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Chapter 1.

Abstract
School of Chemistry
Doctor of Philosophy
Novel Multi-Metallic Luminescent Complexes Towards Dual-Functional Cellular and
Therapeutic Applications by Rebeca Balasingham.

A series of novel multi-metallic luminescent Au(l) and Re(l) complexes have been
synthesised targeting functionality as cellular imaging and/or therapeutic agents. Both the
ligands and their complexes have been characterised by a variety of spectroscopic and
spectrometric techniques. Several complexes were also characterised by X-ray crystal
diffraction and/or elemental analysis.

In both chapters two and three the modulation of the luminescent properties of a series
of mono- and di-metallic [Re(CO)3(N*N)L]" type complexes bearing functionalised alkyl
chains by hydrophobically driven, intra- and intermolecular conformational changes is
reported. Additionally, the first application of di-metallic Re(l) complexes in cellular imaging
is reported with specific localisation in the nucleoli or ER and Golgi apparatus.

In both chapters four and five the synthesis of novel mono- and di-metallic Au(l)
complexes is reported. Several complexes demonstrated cytotoxicity as well as
compartemental localisation in cellular imaging demonstrating their potential as dual-
functional cellular imaging and/or therapeutic agents.

As an extension to the work discussed in Chapters two to five, the synthesis of novel
multi-metallic luminescent complexes is reported in Chapter six. For the tri-hetero-metallic
complex incorporating Au(l) and Re(l) units, cytotoxicity towards four cancer cell lines and
non-specific localization throughout the entire cell is described.
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1. Introduction

In recent years there has been increasing interest in the enhancement of the
luminescence properties of transition metal (TM) complexes.>? The ability to engineer the
electronic and so photophysical properties of these complexes through ligand sensitisation can
help to develop research in several areas, including: employment as photocatalysts,
luminescent probes or sensors, sensitizers or as luminophores in biological cell
imaging.>**TMs such as Re(l) and Au(l) are among the variety of metals favoured as a result
of their phosphorescent emission at room temperature. Additionally, heavy TM complexes for

applications as therapeutic agents are being increasingly investigated.
1.1. Luminescence spectroscopy

1.1.1. The Jablonski Diagram

excited vibrational states
/ (excited rotational states not shown)
A = photon absorption
F =fluorescence (emission)
P = phosphorescence
S = singlet state
T =triplet state

I =internal conversion
ISC = intersystem crossing

W

S

7
0

Energy —»
) NCD
| L] H‘
0

h h 4
SO

electronic ground state
Figure 1.1 The Jablonski diagram. Reproduced from ref. 6.

Luminescence is the emission of light in the absence of heat. The luminescent
behaviour of a molecule is determined by its photophysical properties and the photophysics of
a complex can be explained using the Jablonski diagram. First the absorption of a photon
occurs resulting in an electron being promoted from a ground state singlet (Sp) to an excited
state singlet (S1). When in the excited state there are two dominant pathways an excited
species could follow, (i) photophysical change, this path includes luminescence (radiative)
and quenching (non-radiative), or, (ii) chemical change (the complex is altered chemically
forming an entirely new complex), this path includes isomerisation and direct reaction. It is

the photophysical change of a complex that is the primary focus of the work described herein.

2
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Following the excitation by absorption of a photon, the excited state formed is of high
energy and generally unstable so it must undergo some form of deactivation. The excited state
singlet initially loses some of its excess energy through internal relaxation to the lowest
vibrational level of the excited state, this is a non-radiative process and is represented by the
zig-zag line labelled internal conversion (IC) on Figure 1.1. The molecule is still in the
excited state so will inevitably lose its remaining excess energy. This excess energy is lost via
a number of different ways, including, molecular rotations, vibration, heat and light. The
energy lost as emitted light is referred to as luminescence, and as very little heat is given off
in this process, it can often be referred to as ‘cold light’. This light can be emitted through one
of two pathways, fluorescence or phosphorescence, both of which display initial
intramolecular energy transfer processes where the initial excess energy is lost via a non-
radiative process. As previously mentioned there is a second non-radiative pathway in
photophysics that could compete with luminescence denoted ‘quenching’ and this involves

interaction with another molecule or atom, otherwise referred to as a quencher species.
1.1.1.1.Fluorescence

Fluorescence involves an immediate emission of light shortly after it is absorbed
resulting in the electron residing once again in the electronic ground state. This process is fast
as it is spin- allowed. It has lifetime (the average time a molecule spends in the excited state)
which ranges from 10 to 10 seconds.” As a result of IC the energy emitted differs from that
which is absorbed, it is generally of lower energy and longer wavelength (red-shifted). This

difference in the absorbed and emitted wavelength is referred to as the Stokes shift. *
1.1.1.2.Phosphorescence

In this process the energy is absorbed in the same way as fluorescence however,
emission of the absorbed light does not occur immediately. Phosphorescence involves the
storage of energy being lost slowly over a long period of time 10 to 10 hours™ resulting in a
long lifetime. Once in the excited singlet state intersystem crossing (ISC) occurs, this involves
the forbidden transition from the excited singlet state (S,) to the excited triplet state (T,). ISC
is a non- radiative transition brought about by spin-orbit coupling (a process facilitated by the
heavy atom effect, more common in 2" and 3™ row TMs). Internal relaxation to the lowest
level of excited triplet state follows which enables phosphorescence to occur. The

phosphorescence process is slow (a spin forbidden process); it involves the conversion of a
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excited triplet (T,) state back to a ground singlet state (S,) and light can be detected from the

sample for some time after the photon irradiation source is removed.
1.1.2. Autofluorescence and Stokes Shift

The application of heavy TM complexes as luminophores (fluorophores) in
biochemistry is an area receiving considerable attention in the research field however, the
presence of autofluorescence can be problematic. Autofluorescence is the fluorescence of any
substance other than the fluorophore of interest® and is typically from the natural species in
the cell. It tends to have a small Stokes shift, < 50 nm, and a small emission lifetime, < 10 ns.
Molecules possessing a large Stokes shift and/or a large emission lifetime can allow a clearer
distinction between the emitted light from the fluorophore and the background emission from
autofluorescence. For a complex displaying a large Stokes shift an optical filter (a device
which can selectively transmit light of different wavelength) can be used to filter out the

autofluorescence.®°

Slokes shilt

1

)

Absorbancs | ...
1 1 I 1

T
Fluorescence emission |

L — . ! 2 1
300 350 400 430 500 590 §00 650

Wavelength (nm)
Figure 1.2 Spectra illustrating a Stokes Shift. Reproduced from ref. 11.

A complex possessing a long emission lifetime allows for a technique called time-
gating to be used to reduce the effect of autofluorescence. Time-gating is a method which
allows for a snap-shot of the luminescene of the fluorophore to be seen and usually requires

phosphorescent emitting species.
1.1.3. Charge transfer processes

A charge transfer process involves the transfer of an electron within a molecule upon
absorption of a photon. The possible excited states for heavy metal complexes include, metal
to ligand charge transfer (MLCT), ligand to metal charge transfer (LMCT), ligand to ligand

4
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charge transfer (LLCT) and intra ligand charge transfer (ILCT). The process is determined by:
metal centres, chemical structures, triplet state energy levels of ligand, intra- and
intermolecular interactions and local environments. Although it has proven impossible to
negate any transfer process completely, it is possible from data accumulated over the years on

the appearance of emission spectra, energies and lifetimes to predict where each of these

processes are occurring.* 4
'MLCT
=\ SMLCT
A I
Kr @ Knr
L ] L]

Figure 1.3 Generation and deactivation of a *MLCT state.

MLCT is a process which can result in luminescence. For the purpose of this thesis
when discussing MLCT we refer to a redox process that requires a low oxidation state metal
and a reducible ligand. Once the electron is transferred to the excited singlet state (S;) it is
able to undergo ISC, this is a non-radiative process which converts
the excited singlet state (S;) to a triplet excited state (T1). Once the electron resides in Ty, the
lowest spin forbidden level, emission occurs. The 3MLCT in a complex is a phosphorescent

process.™

1.1.4. FRET- Forster resonance energy transfer

FRET consists of a non-radiative transfer of energy between an initially excited donor
molecule and an acceptor molecule. FRET efficiency is dependant on: the degree of spectral
overlap of donor emission and acceptor absorption, the orientation of chromophores and the
distance between the chromophores.™ In bichromophoric molecules additional consideration
of the choice of ligands can efficiently tune the emission towards different parts of the UV-vis
region. The photophysical properties of fluorophores such as quantum dots, lanthanide and
TM complexes are being increasingly investigated for applications using FRET as they
overcome some of the problems associated with the more common organic chromophores

used (small Stokes shift/short lifetimes).
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1.2. Ligands

A ligand is an ion or molecule that bonds to a metal centre to form a co-ordination
complex. Ligands, in a simple crystal-field model, can be thought of as negative charges that
perturb the energy levels of the metal ion when co-ordinated. This is referred to as d-d
splitting. The magnitude and order of the d-orbitals in the splitting are dependent on: the
number of d electrons on the metal, the metal oxidation state, the arrangement of ligands and

the nature of the ligand (i.e. geometry and symmetry).
1.2.1. Spectrochemical series

The spectrochemical series of ligands is an ordering of ligands based on their co-
ordination strength, it is somewhat independent of the metal ion but the ordering is not

absolute. The general trend is:

Br < CI'<F < OH < H,0 < CH3CN < Py < NH; < Bipy < Phen < PPh; < CN = CO
Weak-field ligands Strong-field ligands

n donors T acceptors

Figure 1.4 A Spectrochemical series and the ligands effects on A,.

The m-acceptor ligands / w-acids are ligands which accept electron density from the
metal through n-bonding. n-acceptors can be found on the right hand side of the series; these
ligands result in much larger splitting. The n-donor ligands / m-bases can be found on the left
hand side of the series and result in much smaller splitting. Pyridine is found in an
intermediate position of the spectrochemical series, and it is one of the most versatile ligands

in photochemistry.
1.2.2. Dewar-Chatt Duncanson Model:

This is potentially one of the more useful bonding models for explaining metal-ligand
interactions in TM complexes. It describes the bonding between an unsaturated ligand
(carbonyls or alkenes) and a metal ion. There are two types of bonding, o-donation from the
ligand to the metal, and © bonding from the filled d-orbital on the metal to an empty n* orbital
on the ligand. The latter form of bonding is referred to as back bonding. As both types of

6
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bonding leads to a strengthening of the bond, the bonding can be defined as synergic.

The Dewar-Chatt-Duncanson Model
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Figure 1.5 Dewar-Chatt-Duncanson Model. Reproduced from ref. 16.
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1.3. Biological imaging

Biological imaging techniques are used primarily in diagnostics and treatment. X-rays,
magnetic resonance imaging (MRI), ultrasound and tomography*’ are the more commonly
used imaging techniques, each specialising in the imaging of a certain area in the body
(bones, heart and blood flow). None of the techniques mentioned have the ability to provide
high resolution images'’ and so, despite lacking the ability to view large objects in great
detail, confocal fluorescence microscopy has found its niche in biological imaging. Confocal
fluorescence microscopy can produce high quality images of minute sample sizes with
relative ease and is thus able to produce individual images of cells and smaller cellular

components.*®
1.3.1. Confocal fluorescence microscopy

Luminescence is the light which is emitted by a substance; emission of light is
necessary if a sample is to be viewed using confocal fluorescence microscopy. If light is not
emitted by a cell, a fluorescent dye can be used as a ‘stain’. There are a vast number of
commercially available dyes, including dyes specific in the targeting of organelles. If
required, more than one dye can be used at any one time to allow for a more detailed analysis.

Confocal microscopy produces increased optical resolution in comparison to other
wide-field microscopes. The pin hole situated beneath the light source produces a narrow
beam of light, eliminating reflected or out of focus light,*® this increases the sensitivity and the
resolution of the image. The narrow light beam then passes through the beam splitter and one
small, thin region of the cell. The fluorescent light emitted from sample is then reflected by
the beam splitter toward the detector to produce an accurate well-defined image of that region.
A three-dimensional image is constructed through combining each small thin segment

imaged.
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Figure 1.6 Confocal Microscope with the key features highlighted. Reproduced from ref. 20.
1.3.2. Ideal properties of cellular imaging agents

In order for a compound to be useful for bioimaging there are several characteristics
that it must possess including the previously discussed photophysical attributes (large Stokes

shift and long lifetime). * These are:

Q) Photostability. Photobleaching is the permanent loss of fluorescence. Compounds that
are easily photobleached, for example many organic flurophores, are not ideal luminescent

probes for bioimaging.

(i)  Toxicity. Compounds must be non-toxic. Cytotoxicity of phosphorescent heavy metal
compounds is dependent on structure. The lipophilicity of a compound can sometimes be
correlated with their cytotoxicity, generally the more lipophilic a compound is, the more

cytotoxic it is.?

(ili)  Uptake. To be a successful bioimaging agent it is necessary for the compound to pass,
without the aid of a chemical agent, through the cell membrane into the cell. The cell
membrane consists of a phospholipid bilayer and numerous protein channels so although
water soluble complexes are ideal, a balance between the hydrophobic and hydrophilic
characteristics of a molecule need to be maintained. The negative surface on the cell indicates

that positively charged molecules are preferred.?!?2
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There are two different routes a molecule can take to enter the cell, energy-dependent
or energy-independent. An energy-dependent process, for example endocytosis (being
encapsulated in an endosome) or active transport, occurs at temperatures around 37 °C (for
mammalian cells at least) and so using low incubation temperatures (such as 4 °C) it is
possible to reduce this uptake mechanism. Energy independent processes include passive

diffusion through channel proteins or directly through lipid bilayer.?
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1.4. Metals in cellular imaging

erel”
: g
N~
R
N
| %%
Cytoplasm
Golgi app., ER}
s0,|” \
LI
Digestive -
vacuoles O 50,
~ 7 Ny 0,C-lipid *
2 ' 738
S Plasma and °°>,L/N 7 R=H,F (Ir)
internal membranes  |c° lo\w: indole, biotin, alkyl

Figure 1.7 A detailed structure of a cell highlighting the localisation patterns of varying d® metals.

Reproduced from ref. 23.

A cell consists of several organelles, each with their own function. With the number of
complexes reported for cellular imaging agents increasing, a preference for localisation in a
specific organelle is ideal. A brief summary of the different localisation patterns of different d®
metal complexes can be seen in figure 1.7.% Further examples of metals in imaging are

discussed in the following sections.
1.4.1. Lanthanides in imaging

Lanthanide complexes display characteristics that would enable them to be efficient
luminophores for cell imaging; they have Stokes shifts greater than 200 nm and emission
lifetimes in the range of 0.2-1.5 m.2* The sharp emission intervals exhibited by complexes of
this type enable all other signals to be removed, allowing optimum sensitivity to be achieved.
However, despite lanthanide complexes exhibiting the ideal properties for use as a lumophore,
there are certain drawbacks to using them in research areas such as biological cell imaging
and these drawbacks result from their electronic configuration. Exciting an electron from the
ground state is extremely difficult in lanthanide complexes due to excitation involving a f>f
transition which is Laporte forbidden. To overcome this obstacle a sensitizing chromophore or
‘antenna’ for indirect excitation is required.”> The requirement for an antenna makes this

process for lanthanides more complicated (Figure 1.8).
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Figure 1.8 The antenna effect for sensitization of the luminescence in some lanthanide cations.

Reproduced from ref. 25.

Despite the drawbacks associated with using lanthanides in imaging, a DO3A-type Eu'"'
complex has been shown to target exposed Ca’* ions, binding to scratched/damaged bone

surface.®

Figure 1.9 A polycarboxylate terminated Eu™ complex (LHS) and microscopy images of bone sample
immersed in 10° M solution of the complex. (a) reflected light image: 0 h; (b) control; (c) 4 h; (d) 24 h.
Reproduced from ref. 25b.

12



Chapter 1.

1.4.2. TM complexes in imaging

The useful photophysical properties of some TMs have resulted in them being heavily
investigated for applications as cell imaging agents.??? TM residing in the 2" and 3" row of
the periodic table, with d°, d®, and d'® electronic configurations, result in more effective ISC
than 1% row complexes leading to highly intense phosphorescent emission. Heavy TMs with a
d® configuration such as Ru(ll), Re(l), Ir(111) and Os(Il), when bonded to one or more
aromatic bidentate ligands show the ideal photophysical and redox properties required to be
useful luminophores. Additionally, the cationic charges associated with metals of this nature
increase the likelihood of them being able to interact with the negative surface of the cell®®
and therefore enter the cells.

The photophysical properties of a TM complex are reliant on the ligands attached, in
the case of MLCT systems, the ligand attached acting as an electron acceptor.’’Having both a
high degree of stability and tunability, diimine ligands (specifically polypyridines) are
generally employed for this role. The diimines, 1,10’-phenanthroline and 2,2’-bipyridine have
attracted the greatest attention due to the suitable energy of their lowest occupied molecular
orbital (). If the level of the = orbital is too low it can result in an increase in the rate of
non-radiative decay. If the level of the ~ orbital is too high the rate of both the MLCT and
non-radiative decay decrease. Both extremes can render a complex a poor luminophore.*?*2
It is possible to have more than one diimine ligand attached to the TM and to also have
variation in the diimine ligand structure. Variation of the diimine ligand structure can allow
for the electronic properties of the complex to be finely tuned.?® The reducible properties of
the diimine ligand make them fitting candidates for allowing the dt=>n MLCT to occur. The
synthetic versatility of both the TM and diimine ligands in a complex allow for research into
the expansion of lifetimes, the deactivation processes and the alteration in energy.**

1.4.2.1.Iridium in imaging

There have been several investigations into the cellular distribution of highly
lipophilic Ir(111) biscyclometallated complexes of the type [Ir(C*N)2(N*N)]* (where C”N is a
monoanionic ligand).”*?** Complexes of this type can have tunable luminescence
(red—=>blue) with lifetimes in the order of us and quantum yields that reach values of up to 70
% in organic solvents.?** The majority of biscyclometallated Ir(111) complexes reported have

demonstrated non-specific localisation in the cytoplasm of Hela cells.?3?%%
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The first example of a cell imaging application of a complex of this type was reported

by Li et al.”® in 2008 with complexes 1 and 2.
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Figure 1.10 Iridium complexes 1 and 2 (varying in the diimine unit) were the first iridium
complexes reported with cellular imaging properties.?

Complex 1 and 2 both displayed low toxicity with staining of the cytoplasm (Figure
1.10). Shortly after reporting complexes 1 and 2, Lo et al.*! reported a second series of Ir(l11)
biscyclometallated complexes which demonstrated the structure-function relationship for
complexes of this type. The nine complexes in the series varied in the cyclometallated unit
and/or the alkyl chain length, thus varying the lipophilicity of the complexes (Figure 1.11).
For compounds a-c the lipophilic nature of the complex was shown to increase with the chain
length, C15>C10>C,, however the cellular uptake properties did not follow the same linear
fashion, but followed the trend C,10>C,>Cyg (Figure 1.11). The increased lipophilicity but
minimal cellular uptake efficiency of the complex with chain length Cig is suggestive of the
formation of aggregates; the lipophilic compound arranged in a conformation to minimise any
contact with the aqueous media hindering cellular uptake.

The cytotoxic properties of the compounds displayed dependency on the
cyclometallated unit and followed the trend 5>4>3.3' The increased lipophilic nature of
compound 5c¢ (Cig), when compared to complexes 3-4, resulted in nuclear as well as
cytoplasm staining being observed in the Hela cells but the accumulation of this complex was
only observed at temperatures > 4 °‘C which indicate that uptake occurred via energy

dependent processes.
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Figure 1.11 Iridium complexes 3-5(a-c) were the second series of iridium complexes reported
by Lo et al. exhibiting cellular imaging properties.*

The variation of the different properties within this series of complexes
demonstrates the need of a balance in the lipophilic nature of a compound. If a compound is
too lipophilic it is unlikely to be taken up into the cell; an aqueous media is used to ‘transport’
the compound into the cell, if the compound is too lipophilic it will aggregate and will have
limited uptake. If the compound is not lipophilic enough, the compound will not sufficiently
cross the outer/inner cell membranes and so specific localisation will not be achieved.

Following Lo’s report, collaborative work between Lo and Lam et al. in 2010*? led to
a series of Ir(l1l) dipyridoquinoxaline complexes, varying again via the cyclometallated
substituents and the alkyl spacers (Figure 1.12). These dipyridoguinoxaline complexes were
shown to stain the nucleoli of MCDK cells (Figure 1.13). Localisation in the nucleoli was
only visible after long incubation times > 90 mins and was attributed to the complexes
residing in hydrophobic pockets of proteins (intercalated into the base-pairs of double
stranded DNA).
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Figure 1.12 Iridium complexes 6-12 reported by Lo and Lam et al. each exhibited specific

organelle staining with nucleoli localisation.*
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Ay, =633 nm

Figure 1.13 Fluorescence laser-scanning confocal microscopy images of fixed MDCK cells
treated successfully with fibrillarin antibody (20 pL mL™, 1 h), Alexa 633 antirabbit IgG antibody (20 pL
mL™, 30 min), and [Ir(ppy).(R=H)]". Reproduced from ref. 32.

Both the Li and Lo groups have reported more than twenty iridium complexes
exhibiting cytoplasmic staining. Some of the complexes reported are inclusive of
bioconjugated complexes; there are several complexes conjugated with a specific molecule
for receptor targeting bioimaging applications, for example, indoles or estradiol.?*%32
Complexes of this type have shown suitability for applications as bioimaging agents,?
OLEDS,*® sensors*** and switches.*® An interesting report by Velders et al.* described the
suitability of an Ir(1I1) tris diimine complex as a biomarker in diagnostics. The successful
incorporation of 1/2/3 peptides onto the phen unit in the [Ir(phen)s]** complex resulted in the
increased uptake of the compound into the cell. Once inside the cell, the successful
visualisation of the chemokine receptor 4 (CXCR4) using FLIM and confocal microscopy
was observed. CXCR4 is over expressed in twenty three types of cancer cells.

There have been a huge number of examples of Ir(111) luminophores where good cell
uptake and low cytotoxicity with cytoplasmic staining was observed. Occasionally, nuclear
staining has been reported which seems dependent on hydrophobic interactions with the cell.
However, despite a large number of examples existing, it is still difficult to predict how

changes in structure will relate to cell localisation and so further research is required.
1.4.2.2.Ruthenium in cell imaging

The most studied luminescent Ru(ll) system is based around a tris-diimine complex,
for example a [RU(N~N),(N~N)J**. With the tris-diimine system, variation in the nature of
substituents on the diimines can ‘tune’ the luminescence of the compound. Ruthenium
polypyridyls tend to have lifetimes in the order of pus and quantum yields that reach the values
of 60 % in organic solvents.»* Despite the favourable photophysical properties of complexes
of this type, when compared to the number of Ru-based complexes investigated for

applications as O, sensors or DNA intercalators, there are few examples of Ru-based
16
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complexes reported as suitable cellular imaging agents.3"**

A report by Musatkina et al.* demonstrated how the uptake of Ru(l1)-polypyridyl type
complexes is dependent on the nature of the diimines with compounds 13-16 (Figure 1.14).
The bipy analogues show poor cell uptake, whereas the extended hydrocarbon system of

bathophenanthroline shows nuclear staining.
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Figure 1.14 Ruthenium complexes 13-16 reported by Musatkina et al.** highlight the effect of

OH

diimines on cell uptake.

Uptake of a complex of the type [Ru(N~N),(N~N)]** can be problematic, but there
have been several reports where-by the formation of a bioconjugate molecule via the addition
of estradiol/biotin/peptide to the diimine, has resulted in an increase in uptake and has shown
cell department localisation.****® Puckett et al.* demonstrated how the inclusion of a peptide
can improve the uptake efficiency of a Ru(ll) tris-diimine complex; [Ru(bipy).(dppz)]*
showed poor cellular uptake, however, when conjugated with octarginine, staining of the
endosomes was observed and when conjugated with fluorescein, nuclear staining was
observed. The difference in localisation of the two complexes was attributed to the differences
in their lipophilicity. The difference in their lipophilicity was later confirmed with the
synthesis of two [Ru(Phen)(bipy)(dppz)]** type complexes inclusive of octarginine. The first
of the two complexes was inclusive of octarginine only and displayed cytoplasmic staining;
the second complex was inclusive of octarginine, but also incorporated a fluorescein
conjugate and staining of the cystol, nuclei and nucleoli of HeLa cells was observed (Figure

1.15).
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Figure 1.15 [Ru(Phen)(bipy)(dppz)]2+ type complexes 17 and 18 inclusive of octarginine (LHS)

and octarginine and fluorescein (RHS). Reproduced from reference 47.

An interesting report by Zhang et al.“®demonstrated a Ru(l1) complex as a sensor of
NO. In absence of NO, the diaminophenyl-substituted Ru(ll) compound, compound 19, was
non-emissive. In the presence of NO, compound 19 reacts forming compound 19b, an
emissive complex (Figure 1.16). Incubation of compound 19 with Gardenia cells resulted in
staining of the nucleus and membranes only (Figure 1.17). However, similarly to the Ir

complexes discussed, there are unexplored areas of research into this type of compounds with
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Figure 1.16 Rutheium complexes19 and 19b.*

Figure 1.17 Luminescence images of Gardenia cells incubated with complex 19 at different
incubation times, 1 h (LHS) and 5 h (RHS). Reproduced from ref. 48.
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1.4.2.3. Rhenium in cell imaging

Fac-[Re(CO)3(N~N)L]" type complexes permit a simpler system for exploring
modifications in structure and charge on the lipophilicity and toxicity of a complex in
comparison to the Ir(111) and Ru(ll) complexes discussed above. Many studies involving Re(l)
have focused on the fac-[Re(CO)3(N~N)L]" type complexes due to the advancement in their
photophysical and photochemical properties as well as their inter- and intramolecular
processes.*?%?! Neutral complexes of this type (e.g. L=Cl, Br) tend to have lifetimes in the
order of ns and quantum yields that reach the values of 0.1 % in organic solvents. Cationic
complexes of this type tend to have lifetimes in the order of us and quantum yields that can
reach exceptional values of 80 % in organic solvents.?®

The majority of complexes of this type use a halide or an acetonitrile complex as a
precursor for introducing the desired axial ligand.”® The axial ligand will determine the
stability of the complex towards substitution. The axial ligand also affects the energy
difference between the highest occupied molecular orbital and the lowest unoccupied
molecular orbital which has an impact on the predominant charge transfer process that can
occur. The main effect of this is seen in the emission and adsorption energies. The stabilisation
of the metal dn using a m accepting ligand results in a blue-shift in excitation and emission
wavelengths due to the increased excited state lifetime and decreased rate of non-radiative
decay.”> Numerous investigations have been carried out where the axial ligands or their
substituents are m-acceptors, m-neutral or weak m-donors and the same conclusions were
drawn; little change in the electronic nature of a complex is seen when altering the axial
ligand in comparison to the changes seen with varying the diimine ligand,? these changes
however, are essential in developing the photophysics of a molecule.

The first example of Re(l) in cell imaging was reported by Zubieta et al. in 2004%
with the bisquinoline based complex, complex 20 (Figure 1.18). Complex 20 was observed to
accumulate in the periphery of the leukocytes. Since this report, our group has taken the
leading role in the research of complexes of the type fac-[Re(CO)3(N*N)L]" reporting the first
example of a fac-[Re(CO)3(N*N)L]" species in cell imaging in 2007 with complexes 21-27
(Figure 1.19).%°
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Figure 1.18 Compounds 20-27.2%

Figure 1.19 Rhenium complex 24 in MCF7 showing cytoplasmic and perinuclear staining.

Reproduced from ref. 57.

Similarly to the Ir(111) complexes discussed previously (complexes 1-5%), complexes
21-27 demonstrated the structure-function relationship for complexes of this type. Again, the
complexes varied in the cyclometallated unit and/or the alkyl chain length or functional
group, thus varying the lipophilicity of the complexes (Figure 1.18). The toxicity of the
complex was shown to increase with the lipophilicity of the complex; cell lysis was observed
with complex 25 (C;g alkyl chain length) only. The shorter chained complexes showed good
uptake and low toxicity with accumulation in the membrane and membrane structures of the
cytoplasm.*® Small changes in a complex was shown to lead to variation in the localisation
pattern observed. For complex 22, the hydroxyl derivative, accumulation in the membrane
was observed; following chlorination of the hydroxyl group, specific-staining was observed

via staining of the mitochondria (Figure 1.20).*°
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Figure 1.20 Rhenium complexes 22 (LHS) and 23 (RHS) in MCF7 showing different staining.
Reproduced for ref. 49 and 50.

1.4.2.4.Gold in imaging

Gold chemistry is of increasing interest due to gold’s ability to form luminescent
materials.>>> The favourable photophysical properties of gold complexes can be attributed to
a number of factors including: the nature of the ligands; M-M interactions; and the geometry
around the metal centre. The M-M interactions (also referred to as aurophilic interactions) are
proposed as key in governing the unique photophysical properties of Au(l) complexes.”*®
Unlike the aforementioned d® heavy TMs, research into luminescent gold complexes for
applications as cellular imaging agents is relatively new and thus understudied compared to
the Re(l), Ru(Il), Ir(111). There are few examples of gold complexes as imaging agents. One of
the more interesting examples to date is a gold alkynyl species which was reported by Dyson
et al.>® which combined imaging capability with therapeutic activity. The incorporation of a
water soluble phosphine ligand, PTA, resulted in a luminescent Au(l) complex which was

shown to permeate throughout the entire cell (Figure 1.21).%
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Figure 1.21 An Au(l)-alkyl complex incorporating a water soluble PTA ligand shows non specific

cell localisation throughout an entire cell. Cell images reproduced from ref. 53.

Gold is highly researched for its therapeutic potential with applications of both Au(l)
and Au(lll) based complexes having been studied for many years. Despite the number of
studies into gold as a therapeutic agent, its mechanistic details are poorly understood. Gold
has a higher affinity for thiolates when compared to nitrogen or oxygen and so binds to DNA
weakly, this suggests DNA-based cytotoxic-mechanism is unlikely and promotes as a target.>*
Further discussion of Au(l) based complexes in therapeutics and cellular imaging can be

found in Chapter 5.
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1.5.  TM complexes in therapeutics

The cytotoxicity of a complex can be efficiently tuned through modification of its
composition. This was previously discussed with Ir(Il) and Re(l) complexes where-by
increasing the lipophilic nature of the complex resulted in an increased cytotoxic effect. The
ease of modifying the structure and so properties of a TM complex has led to their cytotoxic
effects being heavily investigated for applications in therapeutics. To be a successful
therapeutic agent, a compound must be able to cross the cell membranes, this is critical for
useful cytotoxic properties. Once inside the cell, cytotoxicity can arise from the inhibition of
cellular function/activity and or the distribution of structures. To date there are a wide range of

metals used in therapeutics, some of which are discussed in detail below.
1.5.1. Platinum in therapeutics

Platinum is now one of the more widely used metals in therapeutics for the treatment
of cancer, with several complexes already in clinical use (Figure 1.22).>* The most common
platinum-based compound is cisplatin. Cisplatin is a neutral complex that passes with ease
into the cell. Once inside the cell the neutral compound undergoes intracellular hydrolysis to
the more reactive complex [Pt(NHs)2(H20),]**. The interaction of cisplatin with both DNA
and RNA has been extensively studied and cisplatin-DNA interaction is now known to be
responsible for cell death.>** A number of cisplatin-DNA compounds have been formed and
their crystal structures have shown irreversible binding of the platinum compound to two
adjacent N donors on the same DNA strand. This interaction is thought to inhibit replication,
transcription and repair functions of the DNA, resulting in apoptosis (programmed cell death).
This interaction with DNA can also account for the limited activity of the trans complex when
compared to the cis.>*? Despite there being ample evidence suggesting a cisplatin-DNA

interaction there have been reports questioning the exact mechanism of interaction.>
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Figure 1.22 Cisplatin (LHS), carboplatin (centre) and 254-S (RHS).*
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1.5.2. Ruthenium in therapeutics

Similarly to Pt, Ru based complexes have been extensively studied for applications as
therapeutic agents. When compared to the previously discussed Pt-based complexes, Ru-type
complexes have more synthetic versatility; a higher number of ligands can be situated around
the octahedral ruthenium atom when compared to the square planar Pt(I) complex.
Additionally, a higher number of different bonds can be formed using a Ru unit when
compared to Pt, therefore mechanistically, Ru-based complexes are not restricted to DNA-
binding. The suggested route for uptake into cells for Ru-based complexes is via uptake with
iron using transferrin apoprotein.>

The first ruthenium compounds to enter clinical trials were KP1010 and NAMI-A
(Figure 1.23). For the two structurally similar Ru(l11) complexes, different anticancer activity
was observed. KP1019 displayed higher activity towards primary cancers (main tumour mass)
whereas activity towards secondary cancers was observed with NAMI-A. RAPTA compounds
displayed similar characteristics as the structurally dissimilar NAMI-A compound with
activity against secondary cancers being observed (Figure 1.23); RAPTA has since been
considered as the most successful Ru-based anticancer complex. Again, despite the high level
of research that has been conducted with Ru-based complexes for application in therapeutics

there is still a requirement for understanding the mechanism of action.>*
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Figure 1.23 NAMI-A (LHS), KP1019 (centre) and RAPTA (RHS)™
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1.6. Aims

The work within this thesis aims to: further understand the solvent dependent
photophysical properties of Re(l)-based complexes; explore the photophysical and cytotoxic
properties of Au(l)-based complexes with a view to biological imaging and/or therapeutic
potentials; and finally, explore the potential applications of hetero-metallic complexes based
on Re()/Ru(I)/1r(111) with Au(l) as dual-functioning cellular and therapeutic agents.
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1.7. General measurements

1.7.1. Photophysical data

All starting materials, reagents and solvents were purchased from commercial
suppliers and used as supplied unless otherwise stated. *H-NMR and *C-NMR spectra were
recorded at 400 and 100 MHz respectively on a Bruker Avance DPX, or 250 MHz and 62
MHz respectively on a Bruker Avance DPX 250. *'P-NMR were recorded on a Jeol Eclipse
300MHz at 121 MHz. All NMR spectra were referenced to residual solvent peaks unless
otherwise reported. IR spectra were recorded on a Perkin Elmer 1600 FT IR as thin films or
nujol mulls and are reported in wavenumbers (cm™). UV-vis data were recorded as solutions
on a Jasco 570 spectrophotometer. Mass spectra were recorded on a VG Fisons Platform Il or
at the EPSRC national mass spectrometry service, Swansea (HRMS). Elemental analyses
were performed by Warwick Analytical Services (University of Warwick). All photophysical
data were obtained on a JobinYvon-Horiba Fluorolog spectrometer fitted with a JY TBX
picosecond photodetection module. Luminescence lifetimes were obtained using either 295
nm or 372 nm nanoLEDs operating at 1 MHz. All lifetime data were collected using the JY-
Horiba FluoroHub single photon counting module in multi-channel scaler mode. Lifetimes
were obtained using the provided software, DAS6. Estimated errors are tem £ 10% and
excitation and emission maxima are limited in accuracy to the monochromator slit width of 5

nm.

1.7.2. Method for cytotoxicity analysis

Anti-tumour evaluation in MCF7, LoVo, A549 and PC3 cell lines was performed by
MTT assay. Compounds were prepared as 0.1-100 mM stock solutions dissolved in DMSO
and stored at -20 °C. Cells were seeded into 96-well microtitre plates at a density of 5 x 10°
cells per well and allowed 24 h to adhere. Decimal compound dilutions were prepared in
medium immediately prior to each assay (final concentration 0.1-100 pM). Experimental
medium was DMEM +10% FCS (PC3 and Lovo) or RPMI +10% heat inactivated FCS (A549
and MCF7). Following 96 h compound exposure at 37 °C, 5% CO,, MTT reagent (Sigma
Aldrich) was added to each well (final concentration 0.5 mg/ml). Incubation at 37 °C for 4 h
allowed reduction of MTT by viable cells to an insoluble formazan product. MTT was
removed and formazan solubilised by addition of 10% Triton X-100 in PBS. Absorbance was

read on a Tecan Sunrise spectrophotometer at 540 nm as a measure of cell viability; thus
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inhibition relative to control was determined (ICsp).

1.7.2. Method for cellular imaging

Human adenocarcinoma cells (MCF-7), obtained from the European Collection of Cell
Cultures, Porton Down, Wiltshire, U.K., were maintained in Hepes modified minimum
essential medium (HMEM) supplemented with 10% fetal bovine serum, penicillin, and
streptomycin. Cells were detached from the plastic flask using trypsin—EDTA solution, and
suspended in an excess volume of growth medium. The homogeneous cell suspension was
then distributed into 1 mL aliquots with each aliquot being subject to incubation with the
complexes final concentration 50 pg mL—1, at 4 °C for 30 min. Cells were finally washed
three times in phosphate buffer saline (PBS, pH 7.2), harvested by centrifugation (5 min, 800
g), and mounted on a slide for imaging. Preparations were viewed using a Leica TCS SP2
AOBS confocal laser microscope using X63 objective, with excitation at 405 nm and
detection at 510—580 nm. Z-plane slices were used to record multiple single-plane views cell

populations to estimate percentage uptake of lumophores.
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Chapter 2 The Modulation of Luminescent Properties Of Mono-
Metallic Re(l) Complexes Bearing Axial Functionalised Alkyl
Chains by Hydrophobically Driven, Intra- And Intermolecular
Conformational Changes.
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2.1. Introduction

The first half of this chapter reports the synthesis of a series of novel long-chained
ligands bearing a terminal chromophore moiety or methyl group coordinated to a fac-
[Re(CO)3(N~N)]"* core for investigations into solvent-dependent luminescent properties. The
second half of the chapter reports the synthesis of novel [Re(CO)s(bipy)]" complexes and
coumarin-based ligands appended with a biotin moiety to investigate their avidin-biotin
binding properties and to further understand the solvent-dependent luminescent properties of
all the complexes reported herein.

2.1.1. fac-[Re(CO)3(NN)L]

Many studies involving d®, low spin Re(l) have focused on fac-[Re(CO)s(N~N)L] type
complexes due to their stability, redox properties and luminescent characteristics, with bipy
and phen diimines being the more commonly investigated. Useful properties of complexes of
this type include: the ability to add ligands step-wise, the presence of only one diimine ligand
(which allows for the charge transfer process to be controlled) and the ability to synthesise a
huge range of diimine and axial pyridines or derivatives. The latter property allows for the
electronic and photophysical properties of the complex to be ‘tuned’. This best achieved
through the variation of the diimine unit, however, variation of the axial ligand has proven
vital for investigations into cell imaging, lipophilicity etc. ***

With excitation around 340-420 nm and their well-known *MLCT emission around
530-600 nm (allowing visible detection) fac-[Re(CO)3(N~*N)L] complexes display the
desirable large Stokes shifts required to be effective luminophores. Additionally, cationic
derivatives of this type of complex typically show an extension in the emission lifetime from

100’s of ns to ps. 48

2.1.2. Solvent-dependant photophysical properties

The photophysical and photochemical properties of a fac-[Re(CO)3(N~N)L] type
complexes can be tuned through variation in the co-ordinating ligands and the solvent
properties. The latter has been less exploited in the investigation into the enhancement of
luminescence properties of TM complexes, despite solvatochromic studies being routinely
used to identify the charge transfer nature of excited state.

The first investigation into the effect that water solvent has on the emission properties
of fac-[Re(CO)3(NN)L]* type complexes was reported by our group in 2009° as an extension
of the report discussing the first application of a fac-[Re(CO)3(N~N)L]" complex in cellular
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imaging.? In the investigation, a series of ligands equipped with varying lengths of aliphatic
chain, C,, Cs and Cy, were synthesised and co-ordinated to a [Re(CO)s(bipy)]™ unit. The
luminescent properties of all three complexes were then measured in both acetonitrile and
water. The biggest effect of the change of solvent was seen with the C;, aliphatic chain
(Figure 2.1).

co
oc N
\ -~
-Re
oc™”
N
=
(”9\(0 X |
HaC
11 |

o

Figure 2.1 The photophysical properties of fac-[Re(CO);(bipy)L(C1,)]" was greatest effected when the
solvent was changed from acetonitrile to water.’

When measured in acetonitrile the expected emission properties were observed, Aem =
555 nm and T = 176 nm. However, in water the emission was blue-shifted, Aemy = 523 Nm, and
the lifetime dramatically extended, T = 688 ns. These results are contrary to what are predicted
in the simple solvation model (in which very polar solvent can stabilise dipolar excited state),
which therefore suggests a partial shielding of the central [Re(CO)s(bipy)]” unit from the

solvent.’
In acetonitrile In the presence of liposomes

///
In water
H H
H-0 N o-H
NS H
H\Q CO—Re:N.~ o-H ‘
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Figure 2.2 Cartoon diagram depicting the orientation of the alkyl chaing in different solvents.
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When the complex equipped with a C;, chain was introduced to an aqueous media, in
the presence of lipid membranes, the same photophysical data for MeCN was observed
(Figure 2.2). This observation, along with the observed emission and lifetime of complex in
H,O being similar to that in hexane (Figure 2.3), led to the proposed hypothesis that
intramolecular hydrophobically driven interactions were occurring.

acetonitrile

water

hexane

__intensity (a.u.)

440 540 640
wavelength / nm

Figure 2.3 Reproduced steady state emission spectra for [Re(CO)5(bipy)L(C1.)]" recorded in different
media (A e 345 NM).°

2.1.3. Hydrophobic interactions

A hydrophobic molecule is one that does not have a favourable interaction with polar
environments such as water and so will tend to arrange itself into a conformation that
minimises its contact with that solvent. There are several conformations known, some more
energy favourable than others. If a complex contains a hydrophilic region (head) attached to a
hydrophobic region (tail) when in a polar solution, it simultaneously forms aggregates. These
aggregates tend to be either a micelle or a bilayered structure and are formed as a result of a
process referred to as the hydrophobic effect (Figure 2.4).

Micelle Bilayered structure
oo o 000000000000 O
o o
o o
o
OO OO 2 nm
Og © co00cOoO0O0 0000

Figure 2.4 The arrangements of both the micelle and bilayered structure.
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The aggregate structure is dependent on both the length of the hydrophobic region
(hydrocarbon chain), and size of the hydrophilic region. In complexes where a sufficiently
sized aliphatic chain is attached to a polar group it may be energetically unfavourable for one
of the two aggregates discussed above to form, but more favourable for chain wrapping or

fold-back to occur.'®
2.1.4. Resonance Energy Transfer (RET)

Resonance energy transfer (RET) was discussed briefly in Chapter 1. It describes the
process where the energy that is absorbed by one molecule (donor) is transferred non-
radiatively to a second molecule (acceptor) (Figure 2.5). RET can occur between intra- and
intermolecular chromophores but is dependent on the orientation and distance between the
chromophores. When investigating intramolecular hydrophobic interactions, in particular the
mechanisms by which they occur (e.g. chain wrapping/ fold back) RET can be a useful

technique to probe conformation.

Excitation Emission

@@Gﬁ
7

Energy transfer
Figure 2.5 Acceptor emitting energy transferred from the donor.*°

There are two mechanisms by which non-radiative energy transfer can occur; Forster
and Dexter energy transfer. The main difference between these two transfer processes is the
distance over which they can occur. Forster energy transfer results from Coulombic
interactions (dipole-dipole interactions) between the donor and acceptor, it can occur over a
large distance 10-100 A, and is strongly dependent on spectral overlap. This process is most
efficient for singlet-singlet transitions as multiplicity-conserving transitions have large

transition dipoles (Figure 2.6). The rate of energy transfer is shown in Figure 2.7.1%?

v B v
() T
| ) I

lD* lA 1D lA*
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Figure 2.6 Forster energy transfer, singlet-singlet

K= 1/ To(Ro/r)®

Figure 2.7 Forster energy transfer. (K= rate of energy transfer, tp = decay time of donor excited state, Ry =
Forster distance (distance where energy transfer is 50 %, around 20-60 A ) and r = donor-acceptor

distance.

Dexter energy transfer is a shorter range process and can only occur for distances less
than 10 A. It is dependant on temperature and orbital overlap and its efficiency decreases
exponentially with distance. The donor and acceptor exchange an electron, the exchanged

electron occupies the vacant orbital of the acceptor, thus Dexter energy transfer can be applied

to produce the triplet state of the molecule of interest (acceptor).*"**
----- »
| . |
|~ =1 || /
| N | |
1D* lA 1D lA*

Figure 2.8 Dexter energy transfer, singlet-singlet

Whenever the Ry (Forster distance) is smaller than the molecular contact distances,
electron exchange (Dexter) is dominant. The rate of electron transfer is dependent on the

following equation.
ker =exp (-2r/L) J

Figure 2.9 Dexter energy transfer. Rate of Dexter electron transfer (r = donor to acceptor distcance, L =

constant related to orbital radii of donor and acceptor, J= extent of spectral overlap).
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2.1.5. Biotinylation in exploring RET

To understand any RET processes which may be occurring between two
chromophores on the same molecule (thus exploring any intramolecular hydrophobic
interactions) the effects of intermolecular interactions between the two chromophores should
also be known. The binding of up to four biotins to avidin can result in fluorophores being
brought within their Forster distances. For many organic fluorophores, where Stokes shifts are
small, this can result in self quenching through RET. Biotin-avidin binding is an area of
research that can allow the exploration into RET between two chromophores on separate
molecules.

Avidin is a tetrameric glycoprotein found in chicken egg whites with a molecular
weight of ca. 4 x 15000.*"*8 It has four substrate binding sites each with a depth of ca. 15 A
specific for the binding of a small molecule of biotin, otherwise known as vitamin H (Figure
2.10),"° (Biotin is a water soluble molecule often found in the biochemical pathway of fat
metabolism). The affinity between avidin and biotin is the strongest known non-covalent
bond between a protein and a ligand with a dissociation constant / Kq = 10" M. The
numerous hydrogen bonds and VDW interactions which are formed when biotin binds to the
hydrophobic avidin pocket result in avidin: biotin binding being irreversible (high eq
constant) and thus the biotinylation of molecules is widely used in diagnostics which require

the use of irreversible bonds with specific linkages between biological macromolecules.”*°

Figure 2.10 Tetrameric structure of streptavidin (homologous protein of avidin) with two bound biotins.*®

2.1.6. Biotinylation of TM

The biotinylation of fluorophores can aid in cellular uptake as biotinylated species can
be actively transported into cells by some of the existing mechanisms for biotin uptake.*"**%
The conjugation of TM complexes to biotin seems a promising route for delivery of TM
complexes into cells. The Lo group have taken the leading role inr research into biotinylated
complexes reporting both Ir(I11) and Re(l) biotinylated complexes. Both types of biotinylated
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complexes have reported show photophysical properties identical to that of the parent
complexes. Several examples of both TM complexes (Ir(l111)/Re(l)) exist where biotin is
appended to pendant chains of varying length and incorporating different linking units

(ester/amide).?*?°

2.1.6.1. Biotinylated Ir(I11) complexes

The binding pockets of avidin are small and hydrophobic in nature and so when
biotinylated complexes are bound to avidin an increase in emission intensity can sometimes
be seen. Lo et al.?® highlighted the effect of different chain lengths on the emission intensity

of biotinylated Ir(111) complexes when bound to avidin (Figure 2.11).%

la.R1=Me;n=2

1bR1=Me; n=6
1c R1=Ph; n=2
1d R1=Ph;n=6

Figure 2.11 Ir(111)-biotin complexes reported by Lo et al.?®

For the smaller chain lengths (C, chain, 1a and 1c) a two-fold increase in emission
intensity was observed. This increase in emission was attributed to the increased rigidity of
the complex and the shielding nature of the hydrophobic pocket, however, the presence of the
shorter chain led to higher K4 values (less efficient binding). K4 values are a lot smaller with
la (C, chain with methyl substituent) when compared to 1c (C, chain with phen substituent)
which suggests the substituent (as well as chain length) has some effect on binding properties
of the complex. Further research by this group reported the length of the spacer had the
greater effect on the binding efficiency of biotinylated complexes to avidin.*®

The reports by the Lo et al group can be summarised with the need for a compromise;
too short a chain will lead to a poor binding efficiency where as too long a chain leads to

e . . 1
diminished emission enhancement;‘Cg appears to be a reasonable compromise’.
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2.1.6.2.Biotinylated Re(l) complexes

Lo et al.?”* have also dominated research in this area having reported several
successful variations in the biotinylation of Re(l) complexes in addition to reporting the first
class of luminescent biotinylation reagents derived from [Re(CO)3(N~N)]" type complexes. In
2005 analogous results to those of the iridium complex were reported. Through the
employment of different spacer arms (ethyl and hexyl), different linking groups between the
Re(I) luminophore and biotin group (Figure 2.12), and the variation of diimines (phen, Me4-
phen, Me2-Ph2-phen, and dpq), a catalogue of twelve Re(l)-biotin complexes were
synthesised. The luminescence data reported an increase in both the emission intensity and the
lifetimes when Re(l)-biotin complexes were bound to avidin. As the spacer arms were
increased, a smaller increase in emission enhancement was observed, this was attributed to
the increased exposure of the complex to the solvent. Variations in the substituent position of
pyridine to which the biotin was bound found that the meta-substituted variant had a longer
emission lifetime than the para-substituted.?’ Further examples by the group showed an

increased emission enhancement factor of ca. 3.05-8.05 for the Cg and C, spacer arms.”®

| "~
NH
X WNHWNH
0 s
= | 0 n\(o
N NH
A | \/\NHWNH
s
N7 H

Figure 2.12 The different biotin ligands which were attached to Re(l). Each complex showed enhanced

emission intensity when bound to avidin®

There is only one example of cellular imaging with Re(l)-biotin to date and this again
was reported by the Lo et al.* group (Figure 2.13). The following Re(l)-biotin isothiocynate
complex showed intense cytoplasmic staining of the cell with partial organelle staining and
also presented cytotoxicity values similar to the anticancer drug cisplatin.?
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Figure 2.13 Re(1)-biotin isothiocyanate complex found to localise in cytoplasm.?
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2.2 Overview

It is possible that different ligands can impose a greater influence on both the
structural and photophysical properties of a complex. In light of the unusual photophysical
observations for varying aliphatic chained complexes seen for the Cj; aliphatic chain length,
the aims of the work described in this chapter was to further analyse the solvent effect on
hydrophobically driven inter- or intramolecular interactions. Two different series of novel
luminescent complexes were synthesised. The first series of Re(l) complexes was synthesised
to investigate the effect of variations in aliphatic chain lengths, linker units and diimine
groups on the hydrophobic interactions. The second series of Re(l) complexes was
synthesised to investigate the effect of a fluorescent chromophore moiety on these interactions
when appended to the terminal position of varying lengths of aliphatic chain. Avidin: biotin
binding was also investigated to evaluate the effect of intermolecular energy transfer
processes between the chromophores. This latter scenario affords the possibility of
photophysical studies on the distance dependent (and therefore indicative of molecular
conformation) energy transfer processes that are possible between donor and acceptor

components in luminescent systems.
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2.3. Results and discussion (part 1)

2.3.1. Synthesis of long aliphatic chained complexes

99 99
N NH%?_'\CH?} N O%CHs
0] 0]
L1-3 L4-6

L1n=6 L4n=6
L2n=12 L5n=12
L3n=18 L6n=18

Figure 2.14 Structure of ligands with varying aliphatic chain length, L*-L°.

L'-L® were isolated following a reaction of 3-amino methyl pyridine with the
appropriate long chain acid chloride. The analogous ligands, L*-L° were isolated using
hydroxyl methyl pyridine as a substitute for 3-amino methyl pyridine, n = Cg, Cip, Cig
respectively. 'H NMR spectra were obtained in CDCls where the synthesis of each ligand was
confirmed by the appearance of new CHj, linker environments between +3.97 and +4.85 ppm
(Figure 2.14).

The synthesis of the cationic complexes [Re(CO)s(bipy)L*®]*, [Re(CO)s(phen)L**]*
and [Re(CO)s(neoc)L>®]*, was achieved following literature precedent.®® Each complex was
reacted with L*®in a 1:1.1 ratio in chloroform over 12 hours. Column chromatography was
used to isolate the pure complexes as their tetrafluoroborate salts in modest yields of 13 % to
58 % (Figure 2.15). *H NMR spectra were obtained for each complex in CDCl; confirming
the presence of the ligand and were consistent with what was expected for the desired
product. MS (ES) and HRMS analysis for each of the complexes was carried out which gave
good mass ions in all cases; peaks associated with the parent cation [M-BF,4]* with the correct
isotope distribution was observed in all cases. Solid state IR studies were also carried out for
all complexes which showed subtle changes in the v(CO) in comparison to the ligands and the
[Re(CO)s(NAN)]* precursors. All the complexes studied showed two carbonyl stretching
frequencies at around 2030 and 1921 cm™ with very slight variation in wavenumbers directly

relating to the electron density available at the Re(l) centre.
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Figure 2.15 Structures of complexes discussed herein.

2.3.2. UV-Vis absorption spectroscopy

The electronic absorption spectra for the complexes [Re(CO)s(N*N)LY®]" were
obtained in acetonitrile solution at room temperature. For each of the complexes an intense
absorption band in the high energy region of the spectrum (< 330 nm) was typically assigned
to spin-allowed intra ligand (*IL)(z>=) transitions. A structureless shoulder peak is expected
in the region of 340-400 nm for the spin-allowed metal to ligand charge transfer transition
(*MLCT) (Re(I) dn> n° NN), but this peak was not apparent in any of the complexes. The
absence of the *MLCT peak is assumed to be the result of the broad IL peak (Table 2.1).

2.3.3. Luminescence spectroscopy

Luminescence spectra were obtained in acetonitrile solution at room temperature.
Following excitation at 345 nm, [Re(CO)3(N~N)L'®]" displayed the expected broad
structureless emission band around 550 nm, corresponding to the *MLCT transition. With
excitation of 345 nm and detection at 550 nm respectively, time-resolved lifetime
measurements in acetonitrile detected single exponential lifetimes over 132-292 ns
corresponding to the expected values for the varying diimines (Table 1 and 2). When the
solvent was changed from acetonitrile to water a slight blue-shift in emission wavelength was
occassionally seen, accompanied with an increase in emission lifetime for some complexes.
The C1, chain length demonstrated, in all three sets of analogous complexes, to have the more

consistent, predictable luminescent properties when the solvent was changed.
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Table 2.1 The absorption and emission data for rhenium based complexes of L1-6 in both acetonitrile and

water. lg = 345 nm.

Compounds Abs Em(MeCN)  Lifetime MeCN Em (H,0) Lifetime H,O
(nm) (nm) (ns) (nm) (ns)
Re-bipy-L* 273 553 132 551 136
Re-phen-L* 276 547 257 542 486
Re-neoc-L? 277 529 292 532 357
Re-bipy-L? 274 556 128 554 137
Re-phen-L? 270 547 216 541 489
Re-neoc-L? 280 528 226 532 307
Re-bipy-L® 275 554 125 552 141
Re-phen-L° 273 544 247 546 437
Re-neoc-L3 275 532 271 532 301
Re-phen-L* 273 541 248 539 486
Re-neoc-L* 221 530 292 530 325
Re-phen-L° 274 546 257 536 312
Re-neoc-L° 280 542 153 539 270
Re-phen-L° 273 544 247 546 437
Re-neoc-L° 275 532 271 532 301

2.3.3.1. Luminescent properties of [Re(CO)s(bipy)(L*-L®)]"

For the ester complexes of [Re(CO)s(bipy)(L'-L*)]" (discussed in the introduction) a
blue shift in emission maxima and an increase in emission lifetime was observed however, for
the amide comples, when the solvent was changed from acetonitrile to water, this was not the
case. The amide complexes of bipy L'-L® showed no dramatic increase in either emission
wavelength or lifetime when the solvent was changed suggesting the nature of the linker
(amide/ester) governs the degree of any intramolecular hydrophobic chain wrapping. This
conclusion, although apparent for the bipyridine complexes was not consistently observed for

the other diimine complexes in this study.

2.3.3.2. Luminescent properties of [Re(CO)s(neoc)(L-L%)]*

The [Re(CO)3(neoc)(L*-L°)]* complexes each displayed an increase in the emission
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lifetime upon changing from acetonitrile to water. For the complex of L° (Cy, chain, ester
linker), this increase in lifetime was accompanied by a small blue shift in emission maxima of
3 nm, from 542 nm in MeCN to 539 nm in H,O. This was the only complex to exhibit a shift

in emission maxima, however, the shift was too small to be considered relevant.

2.3.3.3. Luminescent properties of [Re(CO)s(phen)(L*-L®)]"

Similarly to the neoc complexes, the [Re(CO)s(phen)(L*°)]* (Cis ester and amide)
complexes showed a dramatic increase in emission lifetime with no significant change in
emission maxima. For [Re(CO)s(phen)(L*?*?)]" (the C; and Cy, ester and amide) both a blue
shift in emission maxima and a dramatic change in emission lifetime was observed. The
biggest shift in emission maxima was seen with L (Cy,) with a shift 10 nm, from 546 nm in
MeCN to 536 nm in H,0O, this result however was accompanied by the smallest increase in
emission lifetime, 55 ns. The analogous complex, L?, showed the second biggest blue shift in

emission maxima of 6 nm and was accompanied by a lifetime increase of 273 ns.
2.3.3.4.Variable temperature measurements

To further probe the extent of chain wrapping, variable temperature luminescence
measurements were carried out for the [Re(CO)s(phen)(L?and L°)]* in water (Figure 2.16).
An increase in the intensity of the emission maxima was seen as the temperature decreased.
This increase was attributed to an enhancement in the shielding of the excited state. As the
temperature is lowered the conformation of the chain is more rigid (less freedom to move).
The increase in emission intensity suggests the average conformation for the chain resides
around the [Re(CO)s(N~N)]* centre resulting in the enhancement of luminescence. As the
temperature is elevated there is more degrees of freedom within the chain thus a decrease in

emission intensity is viewed.

_278 278

283 1 283
. 288
+ 293
- 298

-288
-293
- 298
303
308
313

303
= 308
313

Intensity (a.u.)

350 450 550 650 750 350 450 550 650 750
Wavelength (nm) Wavelength (nm)

Figure 2.16 Variable temperature measurements of [Re(CO)s(phen)(L)]" (LHS) and [Re(CO)s(phen)(L%)]*
(RHS) (Aexc 345 nm).
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2.4. Conclusion

From the photophysical data reported, no universal model describing the behaviour of
all of the complexes can be derived. The results show that for bipyridine complexes the nature
of the linker group governs the degree of chain-wrapping; ester linkers appear to facilitate
better chain-wrapping than amides. When looking at the alternative diimines, phen/neoc, not
all data was complimenting of the bipy findings, however, both sets of complexes provide
evidence to suggest the Cy, chain is the optimum chain length for chain-wrapping to occur

with the ester linkers displaying, for C;, chains, the greatest blue-shift for emission maxima.
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2.5. The incorporation of a fluorescent chromophore to investigate
hydrophobic interactions

To further probe the effect of hydrophobic interactions on the Cy, alkyl chain with an
ester linker, the syntheses of ligands incorporating a sensitizer (coumarin) or quencher
(anthracene) moiety were attempted. The addition of a photoactive component onto the
terminus of the aliphatic chain should potentially allow for a better understanding of the
orientation of the chain when coordinated to a [Re(CO)3(N*N)]" unit, and help to deduce
whether intramolecular hydrophobic interactions are occurring. Anthracence and coumarin
units can have very different effects on the photophysics of a complex.®

Anthracene (Figure 2.17) is highly luminescent in nature. It is able to participate in
photo-induced energy transfer processes as either an electron donor or acceptor depending on
its photophysical ‘partners’.****When partnered with a [Re(CO)3(N*N)]" type species, the
excited triplet energy of anthracence is typically lower than the 3MLCT energetic state. The
anthracence moiety can therefore efficiently quench the luminescence of the *MLCT state.
The low oxidation potential of the anthracence also results in a higher quenching rate

constant.®

Figure 2.17 Anthracene (LHS), coumarin (RHS)

In contrast, coumarin (Figure 2.17) is a highly fluorescent chromophore whose excited
singlet and triplet energy is typically higher than Re(l) based *MLCT potentially leading to
energy transfer and sensitization of MLCT. In this manner, the fluorescence intensity of the
coumarin fluorophore should therefore be quenched. Through the analysis of the intra
molecular energy transfer efficiency, information on the orientation of the coumarin (and
hence aliphatic chain) with respect to the excited states situated on the diimine ligand and/or

the metal centre can be obtained.**The quantum yield of coumarin is in the range of 35-71

% 35b
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2.6. Results and discussion (part 2)

2.6.1. Synthesis of dual functionalised ligand precursors

The most convenient pathway for synthesising a bi-functional alkyl chain was to
proceed via the formation of amide and ester linking units and the most convenient way to
form these functionalities was via the use of acid chlorides. An acid chloride enables
‘activation’ of a carbon promoting more facile nucleophillic substitution. The position of the
'H NMR peak for the CH, adjacent to OH/COOH/NH; in the precursor can be used in most
cases to distinguish products from their SM.

The ligand chosen for synthesising the precursor ligand had to be adaptable for the
addition of different functional groups. A number of attempts were made to synthesise a
bifunctional C;, chain using 1,12-dodecandiol and a tert-butyloxycarbonyl (BOC) / t-butyl
carbamate protecting group, however low yields of the desired product were obtained (Figure
2.18). Different ratios of the BOC group were trialled as well as a mono de-protection of the

di-phthalimide structure. Both proved unsuccessful and an alternative route was sought.
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Figure 2.18 Attempted ligand synthesis. Reagents: i) SOCI,; ii) potassium pthalimide, DMF, A; iii)
hydrazine, methoxyethanol; iv) BOC, CHClj;,

An alternative precursor, 1,12-dibromodecane was used in an attempt to increase the
yield of a dual functionalised ligand. 1,12-dibromodecane and 1 equivalent of potassium
phthalimide were reacted to form the mono protected product. The *H NMR spectra initially
suggested formation of the product due to the presence of signals corresponding to both a
bromo-subsituted and a phthalimide-substituted chain. However, on further analysis it was
discovered that these signals had resulted from the presence of both the unreacted 1,12-

dibromodecane and the bis-substituted product in a 1:1 ratio. The reaction was repeated using
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different ratios of SM with and without the presence of a KI catalysts and varying the
solvents, but unfortunately the same results were observed.

A pleasing result was eventually found with a reaction of 1,12-dodecandiol and
nicotinoyl chloride (Figure 2.19). To a dilute solution of the diol (5 eq) in chloroform, was
added nicotinoyl chloride (1 eq) and TEA. Following an aqueous work-up a new ligand, L’,
was produced with a 50 % vyield. It was also possible to recover the majority of 1,12-
dodecandiol that was used in an 80 % excess. The formation of the mono-substituted, L’ from

the symmetrical 1,12 dodecandiol was a welcomed breakthrough in this area of work.
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Figure 2.19 Reaction scheme for ligand precursor A.

2.6.2. Addition of a chromophoric moiety

L’ can be utilised as a ligand precursor allowing the addition of a chromophore moiety
via the unreacted terminal hydroxyl group. Initially, anthracene-9-acid chloride was chosen as
the chromophore moiety but when reacted with L’ the *H NMR spectrum gave evidence to
suggest hydrolysis of the anthracene-reactant. The reaction was repeated under anhydrous
conditions and pure product was obatained in a low yield. As a result of the low yielding
nature of this reaction a second chromophore moiety, coumarin, was reacted with L’ which
gave the desired product, L in a 48 % yield (Figure 2.20). L¥® with varying chain lengths of
C, and Cg respectively, were synthesised following the same procedure as L’ and L*%; L% n
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= C,, Cs, Cyo respectively.

L8 n=C2
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Figure 2.20 Ligand syntheses.
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2.6.3. Synthesis of complexes

L3 were coordinated to [Re(CO)s(bipy)]" and [Re(CO)s(phen)]* following literatre

precedent. The six complexes were formed in yields ranging from 18-43% (Figure 2.21).
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Figure 2.21 [Re(CO);(bipy)L**’I*and [Re(CO)s(phen)L**]".

2.6.3.1. UV-Vis absorption and luminescence spectroscopy

The photophysical properties of [Re(CO)s(bipy)(L**%)]" and [Re(CO)s(phen)(L¥*)]*
were studied and are summarised in Table 2. The emission spectra of complexes of L% in
acetonitrile and water are shown in Figures 2.22-2.24. The electronic absorption spectra
obtained for the complexes generally show absorption < 330 nm. The intense absorption
bands around 222-290 nm was assigned to the spin allowed 'IL (z>7) (coumarin/NN)
transitions and the broad shoulder displayed by the majority of spectra at lower energy
typically around 320 to 330 nm was assigned to the spin allowed '"MLCT transition of dn
(Re(1))>n" (NAN).

The incorporation of the coumarin moiety onto the chain resulted in dual-emissive
species. Upon photoexcitation at 340 nm all of the complexes exhibit two emission maxima
centred on 420 nm and 540 nm. The emission band around 420 nm was assigned as the ®IL
(n>n') of the coumarin and the structureless emission band at about 535-550 nm was
assigned as the *MLCT transition of dr (Re(I))>n" (NN). Through comparing the intensity of
emission maxima, IL:*MLCT, it was hoped to be possible to determine the proximity of the
coumarin to the [Re(CO)3(N*N)]" unit; if the coumarin moiety is in close proximity to the
central [Re(CO)3(N”N)]" unit an increase in *MLCT intensity would be expected, this coupled
with the lifetime data (an increase is expected if the excited state is shielded from solvent)

will allow for the amount of hydrophobic interaction to be assessed.
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Table 2.2 The absorption and emission data for L8-10, [Re(CO)s(bipy)L¥*]*and [Re(CO)s(phen)L®*%]*.

Spectra recorded in both acetonitrile and water. Ae, = 345 nm.

Compounds Abs Em(MeCN) Lifetime MeCN Em (H,O) Lifetime H,O
(nm) (nm) (ns) (nm) (ns)

LS 290 417 - 421 -
331

L° 291 416 - 420 -
330

L 289 415 - 417 -
335

Re-bipy-L® 223 419 150 422 108
288 549 549

Re-bipy-L°® 251 414 146 151
288 547
320

Re-bipy-L" 268 416 147 413 152
320 548

Re-Phen-L® 277 412 321 408 183
328 539 386

Re-Phen-L° 278 420 290 418 403
331 540 536

Re-Phen-L" 273 410 218 421 177
435 536 538

Through a comparison of both the emission intensities of *MLCT-based emission at
550 nm with coumarin-based emission at 420 nm and the lifetimes of the complexes, we can
attempt to differentiate between the complex conformations (whether the coumarin unit is
close to or further away from the [Re(CO)3(N”N)]* unit). These comparisons are discussed in

detail in the following sections.
2.6.3.2. Luminescent properties of [Re(CO)s(bipy)L®T*

In acetonitrile dual emission profiles were observed for all three complexes. The
spectra of [Re(CO)s(bipy)L®]* (C,) (Figure 2.22) depicts how energy transfer is dependent on
distance; [Re(CO)s(bipy)L®]" (C.) is the shortest chain length and in both acetonitrile and
water >MLCT-based signal intensity was greater than the coumarin-based emission intensity.
In acetonitrile, for complexes [Re(CO)s(bipy)L*¥*°]*, the Cs and C1, chain length respectively,
coumarin-based emission was dominant for [Re(CO)s(bipy)L’]* (Ce) and *MLCT-based
emission was dominant for [Re(CO)3(bipy)sL™°]" (C12). It is unlikely that chain ‘wrapping’

occurred for [Re(CO)s(bipy)L'°]" (C1,) in the organic solvent and so it is assumed that the
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chain ‘folds’ into a conformation that brought the coumarin unit into closer contact to the
[Re(CO)3(bipy)]” unit.

Literature reports have shown that coumarin can act as a sensitizer of
[Re(CO)3(N~N)]* based emission;** coumarin-based emission energy can be ‘transferred’ to
rhenium thus coumarin emission is quenched. However, in water, two out of the three
complexes show coumarin-based fluorescence only; there is no evidence for the *MLCT-
based emission for the C¢ and Cy, chain. Earlier examples of [Re(CO)s(N~N)L] complexes
(discussed in part 1), in the absence of a coumarin chromophore, reported observed *MLCT-
based emission in water, which suggests quenching of the 3MLCT-based emission is

occurring for the Cgand Cy, chained [Re(CO)3(bipy)] complexes (Figure 2.19).
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Figure 2.22 Spectra displaying emission of [Re(CO)s(bipy)L®°]" in acetonitrile (LHS) and water (RHS).
(exe 340 NmM).

2.6.3.3.Luminescent properties of [Re(CO)3(phen)L**%]*

Unlike the [Re(CO)s(bipy)L™°]*, the [Re(CO)s(phen)L¥*°T* complexes showed dual
emission profiles when in both MeCN and H,O with more pronounced changes in the
emission intensity being observed. In acetonitrile, the *MLCT-based emission was dominating
over that of coumarin-based emission for all three chain lengths, the effect was maximised for
[Re(CO)3(phen)L°T* (Ce). The difference in the *MLCT:coumarin ratio of emission intensities
for the different chain lengths followed C¢ > C, > C;,. Coumarin has a much greater quantum
yield when compared to [Re(CO)s(N*N)]*,**** and so the presence of a dominating *MLCT-
based emission peak illustrated efficient energy transfer from the coumarin to the Re(l) unit
(Figure 2.23). Efficient energy transfer suggests the orientation of the coumarin chromophore
was in close proximity to the [Re(CO)s(N~AN)]" central unit, however, these spectra were

recorded in acetonitrile so can assume chain wrapping is not causing the closeness.
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Figure 2.23 Spectra displaying emission of [Re(CO)s(phen)L
When the solvent was changed to water the *MLCT-based emission was still more
dominating than the coumarin-based emission, but the effect was maximised for the
[Re(CO)3(phen)L™]* (C1,), following the trend C1, > C, / Cg for the different chain lengths.
The C;, chain showed the most efficient energy transfer (Figure 2.24) suggesting hydrophobic
interactions were occurring bringing the coumarin and the [Re(CO)s(phen)]” unit into closer

proximity than the C, chain.
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Figure 2.24 Spectra displaying emission of [Re(CO)s(phen)L®°]" in water. (ke 340 nm)

2.6.3.4. Variable temperature measurements

Variable temperature measurements were carried out for [Re(CO)s(phen)L*]*, (Figure
2.25). The data showed that as the temperature was decreased, the *MLCT:coumarin intensity
ratio increased. The increase in *MLCT-based emission intensity suggests the favoured
conformation brings the coumarin unit into closer proximity of the [Re(CO)s(phen)]” unit.
The absence of both a blue-shift in emission maxima and an increase in lifetime, as the

solvent was changed from acetonitrile to water for the Cy, species, suggests that chain-
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wrapping around the central unit was not responsible for the proximity of coumarin to
[Re(CO)s(phen)]” unit.

Intensity (a.u)
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Figure 2.25 VT emission spectra for [Re(CO)s(phen)L®]" recorded in water. (hex, 340 nm).

It was hoped that the inclusion of a the coumarin chromophore moiety would allow
greater insight into the conformation of the aliphatic chain with respect to the
[Re(CO)s(N~AN)]* central unit, however, not all the results obtained herein are conclusive; for
the [Re(CO)s(bipy)L¥*°]" complexes *MLCT based emission was shown to dominate the
coumarin based emission in acetonitrile only but for the phen based complexes,
[Re(CO)3(phen)L¥]*, *MLCT based emission was shown to dominate the coumarin based
emission in both solvent systems. These results suggest that the [Re(CO)s(phen)]” based
complexes are more sensitive to the effects of solvent than [Re(CO)s(bipy)]” based complexes
but further research is required to determine the orientation of the aliphatic chain in polar

solvent.
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2.7. Biotinylation of the complexes

To further probe the phenomenon of energy transfer which occurs via the
aforementioned intramolecular hydrophobic interactions, application of the avidin-biotin
binding model was investigated. Avidin can bind up to four biotin units in a 1:4 ratio and so
any intermolecular hydrophobic interactions can lead to energy transfer between biotinylated
photoactive units. In this case a [Re(CO)s(bipy)L(biotin)]* species and a coumarin-biotin
species, were to be bound to the surface of avidin, allowing investigation of any inherent
energy transfer processes. As already discussed, Cg is the optimum chain length for linkers to
biotin. [Re(CO)3(bipy)L(biotin)]* and biotin-coumarin compounds were synthesised with the
units linked by a Cg chain, and for comparison, [Re(CO)a(bipy)L(biotin)]* linked by a Cy,
chain was also synthesised. The increase in chain length, from the optimised C¢ chain to the
longer Cy, chain, was expected to bring the hydrophobic [Re(CO)s(bipy)]” unit into closer
contact to the avidin, which could also result in closer contact to the coumarin allowing

energy transfer to occur more efficiently.
2.7.1. Ligand design

Conveniently, there are commercially available, functionalised biotin compounds,
such as biotinyl-N-hydroxysuccinimydyl ester, but herein the more cost effective, unmodified
biotin is used (Figure 2.26). The presence of the carboxylic acid group at the terminal position
of the biotin chain allows the stepwise addition of a ligand to biotin via a condensation
reaction (seen in the ligand synthesis for part 1). The starting material for ligand synthesis
should include a Cg or Cy, chain appended with an OH/NH; terminal functional group for
ester or amide linkages. Any ligand chosen should also be suitable for Re(l) co-ordination and

thus include a pyridine donor for this purpose.
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Figure 2.26 Biotin
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2.8. Results and discussion (part 3)

2.8.1. Synthesis and reactivity of biotin chloride

Literature precedent was followed for the formation of biotin chloride.*” Biotin was
added to a small Schlenk flask followed by freshly distilled oxalyl chloride and the reaction
mixture was stirred at room temperature until complete dissolution of biotin. The excess
oxalyl chloride was then removed in vacuo and the solid residue was washed with dried
toluene. When reacted with 6-amino-1-hexanol in the presence of triethylamine TEA (Figure
2.27) a poorly soluble product was recovered. The absence of a peak in the *H NMR spectrum
corresponding to the formation of an amide/ester group indicated that the reaction was
unsuccessful. Additionally, poorly resolved integration for the biotin species in the *H NMR

spectrum suggests possible breakdown of the biotin species.
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