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Abstract

The Fletcher group has previously explored the ruthenium complexes of 4,4’-
bis(benzoxazole-2-yl)-2,2’-bipyridine (BBOB), 4,4’-bis(benzothiazole-2-yl)-2,2’-
bipyridine (BBTB), and 4,4’-bis(benzimidazole-2-yl-2,2’-bipyridine (BBIB) and shown
that they typically bind in the minor groove of DNA, rather than intercalate, having a

preference for defect sites such as bulges and hairpin loops.

We report here the synthesis of a series of related ligands, and their complexation to
both rhenium(l) and iridium(lll), via reaction with Re(CO)sBr and {Ir(ppy)2(u—Cl)}2
respectively. These have been characterized through NMR, infrared and UV-Vis
absorption and emission spectroscopy, illustrating the effect of conjugation of the
extended heterocyclic structure. Despite solubility issues, we will discuss here the
photophysical analysis, including circular dichroism (CD) spectroscopic studies,
which show that these complexes interact with DNA and highlight a new potential
DNA binding mode.

R=Hor N(CH,CH,OH), X=NH,0,S Y =-or CONH Y
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Glossary

BBOB 4,4’ -bis(benzoxazol-2-yl)-2,2’-bipyridine
BBTB 4,4’-bis(benzothiazol-2-yl)-2,2’-bipyridine
BBIB 4,4’-bis(benzimidazole-2-yl)-2,2’-bipyridine
Ccbh Circular Dichroism

COSsY 'H Correlated Spectroscopy

CT-DNA Calf Thymus DNA

DMF Dimethylformamide

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic Acid

LC Ligand to charge

LMCT Ligand to metal charge transfer

MLCT Metal to ligand charge transfer

NMR Nuclear magnetic resonance

RNA Ribonucleic acid

T N,N-bis(2-hydroxyethyl)-4-Pyridinecarboxamide
UV-Vis Ultraviolet Visible
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1. Introduction

1.1 Overview

DNA (or deoxyribose nucleic acid) is one of the most fascinating and beautiful
molecular architectures, which provides the blueprint and chemical information, or
programme, for all living things, in all their wonderful diversity." Itis, in its simplest
form, a biopolymer composed of a series of four nucleotide monomers. Each of these
comprise of a combination of three basic building blocks: a planar aromatic derivative,
either a pyrimidine or purine base, a deoxyribose sugar, and a phosphate group.
There are two purine bases, adenine (A) and guanine (G) which conjugate through
hydrogen bonding with two pyrimidine bases thymine (T) and cytosine (C) respectively
(Figure 1). Each nucleotide is then joined with two other nucleotides in a polymeric
chain through a phosphodiester bond linking the 5’-end of the sugar to the 3’-end of
the adjacent nucleotide sugar (Figure 1). Hence the polymerisation of nucleotides
results in a single-stranded polyanionic chain resulting in the primary structure. The
DNA chain contains “the sequence” of these four nucleobases which contains the
precise information to carry out the functions of a cell. DNA then adopts a double
stranded helical structure by the formation of hydrogen bonds between bases on the
opposing anti-parallel strands; Watson-Crick base-pairing. This allows A and T to pair
through two hydrogen bonds and G and C through three hydrogen bonds.

¢ Hydrogen
© Oxygen

@ Nitrogen

© Carbon

© Phosphorus

Minor groove

Major groove

Pyrimidines  Purines

Figure 1: The double helix structure of DNA.2
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In contrast to DNA, in RNA (ribose nucleic acid), uracil (U) replaces thymine and pairs
with adenine. It also contains an additional OH group, making the formation of a
double helix more sterically demanding. For both DNA and RNA, the stability of the
double helical structure is enhanced by 1r-11 interactions between the stacked planar
hydrophobic aromatic rings of the adjacent bases on the polynucleotide chains.® This
then exposes the anionic phosphate backbone of the DNA double helix (Figure 1) to
the aqueous environment where the charge is neutralized by small cations such as
Na*, Ca?*and Mg?*, although it is also noted that there is large a hydration sphere

which limits the strength of any electrostatic interaction.*

The AT and GC pairing which takes place between bases of two parallel DNA
strands then gives rise to the secondary structure typified by the tertiary double helix
structure. This can nominally adopt three different conformations: A, B and Z, (Figure
2) dependent on the primary sequence and other environmental factors such as
hydration and ionic strength. 3 B-DNA is the most common form where the strands
are held in a right-handed anti-parallel double helix by stacking interactions between
parallel oriented bases. The helix contains a major and minor groove, which differ in
size, shape, hydration, electrostatic potential, and the positions of the sites suitable
for additional hydrogen bonding.5 The major groove has a width of ~22A and the

minor groove with a width of ~12A.6

Due to the range of structural features available, and the number of accessible
functional groups, DNA is a natural target for metal ion binding through a variety of
identified “modes”, including direct coordination of the bases with the antitumour
agents NAMI-A and cis-platin as discussed below.2 DNA metal based interactions will
of course depend on the identity of the metal ion, with simple hydrated ions such as
Mg?* and Zn?* also functioning as cofactors in enzymatic reactions. The speciation
and form of a transition metal complex can however, have significance by providing
charge, a three dimensional structural profile, redox activity, possible

photo-reactivity and an aptitude for site specific binding to the DNA macromolecule. °
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Figure 2: The various conformations of double stranded DNA. A-DNA, B-DNA and Z-
DNA.

Polar interactions with DNA within the grooves are very important in pairing stability
and structure. The DNA bases themselves have hydrogen bond acceptors
presenting in the minor groove that are normally well solvated.'® These grooves
(Figure 3) therefore provide a space where potential and selective interactions can,
and do, occur with metal ions, small molecules and complex ions. The major groove
is a better candidate for sequence specific recognition by much larger entities such

as proteins.!

Major Groove
vdw a d a

a vdw a

minor groove

Figure 3: The structure of the major and minor groove in the TA base pair. Arrows
indicate potential sites of discrimination for AT within the grooves. The ovals are the
lone pair of electrons which are specific to the minor groove and Watson-Crick
hydrogen bonds are indicated by the dotted lines. Potential recognition is labelled as: a
for hydrogen bond acceptors, d for the hydrogen bond donors and vdW for van der

Waals interactions."
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The minor groove is a target for the majority of non-covalent small molecular binding
agents. The DNA binding with specific sequences, mostly with AT rich regions,
typically takes place by a combination of hydrogen bonding to the base pair edges,

van der Waals interactions with the minor groove walls, and electrostatic interactions.

1.2 Modes of DNA Binding

Given the number of structural features within the secondary structure of DNA,
“‘ligands”, i.e. small molecules that interact, are either typically neutral or cationic, and

can undertake a range of different binding modes with DNA.

1.2.1 Electrostatic binding
Positively charged molecules can readily interact with the anionic DNA phosphate

backbone, which releases the associated cations, e.g., Na* and Mg?*."3 This reduces
the electrostatic repulsion forces between negatively charged phosphate groups and
can contribute to the stability of the folded DNA conformation. The charge
interactions depend on the salt concentration of the solution and the cations can
show increased binding with DNA with decreasing salt concentrations. The ligands
may also target the phosphate backbone through hydrogen-bonding interactions

between the ligand and oxygen atoms of the phosphates.

1.2.2 Groove binding

Interactions within the grooves occur through non-covalent binding, where for
example, the large concave cylindrical surfaces in the major groove interface with
proteins. Whilst small molecules tend towards the minor groove and recognize the
bases directly. This is usually sequence specific with the major groove showing

greater shape variation with base sequences than the minor groove.'

-10-
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Figure 4: Structure of Distamycin A and Netropsin.'®

An example of targeted minor groove binding includes the poly-pyrrole
antibiotics Distamycin A and Netropsin (Figure 4).'® Both these compounds
are characterized by repeating pyrrole units connected by amide bonds
ending with charged nitrogen atoms. They interact with the minor groove on
the B form of DNA due to their curved shape which matches well with the
structure of DNA. The deeper and narrower minor groove of AT rich
sequences and the absence of the 2-amino group of guanine provides the
optimum space to accommodate for the shape of the compound and to
maximise the stability of van der Waals interactions. Hydrogen bonding
between the base pairs in the grooves and the amide and electrostatic
stabilizing interactions with the protonated amines are primary contributors to
the overall DNA complex stability. Distamycin A has also been shown by
NMR to bind to G-quadruplex DNA by intercalating between the terminal G-
planes and the bases in the G-quartet structure.’®Given the diversity and
complexity in molecular structure and function, it is possible to present a three
dimensional ligand structure which can have complementarity to the DNA and
can lead to a number of identified different associations as highlighted below
(Figure 5).

-11-
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(A) Groove binding (B) Intercalation (C) Insertion

Figure 5: Three recognized binding modes of metal complexes with B-DNA.'®

Metal complexes can also alter the orientation of the groove and displace the water
molecules. Research on [Re(chrs)(CO)3Br]'” (where chrs = 3-4H-chromen-4-one}
(Figure 6) indicates that there are three absorbance maxima between 200 nm and
350 nm which are the intra-ligand 1-1* transitions, but the transition at 395 nm is due
the ligand to metal charge transfer (MLCT) band. When adding CT-DNA to
[Re(chrs)(CO)sBr], hypochromism accompanied with bathochromism is associated

with intercalation and involves a high 1-1m* stacking interaction.

Figure 6: Structure of [Re(chrs)(CO)3Br]."”

This is also shown by molecular docking which is a well-established computational
technique to predict the best interaction between a metal complex and DNA to form a
new DNA-metal complex conjugate of the lowest possible energy. This is consistent
with groove binding due to the competitive polarity interactions breaching analogous
interactions found within the interior and exterior of the CT-DNA double helix (Figure
7).
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Figure 7: Binding to the minor groove of DNA. The structure on the left is the ball and
stick model, and on the right is a molecular surface view (taken from ref 17 without

permission)."”

1.2.3 Intercalation

DNA intercalation occurs when an extended planar aromatic function, that could be
appended to a transition metal complex, is inserted into the DNA strand between two
adjacent base pairs to form sandwich like structures, either from the major, or the
minor groove. Therefore, it opens a space between the base pairs and unwinds the
helical twist a little. This affects biological processes like transcription, replication and
repair, and for this reason it can be exploited in antitumour drugs and antiseptics. Due
to their specificity for certain nucleic acid sequences, intercalators can also be used
as stains for nucleic acids.'® DNA intercalators are mostly polycyclic aromatic and
planar compounds due to the strong n-stacking interactions. An example of this is
ellipticine (Figure 8) reported by Reha et al., which is a natural plant product which
exhibits anti tumour and anti HIV properties. There was found to be an intercalation

stacked above one DNA base pair.'8
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Figure 8: Structure of ellipticine.

Figure 9: [Re(CO)3(py)(dppz)]*

The Schanze group has reported intercalative binding of [Re(CO)s(py)(dppz)]* (where
dppz is dipyrido[3,2-a:2',3'-c]phenazine, Figure 9). The emission and absorption
studies showed that the lowest lying excited state of the complex is not the expected
MLCT, but a weakly phosphorescent dppz based intra-ligand triplet state.'® UV-Vis
spectroscopy showed a moderately intense band with the two maxima being at 366
and 384 nm which indicates the d1r(Re)>1* and the T>11* transitions. They both also
showed a DNA light switch effect, meaning that there was an emission enhancement
on binding to DNA. The binding affinities with CT-DNA (Kb) are 4 — 5 x 10* M-", which
implies that there is a modest interaction. This indicates that this monovalent complex
is interacting with generic DNA through an intercalation interaction and that an
electrostatic contribution is important as the stability constants are around two orders
of magnitude lower than seen with other dicationic octahedral complexes containing

the dppz motif.

1.2.4 Insertion
A number of larger compounds, often containing a metal complex, can take

intercalation beyond extending a planar aromatic ligand into the base-stack to
-14-
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chemically corrupt the structure of DNA. Metalloinsertors eject the bases of a single

base pair in a mismatch site with their planar ligand acting as a 11 stacking

replacement in the DNA base stack.?0 This tends to occur where the DNA has been

weakened through base pair mismatches. These may be from failed proof reading of

replication polymerases or various exogenous agents like genotoxic chemicals or

ionizing radiation. In healthy cells this is recognized and corrected by mismatch repair

machinery. In some types of cancer, the mutation in the proteins leads to an

inactivation therefore the cancer cells have an abundance of DNA mismatched base

pairs compared to healthy cells which makes mismatches a biomarker for cancer

therapy. The first reported metal insertor was the complex [Rh(bpy)2(chrysi)]Cls (where
chrysi is 5,6-chrysenequinone diamine; Figure 10) which was shown to insert into DNA
at the mismatched sites from the minor groove side, and ejects the mismatched bases

and tr-stack with the well matched DNA base pairs. The process is enantioselective, it

is the right-handed (A-complex) that binds to DNA.2° The complex demonstrated high

selectivity in killing tumour cells, with the behaviour attributed to the sterically

expansive bidentate aromatic ligand which is too bulky to intercalate easily between

the base pairs.

__1 3+

NH

HoN._  NH
2N o2

’ AN

cl” ¢l
Figure 10: Structure of [Rh(bpy)2(chrysi)]Cls (where chrysi is 5,6-

chrysenequinone diamine).2°
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1.3 Transition metals binding to DNA

The interaction of transition metal complexes with DNA has been used for cancer
research and treatment with a variety of platinum containing agents over many years.
This interaction can be either covalently (irreversible binding) or non-covalently
(reversible binding). Covalent bonding occurs between the metal ion and the donor
atoms of the DNA molecules by the loss of a labile co-ligand in the coordination
sphere of the metal complex, followed by coordination of the metal centre to a nitrogen
donor of a DNA nucleotide base. For example, the antitumour drug cisplatin, which

has been used since the end of the 1970s as a chemotherapeutic agent.?°

The binding of metals to DNA has a few potential coordination binding sites. Binding to
the oxygen atoms in DNA, such as the free hydroxyl groups in the sugars, or the
phosphate groups, is known however this is rare with transition metals. There is
however a high affinity of metals to coordinate to the N7 of the purines (A & G) as
these are the most electron dense donors, accessible in DNA. They are exposed in
the major groove of tr.1e double helix and they are not involved in base pair hydrogen
bonding.?

As highlighted above, non-covalent interactions between a complex and DNA can
include electrostatic attraction with the anionic phosphate backbone, hydrogen
bonding, van der Waals forces and hydrophobic interactions. This leads to reversible
binding with DNA by phosphodiester backbone binding, groove binding, and
intercalation through a 1r-stacking between the conjugated chromophores of the metal
complexes and the DNA nucleotide bases. Non-covalent groove binding interactions
are normally through a van der Waals or hydrophobic, and hydrogen bonding
interactions, in either the major or minor groove of the DNA double helix, where
displacement of the hydration sphere is the driving force to a positive interaction.
There are also electrostatic interactions that could occur by columbic forces between

a cationic metal complex, and the negatively charged phosphate backbone of DNA.2°

The determination of the nature of a metal complex or DNA interaction, whether its
intercalation or groove binding, is normally eluded through the use of a combination of
analytical techniques. Electronic spectral changes are normally considered whilst

increasing the amount of DNA present to determine the binding strength and mode
-16-
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between the complex and DNA. The absorption of the metal complex with increasing
concentration of DNA may increase (hyperchromism), decrease (hypochromism) or
cause a red shift in the absorption wavelength of a selected peak (bathochromism).
The combination of hypochromism and bathochromism normally relates to
intercalation of metal complexes in the DNA double helix and a strong T>1*
transition, between the aromatic chromophore present in the metal complex and the
base pairs of DNA. Normally, groove binding is shown by hypochromism and a
negligible shift in absorption maximum wavelength. And as stated previously,
normally, smaller molecules interact with the DNA via the minor groove due to small

steric interferences.

In a study completed by Tam and co-workers they investigated three inert ruthenium
polypyridyl complex studies containing a beta-carboline ligand, and compared them to
[Ru(phen)2(dppz)]?* (Figure 11).24 The B-carboline alkaloids (9H-pyrido[3,4- blindole)
(Figure 12) have been shown to have important pharmacological properties including
anxiolytic, hypnotic, anticonvulsant, antitumour, antiviral, antiparasitic and
antimicrobial activities, as well as being sedatives. It has also been shown to
intercalate with DNA and for this reason they have been considered as anticancer
drugs. The bulkiness and geometry of the coordinated B-carboline ligand may indicate
that metalloinsertion plays more of a role in the binding interaction. With increasing
concentrations of CT-DNA, hypochromism is shown at ~470 nm. With the emission
spectra, when the concentrations of DNA is added, an increase is observed to 2.49,
2.97 and 7.48. So both the absorption and fluorescence studies indicate a strong
interaction with DNA and the order of DNA binding affinity is 3>2>1. Like
[Ru(phen)2(dppz)]?*, they accumulate in the nucleus as well as the cytoplasm. But the
complexes with the -carboline ligands are more cytotoxic towards HelLa cells
inducing apoptosis and autophagy. The cytotoxicity’s of the B-carboline complexes
correlated well with their DNA binding affinities and the conclusion is that DNA may
be their primary target in cellulo. This means that the activities of the complexes
depend on more than just the binding affinities and potentially also on the cellular

uptake and localisation.2*

-17-
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Figure 11: lllustration of [Ru(phen)2(dppz)}?*.
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Figure 12: The B-carboline complexes studied by Tam et al. with (1) bipy, (2) phen

and (3) dip co-ligands showing cell localisation in the cytoplasm and nucleus.?*

1.4 Rhenium and Iridium Complexes and their Interaction with DNA

The metals used within this study include rhenium and iridium, where both these
metals have been bound to DNA. Complexes of rhenium(l) and iridium(lll) have
received a lot of interest demonstrating an interaction with a number of biological
molecules including DNA. This is because both cations can exhibit long-lived and
intense MLCT emission in the visible region at room temperature upon photo-
excitation with the correct ligand combination. Due to their environment sensitive
emission, photoinduced electron transfer and photocatalytic properties, they have
been extensively studied. Hence they can be used as biological probes and in
cellular staining due to their intense and long-lived emission, high cellular uptake
efficacy and stability in aqueous solution. Both metal ions therefore can be

considered for use as probes for ions, small molecules and biomolecules such as

-18-
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DNA and proteins,?® as intracellular sensors and bioimaging agents. They have high
photostability, phosphorescence and a large stokes shift that can minimise self-
quenching and be used to overcome the natural fluorescence present in many
biological systems. Given the opportunity to tune the ligand structure, they can be
tuned to offer cytotoxic activity, cellular uptake and bioimaging applications. To date
rhenium and iridium transition metal complexes have also been bound to organelles
such as, the nucleus, golgi apparatus, nucleolus, mitochondria,? lysosome and
endoplasmic reticulum.?” Each organelle plays its own role to support the functions of
the cell which means that organelle dysfunction can lead to variety of diseases such
as, cancer,?® Parkinson’s,?” Alzheimer’s disease and diabetes.?® This means that

they can be a potential therapeutic target for a treatment of a variety of diseases.

There has also been two particular applications that have brought a lot of attention:
oxygen sensing based on the long lived triplet states, and protein gel staining from
the non-specific lipophilic interactions between the complexes and proteins. An
example of this are the iridium acetylacetonate?® complexes that have been used as

oxygen sensors in living cells.

The luminescent tricarbonylrhenium(l) dimine complexes of the form [Re(bpy-R')-
(CO)3(py-R?)]* and bis-cyclometalated iridium(Ill) species such as [Ir(ppy-R3)2(bpy-
R*4)]* (Figure 13) have been widely studied as biological reagents. Generally, they
have large stokes shifts, long luminescence lifetimes and enhanced photostability.
The tricarbonylrhenium(l) showed absorption and emission maximum at around 350
and 370 nm. It also shows good uptake into a variety of cell types.2° Similarly to the
bis- cyclometalated iridium(lll) complex where these are taken up reasonably well by
cells and show low cytotoxicity and for this reason they have been used as oxygen

sensors in live cells.3!
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Figure 13: Tricarbonylrhenium(l) and bis-cyclometalated iridium(lll) polypyridine

complexes.3!

Iridium(lll) polypyridine (Figure 14) complexes have also been used as dual emissive
probes. These enable ratiometric sensing which offers more reliable detection of
emission because the ratio of 2 emission intensities is measured instead of the
intensity at one wavelength therefore interference by other parameters like the probe
concentration can be minimized. One complex being [Ir(ppy)2(dpg-CONH-R)]* (where
R is biotin) where it binds to double stranded DNA providing a MLCT emission band at
602 nm, which is a typical feature of metallointercalators. Intercalation prevents
quenching routes from the metal-stable excited 1" levels and promotes MLCT

emission.32

HO

Figure 14: Structure of Ir(ppy)2(dpg-CONH-R)]+(R=biotin).

Cyclometalated iridium(lll) complexes and the ligand 2,3-di(pyridine-2-yl)-
pyrazino[2,3-f][1,10]phenanthroline (Figure 15), and the introduction of a small
-20-
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structural variation in the pyridyl ligand with DNA intercalation can be controlled, and
these are “roadblocks” to DNA polymerase activity.33 When the concentration of the
iridium complex increases a rapid polymerase chain reaction (PCR) based assay
reveals this inhibition. Studying the inhibition of fundamental cellular processes can
potentially offer an alternative route to cancer therapy. The UV-Vis and fluorescence

properties in water and DMSO show that there is an overlap in the absorption and

emission spectra around 365 nm of the absorption of DNA and the iridium
complexes. Circular dichroism (CD) spectroscopy can be used to show
conformational change in biopolymers arising from a number of different external
stimuli. This can include interactions with the metal complexes. In the case of B-DNA,
there is a positive signal at ~270 nm which gradually decreases and a peak around
220 nm that gradually increases. This shows a considerable interaction with DNA with

the addition of the complex.33

RY . €1 R'=H A?=CH,
C2: R'=FR®=F

Figure 15: Structure of cyclometallated iridium(lll) complexes with the ligand 2,3-

di(pyridine-2-yl)-pyrazino[2,3-f][1,10]phenanthroline .33
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1.5 Rhenium(l) Tricarbonyl Complexes

It has been shown that the general structure [Re(CO)3(dppz)(X)] where X could be a
wide variety of axial ligands, are weakly emissive in aqueous media but shows an
enhancement in the presence of DNA.34 Rhenium tri-carbonyl complexes with
bipyridines have been shown to be particularly useful for cell imaging experiments
due to the flexibility arising from the additional coordination site. Generally a
functionalised pyridine is used which controls cell uptake and localisation to the
organelles such as, mitochondria, membranes, vacuoles and nucleoli. 34

The rhenium tricarbonyl compounds normally show intense absorptions around 280
nm due to the ligand centred m>11* transition and other weaker peaks and shoulders
at around 380 nm assigned as the MLCT (metal to ligand charge transfer) Re>1*
absorption. Following intersystem crossing, a long-lived triplet excite state can be
formed, from which the luminescence is moderate, but when bound to DNA the

intensity of the emission can increase as stated above.3*

DNA binding reactions of [Re(CO)s3(2-appt)-Cl] (where 2-appt is 2-amino-4-
phenylamino-6-(2-pyridyl)-1,3,5-triazine; Figure 16, 17) participates in hydrogen
bonding and 1r-1r interactions. On adding DNA, changes are observed in the
absorption spectra (297-442 nm) with 5% hypochromism at 450 nm. This is an
indication of intercalative binding. The complex is non-emissive in either “tris” buffer or
acetonitrile so emission spectroscopy could not be used to examine the binding
properties. With the DNA thermal denaturation studies, when compared to the
untreated DNA (71°C) though, the transition temperature increased to 83°C in
presence of the complex. And when increased to 90°C, hyperchromism was observed

with isosbestic points at 300 nm.3°

Figure 16: [Re(CO)3(2-appt)-Cl], 2-appt being 2-amino-4-phenylamino-6-(2-pyridyl)-

1,3,5-triazine 3%
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Figure 17: (a) molecular modelling of [Re(CO)3(2-appt)-Cl], with B-DNA (b) hydrogen
bonding interaction with B-DNA, taken from ref 35 without permission.3°

The conclusion is that the binding modes are at the AT rich regions of DNA. Binding
with DNA showed hypochromism and insignificant shifts in the UV/vis absorption
maxima, implying low binding constants which leads to the conclusion that it was
bound via groove binding. The modelling study showed that the interaction was via

the minor groove.3%

1.6 Iridium(lll) Polypyridine Complexes

Iridium complexes have been targeted for their use in biological imaging and
diagnostics and have also been developed as imaging probes for specific organelles
like mitochondria. The increased stability of iridium(lll) complexes to ligand loss and
the high degree of stereochemical control of the coordination environment in these
complexes offers some advantages in in the development of DNA targeting systems.
Cellular uptake is also related to hydrophobicity, and the low charge may be
advantageous for cell imaging therefore the synthesis has been carried out for a

complex which contains a dppz and phenyltriazole (CoH7N3) based ligand.3®
-23-
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Figure 18: Structure of the iridium(lll) complex [Ir(ptzR)2(dppz)]*.28

In the UV-Vis spectrum of the complex an intense band in the

ultraviolet region at 280 nm due to the ligand T>17* transition. The less intense lower
energy absorption from 300 to 420 nm is due to the MLCT/LLCT transitions, however
in this region there are further absorption bands due to the dppz ligand therefore there
are additional LC contributions in this region. The complex was emissive in acetonitrile
solutions and shows broad bands which indicates a long lived 3SMLCT/LLCT state
around 672-675 nm which suggests that the photo-physics are independent to the
triazone substituent. This was initially carried out in dichloromethane and the emission

maxima was 632 nm which blue shifted in comparison to the acetonitrile spectra.

When decreasing solvent polarity, the blue shift indicates the MLCT character, and
with the addition of DNA showed hypochromicity in the low energy bands typical of a
solvated complex as it moves into the more hydrophobic environment of a DNA helix.
This indicates that there is an interaction between the extended aromatic system of the
complex and stacked bases within the duplex as there is an increase in emission as
DNA is added, as would be anticipated given the similarities in behaviour to the

previously discussed complex [Ru(phen)(dppz)?*.3’

The cyclometalated iridium(lll) complex [Ir(tpyd)2(2,9-dmphen)]PFe (Where tpyd is 2-
(m-tolyl)-pyridine; 2,9-dmphen is 2,9-dimethyl-1,10-phenanthroline; Figure 19), did
not provide significant changes upon the addition of DNA with regards to the
luminescence. The blue shift at 17 nm in the emission maximum in the presence of

DNA is indicative of increased hydrophobicity and rigidity of the local environment
-24-
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surrounding the G-quadruplex interaction over B-DNA .38 In the interaction of
luminescent iridium(lll) transition metal complexes with DNA with emission studies,
there is a large range of emission wavelengths as the iridium complexes can exhibit
various emission colours depending on the electronic induction by the coordinated

ligands.3®

Figure 19: Chemical structure of cyclometalated iridium (Ill) complex.38

1.7 Pharmacological Activity of N-heterocycles.

Nitrogen containing heterocyclic derivatives have shown considerable
pharmacological properties potentially arising from the similarities in structure to
naturally occurring imidazoles such as histidine and adenine.?® These have been

explored with the thiazole and imidazole versions as they have various applications.

1.7.1 Benzimidazoles

Nitrogen containing heterocyclic derivatives have shown considerable
pharmacological properties potentially arising from the similarities in structure to
naturally occurring imidazoles such as histidine and adenine. 3° Benzimidazoles are a
common feature in medicinal chemistry and new drug development (Figure 20). 40
The most prominent benzimidazole in nature is N-ribosyl-dimethylbenzimidazole
which is an axial ligand for cobalt in the vitamin-B12 core and benzimidazole
derivatives are reported to be physiologically and pharmacologically active and are
used in the treatment of several diseases including, epilepsy, diabetes and
infertility.4°
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Figure 20: Pharmaceutically important and commonly marketed benzimidazole

based drugs.*°

1.7.2 Benzoxazoles

Structurally similar to benzimidazoles, benzoxazoles are used in research to evaluate
new products that possess interesting biological activities like, antimicrobial, CNS
(central nervous system) activities, antihyperglycemic potentiating activity, analgesic
and anti-inflammatory activity.*' They are also considered as structural isosteres of the
nucleic acid bases adenine and guanine, which allows them to interact more easily

with polymers of living systems.

Benzoxazoles have also been reported for use in various medicinal applications
having shown, antidepressant, antibacterial, antifungal, anti-inflammatory, analgesic
and anticancer activity.*! An investigation carried out by Kumar et al. reported a
bisbenzoxazole (Figure 21, which had been isolated from a strain of Streptomyces),
showed efficacy against a range of human cancer cell lines including leukaemia,
lymphoma and some solid tumour derived cell lines, with IC(50) values as low as 20

nM .41
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Figure 21: 5-Nitro-3-piperazinomethyl-2-benzoxazolinones — analgesic and anti

inflammatory activity.*’

1.7.3 Benzothiazoles

Similarly, benzothiazoles have shown antimicrobial, anticancer, anthelmintic and
antidiabetic activities, and used in industry as antioxidants and radioactive imaging
agents. An anti-bacterial study was carried out against Escherichia coll,
Pseudomonas, Serratia and Bacillus cereus with the compound illustrated in Figure
22 which showed high activity and moderate active against all strains. This was

attributed to the presence of the thiazole and its indole heterocyclic ring systems. 42

\Q:NWNHO}NH\@H

Figure 22: 2-((5-Substitutedbenzo[d]thiazol-2-yl)methylamino)-N-(1H-indol-5-

yl)acetamide.*?
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2. Aims

Rhenium and iridium bipyridine complexes have many great interests due to their
ability of binding to DNA. Ruthenium(Il) bipyridine complexes have previously been
reported functionalised with benzothiazole, benzimidazole or benzoxazole groups
(Figure 23). These were shown to bind to DNA potentially via the minor groove. The
ligands proved to be very insoluble which meant that this hindered progress of the
project. In particular, it was noted that these complexes precipitated out of aqueous
solution in the presence of any phosphate salts including DNA itself. To overcome
this difficiency it would be interesting to explore whether similar behavior is exhibited
when these ligands are bound to rhenium(l) and iridium(lll), both of which are

anticipated to have strong luminescence.

Figure 23: The BBOB (4,4’-bis(benzoxazol-2-yl)-2,2’-bipyridine), BBTB 4,4’-
bis(benzothiazol-2-yl)-2,2’-bipyridine) and BBIB 4,4’-bis(benzimidazole-2-yl)-2,2’-
bipyridine ligands that have previously been synthesized by the Fletcher group.

The principal objectives of this study are to isolate the rhenium tricarbonyl and iridium
phenylpyridine analogous complexes to those shown in Figure 23, to explore their
solubility and photophysical behaviour and to investigate whether they show any

interaction with Calf thymus DNA, as a standard model for mammalian DNA.
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3 Results and Discussion

3.1 Introduction

Why was the experiment done?

Within previous work in the Fletcher group, the BBOB (4,4’-bis(benzoxazol-2-yl)-2,2’-
bipyridine), BBTB 4,4’-bis(benzothiazol-2-yl)-2,2’-bipyridine), and BBIB 4,4’-
bis(benzimidazole-2-yl)-2,2’-bipyridine) ligands (Figure 23) have been synthesized.
These have been bound to ruthenium(ll) to form polypyridyl complexes, and their
ability to interact with DNA investigated, where they have shown a potential
interaction with the minor groove, especially where there is a broadening in the
structures, such as those containing mis-matches or bulges sites. A difference in
reactivity has been shown between the three different functional groups therefore we
have utilised the oxazole, thiazole and imidazoles to indicate whether there is a
difference between binding. To build upon previous work completed by the Fletcher
group, we report here that these complexes have been bound to rhenium(l) and

iridium(ll) and preliminary DNA binding studies have been undertaken.

The reason why they have been used is: the BBTB is potent in anti tumour drugs
against ovarian, renal, colon and breast cancer which has been researched as well as
its potential cytotoxic action, BBOB has also displayed biological potency against
human topoisomerase Il which is a target for many anticancer drugs such as
doxorubicin. Benzimidazoles has been found to be a minor groove binding agent and

has chemotherapeutic activity so could have applications in pharmaceuticals.

Due to these properties, seeing its interaction with DNA would contribute to this field.
So the properties of BBIB, BBTB and BBOB are used to create the rhenium
complexes would potentially alter the shape of the DNA

What was expected?

The expectation was that the properties of rhenium would increase its activity by
making them into a complex and their potency in visible light. This would also have a

alter the structure of DNA.
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What was done?

The targeted ligands [BBIB, BBOB and BBTB] had previously been isolated by
Spillane*? and Howells** from 4,4'-dicarboxylic acid-2,2’-bipyridine which was
available at the start of the project having been made in advance by oxidation of 4,4’-
dimethyl-2,2’-bipyridine with CrOs. BBOB was initially formed by the condensation of
2-aminophenol in polyphosphoric acid heating at 200 °C for 12 hours (Scheme A). A
high temperature was required to ensure that the starting materials had dissolved
enough, that the PPA was a liquid and the reaction had gone to completion.

T he reaction was then cooled, and poured into water giving a very dark precipitate
which was collected by filtration and dried. It was found that the BBOB complex
remained protonated and was isolated as a phosphate salt therefore to avoid this the
same procedure was followed using 1,2-thiophenol instead and the polyphosphoric
acid (PPA) solution was poured into saturated aqueous K2COs and BBIB was also

completed through the same procedure using 2-aminophenol instead.

What was the outcome?

BBOB an almost blue / black intractable insoluble amorphous solid in 49% yield. A'H
NMR spectrum was a recorded, indicating the materials had been isolated, which
was subsequently confirmed by mass spectrometry. BBTB, which resulted in yellow /
brown precipitate with a yield of 54%. BBIB was resulting in a dark green precipitate
with a yield of 65%.

NH, HOOC _
[ :I /
R \ N

R = NH/OH/SH

R=  NH (59% yield)
O (49% yield)
S. (65% yield)

Scheme A: General synthesis of the ligands BBIB, BBOB and BBTB
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Results and how were they determined?
The ligands (scheme A) all proved to be very insoluble in most common solvents, which was

unexpected, however sufficient material could be dissolved in warm DMSO-Ds to permit

characterization by TH NMR spectroscopy (Figures 24, 25, 26) and the product confirmed by
ESIMS and infrared spectroscopy with characteristic peaks for BBOB, BBIB and BBTB

respectively. Unfortunately, due to solubility issues, 13¢ NMR spectra could not be obtained, and
it is assumed from the visual appearance, that the material could potentially be contaminated with

co- precipitated phosphate salts.

HAF3 HAr‘I

HAI’4

St "

. ¥ .

R e o o I I o L I e e B ARRRRS TR R RS e ]
135 13.0 125 12.0 1.5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0
Chemical Shift (ppm)

Figure 24: 'H-NMR Spectrum of BBIB in DMSO-Dg
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Figure 25: "TH-NMR Assignment of BBTB in DMSO-De
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Har2

Har3

Figure 26: H-NMR Assignment of BBOB in DMSO-De

Each of the ligands were synthesized several times as some material was tentatively
assigned as the “mono” functionalized within the NMR spectra following incomplete
condensation on several occasions, particularly with the preparation of BBOB, with
the possible presence of 4-benzoxazol-2-yl-4’-carboxylic acid-2,2-bipyridine. Attempts
were unsuccessfully made to redissolve this intermediate in water to enable
separation from the target product. But after several failed attempts it was realised
that a slight excess of 2-aminophenol, 1,2-phenylenediamine, or 1,2-thiophenol, and
heating the reaction mixture for a longer duration of time enabled the reaction to go to

completion.
Did the results lead to another reaction?

Results were gained from the NMR, mass spectrometry and infrared data so this lead
to the isolation of the [Re(CO)3Br(L)] complexes and the reaction had gone to

completion.
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3.2 Synthesis of [Re(CO):Br(L)]

Why was the experiment done?

This experiment was completed to create the [Re(CO)sBr(L)] complex that is required

so that the analysis could be completed to see any interaction with .

What was expected?

The neutral [Re(CO)3Br(L)] is synthesized and would produce a brown precipitate
What was done?

In theory, the synthesis of chelated rhenium polypyridines can be readily undertaken
by refluxing the ligand with Re(CO)sBr in toluene for a period of a few hours to ensure
that the reaction has gone to completion*® (Scheme B). Unfortunately though the
solubility of the three isolate ligands BBOB, BBTB and BBOB prevented this, and the
partial dissolution in DMSO was exploited.*” The synthesis of [Re(CO)sBr(L)] was
completed by heating the respective ligand (BBOB, BBOB or BBIB), with Re(CO)sBr in
DMSO at 120°C for 16 hours which was then precipitated using water. This was a very
slow process which took a few days with the fine powder either blocking the filter or
passing through it. In most cases the filtrate was effectively colourless but in several
instances the remaining solution was also orange indicating that there could be other
water soluble potentially charged species present which we later realised was
[Re(CO)3(L)(DMSO)]Br. When this was characterized using NMR spectroscopy the
signals were very broad however when adding in tetrabutylammonium chloride

precipitation became much easier as well as the peaks sharpening.
What was the outcome?

This formed a cloudy orange solution and once the resulting reaction was cooled,
water was added which produced a very fine orange precipitate, which was isolated by
filtration. The yields obtained were: [Re(CO)sBr(BBOB)]: 53%, [Re(CO)sBr(BBIB)]:
50% , [Re(CO)3Br(BBTB)): 76%. The product resulting from this are also effectively
insoluble in most common solvents and just about enabled 'H NMR spectroscopy

(Figure 27, 28, 29). The complex also had a bright orange fluorescence.
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R = NH/O/S
R = NH/O/S R R
R R N= =N

— —

N N 4 Re(CO}Br —»

N_ /N

DM SO OC/BB\—BF

150°C oc CO

R= NH (76% yield)
O (50% yield)
S. (63% yield)

Scheme B: Reaction of [Re(CO)3Br(L)] (where L — BBIB, BBOB and BBTB)

Results and how were they determined?

Due to the difficulty in solubility this was dissolved in warm DMSO-Ds and it was known that the
reaction had gone to completion due to the decrease of starting material in the NMR. Many
solvents were attempted for solubility however the only solvent that gave obtainable results was

DMSO-Ds

HAI’2

HAH

HAI‘3

HAr4

vvvvvvvvv
9.5 9.0 8.5
Chemical Shift (ppm)

Figure 27: "H-NMR Assignment of [Re(CO)3Br(BBiB)] in DMSO-Ds
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Figure 28: '"H-NMR Assignment of [Re(CO)3Br(BBTB)] in DMSO-De
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Figure 29: "H-NMR Assignment of [Re(CO)3Br(BBOB)] in DMSO-Ds

Did the results lead to another reaction?
Yes, to increase solubility and to enable the complex to be easier to work with replacement of the
bromide with a pyridile group was carried out.
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3.3 Synthesis of [Re(CO);Py(L)]BF4/CI

Why was the experiment done?

In order to increase the solubility of [Re(CO)sBr(L)] ideally in aqueous solution, a

pyridine group was added to the three complexes to replace the bromo group.
What was expected?

The pyridine group would enhance its solubility therefore it would be easier ro

complete the relevant analysis to complete the DNA work required.
What was done?

A silver salt precipitation was completed and was attempted by [Re(CO)sBr(L)],
pyridine and silver nitrate being heated at 120°C for 3 hours. Tetrabutylammonium or
sodium chloride were added to remove the excess silver nitrate. It was precipitated
from solution by the addition of water initially as the phosphate salt and collected on
Celite®. Following evaporation, the desired product was obtained as a yellow

precipitate. The final product was then extracted with acetone, and dried
What was the outcome?

The product was a yellow powder. In the case of [Re(CO)3(BBIB)Py]*, the addition of
water did not immediately result in precipitation, hence the complex was isolated by
the addition of a small amount of NaBF4.The yields obtained were:
[Re(CO)3(BBOB)Py]ICI: 37%, [Re(CO)3(BBIB)Py]BF4: 27%, [Re(CO)3(BBTB)Py]CI:
59%.

Results and how were they determined?

Characterization of the complexes in solution proved challenging. Initially the
coordinated pyridine was evident in the NMR spectra, however on standing, it was
observed that spectra rapidly deteriorated becoming broad and ill defined. The
conclusion is that the pyridine ligand, unless in excess, was dissociating from the
complex and was readily replaced by the solvent present, in the case of 'TH NMR
spectroscopy this was assumed to be the deuterated DMSO. Mass spectrometry
data confirmed the identity of the complexes with a strong M* peak at 739.74 for amu
for [Re(CO)sPy(BBOB)]*, although a peak at 701.80 amu assigned to

[Re(CO)sACN(BBOB)]" indicated that the complex was undergoing ligand exchange
-36-
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when dissolved in acetonitrile prior to injection into the instrument. Similarly
[Re(CO)sPy(BBTB)]* gave peaks at 771.86 and 734.00 amu, whilst
[Re(CO)sPy(BBIB)]* could be detected at 738.12 as well as 700.00 amu.

R = NH/O/S
R R

—_—

— — | ~
+ N/
N\ /N
OC’BE\_BF
oc CO

Scheme C: Reaction of [Re(CO)3Br(L)] (where L — BBIB, BBOB and BBTB)

......... T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
D 14.0 135 13.0 125 12.0 11:5 11.0 10.5 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5
Chemical Shift (obpm)

Figure 30: '"H NMR characterisation for [Re(CO);Py(BBIB)]BF4 in DMSO

The cationic complexes [Re(CO)(L)(py)]* all unfortunately had remarkably poor
solubility in aqueous solution, even as the halide salts in tris-buffer, the environment
required to explore the interaction with DNA. The only complex that was sufficiently
soluble to investigate the DNA binding behaviour was [Re(CO)3(BBIB)Py]" in
mixture of tris buffer stabilised with DMF and methanol, although this precipitated on
standing over a period of 48 hours, presumably arising from the exchange of the
ligated pyridine with the excess of the chloride in solution. However this did permit
some preliminary data to be obtained.
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Did the results lead to another reaction?
Due to the solubility issues, after discussing this with Mike Coogan, he very kindly
supplied us with N,N-bis(2-hydroxyethyl)-4-pyridinecarboxamide (T), where it as

hoped that the hydroxyl groups would improve solubility in an aqueous environment.

3.5 Synthesis of [Re(CO)s(L)T]*

Why was the experiment done?
Adding the pyridine group to the complex did not increase the solubility and
characterisation was very difficult therefore we would not be able to proceed with

further analysis therefore an alternative more soluble option (T) was used instead.

What was expected?
Solubility would increase so that we were able to use it for further characterisation.

This is due to the OH being more soluble to enable more reactions to occur.

What was done?

[Re(CO)3(L)T* was prepared using [Re(CO)sBr(L)], acetonitrile and AgBF4 under
reflux to initially form [Re(CO)3(L)(ACN)]BF4 under nitrogen. This was then filtered
using Celite® to remove any unreacted complex and silver salts. The acetonitrile
was removed at reduced pressure on a Schlenk line. The remaining yellow solid,
assumed to be [Re(CO)3Br(ACN)](BF )4, was then dissolved in dry THF
(tetrahydrofuran) and N,N-bis(2-hydroxyethyl)-4-pyridinecarboxamide was then
added and left to reflux for 3 hours. The THF was then removed under reduced
pressure from the complex and this was dissolved in methanol and was then

precipitated by a solution of KPFs,

What was the outcome?

The resulting product was a bright yellow solid. The products were then filtered
using celite and removed using methanol. The yields obtained were:
[Re(CO)3(BBOB)T]PFe: , [Re(CO)3(BBIB)T]PFs: 40%, [Re(CO)3(BBTB)T] PFe: 44%
This procedure did increase the solubility of the complex to allow DNA work to be

completed, the solubility increased in methanol and acetonitrile.
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R = NH/O/S OH @\ R = NH/O/S /©
R R H
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NH (40% yield)
O (35% yield)
S. (44% yield)

Scheme C: Reaction of [Re(CO)sT(L)|"PF6

Photophysical Properties of [Re(CO)sPy(L)]* and
[Re(CO)sT(L)]*

Emission and absorbance titration studies are regularly used in
determining the DNA binding modes. Interactions with DNA and a
phosphorescence species can alter their properties in various ways if

binding does occur.

All three complexes [Re(CO)sPy(L)]* (where L = BBTB, BBOB and BBIB)
show a similar absorbance and emission spectra (Table 1, Figure 27 and
28). For example, the complex [Re(CO)sPy(BBIB)]*, the absorbance
spectrum (Figure 27) shows three observable peaks within the range of
250-600 nm. The band at 286 is assigned to the ligand TT>1* transition.
The intense band at 336 nm and 383 nm can be assigned as the metal to
ligand charge transfer (MLCT) d->1r* transition. And for all complexes, the
emission spectra with an excitation wavelength at 420 nm, produced a

strong emission around 600 nm.

-390-

VICTREX CONFIDENTIAL



VICTREX CONFIDENTIAL

Table 1. A summary the photophysical properties of [Re(CO)s(L)py]*.

Absorption Emission
Amax £ 1 nm Amax £ 1 nm

[Re(CO)s(BBTB)T]* 290 130

350
395 (sh)

[Re(CO)s(BBIB)py]* 286 160
344
391

[Re(CO)s(BBOB)TY". 280 100
325
371

*The spectra of the complexes were recorded as their in acetonitrile at 298 K. Aex = 420 nm when
absorption = 0.1.

2.5

15

Absorbance

0.5

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 31: UV-Vis absorbance spectrum of [Re(CO)3Py(BBIB)]* in acetonitrile
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Figure 32: Emission spectrum of [Re(CO)3Py(BBIB)]" in acetonitrile with excited at 420 nm.

3.5 UV-Vis absorption and Emission DNA Binding Studies of
[Re(CO);(BBIB)Py]*

UV-Vis for absorbance and emission studies can be used to determine the nature of
binding to DNA with metal complexes. When an interaction occurs between DNA and a
complex the photophysical properties can alter, which can potentially indicate the type
of binding that has taken place. Both the rhenium complexes and DNA have strong
absorbance peaks between 200 and 300 nm. But changes in the metal to ligand
charge transfer (MLCT) can be monitored in the “complex only” region of the spectrum
from 300 to 500 nm allowing for comparisons to be made between bound and
unbound forms of the complex. A “light switch” effect, where the emission is enhanced
can also occur when bound to DNA which normally occurs weakly with a groove

binding complex, or more strongly when it experiences intercalation.

To investigate the behaviour of these complexes with DNA, attempts were made to
dissolve the complex under investigation in aqueous “Tris” buffer solution to ensure
that there was a stable pH and electrolyte environment for the DNA. It was however
very difficult to get the rhenium complexes into aqueous solution. They would initially

dissolve, or could be persuaded, into solution in a small quantity of DMSO, DMF,
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acetone, acetonitrile, or methanol, before adding the Tris buffer solution, but then over
time they would precipitate out. Various solvent mixtures miscible with aqueous-
tris buffer solution were explored settling eventually on using 50% DMSO with 50%

tris-buffer mixture.

Sadly, out of the three rhenium pyridine complexes [Re(CO)3Py(L)]* (where L = BBTB, BBOB and
BBIB), the only complex that was soluble enough to dissolve in tris buffer containing 50% DMSO,
was ([Re(CO)3(BBIB)Py]", therefore only UV-Vis and emission studies in the presence of DNA
were completed on this complex. With the analogous BBOB and BBTB complexes the materials
proved too insoluble to complete studies. In reality, the complexes are likely to be dissociating the
pyridine ligand, and in a buffer solution that contains a considerable amount of chloride ions, itis
likely that the pyridine is being displaced initially by the solvent, and then the halide ion resulting
in the neutral complex ([Re(CO)3(BBIB)CI], which precipitated.

The absorption and emission spectra were recorded for the solution of
[Re(CO)s3(BBIB)Py]" (although we can assume this is likely to be
[[Re(CO)3(BBIB)DMSQ]* predominantly) in the presence of increasing concentrations
of DNA (Figure 29). Disappointingly, the absorbance spectra show very little change
in the presence of DNA. This does not indicate that a binding is not occurring, just that
it may be as a result of an ion pairing that does not affect the chromophores involved.
The emission shows a slight increase upon the addition of DNA, however this is not

the drastic changes that were found in the studies highlighted in Section 1.
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Figure 33: a) UV-Vis for the absorbance and b) fluorescence for the emission of [Re(CO)3 (BBIB)Py]" with
increasing amounts of DNA in tris buffer, DMSO and acetonitrile solution.

The complexes [Re(CO)sT(L)]" showed better initial solubility in Tris buffer but

however like the analogous pyridine complexes on standing they too precipitated

indicating ligand substitution reactions are likely to be occurring. In the presence of

CT-DNA, similarly the absorbance spectra do not show any major changes, however

as the amount of DNA is increased there is a small increase in the intensity of the

emission, which would indicate that the local environment around complex is

changing, with at least one of the quenching routes being inhibited consistent with the

complex being weakly associated with the DNA. In order to establish a trend further

emission and absorption studies will need to be carried out.
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Figure 34: a) UV-Vis for the absorbance and b) fluorescence for the emission of
[Re(CO)s3(T)(BBTB)] with increasing amounts of DNA in tris buffer, DMSO and
acetonitrile solution

The complexes [Re(CO)sT(L)]* showed better initial solubility in Tris buffer but
however like the analogous pyridine complexes on standing they too precipitated
indicating ligand substitution reactions are likely to be occurring. In the presence of
CT-DNA, similarly the absorbance spectra do not show any major changes,
however as the amount of DNA is increased there is a small increase in the intensity
of the emission, which would indicate that the local environment around complex is
changing, with at least one of the quenching routes being inhibited consistent with
the complex being weakly associated with the DNA. In order to establish a trend

further emission and absorption studies will need to be carried out.
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Figure 35: a) UV-Vis for the absorbance and b) fluorescence for the emission of
[Re(CO)s(T)(BBTB)] with increasing amounts of DNA in tris buffer, DMSO and

acetonitrile solution

3.6 Circular Dichroism Spectroscopy

The CD spectrum of CT-DNA was recorded in the presence of increasing
concentration of the complex [Re(CO)3(BBIB)Py]*. Without the complex present the
spectrum is typical of B-DNA with a positive signal at 280 nm. As the complex is
introduced, the DNA signal is observed to notably drop, with the appearance of two
new absorptions at 340 and 420 nm, in a region that can only be attributed to the
complex itself. However, the complex is achiral and should not be exhibiting a Cotton
effect. This would indicate that on interaction with DNA it is then in a chiral

environment where some binding to the DNA is shown. There is an indication that a
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higher concentration of complex shows a stronger signal (Figure 34).
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Figure 36: The Denaturation Circular dichroism spectra of DNA 50 uMol in DMSO

/ tris buffer solution.
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Figure 37: The denaturation circular dichroism spectra of DNA 50 uMol (bases) and

[Re(CO)sPy(BBIB)]* 50 uMol in DMSO / tris buffer solution.

However, with the addition of DNA to [Re(CO)sT(BBOB)]" and [Re(CO)sT(BBTB)]*
there is no Cotton effect observed from the introduced complex. The complex is
achiral therefore this is expected therefore there is no interaction shown when
introduced to DNA. Figure 37 indicates that after 300 nm there are no signals and the
one at around 280 is typical of B-DNA. This is the same as the observations thatwere
seen in the emission and aborption spectra. At the higher energy region of the spectra

the increase in concentration may be from increasing the intensity of the peaks.
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Figure 38: Denaturation circular dichroism spectra of DNA 50 uMol (bases and
complex with increasing amounts of A) [Re(CO)sT(BBOB)]* B) [Re(CO)sT(BBTB)]*

with 50 uMol in DMSO / tris buffer solution.
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3.7 Thermal Denaturation Studies

The double helix is the dominant form of DNA, which is held together by strong bonds
and when the DNA is heated the strands can be “unzipped” and the biopolymer
denatures. The thermal denaturation studies portray the intensity of absorbance with
increasing temperature. This change occurs at approximately 280 nm for DNA due to
the T1-1m* interactions (Figure 35). A change induced by binding would be indicated by
a change in the absorbance, as well at the temperature at which the double helix
splits into two strands. When a groove binding interaction has occurred it would be
anticipated that there would be lowering in the temperature as there is less stability of
the DNA to denaturation, whereas intercalation shows a large increase in melting
temperature as there is more stability when it is bound to the double helix due to the
additional Tr-stacking interactions. Some rhenium bipyridine complexes have been

established to affect the melting temperature of DNA.

DNA transition at 275 nm
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Figure 39: Melting curves of [Re(CO)3(BBIB)Py]* with DNA at 275 nm
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Figure 40: Melting curves of [Re(CO)3(BBIB)Py]* with DNA at 340 nm
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For the melting temperature of DNA itself (Figure 35), the transition occurs at 70 °C.
However, in the presence of the complex (Figure 36), there are two transitions
evident at different wavelengths. At 275 nm, the transition is occurring at 70 C, and
relates to the DNA denaturing (Figure 38). However, at 340 nm, there is a strong
transition temperature occurring around 50 °C (Figure 39) which portrays an
interaction between the complex and DNA which is potentially the dissociation of the
complex from the DNA. Hence the evidence would suggest that there is a very weak
reversible binding between the complex and the DNA, with complex potentially

dissociating from the DNA before the DNA denatures.

DNA transition at 275 nm
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Figure 41: Melting curves of ([Re(CO)3(BBTB)T]* and with ([Re(CO)s(BBTB)T]*
with 10uM DNA
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However with ([Re(CO)3(BBTB)Py]* at 275 nm the transition occurs at 50 °C which
means that there is initial dissociation of the complex from DNA and then the
denaturation of DNA occurs at 70°C at 340 nm which means that the DNA has then
denatures which indicates that there was no interaction between the DNA and

complex as once added, it was dissociated right away.

DNA transition at 275 nm
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Figure 42: Melting curves of ([Re(CO)3(BBOB)T]" and with ([Re(CO)3(BBOB)T]" with
25uM DNA
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A similar result also occurred with ([Re(CO)3(BBOB)T]* where the complex
dissociated before the DNA denatured with the transition taking place at 50 °C at 275
nm and then at 340 nm at 70°C, indicating that no interaction took place with DNA.
The result obtained could be that it could be possible that the complex loses

interaction with DNA when making it more soluble.

3.8 Iridium complexes of BBOB, BBTB and BBIB

Why was the experiment done?

Due to the solubility issues and ligand displacement some work was carried out with
iridium where the iridium complexes were synthesised but no DNA work completed

due to this.
What was expected?

Due to the results gained from rhenium and ruthenium and due to the

phosphorescent properties of iridium, this was attempted.

What was done?

The synthesis of the iridium phenylpyridine complexes of BBOB, BBTB and BBIB were
completed by heating the appropriate ligands with {Ir(ppy)2(u—ClI)}2 in DMSO at 120 °C
overnight. This formed a dark orange/red solution. Once the resulting reaction was
cooled, water was added which produced a precipitate and the complex was isolated
by filtration. Similar to the rhenium compounds, the precipitate was very fine, and the
isolation proved to be very slow, typically taking 16 hours to get the product to
dryness. Alternatively, the materials could be isolated on Celite and the crude product
abstracted into methanol, although the celite tended to retain colour in the process.
The crude product was then purified by column chromatography eluted with 70%
acetonitrile and 30% toluene saturated with potassium nitrate.

What was the outcome?

The column produced a major and minor product which were characterised by 'H
NMR spectroscopy. The major band was stripped off the column by the addition of
20% methanol and the product was then obtained through recrystallisation, which was
a dark orange precipitate as N,N’-trans-[Ir(ppy)2(BBOB)]NOs : 18%,
[Ir(ppy)2(BBIB)INO3 : 31%, [Ir(ppy)2(BBTB)INOs: 20%. The minor product, travelling

in advance of the main was believed to be the cis-isomer, having a far more
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complicated '"H NMR spectrum.

In comparison to the rhenium complexes these complexes had good solubility in a
range of solvents including acetone and methanol. Mass spectroscopy data indicated
that the formation of all three of the iridium complexes had been completed through a
M* peak at 887 for [Ir(ppy)2(BBIB)INO3,923.12 for [Ir(ppy)2(BBTB)]NO3 and 891 for
[Ir(ppy)2(BBOB)INOs.
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Figure 45: UV-Vis absorbance spectrum of [Ir(ppy)2(BBIB)]NOs in acetonitrile
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Figure 46: Emission spectrum of [Ir(ppy)2(BBIB)]NOsin acetonitrile
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Table 2. A summary the photophysical properties of [Ir(ppy)2(L)]NO3

Absorption Emission
Amax 1 nm Amax = 1 nm

[Ir(ppy)2(BBIB)INO3 255 350

325
400 (sh)

[Ir(ppy)2(BBTB)INOs 246 328
320
460 (sh)

[Ir(ppy)2(BBOB)INO3 220 295
330
390

All three iridium complexes also showed a similar absorbance and emission spectra.
The three absorbance peaks are present in the spectra as well as a reasonable

phosphorescent which was shown by the complexes.

Further work to investigate whether these complexes could be used to bind DNA
specifically were then considered. However, despite having far greater solubility than
the analogous Re complexes, they had remarkably poor solubility in aqueous solution,
even as the nitrate salts. The addition of tris buffer solution to the complexes
dissolved in a small quantity of methanol, DMSO or DMF resulted in an immediate
precipitation, and a colourless solution. As a consequence, further investigations with
the complexes with CT-DNA could not be completed given the time constraints of the

project and the availability of materials.
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3.9 Conclusions

It has been shown that small changes to a molecule can have the potential to make substantial
differences in the ability to interact with biological species. The DNA binding abilities are
determined by: chirality, molecular shape, planarity, conjugation of ligands and hydrogen donors
or acceptors, and ability of cations to interact with anions. This report has investigated the
benzimidazole, benzoxazole and benzothiazole complexes when bound to rhenium and iridium.
An interaction with DNA was found within the rhenium complexes as in contrast to the iridium
complexes due to the solubility issues that were found.

The NMR studies confirmed that the correct structures were made through analysis

The BBIB complex displayed the greatest interaction as the reaction with the pyridine
was able to go to completion so some interaction could be found with DNA. The BBOB
and BBIB portrayed no characterisation as they were not soluble enough with the

pyridine attached to it.

When attaching T there was an improvement in the solubility however even then on
standing they precipitated out, but this did enable some analysis to be confirmed. So
when DNA was present no major changes were shown there was only a indication that
the local environment around the complex was changing so there was only a weak
dissociation with the DNA.

UV-Vis and emission studies were completed which showed consistency throughout
the project. The iridium complexes showed a higher fluorescence in comparison to the
rhenium complexes. With the DNA studies, increasing the amount of DNA was not
showing much difference and there was just a slight increase in emissive behaviour of

the complexes.

It was then concluded through the use of the thermal denaturation studies that there
was an initial interaction with the DNA which was also seen in the CD spectroscopy.
This then lead to the dissociation of the DNA from the complex which was evidence of
a weak reversible binding between the DNA and complex. The complex then

dissociated from the DNA before it denatured.
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4 Experimental

Materials

Acetone, acetonitrile, 1,2-phenylenediamine, 2-rhenium pentacarbonyl bromide and
chloride, polyphosphoric acid, potassium carbonate, 1,2-thiophenol and
tris(hydroxymethyl)-aminomethane (Trisma) were obtained from Fisher Scientific.
Silica (Merck) was used for purification of the iridium complexes.
Tetrabutylammonium chloride was purchased from (Sigma Aldrich). Acetone-Ds, D20,
acetonitrile-D3 and DMSO-Ds were obtained from Fluorochem for use as solvents in
NMR spectroscopy. Lyophilised calf thymus DNA (ct-DNA) was purchased from
Merck for use in DNA binding studies.*® [Ir(ppy)(u—Cl)2]2 (new ref: M.Nonoyama, Bull. Chem.
Soc. Jap. 1974, 47, 767-768.) gnd 4,4 -dicarboxylic acid-2,2 -bipyridine was prepared by CrO3
oxidation of 4,4 -dimethyl-2,2 -bipyridine (86% yield) following a standard literature

procedure (new ref: J.Muldoon, A. E. Ashcroft and A. J. Wilson, Chem. Eur. J., 2009, 16, 100-103..) N N—di(2—
- - )

hydroxyethyl)-isonicotinamide was donated by Mike Coogan.

4.1 Physical Measurements

NMR spectra were recorded on a Bruker Fourier 300 or a Bruker Avance |l 400 at
298 K and referenced to TMS. The absorbance spectra were recorded on an Agilent
Cary-60 UV-Vis spectrometer using a 1 cm path length quartz cuvette. The emission
spectra were recorded on a Agilent Carey Eclipse UV-Vis spectrophotometer using a
clear quartz cuvette. The circular dichroism (CD) spectra were recorded in acetonitrile
or Tris bufferin a 1 cm cell on an Applied Photophysics Chirascan-plus CD
Spectrometer. ct-DNA concentrations were determined from UV absorbance at 260

nm with an assumed average extinction coefficient of 6600 M-'cm-".

4.2 Ligand Synthesis

General Synthesis

Using the named amine (2 equiv.), and 4,4’-dicarboxylic acid-2,2’-bipyridine (1 equiv.) were heated
in polyphosphoric acid (5 to 10 mL) between 120°C to 150°C for 16 h. The resulting viscous oil
was added to water which resulted in a coloured precipitate, which was collected by filtration, and

air dried.
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4,4’-Bis(benzoxazol-2-yl)-2,2’-bipyridine (BBOB)eH3PO4

B 7]
IAD ® A
NH HN
0-4 * 0

2.
N N/ HPO,

2-Aminophenol (1000 mg, 9.16 mmol), 4,4’-dicarboxylic acid-2,2’-bipyridine (1109 mg,
4.582 mmol), yield = 88 mg, 49%.
e 'HNMR (400 MHz, DMSO-Ds) d: 13.48 (2H, br, NH), 9.64 (2H, s, H*?¥3),9.32
(2H, d, J = 5.8 Hz, H®PY¥6), 8.46 (2H, d, J = 5.8 Hz, H""¥%), 8.03 (2H,d, J=7.9
Hz, HACH), 8.00 (2H, d, J = 7.9 Hz, HACH) 7.64 (2H, dd, J = 7.9, 7.2 Hz, HACH),
7.58 (2H, dd, J = 7.8,7.2 Hz, HACH),
e Mass spectroscopy: [M]*: 390.10 (theoretical value for C24H14N4O2: 390.39)
e Infrared Spectroscopy: 3050 cm™' (N-H stretch) 1342 cm' (C-N ring mode)
1310 (C- O stretching aromatic)

4,4’-Bis(benzimidazol-2-yl)-2,2’-bipyridine (BBIB)

1,2-Phenylenediamine (560 mg, 5.178 mmol), 4,4’-dicarboxylic acid-2,2’-bipyridine
(627 mg, 2.589 mmol), and neutralised with potassium carbonate, yield = 0.593 g,
59%

e 'HNMR (400 MHz, DMSO-Ds) d: 13.56 (2H, br, NH), 9.26 (2H, d, J = 1.8 Hz,
HPPY3), 8.96 (2H, d, J = 5.1 Hz, HPPY6), 8.25 (2H, dd, J = 1.8, 5.1 Hz, HPPY5), 7.70
(4H, br, HACH) 7 .31 (4H, m, HACH),

e Mass spectroscopy: [M+2H]": 390.46 (theoretical value for C24H18Ne:
390.44 )

e Infrared Spectroscopy: 3050 cm-' (N-H stretch)
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4,4’-Bis(benzothiazol-2-yl)-2,2’-bipyridine (BBTB)

1,2-Thiophenol, (0.514 ml, 4.106 mmol), 4,4’-dicarboxylic acid-2,2’-bipyridine (723 mg,
2.053 mmol) and neutralised with potassium carbonate, yield: 0.562, 65% (product

extremely insoluble in most media)

e HNMR (400 MHz, DMSO-Ds) d: 9.14 (2H, s, H®®¥3), 9.02 (2H, d, J = 5.1 Hz,
HbPY6), 8.28 (2H, d, J = 7.9 Hz, HACH), 8.24 (2H, d, J = 7.8 Hz, HACH), 8.19 (2H,
d, J = 5.1 Hz, H®™5), 7.66 (2H, dd, J = 7.9, 7.2 Hz, HACH), 7.59 (2H, dd, J =
7.8,7.2 Hz, HATCH),

4.3 Rhenium Complex Synthesis
[Re(CO)s3(L)Br] (where L is BBOB, BBIB and BBTB
The ligand (1 equiv.) and Re(CO)sBr (1 equiv.) were heated at 120°C in DMSO (10 ml). The

orange solution was poured in water (70 ml typically) resulting in an orange precipitate which was

collected by Hirsch filtration.

0= =0 N= =N
7N/ N 7N/ N\
—N N= —N N=—
~_ 7/ N/
OC—’Re\—Br OC—,Re\—Br
OoCc CO oCc CoO
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[Re(CO)3(BBOB)Br]
Yield = 1.371 g, 50% (140 mg, 0.359 mmol) Re(CO)sBr (0.146 mg, 0.259 mmol)

[Re(CO)3:(BBTB)Br]
Yield = 0.151 g, 53% (156mg 0.369mmol) Re(CO)sBr (0.150 mg, 0.369 mmol)

[Re(CO)3(BBIB)Br]
Yield = 0.211 g, 76% (146 mg, 0.377 mmol) Re(CO)sBr (153 mg, 0.377 mmol)

H-NMR (400 MHz, d (ppm), acetone—D6, in the presence of a large excess of TBABr): 13.80
(2H, s, N-H) 10.47 (2H, br, bbibH3), 9.25 (2H, d, J = 5.9, Hz, bbibH6), 8.64 (2H, dd, J=5.9,1.7
Hz, bbibH5), 7.83 (2H, d, J = 8.7 Hz, HAr4), 7.80 (2H, t, J = 8.7 Hz, HAr7), 7.42 (2H, t, J = 7.6 Hz,
HAr6) 7.34 (2H, t, J = 7.6 Hz, HAr5). IR cm-1: 2957 (s, N-H), 2873 (s, N-H), 2018 (m, C=N),
1892 (m, C=0), 1610 (w, C=C), 1474 (s, C-N), 1379 (m, C—N).

ESIMS (m/z) 736.9907 [M—H]+ (in presence of excess TBABr) or 700.1058

4.4 [Re(CO)s(L)py]Cl (where L is BBOB, BBIB and BBTB)

oc Co

[Re(CO)3(L)Br] (1 equiv.) (where L = BBTB, BBOB and BBIB) was heated with
pyridine (1 equiv.) and silver nitrate for 3 hours. Either tetrabutylammonium chloride,
sodium chloride or silver perchlorate (1 equiv.) were then and left to stir for 15-20
mins. This was filtered through Celite® under nitrogen, and washed using methanol,

before the solvent was evaporated to dryness giving a yellow solid.?>
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[Re(CO):(BBOB)Py]CI
Yield = 0.0484 g, 37%

[Re(CO)3(BBIB)Py]BF4
Yield = 0.0303 g, 27%

1H-NMR (400 MHz, (1 (ppm), acetone-D6): 12.02 (2H, s, N-H), 10.70 (2H, bs, bbibH3), 8.45
(2H, dd, J = 5.8, 1.7 Hz, bbibH6), 8.27 (2H, d, J = 7.9 Hz, pyH3), 8.16 (2H, d, J = 5.8 Hz, bbibH5),
8.10 (2H, d, J = 5.8 Hz, pyH6), 7.97 (2H, ddd, J = 8.2, 7.2, 1.5 Hz, pyH4), 7.95 (2H, d, J = 7.8 Hz,
phH3), 7.77 (4H, d, J = 8.6 Hz, HAr4/7), 7.41 (2H, dd, J = 8.6, 7.4 Hz, HAr5), 7.32 (2H, dd, J =
8.6, 7.4 Hz, HAr6), 7.18 (2H, ddd, J = 7.40, 5.9, 1.4 Hz, pyH5), 7.09 (2H, ddd, J = 7.8, 7.4, 1.3 Hz,
phH4), 6.97 (2H, ddd, J = 7.6, 7.4, 1.4 Hz, phH5), 6.43 (2H, d, J = 7.5 Hz, phH8). IR cm-1: 3052
(m, N=H), 2924 (m, N-H), 2599 (m, N-H), 2497 (m, C-H), 2111 (w, C=N), 1619 (s, C=C), 1474
(s, C-H). ESI MS (m/z) 889.2376 [M]+.

[Re(CO):(BBTB)Py]CI
Yield = 0.0723 g, 59%

4.4 Alternate method:

s \ 3 HN NH e} 0
\_/ 7\ \ /_\ \_/ 7\
N= N N =
/ \/j>—/(o 0c—REN Y4 oc—REN" Y4
OC—Re—N —Re— PRAa—
i \ / N \ \ / N i \ / N

/
OC/ 1010) g _\—OH oc CO g _\—OH OC/ Cco 3 _\—OH

HO HO HO

[Re(CO)s(L)Br] ( 1 equiv.) (where L = BBTB, BBOB and BBIB) were dissolved in
acetonitrile (20 ml) and AgBF4 were left on reflux for 16 hours under nitrogen to form
[Re(CO)sL(NCMe)]BF4. The reaction mixture was filtered through Celite® and the
acetonitrile was evaporated under vacuum. The yellow solid was dissolved in THF
and one equivalent of N,N-di(2-hydroxyethyl)-isonicotinamide (T) was added and
refluxed for 3 h. The solvent was removed, and dissolved in the minimum amount of
methanol and the product precipitated by the addition of a saturated solution of KPFe.

The product was isolated on Celite® and removed by dissolving in methanol.
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[Re(CO)3(BBOB)T]PFs
Yield = 35%

[Re(CO)3(BBIB)T]
Yield =0.0113g, 40%

[Re(CO):(BBTB)T]
Yield = 0.0121 g, 44%

4.5 Iridium Complexes
[Ir(ppy)2L]NOs

The BBTB ligand and [Ir(ppy)(u-Cl)2]>*( excess) in DMSO (5 ml) were heated for 16 hours. This
was diluted with water giving an orange precipitate, which was collected by filtration and left for 16
h to dry. The crude product was purified by column chromatography eluted with 30% toluene and
70% acetonitrile, saturated with potassium nitrate. The major band was stripped off the column by
the addition of 20% methanol, the product was obtained via recrystallization from aqueous
acetone as the nitrate salt. Yield = 0.051g, 20%

The same procedure was carried out by the BBOB and the BBIB.

[Ir(ppy)2(BBOB)]NO3
Yield = 0.039g, 18%

This was isolated as a mixture of cis and trans isomers therefore the NMR was inconclusive.

[Ir(ppy)2(BBIB)INO3

Yield = 0.0691, 31%

1H-NMR (400 MHz, O (ppm), acetone-D6): 12.02 (2H, s, N-H), 10.70 (2H, bs, bbibH3), 8.45
(2H, dd, J = 5.8, 1.7 Hz, bbibH6), 8.27 (2H, d, J = 7.9 Hz, pyH3), 8.16 (2H, d, J = 5.8 Hz, bbibH5),
8.10 (2H, d, J = 5.8 Hz, pyH86), 7.97 (2H, ddd, J = 8.2, 7.2, 1.5 Hz, pyH4), 7.95 (2H, d, J = 7.8 Hz,
phH3), 7.77 (4H, d, J = 8.6 Hz, HAr4/7), 7.41 (2H, dd, J = 8.6, 7.4 Hz, HAr5), 7.32 (2H, dd, J =
8.6, 7.4 Hz, HAr6), 7.18 (2H, ddd, J = 7.40, 5.9, 1.4 Hz, pyH5), 7.09 (2H, ddd, J = 7.8, 7.4, 1.3 Hz,
phH4), 6.97 (2H, ddd, J = 7.6, 7.4, 1.4 Hz, phH5), 6.43 (2H, d, J = 7.5 Hz, phH6). IR cm-1: 3052
(m, N=H), 2924 (m, N-H), 2599 (m, N-H), 2497 (m, C-H), 2111 (w, C=N), 1619 (s, C=C), 1474
(s, C—H). ESI MS (m/z) 889.2376 [M]+.
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This was isolated solely as a trans isomer.

Ir(ppy)2(BBTB)JNO:s Yield = 0.0691, 31%

This was isolated as a mixture of cis and trans isomers however the NMR was inconclusive .

4.6 Binding of Rhenium complexes to Calf Thymus DNA

Lyophilised calf thymus DNA (ct-DNA) was purchased from Sigma. This was diluted
in Tris-Buffer. The concentration of ct-DNA per base pair was determined using the
extinction coefficient of 6600 molar base-'cm~'dm?3 at 260 nm. Stock solution were

prepared of all reagents.

The absorbance spectra were analysed between 200 and 600 nm. The fluorescence
was between 500 and 900 nm and circular dichroism studies of the racemic
complexes were recorded between 200-600 nm. DNA has an absorbance of 300 nm
and the fluorescence intensity of complexes was measured in a 1 cm quartz cell
between 550-800 nm with a excitation wavelength of 450 nm. Circular dichroism of
the racemic complexes were recorded between 200-600 nm and all experiments were
completed at room temperature. Emission quantum yields were completed in aqueous

solutions at room temperature and relative to a aqueous solution of [Ru(bpy)s]?*.

4.7 Thermal Denaturation Experiments
Melting temperatures of ct-DNA (50 um) were recorded with and without the
presence of racemic complexes (35-85 nm) through the use of a CD spectrometer.

The data was processed through the use of Microsoft Excel.
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