged, 

which could be tested with compounds with even smaller differences in chemical shift. 

Multiple VSS scans were also taken of this sample to better understand the 

protocol’s limitations in regards to concentration and resolution. Each scan used the 

same experimental parameters except for the size of the matrix (Table 3.3). As the 

matrix size increased from 4 to 8 to 16, the scan time correspondingly increased from 50 

min to 3 h 22 min to 16 h 50 min as the number of voxels increased from 16 to 64 to 

256. This demonstrates the extent to which scan times must be extended to attain higher 

resolution images. The images in Figure 3.14 were collected with a reconstructed matrix 

Figure 3.12. 19F CHESS (a) and VSS (b) scans of pure TFA and Fomblin in 
separate 5 mm NMR tubes suspended in the 400 MHz 20 mm dual 
birdcage coil. Highlighted are example voxels selected from the 
centres of the c) Fomblin sample and d) TFA sample. Dashed circles 
indicate position of NMR tubes. Experimental conditions: 25 °C. 

Fomblin

TFA

0 −50005000

Spectral Width (Hz)

0 −50005000

Spectral Width (Hz)

(a) (b)

(c) (d)
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size of 32×32, meaning that software takes the data from the acquisition matrix size, 

zerofills it and produces an image with a matrix size of 32×32.  

 Following these experiments, all VSS scans were collected with identical 

acquisition and reconstructed matrix size, with the exception of the VSS scan collected 

for the TFA/complex 2a sample, since it was collected while optimal experimental 

parameters were still being determined. The issue with using a coarse acquisition matrix 

size (4×4, for example) and a refined reconstructed matrix size (32×32, for example) is 

that the imaging software must predict the signal intensity of each voxel in the 32×32 

grid. To investigate how imprecise this prediction can be, scans with varying acquisition 

and reconstructed matrix sizes were collected for a sample containing 100 mM TFA and 

100 mM TFE in PBS in separate NMR tubes. The difference between acquisition and 

reconstructed matrix sizes is most obvious in Figure 3.14a, where the 4×4 matrix is too  

Figure 3.13. 19F scans of TFA and TFE in PBS solutions in separate 5 mm NMR 
tubes suspended in the 400 MHz 20 mm dual channel birdcage coil 
collected with the CHESS (a) and MSME (b-d) imaging protocols. 
Excitation conditions have been set such that a,b) both complexes are 
imaged, c) TFA is selectively imaged, and d) TFE is selectively 
imaged. Experimental conditions: 100 mM, pH 7.4, 25 °C. 
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TFE a)

TFA

TFE
b)

TFA
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coarse to accurately predict the NMR tube’s location, as compared to the much more 

discrete scan produced with a 16×16 matrix (Figure 3.14c).  

The optimized parameters identified above were then applied to a sample 

containing 100 mM TFA and 50 mM complex 2a in PBS in separate NMR tubes to obtain 

CHESS images and a VSS image (experimental parameters in Table 3.3). CHESS 

scans took 5 min each to collect (Figure 3.15) with a 32×32 matrix, 32 averages, and a 

10 mm thick slice. The VSS image (Figure 3.16) was much slower to obtain and 

required a 10 hour scan time, even with a smaller matrix size (16×16), due to the 

number of scans (48) and the long TR (3000 ms) needed for data collection. These 

Figure 3.14. 19F VSS scans of 100 mM TFA and 100 mM TFE in PBS solutions in 
separate 5 mm NMR tubes suspended in the 400 MHz 20 mm dual 
channel 1H/19F birdcage coil with acquisition matrix sizes of a) 4×4, b) 
8×8, and c) 16×16 and a reconstructed matrix size of 32×32 for all. 
Below each scan is a zoom in on the TFA sample on the right to 
provide insight on the combination of differing acquisition and 
reconstructed matrices. The apparent sample position of the NMR 
tubes have been highlighted (red circles) for clarity, and the 
corresponding 2D scan can be found in Figure 3.13a. Experimental 
conditions: 25 °C. 

a) b) c)
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parameters took into account TFA’s long T1 of 2.6 s as well as the minimum SNR 

needed in each voxel. This issue could be mitigated in future experiments by a smaller 

matrix in addition to the shorter TR   produced by the short T1 of the Ru(III) complexes.  

 Using the optimized parameters, a sample consisting of two 50 mM aqueous 

solutions of Na[RuCl4(CF3Pyr2)] (1b) in PBS, one tube containing 1b in the Ru(III)  

Figure 3.15. 19F CHESS images of two NMR tubes containing TFA (100 mM) and 
complex 2a (50 mM) in PBS. Excitation conditions have been set such 
that a) both complexes are imaged, b) TFA is selectively imaged, and 
c) complex 2a is selectively imaged. Experimental conditions: pH 7.4, 
25 °C. 

Complex 2a

TFA

TFA

Complex 2a

(a) (b) (c)

Figure 3.16.  19F VSS image of TFA (100 mM) and complex 2a (50 mM) in PBS. 
Experimental conditions: 25 °C. 
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oxidation state and the other containing 1b in the Ru(II) oxidation state, produced by 

reduction with ascorbic acid. CHESS scans were successfully obtained (Figure 3.17).   

However, at this concentration of complex 1b a 10 h scan time was needed to obtain a 

high resolution VSS scan, and so a VSS scan was not collected.  

As described above, the trifluoromethyl groups on the ligands of the Ru 

complexes studied in this thesis work have a single easily identifiable signal in 19F NMR. 

Furthermore, the paramagnetism of the Ru(III) centres of these compounds 

characteristically shifts the signal to a lower chemical shift as compared to the reduced 

Ru(II) forms of the complexes. In principle, we now have a tool for imaging reduction of 

the complexes in vivo, and probing the activation by reduction hypothesis. The 

experiments described in this section with TFA and 1b, demonstrate a model 

experimental set-up for such studies.  

3.3.4. Imaging agar samples 

The correlation time, c, depends on viscosity (Equation 3.3). Correlation times in 

fluid solutions near ambient temperatures typically give efficient T2 relaxation. However, 

for large molecules and nuclei in solid matrices, correlation times are typically longer, 

leading to shorter T2 (Equation 3.5) and thus producing broader signals that are harder 

to measure due to their lower peak intensity. In MRI, this phenomenon can lead to the 

inability to efficiently image a sample. 

Figure 3.17. 19F CHESS scans two NMR tubes containing complex 1b in PBS in 
the 3+ and the 2+ oxidation state. Excitation conditions have been set 
such that a) both Ru(III) and Ru(II) complexes are imaged, b) the 
Ru(III) complex is selectively imaged, and c) the Ru(II) complex is 
selectively imaged. Reduction was induced using sodium ascorbate in 
1:1 molar ratio. Experimental conditions: 50 mM, pH 7.4, 25 °C. 
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As described in Chapter 2, a particular advantage of using CF3 groups is that 

they can retain mobility through rotation about the C-C bond to the heterocyclic ligand 

even when the compound itself has been immobilized in a solid matrix. This rotation 

produces shorter c than if the complexes were completely immobilized like the rest of 

the matrix, leading to longer T2 and corresponding sharper peaks, which give improved 

signal intensity and shorter scan times. Experiments were initially conducted using agar 

gels containing the fluorinated compounds to test whether this property would enable 

MRI measurements of the compounds once immobilized in tissues. Furthermore, these 

experiments were used to determine optimal parameters needed to obtain informative 

images within a reasonable timeframe. Agar is a well-known gelling agent derived from 

algae, and has applications in the biological and culinary sciences.128, 129 Agar gels melt  

at 85 °C and solidify around 32 °C, so they ideal for preparing samples at physiological 

temperatures, and are then stable under our experimental conditions.  

As a model for imaging of Ru(III) complexes in reducing tissue environment, such 

as in hypoxic tumours, two agar gels containing complex 2b were prepared, one having 

the complex in 3+ oxidation state and the other the 2+ oxidation state.  

In the NMR spectrum of 2b used for experimental set-up (Figure 3.18), 19F 

signals from the Ru(III) complex were detected around −65 ppm and signals from the 

Figure 3.18. 19F NMR spectrum used for imaging complex 2b in the Ru(III) and 
Ru(II) oxidation states. Reduction was induced using sodium 
ascorbate in 1:1 molar ratio. Experimental conditions: 50 mM, pH 7.4, 
25 °C. 
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Ru(II) complex were identified between −61 and −63 ppm. The appearance of multiple 

peaks in each of these regions indicates ligand-exchange processes leading to 

contributions from aquated derivatives in the agar gels. Signals from the Ru(III) species 

are shifted to a lower chemical shift and broadened due to the paramagnetism of the 

Ru(III) centre. Weaker signals from the Ru(II) are due to the smaller volume of the glass 

capillary and thus fewer 19F nuclei. 

Both CHESS and VSS images of an axial slice that was 10 mm thick (Figure 

3.19) were collected. Ru(III) and Ru(II) selective CHESS scans were again successfully 

collected in addition to a non-selective scan (Figure 3.20, experimental parameters in 

Table B.1). Since the Ru(III) complex is paramagnetic, it has a short T1 (70 ms, see 

Table 3.5) and therefore TR, which is set to at least five times T1, is much shorter. Here, 

TR was set to 300 ms from the default 1500 ms, and so the Ru(III) selective scan could 

be collected in just 8 min (Figure 3.20c). The Ru(II) selective scan (Figure 3.20b) was 

collected in 38 min due to a long TR of 1500 ms to accommodate the longer T1 of the 

Ru(II) complex (250 ms, see Table 3.5). These scan times are reasonable in the context 

of the expected tissue penetration time scale. 

Figure 3.19. Schematic of axial slice selection for the Ru(III)/Ru(II) agar gel 
sample. The gel containing the Ru(III) compound was placed in the 
outer tube (orange) while the gel containing the Ru(II) compound was 
placed in the inner capillary (blue). The slice is outlined in grey on the 
tube (a), with the top view of the selected slice (b) on the right. 

b)a)
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A VSS scan also enabled the Ru(II) and Ru(III) complexes to be discriminated spatially. 

As shown in Figure 3.21, the selection of a voxel in the outer circle shows the19F 

chemical shift of the Ru(III) complex, while a voxel from the inner circle clearly shows the 

Ru(II) chemical shift. It did, however, require a scan time of over 10 hours to produce an 

informative scan with sufficient SNR. This long scan time is related to the VSS imaging 

protocol combined with the long TR required to image the Ru(II) complex. Both the 

CHESS and VSS scans demonstrate proof of principle for selective imaging, and 

therefore monitoring, of the oxidation state of fluorinated ruthenium anticancer 

compounds due to the change in chemical shift. In addition, the CHESS scans can be 

completed within a time frame that is relevant to tissue penetration studies.   

3.3.5. Imaging tissue samples 

The success of the agar experiments prompted us to apply the same imaging 

protocols to model tissue systems. Easily obtained, absorbent tissue was needed to 

model biological tissue, and chicken liver and beef kidney were found to be satisfactory 

candidates for this purpose.  

3.3.5.1 Preliminary experiments with TFE in PBS with chicken liver 

Preliminary experiments were performed with the 400 MHz 20 mm coil because 

a larger piece of tissue could be used and thus a thicker slice could be selected and 

imaged, as compared to the much smaller 5 mm coil. The imaging experiments 

developed with the 360 MHz 5 mm coil can easily be transferred to the 20 mm coil due 

to the utility of the ParaVision software package. Only the pulse length, power and 

receiver gain had to be measured for the new coil, parameters that are already 

measured for each sample in every experiment. 

A ~12 mm  12 mm  5 mm piece of chicken liver was placed on a bed of glass 

beads (3 mm diameter) in an 18 mm diameter glass vial. The glass beads were used to 

elevate the tissue to a position in the center of the coil. In the first round of experiments a 

solution of 100 mM TFE in PBS was gently added to the vial, filling to a total sample 

height of 30 mm. The goal of these initial measurements was to optimize experimental 
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Figure 3.20.  19F CHESS images of complex 2b in both the Ru(III) and Ru(II) 
oxidation states. Excitation conditions such that a) the whole sample 
is imaged, b) the Ru(II) complex is selectively imaged, and c) the 
Ru(III) complex is selectively imaged. Reduction was induced using 
sodium ascorbate in 1:1 molar ratio. Experimental conditions: 50 mM, 
pH 7.4, 25 °C. 

   

a) Non-selective b) Ru(II) selective c) Ru(III) selective 

 

Figure 3.21. 19F VSS scan (b) of complex 2b in both the Ru(III) and Ru(II) oxidation 
states, with a reference CHESS image (a). Highlighted are example 
voxels displaying the 19F NMR signal produced by c) the Ru(III) 
compound, and d) the Ru(II) compound. Reduction was induced using 
sodium ascorbate in 1:1 molar ratio. Experimental conditions: 50 mM, 
pH 7.4, 25 °C. 
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parameters before moving on to the Ru(III) complexes. 

The general procedure to monitor tissue penetration was designed to minimize 

the amount of time spent on set-up and maximize the number of 19F scans that could be 

collected before solution absorption by the tissue reaches an equilibrium state. Quick, 

low resolution 1H scans of axial, sagittal and coronal slices was obtained to provide 

general anatomical information and the location of the sample within the coil. After 

choosing an appropriate slice position, 19F VSS scans with an 8×8 matrix size were 

collected continuously for up to twelve hours. Following the completion of the VSS 

scans, higher resolution 1H scans were collected to provide higher resolution anatomical 

images with improved SNR. 

Multiple imaging parameters were investigated with the chicken liver sample. 

Unfortunately the 19F CHESS scans collected here suffered from low SNR even after a 

scan of more than an hour, due to a combination of the comparatively low concentration 

of TFE inside the tissue and an insufficient number of averages. Though an hour long 

scan is much shorter than the 10 hour long VSS scans detailed above, we were striving 

for a reasonable scan time in the context of tissue penetration. Since scan times of 

hours are not suitable to monitoring the time dependence of tissue penetration, 19F VSS 

scans with smaller matrices and short TR due to the short T1 values of the ruthenium 

complexes were used instead, which enabled scans with sufficient SNR to be collected 

in minutes rather than hours. It was found that by selecting a sagittal slice, which is 

parallel to the static field in contrast to the perpendicular axial slices of the liquid and 

agar samples, a useful side profile of the sample could be obtained. 

After several CHESS and VSS attempts with various matrices and number of 

averages, a 19F VSS scan (Figure 3.22c) was collected six hours after insertion into the 

spectrometer, which clearly displayed a 19F signal coming from inside the chicken liver 

sample. Due to the long diamagnetic T1 of TFE (3.5 s), this 19F VSS scan had a scan 

time of just over two hours, producing data with good SNR and 19F VSS signals showed 

penetration of TFE into the tissue (Figure 3.22c) demonstrating proof of principle. 

Interestingly, the 19F signals were intensified in the tissue relative to the TFE in the 

surrounding solution. This was attributed to the tissue shortening the T1 of TFE,130 
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indicating that the 19F nuclei in the tissue were relaxing faster and therefore more 

completely in the set TR. To confirm this observation, an analogous 1H VSS scan was 

collected (Figure 3.22d), and a similar signal intensification was observed for water 

associated with the tissue versus water in solution.  

3.3.5.2 VSS of 2a with beef kidney 

The successful VSS protocol determined using TFE formed the basis for similar 

measurements of a fluorinated Ru(III) compound. As with the agar sample preparation, 

the 360 MHz 5 mm coil was utilized in these experiments for its smaller volume and high 

sensitivity, enabling a smaller sample to be used. Complex 2a was used in these tissue 

  

  

   

Figure 3.22. 19F images of ~12 mm piece of chicken liver on a bed of glass beads in 
100 mM TFE in PBS collected with the 400 MHz 20 mm dual channel 
1H/19F birdcage coil. a) Reference photograph, b) a high resolution 1H 
scan, c) 19F and d) 1H VSS scans collected 6 hours after insertion into the 
spectrometer. Experimental conditions: pH 7.4, 25 °C. 

a) b) 

c) d) 
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experiments due to its slow aquation rate at room temperature. The testing 

concentration was lowered to 25 mM from 50 mM to better replicate in vivo testing 

conditions.19, 23, 31 

A 5 mm NMR tube was prepared by adding an approximately 2 mm bed of glass 

beads to elevate the tissue to a central position in the tube. A piece of beef kidney (2.5 

mm×2.5 mm) was then carefully pushed down to rest on top of the glass beads. A 25 

mM solution of 2a in PBS was then slowly pipetted into the tube to a total sample height 

of 20 mm (Figure 3.23) and the tube was promptly inserted into the spectrometer. A 

sagittal slice, 2 mm thick, was selected down the centre of the tissue and sequential 19F 

VSS scans were collected. These VSS scans utilized a shorter TR in accordance with 

2a’s shorter T1 (70 ms, see Table 3.5) compared to TFE, and so scans with a 4×4 matrix 

had scan times of 6 min while an 8×8 matrix took 48 min, both lying within the desired 

time frame for in vivo applications. An anatomical 1H image was collected after the 

completion of the 19F experiments (Figure 3.24a) and used to evaluate the resulting 19F 

images. The 19F VSS scan (Figure 3.24b), 6 hours after insertion into spectrometer, 

clearly shows 19F signals inside the beef kidney tissue. This further demonstrates proof- 

of-principle for this technique and indicates it could be viable for in vivo studies. As 

observed for the TFE experiments with chicken liver, the signals from 2a coming from 

within the tissue are enhanced relative to those from the free compounds in solution, 

indicative of the tissue shortening the T1 of 19F nuclei. 

Figure 3.23 Reference photos of a 3 mm piece of beef kidney in complex 2a in 
PBS, a) before and b) after the solution has been added. Experimental 
conditions: 25 mM, pH 7.4, 25 °C. 

  

 

a) b)
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Figure 3.24.  1H scan (a) and 19F VSS scan (b) of beef kidney soaking in a solution of 
complex 2b. Tissue is outlined for clarity. Experimental conditions: 25 
mM, pH 7.4, 25 °C. 

3.4. Conclusion 

The MRI experiments performed here lay the groundwork for in vivo imaging of 

fluorinated ruthenium anticancer agents. The 19F signals of fluorinated ruthenium 

anticancer agents has been definitively imaged after penetration into tissue, with data 

collected within useful time periods for measurement of diffusion. Different oxidation 

states of these compounds have also been imaged, allowing for activation by reduction 

to potentially be monitored within the tissue models used here or in even more relevant 

biological environments, such as tumour model systems. 

Successful extension of these experiments to in vivo systems and tumour models 

will depend on the ability to use a practical voxel size and the corresponding amount of 

19F nuclei in each voxel. Potentially lower levels of 19F may require an increased number 

of averages and longer scan times. From the proof-of-principle experiments using beef 

kidney, it was determined that when a slice thickness less than 2 mm was selected with 

a 25 mM solution, acceptable SNR could not be attained within a reasonable timeframe. 

However, under these conditions the actual concentration in the tissue is not known, 

since the amount of complex that diffuses from the surrounding solution cannot be 

quantified. To improve the signal intensity per unit time, the scan rate could be 

decreased by optimizing TR with respect to T1 relaxation times. Future experiments 

could also utilize the 20 mm coil, although it has lower sensitivity than the 5 mm coil, 

a) b)
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because the imaging experiments would benefit from the thicker slice selections 

available. Furthermore, to minimize sample volume, use of a 10 mm diameter glass vial 

was explored. Preliminary 1H anatomical images were collected on such a sample, 

providing a basis upon which this smaller vial set-up can be used for future 19F images 

(Figure 3.25). 

  

a) b) 

Figure 3.25. Example sample of a) a 10 mm diameter glass vial containing a piece of 
chicken liver on a bed of glass beads and b) an example 1H anatomical 
image of the sample. 

Overall, the work in the chapter demonstrates that MRI methods can potentially 

be useful in characterizing the behaviour of fluorinated Ru anticancer compounds. Not 

only can this approach determine their distribution in biological tissues, but it can also 

spatially discriminate between Ru(III) and Ru(II) oxidation states. This has the potential 

to provide information on the antitumour mechanisms of these compounds, particularly 

the activation by reduction hypothesis. 
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Chapter 4.  
 
Summary, Conclusions and Future Directions 

In this work our goal was to develop fluorinated Ru theranostics, which were 

anticancer-active compounds that could also be used as 19F magnetic resonance 

imaging (MRI) probes of tissue penetration and oxidation state behaviour. This research 

has been separated into two parts. The first area is covered in Chapter 2, which was the 

synthesis and characterization of fluorinated ruthenium(III) complexes based on the 

clinically successful compounds KP1019 and NKP1339, and establishment of their 

anticancer activity, aqueous solution behaviour, and protein interactions. Chapter 3 then 

describes development of MRI protocols for monitoring the tissue penetration and 

oxidation state behaviour of these compounds. 

The fluorinated Ru(III) compounds were synthesized using trifluoromethylated 

indazole, imidazole and pyridine ligands. It was demonstrated that addition of the 

trifluoromethyl group increases the lipophilicity of the complexes. Lipophilicity was 

quantified via the distribution coefficient, logD, and the resulting trend also reflects the 

intrinsic lipophilicity of the parent ligands, increasing from imidazole to pyridine to 

indazole. The conditional binding constant to human serum albumin (HSA), logK’, 

reflects this trend where the protein had higher affinity for the pyridine and indazole 

complexes than the imidazole complexes in addition to the CF3-modified ligands 

enhancing binding to the protein over the unfluorinated compounds. This is consistent 

with the increased lipophilicity of the complexes enhancing interactions with the 

hydrophobic domains of HSA. Na[RuCl4(CF3Pyr)2] (1b), Na[RuCl4(CF3Im)2] (2b) and 

Na[RuCl4(CF3Ind)2] (3b) then subsequently formed stable coordinate interactions with 

HSA. Cytotoxicity testing against the colon carcinoma HT-29 cell line showed increased 

activity for 1b and 3b over their parent pyridine and indazole compounds, while 3b 

outperformed the clinical compound, NKP-1339, against the non-small cell adenoma 
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carcinoma A549 cell line. Trifluoromethylation is a viable strategy for derivatizing Keppler 

type complexes in an effort to promote interactions with HSA, and therefore improving 

their anticancer activity. 

The 19F MRI investigations in this thesis work established that it is possible to 

image a fluorinated Ru(III) compound as it diffuses into tissue. This process has not 

previously been reported with Ru(III) anticancer compounds, and required that we 

undertake extensive method development. Two MRI protocols were used for the 19F 

studies, known as chemical shift selective imaging (CHESS) and volume selective 

spectroscopy (VSS). CHESS produces a selective 2D image utilizing a specific 19F NMR 

signal while VSS produces a 2D matrix comprised of NMR spectra for individual voxels 

within the sample. 

Method development experiments began with imaging of liquid samples of simple 

fluorinated compounds, trifluoroacetic acid (TFA) and trifluoroethanol (TFE), before 

moving on to complexes 1b and 2a,b, ultimately setting preliminary experimental 

parameters. To simulate the restriction of molecular tumbling observed when the 

compounds are absorbed by tissue, experiments were then conducted with agar gels 

doped with TFA and 2a,b. Imaging of physiological reduction processes was modeled 

using agar gels loaded with pre-reduced complex, allowing preliminary experimental 

parameters to be determined for use in tissue experiments. CHESS and VSS were 

successfully applied to image both the liquid and agar samples. Finally, the protocols 

optimized using the liquid and agar samples were applied to a tissue model. CHESS 

scans were deemed unsuitable for monitoring tissue penetration because they require at 

least two hours to produce a serviceable image using the available instrumentation, 

which is outside the desired time scale of this experiment. VSS scans however, can 

utilize a smaller matrix leading to a shorter scan time. Experiments with TFE and chicken 

liver showed that VSS images were extremely useful and the tissue model was then 

studied with 2a. A VSS scan showing a signal coming from within the tissue was 

obtained, providing proof-of-principle that this protocol could be used for monitoring 

tissue penetration of Ru(III) complexes.  
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Future studies with the MRI protocols developed here would be to implement 

them on a more biologically relevant tumour model. This model could be a multicellular 

tumour spheroid or an ex vivo tumour, and 1D 19F MRI methods could be used to rapidly 

acquire diffusion and oxidation state data, as outlined in Figure 4.1. Appendix C details 

work done towards growing multicellular tumour spheroids. Additionally, increased signal 

sensitivity can be achieved through the use of a cryoimaging probe, which has a 

cryogenically cooled RF coil. A cryoprobe has significantly higher sensitivity, which 

would mitigate sample concentration issues by reducing the number of averages needed 

for a useful image, thereby reducing overall scan time and enabling better monitoring of 

tissue penetration behaviour. 

 

Figure 4.1. Schematic of observing a Ru(III) anticancer compound be reduced 
through interaction with a tumour model, using 19F MRI. One dimensional 
19F MRI profiles are used to monitor the intensity of the 19F signal 
produced by the Ru(III) compound (orange) and the reduced Ru(II) 
compound (teal). 
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Appendix A.  
 
Supporting Information for Chapter 2 

Table A.1.  Crystal data and details of data collection and refinement for compounds 
1a, 2c, and 3c. 

Complex 1a 2c 3c 

Empirical formula C24H16Cl4F12N4Ru C32H24Cl4F6N4PRu C52H40Cl4F6N5P2Ru 

M (g mol-1) 869.28 852.39 1182.5 

Space group Triclinic P−1 Triclinic P−1 Triclinic P−1 

a (Å) 7.773 10.924 13.915 

b (Å) 7.799 12.287 14.757 

c (Å) 13.361 14.619 15.924 

α (deg) 104.918 66.278 116.342 

β (deg) 95.006 84.027 94.334 

γ (deg) 92.400 89.000 105.274 

V (Å3) 777.92 1786.07 2755.9 

Z 1 1 1 

ρcalc (g cm-1) 1.856 1.585 1.425 

μ (g mm-1) 0.956 0.843 0.598 

λ (Å) 0.71073 0.71073 0.71073 

T (K) 293 293 296 

Goodness of fit 1.008 1.562 1.048 

R1 0.0497 0.0488 0.0506 

wR2 0.1595 0.1906 0.1774 
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Table A.2.  Selected bond lengths (Å) of 1a, 2c, and 3c as determined from X-ray 
crystal structures.  

Complex Ru-N-1 Ru-N-2 Ru-Cl-1 Ru-Cl-2 Ru-Cl-3 Ru-Cl-4 

1a 2.082 2.082 2.352 2.354 2.352 2.354 

2c 2.087 2.079 2.366 2.366 2.378 2.358 

3c 2.056 2.056 2.350 2.356 2.356 2.351 
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a) Complex 1b  b) Na[RuCl4Pyr2] 

  

c) Complex 2b  d) Na[RuCl4Im2] 

  

e) Complex 3b  f) NKP-1339 

  

Figure A.1.  Fluorescence emission data at various complex-to-HSA ratios by the 
titration of HSA-DG (1:1) with a) complex 1b, b ) Na[RuCl4Pyr2], c) 

complex 2b, d) Na[RuCl4Im2], e) complex 3b, and f) NKP-1339, using EX 
= 335 nm. Experimental conditions: cHSA = cDG = 1 μM, cRu = 0-15 μM, pH 
7.4, ambient temperature. 
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a) Complex 1b  b) Na[RuCl4Pyr2] 

  

c) Complex 2b d) Na[RuCl4Im2] 

  

e) Complex 3b f) NKP-1339 

  

Figure A.2.   UV-Vis spectra of a) 1b, b) Na[RuCl4Pyr2], c) 2b, d) Na[RuCl4Im2], e) 3b, 
and f) NKP-1339 in PBS before (solid line) and after (dashed line) 
shaking with n-octanol for 2 hours; 1% DMSO was added to complex 3b 
and NKP-1339 to improve solubility. Experimental conditions: 200 μM, pH 
7.4, 25 °C. 
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Figure A.3.   UV-Vis spectra of complex 3b in PBS with 1% DMSO before (blue line) 
and after 2 hours of shaking with n-octanol (orange line); spectra were 
also collected for the n-octanol fraction (red line). Experimental 
conditions: 200 μM, pH 7.4, 25 °C. 

 

Figure A.4.   UV-Vis spectra of 5-fluorouracil in PBS before (solid line) and after 
(dashed line) 2 hours of shaking with n-octanol. Experimental conditions: 
200 μM, pH 7.4, 25  C. 

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

220 270 320 370 420 470 520 570 620 670

A
b

s
o

rb
a

n
c

e

Wavelength (nm)

0.0

0.5

1.0

1.5

2.0

2.5

220 270 320 370 420

A
b

s
o

rb
a

n
c

e

Wavelength (nm)



 

104 

Table A.3.  Simulation parameters, g values and linewidths, used in the simulations 
of all EPR spectra attained for complexes 1b, 2b and 3b. 

 g values Linewidths 

Species g1 g2 g3 LW1 LW2 LW3 

1b-C1 2.71 2.71 2.35 300 300 400 

1b-C2 2.65 2.52 2.29 190 350 1000 

1b-C3 2.58 2.28 1.71 650 800 600 

1b-C4 2.35 2.33 2.09 700 600 700 

1b-C5 2.28 2.24 1.95 150 150 600 

1b-HSA1 2.45 2.34 1.32 400 230 300 

1b-HSA2 2.29 2.24 2.10 250 600 800 

1b-HSA3 2.53 2.37 1.32 700 290 300 

1b-HSA4 2.35 2.20 1.83 200 400 210 

2b-C1 2.64 2.635 2.14 740 740 1700 

2b-C2 2.94 2.30 1.10 420 890 2400 

2b-C3 2.47 2.26 1.75 520 350 800 

2b-HSA 2.53 2.34 1.71 1230 700 1200 

3b-C1 2.61 2.61 1.20 400 400 550 

3b-C2 2.92 2.41 0.95 900 530 800 

3b-HSA1 2.44 2.26 1.78 700 400 800 

3b-HSA2 2.29 2.29 1.79 130 130 700 

3b-HSA3 2.38 2.29 1.83 140 110 90 

3b-HSA4 2.35 2.24 1.77 70 100 150 
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a) 0 min b) 20 min c) 30 min 

   

d) 1 h e) 2 h f) 6 h 

   
 

Figure A.5.  Simulation of EPR spectra of complex 1b (3 mM) in PBS after incubation 
for 0 minutes to 6 hours at 37 °C. 
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a) 0 min b) 30 min c) 1 h 

   

 

d) 2h  e) 6 h 

  

Figure A.6. Simulation of EPR spectra of complex 2b (3 mM) in PBS after incubation 
for 0 minutes to 6 hours at 37 °C. 
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a) 0 min b) 30 min c) 1 h 

   

d) 2 h e) 6 h f) 24 h 

   

Figure A.7. Simulation of EPR spectra of complex 1b (1.5 mM) with HSA (0.75 mM) 
in PBS after incubation for 0 minutes to 24 hours at 37 °C. 
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a) 0 min b) 30 min c) 1 h 

   

d) 2 h e) 6 h f) 24 h 

   

Figure A.8.  Simulation of EPR spectra of complex 2b (1.5 mM) with HSA (0.75 mM) 
in PBS after incubation for 0 minutes to 24 hours at 37 °C. 
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a) 0 min b) 30 min c) 1 h 

   

d) 2 h e) 6 h f) 24 h 

   

Figure A.9.  Simulation of EPR spectra of complex 3b (1.5 mM) with HSA (0.75 mM) 
in PBS after incubation for 0 minutes to 24 hours at 37 °C. 
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a) CF3Pyr b) CF3Im c) CF3Ind 

   

Figure A.10.  19F NMR spectra of the fluorinated ligands (5 mM) in PBS alone (top 
spectra) and in the presence of HSA (2 mM, bottom spectra). Chemical 
shifts calibrated using an external trifluoroacetic acid (TFA) signal. 
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Figure A.11. 19F NMR spectra of complex 1b (10 mM) in PBS, pH 7.4, at 37 °C over 
the course of six hours. Chemical shifts calibrated using an external 
trifluoroacetic acid (TFA) signal. These spectra have a wider chemical 
shift range than that seen in the text (Figure 2.3a). 
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Figure A.12. 19F NMR spectra of complex 2b (10 mM) in PBS, pH 7.4, at 37 °C over 
the course of six hours. Chemical shifts calibrated using an external 
trifluoroacetic acid (TFA) signal. These spectra have a wider chemical 
shift range than that seen in the text (Figure 2.3b).   
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Figure A.13.  UV-Vis spectrum of complex 1a (200 μM) in PBS pH 7.4 solution at 37 °C 
over two hours. 

 

Figure A.14.  UV-Vis spectrum of complex 1b (200 μM) in PBS pH 7.4 solution at 37  C 
over two hours.  
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Figure A.15. UV-Vis spectrum of complex 2a (200 μM) in PBS, 1% DMSO pH 7.4 
solution at 37 °C over two hours. 

 

Figure A.16. UV-Vis spectrum of complex 2b (200 μM) in PBS, 1% DMSO pH 7.4 
solution at 37 °C over  two hours. 
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Figure A.17. UV-Vis spectrum of complex 3a (200 μM) in PBS pH 7.4 solution, 1% 
DMSO at 37 °C over two hours. 

 

Figure A.18. UV-Vis spectrum of complex 3b (200 μM) in PBS pH 7.4 solution, 1% 
DMSO at 37 °C over two hours. 
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Figure A.19. UV-Vis spectrum of complex 1a (200 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution at 37 °C over two hours. 

 

Figure A.20. UV-Vis spectrum of complex 1b (200 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution at 37 °C over two hours. 
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Figure A.21. UV-Vis spectrum of complex 2a (200 μM) with human serum albumin 
(100 µM) in PBS pH 7.4, 1% DMSO solution at 37 °C over two hours. 

 

Figure A.22. UV-Vis spectrum of complex 2b (200 μM) with human serum albumin 
(100 µM) in PBS pH 7.4, 1% DMSO solution at 37 °C over two hours. 
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Figure A.23. UV-Vis spectrum of complex 3a (200 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution, 1% DMSO at 37 °C over two hours. 

 

Figure A.24. UV-Vis spectrum of complex 3b (200 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution, 1% DMSO at 37 °C over two hours. 
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Figure A.25. UV-Vis spectrum of complex 1b (600 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution at 37 °C over 24 hours. 

 

Figure A.26. UV-Vis spectrum of complex 3a (600 μM) with human serum albumin 
(100 µM) in PBS pH 7.4, 1% DMSO solution at 37 °C over 24 hours. 
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Figure A.27. UV-Vis spectrum of complex 3b (600 μM) with human serum albumin 
(100 µM) in PBS pH 7.4 solution, 1% DMSO at 37 °C over 24 hours.  
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Figure A.28. UV-Vis spectrum of complex 1b (200 μM) in PBS (20 mM phosphate 
buffer), pH 7.4 solution over two hours of incubation at room temperature.  

 

Figure A.29. UV-Vis spectrum of Na[RuCl4Pyr2] (200 μM) in PBS (20 mM phosphate 
buffer), pH 7.4 solution over two hours of incubation at room temperature. 
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Figure A.30. UV-Vis spectrum of 2b (200 μM) in PBS (20 mM phosphate buffer), pH 
7.4 solution over two hours of incubation at room temperature. 

 

Figure A.31. UV-Vis spectrum of Na[RuCl4Im2] (200 μM) in PBS (20 mM phosphate 
buffer), pH 7.4 solution over two hours of incubation at room temperature. 
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Figure A.32. UV-Vis spectrum of 3b (200 μM) in PBS (20 mM phosphate buffer), 1% 
DMSO, pH 7.4 solution over two hours of incubation at room temperature. 

 

Figure A.33. UV-Vis spectrum of NKP-1339 (200 μM) in PBS (20 mM phosphate 
buffer), 1% DMSO, pH 7.4 solution over two hours of incubation at room 
temperature. 
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Figure A.34. Cyclic voltammogram of 1b (200 μM) in PBS pH 7.4 solution at room 
temperature at a scan rate of 25 mV/s with electrode area of 0.09 cm2. 
Arrow indicates scan direction. 

 

Figure A.35. Cyclic voltammogram of Na[RuCl4Pyr2] (200 μM) in PBS pH 7.4 solution 
at room temperature at a scan rate of 25 mV/s with electrode area of 0.09 
cm2. Arrow indicates scan direction. 
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Figure A.36. Cyclic voltammogram of 2b (200 μM) in PBS pH 7.4 solution at room 
temperature at a scan rate of 25 mV/s with electrode area of 0.09 cm2. 
Arrow indicates scan direction. 

 

Figure A.37. Cyclic voltammogram of Na[RuCl4Im2] (200 μM) in PBS pH 7.4 solution 
at room temperature at a scan rate of 25 mV/s with electrode area of 0.09 
cm2. Arrow indicates scan direction. 
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Figure A.38. Cyclic voltammogram of 3b (200 μM) in PBS, 10% DMSO, pH 7.4 
solution at room temperature at a scan rate of 25 mV/s with electrode 
area of 0.09 cm2. Arrow indicates scan direction. 

 

Figure A.39. Cyclic voltammogram of NKP-1339 (200 μM) in PBS pH 7.4 solution at 
room temperature at a scan rate of 25 mV/s with electrode area of 0.09 
cm2. Arrow indicates scan direction. 
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Figure A.40. Cyclic voltammogram of NKP-1339 (200 μM) in PBS, 10% DMSO, pH 7.4 
solution at room temperature at a scan rate of 25 mV/s with electrode 
area of 0.09 cm2. Arrow indicates scan direction. 
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Figure A.41.  Dose response data for complexes 1b (), 2b (), and 3b () and their 
unfluorinated counterparts Na[RuCl4Pyr2] (), Na[RuCl4Im2] (), and 
NKP-1339 () against the A549 cell line. Fluorinated complex lines are 
solid while unfluorinated complex lines are dashed. 

 

Figure A.42. Sigmoidal function for fitting of dose response data of complex 1b against 
the HT-29 cell line. 
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Figure A.43. Sigmoidal function for fitting of dose response data of complex 3b against 
the HT-29 cell line. 

 

Figure A.44. Sigmoidal function for fitting of dose response data of complex NKP-1339 
against the HT-29 cell line. 
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Figure A.45.  Sigmoidal function for fitting of dose response data of cisplatin against 
the HT-29 cell line. 

 

Figure A.46.  Sigmoidal function for fitting of dose response data of complex 3b against 
the A549 cell line. 
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Figure A.47.  Sigmoidal function for fitting of dose response data of NKP-1339 against 
the A549 cell line. 

 

Figure A.48.  Sigmoidal function for fitting of dose response data of cisplatin against 
the A549 cell line. 
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Appendix B.  
 
Supporting Information for Chapter 3 

Table B.1. Experimental parameters for complex 2b (50 mM) in agar 19F images 
collected with the 360 MHz 5 mm dual channel 1H/19F birdcage coil. 1H 
channel was tuned to 376 MHz. Experimental conditions: 25 °C, pH 7.4, 
19F pulse length = 5.4 µs at 0 dB (75.35 W). 

Image Avg 
Scan 
time 

TE 
(ms) 

TR 
(ms) 

Matrix 
FOV 
(mm) 

Slice 
thickness 

(mm) 

Voxel 
volume 
(mm3) 

Orientation 

CHESS NS 256 1h17min 8.5 1500 64×64 5×5 10 0.06 Axial 

CHESS Ru(III) 128 8 min 8.5 300 64×64 5×5 10 0.06 Axial 

CHESS Ru(II) 128 38 min 8.5 1500 64×64 5×5 10 0.06 Axial 

VSS 48 10h14min 12 3000 16×16 5×5 10 0.98 Axial 

Table B.2. Experimental parameters for chicken liver in 100 mM TFE in PBS images 
collected with the 400 MHz 20 mm dual channel 1H/19F birdcage coil. 
Experimental conditions: 25 °C, pH 7.4, 1H pulse length = 42.8 µs at −4 
dB (50 W), 19F pulse length = 31.2 µs at −1.2 dB (100 W). 

Image Avg 
Scan 
time 

TE 
(ms) 

TR 
(ms) 

Matrix 
FOV 
(mm) 

Slice 
thickness 

(mm) 

Voxel 
volume 
(mm3) 

Orientation 

1H MSME 8 34 min 3.1 2000 128×128 20×20 5 0.12 Sagittal 

1H MSME 8 34 min 3.1 2000 128×128 20×20 1 0.02 Sagittal 

1H VSS 1 4 min 12 3942.7 8×8 20×20 5 31.25 Sagittal 

19F VSS 32 2h15min 12 3942.7 8×8 20×20 5 31.25 Sagittal 

 

Table B.3. Experimental parameters for beef kidney in 25 mM Complex 2a in PBS 
19F images collected with the 360 MHz 5 mm dual channel 1H/19F 
birdcage coil. 1H channel was tuned to 376 MHz. Experimental conditions: 
25 °C, pH 7.4, 1H pulse length = 42.3 µs at −4 dB (50 W), 19F pulse length 
= 6.1 µs at 0 dB (75.35 W). 

Image Avg 
Scan 
time 

TE 
(ms) 

TR 
(ms) 

Matrix 
FOV 
(mm) 

Slice  
thickness 

(mm) 

Voxel 
volume 
(mm3) 

Orientation 

1H MSME 4 2 min 3 500 64×64 5×5 1 0.01 Sagittal 

19F VSS 32 6 min 12 700 4×4 5×5 2 3.13 Sagittal 

19F VSS 64 48 min 12 700 8×8 5×5 2 0.78 Sagittal 
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Table B.4. Experimental parameters for a 10 mm dia. glass vial containing a piece of 
chicken liver in 50 mM Complex 2b in PBS images collected with the 400 
MHz 20 mm dual channel 1H/19F birdcage coil. Experimental conditions: 
25 °C, pH 7.4, 1H pulse length = 34.8 µs at −4 dB (50 W). 

Image Avg 
Scan 
time 

TE1 
(ms) 

TE2 
(ms) 

TR 
(ms) 

Matrix 
FOV 
(mm) 

Slice 
thickness 

(mm) 

Voxel 
volume 
(mm3) 

Orientation 

1H MSME 1 4 min 3.1 6.1 2000 128×128 15×15 5 0.07 Sagittal 
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a) Complex 1a b) Complex 1b 

  

c) Complex 2a d) Complex 2b 

  

 e) Complex 3b 

 

 

Figure B.1. Data used to calculate 19F T1 relaxation times of complexes 1a,b, 2a,b 
and 3b in the Ru(III) oxidation state at 25 °C. Data were collected using 
the inversion recovery pulse sequence (see section 3.2.3). Experimental 
conditions: 20 mM, pH 7.4. Complex 3b was dissolved in DMSO first and 
then diluted with PBS to give a 20 mM solution in 20% DMSO PBS. 
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a) Complex 1a b) Complex 1b 

  

c) Complex 2a d) Complex 2b 

  

 e) Complex 3b 

 

 

Figure B.2. Data used to calculate19F T2 relaxation times of complexes 1a,b, 2a,b and 
3b in the Ru(III) oxidation state at 25 °C. Data were collected using the 
CPMG pulse sequence (see section 3.2.3). Experimental conditions: 20 
mM, pH 7.4. Complex 3b was dissolved in DMSO first and then diluted 
with PBS to give a 20 mM solution in 20% DMSO PBS. 
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a) Complex 1a b) Complex 1b 

  

c) Complex 2a d) Complex 2b 

  

Figure B.3. Data used to calculate 19F T1 relaxation times of complexes 1a,b, 2a,b 
and 3b in the Ru(II) oxidation state at 25 °C. Data were collected using 
the inversion recovery pulse sequence (see section 3.2.3). Complexes 
were reduced using sodium ascorbate in 1:1 molar ratio. Experimental 
conditions: 20 mM, pH 7.4. 
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a) Complex 1a b) Complex 1b 

  

c) Complex 2a d) Complex 2b 

  

Figure B.4. Data used to calculated 19F T2 relaxation times of complexes 1a,b, 2a,b 
and 3b in the Ru(II) oxidation state at 25 °C. Data were collected using 
the CPMG pulse sequence (see section 3.2.3). Complexes were reduced 
using sodium ascorbate in 1:1 molar ratio. Experimental conditions: 20 
mM, pH 7.4. 
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Complex 1b 

a) Ru(III) b) Ru(II) 

  

 

Complex 2b 

c) Ru(III) d) Ru(II) 

  

Figure B.5. Data used to calculate 19F T1 relaxation times of complexes 1b and 2b in 
the Ru(III) and Ru(II) oxidation states at 37 °C. Data were collected using 
the inversion recovery pulse sequence (see section 3.2.3). Complexes 
were reduced using sodium ascorbate in 1:1 molar ratio. Experimental 
conditions: 20 mM, pH 7.4.  
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Complex 1b 

a) Ru(III) b) Ru(II) 

  

 

Complex 2b 

c) Ru(III) d) Ru(II) 

  

Figure B.6. Data used to calculate 19F T2 relaxation times complexes 1b and 2b in the 
Ru(III) and Ru(II) oxidation states at 37 °C. Data were collected using the 
CPMG pulse sequence (see section 3.2.3). Complexes were reduced 
using sodium ascorbate in 1:1 molar ratio. Experimental conditions: 20 
mM, pH 7.4. 
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32×32 matrix 

32 averages 

64×64 matrix 

256 averages 

128×128 matrix 

64 averages 

Figure B.7. 19F CHESS images of 100 mM TFA and 50 mM complex 2a in PBS in 
separate 5 mm NMR tubes suspended in the 400 MHz 20 mm dual 
channel 1H/19F birdcage coil collected with different matrix sizes and 
number of averages.  
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Appendix C.  
 
Preliminary spheroid imaging protocols 

Introduction 

 Multicellular tumour spheroids are three dimensional tumour models used for in 
vitro studies of drug activity, transport, and effects of hypoxia.131, 132 They are thought to 
provide a more accurate representation of drug interactions and activity than the more 
common monolayer of cells used for biological activity testing, since they have structures 
reminiscent of tumours with hypoxic regions and necrotic cores.132 For the purposes of 
developing imaging protocols, multicellular spheroids are easier to maintain than excised 
murine tumours since they only need to be kept in cell media to keep their integrity after 
being removed from their growth medium, whereas an excised tumour begins to die 
once removed from the circulatory system of the host animal. 

 Preliminary experiments were performed in anticipation of monitoring the tissue 
penetration behaviour of the fluorinated Keppler-type compounds with a more tumour-
like tissue model than the chicken liver and beef kidney described in Chapter 3. 
Multicellular tumour spheroids can be grown to up to 1-3 mm in diameter.132, 133 This is 
suitable to produce 19F MRI images using the protocols developed in Chapter 3 with 
reasonable concentrations and data collection times. For optimal experimental results a 
method for growing larger spheroids (2-3 mm diameter) was sought. This relatively large 
spheroid size was judged to be needed to optimize voxel size and signal-to-noise ratio 
(SNR). Even so, a significant increase in scans, and therefore experiment length, would 
be needed from spheroids of this size to match the signal intensity of the experiments 
using 5 mm thick slices in Chapter 3. 

 Presented in this Appendix are 19F NMR investigations of solution speciation in cell 
media, in preparation for spheroid interaction studies, since spheroids require the 
nutrients in cell media to maintain viability. Furthermore, the method used to grow 
spheroids of diameter larger than 1 mm in preparation for performing 19F MRI 
experiments is described. 

Materials 

 RuCl3·H2O (Pressure Chemical), 4-(trifluoromethyl)pyridine (Alfa Aesar), 4-
(trifluoromethyl)-1H-imidazole (Matrix Scientific), Dulbecco’s Modification of Eagle’s 
Medium (Corning), and fetal bovine serum (ATCC) were used as purchased. The 
sodium-compensated complexes 1b and 2b were synthesized as described in Chapter 2 
of this thesis. 
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Experimental 

19F NMR with cell media.  

 5 mm NMR tubes (NewEra HL5) with a co-axial standard capillary (Wilmad, 60 µL) 
containing 5 mM trifluoroacetic acid (TFA) in a cell media solution, described below, 
were filled with 500 µL of solution to achieve a 50 mm sample height. All 1H and 19F 
NMR spectra were measured using a Bruker AVANCE III UltraShield 400WB Plus 
spectrometer operating at 400 MHz for 1H, and 376 MHz for 19F. Typical spectral 
parameters were as follows: spectral width, 60 ppm; acquisition time, 2.88 s; relaxation 
delay, 0.12 s; number of data points, 131k (zero-filled to 262k); and without 1H 
decoupling. The spectra were processed using a 1 Hz exponential line broadening prior 
to Fourier transform. The CF3 19F signal of TFA was used as an external reference for 
calibrating the chemical scale shift (peak set to 0 ppm) and D2O was used as the source 
of the 2H lock signal. Sample temperatures of 37 °C during NMR experiments were 
obtained using a flow of heated air over the sample, regulated with a Bruker BVT 3000 
temperature controller (calibrated using 99.5% CD3OD).  

 The sodium-compensated complexes 1b and 2b  were dissolved to give a 
concentration of 10 mM in cell culture media (Dulbecco’s Modification of Eagle’s Medium 
with 4.5 g/L glucose and L-glutamine without sodium pyruvate, 10% FBS) with 1% 
DMSO and 10% D2O-based PBS at 37 °C. Samples were kept at 37 °C throughout the 
experiment. After preliminary 1H and 19F NMR spectra were collected (20 scans) for 
experimental set-up, 19F NMR measurements (40 scans) were collected at 2 minute 
intervals over 1 hour. 

Spheroid growth procedure.  

 Spheroids were grown using a literature method.134 Human hepatocellular 
carcinoma HepG2 cells were generously provided by Prof. Tim Storr (Simon Fraser 
University, Burnaby, BC) and were originally purchased from ATCC. The cells were 
grown under 5% CO2 conditions at 37 °C in 75 cm2 tissue culture flasks (VWR) in 
Dulbecco’s Modification of Eagle’s Medium supplemented with 10% fetal bovine serum. 
After reaching greater than 80% confluence, the cells were detached using 0.25% 
trypsin/0.53 mM EDTA solution (ATCC) and then re-suspended in a new flask.  

 The hanging drop method135 was utilized to grow initial clusters of tumour cells. 
Drops of cells suspended in culture media (35 μL) with approximately 5 × 105 cells/mL 
placed on cover glass sheets, which were then inverted and suspended over the wells of 
a 24-well multiwall plate (VWR). The drops were allowed to hang for 3-4 days. 

 The cell clusters were transferred to micro-centrifuge tubes via gentle suction 
through a pipette and centrifuged at 16,100 × g for 5 min to induce strong attachment 
between the cells. These pellets were then transferred to untreated round bottom 96 well 
plates (Nunclon Sphera, Thermo Scientific) and incubated at 37 °C in 5% CO2 for 10-14 
days. The growth medium was changed every day, until the spheroids were removed 
from the wells. During the medium change, only the top ~80% was removed so as to 
keep the spheroids submerged at all times. 
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Results and Discussion 

 In order to maintain the integrity of the spheroids during the time required for tissue 
penetration and oxidation state behaviour monitoring, they must be kept in cell culture 
media. In the absence of media, the cells would quickly die and become non-adherent, 
causing the spheroid to fall apart and be of no use. Ligand exchange is a vital part of the 
mechanism of action of Keppler-type compounds,19, 21, 32-34 thus the speciation of the 
ruthenium anticancer compounds studied in this thesis in cell growth media needed to 
be investigated.  

 The speciation of complexes 1b and 2b, which have better solution stability than 
3b, in cell media was monitored with 19F NMR over 6 hours of incubation at 37 °C. Each 
parent complex produces a single 19F chemical signal, produced by the coordinated 
trifluoromethylated ligands. Each complex was dissolved in cell culture media containing 
1% DMSO to improve solubility, and 10% D2O PBS to provide a lock signal source. 19F 
NMR spectra were collected every 2 min over one hour of incubation at 37°C.  

 Complex 1b quickly undergoes ligand exchange, as indicated by the appearance 
of several new NMR signals observed in the 0 min spectra (Figure C.1). The parent 
complex gives a signal at 0.30 ppm and is accompanied by the fast forming monoaqua 
species at 1.67 ppm, previously identified in Chapter 2. Of note is the rapid loss of a 

Figure C.1. 19F NMR spectra of complex 1b incubated in cell culture media over 
2.5 hours at 37 °C. Chemical shifts calibrated using an external 
trifluoroacetic acid (TFA) signal. 
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pyridine ligand, as indicated by the signal at 10.61 ppm (Figure A.10a), and formation of 
a new media-coordinated species (7.96 ppm). The loss of an axial ligand was earlier 
observed for this complex in PBS and in the presence of human serum albumin (HSA) 
(Figures A.11 and 2.7). The signal at 10.61 ppm is clearly two overlapping narrow 
signals, indicative of the ligand free in solution and also interacting with a component in 
the media. After converting to the monoaqua species, this complex quickly precipitates 
out of solution, leaving the free ligand and media coordinated species to dominate the 
spectra for the remainder of the incubation time.  

 Complex 2b also undergoes rapid ligand exchange in media (Figure C.2), as 
shown by multiple 19F NMR signals observed at 0 min. The parent complex signal moves 
from 14.29 ppm to 12.18 ppm over 1 hour of incubation at 37 °C, a shift which has been 
observed for this complex in aqueous solution and in the presence of HSA. A signal at 
13.76 ppm is attributed to free fluorinated imidazole (Figure A.10b), while a signal at 
15.60 ppm is attributed to a new species arising from coordination to a component of the 
media. The loss of an axial CF3-Im ligand was also observed for this complex in aqueous 
solution and protein interaction experiments (Chapter 2).  

 

Figure C.2. 19F NMR spectra of complex 2b incubated in cell culture media over 2.5 
hours at 37 °C. 

 The 19F NMR spectra of 1b and 2b allow us to anticipate solution stability and 
ligand exchange when studying them interacting with spheroids using MRI methods. In 
particular if additional signals are observed in volume selective spectroscopy (VSS) 
experiments, then they can be attributed to species interacting with cells of the 
spheroids, providing additional insight into the mechanism of action of these complexes. 
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 The method of growing and maintaining spheroids is straightforward, however 
achieving a diameter of 2 mm or more has proven to be difficult. The initial cell 
aggregate grown in the hanging drop must be of a substantial size, at least the size of a 
pin head, to promote the growth of a large spheroid, thus the hanging drop was left for 
up to four days to achieve sufficient growth. From there, careful transfer of the cell 
aggregate from the cover glass to a centrifugal tube for pelleting is essential; this step is 
the most challenging part of the experiment. After pelleting, care must be taken again 
when transferring the pellet to the well plate. If the pellet is disturbed, the cells lose 
coherence and disperse in media. Growth of the spheroids was monitored by the naked 
eye over periods of 10-14 days (Figure C.3). Spheroids with diameters of larger than 1 
mm have been grown, but diameters of 2 mm or larger has not yet been achieved. 

 

Figure C.3. A spheroid after day 5 of growth. Diameter ~700 µm. Photo taken through 
microscope lens. 

 To test the robustness of the spheroids, a model sample was prepared. To elevate 
the spheroids within the MRI coil, fine glass beads (1 µm diameter) were placed in a 5 
mm NMR tube to a height of 5 mm and dampened with media to reduce their movement 
within the tube. A spheroid, when larger than 1 mm in diameter, was transferred from the 
well plate to the NMR tube by taking up media with a Pasteur pipette, utilizing gentle 
suction. It is possible that these spheroids may have had necrotic centres, which 
reduces cell adherence and can make them more delicate. However, the spheroids were 
successfully transferred to NMR tubes and could be moved around by a Pasteur pipette 
with gentle suction without disrupting their structure. When left for 24 hours at room 
temperature, the spheroids maintained their shape and could be moved around further 
while maintaining their integrity.  

 The experiments described here are important steps towards the implementation 
of the 19F MRI protocols detailed in Chapter 3 to a more biologically relevant tumour 
model. Spheroid growth was performed twice, which has already led to an improvement 
in technique, and further fine-tuning of the procedure can still be achieved to increase 
the size of the spheroids. Future experimental considerations will revolve around 
optimizing MRI data collection protocols and appropriate compound concentrations. 
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Appendix D.  
 
Trifluoromethyl derivatives of NAMI-A and its indazole 
and pyridine analogs 

Introduction 

 A contemporary of Keppler-type Ru(III) compounds is imidazolium [trans-
RuCl4(1H-imidazole)(DMSO-S)] (NAMI-A) (Figure D.1), which typically has poor 
cytotoxic activity against solid tumours, but exhibits good antimetastatic activity.25-28, 136, 

137 As such, it has completed Phase I and entered Phase II of clinical trials in 
combination with other anticancer drugs to prevent the formation of tumours at 
secondary sites.18, 29, 137 Interestingly, recent work on leukemia models K562, FLG 29.1, 
HL60, REH, and 697 shows it can exhibit cytotoxic activity against non-solid cancers.138 

 

Figure D.1. Structure of imidazolium [trans-RuCl4(1H-imidazole)(DMSO-S)] (NAMI-A). 

 Since it is the only other type of Ru(III) anticancer compound to have reached 
clinical trials, an attempt was made to synthesize a group of fluorinated analogs, much 
like the Keppler-type compounds synthesized in Chapter 2. Trifluoromethyl-
functionalized pyridine, imidazole and indazole analogs were successfully synthesized 
and preliminary electron paramagnetic resonance spectroscopy (EPR) experiments 
were performed. 

Experimental 

 (4-(CF3)Pyr)H[trans-RuCl4(4-(CF3)Pyr)(DMSO-S)] (NAMI-CF3Pyr-HL)  
[(DMSO)2H][trans-RuCl4 (DMSO-S)2] (0.278 g, 0.5 mmol) was dissolved in methanol (15 
mL). 4-(trifluoromethyl)pyridine (0.232 mL, 2 mmol) was added directly to this solution 
and stirred for 16 hours at room temperature. A light orange precipitate with a pearl 

sheen was collected by gravity filtration and washed with methanol (11 mL aliquot) and 

diethyl ether (31 mL aliquots). X-ray quality crystals were grown from a 3:1 DCM:ether 
solution after several days at −18 °C. Yield: 64.8%. Mel. Temp. 186 °C (decomp.), 
C16H10Cl4F6N4NaRu Calc. C, 27.29; H, 2.45; N, 4.55. Found C, 27.30; H, 2.38; N, 4.79. 
1H NMR (CDCl3): 8.82, 7.53, −1.15, −12.71. 19F NMR (CDCl3): −64.52, −72.16. 

 PPh4[trans-RuCl4(4-(CF3)Pyr)(DMSO-S)]•0.5CHCl3 (NAMI-CF3Pyr-PPh4) NAMI-
CF3Pyr-HL (0.1167 g, 0.189 mmol) was dissolved in chloroform (55 mL). PPh4Cl (0.105 
g, 0.284 mmol) was dissolved in chloroform (6 mL) and quickly added directly to the 
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NAMI-CF3Pyr-HL solution to produce a clear golden yellow solution. This was stirred for 
90 min at room temperature. Half of the solvent was removed via rotary evaporation at 
62 °C and hexanes (10 mL) was added to produce a cloudy yellow solution. This was 
placed in the freezer overnight to yield yellow crystals and the solution was gravity 
filtered. Yield: 99%. Mel. Temp. 188-190 °C (decomp.), C32H30Cl4F3NOPRuS•0.5CHCl3 
Calc. C, 45.01; H, 3.55; N, 1.62. Found C, 45.12; H, 3.18; N, 1.48. 1H NMR (MeOD): 
−12.78, −1.05, 1.32, 7.80, 7.92. 19F NMR (MeOD): −74.20 

 Na[trans-RuCl4(4-(CF3)Pyr)(DMSO-S)]•0.5CHCl3 (NAMI-CF3Pyr-Na) NAMI-
CF3Pyr-PPH4 (0.1123 g, 0.14 mmol) was dissolved in chloroform (12 mL). NaBPh4 
(0.0615 g, 0.18 mmol) was dissolved in ethyl acetate (6 mL) and added to the NAMI-
CF3Pyr-PPH4 solution to produce a yellow solution and a white precipitate. This was 
stirred at room temperature for 20 minutes, after which the white solid was gravity 
filtered. Ether (95 mL) and hexanes (160 mL) were added to the resulting yellow filtrate, 
and this was left uncovered overnight. The desired product was isolated via 
centrifugation as dark green crystals. Yield: 17.6%. Mel. Temp. 124-126 °C (decomp.), 
C8H10Cl4F3NNaORuS•0.5CHCl3 Calc. C, 18.54; H, 1.92; N, 2.54. Found C, 18.43; H, 
2.03; N, 2.75. 1H NMR (MeOD): −12.89, −1.09. 19F NMR (MeOD): −74.21. 

4-(CF3)ImH[trans-RuCl4(4-(CF3)Im)(DMSO-S)] (NAMI-CF3Im-HL) 
[(DMSO)2H][trans-RuCl4 (DMSO-S)2] (56 mg, 0.1 mmol) was suspended in acetone (5 
mL) at room temperature and stirred for 2 hours. 4-trifluoromethyl-1H-imidazole (50.4 
mg, 0.4 mmol) was added directly to the solution and the resulting orange mixture was 
stirred overnight. An excess of hexanes was added to produce a red oil, which was 
isolated by pipetting off the excess solvent and dried under ambient conditions. 1H NMR 
(D2O): 10.49, 8.45, 7.87, −4.31, −6.38, −14.96. 19F NMR (D2O): −61.51, −64.68. 

PPh4[trans-RuCl4(4-(CF3)Im)(DMSO-S)]•H2O (NAMI-CF3Im-PPH4) PPh4[trans-
Ru(DMSO-S)2Cl4] (184.8 mg, 0.25 mmol) was dissolved in acetone (20 mL). 4-
trifluoromethyl-1H-imidazole (85 g, 0.625 mmol) was dissolved in acetone (0.5 mL) and 
then added to the reaction mixture. This was stirred for 30 minutes at room temperature 
and then concentrated to minimal solvent volume via rotary evaporation. Sufficient 
hexanes was added to produce a cloudy solution, which was then maintained at −18°C 
overnight to produce orange crystals. These were gravity filtered and washed with cold 
ethyl acetate. The filtrate was returned to −18  C overnight and further crystals were 
collected and washed. X-ray quality crystals were obtained from the isolated product. 
Yield: 77.5%. Mel. Temp. 158-161 °C. C32H26Cl4F6N4PRu•H2O Calc. C, 44.98; H, 3.07; 
N, 6.56. Found C, 45.11; H, 2.96; N, 6.68. 1H NMR (MeOD): 7.98, 7.78, −3.02, −5.30, 
−13.58. 19F NMR (MeOD): −65.98. 

Na[trans-RuCl4(4-(CF3)Im)(DMSO-S)] (NAMI-CF3Im-Na) Na[trans-Ru(DMSO-
S)2Cl4] (0.167 g, 0.3947 mmol) was suspended in acetone (5 mL) at room temperature. 
4-trifluoromethyl-1H-imidazole (0.1611 g, 1.184 mmol) was dissolved in acetone (1.5 
mL) and added to the Na[trans-Ru(DMSO-S)2Cl4] solution. Acetonitrile (1.5 mL) was 
added to the reaction mixture to improve solubility. The resulting orange solution was 
stirred at ambient temperature for 30 min and then refluxed for 1 hour. After cooling to 
RT, ether (30 mL) was added and the mixture was concentrated to a minimal solvent 
volume by rotary evaporation. Hexanes (1.5 mL) was added, producing a suspension 
which was then stored at −18  C for four days. Red crystalline solid was collected by 
gravity filtration and washed with DCM. This contained 4-(CF3)Im and DMSO impurities 
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as indicated by NMR. NMR revealed that recrystallization from a 1:1.5 acetone:hexanes 
solution only removed the ligand, while a significant amount of DMSO remained. 1H 
NMR (MeOD): −3.02, −5.30, −13.67. 19F NMR (MeOD): −66.27. 

5-(CF3)IndH[trans-RuCl4(5-(CF3)Ind)(DMSO-S)] (NAMI-CF3Ind-HL) 
[(DMSO)2H][trans-RuCl4 (DMSO-S)2] (56 mg, 0.1 mmol) and 5-(trifluoromethyl)-1H-
indazole (74.5 mg, 0.4 mmol) were refluxed in acetone (5 mL) for 45 min at 45 °C. Ether 
(20 mL) was added to the red solution and it was then stored at −18  C for one month. 
The solution was brought to ambient temperature and the solvent was allowed to 
evaporate off under ambient conditions, allowing isolation of X-ray quality red crystals. 
1H NMR (MeOD): 8.19, 7.67, 6.12, 5.84, 4.58, −13.09.19F NMR (MeOD): −62.43, −64.18. 

Na[trans-RuCl4(5-(CF3)Ind)(DMSO-S)] (NAMI-CF3Ind-Na) NAMI-CF3Ind-Na was 
obtained by running NAMI-CF3Ind-HL through a silica gel column (SiliCycle SiliaFlash 
F60). A mixture of dichloromethane and methanol (90/10) was used as eluent for the first 
three fractions. For the fourth and final fraction, the eluent was changed to a mixture of 
dichloromethane and ethyl acetate (1/1). NAMI-CF3Ind-Na was isolated from the fourth 
fraction via rotary evaporation as a dark brown precipitate. 1H NMR (MeOD): 6.12, 5.82, 
4.58, −13.04.19F NMR (MeOD): −64.18. 

Crystallographic structure determination: Single-crystal X-ray crystallographic 
analysis was performed on a Bruker SMART diffractometer equipped with an APEX II 

CCD area detector fixed at a distance of 5.0 cm from the crystal and a MoK fine focus 

sealed tube ( = 0.71073 nm) operating at 1.5 kW (50 kV, 30 mA) and filtered with a 
graphite monochromator. Structures were solved by using direct methods and refined by 
SHELXle.82 Diagrams of complexes NAMI-CF3Pyr-HL, NAMI-CF3Im-PPH4, and NAMI-
CF3Ind-HL were generated by ORTEP-383 and POV-RAY.84 Crystal data, data collection 
parameters and details of structure refinement for compounds NAMI-CF3Pyr-HL, NAMI-
CF3Im-PPH4, and NAMI-CF3Ind-HL are listed in Table D.1. 

EPR sample preparation: Compounds NAMI-CF3Pyr-HL, NAMI-CF3Pyr-Na, and 
NAMI-CF3Im-PPH4 were dissolved in PBS to give a concentration of 3 mM. A 210 µL 
sample was promptly mixed with 90 µL of glycerol, which acted as a glassing agent, to 
produce a final volume of 300 µL and frozen in liquid nitrogen until use. 

EPR measurements and simulations: As described in Chapter 2. 

Results and Discussion 

Compounds NAMI-CF3Pyr-HL, NAMI-CF3Pyr-Na, NAMI-CF3Pyr-PPh4, NAMI-
CF3Im-HL, NAMI-CF3Im-Na, NAMI-CF3Im-PPh4, NAMI-CF3Ind-HL, and NAMI-CF3Ind-
Na were synthesized using procedures derived from the original syntheses of NAMI-A, 
its pyridine analogue, and their respective sodium-compensated derivatives.16, 59, 139 The 
identity and purity of the compounds were confirmed by NMR (1H and 19F) spectroscopy, 
X-ray crystallography, elemental analysis, and EPR spectroscopy. Complexes NAMI-
CF3Im-HL, NAMI-CF3Im-Na, NAMI-CF3Ind-HL and NAMI-CF3Ind-Na were especially 
difficult to obtain in pure forms, since the solubility of these compounds was very similar 
to that of contaminants in a wide range of solvents, preventing them from precipitating 
out of solution separately. Due to these issues, elemental analyses and yields could not 
be determined for complexes NAMI-CF3Im-HL, NAMI-CF3Im-Na, NAMI-CF3Ind-HL and 
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NAMI-CF3Ind-Na, owing to insufficient yields, impurities, and problems with 
reproducibility of syntheses. 

The structures of the anions of compounds NAMI-CF3Pyr-HL, NAMI-CF3Im-PPH4, 
and NAMI-CF3Ind-HL were determined by X-ray crystallography and are shown in 
Figure D.2. A variety of solvent conditions and counterions were required to produce 
suitably diffracting crystals. NMR was used to confirm the synthesis of the compounds 
with alternate counterions. The bond lengths around the ruthenium metal centre for all of 
the complexes are listed in Table D.2. In all cases, the nitrogen heterocycles are 
coordinated to the Ru(III) through the nitrogen atom and trans to the sulfur-coordinated 
DMSO ligand. The average Ru−N bond length (2.111 Å) and average Ru−S bond length 
(2.286 Å) are similar to the reported values for NAMI-A (2.099 Å and 2.293 Å, 
respectively).16 Four equatorial chlorine ligands complete the coordination sphere with 
bond lengths ranging from 2.331−2.386 Å, which are again similar to that of NAMI-A 
(average Ru-Cl bond length 2.353 Å).16 

a) NAMI-CF3Pyr-HL b) NAMI-CF3Im-PPh4 c) NAMI-CF3Ind-HL 

 
 

 

Figure D.2.  Crystal structures of complexes NAMI-CF3Pyr-HL, NAMI-CF3Im-PPH4, 
and NAMI-CF3Ind-HL. Counterions have been omitted for clarity. Atoms 
are colour coded as: ruthenium (orange), chlorine (green), nitrogen (blue), 
and fluorine (magenta). 
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Table D.1. Crystal data, data collection parameters and details of structure 
refinement for complexes NAMI-CF3Pyr-HL, NAMI-CF3Im-PPH4, and 
NAMI-CF3Ind-HL. 

Complex NAMI-CF3Pyr-HL NAMI-CF3Im-PPH4 NAMI-CF3Ind-HL 

Empirical formula C14H15Cl4F6N2ORuS C30H29Cl4F3N2OPRuS C18H17Cl4F6N4ORuS 

M (g mol-1) 628.04 796.45 694.28 

Space group Monoclinic P21/n Triclinic P−1 Triclinic P−1 

a (Å) 7.8497 7.7887 7.3115 

b (Å) 11.0234 15.022 33.994 

c (Å) 25.2881 16.830 15.2389 

 (deg) 90 98.802 90 

 (deg) 95.070 103.045 98.842 

 (deg) 90 100.219 90 

V (Å3) 2179.63 1849.2 3742.6 

Z 2 1 1 

calc (g cm-1) 1.908 1.493 1.557 

 (g mm-1) 1.369 0.856 0.840 

 (Å) 0.71073 0.71073 0.71073 

T (K) 296 296 296 

Goodness of fit 1.049 1.014 1.034 

R1 0.0476 0.0509 0.0723 

wR2 0.1335 0.1311 0.2360 

Table D.2. Selected bond lengths in Å for complexes NAMI-CF3Pyr-HL, NAMI-
CF3Im-PPH4, and NAMI-CF3Ind-HL. 

Complex Ru-N Ru-S Ru-Cl-1 Ru-Cl-2 Ru-Cl-3 Ru-Cl-4 

NAMI-CF3Pyr-HL 2.121 2.283 2.331 2.348 2.356 2.337 

NAMI-CF3Im-PPH4 2.096 2.294 2.378 2.386 2.357 2.347 

NAMI-CF3Ind-HL 2.117 2.281 2.372 2.350 2.350 2.335 
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As previously established in this thesis, EPR spectroscopy can be used to 
investigate changes in the coordination environment around the paramagnetic Ru(III) 
(low spin d5, S = ½) centre of these types of complexes by analysing the observed g 

values, the line widths, and the signal intensities. For the complexes described in this 
section, the spectra were collected from samples in which the complexes were dissolved 
in PBS at room temperature and then rapidly frozen in liquid nitrogen, to ascertain their 
similarity to NAMI-A.140 Spectra were simulated to elucidate the species in solution, each 
defined by their g values and line widths (Table D.3). The spectrum from each spectral 
component was subsequently multiplied by a weighting factor, corresponding to the 
relative concentration of each Ru(III) species present. The weighted spectra of each 
species were then summed together to reproduce the experimental data. Spectra were 
collected for complexes NAMI-CF3Pyr-HL, NAMI-CF3Pyr-Na and NAMI-CF3Im-PPh4, 
each dissolved at 3 mM in phosphate buffered saline (PBS). 

All three complexes have similar spectra (Figure D.3). Each has a prominent 
uniaxial species (labelled C1) with g⊥ = 2.43-2.45 and g|| = 1.75-1.79 from the parent 
complexes. Complexes NAMI-CF3Pyr-HL and NAMI-CF3Pyr-Na both have a small 
contribution from a second uniaxial spectrum (labelled C2), which is attributed to a 
complex produced by exchange of the axial DMSO ligand with water, a process 
previously observed for NAMI-A140 and its pyridine derivatives.59  

a) NAMI-CF3Pyr-HL b) NAMI-CF3Pyr-Na c) NAMI-CF3Im-PPh4 

   

Figure D.3. EPR spectra and simulations for complexes NAMI-CF3Pyr-HL, NAMI-
CF3Pyr-Na, and NAMI-CF3Im-PPH4. 
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Table D.3. Spectral details for EPR simulations. 

 g values Linewidths 

Species g1 g2 g3 LW1 LW2 LW3 

A1-HL-C1 2.43 2.43 1.78 280 280 400 

A1-HL-C2 2.29 2.29 1.88 200 200 150 

A1-Na-C1 2.43 2.43 1.79 280 280 400 

A1-Na-C2 2.30 2.30 1.88 110 110 90 

A2-PPH4-C1 2.45 2.45 1.75 330 330 440 

Conclusion 

These preliminary data are encouraging for the development of fluorinated analogs 
of NAMI-A, but more work is needed to develop reproducible syntheses for NAMI-
CF3Im-HL, NAMI-CF3Ind-HL, NAMI-CF3Im-Na and NAMI-CF3Ind-Na. Future 
investigation of these complexes should include 19F NMR and EPR experiments, which 
monitor aqueous solution behaviour and protein interactions, in addition to anticancer 
activity testing. Similar to the work presented in Chapter 2, an attempt should be made 
to quantify the effect of addition of a CF3 group on these complexes with the 
measurement of the distribution coefficient, logD, and the conditional HSA binding 
constant, logK’. 

 
 


