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“Science, for me, gives a partial explanation for life.
In so far as it goes, it is based on fact, experience and experiment”

Rosalind Franklin, Chemist



Abstract

This thesis presents a new series of iridium polypyridyl complexes that have been synthesised:;
[Ir(bpy)2(dppz)1®* 1, [Ir(phen)2(dppz)]** 2, [Ir(phen)2(CAN dppz)]** 3 (where bpy = 2,2’
bypyridine, phen = 1,10-phenanthroline, dppz = dipyrido[3:2- a:2’,3’-c]phenazine). This
library of structurally related complexes vary in steric and charge properties. Photophysical
studies show that the complexes are all emissive having metal-to-ligand charge-transfer bands
~500 nm. All three complexes were found to possess long-lived luminesce lifetimes of ~500
ns and above. Further biophysical studies with the three iridium complexes and CT-DNA were
carried out. Viscometry measurements indicate that the dppz derivatives clearly intercalate
between DNA base pairs. Spectroscopic techniques show all three complexes bind to DNA
with binding affinities ~ 106 M — values similar to their ruthenium-dppz analogues. DNA
“light-switch™ behaviour is not observed upon interaction with nucleic acids, in fact, a
substantial decrease in steady-state luminescence occurs in the presence of CT-DNA. Follow
up titrations with guanosine-5’-monophosphate shows redox quenching, which could cause a
decrease in luminescence. The photonuclease activity of these complexes were investigated
using supercoiled plasmid DNA, with complexes 1 and 2 producing photo-oxidation products
that cleaved the plasmid DNA by producing scissions in the supercoiled structure. Transient
absorption spectroscopy provided a way to measure the intramolecular excited state processes.
The kinetics of the complexes in the presence of DNA were quite different to that of the free
complex in solution. Proving that there is an electron transfer reaction between the complexes

and the guanine bases.

The later part of this thesis aimed to investigate the cellular uptake of the complexes 1-3. Upon
reversible binding the DNA there is a decrease in MLCT steady state emission, which during
quenching and gel electrophoresis experiments produced redox-quenching and photocleavage
of nucleic acids. Research became focused in this area because such complexes offer many
advantageous as luminescent probes of DNA structure, however have a major drawback of
poor cellular uptake which restricts their uses in live cells. Confocal laser scanning microscopy
of the metallo-intercalator 1-3 showed that they were internalised by the MCF-7 breast cancer
cell line. Further colocalisation studies showed specific organelle targeting, with 1 and 3
highlighting the lysosomes, and 2 the mitochondria. Cell viability studies of 2 alongside the
highly potent cis-platin showed no/low cytotoxic activity as such. However, upon photo-



irradiation the complex became more cytotoxic. Inductively coupled mass spectrometry
showed that the complex displayed increased cellular uptake in serum free conditions. This

work has established novel iridium complexes, reported DNA binding interactions and

preliminary cellular studies.
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Chapter 1

Introduction



Introduction

DNA is the universal blueprint for life as it is the heredity material in humans and almost all
other organisms. It is an instruction manual giving cells the ability to store, retrieve, and
translate genetic information. In all eukaryotic and prokaryotic organisms, DNA is the
chemical repository of genetic information and for long-term storage. Not only does DNA
provide the genetic code to cellular life, it contains all that is needed to construct other
components of the cells such as RNA and proteins.! As DNA acts as a template for its own
replication allowing genetic information to be duplicated, it allows organisms to make copies
of themselves. The flow of biological information begins with DNA being transcribed into
RNA, which in turn, is translated into proteins. This vital sequence has been formalised by
Crick as the “central dogma of molecular biology”.? By the term biological “information”
Crick meant the precise order of units along a nucleic acid or protein chain i.e. its sequence.
This flow of information is unidirectional: although proteins contain the information encoded
in DNA, they do not have influence over the sequence of nucleic acids or other proteins. Thus,
nucleic acids are always prior to proteins in the flow of biological information and are often
considered the most important component of the cell (Figure 1.1). For these reasons, the

geneticist George Beadle described nucleic acids as “a recipe for constructing a person”.?

RNA synthesis TRANSCRIFTION Protein synthesis TRANSLATION
DNA
RNA PROTEIN
e S AN ISR EETRE RTTR R R
[ DNA Synthesis | nucleotides \aminoacids
DNA | REPLICATION /
IIIII“IIIII.IIIIII“lll.I

Figure 1.1: The central dogma of molecular biology illustrating the pathway from DNA to protein in which the flow of genetic
information passes from DNA to RNA (transcription) and from RNA to protein (translation) in all living cells.
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DNA is the library of the cell, simultaneously storing and dispensing information required for
life, therefore the structure of DNA is of great importance and is intrinsically linked to essential
biological processes. DNA is a large biopolymer comprised of, code-dependant, alternating
nucleotide base building blocks. Nucleosides are comprised of a nitrogen heterocyclic base and
a pentose sugar. When nucleosides are bonded through a 5° Phosphate-ester linkage to a
phosphoric acid they form a nucleotide. The nucleotides of DNA contain one of four
heterocyclic nitrogen bases, Adenine (A), Guanine (G), Thymine (T) and Cytosine (C). It is
through sequences of these nucleotide bases that the genetic code, holding the biological
information needed for all living organisms, is formed. C and T are smaller pyrimidine
molecules containing a single nitrogen ring, whereas G and A are larger purine moieties with
double nitrogen rings. In physiological conditions DNA forms a highly stable, anti-parallel,
negatively charged, double helical biopolymer. Typically DNA forms two chains that follow
right-handed helices with the sequence of atoms running in opposite directions. The bases are
on the inside of the helix and the phosphates on the outside with each sugar being roughly
perpendicular to the attached base. There is a residue on each chain every 3.4 A in the z-

direction (Figure 1.2).

sugar

phosphate / DNA strand
\ .
Wa—-E o)
sugar- base G
phosphate (guanine) 3 G c A T
nucleotide

double-stranded DNA DNA double helix  BONA

3

y R -
¢ =€
T =
A= T
= sugar-phosphate
A—T backbone
€= & / \
¢ =€ 4
=
T=A
€= ¢
= A
5 b 4
hydrogen-bonded 3

base pairs

Figure 1.2: DNA and its building blocks.
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This exact model of DNA helical structure was described by Watson & Crick in 1953,* which
greatly improved the model previously proposed by Pauling & Corey also in 1953.° Pauling
hypothesised that DNA was likely to be a three-chain helix where the large base groups face
outwards and the phosphate groups stacked to the core. As a result of insufficient structural
data this theory was discarded. Watson and Crick discovered that the two phosphate-sugar
right-hand helical chains arrange themselves from 5°-3” around the same axis in an anti-parallel
fashion i.e. each chain runs in the opposite direction to the other. These two ends are chemically
and biologically quite distinct, and gives each strand of DNA polarity (hydroxyl group at the
3’ end, 3’0OH and a single phosphate group at the 5’ end (5°’PO4). The process of DNA
replication is directional and occurs via the addition of a 5” nucleoside. The structure of DNA
physically protects the all-important atoms of the bases from chemical modification of the
environment. Numerous hydrogen bonds, m- m aromatic stacking and hydrophobic
intermolecular forces between the horizontal pyridine and purine bases hold the two chains
together. The hydrogen bonds hold the nitrogenous bases together and are base specific, leading
to the familiar Watson & Crick base pairing where A (adenine) can only form hydrogen bonds
with T (thymine) and C (cytosine) can only form hydrogen bonds with G (guanine) (Figure
1.3).

‘\K“\ sugar-

phosphate
backbone

Figure 1.3: Watson and Crick complementary base pairing within the DNA
double helix. Hydrogen bonds forming efficiently between A and T, G and C.
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These aromatic base pairs are planar and can therefore reside on top of one another like a stack
of coins. The position of a single coin is stablised in the stack by the coins above and below it.
The individual forces that contribute to the formation of DNA are weak. However the combined

sum of the weak interactions cooperatively produce a stable helix.®

1.1.1 DNA Confirmation

The DNA double helix is inherently flexible, back in the 1960s when the first single-crystal x-
rays of protein molecules began emerging, homogeneous DNA crystal structures were not
available. Instead attention was focussed on the diffraction pattern of DNA with varying
ambient environments (salt, alcohol, and humidity concentrations). Following these studies, it
was concluded that double-helical DNA could be categorised into two families; A and B, each
possessing fundamental differences in the way that base pairs are stacked and orientated around
the phosphate backbone. Later studies - led by the growth of crystals suitable for x-ray analysis
- uncovered an unexpected left-handed z-form of DNA.” These polymorphs are interrelated by
the differences in the displacement and orientation of the Watson-Crick base pairs from the

central helix axis.

In vivo, DNA is most commonly found as the canonical duplex right-handed helical structure
first described by Watson & Crick and now known as B-DNA. It is the most prevalent form
found in cellular conditions consisting of highly hydrated DNA fibres. When humidity levels
are low (<75%) sequences can adopt an A-DNA structure, which is much wider than B-DNA
because base pairs stack slightly off centre instead of on top of each other. The bases stack this
way due to the puckering of the ribose units, which causes A-DNA to be tilted rather than
perpendicular to the helix axis. The A-form is favoured in low humidity concentrations because
fewer water molecules are bound to this structure. A-form helices are common for DNA-RNA
hybrids, as well as for double stranded RNA.8 One of the first DNA sequences to be crystallised
was, surprisingly, a left-handed helix with a characteristic zigzag phosphate backbone, hence
the name Z-DNA.. The Z- form is narrow in comparison to the other two forms due to the bases

alternating between anti- and syn- conformation (Figure 1.4).°
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C3' endo C2’ endo
MNHz NHz
Ny N "\
g LL
oH HO
o o
OH OH
Anti position of adenine Syn position of adenine
Parameter A-DNA B-DNA Z-DNA
Helix sense Right Right Left
Base pairs per turn 11 10 12
Axial rise (nm) 0.26 0.34 0.45
Helix pitch (°) 28 34 45
Base pair tilt (°) 20 -6 7
Twist angle (°) 33 36 -30
Diameter of helix (nm) 2.3 2.0 1.8

Figure 1.4: Top- The different sugar and nucleoside conformations. 'Syn' and 'anti' refer to the orientations of the N-
glycosidic bond between the base and the deoxyribose. Middle- Table comparing the different helical parameters for
A-, B-, and Z-DNA. Bottom — The A- B- and Z- structures from left to right (PBD ID: 1ZJE, 1KB1, 400D).

18



1.1.2 The major and minor groove

The asymmetry of the attachment of the phosphodiester backbones to the base pairs results in
two repeating and alternating indentations called the major and minor grooves. The grooves
act as base pair recognition and binding sites for small molecules such a proteins or drugs. The
major groove contains base-pair specific information while the minor groove is usually base-
pair non-specific. This means that species can interact with the DNA either in a specific or non-
specific manner. Their dimensions depend on base pair orientation and displacement, for
averaged-sequence B-form DNA (for inter-strand phosphate...phosphate distances)

(1) Width: major groove, 11.6 A; minor groove, 6 A

(2) Depth: major groove, 8.5 A; minor groove, 8.2 A
These measurements are derived from fibre-diffraction studies on natural DNAs, which cancel
out any sequence effects, so local values in specific sequences of genomic DNA may show
variations from these values.'® The patterning along the DNA helices allows binding substrates
such as proteins to recognise specific sequences of bases, without having to open the double
helix (Figure 1.5).

Major
groove

Minor
groove

Figure 1.5: Surface representation of B-DNA featuring a narrow minor
groove and a broad major groove (PDB ID: 1KB1).
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1.1.3 DNA binding

The sequence and structure of DNA is intrinsically linked to many biological processes that
are essential for life. Its unique structure mean that small molecules and proteins can bind to
it either reversibly or irreversibly. An understanding of how these events occur are important;
as more information is gathered on how small molecules specifically bind to DNA, the design

of compounds for diagnostic and therapeutic processes will improve.

1.1.3.1 Irreversible binding to DNA

Molecules can irreversibly bind to the phosphodiester backbone, sugar residue, or bases of the
DNA helix, this disrupts the activity of the DNA and can lead to permanent damage. “Classic
chemotherapy” is based on this mechanism, as disrupting genetic and cellular processes such
as transcription, gene expression, or replication, can lead to cell death. Due to their genetic
instability, cancer cells are incapable of normal cell cycle processes, the resultant response to
any damage being cell death.** From the 50s - 70s, researchers produced a series of cytotoxic
agents with interesting antitumor activities. These included 5-fluorouracil (1957), Cytoxan
(1958), vinblastine (1960), adriamycin (1970) and perhaps the best-known molecule that binds
to DNA, is cis-diammine-dichloro-platinum (I1) (1971), a simple square planar complex that

gained international recognition under the name cisplatin.?

Figure 1.6: NMR solution structure of B-DNA containing a cis-platin d(GpG) intrastrand crosslink, the
major adduct of the anticancer drug (PDB ID: 1A84).
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The development of cisplatin marked a watershed moment in the treatment of cancer, being
used to treat testicular, bladder, ovarian, oesophageal, lung, and stomach cancers.? Following
its serendipitous discovery by Barnet Rosenberg, and later clinical trials, cisplatin had positive
activity against cancers in patients considered terminal and unresponsive to prior therapies.™
Cisplatin's mode of action is governed by irreversibly binding to DNA through guanine sites.
These adducts form intrastrand bonds with the DNA, disrupting the structure and altering the
shape of the helix. This change in sugar confirmation restricts the flexibility of the DNA
backbone and produces a large bend in the duplex structure. Thus, interfering with the cells

repair mechanism leading to cell death (Figure 1.6).1*

1.1.3.2 Reversible binding to DNA

As well as forming irreversible covalent bonds/adducts, small molecules are also able to
reversibly bind to DNA. There are possible medical/biotechnological applications of molecules
that can reversibly bind to DNA. These include new diagnostic agents for testing specific
sequences, medical probes for specific structures of DNA for genetic diseases or perhaps even
gene modulation. The 3 principle ways for small molecules to interact with the double helix
are:

Electrostatic: In physiological conditions, DNA molecules exist as a polyanion. This involves
cations and ligands (e.g. Na*, Mg?*, or polyamides) forming complementary electrostatic
interactions with the sugar-phosphate backbone. This type of binding leaves little scope for
specificity.

Groove binding: As mentioned previously, the winding of the DNA double helix

asymmetrically, produces major and minor grooves. This mode of binding involves molecules
that make direct interactions with the edges of base-pairs in either of these DNA grooves.
Intercalation: Insertion of a planar aromatic moiety which slides between the base pairs
perpendicular to the helical axis.®® This results in the DNA helix unravelling to compensate
and a change in the hydrodynamic properties of the system.
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1.1.3.2.1 Electrostatic binding

DNA is a polyelectrolyte, the cations which surround the negatively charged double helix are
usually inorganic and hydrated. Additionally, positively charged amino acid side chains of
proteins and polyamines may neutralise DNA charges. Cationic metal species can therefore
interact with the DNA double helix via electrostatic interactions between opposing coulombic
charges. The stability of folded DNA conformations requires interaction with metal cations in
solution such as Na* or Mg?* through a process called counterion condensation.® Net charges
on DNA are simplified to just one negative charge per phosphate group. Upon interaction with
metal cations, the polyanionic duplex is neutralised. This promotes the release of condensed
counter-ions to stabilise the overall charge and entropy of the system. This effect is weak for
monocationic and small species, however, as illustrated by highly charged species such as
polyamines, it can greatly contribute to binding affinities. For example, solution phase studies
on naturally occurring polyamines like spermine and spermidine using techniques such as
equilibrium dialysis, calorimetry, and NMR measurements on 2®Na, *N and ‘H nuclei reveal
that these species bind to B-DNA through these non-specific interactions.!” These
experimental findings are strongly supported by the counterion condensation theory. Thus, the
cationic polyamines interact with the DNA phosphates non-specifically by forming a

condensed layer near the DNA surface (Figure 1.7).

Figure 1.7: Structure showing spermine electrostatically binding to DNA (PDB ID: 1F6C).
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In the past, their cellular function was not known with any certainty however recent findings
show they slow down autoxidation processes and inhibit oxidative damage caused by free
radicals. Thus it seems the primary function of these polyamines is to protect DNA from
damage by the long lived, highly reactive excited state of oxygen known as singlet oxygen
10,". The direct interaction of these compounds with nucleic acids?® is confirmed by physico-
chemical studies demonstrating that they increase DNA melting temperatures Tm upon

stoichiometric complexation.!’

1.1.3.2.2 Groove Binding

The double helix of DNA is of great length and short diameter. The patterns of the hydrogen
bonds between the complimentary base-pairs cause the formation of the two grooves as they
cause the sugar groups to be held at a 120° angle from each other. Molecules of specific shape
and size can then approach DNA and reside within a groove due to VVan der Waals interactions,
hydrophobic, and hydrogen bonding. As outlined previously these grooves provide DNA
sequence information as the edge of each base pair presents a distinctive pattern of hydrogen-
bond donors and acceptors and also hydrophobic patterns. Proteins and small molecules
therefore do not require direct access to the interior of the double helix to distinguish between
one DNA sequence and another as they can interact directly with the edges of the base pairs of
the polynucleotide. Minor groove binding molecules are usually constructed of heterocyclic or
aromatic hydrocarbon rings that possess rotational freedom. This means they are usually
crescent shaped molecules that are of complimentary size to reside in the minor groove. The
molecule fits within the groove with the displacement of water.'® Therefore, the smaller minor
groove produces hydrophobic interactions which are crucial to ensure the position of the
molecule is optimally maintained and this can only occur when the groove is narrow.?° On the
other hand, as the strand backbones are wider apart in the major groove compared to the minor
groove, it is generally easier for DNA binding proteins to interact with the bases on the major

groove side.
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1.1.3.2.2.1 Distamycin and Netropsin

Drugs that target DNA with high sequence specificity have gained increasing attention for their
potential medicinal applications. Netropsin and close relative distamycin are antiviral,
antitumor, antibiotics, that although are too toxic for clinical use, have received extensive
study. Structural studies have shown that netropsin binds to DNA by deep penetration into the

minor groove along AT-rich domains (Figure 1.8).%
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Figure 1.8: Left- Chemical structures of netropsin and distamycin. Right- Structure showing netropsin binding
within the minor groove of B-DNA (PDB ID: 121D).

As there is no DNA conformational transition required for this groove binding the subsequent
condensed cation ion release results in Netropsin interacting with DNA in an entropically
favoured event.?>2 The drug molecule is planar, with a small cross-section such that it fits into
the narrow minor groove in 5’-AATT regions of the structure, with the walls of the groove in
close contact with the pyrrole and amide groups. The crescent-shaped ligand fits into the minor
groove with little steric hindrance with little perturbation of the DNA structure. Due to the
molecules torsional freedom, Netropsin can bend to maximise these isohelical contacts. The
Netropsin drug molecule has a large set of hydrogen bond donors, which complement the
bonding between the A/T base pair edges. Each amide group is pointing inwards providing a
point of contact with two consecutive A:T bases®. Steric interactions between the pyrrole
methyl groups prevent irreversible binding of the drug. Distamycin is the tris-N-methylpyrrole

analogue of Netropsin, possessing one more cationic guanidium group and therefore one more
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DNA binding site due to this increased length. This antiviral compound also binds to AT rich
DNA bases with high affinity.

1.1.3.2.2.2 Hoechst 33258

Hoechst 33258, H33258, is one of a series of compounds developed by the Hoechst
Pharmaceutical Company for potential clinical use. However, the major use of H33258 is as a
fluorescent cytological stain for DNA both in vivo and in vitro.?* Following the criteria needed
for a groove-binding drug, Hoechst is crescent shaped and consists of flat hydrophobic

aromatic rings (Figure 1.9).%

Hoechst 33258

Figure 1.9: Left - Chemical structure of Hoechst 33258. Right- Transmission image of HeLa cells with an overlay of Hoechst 33258
staining (blue).?

This results in a snug fit within the hydrophobic sugar walls in the minor groove. H33258
preferably binds to AT rich domains of double stranded DNA, a feature in common with all
three minor groove binders. It is particularly useful in quantitative determination of DNA in
biological materials as fluorescence increases with addition of DNA.?® The dye binds to all
nucleic acids, but AT-rich DNA duplexes enhance fluorescence two-fold greater than GC —rich
sequences.?’ This inherent sequence selectivity, in even the simplest of minor groove ligands,
can be used to probe DNA structure and dynamics and finds application in imaging and

therapeutics.
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1.1.3.2.3 Intercalation

Intercalative interactions were first reported by Lerman, et al. in 1961, during an investigation
of the hydrodynamic properties of calf thymus DNA with a series of Acridines.?® The results
showed that these small molecules did not interact with the DNA simply on the basis of
aggregation or electrostatic effects and were found to intercalate within the double helix. As
DNA is a twisted ladder structure with aromatic base pairs being held together by a large
network of hydrogen bonds, compounds that interact reversibly with DNA in this way are
inserted between adjacent nucleotide-pair layers, extending and unwinding the double helix.
These hydrodynamic changes are the consequence of the DNA undergoing structural
rearrangements to compensate for the insertion of a foreign moiety between the base pairs in
which bending between the layers is diminished and there is concomitant increase in length.
DNA intercalation represents an invasive, yet reversible, mode of DNA-ligand binding. This
intercalative mode of action is known to play a role in disease emergence and drug treatment
as it can disrupt essential DNA- associated processes such as replication, transcription and
repair. An example of an intercalating molecule is Ethidium Bromide, which is used as a
nucleic acid stain (Figure 1.10). The high affinity DNA binding of Ethidium Bromide greatly
enhances its fluorescence intensity and lifetime. Also it has been reported to show significant
anti-tumour and anti-viral properties. Electrostatics complement this mode of reversible
binding as it is driven by aromatic interactions of overlapping = orbitals. The dimensions of
Ethidium Bromide are comparable to a nucleotide base-pair and so its interaction with DNA is
driven by the means of n-n hydrophobic p-orbital overlap. Another favourable structural
feature is the partial positive charge, as this enhances electrostatic and hydrogen bond
interactions with the DNA.%

Ethidium Bromide

Figure 1.10: Left - Chemical structure of ethidium bromide. Right - DNA sample separated using gel electrophoresis of
nucleic acids and stained with ethidium bromide that emits orange light after binding to DNA.28
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1.1.4 Transition metal complexes

The design of small molecules that interact with DNA is of great importance as they monitor/
interfere with cellular genetic processes resulting in possible diagnostic probes, reactive agents
and therapeutics. DNA replication, RNA transcription, and protein translation, can all be
initiated or disrupted by small molecules binding to DNA. Although DNA is a therapeutic
target, due to the varied complexity and the polymorphic nature of its structure a variety of
small molecules can potentially interact with it and, as mentioned previously, there are also
various modes that the small molecules can bind to the DNA helix both irreversibly and
reversibly. In this context, transition metal complexes that bind with DNA have become an
area of considerable interest. Initially, transition metal complexes may seem an odd choice for
DNA molecular recognition, as organic molecules have been used as substrates to interact with
the DNA helix and the study of transition metal complexes has been confined to coordination
sites in proteins.?® However, as mentioned previously, the interactions of heavy metal
complexes with nucleic acids has led to successful applications in chemotherapy, i.e. cisplatin
and platinum derivatives. Both the well-explored spectroscopy and chemical reactivity of
transition metal complexes can also be exploited to obtain a potentially vast range of reagents
to probe nucleic acids. Metal complexes provide well-defined coordination geometries that also
provide distinct and highly researched electrochemical or photophysical properties.*® By
simply varying the chemical synthesis of these compounds, the size, charge distribution,
stereochemistry, redox potential and other physical properties of the metal can used as a
pharmacological toolbox to study cellular functions within the cell.3! In such complexes, the
metal-ion itself acts as a scaffold to anchor ligand architectures together and add functionality
for specific applications. This research has mainly focused on d® square planar and d®
octahedral transition metal geometries. Due to well-developed and designed substitution
chemistry and chemical inertness, these metals are ideal candidates for the central atom of these
nucleic acid probes. By matching the shapes and symmetries of metal complexes to particular
variations in the complex structure of DNA families of molecules for these applications have
been developed.®? In particular, the photophysical properties of these systems make then
particularly attractive as probes and phototherapeutics. The following section provides a
background to these properties.
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1.1.4.1 Basic Principles of Luminescence

Luminescence is spontaneous emission of radiation from an electronically excited species, not
in thermal equilibrium with its environment. The difference between the exciting and emitted
wavelengths is known as the Stokes shift.*! Fluorescence and phosphorescence are particular
cases of luminescence and can be distinguished through a consideration of their excited states.
When luminophores are in their ground state, spontaneous absorption of one or more photons
can occur, causing an electronic transition to an excited state. The fate of the excited electron
and emission processes can be understood by a diagram first conceived by Alexander Jablonski
in the 1930s (Figure 1.11).%> When a molecule is excited by the absorption of light it relaxes
back to the ground state through various processes. There are two spin states relevant to the
complexes discussed here, the singlet, So, S1 S, etc. and the triplet, Ty, T2, etc. The difference
between these states are due to the arrangement of electrons in the orbitals of the molecule. In
the emission from S; to So there is no change in spin state of the electron during its transition.
The difference between fluorescence and phosphorescence stems from the Pauli Exclusion
Principle: “No more than two electrons may occupy any given orbital, and if two do occupy

one orbital their spins must be paired”.*
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Figure 1.11: A Jablonski diagram showing the excitation and resultant possible decay pathways of fluorescence,
intersystem crossing, vibrational relaxation and phosphorescence.
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In an excited state where an electron is promoted in the same spin orientation as it was in the
ground state this is a singlet state. Molecules in the S; state can also undergo a spin conversion
to the first triplet state. Emission from this state is called phosphorescence, which is usually
shifted to longer wavelengths/lower energies compared to fluorescence. Since the transition
from singlet to triplet state required for phosphorescence is formally disallowed, this process

is commonly less likely than the singlet-to-singlet-based transition of fluorecence.*

1.1.4.2 Fluorescence Lifetimes and Quantum Yields

When a photon of light is absorbed by a luminophore, the deactivation process back to the
ground state is dependent upon its exact nature and surroundings. The main deactivation
processes that can occur are fluorescence, internal conversion, vibrational relaxation (non-
radiative loss of energy as heat to the surroundings), or intersystem crossing to the triplet
manifold with subsequent non-radiative deactivation along with phosphorescence. Quantum
yields are used to measure the probability of emission from a molecule; in other words, they
are a measure of emission efficiency. For example, by definition, a quantum vyield of
fluorescence, ¢r, expresses the ratio of the number of emitted photons to the number of

absorbed photons per time unit (Equation 1.1).%°

_ No.of emittied photons

(bp_

No.absorbed photons
Equation 1.1

The quantum yield is dependent on the lifetimes and subsequent rate constants for deactivation

processes that can be radiative (ki) and non-radiative (knr) (Equation 1.2).
kr

b = Gy + i)
Equation 1.2

1.1.5 Introduction to transition metal photophysics

The field of photophysics and photochemistry of transition metal complexes has grown rapidly.

This area of research has been accelerated by the development of the ligand field theory, and
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growing knowledge of the excited state electron transitions due to the rapid advances in high
grade spectrophotometers and lasers.®® There are structural prerequisites for
photoluminescence. Many first-row transition metal complexes possess electronic structures
with low energy gaps between ground and excited states that, upon excitation, result in
radiationless loss of absorbed energy. This is because emission from an excited state requires
a large energy gap between the ground state and the excited state - a phenomenon that is known
as the “Energy Gap Law”. This law shows that transition probability is determined by a
Gaussian function of energy gap between the two electronic states and the Stokes shift. This
produces an Arrhenius type temperature behaviour where upon the transition probability
depends exponentially on the energy barrier for the intersection of the two potential energy
surfaces.*’ Therefore, the non-radiative decay rate of a metal-ligand complex increases
exponentially as the energy gap of emission energy decreases. A decrease in the SMLCT
excited state energy may reduce the activated decay via higher energy states, and the non-
radiate decay directly to the ground state can increase.*®°° Moving down towards the second
and third row transition metal series, this basic requirement is usually met by systems with d®
d®, and d'° electronic configurations. With this rule in hand, the properties of excited states can
be revealed through investigation of the luminescent properties of such species.®® An
increasingly important class of luminescent metal complexes include those of Ru', Os'!, Re!,

Rh"" and Ir'"" metal centres coordinated to high field polypyridyl ligands.

1.1.5.1 Spectroscopic states of transition metal complexes

Beautiful colours and rich excited-state behaviour are prominent features of transition metal
chemistry. Understanding the structure and dynamics of the electronic and excited state of these
complexes is an important goal of current spectroscopic, photophysical, photochemical and
theoretical research.5? In these systems, it can be helpful to consider the energy levels of the
metal ions and ligands separately from each other. Thus, the ground state, excited states, and
redox species can be described in a sufficiently approximate way by localised molecular orbital
configurations.> Transition metal complexes are characterised by partially filled d- orbitals,
and the occupancy of these orbitals determines the emissive properties. To explain this
phenomenon, an MXgd® metal complex can be used where M is a metal centre and X is a ligand
of an octahedral complex. There are 5 degenerate d- orbitals presentin transition metals which

are split by the octahedral crystal field of the ligands.
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Figure 1.12: Simplified orbital and state diagrams for a d® metal in an octahedral environment showing d and 7 bonding
andr* antibonding orbitals. Each arrow represents an electron with its associated spin. A strong crystal field is assumed.

This results in a triply degenerate tog, and a doubly degenerate eq level. The crystal field
splitting parameter is particularly important as it governs the magnitude of difference between
the togand eq levels (Figure 1.12). In such a system, luminescent properties can be controlled
by manipulation of the metal ion, ligand, and geometry.>* The different classification of
electronic transitions within a metal complex are determined by the original and final orbitals
involved. Transitions predominantly localised on the central metal, eg d-d transitions, are
usually metal-centred (MC). Transitions between molecular orbitals localised on the ligand are
usually called ligand-centred (LC) or intraligand transitions. Finally, transitions between
molecular orbitals of different localisation, which cause the displacement of the electronic
charge are called charge-transfer (CT) transitions. More specifically, an excited state where
there is charge transfer from a ligand to the metal is called ligand-to-metal charge-transfer
(LMCT) while the reverse process is known as metal-to-ligand charge-transfer (MLCT).
There are also some transitions that can occur which are less frequently encountered which are
those from a metal-centred orbital to a solvent orbital (charge-transfer to solvent, CTTS), or

between two orbitals predominately localised on two ligands on the metal centre (ligand-to-
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ligand charge transfer, LLCT).>® Luminescence spectroscopy is an important tool in
photochemistry since it provides a deeper insight into excited state processes and emission

behaviour of metal complexes.

1.1.6 Metallo-intercalators

As discussed earlier, there are three reversible DNA binding modes, although this section is
largely based upon metal complexes that bind to DNA through intercalation. Intercalators are
planar aromatic moieties which interact with the base-pairs within the hydrophobic helix by an
overlap in p- orbitals and aromaticity. Metallo-intercalators are simply metal complexes,
which have one or more intercalating group attached to the centre. Due to the rigidity of the
metal complexes geometry the intercalating ligand unit can be orientated parallel to the base-
pairs and protrude away from the metal centre. Metallo-intercalators can insert into the double

helix from the groove and itself acts as a new base-pair (Figure 1.13).

ot

-
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Figure 1.13: Left - The general form of a metallo-intercalator [Ru(bpy)(dppz)]?* (bpy = 2,2"-bipyridine and
dppz = dipyrido[3,2-a:2',3'-cJphenazine. Right - Structure showing the complex intercalated within B-DNA
(PDB ID: 4E1U).

This intercalative interaction, does not cause any perturbation within a base-pair, it only causes
the opening of the phosphate angle. This next section will provide an insight to earlier work of

metallo-intercalators and create a successive timeline of their progression
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1.1.6.1 Early work

Transition metal complexes that could reversibly bind to DNA by intercalation were first
prepared by Stephan Lippard and co-workers in the mid-1970’s.%? Their research was focussed
on platinum complexes as biological probe reagents. They discovered that square-planar
platinum(Il) complexes containing the terpyridyl ligand bound to planar aromatic ligands can
bind to DNA by intercalation with strong affinities.3®* This was carried out by looking at X-ray
diffraction patterns of both DNA and the platinum complexes in the bound form. Leonard
Lerman had previously found that stable complexes between intercalative dyes and duplex
DNA showed a spectral shift and change in hydrodynamic properties of the system, i.e.
viscosity. Lippard carried out similar studies on the platinum complexes and provided evidence
to support the conclusion that these compounds are metallointercalators.®* The group’s studies
showed that, although [(phen)Pt(en)]?* and [(bpy)Pt(en)]?* were shown to intercalate into the
helix, [(pyr)2Pt(en)]** with pyridine ligands rotated out of the coordination plane could not
(Figure 1.14).
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Figure 1.14: Chemical structures of chloroterpyrideineplatinum(ll) 'PtTC' (left) and
hydroxyethanethiolatoterpyridine(ll) 'PtTS' (right).

1.1.6.2 Phenanthroline metal complexes

As the 1980°s began, work was focussed on octahedral transition metals bound to
phenanthroline units. The tris(phenanthroline) unit does not possess any hydrogen bond donors
and interactions with DNA are simply from intercalative stacking. The earliest work by Barton
and co-workers of metal chelates being used as DNA structural probes were with complexes
involving cobalt,® rhodium,* and ruthenium. It was not until 1986 that studies incorporating
stereochemistry and chirality to ruthenium complexes burgeoned. Ru(ll) complexes are of

popular choice because of their chemical stability, high luminescence and metal-to-ligand
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charge-transfer in the visible spectrum which perturbs when bound to DNA.® In addition, the

complexes luminesce with high quantum yield.

Chiral metal complexes are of great interest as they have they have the potential to recognise
different local structures within the DNA due to its asymmetry and shape. Work began in the
Barton group investigating the enantiomeric selectivity of ruthenium complexes with DNA.
As these complexes are chiral, their syntheses produce a mixture of A and A enantiomers. The
Barton group investigated how the photophysical properties of various ruthenium(ll)
complexes differ as a function of DNA binding. The metal complexes employed in this initial
study were bidentate ligands 2,2’-bipyridine (bpy), 1,10-phenanthroline (phen), and diphenyl-
1,10-phenanthroline (DIP) (Figure 1.15).
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Figure 1.15 Octahedral Ru(ll) tris(phenanthroline) complexes and derivatives.

It was concluded that the DNA binding of the [Ru(bpy)s]?* complex was negligible, however
for both complexes [Ru(phen)s]?* and [Ru(DIP)3]?* the results suggested high affinity binding.

Upon further investigations the complex [Ru(DIP)s]>* was found to have significant
enantiomeric selectivity in intercalation with DNA. The A isomer appeared to bind
preferentially to DNA in an intercalative way whilst the A isomer binds electrostatically. The
A ligand opposes the helical groove and orientation of the double helix and due to steric
constraints is unable to intercalate.3® The sheer hydrophobicity and limited solubility of the

salts of this complex which were examined (CI-, ClO4, PFs) required in a small amount of
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organic solvent to be added. Thus, a later study on the chiral discrimination of the interaction
of [Ru(DIP)3]?* shows equal changes in the absorption spectrum for both enantiomers. Here
a diacetate salt of the complex was prepared to increase solubility, and experiments carried out
in acetate buffer to minimise precipitation complications. The group’s conclusions were that
the complexes are extremely hydrophobic and neither intercalates or binds stereoselectively to
B-form DNA.%

1.1.6.3 The molecular light switch effect

Ruthenium complexes are ideally suited for the application as sensitive noncovalent probes for
nucleic acid structures. These complexes are water-soluble, coordinatively saturated, and inert
to substitution. Ruthenium(ll) ions bound to polypyridyl units are intensely coloured due to
their electronic substitutions within the complexes. The potential of substitutionally inert metal
complexes as photochemical probes of nucleic acid structure has been explored extensively
over the past decade. As mentioned previously, much work has focussed on the interactions
between well-characterised ruthenium complexes and DNA duplexes. A case in point is
provided by the complex first reported in 1990 by Friedman et al known as the molecular
“light-switch” for DNA.* This probe is [Ru(bpy)2(dppz)]?>* (bpy = 2,2’-bipyridine, dppz =
dipyrido[3,2-a:2’,3’-c]phenazine) which shows a profound luminescence enhancement when
bound to DNA (Figure 1.16).
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Figure 1.16: Left - Chemical structure of the molecular light-switch complex [Ru(bpy)(dppz)]?*. Right - steady-state emission
spectra of [Ru(bpy)2(dppz)]?* in the absence and presence of B-DNA.%?
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The luminescence of this complex is environment dependant and the emission in agqueous
solutions is switched on by the presence of DNA. The important structural feature of this
complex is the dppz unit. This planar, aromatic ligand drives the complex to interact with DNA
by stacking between the base pairs through intercalation. This molecular probe displays striking
photophysical properties that were also investigated in 1990 by Sauvage et al. Electrochemical
and spectroscopic measurements of its ground and excited states showed that the charge
transfer is directed from the metal centre to the phenazine of the dppz ligand.*® It was deduced
that the light-induced charge transfer flows from *MLCT excited state then rapidly decays via
intersystem crossing to a *MLCT excited state primarily localised on the phenazine nitrogen
atoms. This directional metal-to-ligand charge-transfer (MLCT) onto the intercalating unit
means that the luminescence of the bound complex provides a sensitive reporter of the DNA
helical environment (Figure 1.17). The excited state of this complex is highly sensitive to its
microenvironment, showing strong (MLCT) centred luminescence in organic solvents, ethanol,
acetonitrile, isopropanol. However, in aqueous/protic solvents there is no MLCT as the major
nonradiative deactivation pathway for the complex involves the protonation of the phenazine
nitrogen atoms in the excited state.
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A
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Figure 1.17: Jablonski diagram showing the excited states involved in the DNA light-switch effect. The blue areas on the
molecule represent where the electron is localised.

36



These photophysical properties explain why the complex is known as the molecular light-
switch. In aqueous environments the complex does not luminescence, but upon intercalating -
in the hydrophobic environment between the stacked DNA base pairs - it is emissive as the
nitrogens on the phenazine units are shielded from any water molecules which would deactivate
its MLCT-based luminescence. Correlations between the extent of the protection within a DNA
helix and luminescent parameters can be observed. As mentioned previously, binding
interactions with complexes and DNA can be enantioselective (Figure 1.18). Per Lincoln et al
synthesised pure enantiomers of the analogue [Ru(phen)z(dppz)]** and investigated
luminescence, excited state lifetimes, isotropic absorption and linear dichroism data for each
enantiomer to obtain detailed information about the binding of the respective complexes.®’
Their results showed the binding of the two enantiomers to be of similar strengths (Ky=10% M-
1y however the relative quantum yield of the A enantiomer is 6-10 times higher than that of the
A, meaning that 85% of emission observed from the racemic mixture is as a result of the A.
These investigations offer an excellent illustration of how science progresses. One structure at
a time, the ability to understand, design, and produce complexes for biomedical purposes is

getting closer.
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Figure 1.18: The different enantiomers of [Ru(phen)z(dppz)?*, A and A.

The distinct light-switch effect is generally considered to follow from the protection of the
phenazine nitrogens from hydrogen bonding water when the dppz moiety is intercalated
between the base pairs. Despite the extensive evaluation of the DNA binding and spectroscopic
properties of numerous structural analogues of [Ru(bpy)2(dppz)]?*, there are still fundamental
questions still to be answered regarding their emission properties in the presence of DNA. Early
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work showed that the pure A and A enantiomers of both [Ru(phen)2(dppz)]?* and
[Ru(bpy)2(dppz)]?* exhibit biexponential luminescence decay upon DNA binding. It was
proposed that this was due to a difference in the location of the dppz ligand within the
intercalation pocket. A later combined analysis of calorimetric and photophysical data for the
binding of these complexes to [poly(dAdT)]. the biexponential data could be assigned.*® The
shorter lifetime is because complexes that are centred in the intercalation pocket and the longer
lifetime is a result of a canted, side on binding geometry found only at the end of contiguous
sequences of bound ligands. Other work by Lincoln et al combined studies of linear dichroism
spectroscopy and emission anisotropy with a series of enantiomerically pure substitution-inert
ruthenium(Il) complexes containing phen and bpy ligands. The markedly weaker binding
affinities observed when moving from [Ru(bpy)2(phen)]?* to [Ru(bpy)s]** supports a stacking
interaction with the phen ligand and the base pairs. Hydrodynamic studies show that
[Ru(phen)2(dppz)]?* and classical intercalation lengthen the DNA upon binding, however this
phenomenon does not occur with [Ru(phen)s]**. This data led to the introduction to two

alternative binding modes; semi-intercalation (wedging an opening between adjacent base

pairs) and quasi-intercalation (indenture of one base pair) (Figure 1.19).

S

Figure 1.19: Schematics defining the concepts of intercalation (a), semi-intercalation (b) and quasi- intercalation (c).
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1.1.6.4 X-ray crystallographic studies

It has only been within the last five years or so that there has been reported X-ray structures of
dppz complexes with small DNA molecules.®® Advances in time-resolved X-ray
crystallography can lead to structural studies of excited state geometries of such compounds
which can either complement or surpass previous spectroscopic studies reported in solution.
The enormous improvement of technology, at the Diamond Light Source as well as other

synchrotrons means that usable data can be obtained from a crystal as small as 10x10x10 pm.°
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These predicted binding modes were first observed by X-ray crystallography by Cardin et al
with [Ru(TAP)2(dppz)]?*.%* It was shown by crystal structures that two binding modes were
observed; each complex binds to d(TCGGCGCCGA) by intercalation of the dipyridophenzaine
ligand and also by semi-intercalation of one of the orthogonal tetraazaphenanthrene ligands
resulting in kinking of the DNA (Figure 1.20). This creation of a kink is similar to the
platination of DNA observed with well-known antitumor agents such as cis-platin and
oxaliplatin. There are marked similarities in the overall curvature and the alignment of the
semi-intercalated ring. As it is known that transcription and gene expression is dependent on
protein-induced distortion in DNA, this discovery suggests that such complexes might be

effective in modulating such process.®?

Figure 1.20: Kinking of DNA by semi-intercalation of an orthogonal TAP ligand with the oligonucleotide d(TGGCGCCGA) in
the presence of barium ions.>®

Successive crystallographic work within the Cardin group focused on the binding mode of A-
[Ru(phen)2(dppz)]** and two oligonucleotide duplexes; d(CCGGTACCGG), and
d(CCGGATCCGG)..% Results showed a perpendicular intercalation of the dppz unit in the
TA/TA step of the first oligonucleotide, which is not observed in the latter AT/AT step. T was
concluded that specificity to TA/TA was a result of the packing of the phenanthroline ligands
against the adenosine base pair. However, in both duplex sequences a second ruthenium
complex, [Ru(TAP)2(dppz)]?*, links the duplexes through a combination of a shallower angled
intercalation. Whilst a number of binary DNA-complex X-ray crystal structures are available,
most include information based on A-[Ru(phen)2(dppz)]?*, until this work within the Cardin

group, there had been no atomic coordinates of a crystal structure showing  A-
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[Ru(phen)2(dppz)]?* binding to well matched DNA. It has been hypothesised that the reason
behind the more intense luminescence observed with the A-[Ru(phen)2(dppz)]?* is because of
the stereoselectivity of the binding event. The asymmetric duplex structure serves as a template
which discriminates in binding of small molecules by chirality. It was proposed that the twist
of the A-enantiomer is a better fit to the right hand helix sense of the DNA backbone.®* More
recent predictions of new binding modes; semi-intercalation and quasi-intercalation, and more
observations using X-ray crystallography have produced some interesting findings. This was
observed with the aforementioned [Ru(TAP)2(dppz)]?*, where unexpectedly the A- enantiomer
preferentially crystallised selectively to particular DNA sequences when starting with a
racemic mixture, contradictory to previous assumptions. This was the driving force for this
work within the Cardin group is to understand how the more difficult to crystallise A-
[Ru(phen)2(dppz)]?* bind to DNA. Using the two binding modes discovered in this study, and
previously obtained results from other groups this A- enantiomer has been proposed to have 5
binding modes each with a different microenviroment around the complex.®*%® It was
suggested that the luminescence lifetime of the complexes in the binding sites presented would
be in the following order Mismatch AA> well-matched non-CG sites with base flipping >
canted intercalation> symmetrical intercalation > semi- intercalation. The story is not over with
this enantiomer, due to its difficulty crystallising and limited results to date, it has not been

fully characterised (Figure 1.21).
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Figure 1.21: Five possible binding modes for A-[Ru(phen).(dppz)]?* to DNA. (a) The complex binds at, adjacent to, a
mismatch site. The flanking adenine (or purine bases) stack on the ancillary ligands, reducing intercalation depth and
preventing dppz nitrogen atoms from hydrogen bonding to solvent water molecules. (b) Insertion into well-matched sites
with less than three H-bonds between the bases. The purine flips out and is able to zstack onto an ancillary ligand. The
pyrimidine also flips out but does not stack. This partially but not completely occludes one dppz nitrogen. (c) Canted
(angled) intercalation into a well-matched base pair leaves one dppz nitrogen atom entirely exposed to solvent. (d) Model
for intercalation by a A enantiomer at a 5’-AT/AT-3’ step. Symmetrical intercalation into this step should expose both dppz
nitrogens to the solvent. (e) Semi-intercalation by an ancillary ligand into the DNA duplex, exposing both phenazine
nitrogen atoms to solvent. DNA is drawn in grey as a solvent-accessible surface, the carbon atoms of the complex are in
purple with nitrogen atoms in blue. In the schematic diagram, the complex is drawn in purple with dppz nitrogen atoms as
blue. DNA bases are represented as grey blocks with flanking adenine bases as red rectangles.t®
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1.1.6.5 Metallo-insertors and mismatches

The majority of complexes that bind to DNA non-covalently are either intercalators or groove
binders. More recently another mode of binding called metallo-insertion has been reported.
Unlike intercalation, where the aromatic planar unit of the complex slides in between the base
pairs, resulting in the helix unwinding to compensate, metallo-insertors eject the bases of a
single base-pair, with the planar aromatic unit of the complex acting as a n stacking
replacement within the DNA double helix. No examples of this phenomenon were reported
until the Barton group in 1997. Their research focussed on mismatch-specific DNA-binding
agents which led on to the discovery of rhodium complexes that bind via this unique method.5®
Recent work has been focussed in the design of metal-complexes which can specifically
interact with mismatched DNA preferentially. Base mismatches naturally occur in DNA as a
result of genotoxic chemicals, ultra-violet radiation, and ionising radiation. Usually the body
quickly corrects these with mismatch repair proteins, however failure to do so can lead to
genetic mutations, spontaneous cancers, and heredity cancers.”® Base-mismatch recognition
poses a new challenge in the design and synthesis of DNA binding molecules. Barton and co-
workers reported the first metallo-insertor DNA mismatch recognition agent
[Rh(bpy)z(chrysi)]** (chrysi = 5,6-chrysenequinone diamine).”* Molecular modelling
investigations suggested that the broader four-ring chrysi ligand is too large to slide into the
base pairs like in intercalation methods. However, it was the right size to fit into the locally
perturbed site of a DNA mismatch. The racemic mixture was separated into enantiomerically
pure A-[Rh(bpy)z(chrysi)]** and A-[Rh(bpy)2(chyrsi)]** and the binding properties of the
enantiomers were measured on a set of 17-mer oligonucleotides all containing one DNA
mismatch. This compound showed a dramatic enantiomeric effect with A binding to DNA
mismatches extremely well, and A being almost completely inactive.”> The width of the
expansive aromatic system of the chrysi ligand exceeds the width of well-matched base pairs
11.3 A versus 10.8 A, as a result complexes bearing this ligand are preferentially

accommodated at thermodynamically destabalised mismatch sites (Figure 1.22).
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Figure 1.22: Chemical structure of the metallo-insertor A -[Rh(bpy)(chrysi)]3* (chrysi = 5,6-chrysenequinone diamine).
Right - Structure of the bulky rhodium complex bound to an A-A DNA mismatch (orange) showing the general architecture
of the metalloinsertion binding mode (PDB ID: 201l).

In the last few years the Barton group have investigated light switch complexes that recognize
mismatches. They reported a crystal structure of A-[Ru(bpy)2(dppz)]?* bound to mismatched
DNA." in which the complex is co-crystalised with a 12-mer oligonucleotide containing two
adenosine-adenosine mismatches. Lack of DNA mismatch repair within the body has been
linked to an increased rate of mutation and several types of cancer’®. In an effort to develop
new and selective probes for DNA mismatches attention was drawn to derivatives if
[Ru(bpy)2(dppz)]?* which are known to serve as molecular light-switches for DNA. Through
ancillary  ligand  modification  mismatch  specificity = was  explored  using
[Ru(Mesphen)2(dppz)]>*, (Mesphen = 3,4,7,8-tetramethyl-1,10-phenanthroline).” The
reasoning behind incorporating methyl groups on to the phenanthroline unit would disfavour
binding to well-matched base pair sites due to steric clashing between the bulky ligand and the
DNA backbone. The steady state luminescence response of the complex 2was explored using
both a well-matched 27-mer DNA duplex and an analogous duplex containing a single CC
mismatch. Subsequent DNA titrations produced relative binding affinities of 6.8x10* and
1.8x10° M for well-matched and mismatched sites, respectfully. Thus, concluding that the
complex is quite selective for binding to the single base mismatch. Further studies to test the
specificity of this binding were carried out using well-matched GC and AT sequences

compared to GG, AA, CT, TT, CA and CC mismatches. The greatest luminescent enhancement
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was indeed by the most thermodynamically destabalised CC. To help explain the differential
luminescence observed between the mismatched and well-matched DNA samples crystal

structures were produced (Figure 1.23).

5’-GAC CAG CTT ATC ACC CCT AGA TAA GCG-3’
WM: 3’-CTG GTC GAA TAG TGG GGA TCT ATT CGC-5’
MM: 3’-CTG GTC GAA TAG TCG GGA TCT ATT CGC-5’
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Figure 1.23: Top — DNA sequences used; Middle left — Schematic of [Ru(Mesphen).(dppz)]?*; Middle right — Steady-state
luminescence spectra of rac-[Ru(Mesphen),(dppz)]?* with the well-matched (blue) duplex and with the duplex containing a
single base pair CC mismatch (red); Bottom — Views down the helix of A-[Ru(Mesphen),(dppz)]**modelled into crystal
structures of DNA duplexes. The ruthenium complex is shown in green with nitrogen atoms shown in blue. Bottom left —
metalloinsertion at a mismatch site from the minor groove (the extruded mismatch bases are in orange); Bottom right —
side-on intercalation at a well-matched site from the major groove.%>

In the presence of a well-matched sequence a short complex excited state lifetime was observed
at 35 ns, however in the presence of mismatched DNA the complex decays in a biexponential
function with components of 33 and 160 ns. Given this short lifetime when bound to well

matched DNA it was hypothesised that a side on intercalation is dominant.
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1.1.7 Transition metal complexes as imaging agents

1.1.7.1 Principles of fluorescent cell imaging

Optical microscopy is one of the key biophysical methods in current life sciences research.
Fluorescence microscopy, in particular, provides scientists with the ability to understand the
complex spatiotemporal interplay of biomolecules on a molecular level.”® Although the
intrinsic fluorescence of biological species are weak, non-specific, and therefore limited for
fluorescence microscopy organic fluorescent labelling agents can be used to enhance this such
as synthetic dyes, nanocrystals, and proteins. In fluorescence microscopy, the high energy light
irradiates and excites fluorophores in the sample. The excited fluorophore then emits lower
energy fluorescent light, which is seen by the eye or another detector. Normal illumination
results in the fluorescence of the entire specimen thickness, so that 90% of emitted light is out
of focus resulting in a reduction in the final contrast and resolution. Unless the specimen is
very thin then areas of the specimen above and below the focal plane still contribute to the
image as “out of focus blur”. Confocal fluorescence microscopy is one of the most powerful
techniques in biological research and diagnostics as it avoids many of these pitfalls.
Illumination of fluorophores causes photobleaching and subsequent cell damage, hence
everything must be done to limit the duration and intensity of illumination. Confocal
microscopy has the ability to shut off illumination light when not needed, meaning multiple
probes can be imaged simultaneously.”” Data acquisition rates of conventional scanning
confocal microscopes are capable of rapid imaging of small samples. Laser scanning confocal
microscopy also offers several advantages of conventional wide-field fluorescence microscopy
including controllable depth of field, the elimination of out-of-focus information and the ability

to collect serial optical sections from thick specimens (Figure 1.24)."
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Figure 1.24: Left - Schematic showing a fluorescence microscope versus a confocal microscope. In a confocal
microscope, the detector must be the same distance as the light source from the illuminated portion of the sample to
effectively block out-of-focus light. Right — image showing the difference in resolution between wide-field and confocal
microscopy of a bone cancer cell.%®

The majority of fluorescent dyes used as cell probes are based on organic molecules such as
fluoresceins, rhodamines, and cyanines. While some cell components are fluorescent, these
commercially available dyes are usually used to allow imaging of areas which are non-
fluorescent. Different dyes can accumulate in different areas of the cells, and due to emission
at differing wavelengths, a multi-coloured reconstructed image can be obtained to
simultaneously highlight several important structures within. General requirements that need
to be met for a species to be used in bioimaging include that a probe should:"
(1) Be photostable and soluble in aqueous growth media suitable for biological
applications.
(2) Be able to rapidly penetrate into a cell.
(3) Be non-toxic and non-phototoxic to the organism.
(4) Not interfere with metabolic activity.
(5) Show preferential localisation in a certain organelle of the cell.
(6) Be capable of being excited/emitted at wavelengths that can transmit through cellular
structures (UV light penetrates the cells but leads to damage).
(7) Display a large enough Stokes shift to permit the use of optical filters that separate
excitation light from emission light. This has two-fold importance: to prevent self-

quenching and to distinguish the emission of the fluorophore from auto-fluorescence.
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(8) Display a lifetime long enough to, distinguish the probe from the short auto-
fluorescence lifetimes of endogenous fluorophores.

When considering these criteria, currently used organic fluorophores have some drawbacks,
particularly photobleaching. Fluorescence emitted by almost all fluorescent dyes fades during
observation. This is caused by photochemically driven chemical modification of the dye,
resulting in the irreversible loss of ability to fluoresce (Figure 1.25).8°
Some fluorophores have a very short lifetime, fading after the emission of only a few hundred
photons, whereas other can emit millions of photons before being photobleached.

cl

DAPI Mitotracker® Red BODIPY-FL
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t=12 min t=16 min t =20 min
Figure 1.25: Top - Chemical structures of the common fluorescent dyes DAPI (nuclear stain), Mitotracker Red (mitochondria

stain) and BODIPY-FL (actin filament stain). Bottom - Loss of fluorescence of DAPI (blue), Mitotracker Red (red), and
BODIPY-FL (green) in fixed bovine pulmonary artery endothelial (BPAE) cells.®3
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1.1.7.2 Transition metal complexes as imaging agents

Recently there has been key developments in exploiting luminescent transition metal
complexes for biological applications of optical imaging and targeted molecular probes.?! The
d®- platinum metal group (ruthenium, rhodium, palladium, osmium, iridium and platinum)
possess desirable properties for such applications including tunable emission throughout the
viable and near-IR regions, long luminescence lifetimes (from 100s of nanoseconds to
microseconds), good luminescent quantum yields, large Stokes shifts, good thermal, chemical,
photochemical stability, and importantly they are kinetically inert.8? They also possess well-
developed substitution chemistry, this leads to a diverse range of metal-ligand architectures
with a range of photophysical properties. These complexes have a combination of an easily
oxidised d® metal centre and a strongly rt- accepting polypyridyl ligand leading to MLCT-based
excited states. A perfect example of this is the archetypical [Ru(bpy)s]**. The central metal ion
plays an important role as it facilitates intersystem crossing from shorter-lived fluorescence
singlet states to longer lived triplet phosphorescent states. This is due to a phenomena called
the heavy atom effect, which is the perturbation of the spin-orbit coupling in a molecule due to
a nearby atom of a high atomic number.® It is known that in aromatic systems the heavy atom
effect greatly influences singlet to triplet intersystem crossing rates, and thus phosphorescent
lifetimes.®® Spin-orbit coupling enables fast intersystem crossing, estimated to occur in tens to
hundreds of femtoseconds. In contrast the *MLCT states produced have lifetimes of
microseconds to milliseconds.®* The energy lost in the conversion to the triplet state and
geometric reorganisation results in a larger Stokes shift than that of classical fluorophores.®
There is scope for colour tuning as the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are based on structures within the complexes.
The HOMO is usually based on the metal centre and the LUMO is situated on the polypyridyl
rings. Resulting in both molecular orbitals being independently tuned from one another. The
relative ordering of the excited states and the energy gaps between them are the main influence
of the photophysics. Thus, by controlling the stereoelectronic nature of the ligands attached to

the metal centre the excited state properties can be tuned.®

1.1.7.3 Ruthenium(ll) complexes for luminescent imaging

Ru'" complexes have rich photophyscial attributes which provide a basis to design responsive
luminescence probes to selectively quantify and image biological samples. Despite being the

parent compound in photochemistry and photophysics, ruthenium(ll) tris-bipyridine,
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[Ru(bpy)s]?* is not well suited for live-cell luminescence imaging owing to poor cellular
uptake. In fact, it is common for Ru" complexes to show inefficient penetration across
phospholipid bilayers of the live cell membranes as a result of their cationic charges and
polarity.2®> One way to overcome these problems is to modify the polypyridyl ligands to
increase lipophilicity.8” Using confocal microscopy and flow cytometry, the uptake of
[Ru(DIP)2(dppz)]?* Rul was found to accumulate in the cells more quickly in comparison to
the molecular light-switch complex [Ru(bpy)2(dppz)]?*, despite the larger size. This complex
was found to enter the cell through the mechanism of passive diffusion within an hour at

micromolar concentrations (Figure 1.26).

Figure 1.26: Left - Chemical structure of [Ru(DIP),(dppz)]?* Rul Right - HelLa cells incubated with 5 1M complex for 4 hours
and imaged by confocal microscopy. Note that the cytoplasm is extensively stained with the Ru complex. Scale bar is 10
um.”?

Cell-penetrating peptides can be conjugated to Ru'' complexes to increase their cellular uptake,
such as the HIV tat peptides and oligoarginine. Studies were carried out by incorporating cell-
penetrating peptides with dppz complexes of Ru'. As mentioned previously, such complexes
in aqueous solution luminesce brightly only when bound to DNA. An example of this is when
the cellular uptake of the peptide conjugates of Ru(ll) dppz with and without a fluorescent tag
were compared.®® Three Ru(ll) dppz conjugates were synthesised: Ru-octaarginine (Ru-D-R8)
Ru2, Ru-octaarginine-fluorescein (Ru-D-R8-fluor) Ru3, and Ru-fluorescein (Ru-fluor) Ru4.
The complexes were incubated with HeLa cells, and as expected cellular uptake is strongly
enhanced compared to unconjugated systems ([Ru(phen)z(dppz)]?* and [Ru(bpy)2(dppz)]?*)
proven by higher luminescence evident in cell samples even after shorter incubation times
(Figure 1.27).
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Figure 1.27: Hela cells were incubated with 5 pM Ru-D-R8 Ru2 for 30 min (top), 5 M Ru-D-R8-fluor Ru3 for 30 min (middle)
and 20 pM Ru-fluor Ru4 for 41 hours (bottom) at 37 °C and imaged by confocal microscopy. Note that Ru-D-R8 is isolated to
the cytoplasm while Ru-D-R8-fluor stains the cytosol, nucleus and the nucleoli. Ru-fluor only shows weak cytoplasmic
staining. Scale bars are 10 .78

In recent years, the use of nanoparticles, especially metal nanoparticles has expanded into
biomedical research. Gold nanoparticles are extremely popular due to their small size to
volume ratio, high thermal stability, amenability of synthesis and functionalisation and ease of
detection.®®°! Work in the Gunnlaugsson group combined Ru(11)-polypyridyl complexes with
gold nanoparticles to create luminescent probes/imaging agents for various biological
applications.®? Upon microirradiation of the Ru(11) bispolypyridyl chlorides: Ru(bpy)2Cl, Ru5,
Ru(phen)2Cl2 Ru6, and Ru(TAP).Cl, Ru7 (TAP =1,4,5,8-tetraazaphenanthrene) were coupled
11-mercaptoundecanoic acid and 5-amino-1,10-phenanthroline and attached to gold
nanoparticles. All three ruthenium complexes functionalised gold nanoparticles displayed high
DNA binding affinities all in the region of ~ 10’ M. Using confocal fluorescence microscopy,
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it was found that all three compounds undergo rapid cellular uptake within HeLa cells,

localising within the cell cytoplasm and nucleus within a 4-hour time window (Figure 1.28).
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Figure 1.28: Top - Structures of the complexes Ru5, Ru6 and Ru7 and the ligand; Middle- Cartoon representation of their
corresponding Au nanoparticle systems: Bottom — live HelLa cell confocal imaging of nanoparticle* (red) and an overlay of
nuclear co-stain DAPI (blue).8

Ever since the discovery of the aforementioned molecular light-switch complex
[Ru(bpy)2(dppz)]?* there has been a great deal of interest in the potential of polypyridyl
complexes as highly sensitive structure-specific DNA probes. Although much previous
research in this area was hampered by poor cellular uptake restricting the use of these
luminescent metal complexes.®® Within the Thomas group, the use of a dinuclear ruthenium(11)
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polypyridyl complex as a direct imaging agent for DNA structure in living cells was first
developed by Dr  Martin  Gill®* Two  complexes were investigated
[(phen)2Ru(tpphz)Ru(phen)2]* Ru8 and [(bpy)2Ru(tpphz)Ru(bpy)-]** Ru9 (phen = 1,10-
phenathroline, tpphz = tetrapyrido[3,2-1:2°,3’-¢c:37,2”-h:2""*,3*"’-]]phenazine) (Figure 1.29).

Figure 1.29: Top - Chemical structures of [(Ru(phen)2)2(tpphz]4+ Ru8 and [(Ru(bpy)2)2(tpphz)]4+ Ru9 Bottom - a) Uptake
and nuclear staining of MCF-7 breast cancer cell line by 1 (500 pM, 1 hr). From left to right: luminescence emission of 1
(red), live stain SYTO 9 (green), dead cell stain propidium iodide (Pl) (purple) and overlay image. B) Incubation with 2 (500
UM, 1 hr) shows no staining of live cells and the co-localisation with Pl emission shows 2 to act as a dead cell stain.®*

Both of these complexes have emissive MLCT states upon DNA binding, similar to those of
related dppz complexes. As expected, this light switch effect arises from the shielding of the
phenazine nitrogen atoms on the tpphz unit from water upon binding to DNA resulting in the
3MLCT state.® Neither complexes showed high toxicity over a 24-hour incubation with a
breast cancer cell line MCF-7. (ICso values of 138 uM and >500 uM respectfully, 1 being the
more toxic of the two). In comparison to Ru8, Ru9 showed no staining for live cells however
further studies revealed it is an efficient fixed cell stain and is an indicator of cell mortality.
Further investigations were then carried out with Ru8 and Ru9. Apart from nuclear DNA, other
cellular apparatus can be targeted by these metal complex imaging agents. Imaging of
mitochondria is useful due to the mitochondrion’s role in electron transport, oxidative

phosphorylation and downstream effects in physiological cell death.®® Follow-up work
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demonstrated that dinuclear ruthenium (1I) complexes can be specifically delivered to
mitochondria by employing a biocompatible, pH-sensitive polymerosome vector (Figure
1.30).%” Ru8 and Ru9 were encapsulated within polymerosomes and their subcellular location
was investigated by costaining with fluorescent organelle dyes. These included Mitotracker
Red (labels active mitochondria), Lysotracker Yellow (tracks acidic lysosomes in live cells)
and SYTO 9 (cell viability cell). Surprisingly both complexes delivered in this way localise

within mitochondria; even Ru9 which previously showed no cellular uptake as a free complex.
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Figure 1.30: Confocal microscopy showing cellular internalisation of Ru8 (red), and colocalisation with a) SYTO 9, b)
Mitotracker Red (blue), and c) Lysosome tracker Yellow (yellow) in MCF-7 cells. Confocal microscopy showing cellular
internalisation of Ru9 (red), and colocalisation with a) SYTO 9, b) Mitotracker Red (blue), and c) Lysosome tracker Yellow
(vellow) in MCF-7 cells.”*

Following the success of these dinuclear ruthenium(ll) complexes as cellular imaging agents
the Thomas group went on investigate the bioactivity of the new complex
[(Ru(DIP),)2(tpphz)]** (DIP = 4,7-diphenyl-1,10-phenanthroline), Ru10, (Figure 1.31).%¢ By
incorporating the DIP as an ancillary ligand this produced a lipophilic derivative. Similar to
previous work, the complex was incubated with MCF-7 breast cancer cells, and intracellular
cellular targeting was investigated by detailed co-localisation experiments. The complex was
costained with the nuclear stain DAPI —(4’-6-diamidino-2phenylindole) and calnexin-specific
fluorescent secondary antibody. Calnexin is a calcium-binding protein located within the

endoplasmic reticulum. As Rul0 is a lipophilic molecule it was hypothesised that it would
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interact strongly with membrane structures and associate with lipophilic regions within cells.
Indeed, it was reported that the lipophilic Ru" MLCT luminescent complex successfully targets
the lipid-dense endoplasmic reticulum in cells, where it acts as an in cellulo imaging agent for

this organelle for confocal scanning microscopy.

| Calnexin

Figure 1.31: Left - Chemical structure of [(Ru(DIP),),(tpphz)]** (DIP = 4,7-diphenyl-1,10-phenanthroline) Rul0. Right - a)
costaining of complex (red) and DAPI (blue), b) costaining of complex (red) and ER-localised calnexin protein (green).88

1.1.7.4 Iridium(lll) complexes for luminescent imaging

Iridium(111) complexes are considered to be one of the most versatile class of biosensing and
bioimaging agents. They are attractive as new cell imaging probes because not only do they
possess the characteristics suitable for imaging applications; Kinetic inertness with very low
rates of ligand exchange, large Stokes shifts (hundreds of nm), long luminescence lifetimes
(100 ns to ms) and enhanced photostability.®® Iridium(lIl) complexes, in comparison to tris-
diimine ruthenium(Il) complexes, possess highly tunable excitation and emission states. Ru(ll)
complexes have shorter lifetimes due to the thermal population of a low lying *MC state, which
is non-emissive. This boarder colour tunability is a result of Ir''' complexes having an increased
ligand-field stabalisation energy (LFSE) creating less thermally accessible non emissive *MC
states.1%01%1 Therefore, the two principle transitions observed in the long lived excited state Ir'"
complexes are metal-to-ligand charge transfer (MLCT) and ligand-centred (LC) transitions.
Due to the aforementioned heavy atom effect, the third-row transition metal promotes strong

spin-orbit coupling, facilitating intersystem crossing to a mixed triplet state. This excited state
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mixing of 3LC and 3MLCT creates systems where the energy gap between the lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital can be
deliberately adjusted by structural modification of the ancillary ligands and by substituent
effects (Figure 1.32).1°2 Wavelengths (of energy) are blue shifted by electron-withdrawing
substituents and red shifted by electron donating groups.:®® Electron withdrawing substituents
tend to stabalise the HOMO by removing electron density from the metal, whereas electron
donating has the inverse effect.1® This means that a high number of ligand and substituent
variables can be utilised to influence the nature of the excited state of Ir''' complexes. These
different excited states render these complexes to show interesting and tunable emission
wavelengths, quantum yields and lifetimes, creating a wide-range photophysical toolkit for

cellular imaging.10>10%
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Figure 1.32: Electronic transitions involving MC, MLCT and LC excited states; the MC levels are not emissive.102

The first report of the application of Ir'!' complexes in cellular imaging experiments came from
Li, et al. in 2008 (Figure 1.25).2%7 They reported on two phosphorescent probes based on
cationic iridium complexes, which exclusively stain the cytoplasm. The synthesised
complexes, [Ir(dfpy)2(bpy)]"PFs Irl and [Ir(dfpy)2(quqo)]'PFs Ir2 [dfpy = 2-(2,4-

difluorophenyl)pyridine, quqgo = 2-(2-quinolinyl)quinoxaline] displayed green emission (Amax
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=517 nm) and red emission (Amax = 623 nm) respectively. This illustrated the versatility of

iridium complexes and the capability of tunable emission profiles for this function.

Li and co-workers also carried out investigations proving low cytotoxicity and reduced
photobleaching making them promising candidates for the design of specific phosphorescence
bioimaging agents. At the time of this report, the fluorinated units in the complexes were
regarded as essential to facilitating cellular uptake as they increased the lipophilicity of the
system. Subsequent work determined that cyclometallated iridium complexes are intrinsically
of high enough lipophilicity. After being incubated with the breast cancer cell line, both
complexes cellular uptake were examined and measured using confocal microscopy (Figure
1.33).
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Figure 1.33: Left (top) - Chemical structures of Ir1 [Ir(dfpy).(bpy)]*Pf6- (dfpy = 2-(2,4-difluorophenyl)pyridine) and Ir2
[Ir(dfpy)s(quqo)]*PF6™ (qugo = 2-(2-quinolinyl)quinoxiline). Left (bottom) — Room temperature photoluminescence spectra
(Aex = 360 nm) and a photograph showing the luminescenes (under 365 nm UV excitation) of 20 uM 1 and 2 in CH,Cl,. Right
— confocal luminescence (a and d) and brightfield images (b and e) of living Hela cells incubated with 20 M 1 (top) or 2
(bottom) in DMSO/PBS for 10 mins at 25 °C. Overlays of luminescence and brightfield images (c and f) for Ir1 and Ir2
respectfully.”6
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Williams et al reported two new bis-cyclometallated iridium complexes based on
[Ir(ppy)2(pybz)]” [ppy= 2-phenyl pyridine, and pybz = 2-pyridyl-benzimidazole] 1r3, with one
complex simply being the conjugate acid of the other Ir4 (Figure 1.34).1% The protonation of
the system affects the excited state properties of the system. The intense low energy
luminescence of these complexes can be discriminated from the fluorescence of H33258.
Complex Ir3 emits brightly in the green region, meanwhile complex Ir4 is in the orange region.
Within the cell the complex (which is in equilibrium between protonated and deprotonated
states, depending on the pH of its surroundings) is in the predominate form of the charge neutral
species. The long-lived lifetimes of these complexes were exploited in time-gated co-staining

experiments with Hoechst stain.

20 um

Figure 1.34: Left - Chemical structures of [Ir(ppy)2(pybz)] (pybz = 2-pyridyl-benzimidazole) Ir3 and the conjugate acid
[Ir(ppy)2(pybzH)]* Ird Right - Fluorescence microscopy images of live CHO (chinese hamster ovary) cells co-stained with Ir3
(10 uM, 1 hr incubation) and Hoechst (350 nM, 5 min), using pulsed excitation at 355 nm (pulse length 4 ns). (a) no delay
between laser pulse and image acquisition. (b) the image recorded after a delay of 10 ns.”®

In the image recorded with no time delay, bright emission in the nucleus dominates the image
from the Hoechst stain. After a 10 ns time delay, emission from the Hoechst stain decays to a
negligible level (3.6 ns lifetime), however the iridium complex’s very long intercellular
lifetime of around a microsecond, still remains clear. Thus, producing a system where it is
possible to observe different subcellular sections of the same sample simply by time-gating

data acquisitions.
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Li et al investigated a non-emissive cyclometalated iridium(lll) solvated complex
[Ir(ppy)2(DMSO)2]*PFs™ Ir5 whose luminescence “switches-on” when inside the nuclei of
living cells.1® The non-emissive complex, without conjugation of a molecular transporter can
react with histidine and histidine-rich proteins to exhibit intense emission, resulting in very
quick selective lighting up of the nuclei of living cells. This novel light-switch effect is highly
selective towards histidine over amino acids as shown by a series of control experiments which
demonstrated that upon entering the cell the luminescence enhancement is 200-fold. Proof of
preferential uptake to the nucleus was confirmed by complete intracellular colocalisation with
H33528. As shown, the complex bright green spots perfectly colocalise with the blue of the

Hoechst emission (Figure 1.35).
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Figure 1.35: Left - Chemical structure of [Ir(ppy),(DMSO),]* PF6 Ir5. Right: Confocal luminescence images of (top) living
Hela cells incubated with 10 uM complex in DMSO/PBS for 10 mins at 37 C and then further incubated with Hoechst
33258, and (bottom) fixed Hela cells stained with complex and Hoechst 33258 under the same conditions. Arrows point
to the nucleolus of Hela cells.”

In 2013 Zhou et al first reported biscarbene iridium(lll) complexes as living cell imaging
agents.?! The group investigated five complexes Ir6-1r10 with a range of ligand architectures
including electronically neutral complexes containing the N~O ancillary ligand (picolate) and
positively charged complexes which have a N*N ancillary ligand (2,2-bipyridyl). Alongside
the variation in charge, derivatives with —CFz and —CN groups were also investigated, because
of their electron-withdrawing effects and potential effects on the lipophilicity. HeLa cells were
co-incubated with 20 uM iridium(I1l) complexes for 2 hours and luminescent images were
taken using a confocal microscope. The intracellular distribution of the five complexes is

mainly in the cytoplasm rather than the nucleus and the membrane. To summarise; based on
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their emissive and biological properties five novel biscarbene iridium(I1l) complexes were

utilised as multicolour cellular imaging agents (Figure 1.36).

Figure 1.36: Top - The chemical structures of the five biscarbene iridium(lll) complexes used in this work Ir6-Ir10. Bottom -
Fluorescence images of Hela cells incubated with complexes Ir6-Ir10 for 2 hours at 37 °C.8!

Another recent example is by Li Xu and co-workers in 2017, who reported two near-infrared
cyclometallated Ir'"' complexes as mitochondrial imaging agents in living cells.!® [Ir(pbg-
9)2(N*N)]"CI" (pbg-g = phenylbenzo[g]-quinoline; N~N = 2-(1-benzyl-1H-pyrazole-3-
yhpyridine Irl11 and [Ir(pbg-g)2(N~N)]*CIl" (N*N = 2-(1-(napthalen-1-ylmethyl)-1H-pyrazol-
3-yl)pyridine 1r12 were the two NIR-emitting complexes reported (Figure 1.37).

/3\ /3\

Figure 1.37: Chemical structures of (left) [Ir(pbg-g),(NAN)]*Cl- (pbg-g = phenylbenzo[g]-quinoline; NAN = 2-(1-benzyl-1H-
pyrazole-3-yl)pyridine and Ir11 (right) [Ir(pbg-g):(N”N)]*Cl- (NAN = 2-(1-(napthalen-1-ylmethyl)-1H-pyrazol-3-yl)pyridine
Ir12.
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The photophysical properties of the two complexes were investigated by UV-vis absorption
and emission spectroscopy. Their MLCT emission bands were almost identical with complex
1 showing strong emission 751 nm and 2 at 750 nm. In addition, both complexes were found
to possess long phosphorescent lifetimes at 442 ns Irll and 456 ns Ir12 respectfully. Co-
localisation experiments were carried out to investigate cellular uptake and specificity. 1rll,
Irl2, MitoTracker® Green (MTG) and DAPI dyes were used to co-label HeLa cells, and it
was concluded that both the complexes selectively accumulate in the mitochondria of living

cells.

As previously mentioned organic fluorescent dyes commonly suffer from photobleaching
therefore, the complexes photostability within the cells were also monitored. The photostability
of Irll, Ir12 were tested against commercially available MTG as both stained HeLa cells.
Confocal microscopy images of the cells revealed longer lived emission: after 450 s the MTG
intensity had decreased by 35%, whereas the iridium complexes were still emitting at 98% and

99% of the maxima suggesting much better photostability (Figure 1.38).

Lane 1 Lane 2 Lane 3 Lane 4
) . . . . |
: . . . .
Figure 1.38: Confocal phosphorescence images, bright field images and their overlay of living HelLa cells incubated with 20

uM of Ir1 and Ir2 inPBS for 1 hr 37 °C, Lane 1 50 nM Mitotracker Green, lane 2 confocal phosphorescence images of Ir11-
Ir12, lane 3 confocal images of DAPI, lane 4 bright field images, lane 5 overlay of lane 1,2,3,4 and 5.8°
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1.1.8 Project Aims

Ir'" complexes have recently excelled in a range of applications due to their attractive
photophysical and electrochemical properties. Yet, despite the success of research associated
with the molecular light-switch complex [Ru(bpy)z(dppz)]>* and other analogues; Ir'!
equivalents have yet to be developed. The aim of this thesis was to design iridium polypyridyl
complexes 1-3 based on the well-characterised Ru'' counterparts that can reversibly bind to
DNA invitro (Figure 1.38). The luminescent properties of these complexes mean that the mode
of binding and affinity to DNA could be explored. Successful preliminary work could be

carried out on a selected cancer cell line to explore cellular uptake and cytotoxic activity.

Figure 1.38: The three target complexes; Top left: 1, top right: 2, bottom: 3.
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Chapter 2

Iridium metallo-intercalators
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2.0 Iridium metallo-intercalators

2.1 Introduction

Luminescent transition metal complexes are appealing for their utility in diverse applications.
The performance of these complexes in such roles depends heavily on their excited state
properties. Many of the photochemical and photophysical properties of molecules depend upon
the Kinetics of excited-state processes that occur after the absorption of a photon. Early work
in this field predominantly focused on ruthenium(ll) polypyridyl complexes such as
[Ru(bpy)s]?*, and the molecular light-switch, [Ru(bpy)2(dppz)]?* and its derivatives.'* The
excited-state chemistry of such Ru(ll) complexes takes place from the triplet manifold. As
deactivation of the emissive triplet metal-to-ligand charge-transfer state 3(MLCT) in these
complexes proceeds due to the thermal population of a non-emissive metal-centred state they
can often display limited photostability and lack of luminescence tunability.>® More recent
studies have been focused on phosphorescent 5d transition metal complexes, with particular
attention being paid to Ir(111). Changing the metal centre to a more stable third-row transition
metal not only drastically improves the metal ligand bond stability, but also increases their
photostability.” Iridium(111) is appealing due to its increased ligand-field stabilisation energy ,
synthetic versatility (it is able to form both homo- and heteroleptic complexes) and the fact that
it has colour-tunable photoluminescence.® The two principle transitions observed in
iridium(111) complexes are MLCT (electron promoted from metal d orbital to a ligand vacant
n* orbital) and ligand-centred (LC) transitions (electron & orbitals on one of the coordinated
ligands). This is because, as a consequence of the high spin-orbit coupling constants for Ir(I11)
complexes, the ligand field splitting parameter, A is very large (¢ = 431, 1042, 3381, 3909 cm"
! for Fe, Ru, Os and Ir respectively).® This large ligand field splitting parameter causes the
metal-centred (MC) levels to be pushed higher in energy so that they do not usually affect the
emission properties, which are traceable back to MLCT levels or LC levels, as both of these
states can be emissive (Figure 2.1).
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Figure 2.2: a) d-orbitals in an octahedral field; (b) orbital description of MC, MLCT and LC transitions; S is a substituent
group capable of exerting electron withdrawing or releasing effects (resulting in stabalisation or destabalisation,
respectively, of the energy level and the filled d and rorbitals). (c) electronic transitions involving MC, MLCT and LC states;
the MC states are not emission.©

Due to the heavy atom effect, which induces a quantum mechanical mixing of states with
different multiplicity, strong spin-orbit coupling from the iridium(lll) centre facilitates
intersystem crossing.!! This emissive mixed triplet state, which usually contains contributions
from both *MLCT and 3LC states, can be tuned through chemical variation and structural
modification of the ancillary ligands. DFT calculations have confirmed that the absorption and
emission energies of the Ir(l11) polypyridyl complexes can be controlled by adjusting the

energy of the metal and ligand orbital; this can be accomplished simply by structural control
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and/or substituent effects.'?> As expected in these complexes, in the MLCT state, the highest
occupied molecular orbital (HOMO) is on the iridium metal and the lowest unoccupied
molecular orbital (LUMO) is on the N-substituted ligand. In tuning this excited state, a rule of
thumb is that the aryl rings mainly impact the HOMO level, while the substituents on the N-
coordinated ring impact the LUMO.® Deliberate functionalisation of the ligands can control
these levels and produce tremendous colour versatility. While changing the degree of
conjugation and size of the ancillary ligands can distort/destabilise these excited states, electron
effects have been proven to show a profound influence on the orbital energies. Electron-
withdrawing (e.g. —F, -CF3) and electron-donating (e.g. —-C(CHz)3,-OCH3) can be incorporated
into the ligand structure. Electron withdrawing groups stabilise the HOMO by removing
electron density from the metal centre, whereas electron-donating groups behave in opposite.
(Figure 2.2).14
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Figure 2.2: Colour versatility expressed by a series of six cationic iridium(lll) luminophores. Their structures are listed in order
of increasing emission wavelength (blue to red). The evolution of 3LC (vibrationally structured, high energy bands) and
3MLCT character (structureless, low energy bands) in the luminescence spectra are indicative of a mixed excited state.1*
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2.2 Ir-dppz complexes

Ever since the discovery of striking photophysical properties of [Ru(bpy)2(dppz)]?* there has
been interest in ruthenium complexes incorporating the ‘dppz’ unit.**>!® This complex was
found to be a luminescent probe for DNA, with the “light-switch” effect stemming from the
intercalation of the phenazine unit. This chapter is concerned with the DNA binding properties
of iridium(lI11) metallo-intercalators containing dppz as an intercalating ligand. These structures
were chosen as iridium variants of the highly studied Ru(Il) molecular light-switch parent
compound. Iridium is a third-row transition metal and can form 3* polypyridyl complexes or
lower when cyclometallated ligands are incorporated. This family of iridium complexes:
[Ir(bpy)2(dppz)1** 1, [Ir(phen)2(dppz)1** 2, [Ir(phen)2(CAN dppz)]?* 3 have variations of ligand
with the phenanthroline and bipyridine ancillary ligands, and charge variations with non-and

cyclometallated dppz units (Figure 2.3).

Figure 2.3: Chemical structures of the Ir'" complexes in this thesis; top left — [Ir(bpy).(dppz)]3*1; top right —
[Ir(phen)z(dppz)]3*2; [Ir(phen),(C N dppz)]?* 3.
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2.2.1 Synthesis

2.2.1.1 Ligand Synthesis

The ligands dppz and cyclometallated dppz (C*N dppz) were synthesised by published

procedures (Figure 2.4).1718

NaBr
H,50,, HNO,
phen
1,05
_
CH,COOH
benzo[h]quinoline CAN dppz

Figure 2.4: Synthesis of dppz (top) and cyclometallated dppz (bottom).

2.2.1.2 Complex Synthesis

The ligands 2,2’-bipyridine and 1,10-phenanthroline have been used extensively by inorganic
chemists due to the ease with which they can chelate to most transition metals. Most of the d®
ions in the group 8 transition metals are known to easily form tris complexes with bidentate
bound bpy and phen units; [Fe(bpy)s]?*, [Co(bpy)s]>*,[Ru(bpy)s]?*.[Rh(bpy)s]**,[Os(bpy)s]**,
are all well-known species.’®2® The product formed when reacting IrCls with either bpy is
[Ir(bpy)2Cl2]* and not [Ir(bpy)s]®*. Demas et al synthesised the long-sought [Ir(bpy)s]** by

boiling a mixture of KzIrCle hydrate in the presence of the strong oxidants potassium persulfate
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4 Iridium is a third-row transition metal

and potassium bisulphate with 2,2’bipyridine.?
characterised by great inertness of its coordination sphere, requiring harsh conditions to
substitute the chloride ligands present on the salt. The synthesis of the iridium polypyridyl
complexes in this study were by a modification of the methods of Watts et al, and

Keene/Collins et al (Figure 2.5).2>2¢
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This multi-step synthesis is needed, as it is considerably more difficult to react iridium with
ancillary ligands. First, iridium(lll) trichloride hydrate was coordinated to either bidentate
bipyridine or 1,10-phenanthroline units and precipitated with ammonium hexafluorophosphate
to form [Ir(bpy)2Cl2]PFsor [Ir(phen)2Cl2]PFs. Both bright yellow species were isolated in high
yields. Instead of following a one-pot synthesis, used for more Kinetically labile ruthenium
analogues, the synthesis makes use of the triflato intermediate produced from triflic acid. First,
the PFe species were converted to water-soluble chloride moieties and then these were treated
with triflic acid to directly yield the triflic salt. Trifluoromethanesulfonic acid (triflic acid) has
found considerable use in transition metal chemistry. Now that the complexes were in this
form, the triflato species, where triflic acid groups substitute the chloride groups and coordinate
directly onto the iridium centre could be produced. The attractive qualities of triflato complexes
- including their high thermal stability, and the excellent leaving group properties of the
[CFsSOs] group - were first established by Scott and Taube.?” The triflato group (CFsSOy) is
one of the strongest electron-withdrawing groups known, and consequently the anion (CF3SO3z
) has found use as an excellent leaving group in nucleophilic substitution reactions in organic
chemistry.?8 The lability of such complexes has provided facile route to a range of synthetically
challenging iridium(I1l) complexes. Once prepared the triflato complexes have desirable
properties such as high lability of the acid leaving group, high solubility in most polar solvents,
relatively low reactivity with atmospheric moisture, and simple high yielding preparative
routes from readily available reagents.?® Due to the excellent leaving capabilities of the triflate
anions, the intercalating ligand can be added to the iridium centre with the correct geometry
needed for DNA intercalation. Despite containing labile triflato groups the iridium metal centre
is still kinetically inert: coordination of the intercalating dppz analogues still requires long
reaction times. Each complex was synthesised as their hexafluorophosphate salt and
characterised by NMR and mass spectroscopy (see experimental section). They were converted
to their water-soluble chloride salts by counter-ion metathesis. The overall reaction scheme is
shown below (Figure 2.6), each complex synthesised in this thesis followed the same general
experimental route. Only the isolated molecules and reagents used are included in the scheme.
For a more detailed synthesis consult the experimental sections. For all aqueous luminescence,
DNA and cellular studies the complexes were first converted to their water-soluble chloride
counter-ions by counter-ion metathesis where the PFg salt was first dissolved in acetone and
then tetrabutylammonium chloride was added to exchange the counter ion and precipitate the

chloride complex. The full procedure is contained in the experimental section.
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2.2.2 Photophysical Parameters

2.2.2.1 UV-Visible spectroscopic studies

The UV-Visible absorption spectra for all of the Ir-dppz complexes 1-3 were recorded in
acetonitrile as hexafluorophosphate salts and in water as chloride salts at 25 °C. Figure 2.7

below shoes the UV-visible absorbance spectra for 1-3 in water, the data from this graph is
summerised in Table 2.1.
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Figure 2.7: UV-Visible spectra for the Ir-dppz complexes 1-3 as chloride salts recorded in water.

Compound Amax(nm) g(M1cm?) Assignment
[Ir(bpy)2(dppz)][Cl]s 200 194000 -1
240 114000 -1
290 130000 T
360 44000 MLCT
389 48000 MLCT
[Ir(phen)(dppz)][Cl]s 205 254000 -
245 156000 T
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295 38000 MLCT

355 49000 MLCT
395 40000 MLCT
[Ir(phen)2(C*Ndppz)][Cl]> 200 320000 -1
230 102000 -1
290 110000 T
300 60000 -
360 25000 MLCT

Table 2.1: UV-Visible data for Ir-dppz chloride complexes recorded in water.

The data for these complexes recorded in acetonitrile as their respective hexafluorophosphate
salts is also summarised below in Table 2.2 There is a slight shift in the MLCT bands due to a
phenomenon called solvatochromism. The shift is produced by the non-redistribution of
solvent molecules around the complex causing different electronic dipole moments in both the
complex ground state and excited state. The MLCT absorption spectral shifts can therefore be
used to determine the electric dipole moments and thus how the complex interacts with the
surrounding solvent molecules. Charge transfer processes, such as MLCTSs, which involve a
donor and acceptor part, can strongly depend on solvent properties.®®3 For 1-
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MLCT is shifted to a slightly higher wavelength/lower energy in acetonitrile. Electronic
transitions are effectively instantaneous within systems so solvent molecules have no times to
rearrange upon electron transition. In the polar water solvent the excited state of 1 and 2 is
slightly destabilised by the dipole moment of the water molecules, however in the less polar
acetonitrile this is not present. The fact that there is more stabilisation in the excited state in

acetonitrile causes the transition to appear at a lower energy.

Compound )max (nm) g(Mcml) Assignment
[Ir(bpy)2(dppz)][PFs]z 201 204000 T
318 80000 -1
363 38000 MLCT
383 32000 MLCT
[Ir(phen)s(dppz)][PFs]3 204 196000 -7
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226 196600 -

275 176800 -
361 28800 MLCT
381 22728 MLCT
[Ir(phen)z(C*Ndppz)][PFs]> 205 201200 -7
271 124000 -
392 8000 MLCT

Table 2.2 UV-Visible data for Ir-dppz hexafluorophosphate complexes recorded in acetonitrile.

All of the complexes give a pale yellow/brown colour when dissolved in solution, attributed to
their absorbing visible light up to 600 nm. The iridium centres are coordinated to polypyridyl
ligands n-nt" transitions dominate as high-energy, short wavelength transitions of each spectra.
Despite the change in counter-ions each complex possesses high energy transitions at around
205 nm and 277 nm, which are due to the phen, bpy and dppz n-n” transitions. The complexes
all have an MLCT around 390 nm, which is the highest wavelength when a cyclometallated
dppz is coordinated to the metal centre, 3. This red shift of around 10 nm is due to the
phototunable nature of iridium complexes. The cyclometallated dppz unit will cause the
electronic lowest unoccupied molecular orbital (LUMO) and highest occupied molecular
orbital (HOMO) to shift in energy producing a red shift in absorption Amax. There are many
ways to achieve more pronounced colour versatility changes with iridium complexes including;
deliberate functionalization of ligands through the use of substituent groups. By manipulating
the electronic effects within the iridium complex, a profound influence on the orbital energies
can be achieved. By incorporating electron withdrawing groups the HOMO can be stabalise by
removing electron density from the metal, and electron donating groups will produce an

opposing effect of HOMO destabalisation.*

2.2.2.2 Luminescence studies

Emission spectra of 1-3 were recorded in acetonitrile and water as hexafluorophosphate and
chloride salts respectfully and the data was collected at room temperature and normalized for
clarity. All of the complexes were excited at a wavelength characteristic to that of their MLCT
band concluded from the UV-visible assignments made previously. The normalised spectra for
each compound in acetonitrile and water, excited at 390 nm are shown below with a table
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summarising all the data. Emission units are not shown and classified as arbitrary units (Figures

2.8-2.10).
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Figure 2.8: Normalised emission spectra for [Ir(bpy).(dppz)]3*,1, in acetonitrile (red) and water (blue).

\ [Ir(;:ar1en)2(d|:>pz)]:1+ in MeCN
W
\ [Ir(phen),(dppz)*" in H,O
® | \
-~ I " \
> / / \
g /'/ \\w
2 .‘I‘ /’ h \\'\.
c [/ \
> r [/ \
@ [/ \
R // \
E N/ \
E ."‘Ia": \‘\
o )-‘."‘ \,
= - /* \\\
T T T T T T T T T T
400 450 500 550 600 650 700

Wavelength / nm

Figure 2.9: Normalised emission profile for [Ir(phen),(dppz)]3*,2, in acetonitrile (red) and water (blue).
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Figure 2.10: Normalised emission profile for [Ir(phen),(CAN dppz)]?*,3, in acetonitrile (red) and water (blue).

Emission spectra were recorded in freshly distilled acetonitrile for PFs or double distilled water

for chloride salts. The complexes, 1-3, all share a similar emission in both solvents. All of the

complexes display emission around 500 nm, shifting in Amax by 2 nm between each solvent for

1, 14 nm for 2, and 18 nm for 3. For complexes 2 and 3 the emission shifts to that of a higher

energy in water, however for 1 this shift is negligible. The fluorescence or phosphorescence

quantum yield - which is defined as the ratio of the number of emitted photons to that of

absorbed photons - is one of the most fundamental and important photophysical parameters of

emissive compounds. Quantum yields were measured according to the method described by

Jobin Yvon for [Ru(bpy)s]?*.3* Two separate standards were cross-calibrated in order to obtain

reliable results.3® These results are summerised in Table 2.3.

Complex

[Ir(bpy)2(dppz)]**
[Ir(phen)z(dppz)]**

[Ir(phen)z(CAN dppz)]?*

Amax (nm) OF
MeCN HO0 MeCN H20
449 451 4.2x103 2.8x103
525 511 6.6x103 4.69 x1073
533 515 26.2x103 15.6 x103

@r ratio

1.50
1.41
1.68

Table 2.3: Summary of the maximum emission wavelengths, the quantum yield of fluorescence and ratio for 1-3 as both PFs

salts in acetonitrile and chloride salts in water.
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The quantum yields are higher in acetonitrile for all three complexes than in water. Although
the complexes do not display the light-switch effect like Ru'! analogies, they all have longer
lifetimes in organic solvents. Complex 2 possessing the cyclometallated ligand has the largest

quantum yield and is the most emissive in both acetonitrile and water.

2.2.2.3 Luminescence lifetime studies

Lifetimes were measured using a mini-tau filter-based fluorescence lifetime spectrometer
which uses a time-correlated single photon counting technique. The samples can be excited at
a particular wavelength using a laser with a defined pulse width, and by recording single
excitation/emission events one photon at a time and a time-dependent intensity profile of the
emitted light can be produced. The delay between the excitation event and the detected
emission is measured over numerous single-photon cycles producing a cumulative time profile
of the exponential decay curve for each complex. When fitting a dual exponential, there is one
consistently short lifetime component, t1, and a longer lifetimes component,t,, with the
percentage contribution always larger from the second lifetime. The quality of the bi-
exponential can be monitored by the y? value (Table 2.4). The biexponential nature of the

complexes could be due to two close lying electronic states (i.e. MLCT and 7z-7*).

H20 (ns) y2 MecCN (ns) x>

T % T2 % 1 % T2 %
[Ir(bpy)2(dppz)** 69 41 900 59 114 24 22 1350 78 1.17
[Ir(phen)z(dppz)]3* 25 29 740 71 122 77 37 1478 63 134
[Ir(phen)2(CN dppz)]* 30 35 592 64 130 89 33 1645 67 1.26

Table 2.4: Luminescent lifetimes attained from 1-3 in both water and dry acetonitrile, [Ru(bpy)s]** was used as a standard.
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2.2.2.4 Density functional theory calculations

Density functional theory (DFT) is a valuable tool for the exploration of molecular properties
of biological system as it is important to understand the redistribution of electron density
brought about by optical excitation. Partnering experimental excited state luminescent studies
with quantum chemical calculations provides a means to explore the excited-state character of
metal complexes such as; excited state character and relaxation pathways —beyond
experimental observations.*® To investigate these emission properties in more detail, DFT
calculations were performed on both the S state and the T state of all the complexes by Prof.
Anthony J. H. M. Meijer, University of Sheffield (Figure 2.11). DFT calculations were
performed using Gaussian09, version D.01.3” Gaussian was compiled with Gaussian-supplied
versions of BLAS and ATLAS.%3 The B3LYP* functional was used throughout with the
GD3 correction®® to account for dispersion interactions, whereby it is noted that in this case the
correction did not change the answers significantly compared to the bare B3LYP functional.
The 6-3119G** basis set*'*? was used on all C, N, and H. A Stuttgart-Dresden
pseudopotential***? was used on Ru and Ir throughout. This computational procedure was
found to give good correlation with experiment in previous work.**-*” Whilst the triplet states
of the three complexes are structurally similar, they are clearly electronically different. The
spin density for the Ty state of 1 and 2 is largely concentrated on the dppz unit. In contrast, for
the T state of 3, the spin density is located on the metal centre and one of the phenanthroline
ancillary units. To investigate this behaviour, DFT calculations on a fourth complex
[Ir(opy)2(C”N dppz)]?** were carried out. These further calculations confirm that the change in
the excited state is a consequence of the cyclometalation, as similar to 3 the spin density is
localised away from the dppz ligand onto the bipyridine units.*® The DFT calculations explain
why all three complexes do not display the DNA light-switch effect. The excited state of 1 and
2 is best described as an intraligand state localised on the dppz unit. Upon binding DNA-
induced luminescence quenching is a well-studied phenomenon and indeed several metal-dppz
based complexes show emissions that are quenched with polynucleotides.**-! In contrast, the
excited state of 3 is more consistent with a high-energy MLCT transition involving a non-
intercalative phenanthroline unit, which will not be quenched by water but can be redox
guenched on interaction with DNA. This work shows that although the binding properties of
these complexes are comparable to the parent Ru' systems, the emission characteristics can be

readily tuned.
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Figure 2.11: Spin-density plots for the T; state of complexes 1-3. Atom sphere colors: C = grey; H = white; N = dark blue; Ir =
lighter blue.
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2.2.2.5 Singlet oxygen studies

The photophysical property of transition metal complexes known as the heavy atom effect
causes fast singlet to triplet intersystem crossing. This triplet excited state can react with
oxygen producing the damaging O, reactive oxygen species (ROS) radical in high yields.>?
Singlet oxygen is a highly reactive species which is able to oxidise many chemical entities such

as cellular DNA.>

complex + light - complex™

complex* + 0, - ROS — DNA oxidative damage

Singlet oxygen is detected directly in organic solution by measurement of singlet oxygen
luminescence following photo excitation of the compound at room temperature in air saturated
solutions in organic solvents. The quantum vyield of singlet oxygen (¢a) is determined by
comparing the initial intensity for the compounds and that of a known singlet oxygen generator
standard (perinapthenone ¢a = 95% in DCM and ¢a = 100% in acetonitrile) at various power

outputs, then averaged (Equation 2.1) (Table 2.5):>*

initial intensity of compound

—— - X standard ¢, in solvent = compound
initial intensity of standard 2 p 2

Equation 2.1
Complex Singlet oxygen yield (¢a)
[Ir(bpy)2(dppz)]** 0.48
[Ir(phen)2(dppz)]3* 0.56
[Ir(phen)2(CAN dppz)]** 0.60

Table 2.5: Singlet oxygen yield for [Ir(bpy)2(dppz)]?*1, [Ir(phen)s(dppz)]3* 2, [Ir(phen);(C N dppz)]?* 3.
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The absorption of a single photon has the capacity to generate only one molecule of singlet
oxygen in an ideal situation the ¢a is expressed as an integer with a value between zero and
one. A ¢a of one would correspond to a system where every single photon observed by the
metal complex correlates to the generation of a singlet oxygen molecule. All of the complexes
1-3 possess long-lived luminescent triplet-state lifetimes, which promotes and enables efficient
energy transfer with the triplet ground state of molecular oxygen.>® This interaction with the
ground state oxygen, results in simultaneous luminescence quenching and formation of triplet
oxygen. (Figure 2.12). The three iridium complexes in this work produce singlet oxygen in
high yields; between 40-60 %.
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Figure 2.13 — Jablonski schematic of the triplet state of the iridium complexes interacting with molecular oxygen through an
energy transfer reaction to produce the damaging singlet oxygen radical.
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2.3 Conclusions and Future Work

Three novel Ir-dppz complexes (Figure 2.13) have been synthesised and their photophysical
properties have been documented in acetonitrile and in water. Characterisation using UV-
Visible studies show the presence of n-n” and MLCT bands for all three complexes. All of
which show strong n-n” transitions around 200-300 nm and MLCT transitions around 390 nm.
The highest MLCT is observed in 3 due to the incorporation of the cyclometallated dppz unit.
As iridium polypyridyl complexes are susceptible to colour tunability, the incorporation of this
ligand will result in a shift in LUMO/HOMO electronic levels within the complex producing a
shift in MLCT. Variations in electronic distribution could be investigated by incorporating
electron donating or withdrawing ligands on the polypyridyl ligands to investigate the extent
of the colour tuning capabilities. Luminescence experiments were carried out for all three
complexes showing them all to have maximum wavelength emissions around 500 nm in
acetonitrile and water. For 2 and 3 the emission was shifted to a higher energy in water by 14
nm and 18 nm, respectfully. For 1 this shift is negligible at 2 nm. All three complexes were
found to possess bi-exponential lifetimes in aqueous/ polar solvents, which produced singlet
oxygen of yields 40 % and higher. Future work would include using cyclic voltammetry to
determine the exact oxidation and reduction potentials. As electron transfer processes are
central to the reactivity of inorganic complexes, electrochemistry is a powerful tool to

investigate electron transfer kinetics.>®

Figure 2.13: Potential future complexes to explore the electronic effects of ancillary ligands.
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3.0 DNA binding studies

3.1 Introduction

The interactions of transition metal polypyridyl coordination complexes with deoxyribonucleic
acid (DNA) have been extensively studied in recent years and they have been used in the design
of new drugs, theranostics, and imaging agents. Previous studies revealed that subtle
modification of these species can lead to substantial changes in the binding modes, location
and affinities of the complexes. A complete characterisation of these DNA binding agents
requires that their DNA binding modes needs to be established. In this chapter, the interactions
between the iridium complexes described in the previous chapter and DNA will be reported.

These complexes vary in the size of their ancillary ligands and overall charge (Figure 3.1).

Figure 3.1: Iridium polypyridyl complexes in this chapter. Top left — [Ir(bpy).(dppz)]3* 1, top right — [Ir(phen),(dppz)]3* 2;
bottom — [Ir(phen),(CAN dppz)]?* 3.
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3.2 Analytical techniques

3.2.1 Viscosity

Viscosity is commonly perceived as resistance to pouring. It describes a fluid’s resistance to
flow. The intrinsic viscosity gives a measure of the effective hydrodynamic volume of a
polymer in solution.! As described in previous chapters, when a small molecule interacts
reversibly with DNA, the two most likely binding modes are intercalation or groove binding.?
Groove binders are commonly crescent shaped, residing along the DNA helix in either the
major or minor groove. Typically in this interaction the structure of the DNA helix remains
unperturbed. In contrast, intercalating molecules are planar, aromatic species that slide between
the nucleotide base pairs, resulting in substantial changes to the DNA structure. A partly
extended DNA double helix containing the intercalated complex differs from native DNA in
solution several ways; it has an increased length, and it also displays stiffening and helical
unwinding.®® This results in pronounced alteration of the system’s hydrodynamic properties,
such as viscosity. Therefore, as reported by Cohen and Eisenberg in 1969, viscosity
measurements provide a simple, theoretically sound, means of distinguishing DNA binding
modes.® In these studies the viscosity of DNA on additions of complex are compared to those
of native DNA solutions. Relative viscosities for DNA in either the presence or absence of a

transition metal can be calculated from the relation:

Equation 3.1

Where t is the observed time flow time of the DNA containing solution and to is the flow time
of the buffer alone. In the absence of X-ray crystallographic or NMR structural data,
hydrodynamic data provides the most critical test for intercalative binding. The viscosity

changes induced by different binding modes are summarised in Figure 3.2.
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Figure 3.2: Effect of increasing amounts of bound ligand on the relative specific viscosity of DNA. Schematic showing
'a’ intercalation, 'b' groove binding, 'c' binding mode that produces DNA bending/kinking. Where r = binding ratio, 1 =
relative specific viscosity of complex and DNA, and o = relative viscosity of DNA in buffer alone.

As shown in this figure, an intercalator increases the relative specific viscosity, through
lengthening of the DNA double helix by insertion between the base pairs. A groove binder -
which does not perturb the DNA structure upon binding - does not appreciably alter the
hydrodynamic properties of the DNA viscosity. In some cases a decrease in viscosity can be
observed; this is due to bending of the helix as a result of partial intercalation of species such

as peptides containing aromatic amino acids as well as other aromatic cations.”®

3.2 2 Luminescent DNA titrations

The most commonly used method to study transition metal complexes’ interaction with DNA
is absorption and luminescence spectroscopy. Coordination complexes are often visibly
coloured and this property also provides a useful spectroscopic handle to follow DNA/drug
interactions. The UV-vis spectra of transition metal complexes originate from various
electronic transitions (intense MLCT, ligand n-n" bands) into excited states. On binding to
nucleic acids these electronic transitions are perturbed. Factors that can affect absorption
spectra include protonation/deprotonation (pH), solvent polarity (dielectric constant of

solvent), and orientation effects. So, as the immediate environment of a species is reflected by
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their absorbance properties, this is an ideal reporter for investigating the environmental changes
induced by DNA binding.® A simple way to determine whether an interaction takes place is to
examine the modifications of the maximum of one of these bands when the nucleic acid is
present in different concentrations.® Binding with DNA through intercalation usually results in
hypochromism and bathochromism?® and it has been assumed that the magnitude of this
shifting is an indication of the strength of the metal-DNA system. These changes occur due to
stacking interactions between the fused aromatic rings of the ligand and the base pairs of the
DNA. If the binding mode is intercalation, the =" orbitals of the intercalated ligand can overlap
with the n orbitals of the DNA base pairs, decreasing the transition energy resulting in
bathochromism. The coupling = orbital is partially filled by electrons, such an intercalative
interaction results in the decrease in transition probabilities causing a decrease in absorption,
hypochromism.** Similar to UV-vis spectra, luminescence spectroscopy can be used to
investigate the binding events between a transition metal complex and DNA. Steady state
luminescence measurements can be carried out to monitor the changes in emission intensities
for metal complexes in the presence of varying concentrations of DNA.!! The intensity of the
MLCT band can be monitored using this method. Given the common preferential charge
transfer onto the extended intercalating ligand, the luminescence of the bound complex can
provide a sensitive reporter of its environment.'? If DNA is titrated into a known concentration
of binding substrate solution, the shift in any given band is proportional to the fraction of the
complex bound to the DNA. Therefore the fraction of complex bound () can be calculated in

the case of luminescence spectroscopy by monitoring these specific changes:

Iobs - If
I, — I

Equation 3.2
Where It is the emission of the free complex, Iy is the emission of the fully bound complex and
lobs 1S the emission at a given point. To determine the binding constant more accurately, it is

important to ensure that saturation binding has occurred. Using this information, a binding

curve can be created if y is plot against the mixing ratio, R ([DNA]/[Drug]) (Figure 3.3).%3
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[DNA]
[Drug]

Figure 3.3: Example of a binding curve to show saturation binding.

The concentration of bound complex (Cp) can then be calculated by knowing the initial

concentration of complex (Ci) and the fraction bound (y):

Cp =%.C
Equation 3.3
Ct is the concentration of free complex’:
C;=Cr +Cp
Equation 3.4
Rearranging to make Cs the subject gives the following equation:
C;=C;—Cp
Equation 3.5
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The binding ratio can then be calculated, as the concentrations of bound and free drug at any

given time can be found:

Equation 3.6

Primary data like this is often used to construct a Scatchard plot, in which the degree of binding
saturation versus the free ligand concentration is produced by plotting r/Cs vs. r. In this plot,
the slope yields the intrinsic equilibrium binding constant K; and the intercept gives a value for

the number of ligand binding sites, n:*41°

—=Ki(n—r)

Equation 3.7

The Scatchard equation is a traditional method of analysing equilibrium ligand binding data.
The equation is based on the assumptions that all ligands are identical, the activity (chemical,
biological) will not be altered except by binding, and all sites of each set are discrete and
equivalent.’® In the case of DNA binding is slightly more complicated. Small molecules
interacting with DNA can be divided into two classes characterised by “specific” and “non-
specific” binding. The classical Scatchard model is for species showing specific binding,
expressing an overwhelming affinity for one, or a very few, particular base sequences on
certain DNA molecules, meaning that a simple Scatchard plot would only be valid if a ligand
binds to one repeating unit of the lattice. When a ligand binds over an extended lattice site
complications occur leading to an inaccurate Scatchard analysis of the system. For example,
since DNA is an isotropic lattice most ligand binding sites overlap. Therefore, at any degree of
binding saturation the number of free binding sites depends not only on the number of ligands
already bound, but the distribution of these bound ligands on the lattice. When this type of
binding occurs, instead of a linear Scatchard plot, a curvature arises. Therefore, due to the
overlap of potential binding sites, binding data and parameters cannot be treated in a linear
fashion. Quantitative analysis of such data can be performed by nonlinear least squares fitting

to the simple neighbour exclusion model of McGhee and von Hippel (Equation 3.5).178
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C—=K(1—nr). Iy

f

Equation 3.8

This equation was derived assuming an infinite lattice, however real macromolecules are not
infinite and end effects will arise. To minimize the error associated with this effect,

experimental data between 30-90% bound drug is usually fitted.*°

3.2.3 Gel Electrophoresis

Upon binding, transition metal complexes can undergo chemical reactions at the binding site.
Commonly, photo-induced DNA cleavage can occur when redox reactions involving the
generation of reactive oxygen species, ROS occur. Gel electrophoresis can be used to measure
any DNA damage caused by ROS generation as these species can lead to damage, cleavage or
scission. Gel electrophoresis is the most effective analytical technique to separate DNA
fragments from varying sizes from 100 bp to 25 kb.?° Agarose gel is a polysaccharide isolated
from seaweed consisting of repeating agarobiose (L- and D-galactose) subunits. The gelation
process forms cross links within the polymer, which determine the pore size characteristicS of
the gels molecular sieving properties. Under physiological conditions, phosphate groups in the
phospho-sugar backbone of DNA are negatively ionised forming a large polyanion; therefore,
when DNA is loaded into pre-cast wells within the gel, and placed in an electric field, these
polyanions will migrate to the positive electrode (anode) (Figure 3.4). The electrophoretic
migration rate of DNA through agarose gels depends on the following parameters; size of the
DNA molecules, concentration of the agarose gel, voltage applied, conformation of the DNA,
and the buffer used for the electrophoresis.?! DNA has a uniform mass/charge ratio, meaning
that when DNA sequences migrate through the agarose gel they will be separated by size
(smaller fragments travelling quicker and further than larger species in the agarose gel when

the electric field is applied).?
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Figure 3.4: Schematic of the equipment set up for DNA gel electrophoresis. A gel sits within a tank of buffer, DNA samples
are placed in wells at one end of the gel and an electrical current is passed across the gel. The negatively charged DNA
migrates towards the positive electrode and can be separated by size.

3.2.4 Atomic Force Microscopy

Atomic force microscopy (AFM) has three main functions; force measurement, imaging and
manipulation. It is a microscopy technique that uses a sharp probe to trace a sample surface at
nanometre-resolution. One of the great benefits of AFM is its ability to measure at multiple
spatial scales with excellent resolutions. Combining AFM with optical microscopy creates a
powerful tool, exploiting capabilities to image live processes with chemical specificity. For
biological applications, its key advantage is its ability to visualise substructure of single
molecules and molecular processes in aqueous physiological environments.? This near-atomic
resolution is useful for imaging the structure and conformational changes of nucleic acids such
as supercoiled, kinked and looped DNA.?* As biological molecules are usually delicate and
soft, it is a great challenge to image such samples without damage, therefore a gentle tapping
mode approach has to be taken. In tapping mode, the probe-sample separation is modulated as
the probe scans, minimising frictional forces present when the probe is constantly in contact
with the surface (Figure 3.5), thus increasing resolution and reducing sample damage.?®
Tapping mode AFM can be used to investigate DNA binding modes. Elongation of the

phosphate backbone can be monitored through AFM by measuring the contour length before
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and after complex incubation, so this technique provides a method to directly image. %
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F
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piezoelectric scanner

Figure 3.5: Typical AFM schematic for surface imaging of DNA persistance length in tapping mode.
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3.3 DNA binding studies of iridium complexes

The following studies formed the basis of the paper: “S. Stimpson et al, Tuning the excited
state of water-soluble Ir''-based DNA intercalators that are isostructural with
[RU"(NN)2(dppz)] light-switch complexes, Angew. Chem., 2015, 127, 3043-3046”

3.3.1 Viscosity

Viscosity studies were carried out with Ethidium bromide and Hoechst 33258 as controls.
Ethidium bromide is a known intercalator, which causes an increase in viscosity, whilst
Hoechst 33258 is a groove binder that does not increase viscosity of DNA solutions (Figure
3.6). /%8
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Figure 3.6: A plot of relative viscosity (n /m0) ¥/3 of CT-DNA versus R. (R = ([DNA]/[Ligand)]* upon addition of Ethidium
Bromide (m) and Hoechst 33258 (®). Experimental conditions in all cases: 5mM Tris, 25 mM NaCl, pH 7.4 at 27 <C.
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3.3.2 Viscosity studies of Ir-dppz complexes effect on DNA

The relative viscosities of the complexes [Ir(bpy)2(dppz)]®* 1, [Ir(phen)z(dppz)]** 2, and
[Ir(phen)2(CAN dppz)]?* 3 with CT-DNA are shown below (Figure 3.7).
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Figure 3.7: A plot of relative viscosity (1 /n0) ¥/ of CT-DNA versus R. (R = ([DNA]/[complex )]1 upon addition of 1 (A), 2 (m),
and 3 (e). Experimental conditions: 5 mM Tris, 25 mM NaCl, pH 7.4 at 27 C.

All three complexes show a positive increase in relative specific viscosity, changes that are
indicative of intercalative binding. Both complexes 1 and 2 possess a +3 charge and induce a
larger relative viscosity change compared to dicationic 3. It seems, because the electrostatic
contribution to association with the polyanionic backbone of DNA for the tricationic
complexes is higher than the dication, the higher charged complexes associate with the DNA
more closely.?® Of the tricationic species, the complex with the largest increase in relative
viscosity has larger phenanthroline ancillary ligands. Complexes 1 and 3 initially induce a
negative charge in relative viscosity, suggesting that, at low complex loading, non-intercalative
interactions are occurring, a phenomenon that has been observed before for ruthenium(Il) based
systems.®® An initial surface interaction is observed followed by the classical intercalative

mode at higher complex concentrations.3!
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3.3.3 Luminescence titrations

Having established that all three complexes do interact with DNA through intercalation, their
binding properties were further parameterised through luminescent titrations. Considerable
attention has been given to ruthenium(ll) complexes which contain the dipyridophenazaine
ligand.'?3%3% As mentioned previously, compared to the parent phenanthroline unit, this ligand
has an extended aromatic surface area, driving intercalative interactions with DNA resulting in
the light-switch effect. The iridium complexes in this study all contain the intercalating units
dppz or the cyclometallated dppz analogue so it was of great interest to investigate their
luminescent behaviour upon DNA binding. In this context, the interactions of complexes 1-3

with double stranded CT-DNA were investigated using emission titrations.
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3.3.3.1 [Ir(bpy)2(dppz)]13** Luminescence studies

Complex, 1 was excited at 390 nm and the variation in its structured band at ~ 475 nm on
incremental additions of CT-DNA was recorded. In contrast to the isostructural Ru''(dppz)

analogues, 1 is emissive in water and addition of DNA produces a substantial reduction in
steady state luminescence (Figure 3.8).
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Figure 3.8: Luminescent titration of 16.4 mM CT-DNA into a solution of 59 uM of [Ir(bpy).(dppz)]?* in 5 mM tris buffer, 25
mM NaCl, pH 7.4, at 27 C.

The maximum emission wavelength (Amax) is 480 nm giving a 5 nm hyperchromic blue shift in
luminescence. The DNA-induced emission decrease is ~ 19%. The non-linear Scatchard plot

can be fitted to the commonly employed McGhee Von Hippel for non-cooperative binding to
produce binding parameters summarised in Table 3.1.
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3.3.3.2 [Ir(phen)z(dppz)]13* Luminescence studies

Similar to 1, upon addition of CT-DNA in aqueous conditions, the luminescence of the MLCT

of [Ir(phen)2(dppz)]** also decreases. The structured emission of 2 shows a maximum at 500

nm, which is blue shifted by 10 nm from the spectrum of the free complex. There is also an

overall decrease of approximately 20% in luminescence with successive additions of CT-DNA
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Figure 3.9 : Top - Luminescent titration of 16.4 mM CT-DNA into a solution of 59 M of [Ir(phen),(dppz)]3* in 5 mM tris buffer, 25 mM
NaCl, pH 7.4, at 27 °C. Bottom left — binding curve obtained from luminescent titrations of CT-DNA into 2, where r = [DNA]/[complex].
Bottom right — non-linear Scatchard plots for the luminescent titrations.

The titration data was fitted using the McGhee VVon Hippel binding model to obtain the binding

constant and number of sites associated with this interaction summarised in Table 3.1.
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3.3.3.3 [Ir(phen)2(C~AN dppz)]?** Luminescence studies

Similar to the previous iridium complexes, the luminescence of 3 upon CT-DNA addition
decreases substantially. The complex has a maximum emission of 521 nm, which displays a 7
nm hyperchromic blue shift upon addition of DNA. The DNA-induced emission decrease is
much larger for 3 (~35%) compared to 1 and 2. Binding saturation was achieved, and fits to
the McGhee VVon Hippel model, produced a binding constant and site size for the binding event
(Figure 3.10) (Table 3.1).

3.0x10°
2.5x10° 4
’ DNA addition
o 2.0x10°
P
‘O
§ 1.5%x10°
£
1.0x10°
5.0x10° -
0.0 v T v T y T T T v T ==
450 500 550 600 650 700 750
Wavelength / nm
1.0x10°
1.0 4 - [ ] [ ]
«” " 8.0x10*
0.8 1 "
S 06- a" 6.0x104
P T 5] -
g " E
@ %47 . 4.0x10*
w -
02- "
2.0x10* l--
004 = 1. =R " .
o 1z 3 i s % o5 om0 0% o040 o045 o050 055 060

r

Figure 3.10: Top - Luminescent titration of 16.4 mM CT-DNA into a solution of 59 1M of [Ir(phen),(CN dppz)]?* in 5 mM tris
buffer, 25 mM NaCl, pH 7.4, at 27 °C. Bottom left — binding curve obtained from luminescent titrations of CT-DNA into 3,
where r = [DNA]/[complex]. Bottom right — non-linear Scatchard plots for the luminescent titrations.
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The table below displays the parameters obtained from the McGhee Von Hippel fits to the

luminescence-based titration data.

Complex Amax (Nm) Amax (nm) Binding Site size, n,
(aqueous) (CT-DNA) affinity, Kp (base pairs)
[M7]
[Ir(bpy):(dppz)]?* 475 480 1.8x108 2.0
[Ir(phen):(dppz)]3* 500 505 2.9x10° 4.1
[Ir(phen),(CAN dppz)]?* 514 521 2.7x106 2.4

Table 3.1: CT-DNA binding parameters for complexes 1-3 including emission Amqax values, and from a MVH fit of binding

data, Kp and n.

These results are consistent with the interplay of two contributing factors to DNA binding. All
three complexes bind to DNA with affinities of similar magnitude. The decreased charge of
complex 3 decreases electrostatic interactions of the complex with DNA. However, previous
studies have shown that electrostatics are not necessarily a major contribution to the
thermodynamics of the intercalative interaction, which is largely driven by hydrophobic and
electronic effects. Intercalating molecules distort the DNA but show favourable net enthalpy
values.®® The favourable base pair stacking interactions lost upon intercalation are regained by
the formation of base pair-drug stacking. Another significant observation is that the intrinsic
binding constants determined for 1-3 are similar to that of [Ru(bpy)2(dppz)]** (Kb = 4x10° M-
1, unlike previously reported Ir'''(dppz) systems which are usually two orders of magnitude
smaller.3® Similar to results in the literature, DNA induced changes in the emission spectra of
1-3 show sharp decreases in intensities.®*® The decrease in intensity of the high-energy
luminescence of 1-3 on addition of DNA is particularly striking and is suggestive of redox
quenching by nucleobase sites in DNA. All three complexes also produce singlet oxygen in
high yields. The excited state of the metal complexes can interact with oxygen producing the
energetically active singlet oxygen - this is through a process called triplet-triplet annihilation.
The MLCT of the complexes produces a long-lived triplet excited state species, which can
interact with triplet-state oxygen, producing highly reactive singlet oxygen. Singlet oxygen
has a non-radical and electrophilic character meaning it can induce oxidative reactions with
biological macromolecules.® This damage can occur within nucleic acids, by reactions with
the nucleotide bases or phosphate backbone, which ultimately often leads to cleavage of DNA
strands. Such cleavage has the potential to cause a substantial decrease in the luminescent

behaviour of metallo-intercalators.*%4
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3.3.3.4 Quenching of Ir emission by guanosine- 5’- monophosphate

Apart from the generation of ROS such as singlet oxygen, a second process can deactivate the
excited state of DNA bound complex; the photo-induced redox reaction between the complex
and nucleobases sites.*> Chemists have used spectroscopic tools to monitor these photoinduced
electron transfer reactions which may be mediated by the m-stacked array formed by the
aromatic overlap of the intercalated ligand and the DNA base pairs.** The DNA helix contains
a m-stacked collection of heterocyclic bases and it has been hypothesised for some time that
this could be a medium for the migration of charge over considerable molecular distances,
serving as a molecular wire.** The oxidation potentials for guanine, adenine, cytosine, and
thymine are 1,29, 1.42, 1.6, 1.7 V respectfully, indicating that guanine is the most easily
oxidised constituent of the polynucleotide chain of DNA and thus these bases are usually the
ultimate sites of redox damage.* Generally speaking redox quenching can occur during the
excited state of a complex by collisions, or by the formation of complexes in the ground state
leading to two types of quenching; dynamic (collision) and static (complex forming). Due to
the oxidation potentials discussed above, within DNA this phenomena is observed primarily at
guanine (G) out of all the nucleotide bases as it is the most easily oxidised.*® Thus, the guanine
base is oxidised and the metal complex is simultaneously reduced. Information about emission
lifetime and excited state deactivation by introducing quenchers and their rates can be
investigated using Stern-Volmer kinetics. In this description; ks, is the rate of emission, kq rate

of non-radiative processes, and kq the rate of quenching where M* is an excited molecule:

O[M"] .
7 = lagbs — (kf + knf + kq[Q])[M ]

Equation 3.6
An important quantity for the determination of different reaction rate constants is the emission

quantum yield ¢:

number of emitted photons rate of emission

~ number of absorbed photons  rate of absorption

Equation 3.7
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The ratio of the quantum yield is equal to the ratio of observed emission intensities and lifetimes
with and without the quencher molecules. This produces the final result also known as the
Stern-Volmer equation producing a graph where the rate of quenching can be calculated from
(Figure 3.11):

¢0 0 )

il 1+ kq7[0Q]

Equation 3.8

_______________ slope = -k, 7,

[l

Figure 3.11: Schematic of a Stern-Volmer plot used to calculate the rate of quenching.

The quenching of the excited state of iridium complexes by photoredox processes can be
monitored by addition of guanine monophosphate (GMP) using these Stern-Volmer
relationships. Therefore, the emission profiles of aqueous solutions of 1-3 upon successive
additions of GMP were monitored. As the luminescence of each of the complexes decreases
upon addition of CT-DNA, it is assumed that the high-energy MLCT excited states of all the
complexes are capable of photo-oxidising guanine. As 1-3 strongly luminesce in water, without
possessing light-switch behaviour, it is possible that a photo-induced proton-coupled electron
transfer can occur with GMP. In the following section the analysis of the photochemistry of 1-

3 is presented.
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3.3.3.3.5 [Ir(bpy)2(dppz)]>** - Quenching by guanosine -5'-

monophosphate

The emission of 1 in aqueous solution is quenched by guanosine monophosphate. The
luminescence quenching rate constant, determined by the measurement of emission intensities
with various GMP concentrations in air-saturated solutions at room temperature in water, using
Stern-Volmer kinetics was calculated as 1.25 x10*° dm®mol2s? (Figure 3.12). This figure
indicates 1 is quenched by GMP at an order of magnitude higher rate compared to Ru'"
analogues; for example, [Ru(TAP)2(dppz)]?* possesses a GMP quenching rate of kq = 1.7 x 10°
dm®moltst.4748 This data suggest that the complex is a potent photo-oxidising agent.
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Figure 3.12: Top - Emission intensity of 50uM [Ir(phen),(dppz)]** upon successive addition ofs 2 mM guanosine
monophosphate. Bottom - A Stern-Volmer plot of the integrated intensity of 1 versus concentration of quencher to
determine the quenching rate.
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3.3.3.3.6 [Ir(phen)2(dppz)]** - Quenching by guanosine -5'-

monophosphate

Similar to 1, upon addition of GMP the emission intensity of 2 decreases, in air saturated
solutions at room temperature. Using Stern-Volmer kinetics the rate of quenching was
calculated to be 2.78 x10'° dm®molts? (Figure 3.13).
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Figure 3.13: Left - Emission intensity of 50uM [Ir(phen),(dppz)]** upon successive addition of 2 mM guanosine
monophosphate. Right - A Stern-Volmer plot of the integrated intensity of 2 versus concentration of quencher to
determine the quenching rate.
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3.3.3.7 [Ir(phen)2(C*Ndppz)]>* - Quenching by guanosine-

5’monophosphate
The emission of 3 was quenched upon addition of increasing concentrations of GMP, in air-
saturated solutions at room temperature. Using Stern-VVolmer kinetics the quenching rate

constant was calculated to be 7.62 x10° dm®mol™s? (Figure 3.14).
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Figure 3.14: Top - Emission intensity of 50uM [Ir(phen);(dppz)]** upon successive addition of 2 mM guanosine
monophosphate. Bottom - A Stern-Volmer plot of the integrated intensity of 3 versus concentration of quencher to
determine the quenching rate.
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The emission intensities of all three complexes decrease with successive additions of guanosine
monophosphate. 1 and 2 have the largest quenching constants, of 1.25 x10*° dm®mols* and
2.78 x10'° dm®mols respectively, and 3 has a quenching constant that is almost a third lower
than the highest rate (7.62 x10° dm®mols™). All these values are higher than similar ruthenium
analogues, indicating that all three are potent photo-oxidizing agents. The reason that the GMP
quenching rate for 3 is slightly smaller than 1 and 2 could be due to differences in electronic
distribution in the excited states. DFT calculations show that for 1 and 2, the electronic
distribution on the triplet state is localised on the intercalating dppz unit, whereas for 3 the
electron density of the triplet state is shifted onto the ancillary phenanthroline units (Figure
3.15). This re-assignment of electron density due to the incorporation of a cyclometallating
dppz species could be the cause of the change in the quenching constants. As these are all
intercalating species, as determined by viscosity experiments, if the excited state is localised
on the dppz unit then excited state photo-redox processes may happen more readily if — as

seems likely - the GMP stacks onto this ligand rather than the less extended ancillary ligand.
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Figure 3.15: Spin-density plots for the T1 state of complexes 1-3. Atom sphere colors: C = gray; H = white; N = dark blue; Ir =
lighter blue
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3.3.4 Gel electrophoresis

There is substantial and continuing interest in DNA endonucleolytic cleavage reactions that are
caused by metal-ions.*®>! Agarose gel electrophoresis is the most commonly used method for
the size-and shape -based separation of DNA molecules, including plasmid DNA. Besides their
size, the electrophoretic mobility of the DNA fragments using this technique is significantly
affected by their shape. Superhelically packed circular plasmid DNA has a very compact
structure, this smaller hydrodynamic size results in an increased electrophoretic mobility in
comparison to linear DNA. When one of the strands is cut, this leads to unravelling to adopt a
much more relaxed circular form; an elastic band is a relevant analogy. Upon further scission,
the plasmid DNA will adopt a linear confirmation. As this structure is not globular it can travel
more quickly than the single strand break form through the agarose gel (Figure 14). The
photonuclease activity of 1-3 were studied using supercoiled pBR322 in Tris-HCI/NaCl under

illuminated conditions (365 nm, 125 mV, 10 minutes exposure) (Figure 3.16).%
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Figure 3.16: Schematic showing the different types of plasmid DNA produced after photocleavage and how they separate
using gel electrophoresis.

3.3.4.1 [Ir(bpy)2(dppz)]13* Gel electrophoresis studies

The photocleaving activity of [Ir(bpy)2(dppz)]®*, 1, was monitored by agarose gel
electrophoresis. In the figure below (Figure 3.17) moving right to left; lane 1 corresponds to
untreated plasmid pBR322, lane 2 — 4 are plasmid DNA with increasing concentration of 1. As
the concentration of 1 increases the distance travelled through the gel by the DNA becomes
less. There is evidence of photocleavage here; as the concentration of 1 increases the leading
band on the gel disappears. The second band becomes increasingly bright in comparison. The

drop in intensity/overall brightness suggests that the plasmid DNA is getting cleaved into faster
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migrating sections. The photocleavage mechanism of 1 was investigated by running a follow-
up gel with various promotors/inhibitors of various photochemical processes such as singlet

oxygen production, hydroxyl-radical formation, and electron transfer (Figure 18).%3¢

30 uM PANTLY 10 um Control

Figure 3.17: Photocleavage of supercoiled pBR322 DNA by [Ir(bpy)2(dppz)]?*, 1, + in illuminated conditions (365 nm, 126
mV, 10 minutes exposure) in 50 mM Tris-HCI buffer. (Right to left) Lane 1 DNA control; Lane 2 DNA + complex (10 uM); lane
3 DNA + complex (20 uM); lane 4 DNA + complex (30 uM). Gel ran at 100 mV for 25 minutes.

As can be seen from Figure 3.18 below there is no significant cleavage in the dark, this
confirms that light is necessary for nuclease activity The plasmid DNA migrates at a slower
pace through the agarose gel when irradiated in the presence of various inhibitors. The most
photocleavage activity occurs in lane 3, in the presence of D0, a species that potentiates the
activity of singlet oxygen due to an increased lifetime. This effect is only slight and does not
rule out the possibility of photocleavage by other means of other reactive oxygen species,
however 1 has a singlet oxygen quantum yield of 48% which would be consistent with ROS

cleavage.
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Figure 3.18: Photocleavage of supercoiled pBR322 (3ug) and [Ir(bpy)).(dppz)]?* 1 under illuminated conditions 365 nm, 126

mV, 10 minutes exposure) in 50 mM Tris-HCI buffer. Lane 1, DNA control; lane 2, DNA + complex (30 pM) in the dark; lane 3,

DNA + complex (30 uM) + D,0; lane 4, DNA + complex (30 uM) + Kl; lane 5, DNA + complex (30 M) + DMSO; lane 6, DNA +
complex (30 uM) + NaNs; lane 7, DNA + (30 uM). Gel ran for 40 minutes at 70 mV.

3.3.4.2 [Ir(phen):(dppz)]3* Gel electrophoresis studies

The photocleaving activity of [Ir(phen)2(dppz)]®*, 2, was monitored by agarose gel
electrophoresis (Figure 3.19).

=

30 uM Control

Figure 3.19: Photocleavage of supercoiled pBR322 DNA by [Ir(phen),(dppz)]?*, 2, in illuminated conditions (365 nm, 126
mV, 10 minutes exposure) in 50 mM Tris-HCI buffer. (Left to right) Lane 1-2 DNA + complex (10 uM); lane 2-3 DNA +
complex (20 uM); lane 3-4 DNA + complex (30 M), lane 5 DNA control lane. Gel ran at 100 mV for 20 minutes.

The figure above shows the cleavage of plasmid DNA at different concentrations of complex.
The increase in concentration causes an increase of cleavage of the DNA. The mechanism of
photocleavage was explored through further experiments involving pBR322 and a range of
different inhibitors (Figure 3.20).
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Figure 3.20: Photocleavage of supercoiled pBR322 (31g) and [Ir(phen),(dppz)]** under illuminated conditions 365 nm, 126
mV, 10 minutes exposure) in 50 mM Tris-HCI buffer. Lane 1 DNA + complex (10 uM); lane 2, DNA + complex (20 uM); Lane
3, DNA + complex (30 uM); lane 4 DNA + complex (30 uM) + NaNs; lane 5 DNA + complex (30 uM) + Kl; lane 6 DNA +
complex (30 uM) + D,0; lane 7 DNA + complex (30 uM) in the dark; lane 8 DNA + complex (30 pM) + DMSO; lane 9 DNA
control. Gel ran at 40 mins at 70 mV.

There is no significant cleavage in the dark, this confirms that light is necessary for nuclease
activity. Hydroxyl (OH") scavengers such as potassium iodide and DMSO do seem to inhibit
plasmid cleavage, DMSO to a lesser extent but it is likely that OH" radicals are involved in the
cleavage here. Photoinduced cleavage was confirmed to be via the singlet oxygen radical by
the experiments with sodium azide and D,O. Sodium azide is an 'O, quencher and D,O
potentiates the activity of the radical due to an increased lifetime. The maximum photocleavage
activity was monitored in D20 and KI confirming that the mechanism of DNA damage is
caused by both the reactive oxygen species OHand *O,. 2 was found to produce singlet oxygen
in a high yield of 56%, matching these results.
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3.3.4.3 [Ir(phen)2(CAN dppz)]?** Gel electrophoresis studies

The photocleavage activity of [Ir(phen)z(dppz)]®*, 3, was monitored by agarose gel
electrophoresis (Figure 3.21).
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Figure 3.21: Photocleavage of supercoiled pBR322 DNA by [Ir(phen),(CAN dppz)]?*, 3, + in illuminated conditions (365 nm,
126 mV, 10 minutes exposure) in 50 mM Tris-HCl buffer. (Right to left) Lane 1 DNA control; Lane 2 DNA + complex (10 pM);
lane 3 DNA + complex (20 uM); lane 4 DNA + complex (30 uM). Gel ran at 100 mV for 25 minutes.

From referring to the figure above there is no significant evidence of DNA cleavage here, and
the effect observed is similar to one observed via a gel mobility shift assay.>’*® An
electrophoretic mobility shift assay is a technique used to study DNA-drug interactions.
Complex 3 has been proven by viscosity and AFM experiments to intercalate within DNA.
This effect increases the shape/size of the plasmid DNA, causing it to migrate slower/less in
within the gel. As well as altering the size, intercalation of 1 would change the overall charge
of the system, altering the field electric effect on the plasmid DNA. As the concentration
increases of 3 this effect becomes greater as more intercalative interactions our occurring
within the plasmid DNA. If there was cleavage occurring, nicked forms of the plasmid would
be visible, in this case they are not present. To investigate further if any photocleavage activity
is occurring, a second gel experiment was run incorporating a range of inhibitors and a control
lane in the dark (Figure 3.22).
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Figure 3.22: Photocleavage of supercoiled pBR322 (31g) and [Ir(phen),(CAN dppz)]** 3 under illuminated conditions 365 nm,
126 mV, 10 minutes exposure) in 50 mM Tris-HCl buffer. Lane 1, DNA control; lane 2, DNA + complex (30 uM) in the dark;
lane 3, DNA + complex (30 piM) + DMSO; lane 4, DNA + complex (30 uM) + Ki; lane 5, DNA + complex (30 M) + D;0; lane 6,
DNA + complex (30 uM) + NaNs; lane 7, DNA + (30 uM). Gel ran for 40 minutes at 70 mV.

The gel above shows no photocleavage for 3 and is therefore inconclusive. This experiment
was repeated three times and the same result was obtained. Each of the lanes migrate at a similar
rate with no formation of nicked or linear plasmid DNA (which is evidence of photocleavage).
These results insinuate that the complex can directly damage guanine sites (due to previous
quenching experiments with GMP) however does not cleave DNA via singlet oxygen
generation like 1 and 2. DFT calculations indicate that for complexes 1 and 2 the excited state
is localised on the dppz unit, whereas for 3 the electron density is shifted onto the ancillary
phenanthroline units. As the only real difference between the complexes is that the
phenanthroline based excited state of 3 is not directly intercalated within the DNA, it seems
this may be responsible for this striking observation, Although this does seem unlikely. Further

experiments will need to be carried out to resolve this issue completely.
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3.3.5 AFM Studies

AFM studies were carried out to measure the length of DNA in the presence of the iridium
complexes to determine any intercalative binding modes. The DNA was synthesised by a
polymerase chain reaction method to produce all lengths at 230 bp for clarity. The DNA
contour length was measured using AFM tapping mode in the presence of 1-3 along with two
known intercalators  [Ru(phen)2(dppz)]** and  [Ru(phen)z(dppn)]?* (dppn =
benzoli]dipyrido[3,2-a:2°,3’-c]phenazine) as a reference (Figure 3.23) (Table 3.2).
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Figure 3.23: Left — AFM image produced highlighting the DNA strands incubated with [Ir(phen),(dppz)]3*. Right — graph
showing the changes in contour length after incubation with the various iridium and ruthenium complexes. Table below —
showing the number of molecules the contour length was averaged over and the overall change.

Complex DNA contour length (nm)
(Number of Molecules)

Control 75.21
(178)
[Ru(phen):(dppz)]** 85.77
(99)
[Ru(phen)z(dppn)]?* 87.91
(120)
[Ir(phen)2(dppz)]?* 91.18
(155)
[Ir(phen)2(CAN dppz)]** 75.90
(256)
[Ir(bpy)2(dppz)]13* 87.70
(178)

Table 3.2: The contour length of CT-DNA after incubation with 1-3 and two known intercalators [Ru(phen),(dppz)]?* and
[Ru(phen)x(dppn)]**.

128



In-air AFM can provide static snapshots of the reactions that involve DNA.*® The results from
the AFM are consistent with the previous viscosity results. The contour length of DNA is
increased in the order [Ir(phen)2(dppz)]®* > [Ir(bpy)2(dppz)]®* > [Ir(phen)2(CAN dppz)]**. The
relative viscosities of the DNA/complex systems also behave in this manner and follow this
trend. This provides further evidence for the hypothesis that overall charge is the primary
driving force for the intercalation of the complexes, as opposed to the steric bulk of the ancillary
ligands attached. Both controls have the same phenanthroline ancillary units however, one
possesses an intercalating unit with one more ring on the phenazine. The AFM results show
that the length of the planar aromatic section does not affect the intercalation rate drastically.

Also agreeing with overall charge being the motivation behind the binding event.
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3.3.6 Transient Absorption Spectroscopy

Transition metal complexes as we know, have been broadly used in photochemistry based on
their versatility in light absorption, excited state redox properties as well as chemical tunability.
A major goal in chemistry is to quantitatively probe chemical bonding dynamics at the
molecular level. Recent advances in experimental ultra-fast spectroscopy provide methods to
probe excited electronic and nuclear structures, and photophysical relaxation processes of
metal complexes.®’ Important physical and chemical properties of a material are determined by
the electronic redistribution caused by photoexcitation. Transient absorption spectroscopy
provides a way to measure and understand the sequence of events and intramolecular excited

state processes occurring in the processes (Figure 3.24).

25T, (excited state)

25T, (excited state)

Energy

hwv

25417, (ground state)

L J

Nuclear coordinate (Q)

Figure 3.24: Generalised potential energy surface for excited state evolution in transition metal complexes. Initial excitation
from the ground state (*117, where S denotes spin state) to the higher lying excited sate (%*113) is followed by relaxation
to the lower-energy surface (3+1I3).

In transition metal complexes, due to efficient spin-orbit coupling, the lowest excited state is
usually a triplet state, which is populated within ~100 fs. The triplet excited state is relatively
long-lived (hundreds of nanoseconds or longer and excited states are potentially important in
this study.5® It is therefore important to characterise their properties through transient

absorption, TA, spectroscopy.
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TA is a pump-probe method: a sample is excited using a short laser pulse, after a delay another
laser pulse is used to measure how the absorption of the sample was altered by the first pulse
(Figure 3.25). The time between these two laser pulses can be varied so as to monitor the entire
time-dependence of the absorption change. After the excitation of a molecule, a different
absorption spectrum will appear, which will then decay back to the ground state; this decay can
be either directly to the ground state, or through some intermediate excited states — the exact
nature of the decay will be clear from changes in spectral shape with time. These data will
allow us to establish if there is one or several excited states involved in the decay of the initially
populated excited state; and what are the lifetime(s) of all the states involved. By making use
of ultrafast spectroscopy, it is possible to follow the process of energy dissipation in real time

and to determine photophyscial mechanisms occurring upon the complex’s interactions with
DNA.

detector
matrix

dispersive
element

probe pulse

Figure 3.25: Schematic of the transient absorption laser setup. The idea of pump-probe experiment: pump pulse excited the
sample, and probe is used to measure the transmittance. The variable time delay between pump and probe pulses provides
the time dependence of the absorption signal.3>

Luminescence methods are, of course, invaluable for the study of most “bright” excited states,
but generally do not provide information on other species. The advantage of transient
absorption measurements is that they report on any short lived species formed all the way down
to the femtosecond domain, meaning that the evolution of non-emissive states and dark states

can be investigated.®®
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This type of pump-probe spectroscopy was first described by Norrish and Porter in 1949, but

62 A transient

massively developed in the 60’s due to the revolution in high power lasers.
absorption spectra will record the difference in absorbance (AA) at each wavelength of the
transient species present and that of the ground state.%® The spectra produced are therefore
characteristic of the excited state. It is a well-known fact that the photophysical properties of
intercalating complexes, such as the Ru'-dppz light-switch complexes, change dramatically
upon DNA binding. The photophysics of [Ru(bpy)2(dppz)]** and [Ru(phen)2(dppz)]** were
investigated in aqueous solutions and in mixtures of acetonitrile and water by transient
absorption and emission spectroscopies by Olsen et al. It was shown that the light-switch
mechanism involves two steps: in H20 solution the lifetimes of the “dark” MLCT (MLCT”)
excited state is 250 ps (hence no emission was detected, and the state is called “dark’), whereas
no decay of the “bright” excited state (MLCT”) could be observed on the ps timescale when
the complex was either in the organic solvent acetonitrile or bound to DNA. In aqueous solution
the MLCT” state was formed with a lifetime of 3 ps from the other state.®* As outlined
previously in this thesis, complexes with the flat, extended dppz unit are known to interact with
double stranded DNA by intercalation. During this binding event the emission of the complex
can be quenched, especially in the presence of guanine bases. Recent advances in the use of
transient absorption allowed scientists to study both the excited states and reaction
intermediates of metal complexes interacting with DNA. Kelly et al reported transient
absorption measurements on the photooxidising complex [Ru(TAP)2(dppz)]?* (TAP —1,4,5,8-
tetraazaphanthrene).®® Complexes containing two TAP ligands have been proven by previous
studies to photooxidise DNA.®® Transient absorption spectroscopy of the unbound complex
[Ru(TAP)2(dppz)]?* under 400 nm excitation showed the bleaching of the MLCT band at 460
nm, and a formation of a broad transient centered at 600 nm. When the complex is bound to
guanine-containing DNA, there is a formation of a new species absorbing at 510 nm (Figure
3.26). These new species were found to be the reduced Ru complex.
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Figure 3.26: Left - chemical structure of [Ru(TAP)(dppz)]?*. Right - Ps-TA of rac-[Ru(TAP),(dppz)]?** (8.58 x 10> M) in 10 mm
aqueous phosphate buffer (a) in absence and (b) in presence of Guanine-containing DNA (1.78 mM nucelotide). Specta
displayed from 10 to 1000 ps (a) and 100 to 1500 ps (b). Insets: kinetics at 515 nm.5>

These results are of relevence for this work because complexes 1-3 all showed quenhing with

5-GMP, and therefore could behave in a similar manner to [Ru(TAP)2(dppz)]?*.

3.3.6.1 Transient absorption spectroscopy of Ir-dppz complexes

Following the use of transient absorption spectroscopy in studying the Ru'' complexes
described in the previous section, work was focused into probing the excited state of complexes
1-3 both with and without CT-DNA. The ultrafast transient absorption setup used was a
commercial detection instrument (Helios, Ultrafast Systems) with tunable excitation (See
experimental section for full laser set-up). As seen previously in this chapter, the complexes in
this study are all emissive in aqueous solutions (unlike their molecular light switch Ru"
analogues), and upon DNA binding the MLCT emission is quenched substantially. The aim of
carrying out transient absorption on 1-3 is to fully understand the photophysical properties of
these complexes, to detect “dark” states, and to reveal the electron transfer processes in
controlling their photochemical behavior with nucleic acids. The excited state absorption

spectra of 1-3 with and without DNA are shown in (Figure 3.27).
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Figure 3.27: (a) Left - ps-TA of 1 (OD = 0.4 at 455 nm), right — 1 in the presence of 10 mM CT-DNA in phosphate buffer

solution, pH = 7.4. (b) ps-TA of 2 (OD = 0.2 at 455 nm), right — 2 in the presence of 10 mM CT-DNA in phosphate buffer

solution, pH = 7.4. (c) ps-TA of 3 (OD = 0.2 at 455 nm), right — 3 in the presence of 10 mM CT-DNA in phosphate buffer
solution, pH = 7.4.

Complexes 1-3 all behave similarly under 400 nm excitation in aqueous solutions: in the
absence of DNA, there is a maximum of ~ 470 nm which decreases over time, whilst upon

interaction with CT-DNA a second absorption maximum, at 620 nm, is observed. It is
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hypothesised that these observations are consistent with a redox electron transfer process
occurring between the excited states of 1-3 and the guanine bases of the DNA strands. A similar
process has been reported by the photooxiding [Ru(TAP)2(dppz)]>* complex.%® The global
kinetic analysis is fully consistent with this interpretation (Figure 3.28), and shows that there
is a very short decay component in the presence of the DNA, and a long decay component

which has the same lifetime as that of complexes 1-3 without DNA.
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Figure 3.28: Global kinetics of the transient absorption spectra. Top — 1 (e ) without DNA, (e ) with DNA. Middle- 2, 1 (e)
without DNA, (e ) with DNA, Bottom — 3 1 (e ) without DNA, (e ) with DNA.

The decay kinetics of the complexes in the presence of DNA are quite different to those of the
complexes in solution. When the complex is intercalated in the DNA there is a rapid decay of
transient absorption, dominated by the lifetime of ~ 9 ps. Whereas, in the free solution, the
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excited state has a lifetime in excess of >80 ps. This is consistent with rapid electron transfer
from the guanine to the excited state. This decay is accompanied by the growth of the new
species with a characteristic strong absorption band at ~ 620 nm. Results in the literature
indicate isostructural Cr(I11)-dppz complexes behave in a similar manner, however there is no
generation of electron transfer products suggesting that there is a rapid back reaction.®” ¢ More
detailed kinetics of 1-3 with/without DNA at the important wavelengths of 472 nm and 624 nm
(the maximum wavelengths of the transient species generated can be found in Figures 3.29-
3.31.
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Figure 3.29: Detailed kinetics of the transient species generated. Top — 1 without DNA (0) at 472 nm, (0 ) at 624 nm.
Bottom — 1 in the presence of DNA (0 ) at 472 nm, (0 ) at 624 nm.
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Figure 3.30: Detailed kinetics of the transient species generated. Top — 2 without DNA (0) at 475 nm, (0 ) at 625 nm.
Bottom — 2 in the presence of DNA (0 ) at 475 nm, (0 ) at 625 nm.
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Complex 3 without DNA

1 1
104 g E
0.9+ ° -
8o°
ﬁ° 0%,
Q 0.8+ *,70°%80°% o o oo o
% ° oo ° o o © © ° o
o
. °
Eo7d 8 ° ° -
S ° °
= o 4
0.6
o cmplx 3 w/o DNA 470 nm: 25 ps growth, long decay (ns) —
0.5 ° o cmplx 3 w/o DNA 625 nm: 5 ps decay, ~100 ps decay, long decay (ns)
o
0.4 T T T T T
0 200 400 600 800 1000
time / ps
Complex 3 with DNA
T T T T T
1.0 E -
0.8 o cmplx 3 with DNA 470 nm: 7 ps, ~80 ps and ~4 ns |
’ % o cmplx 3 with DNA 625 nm: 6.5 ps, ~ 80 ps and ~4 ns|
[m]
QO 0.6 ]
<
- (=]
E s @,
(] o °o°n0°
Z 0.4+ OQbo °6°%0 0 o o ° Lo
0 oo o
000°° 0 © . o o
o o o o °
o
0.2+ E
)
0.0 g T T T T
0 200 400 600 800 1000
time / ps

Figure 3.31: Detailed kinetics of the transient species generated. Top — 3 without DNA (0) at 470 nm, (0 ) at 625 nm.
Bottom — 3 in the presence of DNA (0 ) at 470 nm, (0 ) at 625 nm.

The transient absorption data indicate that all three complexes do interact with DNA upon
irradiation, and appear to generate radical anions. Therefore these results confirm that all three
complexes are capable of directly photo-damaging DNA.

139



3.4 Conclusions and future work

The DNA binding properties of iridium compounds [Ir(bpy)2(dppz)]?*, [Ir(phen)2(dppz)]** and
[Ir(phen)2(C N dppz)]?* were investigated in this chapter. All of these complexes possess a
dppz or dppz analogue ligand and should therefore interact with DNA with interesting
photophysical properties. Initial hydrodynamic studies concluded that all three complexes did
indeed interact with DNA via an intercalative manner. This was proven by an increase in the
relative specific viscosity with successive additions of each complex to CT-DNA. Further
higher resolution investigations of DNA binding modes were carried out using tapping mode
AFM. By measuring the persistence length of DNA chains 230 bps after incubation with the
complexes, it was proven again that the mode of biding was through intercalation. The extent
of the DNA lengthening of each complex was comparable to the results obtained through the
viscosity experiments, in the order of [Ir(phen)2(dppz)]** > [Ir(bpy)2(dppz)]** > [Ir(phen)z(C N
dppz)]?*. Future endeavours in this area could be to use tapping mode AFM in liquid conditions
to image interactions of the complexes with DNA. Simply because AFM in liquid has both
yielded the highest resolution to monitor binding events and conformational changes in real

time.

Due to the Ir(dppz) unit, it might be thought that the iridium complexes would behave in a
similar manner to the isostructural Ru'(dppz) analogues, and display a DNA light-switch
effect. In fact, all three complexes displayed an opposite effect: their MLCT emission decreases
upon addition of CT-DNA. DFT theoretical calculations of the singlet and excited state triplet
states explain why the light-switch effect is not shown. [Ir(bpy)2(dppz)]** and
[Ir(phen)2(dppz)]®* excited states are best described as intraligand states located on the dppz
unit which are emissive in water. Taken together, the data indicates that 1 and 2 are not only
capable of sensitizing singlet oxygen but can also cause DNA damage through photo-induced
redox processes involving nucleobase sites. Complex 3 appears to be slightly different, its
excited state involves charge transfer between the Ir'' metal centre and one of the ancillary
phenanthroline units. This high-energy MLCT transition is not quenched by water, and judging
by the plasmid cleavage experiments, is not cleaving DNA despite being the most efficient
singlet oxygen generator- further investigations need to be carried out to explain this result.
DNA-induced luminescent quenching is a well-studied phenomenon, with work showing that
complexes containing organic-based intercalators are strongly oxidising and capable of directly

oxidising G sites. This quenching is mainly due to electron transfer from photo-oxidised
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quinine sites, however can also involve adenine sites, depending on the redox potentials.5®-"*

As well as spectrophotometric experiments there is scope to use cyclic voltammetry to
determine binding interactions with DNA. The electrochemical behaviour of the iridium
complexes in the absence and presence of DNA can be measured. If there is a dramatic shift in
both the cathodic and anodic peak potential it can be deduced that the complexes have the
ability to bind into DNA. The net shift in the potential can be used to estimate the equilibrium

constants for the binding of the complexes to DNA."

To create a complete thermodynamic profile of the interaction of these metal complexes with
DNA could be investigated using isothermal titration calorimetry. This technique directly
measures the heat that is either released or absorbed during a biomolecular binding events,

enabling accurate determinations of binding constants, enthalpy (AH), and entropy (AS).

Further investigations into the decrease in luminescence of the complexes upon titration of
DNA were undertaken. Titration experiments with guanosine monophosphate confirm that
quenching displaying Stern-Volmer kinetics occurs, as a result of redox chemistry between the
metal complex and guanine sites. A future experiment could be to use the metallo-intercalators
1-3 to introduce a photo-excited hole into the DNA helix at a specific site, using a linker, in
order to evaluate oxidative damage to the strand from a distance. Barton et al document this
well; by using piperidine, the oxidative damage site can be changed into a cleavage site,
ejecting the damaged guanine base. This approach can be used to monitor the extent of

oxidative damage as a result of “hole migration” along the DNA n-stack.”™

Gel electrophoresis investigated possible photocleavage mechanisms of plasmid DNA and
indicated that for complexes 1 and 2 singlet oxygen radicals promote the cleavage of DNA. To
confirm this gel electrophoresis under an argon atmosphere to monitor any photocleavage
mechanisms in an oxygen free environment should be carried in the future. Therefore, work on
this issue could determine how much of each effect is contributing to the DNA damage.

Partition cleavage experiments in hypoxic conditions etc.
Given the well-established tunable nature of the excited states of polypyridyl Ir'"' complexes,
the potential of these systems and their derivatives for a range of applications, including as

sensitisers for photodynamic therapy, is clearly apparent. In summary, the three complexes
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associate with DNA in cell free conditions. However binding to demonic CT-DNA in saline
buffer at approximately 27 °C is different to physiological cellular conditions. The next chapter

will investigate the possibilities of intracellular interactions.
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4.0 Cellular studies

4.1 Introduction

The clinical success of the serendipitously discovered cisplatin stimulated the search for new
metal complexes. Compared to small organic molecules, metal-based complexes offer several
advantages as therapeutics. As mentioned in previous chapters, ancillary ligands can be
modified to affect sterics, lipophilicity and overall charge. Such structural/electronic changes
can alter the selectivity and reactivity of the metal complex to fit a particular function or
biological target. Phosphorescent metal complexes in particular possess advantages that make
them excellent candidates for sensing or imaging probes; they generally possess photophysical
properties that are sensitive to the microenvironment, alongside a significant Stokes shift that
prevents self-quenching and allows clear excitation and high resolutions.

Since most cells are transparent and largely colourless, detailed studies within cells could not
commence until a way to highlight them was discovered. Luminescent probes were found to
provide infinite contrast providing higher sensitivity to cellular imaging. This area of research
then developed toward the design of optical probes to highlight specific intracellular structures
with high specificity. The majority of current commercial optical probes rely on simple

emission intensities to locate target structures.’3

More recently, the concept of personalised medicine has emerged as a promising way to target
unmet challenges in medicine. Patients are separated into different groups with treatments
being tailored to the individual patient based on their predicted response.* In this context, the
term “theranostic” was coined by Funkhouser in 2002 which encompasses both therapy and
diagnostic imaging.®> Theranostic agents therefore deliver therapeutic drugs and diagnostic

imaging agents within the same entity.

The antitumor properties of ruthenium complexes have received much attention in recent years
as, relative to cisplatin and its derivatives, some show enhanced pharmacological profiles
toward platinum-resistant cell lines.® Ruthenium, being a group 8 transition-metal (the so-
called platinum group), was originally studied to ameliorate cisplatin off-target toxicity and

potency. Studies found that ruthenium complexes can often accumulate in neoplasmic tissue,
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whilst there was an absence of significant haematological toxicity in normal tissues.” Both in
vivo and in vitro research has also demonstrated that Ru-based anticancer complexes can bind
to transferrin, which plays a crucial role in drug metabolism and transport to target area.®
Octahedral ruthenium(l11) complexes are relatively inert towards ligand substitution, however
upon reduction to ruthenium(ll) complexes a more reactive species is generated. As cancer
cells are rapidly growing in comparison to healthy cells an environment with less oxygen is
created. This increased metabolic rate produces a lower pH, and a more reducing environment
around the developing tumour. This provides a way of administering ruthenium(l11) anti-cancer
agents in their less active forms, acting as a prodrug to deliver the therapeutic to cancerous
areas.® Finally, some ruthenium complexes have been found to combat secondary metastasis
as opposed to the primary tumour.*® Examples of the first ruthenium complexes to make it to
clinical trials are ([Him][transRuCls(DMSO)(im)], im = imidazole), KP1019, and
([Hind][trans-[RuCla(ind)2], ind = indazole), which are classical cytotoxics, and NAMI-A, an

anti-metastatic therapeutic (Figure 4.1).

] _NH
° 7

/lt,x N
S/ o I N
““'"Ru"‘\“
cuu,,,_RJ el ci™ | o]
u
civ ‘ T N
N HN/ X
Q
HN
NAMI- A KP1019

Figure 4.1: Chemical structures of ruthenium complexes in clinical trials. Left: NAMI-A [Him][transRuCl,(DMSO)(im)]. Right:
KP1019 ([Hind][trans-[RuCls(ind);]

Complexes such as NAMI and KP1019 were only the beginning in the newly emerging field
of ruthenium anti-cancer agents. Many Ru(ll) complexes containing polypyridyl ligands have
been assayed and shown to display interesting preclinical properties, particularly due to their

photophysical properties. Their long-lived metal-to-ligand charge-transfer (MLCT) shows
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emission at wavelengths in the visible to near-infrared region, different to the excitation
wavelength, resulting in deep penetration of the tissue. The large Stokes shift allows light
scattering to be minimised, and their long lived excited state can either help determination of
cellular localisation, or maximise the energy transfer processes to a biological target. This
creates scope for complexes to become theranostic by nature. By simple structural modification
of the ancillary ligands, both the photophysical and pharmacologic properties can be tuned. For
example, in view of these properties Carlos, et al. studied the cytotoxicity and antitumor
activity of a new Ru(ll) series of complexes with the general formula cis-[Ru(L-L)2(L)2]**
where L-L = 2,2-bipyridine (bpy) and 1,10-phenanthroline (phen) and L = imidazole (ImH) ,
1-methylimidazole (1Melm), and histamine (Him) (Figure 4.2). The binding interactions of
these complexes with human serum albumin (HSA), the most abundant protein in blood
plasma, was investigated using various techniques such as isothermal scanning calorimetry
(ITC), circular dichroism (CD) and diffusion ordered spectroscopy (DOSY) experiments. The
complexes were also assayed in vitro for cell proliferation inhibitory activity in human colon
and ovarian tumours. The collected results showed that the complexes all bound weakly to
HSA, indicating that a cytotoxic mechanism contributed to inhibition of cell proliferation,

whilst maintaining specific cellular localisation.®
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Figure 4.2: Top: Chemical structures of the Ru" complexes in this study (left to right) [Ru(phen)s(ImH),]?*,
[Ru(phen)z(Melm),]?*, [Ru(bpy).(ImH);]?*, and [Ru(bpy).(Melm),]?*. Bottom: Fluorescent confocal imaging for complexes
RuphenimH and RupheniMelm in the HCT116 cell line.

The complexes showed high uptake in HCT116 cells, detected by confocal microscopy. The
inhibition of cell proliferation in ovarian tumor A2780 and the human colon cancer cell line

HCT116 were evaluated and the complexes were found to be more cytotoxic than cisplatin.

Ever since it was discovered that the cationic ruthenium complex [Ru(bpy)z(dppz)]?* functions
as a molecular light-switch for DNA, there has been great interest in the binding properties of
polypyridyl complexes of d® octahedral ions, to function as highly sensitive molecular
probes.’™™ These complexes offer rich photophysical and photochemical properties,
expanding their utility beyond chemical recognition. As the cellular uptake characteristics of
small molecules which interact with DNA are critical to their application as therapeutic,
diagnostic or imaging agents, research began focusing on exploring cellular uptake of the
molecular light-switch and similar complexes, particularly as these ruthenium complexes have

well described synthetic routes, high stability, and luminescence activity making them
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attractive candidates for cellular studies. It was found that the classic and structurally simplest
[Ru(bpy)2(dppz)]?*, and [Ru(phen)z(dppz) were unable to permeate the cells due to their low
lipophilicity. Work carried out by the Barton group showed that cellular uptake was facilitated
by increasing the lipophilicity of the complex [Ru(DIP)2(dppz)]?*(Figure 4.3).1* There are
various methods to examine cellular accumulation of these complexes: as they are frequently
luminescent, facile characterisation can occur through fluorometry, confocal microscopy and
flow cytometry, whilst inductively coupled plasma mass spectrometry (ICP-MS) can directly

measure ruthenium concentrations.*

Figure 4.3: The lipophilic complex of [Ru(DIP)2(dppz)]2+ is observed inside Hela cells at lower concentrations and shorter
times (top, 5 uM for 2 h) than [Ru(bpy).(dppz)]?* (bottom, 20 uM for 72 h). Structures of the complexes are shown at the
left, scale bars are 10 um.**
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4.2 Iridium polypyridyl complexes

While ruthenium-based anticancer agents have attracted significant attention in the realm of
inorganic medicinal chemistry, over the past decade or so, iridium complexes have received
increasing attention in therapeutic and bioanalytical applications.®® Due to their large Stokes
shifts (more than 100 nm), long luminescence lifetimes (100 ns to 1 ms), and enhanced
photostabilities (less photobleaching), iridium(l11) complexes are extremely attractive in the
bioimaging field.’® With all this in mind, and the increased phototunability of iridium
complexes, it was only logical to investigate cellular activity. Iridium complexes are also very
promising alternatives to platinum-based metallo-anticancer drugs, as demonstrated by the

groups of Meggers and Sadler.1"8

4.2.1 Live cell imaging of Ir-dppz complexes

Since the previous chapter has shown that the newly synthesised complexes bind to DNA with
high affinity through an intercalative manner, their cellular uptake can, potentially, be
measured by luminescent microscopy. Therefore MCF-7 human breast cancer cell lines were
incubated with each of the iridium complexes 1-3 and cellular uptake was examined using
CLSM (confocal laser scanning microscopy) and widefield microscopy. In each individual
case, the Ir(I11) complex was excited at 390 m, using a He-Ne laser and the luminescence
emission at 500-600 nm was recorded. These luminescent properties mean that each Ir-dppz
complex has a Stokes shift of >150 nm, which is a considerable advantage in an imaging
context. This cell line was chosen because they are easy to handle, exhibit a relatively high
degree of homogeneity, and provide a quick growth rate of cell replication. To scope the
properties of the complexes a range of concentrations and staining times were monitored using

confocal microscopy. Images courtesy of Dr. Caroline Glover and Dr. Sree Sreedharan.
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4.2.2 [Ir(bpy)2(dppz)]13* cellular uptake

As shown by Figure 4.4 below, trial and error showed that incubation of MCF-7 cells with 1
(200 M, 24 hours) displays in cellulo luminescence in live cells.
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Figure 4.4: Left - wide field microscopy luminescence emission of MICF-7 cells incubated with 1 (200 uM, 24 hours). Right —
an intensity map of the cellular uptake.

Although research has been largely focussed on the development of metal complexes as cellular
probes, direct imaging of DNA with ruthenium systems have had limited success. The Ru'"
molecular light-switch complex which is isostructural, and similar analogues to 1, displays no/
poor live cellular uptake due to limited cell permeability. In order to facilitate cellular uptake
of such complexes, more lipophilic ligands or hormone/peptide conjugates had to be

incorporated, 141920

156



4.2.3 [Ir(phen),(dppz)]** cellular uptake

As shown in Figure 4.5 incubation of MCF-7 cells with 2 (400 uM, 24 hours) appears to display

more distinct luminescence in CLSM imaging of live cells.

Figure 4.5: Confocal microscope image of MCF-7 cell lines stained with 2 (400 uM, 24 hours).

Comparing Figures 4.4 and 4.5 shows 2 has an increased cellular uptake within live MCF-7
cell lines. This could be due to the incorporation of the phenanthroline ligands creating an
increased lipophilic character, promoting cell permeation. Lipophilicity is one of the most
influential factors in the biological activity of a species The affinity for a lipophilic
environment facilitates the transport of membranes through cellular membranes.?* Although
the incorporation of phenanthroline ligands would increase the size of the complex, the increase

in lipophilicity must promote more cellular uptake.
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4.2.4 [Ir(phen),(C N dppz)]?**

As shown in Figure 4.6, incubation of MCF-7 cells with 3 (400 pM, 24 hours) also results in

intracellular luminescence.

d 7
amicepns 0 18 % u 12

Figure 6: Left - wide field microscopy luminescence emission of MCF-7 cells incubated with 3 (200 uM, 24 hours). Right —
an intensity map of the cellular uptake.

Complex 3 is indeed taken up by the live MCF-7 cell line, but provides less intense staining
than 1 and 2. This is unusual as the dicationic complex has a lower electronic charge than the
other complexes and would be expected to be more lipophillic. Future work could investigate

the exact mode of cellular uptake for all three of the complexes in this study.

158



4.2.5 Co-localisation experiments

The location and physiological effects of a complex can be closely related. So, after these
complexes were found to be successfully taken up by the cells, attention was drawn to
determining their sub-cellular location using colocalisation studies. One of the most common
applications of emission microscopy is to compare the subcellular distributions of two
luminescently labelled molecules.? Colocalisation refers to the observation of spatial overlap
between two (or more) fluorescent labels and is conveniently measured by the Pearson’s
correlation. This is the measure of strength of the linear relationship between two variables and
is referred to as the correlation coefficient. This is a quantitative statistical measure of
colocalisation based in the pixel-intensity correlation of two fluorescent channels.?*
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4.2.6 [Ir(bpy)2(dppz)]13* colocalisation experiments

Co-staining MCF-7 cells with the commonly used organelle stains Mitotracker red and
Lysotracker red, indicated that 1 showed a preferential uptake into lysosomes (Figures 4.7 and
4.8). Complex 1 produced Pearson coefficients of 0.21 with mitochondria and 0.96 with

lysosomes.
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Figure 4.7: Top (left to right) — wide field luminescence microscopy images of 1 (100 uM, 24 hrs), Lysotracker Red (500 nM,
30 minutes), and overlay of both images (P= 0.96). Bottom (left to right) — Luminescence intensity graphs of 1, Lysotracker
Red, and an overlay of the two.
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Figure 4.8: Figure 7: Top (left to right) — wide field luminescence microscopy images of 1 (100 uM, 24 hrs) Mitotracker Red
(500 nM, 30 minutes), and overlay of both images (P=0.21). Bottom (left to right) — Luminescence intensity graphs of 1 and
Mitotracker Red.
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4.2.7 [Ir(phen)2(dppz)]13* colocalisation experiment

Through similar experiments the location of [Ir(phen)2(dppz)]** was shown to be within the
mitochondria. An example of colocalisation experiment with Mitotracker Red is seen in the

image below (Figure 4.9).

Figure 4.9: Confocal microscope image of MCF-7 cells stained with left — 2 (400 uM, 1 hr), middle — 100 nM of Mitotracker
Red® for 15 minutes, right — an overlay of both images with a Pearson’s colocalisation coefficient = 0.93.

No further colocalisation experiments were carried out as this provided a Pearson’s correlation
coefficient of 0.93.
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4.2.8 [Ir(phen),(CAN dppz)]** colocalisation experiments

Finally co-staining MCF-7 cells with the commonly used organelle stains Mitotracker red,
Lysotracker red, indicated that 3, like 1, showed preferential uptake into the lysosomes

(Figures 4.10 and 4.11). Complex 3 produced Pearson coefficients of 0.18 with mitochondria

and 0.97 with lysosomes.
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Figure 4.10: Top (left to right) — wide field luminescence microscopy images of 3 (100 uM, 24 hrs), Lysotracker Red (500 nM,
30 minutes), and overlay of both images (P= 0.97). Bottom (left to right) — Luminescence intensity graphs of 3, Lysotracker
Red, and an overlay of the two.
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Figure 4.11: Figure 7: Top (left to right) — wide field luminescence microscopy images of 3 (100 uM, 24 hrs) Mitotracker Red
(500 nM, 30 minutes), and overlay of both images (P=0.18). Bottom (left to right) — Luminescence intensity graphs of 3 and
Mitotracker Red.

162



From the above experiments it is clear that all three complexes (1-3) are up taken by MCF-7
human breast cancer cell line. Although the complexes are structurally similar, from the
colocalisation data produced, they enter different subcellular location. 1 and 3 are lysosome
stains and poor mitochondria stains, with 2 being a mitochondria stain. Although the complexes
appear structurally similar, previous DFT calculations prove that their electronic properties
differ. From comparing all images obtained it can be concluded that the mitochondrial stain 2
is taken up more readily than 1 and 3 by the MCF-7 cell line. This seems to be due to the
increased lipophilicity of the ancillary ligands .

4.3 Inductively coupled mass spectrometry (ICP-MS)

To investigate the intracellular accumulation of 2 within MCF-7 cells inductively coupled mass
spectrometry (ICP-MS) analysis of metal content was used after treatment of 400 uM complex
concentrations for 4 and 24 hours (Figure 4.12). This was carried out in serum and serum free
conditions to monitor any uptake changes, as previous research showed that the absence of
serum proteins greatly altered the cytotoxicity of compounds of interest by increasing the level
of cellular uptake.?® The metal concentration within the MCF-7 cells were calculated by taking
the initial concentration of iridium in pg L™ from the sample submitted. From the known
volume, relative molecular mass of the iridium complex and the chemical structure of the
complex the total number of moles could be calculated. The intracellular concentration could
then be obtained by applying the number of moles to the previously determined number and
volume of cells per sample, presented in mmol L.

The uptake of 2 into MCF-7 cell line occurred relatively rapidly with approximate intracellular
concentration of 200 uM after 4 hours, only increasing to 250 uM after 24 hours. Without
serum present, there is an increased uptake with intracellular concentrations of 235 uM and
447 uM after 4 and 24 hours respectfully (Figure 4.13). Standard cell culture media are
commonly supplemented with animal serum as a source of nutrients. Serum albumin proteins
are likely candidates in live cell culture serum to interact with metal complexes. This protein-
metal coordination complex interaction has been suggested to impair the cellular uptake and
therefore its potency.?® This provides an explanation as to why the increase in intracellular
concentration is observed in serum free conditions because this interaction is not present. Time

restraints prevented further studies with 1 and 3.
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Figure 4.12: Intracellular concentration of [Ir(phen)(dppz)]3*.
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Figure 4.13: Graph showing the increase in intracellular concentration of 2 in serum free conditions vs normal media.
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4.4 Cytotoxicity Studies

As 2 binds to DNA with a high affinity and seems to be taken up by MCF-7 human breast
cancer cells more readily than complexes 1 and 3, due to time restraints, this complex was the

only candidate to undergo a full cytotoxicity assessment.

4.4.1 ICso Determination

A commonly used reference for cytotoxicity is the half maximal inhibitory concentration, the
ICso value, which is required to inhibit cellular processes in half of the treated population. The
most common experimental technique to determine cell viability is via an MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrozole) assay. This is a
colourimetric assay that measures only metabolically active cells?’ that relies on the ability of
mitochondrial dehydrogenase enzymes to convert the tetrazole to a purple formazan
precipitate. This colour change intensity can therefore be measured using multiwell scanning
spectrophotometers. The tetrazolium ring is cleaved in active mitochondria, and so the reaction
only occurs in living cells.?” The level of MTT cleavage by viable cells is directly proportional
to the number of cells as a function of time. Thus, any increase or decrease in viable cell number
can be detected by measuring formazan concentration with a plate reader. The ease, sensitivity,
rapidity, and low cost have made the MTT method one of the most widely used assays for
measuring acute cytotoxic effects of compounds.? The general purpose of the MTT assay is to
measure viable cells in relatively high throughput (96-well plates), without the need for

elaborate cell counting (Figure 4.14).

165



g

S

—N

\ Mitochondrial Reductase
§N
Br
3-(4,5-dimethyithiazol-2-yl)-2,5-diphenyltetrazolium bromide (E.2)-5-(4 5-dimethylthiazol-2-yl)-1,3-diphenylformazan
(MTT) (Formazan)

Z—

decrease in metabolic activity

Figure 4.14: Top — conversion of yellow MTT to the purple formazan. Bottom — schematic of a 96-well plate MTT assay
showing differing cell viabilities. The more toxic a complex the less colour is observed. The ICso~of the complex can be
determined by measuring the amount of formazan present with a spectrophotometer followed by subsequent calculations.

As in the imaging studies, the MCF-7 cell line was used as this is one of the most studied
human breast cancer cell lines, and previous results from this line have had a fundamental
impact upon breast cancer research and patient outcomes.?® A 48 hour MTT assay was carried
out to determine the 1Cso value of the activity of 2 against the cell line MCF-7. To ensure
experimental techniques were in line with literature methods cisplatin was employed as a
positive control with the results from the following procedures showed below (Figure 4.15).
The ICs value for cisplatin against MCF-7 was calculated, via interpolation of the curve, as 10
UM, this value is in line with previous literature values.?® The 1Cso value for 2 was calculated
alongside cisplatin as 177uM showing no significant cytotoxicity towards the MCF-7 breast

cancer cell line.
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Figure 4.15: Graph showing ICsovalues of [Ir(phen),(dppz)]3* and cisplatin on MICF-7 cell lines for 48 hours.
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4.5 Phototoxicity Studies

Chapter 3 showed that the Ir'"' complexes associate with CT-DNA through intercalation, and
irradiation of the complexes in the presence of the plasmid DNA pBR322 resulted in the
cleavage of the supercoiled form (1) to the nicked form (Il). Follow up determination of the
photocleavage mechanisms showed that this was due to the production of the highly damaging
singlet oxygen radical. Increased phototoxic activity of such complexes is highly attractive for
photosensitizers for photodynamic therapy (PDT). Photodynamic therapy involves
administration of a photosensitizing agent (prodrug), which can be activated by light of a
specific wavelength resulting in irreversible photodamage to tumour tissues.?® These
photosensitizer complexes induce cellular and tissue effects on irradiation in an oxygen-

dependant manner by transferring energy from light to molecular oxygen to generate a reactive
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oxygen species (ROS).3° As PDT relies on light activation to convert the nontoxic sensitizer
into a toxic species, there needs to be a large difference between light-induced and dark
cytotoxicity. This can be calculated from the 1Cso in the dark divided by the ICsp in the dark,
this is called the phototoxic index (P1), and can be graded into mild, moderate, or severe (Table
4.1)3

Phototoxicity index

Absent phototoxicity <1.4
Mild 1.3-3.0
Moderate >3.0-6.0
Severe >6.0

As 2 has a singlet oxygen yield of 0.56, has proven to cleave plasmid DNA upon
photoradiation, and localises within the mitochondria of live cells, there is a high chance that

this compound will become more phototoxic to cells after subsequent radiation.

4.5.1 Light Irradiation Source Apparatus

The apparatus used to record phototoxicity measurements was a custom made device contained
within an empty computer base unit consisting of a broadband illumination source. This device
was referred to as the Light Irradiation Source Apparatus (LISA) (Figure 4.16).
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Figure 4.16: Schematic of the device used to measure phototoxicity: Light Irradiation Source Apparatus (LISA).

The same protocol was carried out for phototoxicity measurements as the 1Cso determination
mentioned previously. However, to investigate the toxicity after timed light irradiation of
differing lengths four separate plates were employed. After 24 hours incubation of the cancer
cell line with the complex, three plates underwent timed exposures in the LISA while a dark
control remained in the incubator throughout. Each plate was placed into the device for 5, 15,
or 30 minutes to monitor the variation of toxicity due to the increase of light exposure. The
dark control was essential to provide a direct comparison standard assessing any phototoxicity
upon irradiation. Untreated control wells were used in all the experiments to serve the purpose
of delineating maximum cell viability. To prevent any damaging effects of the radiation alone
to result in false positive results of increased phototoxicity of the compounds. Using the
optimised protocol the activity of [Ir(phen)2(dppz)]** against MCF-7 cell lines was investigated

using a concentration range of 1 — 200 uM, resulting in the effect shown below (Figure 4.17).
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Figure 4.17: Graph showing the effect of light exposure to cytotoxicity of [Ir(phen).(dppz)]3*.
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An increase in exposure to light causes a decrease in cell viability, and phototoxicity. Bearing
in mind that the compound has an 1Cso value of 177 uM in the dark for 48 hours it is not highly
cytotoxic to begin with. Here using this optimised protocol, the MTT assay is only 24 hours.
For the time slots of 0 and 5 minutes, the compound does not reduce the cell viability to 50 %
or less, meaning an ICsp value is unable to be calculated. There is a noticeable difference in the
activity between 0 and 30 minutes exposure time, with the complex becoming more cytotoxic

with irradiation.
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4.6 Summary and Future Work

As the cell-free DNA binding studies confirmed the interaction of 1-3 with both CT- and
plasmid- DNA, attention was turned to cellular studies. A crucial aspect for any proposed live
cell applications is the cellular uptake and internalisation properties. Not only was it found that
all of the complexes were successfully taken up by live MCF-7 breast cancer cell line, from
sublocalisation investigations they were found to display differing cellular distributions.
Complexes 1 and 3 were found to stain lysosomes preferentially, with complex 2 targeting the
mitochondria. This was interesting as the well-known and studied Ru'" analogues, which are
isostructural to this compound do not interact with cells. Staining with complex 2 produced
higher intracellular concentration, produced the brightest microscopy images. Due to time
constraints, only this complex was chosen to investigate cytotoxicity/phototoxicity properties.

Once it was known to successfully internalize within cells its toxicity was investigated through
MTT assay both in the light and after exposure to a light source. Complex 2" showed little
cytotoxicity in the dark; a 48 hour MTT assay resulted in an ICso of 177 uM — which is high
compared to classically cytotoxic cisplatin (ICso = 10 pM). As previous DNA studies showed
the complex to photocleave DNA during gel electrophoresis experiments, attention was then
drawn to whether or not cytotoxicity increased upon photoirradiation. Results from the
phototoxicity experiments showed that after longer irradiation times cell viability decreases,
proving some phototoxicity activity.

Cellular uptake can be affected by alteration of the cellular media conditions. It was known
that metal complexes can interact with serum albumin, reducing cytotoxic activity by
decreasing cellular uptake. Inductively coupled mass spectrometry on 2 showed that in serum-
free conditions, between a 4 hour and 24-hour testing period, there was a great increase in
iridium content within cells. This is in contrast to in-serum conditions, where the intracellular
concentrations remained steady with the experimental window. Follow up work in this area
would be to carry out phototoxicity assays in completely serum free conditions. An increase in

cellular uptake could cause an increase in both cytotoxicity and phototoxicity.

The cellular uptake, toxicity and phototoxicity properties of the remaining iridium complexes
included in this thesis; [Ir(bpy)z(dppz)]®** and [Ir(phen)2(C*N dppz)]** should also be
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completed. It will be very interesting to investigate the cytotoxicity and phototoxicity of 3 as
this complex was proven to produce the highest levels of the damaging singlet oxygen radical,

but does not appear to cause large amounts of DNA damage in cell free conditions.
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5.0 Conclusions

The studies presented in this thesis have produced interesting results that span the interface of
chemistry and cell biology. Three novel iridium polypyridyl complexes were synthesises via
an optimised synthetic route. UV-Visible and luminescence experiments exploring their
photophysical properties were achieved showing that all three complexes could be
photoexcited at around 390 nm, displaying consequential emissions around 500 nm. All three
complexes, as expected, have long luminescent lifetimes due to the heavy atom effect: as
iridium is a third row transition metal, the excited state originated from a formally forbidden
electronic transition, producing long-lived lifetimes. All three complexes (1-3) have lifetimes
in aqueous media, of 900 ns, 740 ns, 592 ns respectively, which increase when in an organic
solvent environment; 1350 ns, 1478 ns, and 1645 ns, respectively. It seems the excited state
of each of these complexes may be deactivated by interaction with the water molecules via
hydrogen bonding. Density functional theoretical calculations were used to investigate the
nature of the triplet excited state manifold in greater detail. For complexes 1 and 2, the triplet
excited-state, as expected, is largely on the dppz unit, whereas 3 that incorporates a
cyclometalated dppz analogue, the spin density in the triplet state is localised onto an ancillary
phenanthroline unit. Further DFT experiments on another complex [Ir(bpy)2(C N dppz)]**
produced similar behaviour, showing that this effect is due to the presence of a cyclometalated
ligand. Previous and current work produced within the Thomas group has shown that resolved
enantiomerically pure solutions of Ru' polypyridyl complexes show differing biophysical and
molecular properties; i.e. DNA binding affinities and cellular uptake. Chiral separation was
attempted on all three complexes using chiral chromatography however was only successful
for 2. Unlike their ruthenium counter-parts, iridium complexes are pale in nature, some column

visibility problems occurred (see experimental section).

Following the inorganic synthesis, cell free studies were carried out to establish any interaction
with DNA. As there are three reversible binding modes with DNA (electrostatic, groove
binding, and intercalation), viscosity measurements provided an experimentally sound way of
distinguishing between these modes, as an increase in specific relative viscosity suggest
binding through an intercalative manner. This is a consequence of the planar, aromatic unit of
the metal complex residing between two nucleotide base pairs within the double helix. As a

result, the viscosity of the system increases — which is not observed with groove binding or
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electrostatic interactions. 1-3 all were found to bind to DNA through an intercalative manner.
Collaborative work using Atomic Force Microscopy to measure the length of DNA in the

presence of 1-3 also determined intercalative binding, consistent with previous viscosity data.

As these complexes are isostructural and similar to Ru'' DNA light-switch analogies, their
photophysical behaviour upon DNA binding was investigated. In contrast to Ru'" complexes,
addition of CT-DNA to aqueous solutions of 1-3 results in a substantial decrease in steady state
luminescence. Fits of this data to the commonly employed McGhee VVon Hippel model for non-
cooperative binding yields the binding constants of 1-3; 1.8 x10° M, 2.9 x10° M, and 2.7
x10% M2, rrespectively. Strikingly, this data reveals that although 3 has a lower cationic charge,
all complexes have almost identical binding affinities. Another significant observation is that,
unlike previously reported Ir''" (dppz) systems, these affinities are highly comparable to the

high affinities of Ru''- based analogues.

The decrease in the steady-state luminescence of 1-3 upon addition of DNA could be
consequence of redox quenching. Oxidative damage of DNA is most common at guanine
residues due to the high oxidative potential of this base relative to cytosine, thymine and
adenine. After successive additions of guanosine-5’-monophosphate (a nucleotide used as a
monomer in RNA) to aqueous solutions of 1-3, the luminescence of each complex decreased.
Stern-Volmer kinetics showed that the excited states of all three complexes are quenched by
guanosine-5’-monophospate at rates comparable to photo-oxidising agents (1-3 1.25 x10%
dm®mol?s?, 2.78 x10* dm3mol?s?, 7.62 x10° dm®mols?, respectfully). The photonuclease
activity of 1-3 were investigated using supercoiled plasmid DNA. Initial gels simply
investigating the effect of increasing the concentration of the complexes showed that for 1-3
the plasmid DNA migrated more slowly through the gel with increasing concentration. On
irradiation, complexes 1 and 2 also produced photo-oxidation products that cleaved the plasmid
DNA, producing scissions in the supercoiled structure. For 3 no photo-cleavage species were
observed on the gel. All three complexes were found to both quench guanosine
monophosphate, and produce singlet oxygen (with yields >40 %). DFT calculations on 1 and
2 show a triplet state localised on the dppz unit, whereas 3 has electronic density shifted onto
the phenanthroline ancillary ligand. The different energies of the excited states between the
complexes perhaps explains why 1 and 2 have photocleavage abilities after intercalation, but

3 does not. This is a matter for future studies.
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As it was found that the luminescence of 1-3 was quenched during the intercalation of the dppz
unit. Transient absorption spectroscopy provided a way to measure the intramolecular excited
state processes. The kinetics of the complexes in the presence of DNA were quite different to
that of the free complexes 1-3 in solution. When the complexes are intercalated in the DNA
there is a rapid decay of excited states observed by transient absorption, dominated by species
of lifetimes ~9 ps. Whereas in free solution the excited state has a lifetime in excess of > 80 ps.
These results are consistent with expected rapid election transfer from the guanine bases of the
DNA to the excited state.

The interdisciplinary nature of this investigation resulted in preliminary cell imaging and
assays being conducted. Isostructural Ru' —dppz based systems have little or no cellular uptake,
surprisingly all three complexes were taken up within MCF-7 breast cancer cells. Successive
co-localisation experiments using both confocal and wide-field microscopy techniques
concluded that the complexes could be used as specific organelle stains. 1 and 3 were
predominately localised within the lysosomes, and 2 was readily taken up by the mitochondria.
As these are organelles have crucial roles within the cells, highlighting their structure and
monitoring their function is of great importance in cell biology. The images produced using 2
as a molecular stain were of a higher quality than 1 and 3. MTT assays on complex 2 revealed
that it is not toxic in the dark, however subsequent phototoxicity measurements proved that
with increased irradiation times the iridium complex became more toxic. Further investigations
using ICP-MS revealed increased cellular uptake in serum free conditions suggesting the

complex has a protein target in serum media.

5.1 Future work

Following the clinical success of platinum anticancer drugs much interest has been in the
design of metal-based anticancer drugs. The drawbacks of these platinum species include
severe toxicity and resistance. Attention has been driven towards new metallo drugs, such as
iridium complexes, which possess attractive phototunability properties producing a tool kit to
design specific drug targeting species. Complex 2 was localised in the mitochondria of MCF-
7 breast cancer cells during preliminary experiments in this thesis.. Further studies into
structural modification of iridium polypyridyl complexes to fine-tune not only the emission
properties, but the cellular uptake levels and intercellular localisation also to explore the field
of Ir'"" theranostic agents deeper.
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6.0 Experimental

6.1 Materials and Equipment

6.1.1 Chemicals

All chemicals and solvents were purchased from commercial sources and were used as supplied

unless stated otherwise. Iridium complexes were treated as toxic

6.1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

H NMR spectra were recorded on a Bruker AM250 machine working in Fourier transform
mode. The following abbreviations are used in the annotation of *H spectra: s = singlet, d =

doublet, dd = doublet of doublets, t = triplet and m = multiplet.

6.1.3 Mass Spectrometry (MS)

Fast-atom bombardment (FAB) mass spectra (MS) were recorded on a Kratos MS80 mass

spectrometer working in positive ion mode.

6.1.4 UV-Visible Absorption Spectroscopy

All UV-Visible spectra were recorded on a thermos regulated Varian-Carey Bio-300 UV-
Visible spectrometer, using quartz cells of 10 mm path length at 25 °C. Spectra were baseline
corrected using Cary Win UV software and were diluted accordingly to give readings between
0.2 and 1.0 absorbance units.

6.1.5 Luminescence Spectroscopy

Luminescence spectra were recorded on a thermos regulated Jobin-Yvon FluoroMax-3
spectrophotometer operating in luminescence wavelength scan mode at 25 °C, with excitation

and emission slit widths at 5 nm.
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6.2 DNA Binding Studies

6.2.1 Buffer Preparation

TRIS buffer (pH 7.4) was prepared using Trizma HCI (Tris(hydroxymethyl)aminomethane
base at 5 mM concentrations in 25 mM NaCl. Trizma HCI and NaCl were measured into a
volumetric flask and dissolved in deionised water (Millipore HPLC grade). The pH was
adjusted using dilute HCI and additional water to achieve the correct volume. Buffer solutions
were passed through a 0.2 micron Millipore filter and stored in a sterile glass bottle in the fridge
at4 °C.

6.2.2 DNA Preparation

Calf Thymus DNA (CT DNA) was purchased from Sigma-Chemicals as the lyophilised solid
sodium salt and used without any further purification. An average length of 200-300 base pairs
was achieved by using a modified preparation by Chaires et al.> Stock solutions of CT-DNA
were prepared by dissolving ~100 mgs of the solid material in 20 mL of tris buffer (5 mM
Tris, 25 mM NacCl) and dialysed in tris buffer overnight in the refrigerator. The stock solution
was sonicated in an ice bath for a total of 30 minutes using a Soniprep 150 ultrasonic
disintegrator, fitted with a 19 mm diameter probe. Five-minute periods of sonication were used,
followed by 5 mins of cooling. The purity of the DNA samples were quantified using
conventional absorbance measurements by measuring the ratio of contaminants to DNA; with
Aze0/A280 > 1.9 indicating a protein free sample. The concentration of the resulting solutions
were also determined per base pair (bp) by UV spectroscopy using ezs0 = 13200 M-cm™ for
CT-DNA.

6.2.3 Agarose Gel Electrophoresis

Agarose powder (0.8 g) was dissolved in TAE (40 mM Tris-acetate, 1 mM EDTA) (100 mL)
and heated autoclaved sterile glass bottle in the microwave for 30 seconds on/off until all
dissolved and the solution was bubbling through. This solution was left to cool to room
temperature and poured into a casting gel tray with a comb in place. SYBR™ safe DNA gel

stain (3 pL) was added to the gel, which was left to solidify for 20-30 minutes. Once fully
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solidified the comb was carefully removed ready for sample loading. Solutions made up to 30
mL with 5 uL, 336 ng/uL supercoiled pBR322 DNA were mixed with DNA gel Loading Dye
(concentrated 6X) (6 uL) and using gilson pipettes equipped with longer tips the samples could
be loaded into the wells. Gels were typically run at 100 mV for 20 mins however to achieve
greater sample separation at 70 mV for 40 minutes. DNA was visualised using a Bio-Rad
Chemidoc imaging system.

6.2.4 Photocleavage experiments using gel electrophoresis?

50 L solutions of [Ir(phen)2(dppz)]®* in tris buffer to concentrations of choice (i.e. 10 pM, 20
uM, 30 uM) were made up in the dark. Solutions were irradiated for 10 minutes using a
M365L2 ThorLabs 365 LED (365 nm, 125 mW). The solutions were wrapped in foil after
irradiation, loaded on the gel, and visualised using a Bio-Rad Chemidoc imaging system. To
investigate the photocleavage mechanism the DNA cleavage reactions were performed in the
presence of various external additives such as DMSO (4 uL), D20 (4 uL), NaNsz (4 pL, 200
uM), and KI (4 uL, 200 uM) for the mechanistic studies.

6.2.5 Viscometry

Viscometry experiments were performed on a 1 mL Cannon-Manning semi-micro viscometer
(size 50) immersed in a thermostated water bath. The temperature was maintained within + 0.1
°C using a dual coil system. The concentration of CT-DNA in the viscometer was kept at 50
uM bp . Buffer solutions were allowed to stand in the viscometer for 1 hour before readings
were taken. After the addition of CT-DNA the solution was left to equilibrate for 30 minutes.
After each addition of the analyte to the system an equilibrium time of 20 mins was allowed
before the flow times were recorded. After each addition the solution was drawn through the
viscometer and mixed under vacuum 5 times before being left to equilibrate to ensure the
solution was homogeneous. Times were recorded in triplicate to within 0.1 second of each
other and averaged.

183



6.2.6 Luminescence Titrations

Luminescence titrations were carried out in a thermos regulated Jobin-Yvon FluoroMax-3
spectrophotometer.3 mL of tris buffer was loaded into a 10 mm path length luminescence
cuvette and was allowed to equilibrate at 25 °C before a background reading was taken. A
volume of buffer was removed and replaced the same volume of a stock solution of complex
of 59 uM in the cuvette. After equilibration, the emission spectrum of the solution was
recorded at 390 nm. 2 uL of a concentration stock of CT-DNA (16.4 mM) was added to the
cuvette and mixed 10 times to ensure homogeneity. After leaving the sample to equilibrate for
5 minutes the emission spectrum was recorded. This procedure was repeated until the emission

spectra became constant (approx. 20 DNA additions).

6.2.7 Singlet oxygen yield measurement

Singlet oxygen measurements were obtained by Dr. Luke McKenzie and Dylan Pritchard.
Singlet oxygen was detected directly in an organic solution by measurement of singlet oxygen
luminescence (Amax ~1275 nm) following photoexcitation of the compound at 25 °C in air
saturated dichloromethane (DCM) or acetonitrile. The yield of the formation of 102, ¢(*0O,)
was determined by measuring its phosphorescence intensity using an optically matched

solution of phenalenone as a reverence sensitiser.’

6.2.8 Transient absorption spectroscopy

Experiment carried out with the help of Alexander Auty. The ultrafast transient absorption
setup used, was comprised of a commercial detection instrument (Helios, Ultrafast Systems)
and the following laser system. A Ti:Sapphire regenerative amplifier (Spitfire ACE PA-40,
Spectra-Physics) provided 800 nm, 1.2 mJ pulses (40 fs fwhm, 10 kHz, 1.2mJ). A Ti:Sapphire
oscillator provided 800 nm seed pulses (25 fs fwhm, 84 MHz) for the amplifier (Mai Tal,
Spectra-Physics). Two Nd:YLF lasers (Empower, Spectra-Physics) were used to pump the
amplifier. Sample excitation was provided by doubling a portion of the 800 nm output, in a j3-
barium borate crystal within a commercially available doubler/tripler (TimePlate, Photop
Technologies), yielding 400 nm pulses. White light, supercontinuum, probe pulses were
generated in situ using a portion of the Ti:Sapphire amplifier output, focused onto a CaF» (340
— 720 nm) crystal or a Sapphire crystal (460 — 850 nm, 850 — 1450 nm), allowing for the
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generation of light spanning 340 nm — 1450 nm. Detection was performed by CMOS and
INGAS sensors for UV/vis and near IR grating-dispersed spectra, respectively. The pump and
probe polarisations were set to a magic angle geometry. Complex solutions all had an optical
density of 0.4 at 455 nm with an addition of 220 uL of 10 mM DNA with 10 minute incubation

time.
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6.3 Synthesis

6.3.1 1,10-phenanthroline-5,6-dione

(DPQ)*

1,10-phenanthroline (5.4 g, 30 mmol) was dissolved in 60% concentrated sulphuric acid (70
mL). After dissolution solid potassium bromate (5.51 g, 33 mmol) was added slowly in batches
over the course of an hour. This mixture was stirred at room temperature for 20 hours, and then
poured over ice. The solution was neutralised to pH 7 using a saturated solution of sodium
hydroxide. The solution was filtered, extracted with dichloromethane and evaporated to
dryness. The crude produce was recrystallised from methanol and dried in vacuo to yield a

bright yellow solid.

Mass (Yield): 2.9 g, (54 %).

TOF MS ES+ m/z: 211 [MH'].

1H NMR (400 MHz, CDCls): dn 9.14 (dd, J = 4.7, 1.9 Hz, 2H), 8.53 (dd, J = 8.1, 1.8 Hz, 2H),
7.61 (dd, J=7.8, 4.8 Hz, 2H).
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6.3.2 Benzo[h]quionline-5,6-dione

(CAN DPQ)°

Benzo[h]quionline (1.04 g, 5.80 mmol) and iodine pentoxide (2.01 g, 6.00 mmol) were
carefully dissolved in glacial acetic acid (30 mL). The solution was refluxed for 2 hours, left
to cool, and filtered through a sinter. The acid was removed under vacuo to give a dark purple
solid. The solid was washed with toluene and the solvent removed under vacuo and this process
was repeated until the removed toluene was colourless. The crude product was recrystallised

with ethanol yielding the pure product as orange crystals.

Mass, (Yield): 0.61 g, (59 %).

TOF MS ES+ m/z: 209 [MH*].

'H NMR (400 MHz, CDCls): 61 8.90 (dd, J = 4.7, 1.9 Hz, 1H), 8.71 (dd, J = 8.1, 0.8 Hz, 1H),
8.42 (dd, J = 7.8, 1.8 Hz, 1H), 8.22 (dd, J = 7.8, 1.1 Hz, 1H), 7.87 — 7.76 (m, 1H), 7.59 (td, J =
7.6,1.2 Hz, 1H), 7.43 (dd, J = 7.9, 4.7 Hz, 1H).
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6.3.3 Dipyrido[3,2-a:2’,3’-c]phenazine

(dppz)°

1,10-phenanthroline-5,6-dione (1.20 g, 5.70 mmol) and o-phenyldiamine (0.62 g, 5.74 mmol)
were refluxed in ethanol (70 mL) for 2 hours. After cooling the solvent was removed under
vacuo and the resulting crude product was recrystallised from ethanol. The crystals were

collected and washed with ice cold water to produce the pure sandy coloured product.

Mass (Yield): 0.65 g (54 %)

TOF MS ES+ m/z: 283 [MH"], 321 [MK™]

'H NMR (400 MHz, DMSO): & = 9.50 (dd, J = 8.1 Hz, 1.8 Hz, 2H), 9.21 (dd, J = 4.4 Hz,
1.8 Hz, 2H), 8.37 (dd, J = 6.5 Hz, 3.4 Hz, 2H), 8.06 (dd, J = 6.5 Hz, 3.4 Hz, 2H), 7.94 (dd, J =
8.1 Hz, 4.4 Hz, 2H).
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6.3.4 Benzopyrido[3,2-a:2’,3’-c]phenazine

(CAN dppz)®

Benzo[h]quinolone (1.05 g, 3.75 mmol) and o-phenyldiamine (0.4 g, 3.75 mmol) were
suspended in methanol (70 mL) and refluxed for 40 minutes. The solution was left to cool to
forming a sandy precipitate. The crude product was collected by vacuum filtration, washed

with 1:100 ethanol:water, and recrystallised from ethanol to yield pure product.

Mass (Yield): 0.60 g, (82 %).

TOF MS ES+ m/z: 282 [MH"].

'H NMR (400 MHz, TFA): 8 = 9.60 (dd, J = 8.1 Hz, 1.8 Hz, 1H), 9.42 - 9.29 (m, 1H), 9.08
(dd, J = 4.5 Hz, 1.8 Hz, 1H), 8.42 — 8.26 (m, 2H), 7.96 — 7.80 (m, 4H), 7.69 (dd, J = 8.1 Hz,
4.5 Hz, 1H).
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6.3.5 [Ir(bpy).Cl;][PFe]”%*

PFe

Iridium trichloride(Ill)hydrate (3.00 g, 10.0 mmol) and 2,2’-bipyridine (2.62 g, 16.8 mmol)
were suspended in an ethylene glycol (70 mL) and water (5 mL) solution and heated under
reflux for 21 hours. After cooling, addition of ammonia hexafluorophosphate salt gave rise to

a bright orange precipitate. The product was collected by vacuum filtration and dried in vacuo.

Mass (Yield): 2.00 g (60 %).
TOF MS ES+ m/z: 575 [M™].
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6.3.6 [Ir(bpy)2Cl.][Cl]

Counter ion metathesis

Cl

[Ir(bpy)2Cl2][Pfs] (1.00 g, 1.39 mmol) was dissolved in acetone. Excess tetrabutylammonium
chloride was suspended in 10 mL of acetone. This saturated solution was slowly poured into
the reaction mixture giving an instant precipitation of an orange solid. This was left in the fridge
for 2 hours to yield maximum precipitation and collected by vacuum filtration. The product

was dried under vacuum.

Mass (Yield): 0.89 g (89 %).
TOF MS ES+ m/z: 575 [M™].
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6.3.7 [Ir(bpy)Cl,][OTf]

OTf

[Ir(bpy)2Cl2][CI] (1.05 g, 1.59 mmol) was suspended in acetonitrile (200 mL) with stirring.
Triflic acid (0.7 mL, 7.9 mmol) was carefully added dropwise to the solution to give
dissolution; the solution was stirred for 1 hour at room temperature. The volume of solvent was
reduced under vacuum to ~25 % and the solution was placed in the freezer overnight to give

a bright orange precipitate. This was collected by vacuum filtration yielding
[Ir(bpy)2Cl2][OTH].

Mass (Yield): 0.73 g, (69 %).
TOF MS ES+ m/z: 575 [M™].
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6.3.8 [Ir(bpy)2(SOsCF;).][OTf]

oTf

Under a nitrogen atmosphere [Ir(bpy)2Cl2][OTf] (0.63 g, 0.66 mmol) was suspended in 1,2-
dichlorobenxene (10 mL) with stirring. Triflic acid (1.4 mL, 15.80 mmol) was carefully added
dropwise to give white fumes and dissolution of the solid. The reaction solution was a
heterogeneous two-phase green/yellow liquid which was refluxed for 3 hours. The solution was
allowed to cool to room temperature and decanted into ice cold diethyl ether (30 mL) to give a
precipitation of a green solid. The reaction mixture was cooled in the fridge overnight to give
further precipitation. The reaction mixture was centrifuged for 10 minutes 10,000 rpm to collect
[Ir(bpy)2(SO3CF3)][OTH] as a pale green solid.

Mass (Yield): 0.38 g, (60 %).
TOF MS ES+ m/z: 802 [M™].
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6.3.9 [Ir(bpy)2(dppz)]1[PFe]3

[PFels

[Ir(bpy)2(SO3CF3)2][OTf] (0.90 g, 0.73 mmol) and dppz (0.185 g, 0.73 mmol) were suspended
in isopropanol (110 mL) with stirring and refluxed for 120 hours. The solvent was removed
under vacuum yielding a dark brown solid. Deionised water (30 mL) was added to the solid
followed by the addition of excess ammonium hexafluorophosphate to give instant

precipitation of a brown solid which was collected by vacuum filtration to give
[Ir(bpy)2(dppz)][PFs]s

Mass (Yield): 0.62 g, (68 %).

TOF MS ES+ m/z: 1091 [M*], 931 [M?*], 262 [M3*].

'H NMR (400 MHz, MeCN): 64 = 8.89 (dd, J = 7.5 Hz, 1.5 Hz, 4H), 8.78 (dd, J = 8.1 Hz, 1.8
Hz, 2H), 8.59 (dd, J = 4.4 Hz, 1.8 Hz, 2H), 8.46 (dd, J = 7.5 Hz, 1.5 Hz, 4H), 7.80 (dd, J = 6.5
Hz, 3.4 Hz, 2H), 7.63-7.57 (m, 10 H), 7.09 (dd, J = 8.1 Hz, 4.4 Hz, 2H).
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6.3.10 [Ir(phen),Cl;][PFé]

PFg

Iridium trichloride(l1l)hydrate (3.00 g, 10.0 mmol) and 1,10-phenanthroline (3.024 g, 16.8
mmol) were suspended in an ethylene glycol (70 mL) and water (5 mL) solution and heated
under reflux for 21 hours. After cooling, addition of ammonia hexafluorophosphate salt gave
rise to a bright orange precipitate. The product was collected by vacuum filtration and dried in

vacuo.

Mass (Yield): 5.52 g, (60 %).
TOF MS ES+ m/z: 623 [M™].
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6.3.11[Ir(phen),Cl,][CI]

Counter-ion metathesis

Cl

[Ir(phen)2Cl2][Pfe] (1.00 g, 1.33 mmol) was dissolved in acetone. Excess tetrabutylammonium
chloride was suspended in 10 mL of acetone. This saturated solution was slowly poured into
the reaction mixture giving an instant precipitation of an orange solid. This was left in the fridge
for 2 hours to yield maximum precipitation and collected by vacuum filtration. The product

was dried under vacuum.

Mass (Yield): 0.89 g, 77%
TOF MS ES+ m/z: 623 [M™]
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6.3.12 [Ir(phen),Cl,][OTf]

oTf

[Ir(phen)2Cl2][CI] (1.22 g, 1.59 mmol) was suspended in acetonitrile (200 mL) with stirring.
Triflic acid (0.7 mL, 7.9 mmol) was carefully added dropwise to the solution to give
dissolution; the solution was stirred for 1 hour at room temperature. The volume of solvent was
reduced under vacuum to ~25 % and the solution was placed in the freezer overnight to give
a bright orange precipitate. This was collected by vacuum filtration yielding
[Ir(phen)2Cl2][OTT].

Mass (Yield): 0.75 g, (61 %).
TOF MS ES+ m/z: 623 [M7]
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6.3.13 [Ir(phen)z(SOzCFg)z][OTf]

\“\\\\\\OSOZC F3

e lr\
XN 0OSO,CF3
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oTf

Under a nitrogen atmosphere [Ir(phen)2Cl2][OTf] (0.65 g, 0.66 mmol) was suspended in 1,2-
dichlorobenxene (10 mL) with stirring. Triflic acid (1.4 mL, 15.80 mmol) was carefully added
dropwise to give white fumes and dissolution of the solid. The reaction solution was a
heterogeneous two-phase green/yellow liquid which was refluxed for 3 hours. The solution was
allowed to cool to room temperature and decanted into ice cold diethyl ether (30 mL) to give a
precipitation of a green solid. The reaction mixture was cooled in the fridge overnight to give
further precipitation. The reaction mixture was centrifuged for 10 minutes 10,000 rpm to collect
[Ir(phen)2(SO3CF3)][OTH] as a pale green solid.

Mass (Yield): 0.61 g, (74 %).
TOF MS ES+ m/z: 850 [M*].
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6.3.14 [Ir(phen)(dppz)][PFs]s

[PFels

[Ir(phen)2(SOsCF3)2][OTf] (0.729 g, 0.73 mmol) and dppz (0.185 g, 0.73 mmol) were
suspended in isopropanol (110 mL) with stirring and refluxed for 120 hours. The solvent was
removed under vacuum yielding a dark brown solid. Deionised water (30 mL) was added to
the solid followed by the addition of excess ammonium hexafluorophosphate to give instant

precipitation of a brown solid which was collected by vacuum filtration to give
[Ir(phen)2(dppz)][PFe]s.

Mass (Yield): 1.023g, 79 %

TOF MS ES+ m/z: 1154 [M*], 504 [M?'], 284 [M*']

'H NMR (400 MHz, MeCN): 8 10.13 (dd, J= 8.1 Hz, 1.8 Hz, 2H), 9.10 (dd, 4H), 8.80 (dd,
J = 4.4 Hz, 1.8 Hz, 2H), 8.65 (dd, J = 6.5 Hz, 3.4 Hz), 8.61 (s, 4H), 8.42 (dd, J = 6.5 Hz, 3.4
Hz, 2H), 8.30-8.22 (m, 6H), 8.24 (dd, J = 6.5 Hz, 3.4 Hz), 3.03 (m, 4H).
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6.3.15 [Ir(phen),(C~N dppz)][PFs)2

[PFel2

[Ir(phen)2(SO3CF3)2][OTf] (0.729 g, 0.73 mmol) and C~N dppz (0.205 g, 0.73 mmol) were
suspended in isopropanol (110 mL) with stirring and refluxed for 120 hours. The solvent was
removed under vacuum yielding a dark brown solid. Deionised water (30 mL) was added to
the solid followed by the addition of excess ammonium hexafluorophosphate to give instant
precipitation of a brown solid which was collected by vacuum filtration to give [Ir(phen)2(C*N

dppz)][PFs].

Mass (Yield): 0.32g, 32 %

TOF MS ES+ m/z: 1008 [M*], 504 [M?']

'H NMR (400 MHz, MeCN): H (400 MHz, CD3CN) 9.98 (dd, J = 8.1 Hz, 1.8 Hz, 2H), 8.75
(dd, 2H), 8.70 (m, 2H), 8.57 (dd, J = 6.5 Hz, 3.4 Hz, 2H), 8.49 (dd, J = 6.5 Hz, 3.4 Hz, 2H),
8.38 (m, 2H), 8.25 (dd, J = 6.5 Hz, 3.4 Hz, 2H), 8.16 (m, 2H), 7.84 (m, 2H), 7.77 (m, 2H),
7.71 (m, 2H), 7.56 (m, 2H)
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6.3.15 Anion Metathesis
All complexes were synthesised as their hexafluorophosphate salts and characterised as such

unless otherwise stated. This was achieved using 10 molar equivalents of aqueous ammonium
hexafluorophosphate. In cases where complexes were required as their water-soluble chloride
derivatives, the compounds were dissolved in the minimum amount of acetone and converted
by counter-ion metathesis using acetone solutions of tetrabutylammonium chloride (10 molar
equivalencies). This resulted in precipitation of the desired chloride product which was

collected by centrifugation for 10 minutes at 10,000 rpm and dried in vacuo.

6.3.16 Chiral Separation

Octahedral coordination, being the most frequent geometry for metallic centres, is the most
studied with regard to the topographical stereochemistry.'® A chiral object is one that does not
coincide with its mirror image, producing enantiomorphs (a prototypical natural example of
enantiomorph is the human hand).!! The special relationship between a metal centre and three
bidentate ligands can take on the shape of a left-handed or right-handed propeller, called
enantiomers. A pair of enantiomers are physically and chemically indistinguishable by most
techniques in achiral environments. They possess identical melting points, boiling points, and
spectroscopy properties such as NMR, IR and UV. The way to measure the separation of
enantiomers is by monitoring the effect on the plane of polarized light. Without separation, the
synthesised metal complexes will be a racemic mixture with 50/50 of each enantiomer having
no effect on the plane of polarized light. If separated, the enantiomerically pure compounds
separated the plane of polarized light in equal and opposite directions. This is measured using
a technique called circular dichroism.!2 The work carried out in this was part of a collaboration
with Professors Richard Keene and Grant Collins at the University of New South Wales,
Canberra, Australia. A general chromatographic technique for the separation of complexes 1-
3 was investigated. Chiral column chromatography incorporates a chiral stationary phase to
conventional column chromatography. The enantiomers present in the analyte will have
different affinities to the chiral stationary phase and will therefore elute at two different times.
In these studies, SP-Sephadex C-25 was chosen as the cation exchange support in comparison
to the classical polystyrene resins. Sephadex is a cross-linked dextran matrix containing
strongly acidic propanesulfonate groups. The cationic metal complexes are adsorbed on to the
anionic stationary-phase and the separation is achieved by ion-exchange using an eluting
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electrolytic solution (Figure 1). This technique has been used in previous work in the separation
of ruthenium(Il) complexes containing polypyridyl complexes, but it has not been widely
applied to iridium (111) counterparts.t**® Separation was attempted for all three iridium
complexes in this thesis, however success was only obtained with 3. The first attempt to
separate 3 was to use sodium dibenzoyltatrate, however this produced severe band spreading
when the complex was loaded onto the column. Since the eluent is the salt of a carboxylic acid
(tartaric acid) it has a pKa = 4.5, causing protonation of the dppz nitrogens which have a pKa =
5. This protonation causes variations in the charge of the complex, which causes band
spreading. To overcome this the second attempt to separate 3 a buffered solution of sodium
camphor sulfonate was used as the eluent. This prevented protonation with successive band
spreading from occurring and promoted the successful separation of [I(phen)2(dppz)]®”.
Following the isolation of the bands by precipitation as the hexafluorophosphate salts, the
resolution of the individual enantiomers A-(+) and A-(-)-[Ir(phen)2(dppz)][PFs]z was

confirmed by circular dichroism (CD) measurements (Figure 7).
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Figure 1: Top - Schematic of a Sephadex chiral column with the cation A* being adsorbed onto the Sephadex column being
eluted with an electrolyte X-. Bottom — Circular Dichroism spectra of A- (red) and A-(blue) [Ir(phen),(dppz)]3*2.

As 2 was successfully resolved, future work could investigate the photophysical and in vitro

DNA binding activity and in vivo cellular experiments of the different enantiomers. An

experimental route could also be optimised for the other complexes in this study, and similar

analogies in the literature.
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6.4 Cellular Studies

6.4.1 Complex Preparation

Stock solutions were made up in phosphate buffered saline (PBS) with sonication and gentle
heating to aid dissolution at a high concentration, followed by sterile filtration with a 0.2 pm
filter.

6.4.2 Cell Culture

MCEF-7 cell lines were cultured in RPMI-1640 medium. All growth medium was supplemented
by 2 mM L-Glutamine, 100 IU mL™* penicillin, 100 pg mL™ streptomycin and 10% v/v foetal
bovine serum (FBS). Cultures were routinely subcultured using trypsin (0.1% v/v PBS) at 80-

90% confluency and used between passage humbers 5-30.

6.4.3 I1Cso values MTT assays

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was used to determine
the cell viability upon treatment with varying concentrations of the complex. In the
mitochondria of living cells MTT is reduced to a purple formazan product by reductive
enzymes. The amount of formazan can be quantified by absorbance between 500-600 nm and
a comparison between untreated and exposed cells. Cell cultures were grown on 48 well plates
at a seeding density of 50,000 cells per well and allowed to grow for 24 hours before treatment
with a complex of various concentrations (maintaining a ration of 10 % PBS/H20: 90 %
medium throughout all solutions). In triplicate for the given incubation time of 24 or 48 hours.
Solutions were removed and the cells were incubated with MTT (0.5 mg mL™* dissolved in
PBS) for 30 — 40 minutes. The MTT was removed and the formazan product eluted using
acidified isopropanol (110 pL/well). This eluted mixture was transferred to a 96 well plate
were 100 uL/well was added. Absorbance was measured using a spectrophotometer (540 nm,
referenced at 640 nm). An average absorbance for each concentration was calculated and cell
viability was determined as a percentage of the untreated negative control wells (10 %
PBS/water: 90% medium, average of triplicate. The data was plotted in a graph of
concentration against cell viability to produce a curve from which the 1Cso could be estimated

by interpolation.
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6.4.5 Light Irradiation Source Apparatus (LISA)

The apparatus used to illuminate the samples was a custom build device featuring a broadband
illumination source fully contained in an empty computer base unit, referred to as the Light
Irradiation Source Apparatus (LISA). The technical specifications of the bulb contained within
are as follows (Table 1).

Product Code 871691
International Model Number HC01080i
Description CFL 80W E40 Integrated Clusterlite

Watts 80W

Cap E40
Operating Hours 15000
Colour Temp 4000K
Lumens 5400 Im

Dimming No

Dimensions (length x diameter) 256 mm x 80 mm

Table 6.1: Specification of the bulb contained within the irradiation apparatus.

6.4.6 Phototoxicity Experiments

Cell cultures were grown on four 48 well plates at a seeding density of 50,000 cells per well
and allowed to grow for 24 hours. The cells were treated with complex (solubilised in and
maintained at 10 % PBS/water: 90 % medium throughout all solutions) of a 1 — 500 uM
concentration range, in triplicate, and incubated for 24 hours. All complex solution (and control
media) was removed from the cells and replaced with regular growth medium 30 minutes prior
to radiation. One of the four well plaines remained in the incubator whilst the other three were
exposed to the LISA for the duration of 5, 15, or 30 minutes before being incubated for a further
24 hours after light treatment. All media was removed and the cells incubated with MTT (0.5
mg mL dissolved in PBS) for 30 — 40 minutes. The MTT was removed and formazan product
eluted using acidified isopropanol (120 pL/well), the solution (100 plL) was transferred to a

96 well plate for the absorbance to be quantified by spectrophotometer (540 nm, referenced at
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640 nm). An average absorbance for each concentration was calculated and cell viability was
determined as a percentage of the untreated negative control wells (10 % PBS/water: 90%
medium, average of triplicate). Data was plotted in a graph of concentration against cell
viability to produce a curve from which the ICso could be derived by interpolation for each well

plate exposed to the various illumination times.

6.4.7 Imaging experiments

MCEF7 cells were seeded on cover slips (22 mm X 22 mm, 170 £ 5 um square Cover glasses)
placed in six well plates in RPMI 1640 culture medium containing (10% FBS and 1% Penicillin
Streptomycin) for 24 hours at 37°C, 5% CO.. After 24 hours when 70% confluency was
achieved the cells were washed with RPMI 1640 culture medium then the cells were treated
with Irl or Ir3 (50 uM or 100 uM or 200 uM) for 24 hours. Cells were then washed thrice with
culture medium. The cells were then washed again with Phosphate buffer saline (2 times). After
carrying out the live cell uptake of the complexes, the cells were fixed with 4%
paraformaldehyde for 20 minutes and then washed thrice with PBS and then the cover slips
were mounted using mounting medium (Vectashield h-1000).The coverslips were then sealed
using nail varnish and the sample were then imaged - wide field fluorescence microscopy using
the wide field mode of OMX-SIM.

6.4.8 Colocalisation experiment

The Colocalisation studies were carried out by using Mito Tracker Deep red or Lyso Tracker
Deep Red according to the planned experiment. MCF7 cells were seeded on cover slips (22
mm X 22 mm, 170 £ 5 um square cover glasses) placed in six well plates in RPMI 1640 culture
medium containing (10% FBS and 1% Penicillin Streptomycin) for 24 hours at 37°C, 5% CO..
After 24 hours when 70% confluency was achieved the cells were washed with RPMI culture
medium then the cells were treated with 100 uM Irl or Ir3 for 24 hours, the culture medium is
then aspirated, the cells were then washed with culture medium (2 times), PBS (2 times), then
the cells were incubated with 500 nM (Mito Tracker Deep Red or Lyso Tracker Deep Red,
depending on the specific planned experiment) for 30 minutes and washed twice with culture
media (RPMI 1640), the cells were then washed thrice with culture medium and washed again
with PBS twice, the cells were then fixed with 4% paraformaldehyde for 20 minutes and then

washed thrice with PBS and then the cover slips were mounted using mounting medium
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(Vectashield h-1000). The coverslips were then sealed using nail varnish and the sample were

then imaged - Wide field fluorescence microscopy using the wide field mode of OMX-SIM.

6.4.9 Single colour imaging

The complexes were excited at 405 nm and the emission was collected between 500 nm and
550 nm (FITC channel of wide field mode of OMX-SIM). The Wide field imaging conditions
were employed for the cellular uptake studies of the complexes featuring MCF7 cells. The
Wide field microscopy conditions maintained include, thickness of the Z stack (Sections 40 to
100), section spacing (0.250 to 0.500), and thickness of the sample (8 to 15).

6.4.10 Colocalization (Multi colour imaging)

The complexes were excited at 405 nm and the emission was collected between 500 nm to 550
nm (FITC channel). Mito Tracker Deep Red or Lyso Tracker Deep Red (depending on the
planned experiment) was excited at 644 nm and the emission was collected >660 nm(Far red
channel). The colocalization experiments were carried out using the same microscopy
conditions as mentioned for single colour experiments using the wide field mode of OMX-
SIM.
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Abstract: The synthesis of wo new Ir' complexes which are
effectively isostructural with well-established [Ru{NN):-
{dppz)F~ systems is reported (dppz=dipyridophenazine;
NN =22 -bipyridyl, or 1,10-phenanthroline). One of these
Ir'" complexes is tricationic and has a conventional
N, coordination sphere. The second dicationic complex has
a N:C coordination sphere, incorporating a cyclometalated
analogue of the dppz ligand. Both complexes show good water
solubility. Experimental and computational studies show that
the photoexcited states of the two complexes are very different
from each other and also differ from their Ru” analogues. Both
of the complexes bind to duplex DNA with affinities that are
two orders of magnitude higher than previously reported
Irfdppz)-based systems and are comparable with Ru"(dppz)
analogues.

DNA has a vital role in life: as outlined in the “central
dogma of meolecular biology™ it stores and transmits the
genetic blueprints for structure and function in all living
organisms. For this reason, molecules that target DNA have
been intensively researched.

In this context, and inspired by the serendipitous discov-
ery and subsequent clinical success of the potent anticancer
agent cisplatin,'*! research into metal complexes that interact
with DNA has burgeoned. More recently this work has been
extended to yield an array of transition-metal-based nucleic
acid probes as, because of an attractive combination of well-
defined coordination geometries and substitution chemistry
as well as distinctive electrochemical and photophysical
properties, they are almost perfect candidates for such
arolel"

Luminescent and photoreactive d° metal-ion-based com-
plexes that intercalate into DNA have been particularly well-
studied,”* '" leading, inter alia, to the now well-characterized
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DNA light-switch effect exemplified by [Ru(NN),(dppz)[*'
{where NN=22-bipyridyl (bipy), or 1,10-phenanthroline
{phen), and dppz = dipyridophenazine).">

Concurrently, the coordination chemistry of another
d® metal ion, If', has been rapidly developing. Polypyridyl
Ir'"" complexes are finding a range of applications, largely
because their photoexcited states are much more tunable than
their Ru”-based analogues.!"*'* However, whilst such systems
have been investigated as therapeutics!'™'" and as cell
probes,"® their use in these applications is often restricted
as because of their relatively low charge, cyclometalated
Ir'" complexes display poor inherent water solubility and
DNA binding affinities. For example, several [r'“{dppz)
systems incorporating cyclometalated ancillary ligands have
been previously reported, but these complexes display
relatively low DNA binding affinities (~10'm ') compared
to their Ru'{dppz) analogues (> 10°m").["*"

As part of a program to develop metal-complex-based
bioprobes with targeted binding properties and attractive
photophysical/imaging properties, we set out to synthesize
water-soluble, Ir'"-based metallointercalators that are iso-
structural analogues of the parent [Ru(phen),(dppz)]*’
system. By adapting previously reported synthetic meth-
ods,""*! this has led to the preparation of the tricationic
complex 1 (Scheme 1). We also investigated coordination of

Scheme 1. Structures of complexes 1 and 2 prepared in this study.

appropriate Ir'" moieties to the potentially cyclometalating
dppz analogue benzopyridophenazine (bppz). Surprisingly,
although this ligand has been reported before,™ this is the
first time its use in the construction of a DNA binding system
has been investigated. In fact, to our knowledge this study
provides the first example of its use in coordination chemistry.

While attempts to synthesize the dicationic analogue of
1 using bppz were unsuccessful, the closely related complex 2,
incorporating the Ir'"(phen), moiety, was isolated in reason-
able yields. The complexes were synthesized as hexafluoro-
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phosphate salts and then converted into chlorides by counter-
ion metathesis; in this form both complexes were highly water
soluble.

A comparison of the optical properties of 1 and 2 shows
the effects of cyclometalation on the Ir'™ center. The UV/Vis
absorption spectra of both complexes (Figure S1 in the
Supporting Information) show high-energy bands below 4 =
300 nm that are assigned to ligand-centered m—a* transi-
tions. While complex 1 shows a “double-humped” structured
band centered at approximately 4 = 360 am that is character-
istic of a coordinated dppz ligand, complex 2 displays a broad,
featureless absorption shoulder centered at 4 =350 nm that
extends out beyond 4 =400 nm. Differences in the emission
properties of the two complexes are more striking,

Unlike their Ru(dppz) analogues, both complexes are
emissive in water (Figure 1). Photoexcitation of complex
1 results in an emission band with clear vibronic structure with

475 475 525

A 1 nimi

575 625
Figure 1. Mormalized emissicn spectra of complexes 1 (solid line) and
2 (dashed ling) in water.

a maximum emission centered at A=479nm. In contrast,
excitation of 2 results in a broad featureless emission centered
at 4 =522 nm. These observations are in line with previous
studies demonstrating that the energy and nature of emissive
states in polypyridyl Ir'" complexes are modulated through
coordination to cyclometalated ligands, and suggest that the
excited state of 2 has a much greater MCLT (metal-to-ligand
charge transfer) character than that of 1.

To investipate these emission properties in more detail,
DFT calculations were performed on both the 5, state and the
T, state of both 1 and 2 as well as on the bipy equivalent of 2
2.

Structurally, 1 and 2 are very similar as are 1 and 2"
Indeed, 1 is also very similar to its Ru" analogue (Tanimoto
coefficient 0.997; see the Supporting Information for over-
lays). Interestingly, the frontier orbitals of 1 and 2 (partic-
ularly the virtual orbitals) are different (see the Supporting
Information). Whereas the highest occupied molecular orbi-
tal (HOMO) of 1 is solely located on the dppz ligand, the
HOMO of 2 has a significant contribution from the
Ir' center. Consistent with the experimental data, the
calculated UV/Vis absorption spectrum of 1 and 2 (Figure 54)
also shows that the absorption spectrum of 2 extends further
into the lower energy region of the spectrum. Furthermore,
whilst the two triplet states are structurally similar, they are
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Figure 2. Spin-density plots for the T, state of complexes 1 (a) and
2 (b). Arom sphere colors: C=gray; H =white; N =dark blue;
Ir=lighter blue.

clearly electronically different. As is shown in Figure 2, the
spin density for the T, state of 11is largely concentrated on the
dppz unit. In contrast, for the T, state of 2 the spin density is
located on the metal center and one of the phen units.
Calculations on 2’ confirm that the change in excited state is
a consequence of the cyclometalation, as for 2' the spin
density is also localized away from the dppz ligand. Calcu-
lation of the complete emission spectrum of both 2 and 1 was
not possible with our current resources, but the 00 transition
for 1 was calculated to be at A =3596.6 nm, whereas the 0-0
emission for 2 is calculated at A=4753nm. For 1, the
calculated transition appears to be in reasonable agreement
with the experimental data, whereas for 2 the calculated
transition lies at higher energy than the experimental value.

Given that the two complexes are cationic and incorpo-
rate lipands with extended aromatic surfaces, the interaction
of 1 and 2 with DNA was then investigated. It is well
established that many complexes containing the Ru"(dppz)
moiety produce increases in relative viscosity on progressive
addition to agueous solutions of DNA™ and this response is
one of the clearest general diagnostics for an intercalative
interaction.'”! Consequently, the effect of 1 and 2 on the
viscosity of solutions of calf-thymus DNA (CT-DNA) was
investigated.

As shown in Figure 3, both complexes induce significant
positive viscosity changes that are indicative of intercalative
binding. Interestingly, both complexes also initially induce
a negative change in relative viscosity suggesting that, at low
complex loading, non-intercalative interactions are occurring,
a phenomenon that has been suggested before for Ru'(dppz)-
based systems.”™ However, it is also clear that complex
1 causes larger changes than 2.

It seems likely that this effect may be due to the difference
in charge between the two systems; the electrostatic contri-
bution to association with the polyanionic backbone of DNA
for the tricationic complex 1 should be higher than that of
dicationic 2, thus bringing about a closer association, although
the influence of the different ancillary ligands may also be
a factor. Having established that 1 and 2 do interact with
DNA, their binding properties were further parameterized
through luminescent titrations.

In stark contrast to their isostructural Ru"(dppz) ana-
logues, addition of CT-DNA to aqueous solutions of 1 or 2
results in a substantial decrease in steady-state luminescence
(Figure 4). Although both complexes display a similar 5 nm
blue shift in luminescence, the DNA-induced emission
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