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Abstract

Heteronuclear metal complexes for duatodal imaging

The design of dualor multi-modal probes, in which two or more independent
reporters are integrated int@mne unit, is an area of immense interess visualisation of
biological matter can be enhancethormouslyby sequentiallyexploiting the advantages of
each detection modeln particular, duabptical/MRIcontrast agents are appealings the
combination of duminescen dye with anMRI-active unitwithin a single entityproducesa
superior probecapale ofimagingboth i KS Wo A 3 An8 g intdia® idetz2NBifin a
cell. By combining thesynergisticsignals arising from both imaging modalitisesages can be
developed to reveal exquisite detalil.

To this enda series ofvater-soluble,heterometallic ruthenium()ibasedcomplexes
based oncompartmental bridging ligands have beeynthesisd for exploitation as dual
modal contrastagents. Incorporation of the commonly used Mftive meta] Gd', into the
probe design to produce multimetallic RGd'" hybridshas beerinvestigated, as well as the
relatively unexploited paramagnetic properties of Mn RU-Mn'" hybrids.Assessmat of the
concentrationrnormalised longitudinal relaxivity values)(for each of the complexes has
been undertaken, and the Ru&d" hybrids have been evaluated as probes tailular
imaging.

Incorporation of the NIRuminescent LHions, YB'and Nd', in place of the MRactive
metals Gd' and Mr', hasalso providel a route to duaimodal optical/NIR imaging probes.
Photoinduced aergytransfer from the photoactivated Rucentre has been shown to
sensitise emission from the 'U'nion, producing a duduminescent probe that has
distinguishable emissigrowing to the luminescent lifetimes of the two different metal

centres being ordersf-magnitude apart.
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Chapterl - Introduction

1.1)Biological Imaging

Biologicalimaging can be deemed to be one of the most important scientific
discoveries of the 20century due to theemarkableimpact it has had on modern medicine.
Since theirinception, whole-body imaging modalities such as singleton emission
computed tomography (SPECT), positron emission tomography (PET) and magnetic resonance
imaging (MRI) have become ubiquitous in medical diagnostics for detecting aavidey of
medical ailmentd<3. In pariicular, numerous cancers can now be identified and treated more
prompthyi*9. However, the relatively low resolution and senstiivassociéed with these
techniques hinders theutility for imaging intricate detail at the cellular and subcellular level

In contrast, when coupled with luminescence (a term that encompasses both
fluorescence and phosphorescence), optical microscopy has sapesitivity and resolution
(ca. 200250 nm). With the NS OSyY (i | RGO y O SNESSHy2if dairdstopyts dzLIJS NJ
technique&! such as stimulated emission depletion microscopy (STED) saturated
structuredllumination microscopy (SSIM), spatial resolution well below the limit imposed by
the diffraction of light has also been realiséh.20-100 nm) As such, thevisualisation of
cellular leveldetail is nowstraightforward, and lhe possibility ofmonitoring the subcellular
biological processethat are the basis of disease, rather than just imaging their end effects
has become a reali§. In this way, modern medicine has been revolutionisesimore
incidents of lifethreatening medical conditions can be detected earleard the success of
treatment can be more easily monitored.

This thesis will focus upon the utilisation of both MRI and optical microscopy in the
field of biological imagingn both cases the application of metal complexes as imaging agents
will be reviewed, with select recent examples from the literature being highlighted. The
relatively novel field of duainodality imaging, in which two or more independent reporters
are integrated into the same unit, will also be consideredth particular emphasideing
placed uponmixedmetal complexexapable ofacting as duaimodal probes that combine

optical microscopynd MRimaging
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1.2) Magnetic Resonance Imaging

MRI has becoma prominentimaging techniquen clinicalmedicinedue to its non
invasive nature and its versatility. Unlike other whbledy imaging modalities such as PET
and xray, MRI does not use unpleasant radiochemicals or ionising radiation to produce an
image, lut rather relies on the principles of nuclear magnetic resonance (NMR) spectroscopy.
This makes MRI a much softer and safer investigative procedure, and as such, its utilisation in
medical diagnostics is rapidly accelerating. The NHS in England repatedemumber of
MRIexaminationsundertaken in 2017/2018 was 3.4 million, which was a growth of 59 % over
a fiveyear period®. The technigue is now routinely used to diagnose conditions of the aentr
nervous system including multiple scleré®is y R | £ 1T K S A M Siddebias Rascal8 - a S
abnormalitie$!? andnumerous types of cancé# 4.

To produce a threelimensional image of the area of the body unastamination
MRI takes advantage of tlveater molecules that comprise the bulk of human tissue (average
65 %). Under normal conditions the spin angular momentum vectors of the protons on the
water molecules are disordered and in random orientatidigu¢e 1.01A): however, when a
strong magnetidield is applied the protons align their spiegher in the direction of the
magneticfield or against it.Nearly equal numbers of protons align in each directoil so
the majority cancel each other outowever, a very small excess do not cajeadiit is these
protons that MRI takes advantage @igure 1.01B. A pulsed radiofrequency current specific
to hydrogen isappliedto disrupt the alignmenbf the unmatched protons with the applied
magnetic field as they absorb the energy and flip their s@iin aspecifiadirectionat a specific
frequency of resonance known as the Larmor frequdifigure1.01Q. As the radiofrequency
field is removed the protonslowlyrelax back to their previous energy leyaligned with the
applied magnetic fieldand emit radio waves that are detected and converted into an image
(figure1.01D.

Differentiation of the various tissues within the body occurs as a result of the water
protons in different chemical environmentaking different amounts of time to realign with
the magnetic field (different relaxation rates), as well as the varying water densities within
the tissues. However, signal intensities and sensitivity can be enhanced by administering a
paramagnetic metatomplex known as eontrastenhancementgent The normal tumbling

of these highly paramagnetic complexes produces an oscillating magnetic \ikidh
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increases the rate at which the protons relax back to their ground state (aligned with the
applied magnéc field), allowing the absorption of another photon more quickly. This
produces brighter images and better contrast. The first such probe to be approved for human
use in 1988 was dow molecular weight compound that utilidethe unique magnetic
properties ofthe Gd'ion. Three decades on from thia number of Gl-based agents are
now commercially availabland approximately one in three MRI examinations undertaken

each year involves the administration of a contrast agent.

A) Magetic field off B) Magnetic field on O Radiofrequency D) Radiofrequency
pulse on pulse off
Magnetic field on

Figure 1.01Simplified depiction of proton spin angular momentum vectors during i
MRI examination. A) the magnetic field is off and the proton spins are in random
orientations; B) a strong magnetic field is applied and an excess of the proton spins are
aligned with the field; C) a pulsed radiofrequency current is applied and the proton
flip out of alignment with the applied magnetic field; D) the radiofrequency pulse is
removed and the proton spins return to their alignment with the applied magriietid,
releasing a detectable energy that is converted into an image

1.2.1)Gadolinium(lll}BasedContrast Agens

In the European Union there are currently eight'@rhsedcompoundsapproved for
use as MRI contrast agents in humanstiiy European Medicines Agency (EMAfigure
1.02). Gd'is a perfect centrametal ion for use in such agentas it has seven unpaired
electrons, and hence a high magnetic moment (7284 coupled with a long electron spin
relaxation time (16 s) at the low magnetic field strengths used in MRI examination€Q20
MHz). When combinedhese properties help to shorten the longitudinal relaxation time (T
of water protons in tissues, wth in turn enhances the relaxation rate (1)TThis generates
greater contrast and a brighter image where the agent has distributed compared to areas

where there is no contrast agent accumulation. Complexes of this kind are knopasiéise
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contrast agents and their efficiencyassessed by their concentratisrormalised longitudinal
relaxivity value @), defined as the increase in the relaxation rate of water protons per
millimole of contrast agent (mMs?!). On averagghe commerciallyavailable contrast agents
haverelaxivity values in the range= 3.54.8 mM! s (20 MHz, 25 °C, pH 8.5).
Converselythere also existegative contrast agentswhich affect the transverse
relaxation time (3) of water protons and darken an image witimcreasing relaxation rates
(1/T2). Probes of this kind includsuperparamagnetic materials such as iron oxide

nanoparticle§%11, but this thesiswill not consider them in any detail.

o 17 o) Q N o ,~
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Figure 1.02Structures of the eight commercially available'@adsed MRI contrast
agents approved for use in humans
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Although the GH ion has excellent properties for use im-Weighted MRI
examinationsfree Gd'ions are highly toxim viva The radius of the dtdon is similar to that
of the Cdion, which can have unfortunate effects if transmetallation occ@d-mediated
signalling can be disrupted andkinetically and thermodynamically stabl&d"-based
complexescan accumulate in the bodycausing toxic effects. In rare circumstand@sl'-
based contrast agents have been linked to the onset of nephrogenic systemic fibrosis (NSF) in
patients with renal impairme®®19. This is a severe ambtentially fatal syndrome that
involves the érmation of excess fibrous connective tissuéniternal orgars and the skin.

To prevent toxicity from free metal ions, ti@&d'"ion is tightly boundvithin a chelating
ligand based on a polyaminocarboxylabetif. The high coordination number of the tidn
allows eight coordination bonds to be made to nitrogen and oxygen donor atoms, which
ensures excellerkitinetic and thermodynamic stabilityf the compourd in viva Three of the
commerciallyapproved agents currently in use are based on macrocyclic stru¢twiesh,
on average, tend to have highstability constantshan those structures comprised atyclic
motifs. These more stable macrocyclic structures (Dotarem, Gadovist and ProHamde) te

be linked to less toxic effects when used iforivoimaging.

1.2.11) Relaxivity Enhancement of Gadolinium(HBasedContrast Agens

The aim of administering a contrast agent during an MRI examination is to maximise
the concentratiornormalisedlongitudinal relaxivity value {y of the water protons, as the
higher a relaxivity value achieved, the better the contrast of the image, and the more detalil
that can beobserved. If relaxivity values of the order mf= 100-200 mM! st were to be
realised, the contrast of the image would be such that more sensitive molecular imaging could
be carried out. Higher relaxivity values would also allow lower concentrations of the contrast
agent to be administered, which would help to abate the toxic ¢ff¢icat free Gd'ions have
in viva

In order to design a new generation of improved'"@xhsed contrast agents with
higher relaxivity values per millimole of agent, a number of parameters need to be
optimised?d. The hydration of the central ®don (gvalue) andthe distance between the
water protons and theinpaired electron spin (play a key role in the relaxivity achievable by

a contrast agent. At least one water molée needs to be bound to the ®dnetal centre at
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any given time, which is facilitated by the octadentate chelating ligands described previously
Theyguarantee that one of the nine coordination sites on the''Gah will be vacant for a
water molecule to bid, whichhelps to improve theelaxivity, as the distance between the
paramagnetic metal centre and the water proton is reduc&dapid exchange rate between

the water molecules bound to the @dentre and the surrounidg bulk water molecule@key)

helps to improve the relaxivity value even further, as turnover rates on the microsecond
timescale ensure that each @n can relax a large number pfotons onwater molecules

over a shorter period of time.

Increasing he number of water molecules that can bind to tharamagnetic metal
centreat any given time wikhlsoimprove upon the relaxivity values achievable by a contrast
agent; however, this may affect the complex integritty vivo if the Gd'ion makes less
coordination bonds to the stabilising chelate.hfdroxypyridonate (HOP&gasedchelating
ligand circumvented thisssue (figurel.03), as a high relaxivity value was measured for the
complex (7.7 mM s1, 20 MHz, 25 °C, pH 8.5) (attributed to tfaeo water moleculesound
to the Gd' centre), yet high stability of the complex was still reported even though only six
coordination bonds were made to the metal cerit?e The probe design wasish that the
energy barrier between the intermediate tris(aqua) complex and the observed bis(aqua)
complex was low, which reduced the mean residence time of the bound water molecules in

GKS FTANRBUO O22W\RAY I GA2Y ALIKSNB o._

Figure 1.03Structureof a hydroxypyridonatdased ligand for an MRI
contrast agent with high stability and two coordinated water molecul

I FAYLE 1S@ aLwLsSoad 2F | O2ydiNYrad F3ISydQa
is the tumbling rate of thespecies, which isharacterised by the rotatical correlation time
OR). Larger complexes with high molecular weights have been showodst higher relaxivity
values in comparison to smaller complexes, as the larger size encourages slower rotation in

solution. This slower tumbling rate ofhe larger paramagnetic complexes produces an



Chapterl - Introduction

oscillating magnetic fieldwhich has componentscloseg to the Larmor frequencyfor
hydrogen,and so the rate at which the water protons relax back to their ground statg i

with the applied magnetic field) is increasdthis allowsabsorption of another photon more
quickly compared to the smaller complexes, and hence the relaxivity value for the larger
complexes is increased in comparisdtrategies such ascorporating GH ions into
nanoparticle&? have been used effectively to reduce thaational correlation time as well

as tahering the paramagnetic metal centre to a rigid macromole@gléVhen coupled with

a luminescent metal centre thialso produces probes capable of duabdal optical/MR

imaging that will be discussed in detail later in tthigsis (sectiori.4.1).

1.2.2) Manganese(HBasedContrast Agens

The Gd' ion is currently the most prevalent paramagnetic metal centre used in
contrast agents for ffweighted MRI examinations, but originally the Mon was considered
for the role due to its amenable physical properties. The ion was initially discounted for
vivo imaging on toxicity grounds; however, recently, with the design of better stabilising
chelating ligands, Mhbased contrast agents, including those based on nanoparfitfds
and macromoleculd€21, are once again being considered ad'@&ae alternative&®. Gd'-
based contrast agents have been shown to have toxic effects when administeradq
especially in patients with impaired renal function. As some 14 % of the US population is
affected by bronic kidney disease (CKe development of a safer probe that is compatible
with imaging the kidney would have a large impact on modern medicine.

Comparable to the Gltion, high spin Mhhas a number of physical properties that
make it an efficienion for use in MRI. has five unpaired electrons and hence a high spin
guantum number (s = 5/2), a long electronic relaxation time, and fast water exchange kinetics.
Unlike Gd', however, Mflis also a biologically relevant ion as it is a naturalstiarent of
cells being involved in mitochondrial function. This makes''Mnsuitable ion for imaging
mitochondriarich organs such as the kidney, as the greater the density of mitochondria in a
cell, the higher the level of Mhuptake, and the better @ntrast seen in the image.

Free Mfions are still toxic to the human body, however, and overexposure can lead
G2 + ySdNBPRSISYSNIGADBS RAAZ2NRSNI {y26y | & WYl
tF NJAYaz2yQa RAASI &S d hytbase®cygnBastgent S &y bderd f & |
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approved for use in humans, known msngafodipir trisodium (MiDPDPPr Teslascan®L(

figure 1.04), but it was removed from the EU market in 2010 over concerns for its toxicity in

patients, as the complex was foundpartially dissociatén viva It is worth noting, however,

that free Mrl'ions have an efficient elimination pathway through the hepatobiliary system,

which free Gflions do not have, and so accumulation and toxicity is natea®re an issue

for Mn'-based contrast agents as they are for complexes with&@dhe paramagnetic ion.
Macrocyclebased ligand structures have shown excellent stability with' @®ds,

however, their use with Mhions is flawed. The-tlock Mr' ion has a smaller ionic déus

than the lanthanide Gtlion and so can make fewer coordination bonds. This is an issue when

using macrocyclic ligandas they saturate the metal coordination, which prohibits a water

coligand from binding. This produces an impasse, whereby impga¥iein vivostability of

the Mn'-based complex has detrimental effects on its relaxivity efficifckor this reason,

alternative acyclitigand typesare now beingconsidered
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Figure 1.04Structuresof Mn'-based MRI contrast agents

One such alternative from Caravan aneveorkerd3? is the hexadentate acyclic ligand
PyC3A N-picolytb Z b -trah$1,2-cyclohexylenediaminetriacetate,(figure 1.04), which
showed high stability compared to the commerciahtrast agents Magnevist® (ttbdased
(figure1.02) andTeslasca® (Mrf-based. When challenged with 25 mole equivalents of Zn
(pH 6.0, 37 °C), the PyC3A ligand wasoDmore resistant to metal ion displacement than
the diethylenetriaminepentaacetic aci@TPAligand in Magnevist®, and it was also found to
be > 16times more stable at pH 7.4 than thdipyridoxyl diphosphatdigand (DPDP) in
Teslasca®.

The complex also demonstrated excellent properties when tested as an MRI contrast

agentin viva When administered to mice(n > Y)zhe aggenwas > 99 % eliminated by a
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mixed renal/hepatobiliary pathway within 24 hours,dawhen administered to baboons (0.01
YY2fk{130 GKS I3SyidiQa KAIK adroAaftAide 61 a SyR
revealed excretion of the agent intd€t. The relaxivity value measured in bovine blood
plasma (r = 3.8 mM! s1) was also comparable to both acyclic and macrocyclic commercial
Gd'-based agents (Magnevist®=4.1 mM! s'; Dotarem®,r= 3.6 mM st) underidentical
conditions (60 MHz, 37 °C, pH 7.4), which was attributed to the fast water exchange rate of
the water coligand kex=1.0 x 18s?, 37 °C).

A further benefit arising from the design of the PyC3A ligand was the potential to easily
modify the stucture by straightforwardly substituting the-plyridyl donor constituent. A
short, cyclic peptide shown to have high selectivity for fibrin (the main component of a blood
clot) was used to link four MFPYC3A units together, in order to create a commagable of
molecular imaging of thrombosis. No loss of stability was noted with the synthetic
modification and due to the larger size and slower molecular rotation of the complex in
solution, the per MHion relaxivity value in pH 7.4 buffer wascreased foufold compared
to the smaller, parent complexi(® 8.5 mMt standr; =2.1 mM?! s, respectively).

As research continues to resolve the issue of poor kinetic and thermodynamic stability
of Mn'-based contrast agents, whilst improving upthe relaxivity values achievable by the
paramagnetic central ion, it becomes more of a possibility that soon thé-b@ded

commercial agents will be supplemented with less toxic' lternatives.

10
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1.3) Optical Microscopy

In comparison to the wholdody imaging technique of MRI, optical microscopy has a
resolution capable of elucidating detail at the cellular level. As most diseases and cancerous
tissues begin at the molecular level, the ability to monitor the biologicatgsses that are
the basis of these lif¢hreatening illnesses is extremely important for their earlier detection
and treatment. Cells are transparent and colourless, however, and so extracting any kind of
detailed image of their morphology is difficult thwut help from a differential cell stain.
Lumirescentdyesare widely usedor this purposein optical microscopy sathey provide
excellent sensitivity and resolution, andamy dyeshave been designed to target specific
biomolecule&? and chemicakpecie&d. Indeed, one of the key features of a cancerous
tumour is oxygen deprivation (ypoxia)*4, andsoa luminescent probe that shoveensitiity
to oxygenvia changes in emission intensity and lifetimm@n be used to monitor thexygen
levels in living cells to assess their heatttatud®33. Three key organic compounds

fluorescein, rhodamine anBODIPY (figurk.05) tendto form the foundation of such agents.

® o
H,N o NH,ClI X
SR
P N\ Nog N=
7N\
i CO,Me F F

B C

Figure 1.05Structures of the common organic fluorophores which form the foundati
of many optical microscopy imaging agemsfluoresceinB) rhodamine C) BODIPY

Such fluorescent imaginagentsallow biological entities and their processés be
tracked with the view of tracing molecular abnormalities particular This is not a
straightforward undertaking, however, with several requirements for an effective @rob
needing to bemet. To be even considered for application as a bioimaging agent, a
luminophore must first pass a few suitability tests related to its solubility and stability, tgxicity
and uptake and localisatian vitro.

Whenentering a biological environment it is essential that the probe remains intact
in order to avoid any cytotoxic effe¢t@nd t should be photochemically stable when

irradiated with lightto avoid any unwanted dissociation. The probe should als@siéent to

11
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photobleaching, although aexception to this stipulationis lightactivated drugdelivery
systems which require ligands to be photolabile in order to have therapeutic eéfféctsith
regards to solubility, a probe should readily dissolve into a biologicallyr@mpate solvent

such as a buffer solution to aid their cellular upta&edshould remain in solution indefinitely

to avoid unwanted leaching out of the cell. The ability to cross lipophilic cell membranes and
barriers is also a desired trait of the prgheith the additional feature of specific localisation

in a site of interest such dgsosome8™ or mitochondrid3® being preferred.

Although fluorescent organic dyes have found great utility in optical ingagheir
effectiveness is not without flaws'he short emission lifetimes of the probes permits the
unwanted interference of autofluorescence from endogenous biomolecaed synthetic
modification of the probe to tailor theabsorption and emission propiges is not
straightforward To try and combat these issyessearch into the use gbhosphorescent
transitionrmetal coordination compounds as namvasive probes haecentlyincreased in
popularity3®4d, Most probes &ndto be based on a mitb-late-transition metalwith a c?low-
spin octahedral electronic configuratiorifhe kinetic inertness of these heavy mkta
complexesabates their toxicity towards biological matter due to thmwv rate of ligand
exchange and manysuch complexes have lofiged and well known luminescence from

metakto-ligandchargetransfer(MLCY) excited states.

1.3.1) Metal Complexes as Cellular Imaging Agents

Metal complexes possess additional attractive featdogsise in biological imagirtg
those detailed above, but when discussing the benefits of using mesed complexes as
emissive probes it first seems pertinent to briefly detail the mechanism by which the
complexes absorb and emitadiation. This can édescribed witha simplified Jablonski
diagram (figurel.06).

On absorption of a photon, an electron in the chromophore is promoted into a higher
energy orbitaltaking the molecule from the ground state)) ¥ an excited singlet state (S*).
This is a fst, spinallowed process typically a feverhtosecondsin duration. Due to the
combination of a lowoxidation ¢ YS G I £  OS y-dicteBtor Bgandsksuch as >-H Q
bipyridine, this state usually has MLCT characterdisglays a strong absorption coefficient
(ca.10* M1cm). From the many electronic levels of this excited stdte chromophore can
eitherreSYA G GKAA LIK2 G2y ardosicondd odzamihde@sS it tend = T

12
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crossing (ISC) to an excited triplet state (T*, usu#{CT). This pcess is slower than
absorption (typically gmtoseconds to nanosecorsdin duration) as it violates the spin
selection rule, but it is facilitated by spin orbit coupling due to the presence of a heavy metal

atom with a high spifrbit coupling constant,. Emission from théMLCT energy level results

in longeef A 3SR LIK 2 & LIKRitideaodds gf @Bger)ddue td the formét spin
F2NDBARRSY VyIGdzNB 0APSd p{ r no 2F GGCMUCA NI RA
state with long decay liféines, as well as several other ideal characteristics, which make

metal complexes superior to probes that are purely organic in nature for application in cellular

imaging.

IC(ps)

kﬁ T*

ISC

A(fs)) [F(ns) (fs-ns) P & &ms)

<Q = o> m

SO v v
Electronic ground state

Figure 1.06A simplified Jablonski diagram illustrating the transitions between electron
states of a metal complex for the processes of fluorescence and phosphorescence. Coloured
and block arrowsepresent radiative and noeradiative processes, respectively
(A = absorption, F = fluorescence, P = phosphorescefsesiiglet ground state, S* = single
excited state, T* = triplet excited state, IC = internal conversion, ISC =systim crossing,
Faz LJAI Y a3 pice aako, Mido dnd rillSsacing)

One of themost usefufeaturesof phosphorescentransition-metalcomplexes is that
colour tuning across the visible spectrum is particulathaightforwardwith the judicious
choice of ligand. Fireontrol of the absorption and emission properties of the compledse
made possible by simply attachiedectronwithdrawing or-donating groupgo the ligand
periphery. This means that metal complexes can be designed to absorb and emit in the
WoA2f 23A0Ff (2 LME5AIBO him), avieyeR@ d@bSbrption of light by most
biomolecules in tissues is tHewesi*!. The useof longer wavelength light to excite metal
complexes also has the benefit of being less photodamaging to cells during insagintan

penetrate tissue to increased depths compared to higher energy radiatibis. is in stark

13
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comparison to organic fluorophores where such straightforward sstithmodification is
unlikely.Tailoring the excitation wavelength to be anywhere other than thevigible region

of the electromagnetic spectrum is therefomdifficult, and consequently most organic
fluorophores are often characterised by the unwanted interference of autofluorescence from
endogenous biomolecul&d; an effect made worse by the fact that this cannot be removed
by time-gating as the probe fluorescence is also shived.

As was noted previously, emission from metal complexes is usuallyivecigdue to

the heavy metal atom with a high sporbit coupling constanty facilitating ISC which
harvests a high triplet quantum yield following photoexcitati@mission lifetimg are two to
three ordersof-magnitude longer thanthose of organic entities, and as such
phosphorescence from the methhsed probe canbBA a G Ay 3dzZA A KSR FTNRY
lived autofluorescence by timgateddetection (figurel.07)8. A time delay of a few tens of
nanosecondshetween the excitation pulse and dsttion of the signal allows for the decay of
any background fluorescence. This makes it possible to isolate the desired signal only, giving
an enhanced signdb-noise ratio and very low detection limits. This attribute is also

particularly advantageous wén using phosphorescence lifetime imaging (PLIM) to study
metal complexe# vitro.

longlived probe phosphorescence

shortlived background fluorescence

time slices imaged by gated camera

Emission Intensity

Delay Time

Figure 1.071llustration of the concept of timegating in order to distinguish
a desired signal from shalived background autofluorescence in a cell
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The fact that emission originates fron¥MLCT state in heavy metal complexes, which
is a different state from that which was excited in the first place, means that overlap of the
absorption and emission spectrasisialldue to the large energy difference between the two
energy levels. This is anicular problem with organic fluorophores, which normally absorb
into, and emit from, the same;$xcited state, quite often leading to selbsorption and
hence quenching of luminescence.

A final benefitof usingmetal complexess phosphorescent prolsas that the long
lived excited state has more time to interact with dissolved molecular oxygen in sqlution
whichis useful for a number of reasons. Firstlye phosphorescence lifetimef the metal
basedprobe is sensitive tahe concentration ofoxygen in the surrounding environment
which is a property that can be exploited for phosphorescent lifetime imaging (PLIM). An
imageis produced based on thdifferential excitedstate decay rate of the probedue to
differences in theconcentration ofoxygeninside a cellwhich can be used to detect hypoxic
tissues such as cancerous tumouecondly, phosphorescent probes interacting with
dissolved molecular oxygemsults in the formation of singlet oxygeiyg state), which is
highly reactive towards biomeculesand leadso phototoxicity. Thisforms the basis othe
use ofheavymetal complexestherapeutically in photodynamic therapy (PB¥) Both of
thesetopics will be touched upon later in thithesis

The current developments in usingnetal complexes asiological probes for
luminescence imagingnd therapeuticapplicationswill now be assessed. In particular,
emphasis will be placed upon Rbased complexes and the progress made over the last
decade. Other eblock metal complexes will also be briefly considereduding those based
onRé, I andPt'. As the topic area is rather broashd rich with cuttingedge researchonly

select recent examples are included.

1.3.2) Ruthenium(IPBased Cellular Imaging Agents
The archetypal RU' complex [Ru(bpys]?* 6 6 KSNBE WoALRQ RSy20Sa
bipyridine),is wellstudied and has idegdhotophysical properties for luminescent imaging
Due toa combination ofthe low-oxidation state d® metal centre withH Z-bip@ridine ~ -
acceptor ligandsthe lowest excited state of the complex Hgal- = )} MLCT character.

ISC from thenitially-generated singlet excited state to thaplet manifold is fast, owing to
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the heavy atom effect, and therefore, phosphorescence from3eCT state is usually the
main radiative decay mechanism. This leads to long emissive lifetimes00 nd$4, which
are beneficial for timegated detection in PLIM, forexample, whereby cellular

autofluorescence can bexcluded The complex hasanited _ 124

W\ N)

cell permeability however, which restricts its application T
: . . N

as acellularimagingprobe. As such, the vast majority of ""

reported RU-based cellular imaging agents tend to be

based around the [Ru(N*¥j* core (figurel.08), inwhich L

at least one of thepolypyridyl N*N) ligands ha been Figure 1.08Thecore structure
of RU cellular imaging agents.

modified to bestowimproved cell permeation properties.
P P prop (N~N = polypyridyl)

Good examples of this are the w&hown
Y2t SOdzt-8 X MIRAKOG2 Y LIDPEB & 6 KOSND 6 PRIBILI Q RSy 2GS
dipyrido[32-I Y w-c]pBemazine) §, figure 1.09) and [(phemRu(tpphz)Ru(phes)t* (where
Wi LILWKT Q RSy20GSa (KISY -¥AT ek R HitjprEMZiNe)4NTgRe2 0o I H
1.09), which bothcontain extended N~N ligands capablebirfidingto nuclear DN&544. The
complexes are noremissiveat room temperaturen water, but display intense luminescence
when bound todouble-helical DNA due to shieldingf the phenazine nitrogen atormfsom
any hydrogenbondedwater moleculeswhich act agjuenchersThis remarkabldehaviour
allows for sensitive probing of the DNA environment, as the intensity and the maximum

energy of the photoluminescence responds to subtle changes in the DNA helix structure.

— -~ ;—’4
Q“)\/lj/ Q N | N \| NX
R
| N N
I N
4

Figure 1.09Example®f Ru-based complexes that target the nuckeaf a cell by binding to DN/

Due to its excellent ligHharvesting propertiescompound4 from Thomas and co
workers has lent itself to a number of different modalities for imaging cellular DNA. As its

emissionis fairly longt A 3SR 6. B mMc n inyestigafedas tieSirst@gamipd oS E 6 | &
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a transitionmetalbased cellular DNA probe usingwo-photon phosphorescent lifetime
imagingmicroscopy (2RPLIM¥. The luminescence lifetime was ordessmagnitude longer
than conventional flueescent lifetime imagingnicroscopy(FLIM), allowing focomplete
removal of any interfering autofluorescence from endogenous fluoropharetleading to
high levels of serigvity from a cellular DNA probe. The complex has also shown excellent
potential as a superesolution probé&®; imaging both mitochondria and DNA when used
alongside SSIM and STED imaging techniques. In particii&FEZDimages of nuclear DNA
were produced with unprecedented resolution. Furthermore, as the complex consists of two
electron-dense metal centres and is kinetically unreactive, along with its@doguét, it

has also been used to produce higgsolution images of cellular DNA through the Hayint-
based imaging technique of transmission electron microscopy (TEM).

As well as imaging nuclear DRA Ru'-based luminescent dyesare also being
developedas potential anticancer therapeutic ager®-52. In comparison to commonly used
platinumbased compounds such as cisplafty-basedcompounds have been shown to
cause fewer and less severe side effeatisichmay in partoe due to their improved suitability
towards physiological conditions such as slow ligand exchange in water.

One way in which anttancer properties are bestad upon a Rbased complex is
to adorn the probe with an already established acdincer drug%-6, figure 1.10). Not only
can the luminescence from the metal centre act as a monitor for drug localisation, but the
pharmacokinetic and pharmacodynamic pespes of the parent drug can also be improved
upon as the metal complex aids in cellular uptake. Recentlyminescent and photolabile
Ru'complex [Ru(phen)Ec]CL (5, figurel.10), wasdevelopedas adual cellular imaginggent
and a light-activated drugdelivery system by attaching two econazole molecules (an
imidazolebased drug currently being investigated for oral and intravenous applications in the

treatment of cancéP?) to a[Rujphen)]?*core38,
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Figure 1.10Examples oRU'-based complexes linked to asmtincer drugs (highlighted in red)

The probe accumulated in the cytoplasmbath live and fixedLD1 colon carcinoma
celsoHn >axz n ,KvhdediHuminescencdoeinglobserved under physiological
conditions in thedark (figurel.11g. Thisconfirmedthat no ligand exchange occurreaider
these conditions,as the corresponding photoactivated complex, in which one tioé
econazole ligands has been photocleaved, is-lnomnescent. Upon increasing irradiation
GAYSa 6 A0 Ke=bRE )Y howeker & decréase in emission intensity was observed
(figure 1.119, indicating the selective cleavage of a methug bord to produce free
econazole and [Ru(phe®)c(HO)F*.

o

Dark 2 min T min 15 min

Figure 1.11a) Confocal luminescence microscopy images ofDtdlls treated wittb and
ANNI RAFGSR 6AGK tA3IKEG F2NI RAFFSNBY G GAYS LISNA:
intensities of c samples after light treatment. (Reproduced with permission from3@&f.

Copyright (2015) Royal SociefyfChemistry)
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To measure the cytotoxicity of the prodruarious tumour cell lines were incubated
with the complexfor 24 hours and then irradiated with light for 15 minutes. Cell viability
studies revealed a significant increase in cytotoxicity upon irradiation with green light,
compared to control cells that we left in the dark and those incubated with just the parent

drug econazole nitrate.
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This workdemonstrated the promise thahetalcomplexbased light-activated drug
delivery shows for the improved transport of drugs. Their prodrug forms can be supplied
fairly high concentrations and their localisation monitored by luminescence, whégtare
physiologically inert in the dark armhly selectively toxic to cells upon irradiation with light.

RU' polypyridyl complexes can lack selectivity for canceroelés, however, being
taken up equally well by healthy cells, leading to unwanted phototoxicity to normal tissue.
Therefore, substituting the complexes with targeting groups that are known to bind to
receptors in cancerous cells can guide the probes tecseely accumulate in unhealthy
tissues. One suclR(phenk(N*N)?*probe was tethered to a tamoxifemolecule 6, figure
1.10), whichis known to competitively bind to oestrogen receptors in breast cancer®ells
This blocks the effect of oestrogen on these receptors and stops the encouragement of
cancerous cell growth by initiag programmed cell death. The Ruetal centre was shown
to be an efficient phosphorescent guidad producer of singlet oxyge(tO) under two-
photon irradiation €x=830nm), which makes the probe a candidate for use in PBactve
oxygenspecies ROS) such d€, are highly cytotoxicdamaging intracellular biomolecules
and ultimately instigating cell death. If carefully controlled, this generation of ROS can be used
to treat a small abnormal area of tissue without the need for surgery.

Campared to a control molecule not adorned with a tamoxifen ustmpound 6
demonstrated enhanced cellular uptake and tpboton photodynamic therapy (2PDT)
abilities in MCH breast cancer cells, whereas little uptake and phototoxicity was
demonstrated m non-cancerous cell linedH(-7702and COS) (figurel.12). The tamoxifen
moiety was confirmed as the key mediator for uptake of the complex into the breast cancer
cells, as a competition experiment with an oestrogen receptor inhibitor led to suppressed
uptake of the probe. Cell viabilities cd.90 % were measured with increasing concentrations
of compoundé6 in the dark, however, a reduction in the viability of MCEells by 99 % was
FOKASOPSR gAGK | LINRo6S O2yOSy i NIifradigtefl. TRIF 2y &
demonstrated that like other 2P 5¢ | ISy G as Oeli202EAOA GRy @2 dzZ R
through irradiation with light, but that also selective uptake into unhealthy breast cancer cells
could be orchestrated by tethering the Rprobe to an oestrogemeceptor targeting
molecule (tamoxifen). This leads the way to a new design -##I2P agents, whereby healthy

tissue will remain unaffected by treatment.
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Figure 1.12Confocal luminescence microscopy images of MCElls treatedwith 6 for a) 0.5 h,
b) 1 h, and c¢) 2.5 h; d) C@8ells incubated witl® for 2.5 h; e) MDAVB-231 cells incubated with
6 for 2.5 h; f) H7702 cells incubated withfor 2.5 h.The nucleus was stained with Hoechst
33342 &ex 405 NM<em: 4305470 nm) andb O e 488 NM<em: 570630 M) { O £ S 61 NI T on
g) Fluorescence intensity 6fin different cells after 2.5 h incubation.
(Reproduced with permission from ré&f4. Copyright (2018) Royal Society of Chemistry)

1.3.3) Other BBlock Metal Cellular Imaging Agents

Progress in developing luminescent' Remplexes as cellular imaging agents has
occurred steadily since Coogan andvearkers first reported their potential in 206f7. The
archetypal structure for such complexes is thatfat-[Re(CQIN"N)XT* (figure 1.13), where
bwb A& | LJ2f & LR NR-Bigyfidinef ok 3, 1gyhehanthroti®eKandl Xais a > H Q
monodentate ancillary ligand such as a halide or substituted pyridine.

In general, complexes of this nature exhibit intense

and farly longlived luminescencet (> 200 ns), usually in (\N "
the lowerenergy region of the visible spectrum and N, | ‘\\\\\\\CO
typically from aMLCT {Re ~ mnj} statd®®. Tuning of < |e\CO
both absorption and emission energies is, therefore, made co i

facile by the introduction of electrewithdrawing or _
Figure 1.13Thecore structure

electrondonating groups onto the polypyridyl liganc of Récellular imaging agents.
leading to a blue or red-shift in energy, respectively ;EAEaidzogrpgSgg;I)
Conversely, studgehave shown that modification of the

spectator ligand, X, only produces small changes to the photophysical behaviour of the
complexe®7. This presents thepportunity to tailor the uptake and localisation properties

of the complexe8¥ without compromising the desired luminescent properties lof fprobe.

The inherent versatility that comes from the easy synthetic modification of the ancillary
ligand, X, alsallows Reé complexesto be designed with the intention of sensing particular

entities that may indicate certain healbroblems. For example, the ability to sense certain

20



Chapterl - Introduction

sugar®? (glucose in particular) can aid in the tracking of rapidly growing cancer cells due to
their propensiy to catabolize glucose at high rates.

In addition to theuseful propertiebestowed on Reomplexes by the polypyridyl and
ancillary ligands, the three carbon monoxide (CO) ligands give rise to potentiabhangr
properties®®, CGOreleasing molecules (CORMSs) have shown excellent promise when used to
deliver moderate doses of toxic CO gas to cancerous cells, as the ensuing disruption to
mitochondrial function induces cell death. However, target selectivity and dosage control are
hard to orchestrate in most cases. LuminescentB@pounds that are photoactivatable are,
therefore, incredibly useful gshoto-CORMSs, as the photoinduced release of CO ligands can
be carefully controlled by irradiation, and the localisation of the probe and degree of CO
delivery can be monitored by luminescence microscopy.

A 2(2-pyridyl)benzothiazole (pbfe complex {3, figure 1.14) entrappedin the pores
of mesoporous silica nanoparticles (MSRs) & LI | @ SR  dzZZ X ¥ ©a O8I ¢S A WiNdizI
with low-power UV light, due to theesulting Recomplex being nofuminescent upon
photoinduced release of one of the CO ligdh#sThis property was used to monitor the CO
induced cell death iIMDA-MB-231 (human breast cancesglls incubated with the Répaded
MSNs, as the orange intracellular luminescence was diminished upon the photoinduced
release of a CO ligand. Replacing the ancillary ligand with a watecule b, figurel.14)
produced a Rghoto/ hwa GKI G y2i 2yf @& R LIcknepS REY20NI Wiidd
2FF QI SEKRK OIMIILBR 06t dzS-2 @Y H Y S &-Enity UGB cow il atiziSiss
of all threeCO ligands (figurg.15)/¢2, Again tracking of the C@nduced cell death iMDA-
MB-231cells incubated with the Reomplex was achieved by monitoring the pregsive loss
of orange luminescence, but this time the concomitant gain of blue luminescence from the

free pbt ligand was used to signal the end point in CO delivery.

_‘ +
; 2 X X=P(6Hs)z(a)

SN, | WO H0 (b)
‘Re".
N N/ | \CO

o co

Figure 1.14Example®f photoactivatable C@eleasing (photeCORM) Reomplexes
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Figure 115: Timeresolved luminescence traces dh in acetonitrile upon
exposure to lowpower UV illumination at two minute intervals. (Reproduced wi
permission from ref62. Copyright (2016) Americabhemical Socie}y

In the case of lt-based probes, heteroleptic complexes of the type [Ir(GININ)J
(figure 1.16) arethe most widely investigated, where C”N is a monoanionic cyclometalating
ligand such ag-phenylpyridine(ppy) or 2,4difluorophenylpyridine(dfppy) and N~N is a
LJ2 f @ LJ@ NR R& f fbipyHding &} 1, Equteh&nthioliné®3h Densily functional theory
calculations have shown that the highest occupied moleculdvitalr (HOMO) in these
complexes is composed of thé'ld-2 ND A G | £ Zorbitays Bf thé ghnyl Tings, whereas
the lowest unoccupied molecular orbital (LUMO) is _ -
localised on the heterocyclic rings of the cyclometalated (\C

+

ligand$®4. Although the polypyridyl ligand is not directly Niu,, | N

Ir
involved in the lowest excited state, it can affect the N/l\N

excitedstate energy by adjusting the electron density at U

the metal centréfd. As a result of this, emission fromi'Ir

_ o Figure 1.16The core structure
compounds is tuneable across thesible spectrum from o pi celylar imaging agents.
blue to red, and emission lifetimes ranging from (NN = polypyridyl,

C”N = cyclometalated ligand)
nanoseconds to milliseconds can be achieved.
The biscyclometalated nature of the compounds also offers distinct advantages when

considering the complexes as imaging agents. The tveranal charge of the complex is

lower (+1 rather than +3 in [Ir(N~BJ* complexes), which bestows good cellular uptake
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properties on the complex, as loweharged compounds pass across cell membranes more
readily than those with higher charges. Tiophilicity associated with the cyclometalated
core also aids the transport of the complexes into the cell structure; however, it does seem
02 KAYRSNI O2yGNRft 2 @SN aLI)S-Gohatirdy @Haladier f he f 2 O f
ligands raises the amgy of the metakentred orbitals. This improves their ability to
participate in the excitegstate of the complex, leading to high triplstate conversion
efficiencies and an increase in the radiative rate con$tén®s such, ftbased complexes

are often used to monitor the oxygen concentration in cells endvq as molecular oxygen
with a triplet ground state efficiently quenches the phosphorescence from thé&ipiet-
excitedstate via energytransfer. This change in emissioriensity and lifetime from the t
centre provides a means to quantify the oxygen concentration wherever the probe is
localised.

A deprivation of adequate oxygen supply, known as hypoxia, can affect gene
expression and can greatly accelerate the pregren of tumour growth At the other
extreme, an excess of molecular oxygen (hyperoxia) can cause increased levels of reactive
oxygen and nitrogen species (RONs), which can affect the central nervous system.
guantitative detection method for the levelsf @xygenin vivois, therefore, an extremely
important tool for the earlier detection othese diseasesExploiting the luminescence
properties of an If complex provides a neimvasive method that can be used alongside
imaging techniques such as PLIM general, most probes have been designed to detect
hypoxic condition€%7; however, one recently reported duphosphorescent It-based

probe from Lo and cwvorkers sequentiallyimaged both hypoxia antyperoxia 8, figure

1.17)°8.
@ |/

8

Figure 1.17A duatphosphorescent ltprobe for sequential imaging of
hypoxic and hyperoxic conditions
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The complex in question displayedkedeye distinguishable green, orange and red

emission in aqueous buffer solution under three different oxygen concentratidngooxic

(N2 atmosphere), normoxic (air) and hyperoxic; @mosphere),respectively (figurel.18).

This emission sensitivityotoxygen concentration was reproduced when the probe was
AyOdzo I 1SR 6p >ax HKUO gHelinKHepGR, Ml STaRrIFF(NE v U
and high (50%) oxygen environment&s the green luminescence was predominant under
the hypoxic conditionsand red luminescence under the hyperoxic environment. This
demonstration of spectral response to intracellular oxygen concentration from a single small
molecule opens the door to more easily diagnosing abnormal molecular oxygeniteveig

that are the underlying cause of many diseases.

N, Air O,

I

Figure 1.18Luminescence spectrum 8in PBS¥1eOH (9:1y:v) under N (blue), air
(green), and ©(red) atmospheres and photographs&fipon excitation by a UV lamp.
(Reproduced with permission from r&f8. Copyright (2018) American Chemical Societ

ence Intensity

Normalized Luminesc
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Unlike the @ metals I, RY and Réthat adopt a distorted octahedral arrangement,
Pt'is a & metal ion and prefers to assume acdordinate square planar configuration. The
metal has found widespread use in the chemotherapeutic agents cisplatin, carboplatin and
oxaliplatin (figurel.19), whid stop cancer cells from multiplyirigy forming covalent PDNA
crosslinksHowever, the evolution of resistant cell lines and the lack of control over specific
localisationleadngto non-cancerous cell deathre issues needing to be addressed with these
chemotherapeutic agentsFor this reason new Rbased complexes are currently being
investigated for use in PDT, as the toxicity can be controlled bydighation, significantly

reducing damage to healyhtissue&°79,
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Figure 1.19Structuresof Pt'-based chemotherapeutic drugs
D)cisplatin,E)carboplatin and=)oxaliplatin

One such example was based on a mesufistituted, cyclometalating N*C”~N ligand
(9, figure1.20"4. The complex demomiated excellent light toxicity in several cancerous cell
lines (HeLa, SW480 and EJ) as well as in the cisatstant bladder cancer cell line;EJat
low concentrations (04w  >lay0R f 26 R2 a4 Sae=2A@n@R6AEMHNE S A AK

Figure 1.20Anexample of a cyclometalated
Pt-based PDT agent
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1.4) DuaiModality Imaging

Collectively, the arsenabf imaging techniquesavailable covers the complete
spectrum of diagnostic eventualitie$rom imaging tumours in larger thredimensional
systems (MRI, PET-r&§), down to tracing microscopic abnormalities inside a cell (optical).
However, it remainghe casethat no individual techrjue reigns supreme with regards to
suitability for all applications. Each method suffers from an inherent limitasach aspoor
resolution or lack of sensitivityestricting its ability to interrogate all aspects of structure and
function”3.

This issue is not a trivial one to resolve, however, as the simple combination of two
separate probes is not a practical option.-lBodisation inan area of interest is unlikely as
identical biedistribution is difficult to engineer. The design of dual multi-modal probes, in
which two or more independent reporters are integrated irdoe unit, is therefore an area
of immense interestldentical pharmacokinetics are guaranteed as the probes are tethered
together through chemical bonds, and thissualisation of biological matter can be enhanced
enormously bysimultaneouslyexploiting the advantages of each detection modgy
combining he synergisticsignals arising from both imaging modalities, images can be
developed to reveal exquisite detail.

A combined positron emission tomograpltgomputed tomography (PETCT)
scannel? has already estalshed the evolution of medical diagnosis, with hybrid fRERI
scanner84 following suit just this decade. Data from both devices can be taken sequentially
and superimposed to form a single image. The amalgamation of data from theeparate
sources allows both accurate diagnosis of health issues such as cancer, but also the facile
monitoring of the success of treatment. A drawback to such systems, however, is that they
still require the use of both ionising radiation and unpleasadliachemicals. For this reason,
research intomulti-modal prdoes finds itself favouringptical microscopAMRI hybrids, as
both techniques are relatively mild towards biological matter in comparison. Interest has
grownto such an extent recently that this combination now finds itself in the-@imcal
phasé™.
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1.4.1) Dual Optical/MR Imaging Agents

Optical imaging has excellent sensitivity and resolution compared to MRI, but the
depth of tissue penetration it can achieve is only in the miltnmeange. In contrast, MRI can
image optically opaque systems. The practicality of utilising luminescendtkergfore,
limited to cellular and subcellular level imaging; quite complementatiiecapability oMRI
to image whole bodiegirgans. It theréore stands to reason that wheaduminescendye and
an MRI-active unitare combined into a single, duaiodal entity, a superior probe will be
LINE RdzZOSRT y20 2yfteé OFLIofS 2F AYIFIIAy3a (GKS
the intricate detal within a cell.

There are many interesting approaches described in the literature of ways in which
these two modes of imaging have been integrated into a single probe. The simplest method
is the attachment of small organic fluorophores to the pendant armf the already
established MRtontrast agents (figure1.02)7%78, Although this practice appears to be
effective, with the design of biologically relevant porphy@d' amalgams beig reported™,
in the majority of cases the issue of interfering background autofluorescence still remains a
fundamental flaw that neds to be addressed. Larger organic systems such as quantum
dotd8281 and nanoparticle§? functionalisedwith Gd'-chelates have also been described.

Luminescent.n" ions¢ mostly EU' and TH' (both of whom emit in the visible region
of the electromagnetic spectrupg have also been extensilyeexploited in the design of dual
modal probes. A distinct chelating structure is usually loaded with either a magnétioed
or a photoluminescentn" ion and then mitures of the two probesdministeredfd. Parallel
bio-distributions are hypothesised in this case due to thastructural nature of the probes
and thechemical similarity of the "Hons. A distinct challenge witthis method, however, is
the opposing requirements that each 'l.rion has with regards to coordinating water
molecules. To obtain an efficienbntrast agenfor MR imaging purposes, coordination of a
water molecule tothe Gd" ion is essential. For th purposes of optical imaging, however,
coordination of a water molecule is deleterious to the luminescence of tHedm Hence a
Wdtch-22Qsituation is created that is particularly difficult to resolve. However, recent
advances using 11483 or Dy'®8 as both the magnetiunit and the photoluminescent unit
has proven successfly as well as linkingnultiple [Gd(DOTA)](commercial Dotarem®)

chelates to the surface of NaGd"", Tm" upconverting nanoparticlé®l.
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This thesiwill focusupon the strategy otombining a photoluminescent transition
metal moiety with amagnetic G unit. Gd" has already been shown to act as an efficient
contrast agent forMRI (section1.2.1) due to its seven unpaired electrons and high
paramagnetic relaxiviti?#4, and so the vast majority of literature in thisea involves this
particular LH'ion. However, there has been a recent report of integrating Mn@nosheets
with [Ru(bipy3][PFs]2 to produce an optical/MRI duahodal pobe that takes advantage of
the paramagnetic properties of the Mion(®.

The incorporation of a luminescent transitionetal ion into the design helps to
overcome many of the issues encountered with the previous attempts at producing dual
modal probes, due to the many advantageous properties that metal complexes possess when
applied to biologicaimaging (sectiori.3.1). Numerousd-block metals have been utilis€ef
% however, this thesiwill place particular emphasis onfdhybrids utilising the luminescent
properties of a Rumetal centre, and wilbriefly surveypotential duatmodal optical/MRI

complexes based oRé, Ir'"' and Pt' as well.

1.4.1.1) Ruthenium(liGadolinium(lll) Heteropolymetallic Complexes

Integrating Rlimetal centresinto the design ofluakmodal optical/MRIprobes is a
judiciouschoice as these complexes exhilakcellent lightharvesting abilities as well dse
propensity to emit luminescence towards the red (and more biologically penetrative) end of
the visible spectrumThe first such reported exampldilised two terpyridinebased ligands
adorned with diethylenetriamind >~ b = BiéSSibNel | OSGIF GS 65¢¢! O0- L2 & Ol
positions to bindwo MRFactive Gd' ions (L0, figure 1.22)°4, The relaxivity value measured
for this duatmodal RuGglprobe was 1= 7.8 mM' s per Gd'ion (20 MHz, 37C), which is
higher than the commercial MRI agents under the same experimental condition8 @4.0
mM-1siper Gd'ion).

This increase in proton relaxivity was attributed to a number of factors. Firstly, the
water coligand exchange rate (measurdor the Fé analogue) was faster than that of the
commercial agenMagneVist®[Gd(DTPAY) (kex= (5.1£ 0.3) x 16s?and kx= (3.3 0.2) x
10°s?, respectively) due to the presence of two water molecules bound to each of the Gd

centres (one more than the commercial agent). Secondly, the larger size of the complex and
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the rigidity of the terpyridine ligands contributed to slowing the rotationairetation time of
the probe in solutioror= 410+ 10 ps).

Unfortunately, enhancing the rigidity of the complex by directly linking thé! Gd
binding site to the terpyridine ligand had a negative effect on the stability of the complex. The
basicity of tke electron lonepair on the central nitrogen atom on the DTTA ligand was
reduced by the electromithdrawing nature of the aromatic liganchaking G# dissociation
in vivomore likely in comparison to the commercial MRI agents. Utilisation of the terpyridine
ligands also had a negative effect on theninescentproperties of the duamodal probe, as
the RUY centre was noemissiveat room temperature in water (as has beéyund with the
parent compound, [Ru(terpy]*)®. This is due to thermal quenching of the lowest energy

SMLCT excitedtate bynon-radiative decay of the lodyingtriplet metalcentred(3MC) state.

0o0C COOo

Figure 1.21Anexample of a combined B«&d'"; duakmodal optical/MR imaging agent

A second reported RuGd'" heteropolymetallic complex from the Pardogt group
also utilised an acyclic motif for binding theRFactive Gd'ion, however, in this example the
[Gd(DTPA)] chelate watraddled bytwo luminescenf{Ru(bipy)(ph-phen)F* units (L1, figure
1.22)1%1, In this casgthe relaxivity value measured in water was=r7.0 mM's?(20 MHz, 37
°C), increasing ta F 14.3 mMts1(20 MHz, 37 °C) when measured in a 4 % solutitwimian
serum albumin (HSA). This confirmed that the probe was makingaeaent interactions to
the protein, as the mobility of the MRI agent was reduced, which led to the longitudinal

relaxation rate doubling in value.
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11

Figure 1.22Anexample of a combined BRuGd" duakmodal optical/MR imaging agent

Although the relaxivity value measured in water was an improvement on the parent
[Gd(DTPAJMRI agentit was hampered by the slow water exchange rate brought about by
I £f2y3 NBAARSYOS (GAYS 2F (KS 02dzyR wrIBaBSNJ Y2 {
+ 34 n9. The stability of the complex to @dissociation was also not considered for the
purposes ofin vivoimaging. The luminescence behaviour of the[Rif*duatmodal probe
was an improvement on the terpyridiAgased RuGgtomplex(10), however. Upon excitation
intothela [ / ¢ | 0 a2 NLJ&# 249 nmihe goRpldx displayed bright red emission
ing I G SNJI580850 nm, centred atem =620 nm,«= 4.7 %), whichwdengf A 3SR o6 _ T
ns).

As the acyclic dtthelates have been found to have reduced stability with regards to
Gd'dissociatiorin vivq a number of recently publisheRiu'-Gd"potentialduatmodal probes
have chosen to use the more stable macrocyclic [Gd(DOTA)] motif for binding thechifel

metal centre (figurel.23).

o o}
/ 2’0 |2CI
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(/ Nn— O | / ~-OH
| ot HN)\/N\—/ 2
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bwb Fbipyridine@) Z >Ru/ >
1,10-phenanthroline(b) ~ N7 | Dy
N

Figure 1.23Example®f combined R+Gd" duatmodal optical/MR imaging agents with
macrocyclic Gtlbinding sites
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The first example was a simple bimetallic [R¥Gdpmplex based on a central
[Ru(bpy)(phen)f* core (12, figure1.23)°7, whichhad a measured relaxivity value in water
of rn = 4.7 mMts1(20 MHz). This value is marginally improved upon compared to that of the
commercial ageniGd(DOTA)]due to the[RUGIFLINR 6 SQa KA IKSNJ Y2t SOdz |
its rotational correlation time, however, there is no indication of the experimental
temperature which makes it difficult to accurately compare the values. To eealhe
LINE 6 SQa a wln vidoit Wds administéréd $oaaunmingmouse (0.2 mL, 2 mM)
Bladder contrast enhancement was detected five minutes after injection, continued for up to
six hours, and then returned to zero after 22 hours. This is likedytd the excretion of the
probe; however, no experimental procedures were carried out to quantify this.

When tested as a luminescent marker the probe also showed promising activity. In
PBS bufferatpH 7.4tHa[ / ¢ | 0 &2 NLJi A2y Y| E ks¥dd0nni Ugon T 2 dzy R
excitation in to this band a typical luminescence profile was recorded for the
[Ru(bpy)(phen)F* core with an emission maximum centred<at,= 605 nm and a lifetime of

' cyy Yao LyOdzmolGA2Yy 27T O d@nliwNRrordmaxells > a >

(HepG2)led to clear intracellular luminescence detectable in the nuclear region and the
cytoplasm, with minimal cytotoxicity being observed (cell viabilities were > 90 % even with
probe concentrations of up ta00 >M). Incubationof the probe in the small crustacean,
Daphnia magnaconfirmed its successful applicationitovivoimaging.

Furthertrimetallic [RuGd]?* complexes in which the luminescent centre was either
[Ru(bipy}]?*or [Ru(phen)]?*(13ab, figure1.23)°899 were also reportedor their potential
as dualmodal optical/MR imaging agentitroduction of the Gt chelates was achieved by
coordination ofpendant pyridine ring ©n substituted DOTA ligasjito the two vacant
binding sites on thé&ku' metal centre.

The relaxivity values meared for the complexes were modest ¢ 5.8 mM' st and
rn = 6.2 mMtstper Gd'ion, respectively) (20 MHz, 37 °C, pH 7.4, PBS), but both were an
improvement upon the value for the parent [Gd(DOT&)mplex (i = 3.4 mM's') under the
same experimental conditions. When measured in the presence of a 4.5 % HSA sbaition
of the complexes displayed enhanced relaxivity values (4.3 mM st andr, = 15.4 mMt
siper Gd'ion, respectively) due to the necovalent inteactions between the probe and the

protein, which slow down the molecular tumbling in solution.

31



Chapterl - Introduction

The probes demonstrated typical luminescent properties for fRe(bipy)]** and
[Ru(phen)]?* central units, with!MLCT absorption maxima &hs= 480 nmand emission
maximain the region okem= 590595 nmwhen measured i®.1 M TrisHClbuffer at pH 7.4
andNB 2Y GSYLISNI Gd2NEd® 2 KSy Ay Odz | (BoR[RaGIFK | S[ |
imaging agents showeligh cytotoxic properties (cell viabilities between 4695 %) at
relatively low concentrations of the probes due to the promotion of apoptosis (programmed
cell death). This suggests that rather than bepagential dualmodal imaging agents, the

probesmay be useful as therapeutanti-canceragents.

1.4.1.2) Other BEBlock MetatGadolinium(lIl) Heteropolymetallic Complexes

Re metal centres are good candidates to be the luminescent component of a dual
modal optical/MRI probeas the metal tolerates a comprehensive range of synthetic
possibilities. In theorythe formation of bieconjugates and more complicated architectures
is facile due to the ease in which the labile chloride ligand on the centrahtBen can be
substituted. Its chemistry is also analogous to that®¥fT¢, the most commonly used
radioisotope in medicine. As such, duabdal imaging probes integrating 'Rentrescan also
be thought of as prospective dumiodal MRI/SPECT probes as W8Il As a result of these
attractive qualitiesone of the first examples of aftdual probe was a R&d" compleX1od,

A [Re(lpy)(COj)* core was attached to a [@OTA] chelate through a pyridine
spacerunit (14, figure1.24). When excited in the near + & 337 nnj, the lifetime of the
Re3MLCT emissiondm=600 nm, water) was improved upon greatly compared togheent
complex [Re(lpy)(COY f 8 240 nsH'y R< 10 ns respectively'3 pbecauseof the
substitution of the chloride ligand with an-bbund pyridyl groupThislonger luminescence
lifetime would allowfor the efficient gating of any background autofluoresceiidbe probe
were to be used as a luminescent dye.

The relaxivity value measured in water was large at high frequency values3(6
mM-1s?t 500 MHz), which was attributed todihydrate coordination state and most likely a
high water exchange rate as a result of this. When measured intR8%$elaxivity value
decreased @r= 3.9 mM! s1, 500 MHz)however,as aconsequenceof phosphate anions
competitively bindingo the Gd"ion andreducing thenumber of water molecules bound to
the paramagnetic centre. This may be an issue for use of the pnoligoas manybiological

entities may cause this detrimental effect to occur.

32



Chapterl - Introduction

¢
‘N— 0
b'l/\ [~
Q_?F‘\N
oc\ /co _ NO) Jl
OC—Re—N, \ 0”0
/ \ OH,

+
H }
OH
2 7 N \ 00 7 N/ﬁrN
— — N " | Y co
?,O ; l\ N N/’ /N\ N-N O _N co
Nf \ ~ 'N—Ré—CO /\Gdi‘) Re
P AL SAW N N
oc
ey i a9
o T~ o _
/0
no o 15 16

Figure 1.24Example®f combined ReGd" duatmodal optical/MR imaging agents

Later examples from the same grdtf§ addressed this issue arfughligtted the
importance that judiciouslesignof the spacer ligandetween the two metal centrebas on
the duatmodalimaging abilities of a probe. Simgled(DOTA)omplexes were synthesised
in which theRée and Gd' binding sites were bridged by differidiggands containingriazole
units (15-16, figure1.24). In complex15 the triazole unit bridges both of the metal centres.
This direct coordination of the Reentre to the triazole unit reduced the donor ability of the
other nitrogen atoms in the ringand as such an equilibrium existed in which the triazole unit
was either coordinated or uncoordinated to the '@Gidn, leaving a vacant site available for a
second water molecule to bind. btomplex16, however, the Reentre was separated from
the triazole unit by an alkyl spacer and so an octadentatd ¢late was favoured, leaving
only one vacant binding site available for a water molecule.

Upon photaexctation ¢ ex= 337 nm) both complexes displayed similar'RMLCF
based emission profiles in water 6em ' ¢ n 1 FylYOrns), howeverthe different
coordination environment at the Reentres affected the relaxometric properties of the two
probes.Complexl5 showed an increased relaxivity value £r5.3 + 0.5 mM s!) compared
to complex16(r.= 42 + 0.4 mMt s) when measured in water under the same experimental
conditions (7 T, 37 °C, pH 7.Ajost likely due to an increased hydration number (q = 2) in

complex15. However, when measured in PBI&e extra vacant coalination site in complex
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15left the probesusceptible to competitive phosphatamionbindingand the relaxivity value
decreased greatly {= 3.2 + 0.3 mM s?). The relaxivity valutor complex16 was found to
be phosphateindependent(r; = 4.1 + 0.4 ! s') as the coordinated triazole unit shielded
the Gd'centre from the anion.

This work demonstrated that duahodal imaging systems should ideally comprise two
well-separated imaging components within a single assembly. Increasing the hydration state
around the paramagnetic centre was also shown to be a deebted sword, as althmh
the relaxivity value of the probe was initially improved, it left the probe vulnerable to
competitive binding of unwanted anions, which had a detrimental effect on the relaxivity
value achieved.

The combined imaging proficiencies of &nd Gd' components have largely been
unexplored thus far despite'licomplexes being well documented as effective luminescent
probes (section1.3.3. An initial bimetallic [IrGd} example {7, figure 1.25 showed
impressive dual abilities when applied to both MRaging of murine livers and
photoluminescent staining oKB (human nasopharyngeal epidermal carcinoma) and L02

(human normal hepatocyte) cell lines, howel/gt.

om)
17 0

Figure 1.25An example of a combined"lrGd" duatmodal optical/MR imaging agent

The relaxivity value in saline solution was measwasd =3.4 mM* s (128 MHz, 25
°C) which is quite a lowalue,but one difficult to compare to current mononuclear contrast
agents without measuring them under the same experimental conditions. The low relaxivity
value did not hamper the MRI abilities obmpound 17 in vivo, however, as successful
assessmentvas carried out in mice. The probe was administeded n n0.05 M per kg of
body weight)and theT; contrast enhancemenmonitored at 30, 55 and 85 minuteafter 30

minutes brighter contrast was observed due to accumulation of the probe ihvee(figure
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1.26B, which then slowly decreased until it had returned after 85 minutes to the levels of
pre-contrast agent administration (figurk26D. Comparing analyses of tissue sampdg®n

from both an injected mouse and a control mouse (injected wit® BBffer only)no tissue
damage, inflammation or lesions were fouyndstilling confidence in the low toxicity of the
probe. Biedistribution studies did show, however, th#te concentration of free Glions
wasoften quite high in certain organs, questioning the stability of fGe(DOTA)nit in this

case.

Figure 1.26Progressive MR images of the liver from a male mouse administered W{t00
>S[Z nodnp Ya LISNI préinjetion, B)BWid, Cps5SminTakdiD) 85nin! afier
intravenous injection. (Reproduced with permission from €. Copyright (2012) Elsevier)

Under photoexcitation at<ex =405 nmin water, compound17 displayedtypical It-
basedf dzY A y S$& OSy O.$= 5608y, with Bgranturilyield of 1.4 %. When incubated
GAGK 020K Y. FTYR [nu OSftf f the/foe wasifoundsta = o n
localise in the mitochondria (confirmed with -tacalisation experiments with MitoTracker®
complexesJanus Green B and Red EI2XRok (figure 1.27), which was attributed to the
positive chargenthe complex Cytotoxicity MTT expemients revealed that LO2 cells showed
low viability (< 75 %) compared to the KB cancer cells (> 90 %) when incubatedmitbund
174 KAIK O2yOSY NI GA2Yy&a o0BH pn >a>X HNKI oT c/
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Overall the probe shoed excellent promise when applied to both aspects of
biological imaging sequentially, however, the relaxivity value reported was regrettably rather
low. This could be a product of the saturated skeleton permitting free rotation of tHé Gd
chelate independently of the'lfimoiety, hence hindering the desired slow molecular tumbling

in solution.

Compoundl? Merged17/MT® MitoTracker®

KB Cells

L02 Cells |

Figure 1.27Confocal images of KB cellsqa) and LO2 cells (kit3) coincubated with
17 (20>m) andMitoTracke® probesn PBS for 3fnin at 37°C. al, bl and c1 shdw-
labeled mitochondria €.x=405nm), a3 and b3 show Janus green B labelled
mitochondria &x=488nm), c3 shows MitoTracktRed CMH2XRos labelled
mitochondria &x=543nm). The overlapped merged images are shown in a2, b2 anc
(Reproduced with permission from rdf04. Copyright (2012) Elsevier)
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Attaching a luminescent PPtentre to an MRhctive Gd centre is an attractive
undertaking, as not only would therobe have duamodal imaging capabilities, but the'Pt
unit may also have therapeutic properties such as those of the commorcamntier drug,
cisplatint®, Production of such a probe, capable of both diagnostic and therapeutic
capabilities, would transform the regime monitoring of cancer treatmeff%. However,
imparting watersolubility to such PtGd" hybrids has proven difficyland as a consequence
only one example has so far been reported, by the Popmip (18, figure1.28)1107,

The probe in question consisted of a [Gd(DOTA)] chelating steutttinered to a
cyclometalated Ptcomplexvia a pendant pyridine donor. The relaxivity value measured in
water wasr; = 7.1mM s (30 MHz,37 °G pH 6.7, which was consistent with a hydration
state of q = 1.Upon photoexcitation in to théa [ / ¢ I 0 & 2 NLJFEM25/nmYit Y R 06 <
aqueous solutiondA &A 0t S fdzYAySaoSyomtolyxy 02 maSNKDSRAF
ns, although this value was quenchiaccomparison to the cyclometalated'®init on its own
6. I mMmMc yaod ¢KS S Yok didbl@gitallyzpérotoNpeBdrof they (1 K S
electromagnetic spectrum, which helps to avoid Iluminescence from endogenous
biomolecules during imaging; hawer, the lifetime of theluminescence would be rather
short for use in timegated imagingLuminescentmaging studies with MCF cells revealed
that the complex was not well taken up, but this may have been as a consequence of the
LINE 6 SQa vy Soditis andphiphil@ KdtukeB S

°mf/\§ N /"\' D
;7 /\/ > IOMe

o 18

Figure 1.28Anexample of a combined RGd" duakmodal optical/MR imaging agent

Mdn dmMmdo 0 WaSihlft2adlNR | SGSNRLRtEYSOlItEtftAO /2
Duatmodal optical/MRI probes described thus far have typically beerobitri-
metallic in natureq comprising one luminescentllock metal centre and one or two MRI

active Gd'centre(s)c and have tended to have respectable relaxivity values consistent with
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their low molecular weights. Increased relaxivity values have beglised, however, through
0KS RS¥S§dyt Rchapimdiular heteropolymetallic structures that have both
large molecular weights and low internal flexibilities. The design tends to consist of multiple
Gd" chelates surrounding a -dlock metd centre, which leads to a high density of
paramagnetic ions (and numerous vacant coordination sites for binding of water molecules)
confinedto a small molecular volume.

The first reported example of such an entity was generated by Desreux and co
workers108.199in their search for an improved MRI contrast agent. When mixed witioFe,
phenmanthroline derivatives of [Gd(DOTA)] saffsembled into a tetranuclear [Fegfdsystem
(19, figure1.29). A relxivity measurement of 12.2 mi#s?® per Gd'ion (20 MHz, 37 °C) was
achieved, which was a threefold improvement from thée'@Helate on its own.

Livramento and cavorkerd!'%112 extended this work further by assembling three
H Z-BipRridyl ligands, each with the capacity to chelate twd'@mhs, around a central Ee
ion. The large size and rigidity of the [Fe[&antity (20, M = Fe, figurd.29), combinedwith
six MRiactive Gd' centres within one structure, resulted in atmtantial relaxivity value of
27.0 mMt st (4.5 mMistper Gdlion,n n  al 1 ZIn vivpMRX feasilsility experiments
conducted on mice showed that the signal enhancement was approximately four times higher

with the Yhetallostacspecies than withite commercial contrast agent [Gd(DOTA)]

o " ji 0_0 0.0 fﬁ\ |‘:N .
o] (o} 0 a

Vot oS UNee

H0- - \N —504\/,1) oﬁl\/\N\/\/\N «_N/\—:/N/\/Eoo

Figure 1.29Example®fd-F¥ LR f a8YSilff A0 WYSH
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The potential for these systems to behave as duabal optical/MRI probes was not
explored, however, untiBlinzli and cavorkerd'd introduced a photoactive [Ru(bipy3*
core to produce an isostructural [Rugfdcomplex 20, M = Ru, figuré.29). Not only did this
bestow improved kinetic and thermodynamic bility onto the ‘thetallostaQwhen in
biological media compared to the 'Fanalogue, but the issues of autofluorescence and
biodegradation were also circumvented. Photoexcitation of the [Ru(j#y) 2 NGx=145D <
nm produced a broad emission band Be$ S yn = §50850 nm at room temperature in
doubly-distilled water, and the relaxivity value measured for the [Re}sdomplex was
similar to that of the Féanalogueat approximately 5.5 mMs? per Gd'ion (60 MHz, 25 °C).

Although this large, heptametallic structure showed excellent potential for use as a
duatmodal probe, since its publication there have been limited reports of simiar d
heterometallic complexes of this size. OthetranuclearWY S I f £ 2 3 G IRIER®@ dzad A y 3
Gd'"ions have been reported, however, with the design of complexes able to specifically label
particular biomolecules beginning to be explof8d14114,

ParacVogt and ceworkerd!!4 reported of a [RuGe WY S G f f 230G+ ND O2y 3
central Rllionsurrounded by three 1,1phenanthroline ligands linked to DTf#oietiesvia
amidebonds R1a, figurel.30). The rigidity of the ligands, and the introduction of three''Gd
centres (each with a hydration state of g = 1), helped to produce a large reyaxahte of ¢
=12.0 mM st per Gd'ion (20 MHz, 37 °C). When measured in a 4 % HSA salotionrease
in this value was observed, however, indicating that the complex made no interactions with
the protein. The complex also showed appropriate photygbal properties for use in optical
microscopy: upon excitation into the Rbased'a [ / ¢ 0 ley=R50INM, red emission
OSy (i NBR enl=8Bdryl Ras produced, with a good quantum yield of luminescence
compared to other RUGd" hybrids (« = 4.8%).

ARuGE*WYSilFft2ad0FNR o0l aSR?* ghetoadivié Soreawasy S O w
reported by the samgroup @1b, figure1.30) as the first example of a tissiselective dual
modal contrast agem!d. The probe had three RGD peptides linked to macrocyclic
[GA(DOTA)] chelates, which enabled it detect M\ s-integrinrexpressing tissuesUpon
binding of the RGIpeptide to the integrin local immobilisation of the contrast agent
200dzZNNBRY 6KAOK NBadzZ 6SR Ay | aft2¢gSNJ Gdzyof A
relaxivity, and hence the contrasf the image, allowing for facile detection of the tissues

expressing the particular integrin (which are often cancerous).
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Figure 1.30Examples of tetranuclear RGd"WY SG I £ £ 2 & G I NJ

The relaxivity value measured for the probe in water was9.7 mM! s (20 MHz, 37
c/ 0 BKAOK ¢l & 7Tl ANIgE460:2A5ps)Frawelel. Thisivg attBbuddF G K A
to a slow waterS E O K | y 3= 850k 1inS) a®a result ahe two amide bonds near the
GA'OSY(iNBad ¢KS LINP06oSQaA LIK2(0G2f dzYAySaoOoSyd LINE LI
however, as a typical Rbasedemission profile was observed with a fair luminescence
quantum yield ¢ = 4.7 %). The emission wasalongt A @ $804+6 ns) and was detectable
in the NIR region as well as the visible, making the probe an ideal candidatetfor
luminescence and MRletection ofh\ s-integrin-expressing tissues.

Subsequent terpyridindased [RuG# WY S (i $pécieLrépdried\didplayed vastly
different levels of success when appraised for their éuablal optical/MR imaging abilities
(figure 1.31). In the casewhere the Rtiion was boundto H Z-Bip@ridine unis linked to
pyridine-bis(iminodiacetate) GU chelates''8 (22, figure 1.31), the photoluminescent
properties of the probe were typicdl. LJ2 Y LIK 2 (i 2 Sof= @7 tintiniwAtér st pHt 74, <
NER SYAAa3A2Y em& b6Dnnd with & Ndirestendgrantum yield of« = 2.6 %.
However, when thel-block metal core wafRu(terpy)f* (23, figure1.31)°Y, the probe was
non-luminescent at room temperaturén water, impairing its use as a probe for optical
microscopy? KSyYy Ay Odzol 6SR 6A 0K | S[compad&d3idd show n > a X

high cytotoxic properties (celiabilities of 16.5 Ydue to the promotion of programmed cell
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death, which suggestsat the probe may be more useful as a therapeatiti-canceragent
rather than a duamodalimagingagent.

The relaxivity value measured for the [Ru(bi)basedprobe @2) alsoexceeded
that of the [Ru(terpy)j*basedprobe (23) (n= 17.0 mM stand 7.5 mM! s'per Gd'ion,
respectively 20 MHz, 37 °C). This was due to the superior design of the former probe over
the latter. The rigid, highlgonjugated design of compouri® resulted in a particularly slow
tumbling rate in solution_g= 252 ps) as the whole molecule rotated as one large entity. The
saturated linkers in compoun@3, however allowed the different metal centres to rotate
independently of one another, leading to a reduced tumbling rate. Utilisation of the
[GA(DTPA)] acyclchelate icompound22 compared to the macrocyclic [Gd(DOTA)] chelate
in compound23 also had a marked effecin the values measurediue to the difference in
hydration state of the two complexe€ompound22 hadtwo vacant coordination sitegand
as sub the residence lifetime of the Mecoordinated water molecules was very shor €
77.5 ns)In comparisonthe macrocyclic chelate allowed ordyewater molecule to bind to
the Gd' centre (being octadentate), which will have resulted in a reduesitience lifetime
and, therefore, a lower relaxivity value. No consideration for ithgivostability of the two
complexes was made, however, and so although the reduced chelate cododiniat
compound?22 increased the q value, it may also have facilitated unwanted leaching of the
Gd"ion.

\\\.\\\\\\ F /,’ ]
22 Sof Hyo 23

Figure 1.31Examples of tetranuclear ReGd"WY S G £ £ 2 & 0 NJ
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1.5) Summary

Phosphorescent transitiemetal complexesparticularlythose based onhte ¢f metal
ions RU, Ré and IM, have shown extensive applicability to luminescent imagindpats
individual probesfor optical microscopyand when coupled with MRéctive Géd' ions to
afford potential duatmodal optical/MRI contrast agent3his is in part due to the excellent
light-harvesting and emitting abilities of the metal centres, and in part due to their
amenabilitytowards effective cellular staining.

The heavy metal atom facilitates ISC from th&aty-generated singlet excitedtate
to a triplet excitedstate manifold, and as such, lofiged phosphorescence is the main
radiative decay mechanism for the majority of the reported probes. This enables imaging
techniques such as PLIM to completedynove interference arising from autofluorescence of
endogenous biomolecules, providing high resolution and sensitivity. The ease of synthetically
modifying the metal complexes also opens up the possibility of controlling the
phosphorescence energy, faaliing the tuning of emission to be anywhere in the-Wsible
NIRregion of the electromagnetic spectrum. This is particularly advantageous in cellular
imaging, ashe 02 YLJX SESa OFly 6S RS&aA3daySR (2 o6az2NDb
g A Y R(Z4=850-950 nm), wherecompetingabsorptionfrom most biomolecules in tissues
is the lowest Control of cellular localisation is also possible through judicious synthetic
modification of the ligand architecture.

A number of luminescent metal complexes are now being rationally designed to have
additional therapeutic applicationsuch as photoactivatable Rghoto-CORMS that can be
selectively photoinduced to deliver toxi©@as to cancerous cells, and numerous PDT agents
that bear no cytotoxicity until irradiated. In these cases, the luminescence from the metal
centre has a dual functigrallowing the visual monitoring of the localisation of the prphs
well as inducingytotoxic effects.

With regards tqrobes forduatmodal optical/MR imagingin which two independent
reporters are integrated int@ne unit, progress in developing these relatively nogehtrast
agentsis steadylncorporation of a luminescent metaéntre into the probe is proving facile
due to the wealth of new transitiometal complexes currently being reported. However,
extracting the full potential from the MRictive aspect of the probe is proving a challenge.

Ideally, the paramagnetic GWH ion needs to be securely ensconced within a
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polyaminocarboxylate chelating structyrewhilst leaving a high number of vacant
coordination sites for the crucial binding of water molecules, without compromising the
O2 Y LJ S E Qand facilitatinghttie Aediching of toxic Bibnsin viva So far, however, an
increase in vacant coordination sites to improve relaxivity has led to the competitive binding
of unwanted anions such as phosphate, which has interrupted coordination of water
molecules and thereby reduced the relaxivity values achieved. In some cases an increased
number of vacant sites around the tcentre has improved the mean residence time of the
water molecule in the first coordination sphere, however, which is hazipgsitive impact

on the relaxivity values attainable.

The main current stumbling block that still needs to be addressed with regards to dual
modal optical/MR imaging, however, is the discrepancy between the working concentrations
of the two independent pbes. Luminescence gives a response oveulananomolar to
micromolar concentration rangebut MRI contrastenhancementis likely to be poor at
submicromolar concentrations$n theory, lower concentrations of an MRI contrast agent can
be administered if élaxivity values of the order of =100-200 mM!s'are attained. Larger
complexes with high molecular weights have been showbdast higher relaxivity values in
comparison to smaller complexes, as the larger size encourages slower rotation inrsolutio
Attempts to address this issue have begun with the synthesis of supramolecular
KSGSNRLRfYSGIttAO adNUHOGdzZINBE (y26y a WwWYSihl
low internal flexibilities and a high density of paramagnetic ions confio@small molecular
volume. The relaxivity values attained by these complexes are in the order &50 mM
1'st and so they are ideal candidates for investigation and improvement asnuhgdl

optical/MRI contrast agents.
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1.6) Research Obijectives

The main endeavour of this work is to design and synthesise new heterometallic
complexes for exploitation gsotential duatmodal optical/MRI contrast agents. In particylar
the transition metal rutheniur@il) has been selected as the luminescent component of the
probe due to its excellent record as a cellular imaging agent. The metal exhibitbvietg
phosphoresence inl KS Wo A 2f 2 3 A Qlarid hag pddvRnCaiménabiioryaseansg Q
biological imaging, with low cytotoxicity being reported in the majority of cases. Synthetic
modification of the archetypal [Ru(bipyj* complex is also facile and provides gnto a
wealth of rationally designed structures.

Incorporation of the commonly used MR¢tive metal Gt into the probe design to
produce multimetallic RUGd" hybrids will be investigatedas well asthe relatively
unexploited paramagnetic properssof Mri'in RY-Mn''hybrids. Ideally, improving the rigidity
and increasing the molecular weight of these multimetallic arrays wilbs@émprovementin
measured relaxivity values, which in turn will hopefully lower the current working
concentrations of the MRactive componentand make duamodal probes a more realistic
target for clinical application To this end, a systematic increasehia number ofMRlactive
metal centres in the duahodal probes will benvestigated, starting with simple bimetallic
structures and culminating in the design and synthesis[fuGd* WYY SG I £ £ 23 G 1 ND

Incorporation of the NIRuminescent Lions, YBand Nd',in place of the MRé&ctive
metals Gd'and Mr', dso provides a route to duathodal optical/NIR imaging probes. Energy
transfer from the photoactivated Ruwcentre can sensitise emission from the''Lion,
producing a dualuminescent probe that has disjuishable emission owing to the

luminescent lifetimes of the two different metal centres being olef-magnitude apatrt.
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2.1)Previous Work in the Ward Group

Mixed df metal complexesin which a luminescent-tilock metal centre (namely'ly
sensitisewisibleluminescence from a lanthanide ion (Eand TH') viad- f energytransfer,
have been an area of interest in the Ward group for a number of Y&arIhe I¥-Gd"
analogues were initiallgynthesised as control compounds due to the absence-ofGd
energytransfer; lowever, these comigexesare of interest in their own right due to the
potential they hold as duahodal imaging agents. Thghotoluminescent It centre can be
exploited for luminescentimaging, whereas theanagnetic G centre is an MRactive
reporter (24, figure2.01).

The kinetic labity of the Gd" ion binding site within the previously published
complexesmakes themunsuitable candidates for duahodal imaging agents, howeveas
free, solvated Gionshave been shown to be highigxic within the human bod$. Careful
consideration of the Gichelate structure was necessatierefore, to improve upon the
design of the probes and to provide confidence in their integrity when usednfeiro

imaging

Figure 2.01Anexample of a previously synthesised-@d"
complex with a labile Gthinding site

Themixed df metal complexesvere modifiedto incorporate the Gl chelates DOTA
andDTPAZ5-26, figure2.02), whicharealready approvedor commercial use as MRI contrast
agents (figurel.02), asthese polyaminocarboxylate binding sites provide high kinahd
thermodynamic stability in aqueous me#id. Indeed, wherone equivalent of a competing
DOTAligand was added to a 0.1 mM samplecoimpound26 (EU'" analogue)in water, no
significant changes to theensitised Eltbased emission profile were seelfithe competing
ligand had stripped the Elion from the chelate, a decrease in the'Ewased emission

intensity would have been recorded.
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A further characteristic of the originat"-Gd'" probe design that is subptimal for
their application as duahodal optical/MR imaging agentsias the presence of saturated
linkers in the carbon skeleton between the two metal commertres @5, figure2.02). These
permit independent rotation of the two different metal centres, which could be deleterious
totheLINRP 6 SQ& adzOO0S&aa |, asthe wptatianallcorr@aioh dimelRiofithe 3 Sy
Gd" centre would be shortened by the ability of that unit to rotate independeritigtalling
an element of rigidity into thdigand architecturewith an acetylenicconnector(26, figure
2.02) helpsto slow down the tumbling rate of the @c&complex unit in solution, as the entire
structure now rotates as one large entity. This gives longer rotational correlation times which,
in turn, should improve the relaxivity values achievable by the -guslbe. Indeed,an
unusually high relaxivity valus ri = 11.9mM1s!(20 MHz, 37C) was measured for the low
molecular weightompound26, which is comparable to that of a probe that contains more

than one GH centred!.

o]
-
)
o

N
7 N — \///\f
= = N\ /N_(/;d\\'o “OH,
x \/ /= RARN
\

26

Figure 2.02Exanples of previouslprepared dinuclear duahodal IM-Gd" probeg!4

In further studiesthe alkynebridgedIrGddinuclear structurg26) was extended to
incorporate a second ddchelatd® (27, figure 2.03). In principle, the relaivity value
measured for this trinucleairGa species should have improved upon the value measured
for the dinuclealrGdspecies, as its larger size means it tumbles even more slowly in solution
The increased number of @dentres in thetrinuclear IrGd: analogue should also have
doubled thenumber ofvacant coordinatiorsites for water molecules to bincdompared to
the dinuclearlrGd structure. However,the addition of a further Gl centre resulted in an
unprecedented lower relaxivityalue being measured for the trinucle&nGa probe when
both complexes were measured irHsO/DMSO (95:5v:v) mixture (i = 14.0 mM stand n
= 12.6 mM st (20 MHz, 37 °C) fdrGd and IrGd;, respectively). The unexpected lower r
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value measured for the trinuclearGe, & LISOA Sa 41 a FFaONAROSR G2 @
solubility in water, which may have induced aggregation in solution leading to the hydration

state of the Gt centres being affected.

Figure 2.03A trinuclear diakmodal 1t'-Gd'; species

Toexpand upon thisvork, and to navigate around the issuelatk ofwater solubility
for the trinuclearlrGd probe, ruthenium(ll) bis(2,Zbipyridine}based analogues of the two
irdium-based acetylenebridged optical/MR imaging agentf26 and 27) have been
synthesised. Asitheniumbased complexelave shown excellent promise as wataiuble,
norn-toxic optical microscopy agents (sectidr8.2), and agpotential duakmodal optical/MRI
probes éection1.4.1.1), replacing the hydrophobic iridium centre with a ruthenium centre as
the emissive unit was an obvious next step. In an attempt to extend the series of acetylene
bridged dualprobes even further, thesynthesis of darger RuGd WY SG I £ f 2 a0 N &
(sectionl.4.1.3 has also been undertakeRi-Alkyne-Metallostar-Gd, figure2.04).

AsaF Ayl f SYRSIF@2dz2NE GKS tAYyl1Ay3 dzyrAdQa O2y
has been investigated by modification of the dinuclear prdesign to include atriazole linker
in place of the acetylenebridge RuTriazoleDyadGd figure 2.04). The synthesis,
characterisation and photophysical properties of these ruthenhased scaffoldswithout

the MR}active metal centre boundvill be presented in this chapter.

5 RuAlkyne-Metallostar-Gd RuTriazoleDyadGd

o

Figure 2.04Structuresof new optical/MRI duamodal imaging agents synthesise
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2.2) An AlkyneBridged Scaffold for a Dinucle®@ualModal Imaging Agent

2.2.1)Synthesis and Characterisation

Upon removal of themetal ion in the polyaminocarboxylate binding site
retrosynthetic analysis of the targetinuclearRuM (M =Gd, Mn Zn, Yb, Nspeciesyielded
synthonsA(dyad)and B (scheme2.01). Withthe alkyne substiient in place at the $osition
of the pyridine-based chelat®, a complementary halogesn the1,10-phenanthroline ligand
on synthonA(dyad) was necessary to take advantage of the robust Sonoga8itivapling
reaction to form the crucial carbecarbon bond. The ruthenium metal centre was
incorporated into the complex before attempting the coupling reawtto block the binding
site of the 3bromo-1,10-phenanthrolineligand®. This circumvented any issues arisfirmgn
the Cuionspreferentially binding to thgphenanthrolineligand instead of participating in the
Sonagashira catalytic cycle, and allowed for a ‘chem@trgomplex’ approach, which has
been proven successful in similar synthetic endeavéir$he syntheses of these two

synthons will now be briefly detailed. Fakperimentaldetails can béound in chaptel6.

-
tBu0,C  \—CO0,'Bu

A(dyad) B

Scheme 2.01Retrosyntheti@nalysis of the monosubstituted alkyeidged scaffold

The synthesis of synthoA(dyad) was achieved inwo steps following literature
preparations (schem@.02). Atfirst, 1,10phenanthroline monohydrochloride monohydrate
wassubjected to brominationto yield a mixture of both-Bromo-1,10phenanthroline and
3,8-dibromo-1,10phenanthroline which were separated by column chromatograpty
Substitution at these positions is desired as the most intense electronic transitions occur
along this long axis of the compoumpvidinghigh levels oélectronicdelocalisatiorwithout
interfering with coordination tothe Ru' centre (it has been natd that substitution at the 2,9

positions can render complexes photolabifg. Introduction of the rahenium(ll) bisd H < H Q
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bipyridine) centre was achieved through the straightforward mixing dfr@no-1,10
phenanthroline withcisbiso H -bipytine}dichloro-ruthenium hydratéd in methanol. The
mixture was heated at reflux for eight hours before the addition of saturated #tion
induced precipitation of the product. The solid was dissolved in dichloromethane and washed
with water to produce the pure compound (verified Bf NMR spectroscopy) in near

guantitative yield.

=N N= =N N=

.HCI .H,0

2+
2PFg

A(dyad)

Scheme 2.02Syntheticroute to synthonA(dyad) i) PhN@ Bk, 130140 °C, 3h
i) MeOH, Ru(bipyLb.2HO0, reflux, 8h

The synthesis of synthoB was achievedni five steps followingmodified literature
preparations (schem@.03), with positive electrospra mass spectrometr{fESMS) and 'H
NMR spectroscopyerifying the successful isolation of each synthetic targét first,
commercially availablel-hydroxy2,6-dimethylpyridine was brominated at the 4position
using phosphorus pentabnoidel!. The resultingd-bromo-2,6-dimethylpyridine was then
conveted to the bis(bromomethyl) compound usinghi¥omosuccinimide (NBSgatalytic
benzoyl peroxideand UV irradiation to initiate the radical reactiét Installation ofthe
crucialtertiary-butyl protected pendantdrmgbf the metal chelatewas achievedhrough a
substitution reaction with ditert-butyl)-iminodiacetaté'®, and then astraightforward
Sonogashira reactiomwith trimethylsilylacetylene (TMSAintroduced the trimethylsilyl
protected alkyne group at the -gosition of the pyridine ring.Deprotecton of the
trimethylsilyl group to reveal the free alkyn&as carried out inTHF using etra-n-
butylammonium fluoride (TBAFput as the deprotectiorwas performed in situ before

reacting synthorB on further, no characterisation data were recorded foigbpecies.
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. " Lt t
| X i | X i I N iiii BuOZCj | N I/COZ Bu
N NZ Br. NP Br N NZ N\|
COZtBu COztBu
l iv
SiMe;
‘Buozc\I X rcoztBu ‘Buozc\| X CO,'Bu
v
N I P N -~ N l P N
N N \l
CO,'Bu CO,'Bu CO,'Bu CO,'Bu

B

Scheme 2.03Syntheticroute to synthonB. i) CHGJ PBg, reflux, 3h; melt, 120C, 16h
i) CHG| NBS, benzoyl peroxide (cat.), reflux, 48, THF, diethyl phosptei, PLNE, rt,
5h, At i) MeCN,di-tert-butyl iminodiacetate, N&CQ, rt, 24h iv) PeNH, TMSA,

Pd(PPK.CL, Cul, PPh83 °C, 24h, Av) THF, TBAF, rt, 16h

With the successful synthesis of synthoA@&lyad) and B, a Sonogashira coupling
reaction between the twoentities was performed to produce theRuAlkyne-DyadEster
speciegscheme2.04). One equivalentfosynthonA(dyad)wasmixed with copper iodide and
one ninth of an equivalent of (KS LI € f I RAdzy - OF G f
bis(diphenylphosphino)ferrocene]dichloropalladium(ll)  ((dppf)RdCin an anhydrous
mixture of DMF and diisopropylamine (5:ky). In a separate flaskwo equivalents of
synthonB were dissolved in the same solvent system. Both flasks were deoxygendted wi
argon for thirty minutesbefore the solution of synthoBwas added dropwise with constant
stirring to the other reagents. The reaction was left stirring under argon at room temperature
for sixteen hoursbefore acrude mass spectrum confirmed the sassful coupling of the two
synthons A molecular ion pealat m/z = 604.7 was observed for ti# ¢ 2PFk)%* ion of the
Ru-Alkyne-DyadEsterspeciesand a peakat m/z = 3370 for the [M ¢ 2PR]?*ion of synthon
A(dyad)was not present. Purification was achieved on silica gel-82@0mesh) to affordRu

Alkyne-DyadEsterin a moderate yield50 %)
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o_|2"

//[LO'BU 2PF

_IZ* 'BuO,C,  /—CO,Bu N

=N N= - N N 4 0'Bu
2N\

/ \N—\Ru/—N/_\ * bL\“j(i%
2\ °
= RuAlkyneDyad-Ester
A(dyad) B

Scheme 2.0zlSy1thetic route toRu-Alkyne-DyadEster
i) DMF!PRNH(5:1,v:v), (dppf)PdCl Cu) rt, 16h,Ar

The sucessful purification ofRu-Alkyne-DyadEster was verified usingtH NMR
spectroscopy (figur@.05 and highresolution mass spectrometry (HRM@ppendix2.01).
The aromatic region of théH NMR spectrum (400 MHds-acetone) integrates to the
expectedtwenty-five protons, with the singlet at  7[61 ppm corresponding to thie/H>
protons on the pyridine ringand the remaining signals tallying to a combination of the three
N~N ligands|In the aliphatic region there are singlet peaks at145 ppms 3149 ppm and
1 41D0 ppmintegratingas 368 and 4 protons, respectively, whiokpresent the protons on
the pendantdrmg<bf the metal chelate. The residual solvent peak for acetone can be seen at
1 205 ppm, and the two signals at 2[78 ppm and 2[82 ppm can be ascribed to HOD
and HO, respectively.

T T T T T T T T T T T T T T T T T T T
91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 ppm

W W E W Rl B M

2.05
1.91
2.02

T T T T T T T T T T T T T T
9. 8.5 8.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm
o @

T T
Q 7.5 7.0
Fzyéﬁﬁ? E 5ré|}%§|ﬁu37a‘}‘ ﬁ
omowlw-—w-—o-—auru ]

Figure 2.05*H NMR spectrumdg-acetone, 400 MHz) d®u-Alkyne-DyadEsterat 298 K
(H,= proton on bipyridine ligand,# proton on phenanthroline ligand,
Hoy= proton on pyridine ring)

)
]
L]

7.96
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The calculatedn/z value for thelM ¢ 2PFR)?*ion in the highresolution mass spectrum
(604.7316 tallied well withthe value observed (604.7318)ith the isotope pattern matching
that expected for the Rlion.

With convincing evidence for the successful synthesiRwAlkyne-DyadEster, the
final step in the synthetic route towards the alkybedged scaffold for a dinuclear dual
modal probe was to remove the tertiasy dzi @ £ LINRP G SOGAYy 3 INKHRIA 2y I
pyridine-based chelate. This produced an environment in which the-&¢kVve metal ions
could bind (scheme 2.05 and was achieved by stirrindiRu-Alkyne-DyadEster in
dichloromethane with trifluoroacetic acid (TFA) for eighteen hours at room tempegatu
Repeated washings were used to remove the TFA, before the compound was dissolved in the
minimum amount of methanol and precipitated with an excess of diethyl ether. The solid was
then collected by centrifugation and dried under a stream of nitrogeyietd the compound
in nearly quantitative yield. Agaiftd NMRspectroscopy (figur@.06) and HRMS (appendix
2.02) were used to verify the successful synthesis and purigueAlkyne-Dyad-Acid.

o |2+ o |2+
/’lLo‘Bu 2PF¢ /)LOH 2PFg

0} (0}

N N
— t —

/ \ - N O'Bu | / \ I N OH

= = S O'Bu = = N\ 4 OH

\\“,O*Bu \\“/OH

(o}

RuAlkyne-DyadEster

RuAlkyne-Dyad-Acid

Scheme 2.05Synthetiaoute to Ru-Alkyne-DyadAcid. i) CHCL, TFA, rt, 18h

The calculatedn/z value for thelM ¢ 2PR)?*ionin the highresolution mass spectrum
was492.6055and the observed value wa&92.6056 with the isotope pattern matching that
expected for the Rlion. In thealiphatic regiorof the 'H NMRspectrum(500 MHzds-DMSO,
303 K, there are twosharpsingletsatt 3[46 ppm and 3[4 ppm whichcan beassigned
to the protons on the pendariirm<f the pyridinebased chelateThe large peaitt 1145
ppm seen in the spectrum fdRu-Alkyne-DyadEsteris no longer presenwhich verifies the
successful removal of the teary-butyl protectinggroups but a sjnal for the carboxylic acid
protons is notvisibledue to hydrogerdeuterium exchange with the bulk solvefthe signal
att 250 ppmis theresidual solvent peak fdMSQand the broad signals for.B and HOD

are at! 3133 ppm and =3.30 ppm, respectivelyn the aromatic regiornhere are several
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integrals thattally to the twenty-five protons expectedwith the singlet at 7156 ppm
corresponding to the twaequivalent H/H® protons on thependant pyridine ring.A two-
dimensional*H-*H NMR correlation spectrunb@0 MHz,ds-DMSO, 303 K(appendix2.03)
was used in conjunction with the ordimensionalH NMR spectrum to assign the protons on
the 1,10LIK Sy I Yy 1 KNR f A y S -bipykidine §g&nds| r¢sRectivelyS H =~ H Q

9

(=]

'

o

A A J

T T T T T T T T T T T T T T T T
9.0 8.5 .0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

| i i

Figure 2.06*H NMR spectrumdg-DMSQ500 MHz) oRuAlkyne-DyadAcidat 303K
(Ho= proton on bipyridine ligand,p# proton on phenanthroline ligand,
Hoy= proton on pyridine ring)
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2.2.2) Photophysical Properties

UV/Vis &sorption spectrawere recorded in several solventsr both Ru-Alkyne-
DyadEster and RuAlkyne-DyadAcid, and etinction coefficiens were measured in
acetonitrile for RuwAlkyne-DyadEster and in water for RutAlkyne-DyadAcid. Emission
profiles and lifetimes of emission were recorded for both compounds (includiagragzen
glass at 77 K and the quantum yield of emission was measuredRarAlkyne-Dyad-Acid
against[Ru(bipy}]Cbk.6HO in aerated water. Finally, excitation spectra were measured in

each solvent.
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2.2.2.1) UVI/Vis Absorption
UV/Vis absorptiomprofilesfor RuwAlkyne-DyadEsterand RuAlkyne-Dyad-Acid were
recordedin EtOH/MeOH4:1, v:v)(figure2.07g and acetonitrile (figur@.07b) at298 K. No
discernible differences between the two compounds can be seen in either of the solvents,
demonstrating that the tertiarjbutyl protecting groups on the metal chelate have a negligible
effect on the ground sta absorption properties.
When comparing the spectra f&tu-Alkyne-DyadEsterand Ru-Alkyne-Dyad-Acidto
that of the parent [Ru(bipyjphenBn]?*compound and toa previously published compound
with extended conjugation along thghenanthroline ligan@?, ([{Ru(bipy)(phen)y/ r 796
(table2.01), it canbe seen thathe spectrahavesimilar features. BotiRuAlkyne-DyadEster
and Ru-Alkyne-Dyad-Acid show an intense absorption band in the UV regians 300 nm)
similar to [Ru(bipy(pherBn]#~ g KA OK Oly 0SS f aGNBAYSIRIAAY 1 RSy (
bipyridine ligands. The weaker band centred arowag = 325 nm, therefore, must be the
-7 F  UNXY yaa A2 yphemnftyrdimBoackbény. Camioading theabsorption
valuesto thoseof [{Ru(bipy}(phen)y/ R 4*ghows similared-d KA F 0 A V3 F2 T NI /S A0 A ;
2y (GKS SEGSYRSR LKSYylFIyGKNRtAYE GNBYERIGMYY O
bipyridine ligands. Finally, it can be seen thath complexeshave a broad absorption
AL YyYAY A 4FRS55MNNY FB the<maximuroentred: NP dayt=40m. These
are the!MLCT absorptions & 4 2 OA | 1 SR 4 -bipyHdin® ahdi 1K pliekasthrolire n Q

ligands, overlapping in energy.

a) b)

Ru-Alkyne-Dyad-Ester
Ru-Alkyne-Dyad-Acid 0.7 o

Ru-Alkyne-Dyad-Ester
Ru-Alkyne-Dyad-Acid

0.6

0.4 o

0.3 o

Optical Density / a.u.
Optical Density / a.u.

0.2 o

0.1

T T T T T 004 T T T T T
300 350 400 450 500 550 300 350 400 450 500 550
Wavelength / nm

Wavelength / nm

Figure 2.07Normalised (akabs= 440 nm) UV/Vis absorption spectraRérAlkyne-DyadEster
(red) andRu-Alkyne-DyadAcid (blue) at 298 K. a) BH/MeOH(4:1,v:v), andb) MeCN
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Table 2.01UWVis absorption data foRu-Alkyne-DyadEsterand RuAlkyne-DyadAcidat 298 K.
BData taken from refl0.

Compound Solvent <wsO Y YO OMicalg wmy
BIIRu(bipy}(phenBr)f* MeCN 272 [6.6], 286 [6.5], 448 [1.5]
BI{Ru(bipyk(phen)k/ rR # MeCN 286 [14], 342 [4.3], 356 [2.5], 440 [2.
CHCb 287, 329 (sh), 445 (br)
EtOH/MeOH4:1,v:V) 286, 321 (sh), 442 (br)
RuAlkyne-DyadEster MeCN 286[88], 321 (sh]39], 444 (br)14]
THF 287, 323 (sh), 442 (br)
DMF 288, 322 (sh), 449 (br)
EtOH/MeOH4:1,v:V) 286,325 (sh), 441 (br)
MeOH 286, 325 (sh), 441 (br)
RuAlkyne-DyadAcid MeCN 286, 324 (sh), 444 (br)
H.O 285 [12], 325 (sh) [5.5], 442 (br) [1.€
DMF 288, 325 (sh), 447 (br)

2.2.2.2) Emission

Luminescenceprofiles and the lifetime of thduminescence decafor Ru-Alkyne-
DyadEsterand Ru-Alkyne-Dyad-Acidwere recordedn several aeratedolvents (table.02),
but profiles in EtOH/MeOHK#:1,v:v) at 298 K and 77 K (figuB2089 and acetonitrile (figure
2.08b) will be reviewed for comparison purposes.

Upon excitationintothéa [ / ¢ | 0 & 2 N1LJix&k K4§445nmyb&tEcomplexes
in each solvent at 298 K produce broad and featureless emission profiles. This is typical for
[Ru(bipy}(N*N)F*based compouns, indicating spinforbidden SMLCT {Ru- ~ pw}
transitions. The emission @S y (i NB R eml= BB day, RithRu-Alkyne-Dyad-Acid having
a redshift in its emission maximum (~10 nm) comparedRoAlkyne-DyadEster These
valuesare, in turn, both reeshifted in comparison to the parent compleRuy(bipy)(phen)f*
in acetonitrile (table 2.02 RdzS (2 { K $S-net@drki SoyigR tBeR perianthroline
backbone The lowest unoccupied molecular orbgglL UMO)on Ru-Alkyne-Dyad-Esterand
Ru-Alkyne-Dyad-Acidhave been stabilised and, therefore, the energy of the emission maxim
have been lowered, as has been seen for similar complexes with extended conjuéfation

The broad and featureless profiles observed at 298 K changed to include more
vibrationd structure when the emission was measuraga frozen glass at 77 K for both

compounds. The main emission band bhlefted (~30 nm) and two less intense shoulders
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appeared on the loweenergy side. This small bkshift is consistent with the chargieansfer

state no longer being stabilised by the fast solvent reorganisation that occurs at 298 K. The

solvent dipoles are immobile on the timescale of the exci#tate at 77 K and so cannot
respond to the electronic configuration change that occurs uponaitagion. This also has
an effect on the luminescence decay lifetimes, whicharemicrosecondimescale for both

complexes at 77 iKompared toa nanosecondimescalewhenmeasured at 298 K.

a) b)

Ru-Alkyne-Dyad-Ester, 77 K
Ru-Alkyne-Dyad-Acid, 77 K
Ru-Alkyne-Dyad-Ester, 298 K
Ru-Alkyne-Dyad-Acid, 298 K

Ru-Alkyne-Dyad-Ester
Ru-Alkyne-Dyad-Acid

Emission Intensity / a.u.
Emission Intensity / a.u.

A

L) L) L) L) L) L) L) L) L) L) L) L)
550 600 650 700 750 800 550 600 650 700 750 800 850
Wavelength / nm Wavelength / nm

Figure 2.08b 2 NXY I f A.a=Snix idtdnsity), corrected emission spectra in aerated solver
a)RuAlkyneDyadEsterdo YI ISy (i kE mmn YEYE | RIM4BNBRSERH dy

AlkyneDyadAcido O8 | YZ T T Y I ek 4ARNmddr lnzB)sin E6OHMe OHI 4,

b) Ru-Alkyne-DyadEster(red) andRu-AlkyneDyadAcido 6 f dzZS0 A Y  aes/445 nin)i

The luminescence decay lifetimes recorded in aerateetonitrile and EtOH/MeOH
(4:1,v:V)at298 Kwerga.. [ H p n weféiol similddaghikude to the lifetime of the
luminescencerbm the conjugated dinuclear complégRu(bipy)(phen)} R #*d@®mpound in
acetonitrile (table 2.02) and aretypical forspinforbidden3MLCT{RU- ~ pwy} transitions
The luminescence quantum yieldilueo . far RuAlkyne-DyadAcidwasO £ Odzf | § SR
0.020when measured against [Ru(bipgfdb.6H0® as a standard in aerateslater at 298K,
which is quite low in comparison to the originedcompound(26) (- 0L040¥4.
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Table 2.021Luminescence data f&Ru-Alkyne-DyadEsterand Ru-Alkyne-Dyad-Acid
in aerated solventddData taken from refl7.

Compound Solvent 3;2;8:((:::))] &?Tén:)é

BIIRu(bipy}(phen)F* MeCN 610 147
BI{Ru(bipyk(phen)k/ rR # MeCN 648 225
CHC} 627 571

Et((il—lv’lzl/lzt\-:‘/)OH 640 561111&8?3]0 (sh) ,7506.2]
RuAlkyne-DyadEster MeCN 647 240
THF 659 296
DMF 664 294

Et(at:_/,':,/l:(\e,)OH 646 560](-3163?3]2 (sh) 232[5.8]
MeOH 653 226
RuAlkyne-DyadAcid MeCN 658 241
HO 661 341
DMF 664 241

QEOAGE GA2Y & LIGOENIM inNBradet BRI ReGlt1iv:v)iat 298 K
for both RuAlkyne-DyadEster and Ru-Alkyne-DyadAcid were overlaid with UV/Vis
absorption spectra recorded in the samelvent (figure2.09). A good match between the
spectracan be seeywhich is a clear indication that the emission observedfih complexes

occurs as a result of absorption in to thdLCT band.

a) b)

Registration at 630 nm in EtOH/MeOH (4:1) Registration at 630 nm in EtOH/MeOH (4:1)
—— UV/Vis in EtOH/MeOH (4:1) —— UV/Vis in EtOH/MeOH (4:1)

Intensity / a.u.
Intensity / a.u.

L] L] L] L] L] L] L] L] L]
350 400 450 500 550 350 400 450 500 550
Wavelength / nm Wavelength / nm

Figure 2.09Normalisedat < 440 nm)spectra in aerated EtOH/MeQHi:1,v:v) at 298 K.

a) RAlkyne-DyadEsterand b)Ru-Alkyne-Dyad-Acid
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2.3) An AlkyneBridged Scaffold for dnnuclearDualModal Imaging Agent

2.3.1) Synthesis and Characterisation

To extend the duamodal imaging potential of the dinucle®uGdspecies,a 3,8
disubstitutedphenanthrolinescaffoldaround the central Rlunit has also been synthesised
as a basis for trinucled&®uGd complexes.tiwaspostulated that the increase in length along
the rigid backbone should reduce tinetational corelation time of tre molecule in solution
even further, whichin turn shouldimprove the relaxivity values that can be achieved.

Retrosynthetic analysis of this compound yielded similar synthons to thosehdor
monosubstituted phenanthrolinscaffold (scekme 2.01), however,for synthonA(triad) the
phenanthroline ligands brominated at both the 3- and 8-positionsto allow for a coupling
reaction at both sides of the scaffoldSynthesis of this synthon is parallel to the
monosubstituted analogue (scheme 2.02), but starting from 3,8dibromo-1,10

phenanthroline instead.

o o 2"
2" tBu0o,C CO,'Bu -
2 \—N/_ z BuO oty | 2PFe
gr— g, [2PF¢ o o)
7

A(triad)

B

RuAlkyne-Triad-Acid

Scheme 2.06S/nthetic route toRu-Alkyne-Triad-Acid i) DMF!PENH(5:1,Vv:v),
(dppf)PdCl Cu] rt, 40h,Ar; ii) CHCb, TFA, rt, 18h

Coupling of the synthons through a Sonogashira reactionewastlyanalogous to the
synthesiof the monosubstituted phenanthrolingcaffold (schem@.06i), although a further

two equivalents of synthoBwere added after sixteen hours of reaction time sasne of the
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intermediate monaosubstituted scaffold entity was detected by *‘BS. Stirring at room
temperature for a further twentyfour hours was necessary to drive the reaction to
completion to produceRu-Alkyne-Triad-Esterin aslightly reduced yield45 %)compared to
Ru-Alkyne-DyadEster(50 %).

The'H NMR spectrumd00 MHz ds-acetone) (figure2.10) shows the expected singlet
peaks att  TI.45 ppm,+ 349 ppm andt 3.99 ppm for the protons on the
polyaminocarboxylate binding site. Compared tfoe monosubstituted phenanthroline
scaffold the peaks all integrate to twice theumber of protong(72, 16 and 8, respectively)
as there are now two chelate centres on the compound. The aromatic region is also simpler
for RwAlkyne-Triad-Esteras there is novtwofold symmetry inthe molecule(a G axis) The
singlet peak at 7156 ppm equates to the four equivalen®/Hs protons on the two pendant
pyridine rings and the singlet at 848 ppm corresponds to theSHi® phenanthroline
protons. The final four protons on the phenanthroline ligandnifest & doublet signals at
=8.67ppm andt  9M5ppm (with a low coupling value df= 1.9 HY, and the integrals of the
remaining six signals in the aromatic region combine to the expected sixteen protons on the
0 ¢ 2 -bipyridi ligands.

Hoy

Hp

91 90 89 88 87 86 85 84 83 82 81 80 79 78 77 76 7.5 ppm

WM OW W RN e

2.16
212

Figure 2.10'H NMR spectrun400 MHzds-acetone) ofRu-Alkyne-Triad-Esterat 298 K
(Ho= proton on bipyridine ligand,p# proton on phenanthroline ligand,
Hoy= proton on pyridine ring)
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Further characterisation was achieved WHRMSappendix2.04), withthe calculated
and the actuain/z valuesfoundfor the [M ¢ 2PFk]?**iontallying well (912.4067 aneil2.4(73,
respectively).

Removal of the tertianputyl groups using TFA to reveal the deprotecRadAlkyne-
TriadtAcid compound was achievedn an identical fashion to themonosubstituted
phenanthrolinescaffold(scheme2.06ii). tHNMR spectroscopy iB,O (figure2.11) was used
to characterise the complexnd two-dimensionaltH-'H correlationspectroscopy (appendix
2.05 was used to identify each signal. The 1 jMhenanthrolineligand protons appear as
three singlet peaks equating to two protons each at8[25 ppm; =8.35 ppm and 8[74
ppm, with the majority of the bipyridine signals residing further upfield in comparison. The
H3/H® protons of the pendant pyridine rings appear as a singlet at7.69 ppm and the
LISYRIFYG WENYaQ 27F GKS 40&mprh and SAr7aphdh.Rloe@eSidualA y 3£ S
HO signal occurs as a large peak at4[79 ppm. Overalthe NMRpeaks appear broadnd
lack structure compared tthose forRu-Alkyne-Triad-Ester, possiblydue to a combination of
aggregation by -stacking of thehydrophobic regions of thenoleculesin solution and slow

molecular tumblingn the more viscous solvent,O.

H pr
Hp b
H
Ho A B H

L} T
89 88 87 88 85 84 83 82 81 80 79 78 77 75 75 74 73 72 pm

W W W W W

O 1S

ppm
N

9.0 6.5 6.0 5.5 5.0
Figure 2.11'HNMR spectrum (400 MHz,0) ofRu-Alkyne- Triad-Acidat 298 K
(Ho= proton onbipyridine ligand, k= proton on phenanthroline ligand,
Hoy= proton on pyridine ring)
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A highresolution masspectrum (appendi®.06) also confirmssuccessful isolation of
the RuAlkyne-Triad-Acid species with a detecteth/z valueof 688.1568or the [M ¢ 2PFk)%*
ion agreeingwell with the calculatedn/z value,688.1563.

2.3.2)Photophysical Properties

UV/Vis #&sorption spectrawere recorded inseveral solventsor both Ru-Alkyne-
TriadEster and Ru-Alkyne-TriadAcid, and etinction coefficiens were measured in
acetonitrile for RuAlkyne-Triad-Ester and in water for RwAlkyne-Triad-Acid. Emission
profiles and lifetimes of emission were recorded for both compounds (includiagragzen
glass at 77 Kr RuAlkyne-Triad-Estel, and the quantum yield of emission was measured for
RuAlkyne-Triad-AcidagainsfRu(bipy3]Cb.6HOin aerated vater. Finally, excitation spectra

were measured in each solvent.

2.3.2.1)UV/Vis Absorption

UV/Vis absorptionprofiles for RuAlkyne-Triad-Ester and RuAlkyneTriad-Acid
recordedin EtOH/MeOH4:1,v:v) can becompared (figur®.129. Bothspectrahaveasimilar
AGONHOGAINBE 6AGK |y At S50 s 2 NI (S QISNG GyNSBARI A 2\ d
phenanthroline backbond Y R (162 f Saa Ay (S y&ES37535Brm]vihicih y K S

are the distinctMLCT absorptions for the two different N*N ligands.

a) b)

0.6

o
o

Ru-Alkyne-Triad-Ester Ru-Alkyne-Dyad-Ester
Ru-Alkyne-Triad-Ester

Ru-Alkyne-Triad-Acid

o
3
1

0.5
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o
w
1

0.3
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Figure 2.12Normalised (atans=435nm) UV/Vis absorption spectia EtOH/MeOH4:1,v:V) at
298 K. aRuAlkyne Triad-Ester(red) and Ru-Alkyne-Triad-Acid (blue) b) RuAlkyne-DyadEster
(green and Ru-Alkyne-Triad-Ester(red)
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When comparing the spectrum f®RuAlkyneTriad-Esterto RuAlkyne-DyadEster,

the effect of increasing the conjugation along the phenanthroline backbone by adding a

secondpendant metal chelate carbe seen (figure2.12b. The - ~ F GNF yarldazy

phenanthrolineligand is much more intense Ru-Alkyne-Triad-Ester, and it has reeshifted

by ~30 nm compared toRuAlkyne-DyadEster, in which the phenanthroline ligand is only

monosubstituted. ThéMLCT absorption for the phenanthroline ligand has alsesttted in

the disubstituted phenanthroline species and now 8pp NB | & | RA4$48¢ O

nm) at lower energy than théMLCT absorption for the two bipyridine ligands, which itself

appears unaffected by the addition of a second metal chelate. These spectral changes are

corroborated by a previously publist compound with extended conjugation along the
phenanthroline ligand?, [Ru(dtbbipy}(3,8LJ8 / R / RIkebig208).

Table 2.03UV/Vis absorption data fdRu-Alkyne-Triad-Esterand Ru-Alkyne-Triad-Acidat 298 K.
[BData taken from refl2.

Compound ‘ Solvent ‘ <ps(NM) 08 ME amA)] ‘
[I[Ru(dtbbipy)s(3,8LJ8 / pRen)P* |  CHCh 287 [L1], 371 [6.8], 440 [1.9], 502 [1.1]
CHCb 357, 437, 476 (sh)
Et((z:q{ ':/"f/)OH 352, 436, 476 (sh)
RuAlkyne Triad-Ester MeCN 351[56], 437[14], 476 (sh]9.3]
DMF 352, 439, 480 (sh)
THF 355, 437, 481 (sh)
Et((z:q{ ':/"f/)OH 350, 434, 476 (sh)
Ru-Alkyne-Triad-Acid MeOH 351, 434, 481 (sh)
HO 349 [6], 434 B.5], 485 (sh)3.7]
DMF 355, 439, 484 (sh)

2.3.2.2)Emission

Luminescenceorofiles and the lifetime of the luminescenakecay forRuAlkyne-

Triad-Esterand Ru-Alkyne-Triad-Acidwere recorded in several aerated solvents (table4),

but profiles iInEtOH/MeOH4:1, v:v) at 298 K and 7K (figure2.139 will be reviewed dr

comparison purposes.
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Upon excitation in to thé MLCTabsorptiond | Y R ex ¥ 485 nm, both complexes
producebroad and featurelesgmissionprofiles at 298 K indicatingpinforbidden 3MLCT
{RU- ~ pwwj transitions. The emission 8 Sy (i NB R eml=NoBOdzgh RvithRU-Alkyne-
TriadtAcid havinga redshift in its emission maximur@+510 nm) compared tdRu-Alkyne-
TriadEster When frozen as a glass at 77 K, the luminescemoéle for Ru-Alkyne-Triad-
Estertransformed to include more vibrational structyrevith two less intense shoulder
appearingat lower energyandthe main emission ban(the 0-0 transition)blue-shifted by
~30 nmcompared to the emission in fluid solutiofihe reason for this (rigidochromism) was
discussed earlietJnfortunately, RuAlkyne-Triad-Acid had limited solubility in EtOH/MeOH
(4:1,v:v) and an emission spectrurat 77 K could not be measured.

Again, the effect of increasing the conjugation along the phenanthroline backbone by
adding a second pendant metal chelate can be seen when comparing the luminescence
profiles ofRu-Alkyne-DyadEsterandRu-Alkyne-Triad-Ester(figure2.13b). At both 298 K and
77 KinEtOH/MeOH4:1,v:V), the emission maximum f&Ru-Alkyne-Triad-Esteris redshifted
by 35 nm compared t&u-Alkyne-DyadEster

a) b)

Ru-Alkyne-Triad-Ester , 77 K Ru-Alkyne-Dyad-Ester, 77 K
Ru-Alkyne-Triad-Ester , 298 K Ru-Alkyne-Dyad-Ester, 298 K

Ru-Alkyne-Triad-Acid, 298 K Ru-Alkyne-Triad-Ester, 77 K
Ru-Alkyne-Triad-Ester, 298 K

Emission Intensity / a.u.
Emission Intensity / a.u.

T T T T T T T T T T T
550 600 650 700 750 800 850 550 600 650 700 750 800 850
Wavelength / nm Wavelength / nm

Figure 2.1Y b 2 NIV I ftnk BndX Iterdsity)ji corrected emission spectra in aerated

EtOH/MeOH (4:1v:v) at 298 K and as a glass at 77 Rwhlkyne-TriadEster(magenta, 77 K
I YR NXB Rex= 485imgn foivblbth) anBu-AlkyneTriadAcidd 0 f dzS T e=4gHynm)Y = <
b) RuAlkyneDyadEstero 6 f dzS3 T T Y |y B0 BN Bophind RudligyneY = <

TriadEsterd YI ISy G = 1771 %=43ymnfBORE H py
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The luminescence decay lifetime in aerated solvent at 298 Ruéikyne-Triad-Ester
wasca.. [ onn y&xa_. N RuziBi-HiEaelmeAdl, due to the carboxylic
acid groups quenching the luminescence more than the terdmtyl groups. When
measured as a frozen glass at 77 K,dbeay lifetime recorded fdrRu-Alkyne-Triad-Esterwas

[ o dy is neduced coipar®diBu-AlkyneDyadEsterd _ T . Thid affecisa@lo
reflected in the luminescence quantum yieldlue6 . ob Ru-Alkyne-Triad-Acid, which was
calculated tod S . @ whendeasured against [Ru(biphdb.6HO8 as a standard in
aeratedwater at 298 KThis value is significantly reduced comparedRteAlkyne-DyadAcid
(- ('020), illustrating the deleterious effect that the extra stibgion in Ru-Alkyne Triad-

Acidhas on the emission intensity.

Table 2.04Luninescence data faRu-Alkyne Triad-Esterand Ru-Alkyne-Triad-Acidin aerated
solvents@Data taken from refl2.

<m?BX(nm) 1, 2%%K(ns) AL A
COmPOHnE soent o) e 93 o

W[Rudtbbipy)s(3,8LJ8 / pren)P* |  CHCh 657 591 -
CHCb 662 650 -
M ST 0y | -
RuAlkyne Triad-Ester MeCN 683 271 _
DMF 702 280 -
THF 706 306 -
Et((z:q{ ':/"f/)OH 681 273,49 | 95,5
RuAlkyne TriadAcid MeOH 691 235,120 | 98,2
HO 697 209,102 | 26, 74
DMF 702 259,49 | 87,13

OEOAGE GA2Y & LIGOGENIN inkdated RER-BMeOM: 1jv:viat 298 K
for both RuAlkyne-TriadEster and Ru-AlkyneTriadAcid were overlaid with UV/Vis
absorption spectra recorded in the samelvent (figure2.14). A good mech between the
spectracan be seepwhich is a clear indication that the emission observed for both complexes

occurs as a result of absorption in to thRdLCT band
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Figure 2.14Normalised(at< 4B5nm)spectra in aerated EtOH/MeQH¥k1,v:V) at 298 K.

a) RuAlkyne-Triad-Esterand b)Ru-Alkyne-Triad-Acid
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2.4)An AlkyneBridged Scaffold for #a S G I f f 2-Madldl IMEYind Adgent

2.4.1) Synthesis and Characterisation

As the synthetic route developed proved amenable to producing both a
monosubstituted and disubstitutegdhenanthrolinescaffoldaround the central Rlunit, the
alYyS YSGK2R ¢l a dzaSR (G2 aeyiukKSaaasS | fFNHSN

active metalcentres (figure2.15).

Figure 2.15¢ @& £ t 2 ambdaNRGdR spkcies

t NEGA2dzates WYSOHFrft2aGFrNBRQ KIS 6SSYy YIRS
prepared ligandswith the MR}active metal centre already boundre assembled around the
centralluminescentmetal centre by mixing theomponents in a 3:1 ratit21. However, in
this example, thecentral ruthenium complex component was synthesised first, befibre
insertion ofthe Gd' metal centres.

WSUNRAaEYUKSGAO Ftylteara 2F GKS GFNBSGSR U
similar to the previouscaffolds (schemg.01), includingd-ethynyl2,6-disubstituted pyridine
(synthonB) anda ruthenium centre surrounded by brominated 1;pfenanthroline ligands
to take advantage of the Sonogashira coupling readisgnthonA(metallostar)). In this case,
to allow introduction of six pendant metal chelates, tRel'-based synthon wasris(3,8
dibromo-1,10-phenanthroline)Ru(lhexafluorophosphate (schent07). Twoequivalents of
3,8-dibromo-1,10phenanthrolinewere heated with uthenium(lil) chloride trihydraten DMF
to produce bis(3,8dibromo-1,10phenanthroline)Ru(lichloride hydrate which was
subsequently heated with a further equivalent &f8-dibromo-1,10phenanthroline in
ethylene glycol to produce the final synthoA(metallostar). Purification was achieved by

column chromatography and was verified ¥y NMR spectroscopy and HRMS.
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2+
N g |2PF6'

N= Br

Br Br

A(metallostar)

Scheme 2.07Synthetic route to synthorA(metallostar). i) DMF, RugBHO,
LiCl, reflux, 7hi) ethylene glycol, 3:8ibromo-1,10phenanthroline, 120 °C, 16l

Synthesis of theRu-Alkyne-Metallostar-Ester species was achieved by subjecting
synthon A(metallostar)to six independent Sonogashira reactions with synti®{scheme
2.08i). Initially, twelveequivalents of synthom were added to a deoxygenated solution of
synthonA(metallostar), (dppf)PdGland copper iodide dissolved in an anhydrous mixture of
DMF and triethylamine (5::v). The solution was stirred at room temperature for sixteen
hours, kefore a furthertwelve equivalents of synthoB were added. The resulting solution
was left stirring for seven days before the crude product was extracteghanfied by column
chromatography on silica gel (2@00 mesh)and then by sizexclusion chrom@graphy on
Sephade®LH20. A low yield was finally achievétls %) but this was due to incomplete
conversion of the starting material to the fulbpbstituted product. Some of the equivalents
of synthonBwere lost to the competing Glaser reaction in which two alkyne groups coupled
to a diyne in the presence of coppardide. Addition of further equivalents of synth@may
help to overcome this issue and avoid the partigljpstituted entities in the future.

Successful isolation oRuAlkyne-Metallostar-Ester was confirmed byESMS
(appendix2.07), as a molecular ion peak at/z = 21686 for the [M ¢ 2PFk]?* specieswas
recorded with the typical Rlion isotope pattern. ThéH NMRspectrum (figure2.16, 400
MHz, de-acetone) is very simple as the compound only has seven different proton
environments due to the symmetry in the molecule. The peaks are also broad as the molecule

is very large and tumbles slowly in solution.
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o z
2*  'BuO,C CO,'Bu -
4 \ |2PF - \_N/_ '3“0 ot%’ 2PFs
Br: Br 6 Y\N N/Y

Br, _N\ N= Br ; o8 oB
— u — — u
/_\N—Ru/—N/ \ + =\ /N O'Bu N\ Y/ /—N N_\ — N\ /N O'Bu
N/ \N oJ’\/N vl N\/go
7N ¢ N ‘BuO\n/’ \\‘(O‘Bu
= =S 'BuO,C CO,'Bu J RuAlkyne-Metallostar-Ester it
Br Br 3
A(metallostar) B n
n
o o 2
HO)\\ I/[LOH 2PF¢
OY\N N o
OH — — OH
— /4 N\ —
OH N/ — = N= _ \y OH
OA\/N \RL{ N o
Ho\”J OH
0 RuAlkyne-Metallostar-Acid o /5

Scheme 2.08Synthetiaoute to Ru-Alkyne-Metallostar-Acid i) DMFNE&(5:1,v:v),
(dppf)PACI Cul rt, 8 daysAr; ii) CHCh, TFA, rt, 18h

A singlet at  1[41 ppm integrating t@a.216 protons accounts for the twenfipur
tertiary-butyl groups on thesix polyaminocarboxylatehelates, and the remaining two
singlets in the aliphatic region at 3045 ppm and  3[96 ppm represent the two proton
SYGANRYYSy(ia 2y hékSduadwigehtpdalSis pieseNddt2t5ppm ahd
a broad peak at  2[84 ppm is due to # and HOD in the solvent. In the aromatic region
there are 4 broad singlets at 7[55 ppm 849 ppm! 8[81ppm andt 9[06ppm
integrating as 12, 6, 6 and 6 protons, respectively. The peak @55 ppm characterises the
twelve equivalent H®protons on the pendant pyridine ringshilstthe other three singlets
represen the three proton environments on the phenanthroditigands.

As the'H NMR spectrum is so simptlie to the high symmetry of the completo
provide further evidence of successful synthegsiDEPTEGCNMR spectrum (figurg.17, 500
MHz, 1,1,2,Zetrachloroethaned;) was also recorded to help assign the carbon
environments.The large, negative peak at 713.78 ppm is the residual solvent peak for
1,1,2,2tetrachloroethane and the remaining sixteen peaks are for the different carbon
environments. There are eleven negatigeaks which correspond to theine quaternary
carbon atoms and the two GHenvironments with the remaining five positive signals
corresponding to the CH and gdthvironments. Further precise assignment of each individual
carbon environmen{appendix2.08) was achieved using two-dimensional HSQC spectrum

(appendix.09) and a twedimensional HMBC spectrum (appendi0).
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Figure 2.16"H NMR spectrum (400 MHds-acetone) ofRu-Alkyne-Metallostar-Esterat 298 K
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Figure 2.17DEPT&CNMR spectrum (500 MHz, 1,1,2gtrachloroethaned,)
of RuAlkyne-Metallostar-Esterat 298 K
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Removal of the tertianputyl protecting groups to produce theRuAlkyne
Metallostar-Acid compoundwas achieved in an analogous way toetlprevious synthetic
routes (scheme.08ii). Ru-Alkyne-Metallostar-Esterwas stirred in dichloromethane and TFA
and then washedapeatedly to remove the TFA. The product was then dissolved in the
minimum amount of methanol and precipitated bydition of an excess of diethyl ether. The
solid was collected by centrifugation and dried under a stream of nitrogen to yield the
compound in near quantitative yield. However, once the residual TFA had been resttoed
resulting RuAlkyne-Metallostar-Add solid was insoluble in all solvents unless the pH was
adjusted using base. This was most likely due to the substantial number of carboxylic acid
groups dominating the exterior of the compound.

'H NMRspectroscopy (figur®.18,500 MHz, RO, pD 4.33 was used to verify the
successful synthesis and purity REé+tAlkyne-Metallostar-Acid, although the pD of the D
solution had to be adjusted fD4.38 to ensure complete dissolution of the solid. The singlets
att 3082 ppm and 4[57 ppm are representative of thgolyaminocarboxylatehelate
protons, but unfortunately the residual® peak at  4[79 ppm partially overlaps with the
signal att 4157 ppm. There are also unknown impurity peaks aB[26 ppm and between
1 31553.63 ppm, which partially overlap with the broad signal at3[82 ppm. The signals
in the aromatic region have become even broader in comparison to those in the spectrum for
Ru-Alkyne-Metallostar-Esterandhave overlapped. The peak integrating to twebretons at
L 7154 ppm most likely represents thé/HS protons on the six pendant pyridine rings, with
the phenanthroline protons making up the remaining signals.

Again,a DEPT&C NMRspectrum (figure2.19,500 MHzD,0, pD 4.3§ was recorded
to characterise the carbon environments in tleempound (appendi?.11), aidedby a two-
dimensional HSQSpectrum (appendi®.12). Thesignals are weak in the spectrum because
of the low concentration of the NMR sample due to its limited solubility, but fourteen peaks
can be identified for the different carbon environments. The spectrum is similar to that for
Ru-Alkyne-Metallostar-Ester, although the positive peak at  2B.2 ppm and the negative
peak att 8.2 ppm are no longer preserds they represented the carbon atoms in the

tertiary-butyl groups that have now been removed.
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Figure 2.18'H NMR spectrum (500 MHz;@ pD4.38) ofRu-Alkyne-Metallostar-Acidat 298 K
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Figure 2.19DEPTG*CNMR spectrum (500 MHz,0,pD 4.38 of
Ru-Alkyne-Metallostar-Acidat 298 K
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2.4.2) Photophysical Properties

UV/Vis #sorption spectra were recorded in several solventor Ru-Alkyne
Metallostar-Esterand in water at pH 9 fdRuAlkyne-Metallostar-Acid. Emission profiles and
lifetimes of emission were recorded for both compounds (including fagzenglass at 77 K
for RwAlkyne-Metallostar-Ested), and the quantum yield of emission was measured=or
Alkyne-Metallostar-Acid against [Ru(bipy}|Ck.6HO in aerated water. Finally, excitation

spectra were measured in each solvent.

2.4.2.1) UV/Vis Absorption

The UV/Vis absorptionprofile for Ru-Alkyne-Metallostar-Ester was recorded in
EtOH/MeOH(4:1, v:v) (figure 2.209 and the profile forRu-Alkyne-Metallostar-Acid was
recorded in water at pH 9 (figur220b). The twospectraare similar, with an intense peak
OSy (i NBR and=RI drgF 2 Nd -0°KrS (7T NIy & Apliehadtifroligelfandstaril a
less intense peak il KS  NJ&IA4BY nm<which is théMLCT absorption on the
phenanthroline ligands.

a) b)

0.8 0.8
Ru-Alkyne-Dyad-Ester Ru-Alkyne-Dyad-Acid
Ru-Alkyne-Triad-Ester 0.7 = Ru-Alkyne-Triad-Acid
Ru-Alkyne-Metallostar-Ester Ru-Alkyne-Metallostar-Acid
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Optical Density / a.u.

0.2

0.1 P
. \.\
T T T L) L) T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600
Wavelength / nm Wavelength / nm

Figure 2.20NormdisedUV/Vis absorption spectra at 298 KRa}Alkyne-DyadEster(red),
RuAlkyne Triad-Ester(blue) and RuAlkyne-Metallostar-Ester(green) in EtOH/MeO:1,v:v);
b) Ru-Alkyne-Dyad-Acid(red), RuAlkyne-Triad-Acid (blue) andRu-Alkyne-Metallostar-Acid
(green, pH 9) in 1D
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When comparing the spedarfor the $hetallostaQspecies to he spectra for the
monosubstituted and disubstituteghenanthrolinescaffold in both solvents (figure2.20),
the consequences of the progressive changet®N"N ligands around the ruthenium core
can clearly be seemMoving from the monosustituted phenanthroline scaffold to the
disubstitutedphenanthrolinescaffoldA y ONB | a SR (1 KS- Ap/aENIayRaRrd »RFY G
phenanthrolinef A 3 I 6-R32A850 nm) and also redd K A T i SRvaliekod ~36& nm,
GKAOK Ad YIAYyi2ayISRR AFLISESSAYISAIGKS LIKSYl yiK
al YS® . $s& 408550/ nmsthe!MLCT absorptions also change sequentially to reflect
the nature of the ligands surrounding the ruthenium cor&éhe monosubstituted
phenanthrolinescaffoldhas a broad, featureless absorption, as the transitions on the two
different NN ligands overlap. This transforms to include adeld A F 1 SR & K@asdzf RS NJ L
480 nm) in the profile for the disubstituteghenanthrolinescaffold which is the!MLCT
absorption for the more conjugated phenanthroline ligand. Again, this is maintained in the
ALISOGNHzY F2N) 0KS WwWYSGrtf2adl N dMUSOds$he s | yR
0 A LJ8 NR& R A yb$ 440 hrd) Is yioRangeopresent.

QYLINAY3I GKS FF0a2NLIXWiA2y RFEGEF (2 120, LINBJA 7
figure 1.29, Eu analogueM = Rulf? showssimilartrends (table2.05), although the ligands
are bipyridinebased in the literaure rather than phenanthrolindbased and so each

absorption is blueshifted in comparison.

Table 2.05UV/Vis absorption data fdRu-Alkyne-Metallostar-Esterand
Ru-Alkyne-Metallostar-Acidat 298 K[@Data taken from ref20.

Compound Solvent <abs (NM)
BIRUEY(20) H0O 293, 330 (sh), 360 (sh), 45
CHCLb 352, 369 (sh), 475
Et((z:q{ '\\:'f/)o“ 348, 362 (sh), 475
RuAlkyne-Metallostar-Ester MeCN 347, 365 (sh), 478
THF 351, 374 (sh), 484
DMF 348, 363 (sh), 489
RuAlkyne-Metallostar-Acid HO (pH 9) 289, 344, 367 (sh), 480
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2.4.2.2) Emission

Luminescencerofiles and the lifetime of the luminescence decay wereordedin
several aeratedgolventsfor RuAlkyne-Metallostar-Esterandin water at pH 9 foRu-Alkyne-
Metallostar-Acid (table 2.06). Profilesn EtOH/MeOH4:1,v:v) at 77 K (figure2.21g and in
water (figure2.21b) will be reviewed for comparison purposes.

Upon excitation in tahe *MLCTabsorptiond | Y Rex=480-485nm, both complexes
producebroad and featurelessmissionprofiles at 298 KOS y (i NB R emk= BABGEYNR. <
When frozen as a glass at 77 K, the luminescgmoéle for RuAlkyne-Metallostar-Ester
displays the usual changes wittore vibrational structuren the low energy side of the main
(0-0) emission bandwhich has blue-shifted (~20 nm) due to rigidochromism. When
O2 YLJ NAXy3 0KS WY SGLI f tndrosubstitded andJSdidabStituted G 2
phenanthrolinescaffolsat 77K (figure2.213, it canbe seen that the emission maximum for
0KS WYSGl 2 a-$hiftedzompards @Atigronoiusstittdl gRenanthroline

scaffold but blueshifted in comparison to thdisubstitutedphenanthrolinescaffold This is

CI

similar for the acielerivatives in watefigure2.21h),K2 § S@GSNE Ay GKA & OF as

species has the highest energy emission maximum.

a) b)

Ru-Alkyne-Dyad-Ester — Ru-Alkyne-Dyad-Acid
Ru-Alkyne-Triad-Ester —— Ru-Alkyne-Triad-Acid
Ru-Alkyne-Metallostar-Ester Ru-Alkyne-Metallostar-Acid

Emission Intensity / a.u.
Emission Intensity / a.u.

T T T T T T T T T T
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Figure 221:b 2 NI I £ A.a=Smxintehsily), corrected emission spectra in aerated solvent
a) RuAlkyneDyadEster(NB R«E 449 nn), RuAlkyne Triad-Ester(d f daS=2435<hm) andRu-
Alkyne-Metallostar-Ester(3 NB S« 85 mm) in EtOH/MeO:1,v:v) at 77 K;
b) Ru-Alkyne-Dyad-Acid(NB RE 440 nn), RuAlkyne-Triad-Acid (6 f dz$=3435<1m) and
Ru-Alkyne-Metallostar-Acidd 3 NBSA8D nmw, pH 9) inD at 298 K
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The timeresolvediuminescence decay profiles recorded for both the egteatected
andcarboxylidd OAR RSNA QI GA@GSa 2F GKS WYSidlrtftz2adl N
with triexponentialdecays. Typically, two longer lifetimes(. I’ -6@D ns) were the main
components, with one much shorter lifetimeg,. ' pn yao YI {1 Ay3 dzJ H 37

Such complex behaviour could arise from aggregation in solution.

Table 2.06Lumnescencalata forRu-Alkyne-Metallostar-Esterand RuAlkyne-Metallostar-Acid
in aerated solventd?Datataken from ref.20.

<em?% K(NmM) _1,_2,_3°%8K(ns) A1, Ao Az

Compound

Wen' " (nm)] W1, _2,_3' " (ns)] (%)

625, 660 (sh) [584
(a] — —
RuUEy(20) H0O 625, 680 (sh)]
CHCb 620 785, 338, 52 71,27,2
EtOH/MeOH 660, 384, 43 21,77,2
RuAlkyne (4:1,vv) 643 [619, 676 (sh) [5063, 1111, 145] [97, 2, 1]
Metallostar-Ester MeCN 651 435, 147, 34 59, 38, 3
THF 659 696, 370, 50 60, 38, 2
DMF 668 492, 291, 36 86,12, 2
RuAlkyne
Metallostar-Acid H.O (pH 9) 656 457,25, 8 78, 8,14

The luminescence quantum yiel®@ | f dzS RuAlkyne-®Retallostar-Acid was
calculated tod S .  3F'whendmeasured against [Ru(bighdb.6H0'8 as a standard in
aeratedwater at 298 KThis value is ratted compared to the analogousonosubstituted
and disubstitutedhenanthrolinescaffolds(-  0[020 and 0.006, respectively), illustrating the
deleterious effect the extra substitution on the phenanthroline ligahds on the emission
intensity.

An excitation spectrunf<em= 635 nm recorded in aerated EtOH/MeO#:1,v:v) at
298 K forRuAlkyne-Metallostar-Ester was overlaid with a UV/Vis absorption spectrum
recorded in the samsolvent (figure2.22g. Agood match beteen the spectra can be seen,
which is aclearindication that the emission observed ftre complexoccursas a result of

absorption in to theeMLCT band.
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a) b)

Registration at 635 nm in EtOH/MeOH (4:1)
— UV/Vis in EtOH/MeOH (4:1) —— UVNis in H,0, pH 9

Registration at 660 nm in H,0, pH 9
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Figure2.22b 2 NXY' I t AASR 6+ G < I' nyn yYo &aLSOGNI
spectra (red) and UV/Vis spectra (blue) oRajAlkyne-Metallostar-Ester(EtOH/MeOH4:1,v:\),
<em= 635 nmand b)RuAlkyne-Metallostar-Acid (Hbth = LJm = 668 nmy

o

I AAYAE LN O2YLI NRA&2Y 2.7 660KknS) aBcEtRRAUVIVIE A 2 Y ¢
absorption spectrum foRuAlkyne-Metallostar-Acidrecorded in aerated wateat pH 9 and
at 298 K, reveals different resulisowever (figure2.22h). The excitatiorspectrum has the
same basic shape as the UV/Vis spectrum apart from a new peak=a#tl5 nm. A
f dzYAySaoOSyOS LINRMASHH Ggue2CréiEafedR similar emission band
OSYy i NBR el NEADyAR Yy O2 YLI NBR (2 «Fi48GnmLiNRakd f S NXE
showed more structure withamoreJNR y 2 dzy OS R & K 2 dzf ReSNDSEBIAR S Y S N
SEOAGI GA2Y & LIS Gui=Nadsy nmNiIbe2. 288 & Rimilariito the excitation
& LIS Ol NHzY NF=-GeohdroStioes siill nst matchhe UV/Vis spectrum.

This evidence suggests that the compound may have aggregated in solution due to its
limited solubility in water. This is further supported by the lifetime of the luminescence decay
Ay 6 (S NI =457 ngd.Jb = 28ns 03 = 8 ns) not tallying with the expected trend.
Compared toRu-Alkyne-Dyad-Acid and RuAlkyne TriadAcid (381 ns and 209 ns,
respectively, the main lifetime component (467 ns) in RuAlkyne-Metallostar-Acid is
longerlived. Asthe quantum yield valuemeasured for RuAlkyne-Metallostar-Acid is
reduced in intensity compared to its lesabstituted counterparts, it would be expected that

the lifetime value measured would also have reduced by the same magnitude.
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Emission Intensity / a.u.
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Figure 2.23Correctedspectra ofRu-Alkyne-Metallostar-Acidin aerated HO (pH 9 at 298 K
0 9 Y Ae=a15 21y, bp Excitatiorgn =705nm)
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2.5)ATriazoleBridged Scaffold for a Dinucle®&ualModal Imaging Agent

2.5.1)Synthesis and Characterisation

With the successful production of a series of alkymielged scaffolds based on
ruthenium(ll) bis(2,Zbipyridine)cores forpotential duatmodal optical/MR imaging agents,
GKS aLJl OSNI dzy Al Ay S| ©RUcuisSHom the pendant bivaing Site & S LI N
for Gd", was then modified to a triazole entity to assess its effect on the relaxivity value
measured for a dinucledramework.

Retrosynthetic analysis of this alternative triazblédged scaffold produced sthrons
Cand D (scheme2.09) with functionalgroups in place to utiliseraazide/alkyne copper
catalysedV O f A @dnlé323. MB azide group was attached to the pyridibased chelat¢D)
and an alkynesubstituentwas attached tadhe 1,10phenanthroline ligandn synthonC as
there was no precedent in the literature for connecting an azide group directly to a 1,10

phenanthroline unit.

‘BuOZC /—COQ‘Bu

2PF6
a 4\%)

'Buozc \—COZ‘Bu

D

Scheme 2.09Retrosynthetic analysis of theonosubstituted triazolébridged scaffold

The most straightforward route to syntho@ was considered to be the simple
modification of synthorA by reacting it with TMSA in a Sonogashira reaction (scH2d@
route A). Removabf the trimethylsilyl protecting group proved challenging, however, as the
ruthenium centre decomposed under various reaction conditions. Using milder bases in the
reaction and also changing the alkyne reactant toigpbpropylsilyl)acetylenand 2-methyl
3-butyn-2-ol proved unsuccessful remedies to the problem, as decomposition was still
encountered. A second route to the synthon was, therefore, designed, in which thesalkyn
substituent was attached to the 1,3thenanthroline ligandbeforethe ruthenium(I0 A & 6 H Z H Q

bipyridine) centre was bounscheme2.10, route B).
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ety GR=
Route A Route B -/ —

2+

Scheme 2.10Thetwo routes attempted in the synthesis of synth@n

Route A i) MeOH, reflux, 8h; ii) DMF: NE&:1,v:V), TMSA, 3d, Aiiji) THF, TBAF, rt, 16h

Route B i) MeOH, reflux, 8h

Starting from 3bromo-1,10-phenanthroline, synthorCwas successfully synthesised

in three steps following literatur@reparations (scheme@.11). The timethylsilytprotected

alkyne substituent was attached to the phenanthroline core by reactifiyognho-1,10-

phenanthroline with TMS# the presence oPd(PPE).Ckandcopper iodide in THF:NER:1,

v:V)I24. Deprotection of the trimethylsilyl group to reveal the free alkyne was achieved using

potassium carbonate in a MeOH:THF mixt(@el, v:V)[?, and then coordination to the

ruthenium(ll) 0 A a doipyEdin€) centre was accomplished by refluxing the ligand wish

bisd H -bipytine)dichlororuthenium hydraté!® in methanol.'H NMR spectroscopy and

ESMS were used teharacteriseeach compound

Scheme 2.11Synthetic route to synthoR. i) THFNE&(2:1,v:v), Pd(PPE)2Ckh,
Cul, TMSA/0 °C24h,Ar; i) MeOH: THF (2:%;v), K.CQ, rt, 6h; iii) MeOH,
Ru(bipy)Ch.2HO, reflux, th
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The synthesis of synthob proved simple, as it wasonstructed from a previously
synthesised compound in orstep following a literature preparatid#f (scheme2.12). 4-
bromo-2,6-disubstituted pyridinewas reactedwith sodium azide in DM&t 100°C fortwo
daysin the presence of a phase transfer catalystrabutylammonium hydrogensulphaj¢o
improvethe solubility of theazde inthe organic solventA good yield of 73 % was achieved,

and purity was verified bjH NMR spectroscopy and'&S.

tBuozcj y | rcoszu : ‘BuOZCj _ | rCOZ‘Bu
N J, N N N N
C N 7 N b
CO,'Bu CO,'Bu CO,'Bu CO,'Bu
4-bromo-2,6-disubstituted pyridine D

Scheme 2.12Syntheticroute to synthonD. i) DMF, Nah'BwNHSQ@, 100 °C, 48 h, Ar

With the successful synthesof both synthonsCand D, the coppercatalysed? Of A O] Q
reaction between the two species was attempted using the method described in a literature
preparatiort?® (scheme2.13). Tre two synthons were dissolved in deoxygenated, anhydrous
acetonitrilewith copperiodide (10 mol %) as the source of Bns. Heating ateflux under
an argomatmosphere for 24 hours proveeffective, as a molecular ion peak at/z =626.2
was observed for thgM ¢ 2PFk]?*ion of the RuTriazoleDyadEsterspeciesn an ESmass
spectrum A low yield of the desired compound was eventually recovered from the reaction,
however, as the main product was found to be the Glasmipled dimericompound (figure
2.24). A"THNMR spectrum of this sideroduct appeared similar to thtH NMR spectrum of
synthon G however,an ES massspectrum (appendi®2.13) revealedan ion pattern for a
specieswith a charge of 4 demonstrating that there are twauthenium(l)06 A a6 H ZH Q

bipyridine) centres in this compound.

+
tBuozc /—COZ'Bu o |?
< |2pFg

2|=|=6 AT
N °
\ /N > / Z BuO
N\"QOQBU
tg \_ t tn O
UOZC CO,'Bu O'Bu
o
RuTriazoleDyadEster

Scheme 2.13Syntheticroute to RuTriazoleDyadEster
i) MeCN, Cul, refly24 h, Ar
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In future preparations of th&kuTriazoleDyadEsterspecies, using more equivalents
of synthonD may help to avoid the unwanted Glaser coupling reaction. Unlike the usual
conditions for acoppercatalysed? Of A 01 Q NBIF OGA2y > OF NBFdzZ NBY?2

also help to deter the competing reaction

Figure 2.24Unwanted Gasercoupled sideproduct from the
synthetic route toRuTriazoleDyadEster

Characterisation of theRuTriazoleDyadEster species was achievedith HRMS
(appendix2.14) ard *H NMRspectroscopy (figur@.25). Thecalculated and actuah/z values
found for the [M ¢ 2PFR]%*ion agreed well (626.2393 and 626.2401, respectively) andtthe

NMR spectrumdg-acetone, 400 MHzconfirmed the successful isolation of the pure product.
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Figure 2.25*H NMR spectrumds-acetone, 400 MHz) dkuTriazoleDyadEsterat 298 K
(H,= proton on bipyridine ligand,# proton on phenanthroline ligand,
Hyy= proton on pyridine ring;k = proton on triazole ring)
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The aromatic region integrates to the twersyx protons expected. The deshielded
singlet att  9[29 ppm corresponds to the triazole ring proton, the singlet at8[09 ppm
corresponds to the two pendant pyridine ring protondatd F, and the remainingignals
are from the three N~N ligands. In the aliphatic region, there are characteristic signals for the
pendant metal chelate protons (three singletsiat 1[45 ppm,t 3[57 ppm and 412
ppm, integrating to 36, 8 and 4 protons, respectively) ahd temaining signals are for
residual solvent.

Removal of the tertiamputyl groups to reveal th&®uTriazoleDyad-Acid compound
was achievedn an identical fashion to the alkyne analogue using TFA in dichloromethane
(scheme2.14).

RuTriazoleDyadEster RuTriazoleDyad-Acid

Scheme 2.14Synthett route to RuTriazoleDyadAcid. i) CHCh, TFA, rt, 18h

Them/z value of the main signal found in tH¢éRMS (appendi.15 was 94.1141,
which was a good match for the calculatedz valuefor the [M ¢ 2PF]?*ion, 514.1162. AH
NMR spectrum (figur@.26) in ds-DMSO shows all of the expected peédsthe compound,
but due to a combination of aggregation of the molecules in sofytand slow molecular
tumbling, the signals appear broad, even with the sample heated to 373 K.

In the aromatic region there are a number of signals arising from protons on the three
N~N ligands, plus the two equivalenf/H® protons on the pendant pyridine ring and the
triazole proton. In the aliphatic region the residual DMSO peak manifests as a large peak at
=250ppml YR GKSNB FNB (62 &i3yINKaARMBHENBESY (A Yy 3
Acidat1 3M53 ppmand 4109 ppm. Unfortunately, water in the sample appears as a broad
peak betweent  3[403.90 ppm, which distorts the integration value for the signal at T

3.53 ppm to ten protons rather than the correct value of eight.
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Figure 2.26*H NMRspectrum ¢e-DMSQ500 MHz) oRuTriazoleDyadAcidat 373K
(Ho= proton on bipyridine ligand,p# proton on phenanthroline ligand,
Hoy= proton on pyridine ringsk = proton on triazole ring)

8!

2.5.2) Photophysical Properties

UV/Vis absorption spectravere recorded in several solventsr both RuTriazole
DyadEsterand RuTriazoleDyad-Acid, and an extinction coefficient was measured Rur
TriazoleDyad-Acid in water. Emission profiles and lifetimes of emission were recorded for
both compounds (including asfilmzenglass at 77 Kand the quantum yield of emission was
measured forRuTriazle-Dyad-Acid against[Ru(bipy}]Cb.6HO in aerated water. Finally,

excitationspectra were measured in each solvent.

2.5.2.1) UV/Vis Absorption
UV/Vis absorptionprofiles for RuTriazoleDyadEster and RuTriazoleDyadAcid
were recordedin severalsolvents (table2.07), but spectra inEtOH/MeOH4:1, v:v) will be
reviewed forcomparison purposes (figu273. Bothspectrahavea similarstructure, with
'y AYyGdSyasS LIS |ak=263wFi2NNE Ri KFSNE Ndy Ra & G A 2e/ligadd/ G KS
FYR | fSada AylSy asS= 3a0Kend2RS NI KIS [GINI V@ A &A 2y
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are the!MLCT absorptions for the two different types of NN ligand.
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Figure 2.27Normalisedat <abs=450 Nnm)UV/Vis absorption spectia EtOH/MeOH
(4:1,v:v) at 298 Ka) RuTriazoleDyadEster(red) andRuTriazoleDyad-Acid (blue);b)
RuAlkyne-DyadEster(green)and RuTriazoleDyadEster(red)

Table 2.07UV/Vis absorption data fdRu-TriazoleDyadEsterand Ru-TriazoleDyad-Acid at
298 K[@Data taken from refl0.

Compound

Solvent

<bsO Y YO  tMIcnod)E m n

BI[Ru(bipy}(phenBr)p* MeCN 272 [6.6], 286 [6.5], 448 [L.5]
CHCb 287, 323 (sh), 434, 456 (sh)
Etgﬂ{ '\\f'fl)o H 285, 313 (sh), 433, 498h)
RuTriazoleDyadEster MeCN 284, 318 (sh), 437, 451 (sh)
THF 287, 321 (sh), 442, 456 (sh)
DMF 287, 322 (sh), 438, 456 (sh)
Et((i'i” '\\f':‘\*/)o H 285, 312 (sh), 428, 451 (sh)
MeOH 285, 314 (sh), 431, 450 (sh)
RuTriazoleDyadrAcid MeCN 285, 309 (sh), 427, 448h)
H.O 282 [35], 309 (sh) [12], 428 [5.0], 451 (sh) [5.
DMF 288, 315 (sh), 439, 454 (sh)

When comparing the spectrum f&uTriazoleDyadEsterto that of RuAlkyne-Dyad

LIS | |

Ester it can be seen that changing the phenanthroline ligand substituent has negligible effect

on the UV/Vis spectrumnshape (figure2.27b0 &

¢ R*Sransition on thephenanthroline

f A 3 .3£R310nm) is slightly more intense in the alkysmntaining species compared to
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the triazolecontaining one, andthéa [ / ¢ I 0 & 2 NLIkA3F5650dh)yoRtke twip <
different N~N ligands are easier to distinguish in the triazmielged analogue,lthough they

still overlap with each other.

2.5.2.2) Emission

Luminescencerofiles and the lifetime of the luminescence deday Ru-Triazole
DyadEster and RuTriazoleDyad-Acid were recorded in several aerated solvents (table
2.08), but profiles in EtOH/MeOHR#:1,v:v) at 298 K and 77 K (figuB28g will be reviewed
for comparison purposes.

Upon excitation intothda [ / ¢ | 6 & 2 NLJGxA& 250 nrodotyf Bomplefies <
producebroad and featurelesemissionprofiles at 298 K indicatingpinforbidden 3MLCT
{RU- ~ pwy transitions. The emission isentred around<em = 620-625 nm, which is red
shiftedwhen compared to the parent compleR{i(bipy)(phen)F*in acetonitrile (table2.08),
as the increased conjugation along the phenanthroline ligand in BweTriazole-Dyad
compoundsstabilise the LUMO energy level and lowers the emission energy.

The emission observed was temperature dependastthe maximunenergyblue-
shifted from<em = 620625 nm at 298 K t&m = 585 nm in a frozen glass at 77 K for both
compounds The luminescenceprofiles also transformed to include more vibrational
structure, with two less intense shoulder peaks appeadnghe lowenergy side of the main
0-0 transition

The effect of changg the phenanthroline ligand substitution from an alkyne linker to
a triazole linker is more obvious in the luminescence profiles compared to the UV/Vis spectra
(figure 2.28b). At bah 298 K and 77 K iBtOH/MeOH4:1,v:v), the emission maximum for
RuTriazole-DyadEsteris blueshifted by ~25 nm compared ®uAlkyne-DyadEster

The luminescence decay lifetimes recorded for bRtRTriazoleDyadEsterand Ru-
TriazoleDyad-Acid are similar in all solvents to those recorded for thikynebridged
analoguesand are typical for [Ru(bipyN*N)?* compounds. This similarity in luminescence
intensity is also reflected in theurninescence quantum yieldalues 6 . for the two
monosubstituted phenanthroline structures, which weselculatedi 2 6 8.023 and. r

0.020 forRuTriazoleDyad-Acid and Ru-Alkyne-Dyad-Acid, respectively This indicates that
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the addition of a triazoléridge does not have a significant quenching effect on the

ruthenium-based luminescence.
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Figure 2.28b 2 NXY I f A.a=Sriwxintehsily), corrected emission spectra aerated
EtOH/MeOH4:1,v:V) at 298 K and as a glass at 7a}RuTriazoleDyadEster(magenta 77 K

andred,H @y e ¥ 450 rirfor both) andRuTriazoleDyadAcid(cyan 77 Kandblue,H by VY Z

= 450 nnfor both); b) RuTriazoleDyadEster(magenta 77 K and retH by ex¥ 250 rmfor
both) andRuAlkyne-DyadEster(blue, 77 Kandgreen,298 K <.x= 440 nnfor both)

Table 2.08Luninescence data fdRu-TriazoleDyadEsterand Ru-TriazoleDyad-Acid
in aeratedsolventsPData taken from refl7.

298K 298 K

Compound Solvent (Zee;m(((:rrnn))] ;L'_2277 Ko'(ni)é 'A\(lc%ﬁ‘2
BIIRu(bipy)(phen)?* MeCN 610 147 --
CHCb 611 233 --
RO LS8 ooy -
RuTriazok-DyadEster MeCN 624 201 _
THF 638 203 --
DMF 634 263 --
EtOH/MeOH 623 [586, 634, 232 --

(4:1,v:v) 675 (sh)] [7.2,0.95 | [93, 7]

MeOH 627 216, 35 95,5
RuTriazoleDyadAcid MeCN 626 170 _
H.O 631 543 -

DMF 636 255, 32 96, 4
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Excitation spectra recorded in aerated EtOH/Me(@H, v:v) at 298 K for bothRu
TriazoleDyadEster(<em = 620 nmyand RuTriazoleDyad-Acid (<em = 610 nm)wvere overlaid
with UV/Vis absorption spectra recorded in the saswvent (figure2.29). A good match
between thespectracan be seenwhich is a clear indication that the emission observed for

both complexes occurs as a result of absorption in to'MeCT band.

a) b)
Registration at 620 nm in EtOH/MeOH (4:1) Registration at 610 nm in EtOH/MeOH (4:1)
— UV/Vis in EtOH/MeOH (4:1) — UV/Vis in EtOH/MeOH (4:1)

3

© 5

- ]

2 A

£ N

e =

3 2

£ I
£

L] L] L] L] L] L] L] L] L] L]
350 400 450 500 550 600 350 400 450 500 550

Wavelength / nm Wavelength / nm

Figure 2.29Nomalised(at< 450 nm)spectra in aerated EtOH/MeQHk1,v:V) at 298 K.
Corrected excitation spectra (red) and UV/Vis spectra (blue) Rid riazoleDyad-Ester
0 m = 620 nm)and b)RuTriazoleDyadAcid 0 & = 610 nm)
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2.6) Summary

The scaffolds forbis(2,2bipyridineyuthenium(ll}based analogues of previously
studied iridiumbased dinuclear and trinuclear acetylebdadged complexeshave been
introduced and their syntheses detailed. The key step in the overall reaction scheme was a
Sonogashira reaction between a retmum(ll) bis(2,2bipyridine}based compound with a
pendant bromine atom, and a tertiatyutyl protectedpolyaminocarboxylatehelate bearing
a pendant terminal alkyne group, which was achieved with moderate succes® (%5. Full
characterisation of bothhe tertiary-butyl protected entity and theresultantcarboxylic acid
compound upon removal of the tertiary-butyl groups was achieved with'H NMR
spectroscopy and higresolution mass spectrometry for both the monosubstituted and
disubstituted phenantioline scaffolds.

I fFNBESNI WYSialrftt2aidl NR &LISOA Sactve ndefall K G K S
centres for eactuminescentruthenium centre, based on alkyne spacers between peripheral
sites and the core [Ru(phei)* unit, was also synthesised inl@awv yield (15 %). In this case,
successful synthesis was achieved by subjecting the starting ruthenium centre to six
independent Sonogashira coupling reactions. TReAlkyne-Metallostar-Ester species
showed good solubility in a wide range of solventswleer, upon removing the tertiary
butyl protecting groups, the resulting compound containitvgenty-four carboxylic acid
groups on the exterior surface was insoluble in all solvents except aqueous base. Full
characterisation of the estgorotectedand carloxylic acid complexes was achieved with
and3C NMR spectroscopy and*&S.

Finally, the probe design was modified to include a triazole linking unit in place of the
FOSGefSyS oOoNARRIS (G2 aasSaa GKS fvdlugs] Shena A Y
monosubstituted phenanthroline scaffold was successfully synthesised by taking advantage
of the robust alkyne/azidecoppercatalysed? Of A 071 Q NBIF OGA2y > K2gSOSN
coupling between two alkyne substituents had a detrimental dffeic the overall yield,
reducing it to 20 %. Full characterisation of both the egtertected compound and the
carboxylic acid chelate was achieved throdgHNMR spectroscopy and highsolution mass
spectrometry.

UV/Vis absorption spectra for the sesieof scaffolds showed typical bands for

[Ru(N"N3j]?*compounds. Intense absorptions in the UV regigns& 400 nm) were ascribed
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02 GK§ "GNIXryaaxdAazya OSy iNRN RyandsyandivieSker bands RA F 7
0 S 4 SSA00550 nm characterised th*MLCT absorptions. Increasing the conjugation
Ff2y3 (KS barkbyneldandgypiRedsing from a monosubstituted to a disubstituted
phenanthroline ligand- y R G KSy (2 |  YasSclearly deéhiniihle pBctraiakJS OA S
020K -0KS (NI yiihg pheraythrolihe ligand and th8MLCT absorptiomed-

shifted. Changing the phenanthroline substitution from an alkipndged ligand to a triazole

bridged ligand had negligible effect on the UV/Vis absorption properties of the
monosubstituted phenanttoline scaffold.

Increasing the number of pendant metal chelating centres surrounding the
luminescent Rlicore, at whichMR}active metal ionscould bind, was deleterious to the
fdzyAySaoOSyid LINRPLISNIASE 2F GKS a0 FTF2f RAX K29
to two and then (in theYhetallosta® &AE LISYRIFEyd f18y$S WENY&aQ
luminescence compared to [Ru(bigh@b.6HO in aerated water decreased from @.020
and. O23,to. I 6Gamthento [ jA®imeicompounds need tisplaybright
luminescencen their capacity as probes for optical microscopy, this is obviously a drawback;
however, a solution to tlsi problemmay be to increase the concentration of the probes when
utilising their luminescence for imaging. As the difference between the two working
concentrations of currenuminescentprobes and MRI contrast agents is large, increasing the
concentration needed for the optical microscopy aspect of the dumadal probe may help to
overcome this disparity.

Excitation spectra overlaid with UV/Vis absorption spectra for all of the compounds
have the same shape, as the fluorescence intensity is proportiontde absorption. This
gives a good indication that the complexes are pure and do not form aggregates in the ground
state. This is not the case faRu-Alkyne-Metallostar-Acid, however,whose spectra do not
match due to the limited solubility of the compound in all solvents which may cause

aggregation in solution.
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2.7) Future Work

To continue this work furthent would be interesting teextendthe triazole-bridged
scaffold to inalde a disubstituted (potentialyRuGad G NA y dzOf S+ Nb | y R
(potentiallyRuGd) species, and to change the luminescent metal centre'toThis may help
to overcome the solubility issues that were found with tRerAlkyne-Metallostar-Acid
compound and the origindrGa: (27) compound, as the triazolbridged analogue will have

more sites available for protonation.
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2.9) Appendices
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Appendix 2.01Highresolution mass spectrum &uAlkyne-DyadEster
Calculated for [6H;3NsOsRUF*, 604.7316
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Appendix 2.02Highresolution mass spectrum &uAlkyne-DyadAcid.
Calculated for [GaHaiNgOsRUF*, 492.6055
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Appendix 2.03The aromatic region of an annotaté#-'H correlation NMR spectrum
(500 MHzds-DMSO) foRuAlkyne-DyadAcidat 303 K. (Red lines = protons on
bipyridine ligand, blue lines = protons on phenanthroline ligand)
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Appendix 2.04Highresolution mass spectrum &uAlkyne-Triad-Ester.
Calculated for [6H120N120:16RUF*, 912.4067.
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Appendix 2.05The aromat region of a annotated'H-'H correlation NMR spectrum
(400 MHz, BD) forRuAlkyne-Triad-Acidat 298K. (Red lines = protons on bipyridine
ligand, blue lines = protons on phenanthroline ligand)
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Appendix 2.06 Highresolution mass spectrum &uAlkyne-Triad-Acid
Calculated for [6HssN12016RUF*, 688.1563.
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Appendix 2.07Mass spctrum of Ru-Alkyne-Metallostar-Ester
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Appendix 2.08Tabk of NMR assignments (500 MHz, 1,1;2,2
tetrachloroethaned.) for Ru-Alkyne-Metallostar-Ester

2+
o | 2PFg

I)LO'BU
O'Bu
O'Bu
N\/go
\\“/O‘Bu
° /3
Carbon Number Proton Shift Carbon Shift
(ppm) (ppm)
C1l 8.01 153.6
c2 145.9
Cc3 8.83 141.0
c4 166.7
C5 8.34 128.7
C6 131.0
c7 86.6
cs8 96.0
c9 170.3
C10 7.55 1231
Ci1 1594
C12 3.92 59.4
C13 3.41 55.6
Cl4 207.8
COh)s 1.41 28.2
QACH)3 1.41 81.2
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Appendix 2.09'H-2C orrelation (HSQC) NMR spectrum (500 MH%,2,2
tetrachloroethaned;) of Ru-Alkyne-Metallostar-Esterat 298 K (Green lines = correlatior
on pyridine chelate, blue lines = correlation on phenanthroline ligand)
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Appendix 2.10H-C correlation (HMBC) NMR spectrum (500 MHE,2,2
tetrachloroethaned,) of Ru-Alkyne-Metallostar-Esterat 298 K (Green lines = correlatior
on pyridine chelate, blue lines = correlation on phenanthroline ligand)
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Appendix 2.11Table d NMR assignments (500 MH2O, pD 4.38for
RuAlkyne-Metallostar-Acid

Carbon Number PUEE i Carbon Shift

(ppm) (Ppm)
Cl1 8.06:8.45 154.4
C2 146.8
C3 8.81 140.9
c4 163.3
C5 8.068.45 129.2
Ccé 132.7
c7 90.1
&8 92.3
c9 170.1
c10 7.54 126.8
Ci1 1505
C12 4.57 58.1
c13 3.82 57.2
Cl4 208.3
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Appendix 2.12H-'3C correlation (HSQC) NMR spectrum (500 Mk2, iD 4.38 of
RuAlkyne-Metallostar-Acidat 298 K (Green lines sorrelation on pyridine chelate,
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Appendix 2.13Mass spectrum ahe Glasercoupled product from theynthetic
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route to RuTriazoleDyadEster
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Appendix 2.14Hidgh-resolution mass spectrum &uTriazoleDyadEster
Calculated for [EH74N120s'°2Ruf*, 626.2393.
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Appendix 2.15Highresolution mass spectrum &uTriazoleDyadAcid
Calculated for [gsHs2N120sRUF", 514.1162.
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3.1) Previous Work in the Ward Group

As was previously discussed in this thesis, the dinutl€a(26) and trinuclealrGa
(27) acetylenebridged complexespreviously published by the Ward grougemonstrated
excellent potential as prototypical duaiodal optical/MR imagingagents (section 2.1).
Unusually high relaxivity values for the'Gmbntresof 1= 14.0 mMtstand n=12.6 mM's
1 (HLO/DMSO (9%, v:v), 20 MHz, 37 °Gyere measured fotrGd and IrGd;, respectively,
which are comparable values to those observed for othérmgbrids that contairthree or
four Gd'centresY,

In further studies, the suitability of the two complexes as probes for optical
microscopy was assessétellular imaging studieand toxicity assays wenendertaken with
the dinuclearlrGd complex in both MGF and HelLa cell linBgl. The staining detected in
both cases was similar, with emission from the photoluminescértdntre observable in the
cell cytosol, with additional punctate staining. -Dgaubation experiments with the
commercial nuclear stain DAPI in MCFcells, and the commercial lysosomal stain
Lysotracker® Red in Hetadls (figure3.01), revealed tlat the complex does not cross the cell
membrane, but does localise in the lysosomes, albeit not exclusively. Manders coefficients
(obtained using the Coloc2 plugin limage) were used to quantify the extent of the €o
localisation betweenlrGd and Lysotrager® Red, with convincing values of M1/M2 =
0.91/0.87 being observed. Cell viability after staining widat concentrations between 25
M n n , andifor incubation times between-24h, was tested by MTT toxicity assay in both
cell lines. In both casest was observed that as the incubation time and the&d
concentration increased, the cell viability decreased; however, at the optimum imaging
O2yRAGAZ2Y & 6pn >aX nKO GKS OSff &dz2NDAGEE TN
1 % DMSO (0.8).

In contrast, the trinuclealrGc complex, when incubated with HeLa cells, performed
poorly as a luminescent imaging agent when compared to its dinuti@dicounterparts. A
similar staining pattern to the dinuclear probe was observed; however, due to the trinuclear
LINPO0SQa LI22NJ a2tdzooAftAde Ay 6FGSNE fFNBSN aal
neutral IrGd), the cellular uptake was found to be poorer foGcb. This observation was
reflected in the MTT toxicity data for this complex: surprisingly, at high concentrations and
AyOdzo | A2y GAYSaAa omnn >aX MyKOIZ (GKS &dzZNDA DL §
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those observed for the 1 % DMSO contrgbenments. In view of the lower cell viabilities
measured for the dinuclealrGd complex under these conditions, the measured survival
fractions were unusually high fofGd: considering the complex has an additional toxic¢'Gd
metal centre. This suggedtsat poor internalisation ofrGa:into the cells is the cause of the
low cytotoxicity measured, rather than the trinuclear complex being uncharacteristically

much less toxic.

<ex: 780Y Y %m:390-465nm  <ex: 458Y Y %m: 500-550nm Overlay

MCF7 Cells

xN NP Ym¥BADSE50 NM <expc M ¥nBID700 nm Overlay

Lysotracker Red

HelLa Cells

Figure 3.01 Steadystate confocal images dfGdand commercial stains DAPI angsotracker®
Red Top) MCH cellsstained with5 ! t &' 0 KY Nemy38@650am)andIrGd(p 1 Al X
<x[ N P Yem3y50@5501m) Scale bar 10> Y ®
(Reproduced with permission from r&f. Copyright (2015) Royal Society of Chem)stry
Bottom)Live HeLa cells stained witGd(p 1 M & Ed <1 N1 pemyBOE50<n) and
Lysotracker® Re@lexI! P C Memy583700<am) Scale bar =18 Y ®

(Reproduced with permission from r&f. Copyright (2016) American Chemical Sogiety

As IrGd demonstrated highsolubility in aqueous media and low toxicity in two
different cell lines, the probe was considered an ideal candidate for additetialar imaging
studies. e probehas a tripletbased luminescent lifetime in the order of hundreds of
nanoseconds, which is sensitive to quenching by molecular oxygen, and so further
luminescencébased oxygen sensing experiments were conducted in thaakdell line. Two
photon-phosphorescence lifetime imagirt@PPLIM) ofrGdunder increasing concentrations
of oxygen in oxygen/nitrogen mixtures demonstrated that th&-Based emission lifetime

was sensitive to changes in the oxygen partial pressure, even when fixed inside a HelLa cell
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(figure 3.02). Lifetimemaps with a varying colour scale from orange to blue in accordance
with the increase of the average luminescendetiine measured (€000 ns) were used to
depict this sensitivity to oxygen. A clear change in lifetime plot colour from primarily orange
(low lifetime value, 100 % oxygen) to primarily blue (high lifetime value, 0 % oxygen) can be
observed with a decreas@ oxygen concentration. This increase in luminescence lifetime
compared to decrease in oxygen concentration is also depicted as a histogram, demonstrating
achangeinthe averagdo  aSR f ATFSGAYS FTNRBY _ T nop VYa
oxygen). Although this difference in emission lifetime is modest between the two extremes

of oxygen concentration, there is scope to make further modifications to tHe Ir

OKNRY2LIK2NBEQad aldNHzOGdzZNBE Ay (GKS FdzidzNB G2 AYL

21% O2 0% O2

100% O2 50% O2

200 400 600 800 1000
11 distribution / ns

Figure 3.02:Two-photon PLIM imaging of fixed HeLa cells stained if@d6 p n = >

My K <cn yYO dzyRSNJ OFNBEAYy3 O2yOSydNI A2y A

(Reproduced with permission from r&. Copyright (2016) American Chemical Socie

These results illustrate the excellent promise that the dinuclead compkex shows
as a potential duamodal optical/MR imaging agent. It exhibited a high relaxivity value
compared to other mononuclear @dcomplexes, and localised lysosomal stainings wa
confirmed in two different cell linexoupled with high cell viabilities (> 80 %). The emission
from the IM'-based centre was also shown to be sensitive to oxygen concentration, further
establishing the complex as a potential probe for hypoxic cambti The trinucleatrGd
counterpart, howevergxhibitedflaws in its abilities as both an MRI contrast agent and as a

luminescent imaging agent due to its poor solubility in aqueous media.
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This chapter will present the synthesis wfater-soluble ruthenium(ll) bis(2,2R
bipyridine}based analogues of the previousBported dinuclear and trinuclear iridium
complexeqdRuAlkyne-DyadGdand RuAlkyne-Triad-Gd, figure3.03), and their assessment
as potential duamodal optical/MR imaginggents. The relaxivity values for the two new
RuGadl (n =1, 2romplexesvere measured in D at 400 MHz and 298 K, and cellular imaging
studies were undertaken using the HeLa cell line, with cytotoxicity being evaluated through

clonogenic assay.

Figure3.03 Structuresof the newly synthesisedyater-solubleRuGd, (n = 1, 2) complexes

The synthesis of a larger, acetyledeNA RIS R WY S i | RuG@figurd2.8dp 02 Y LI
was alsattempted, although issues with water solubility were an unfortunate barrier to this
O2 YLX SEQ& I LIL¥mbdalliniagirdy Yigerit. ProdressRalzhrds a bimetallic probe
with a triazole linking unit separating the 'Ruore from the pendant binding sitfor Gd' (Ru
TriazoleDyad-Gd, figure2.04) was better, as this probe showed excellent solubility in water;
K26 SOSNE Ay GKAA OFasSs GAYS NBalONROlGA2ya oSN

modal imaging agent.
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3.2) Synthesis andCharacterisation

3.2.1) Alkyne-Bridged5 A y dzOf S+ NE ¢ NA y dzO '-6d" @dmpoyiritis Wa S| £ f 2 2
The syntheses of dinucledR§Alkyne-DyadGd) and trinuclear Ru-Alkyne-Triad-Gd)
water-soluble, acetylendridgedcomplexeswere achieved in a similar maar, starting from
the corresponding monosubstituted and disubstituted phenanthroline carboxylic acid
scaffoldsRu-Alkyne-DyadAcidand Ru-Alkyne-Triad-Acid, respectivelysections2.2and2.3,
respectively).
The dinuclear compleRuAlkyne-DyadGd was synthesised in 84 % yield by stirring
1.1 equivalents 06dC4.6HO with Ru-Alkyne-Dyad-Acid at room temperature in waterpgH
5-6), for eighteenhours (scheme3.01). Purificaton of the compound was achieved by size
exclusion chromatography o8ephade® LH20 in methanol, before aunterion exchange
from a hexafluorophosphate ion to a chloride ion usibgwex® 1x2 chloride form (16800

mesh)was used to improve the solubility Biu-Alkyne-Dyad-Gdin water.

N o N // o
/ VY=- N o1, _N—t\sd/o
— — \ OH S/ /\\0
\\‘(OH \\‘(O
o o
RuAlkyne-DyadAcid RuAlkyne-DyadGd

Scheme 3.01Syntheticoute to RuAlkyne-DyadGd i) HO (pH 56), GdCGI6H0, rt, 18h

The trinuclear complexRu-Alkyne-Triad-Gd was synthesised in 69 % yield in a similar
manner to its dinucleacounterpart (scheme3.02); 26 equivalents ofGACL.6H0O were
stirred with Ru-Alkyne-Triad-Acid in this case to account for the additional pendant metal
binding site, and as the resultingrtuclear compound is neutral, no counterion exchange was

necessary.
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OY\N
OH = =
OH N /= /_ N_\ =\
ohN / \N—\Ru/—N’ \
T X
7 N ¢\
RuAlkyne-Triad-Acid RuAlkyne-Triad-Gd

Scheme 3.02Synthett route toRu-Alkyne-Triad-Gd i) HO (pH %6), GdGI6H:0, rt, 18h

As Gd' is paramagneticcharacterisationof RuAlkyne-DyadGd and Ru-Alkyne-
TriadGdusing'H NMR spectroscopy was not a practical option; however, as the precursor
carboxylic acid scaffoldshowed excellent purity in theiftH NMR spectra (figur2.06 and
figure 2.11, respectively) itan be assumed thahe two Gd'-substituted compoundsalso
exhibited a similatevel of purity

In order to providedirect evidence forthe successful synthesis of the target
heteronucleaRuGd (n = 1, 2) complexekigh-resolution mass spectrometry was employed.
A highresolution mass spectrum &uAlkyne-DyadGd (appendix3.01) confirmssuccessful
isolation of the dinuclear species, & observedm/z value for the [M ¢ Cl+ HF*ion
(570.0562) matchks the calcuhted m/z value (570.0558) well Successful isolation of the
trinuclear species was also confirmadingHRMS (appendi®.02) with the calculated and
observedm/z values for the[M + 2HJ* speciestallying well 842.5530and 842.5664
respectively). In both cases, the correct isotope pattern for theiGdlis clearin the spectra.

Synthesis of the heptanuclear complex-Alkyne-Metallostar-Gd (RuGd) proved to
be more difficult than syntheses of the dinuclear and trinuclear analogues, due to the low
solubility of the carboxylic acid precurs@rrAlkyne-Metallostar-Acid (section2.4) in water,
and the insolubility of the resultinRuGd complex in alsolvents.Ru-Alkyne-Metallostar-
Acidwas stirred withGdG4.6H0 (6.6 equivalentspat room temperature in water at pH-6
(scheme3.03). After 18 hours, a rusty brown precipitate formgathich was unique to the
WYSGl 2 3dskhdldnucdebdudlkyBeDyadGd and trinuclear Ru-Alkyne-Triad-
Gd, analogues had remained in solution upon binding of thé' Gehtres. This resulting
precipitate was insoluble in all solvents and #tpd values where it was assumed that the

chelation of the GH centres had not been compromised.
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o
HO

OY\N
OH = —
OH N /)= /_N N_\ =\
0@ R
o  RuAlkyne-Metallostar-Acid o /s o RuAlkyne-Metallostar-Gd A

Scheme 3.03Unsuccessfuhethod for the synthesis dRu-Alkyne-Metallostar-Gd
i) HO (pH 56), GdGI6HO, rt, 18h

To characterie the insoluble precipitate inductively coupled plasmamass
spectrometry (ICRMS) was employed to quantify thmasses of the Rwand Gd'ions in the
sample, and elemental analysis was used to quantify the percentage of carbon, hydrogen and
nitrogen present (table3.01). However,neither analytical technique afforded measured
values that tallied well with the expected results. This mayda eesult of excess water being
present in the sample (we would expect that the hydrophilic exterior surface containing the
carboxylate oxygen atoms would hydrogeand to water molecules). Alternatively could
indicate that the target RuAlkyne-Metallostar-Gd compound was not successfully
synthesised, with a partialgubstituted entity precipitating out of solution before full
incorporation of all six Gticentres was achieved. Duettoe lack of definite evidence for the
O2YLRdzy RQa & dzB,0afdi theF ingblubilitydof th& @sulting precipitate in all
solvents, unfortunately, Ru-Alkyne-Metallostar-Gd was not considered a successful

candidateto be a duaimodal optical/MR imaging agent and was not tested further.

Table 3.011CRMS and elemental analysis results RurAlkyne-Metallostar-Gd

Analytical

: Analyte Expected Value Measured Value
Technique
Ru 25,449 m 10,200 m
ICRMS g kg gkg
Gd 236,646 mg kg 292,000 mg kg
C 41.4% 26.44 %
Elemental Analysis H 2.57 % 3.00 %
N 8.40 % 4.74 %
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3.2.2) A TriazoleBridgedDinuclear Ri+Gd'" Compound

A dinucleaRuTriazoleDyadGd compound in which thespacer unit separating the
[Rubipyk(phen)f* core from theGd" binding site is a triazole entity rather than an alkyne
bridge, was synthesised from themonosubstituted, triazole-bridged phenanthroline
carboxylic acidscafbld (section2.5) in excellentyield (97 %)RuTriazoleDyadAcid was
stirred with 1.3 equivalents o6dCi.6HOat room temperature in water (pH-6) for eighteen
hours (scheme.04), beforepurification was achieved by siexclusion chromatography on
Sephade® LH20. In an identical manner to the alky#idged dinuclear compound,
counterion exchange to a chloride ion was performed u§hogvex® 1x2 chloride form (100
200 mesh}o improve the solubility oRuTriazoleDyadGdin water.

Characterisation oRuTriazole DyadGdwas achieved usingRMS (appendil.03),
with the calculated and observenh/z values for the[M ¢ Cl+ HJ** speciestallying well
(591.5644 and 591.5642, respectively), and the correct isotope pattern for tHéoGeing

clear

RuTriazoleDyadAcid RuTriazok-Dyad-Gd

Scheme 3.04Synhetic route toRuTriazoleDyadGd i) H:O (pH 56), GdGI6HO0, rt, 18h
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3.3) Photophysical Properties

UV/Vis dsorptionspectrawere recorded in several solverftsr Ru-Alkyne-Dyad-Gd,
RuAlkyne-TriadGdandRuTriazok-DyadGd, and extinction coefficiergswere measured for
all compounds irwater. Emission profiles and lifetimes of emission were recordedafbr
compounds (including asfeozenglass at 77 K f®u-Alkyne-DyadGdandRuTriazok-Dyad
Gd), and the quantum vyield of emission was measured for @mpounds against
[Ru(bipy}|Ck.6H0O in aerated water. Finally, excitation spectra were measured in each
solvent. Due to the insolubility of tHieu-Alkyne-Metallostar-Gdprecipitate, no luminescence

studies were carried out on this compound.

3.3.1) UV/Vis Absorption
UV/Vis absorptionprofiles for RuAlkyne-DyadGd RuAlkyneTriadGd and Ru

Triazok-Dyad-Gdwere recordedn severabkolvents (table8.02), but spectra in water will be

reviewed for comparison purposes (figuse).

1.0

Ru-Alkyne-Dyad-Gd
Ru-Triazole-Dyad-Gd
Ru-Alkyne-Triad-Gd

0.9

0.8

0.7 -

0.6

0.5 -

0.4 4

0.3

Optical Density / a.u.

0.2 -
0.1+

0.0 < — ]
T T T

T
250 300 350 400 450 500 550 600

Wavelength / nm

Figure 3.@: UV/\Ms absorption spectra in@ at 298 KRu-Alkyne-DyadGd
(red),RuTriazoleDyadGd(green)and Ru-Alkyne-Triad-Gd (blue)

The spectra for the three differeRuGd (n =1, 2)complexes have similar features,
although the absorption bands associated with the phenanthroline ligand vary slightly in
energy for each complex depending on the ligand substitutibimere is a high emgy
I 0 &2 NLJG AB:¥ 285 rhimy @ppeériag in all of the spegttaK A OK NB LINE FSy G a
ONF YAaAUA20A LBWARRY SHIKRAl yRAS 0dzi~ fi KENI y&HRNLE
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on the phenanthrolineligands differ in energy for each complex. The trinucRaAlkyne-
TriadGdO2 YLI2 dzy R Kl a | RA&GAY Ol xs= 350 iinS gomGired ds | |
RuAlkyne-DyadGd and RuTriazok-DyadGd, which have less intense shoulder peaks at
higher energyd sssI 0 H p  YaY= 3ILOyhR, respectively). TAMLCT absorption bands

' NB LINB & Sy (0 as & §7555KnEn foNall y6f3He compounds, but again, there are
differences in the energies of the absorptions depending on the phenanthroline ligand
subditution. Both of the dinucleaRuGdcompounds display a brodILCT absorption band
GAGK | YI EAYdr¥4408n/ wihkiBiRka cbnibination of tABLCT absorptions
Faa20AF 0SSR ¢ A-bipyridioe2ligeads @rfd She a,Fkeanthroline ligads,
overlapping in energy. TR&LCT absorption bands for the two different NAN ligandRin
AlkyneTriadGd, on the other hand, are completely distinct, with tARILCT absorption
involving the 1,1 JK Sy I y (i K NB fosk 485 nrf) dpfehariidRas a rehifted shoulder
peakonthéa [ / ¢ | 0 & 2 NLJG-& 2 yJ& MR R 1h& 486 il Whis s @lue dothe
extended conjugation along the phenanthroline ligandRirAlkyne-Triad-Gd stabilising the
LUMO and lowering thereergy of thetMLCT absorption for that ligapth comparison to the
IMLCT absorption for the 2f@ipyridine ligands.

Table 3.02UV/Visabsorption data foRu-Alkyne-DyadGd Ru-Alkyne-TriadGdand
RuTriazoleDyad-Gdat 298 K[Data taken from ref4.

Compound Solvent <as(nm) s  dME cibh
RIRWGA] (11) H0 287 [272], 320 (sh) [46], 425 (sh) [39], 456 [
Et((z;'/, ':/"f,)OH 286, 327 (sh), 44(br)
MeOH 286, 327 (sh), 440 (br)
RuAlkyneDyadGd HO 286 [56], 326 (sh) [25], 448r) [7.5]
MeCN 286, 326 (sh), 44(br)
DMF 288, 327 (sh), 446r)
_ MeOH 286, 350, 435, 486 (sh)
RuAlkyneTriad-Gd
H,0 286 [99, 350[74], 435[11], 486 (sh) [5.9]
Eta:q{ '\\:'f/)o H 285, 311 (sh), 437, 451 (sh)
RuTriazoleDyad:Gd MeOH 285, 313 (sh), 437, 452 (sh)
H.0 284 [42], 309 (sh) [14], 440 [6.1], 452 (sh) [6
DMF 287, 314 (sh), 441, 454 (sh)

121

O0S



Chapter 3- RU'-Gd" Complexes as Dudllodal OpticalMRI ContrastAgents

When comparing the spectra for the three synthesisadsd (n =1, 2)complexes to
that of a similarlystructured, previously publishe’uwGdcompound 11, figure1.22)4, it can

be seen that the complexes have similaatigres (table3.02).

3.3.2) Emission

Luminescenceorofiles and the lifetime of the luminescence deday Ru-Alkyne-
DyadGd, RuAlkyne-TriadGd and RuTriazoleDyadGd were recorded in several aerated
solvents (table3.03), but profiles in aerated water at 298 K will be reviewed for comparison

purposes (figure.05).

8x10°
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Figure 3.6: Corrected emissiorspectra in aerated #D at 298 K.
RuAlkyne-DyadGd(red), RuTriazoleDyadGd(greern) andRu
Alkyne-Triad-Gd (blue) (<ex= 440 nfor all spectra, slit width = 8m)

Upon excitation in to thdMLCT absorptiod | Y Rex3 440 nm, alihree RuGd (n =
1, 2) complexesproduce broad and featurelesemissionprofiles at 298 K indicatingpin
forbidden3MLCTRU- ~ gy transitions.The emission isentred around<em = 665nm for
RuAlkyne-DyadGd, which is redshiftedwhen compared tdRuTriazoleDyadGdo ¢ = 635
nm). This increase in the maximum emission energyRwiTriazoleDyadGd compared to
RuAlkyne-DyadGd must be as a result of exchanging the bridging unit along the
phenanthroline ligand as the two dinuclear complexes are otherwise isostructural. The
maximum emission energy is rathifted even further foRu-Alkyne-TriadGdoé = = 700nm)

compared to the two dinucleaRuGdcomplexes, as the increase in conjugation along the
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phenanthroline backbone by the addition of a second pendant metal chelate stabilises the

LUMO energy level more thamthe monosubstituted scaffolds.

Table 3.03Lumnescencalata forRu-Alkyne-DyadGd Ru-Alkyne-TriadGdandRuTriazole
DyadGdin aerated solventd?Data taken from ref4.

<en?8 (M) _1,_22BK(ns) As Ao
BRG] (11) H.0 620 540 -
EtOH/MeOH| 654 [612, 662
@:1vy) | (sh)706 (shy] S04 18 ~
MeOH 654 258 --
RuAlkyne-DyadGd H,0 664 351 _
MeCN 665 239 --
DMF 671 275 --
) MeOH 690 237,72 97, 3
RuAlkyne-Triad-Gd
H.O 699 402, 164 20, 80
EtOH/MeOH 625 219, 20 [b]
@:1,vv) | [584,631] | [5520, 462, 23]
RuTriazoleDyadGd MeOH 627 220, 34 .
H.O 636 536, 52 [b]
DMF 635 229, 25 [b]

bIThe luminescence lifetime decay curvesRuTriazoleDyadGdwere fitted by a sum of two
exponentials, corresponding to the bound complex and to a small amount of dissociated comp!
solution. The lifetime component ratios are insignificant, therefahee to the different luminescence
guantum yield values for the bound and dissociated complexes, respectively.

To directly compare the emission intensities of the thiReGd (n =1, 2) probes,
excitation wavelengths were chosen where all of thenplexes have the same optical density
in the UV/Vis spectra (0.1 a.u.). It can be seen in the resulting luminescence profiles that the
emission intensity fromRuTriazoleDyadGd is lower by a dctor of 2 compared to the
intensity of the emission frorRu-Alkyne-DyadGd, with luminescence quantum yield values
of . [ 1lmrdn [ jbeng measuredfor the dinuclear triazoldridgedand alkyne
bridged entities, respectivelyPreviously, howeverthe quantum yield values for the two
carboxylic acid precursor complex&sjTriazoleDyadAcidand Ru-Alkyne-Dyad-Acid, were
measured to be  Ol023and. 0O[02Q respectively. As the quantum yield value has halved
for RuTriazoleDyadGd when compared to RuTriazoleDyadAcid, it suggests that
exchanging the alkynkridge for a triazole unit along the phenanthroline scaffold has a

guenching effect, but only whethe Gd' centre is boundThis may also account for the
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existence otwo lifetime components in théuminescencelecay tracdor RuTriazoleDyad
Gd, compared to only one foRuAlkyne-DyadGd The alkynebridged dinuclear complex
displayslong A 3SR f dzZyAySA0Sy OS Ay | S Mé tidaSorbridgedi S NJ 6 _
analogueexhibits both a long A 3SR A TS A ¥ 536 6 ahdJa ghbridined O _
O 2 Y LI2 y.$pains)6The longdived component forRuTriazoleDyadGdis most likely
from a small portion of dissociated complex in solution, as it is the gaiti@n experimental
error) as the unquenched emission lifetime fraRuTriazoleDyadAcido . ' pno Yy ao
the shorter lifetime component represents the genuine partiatjyenched emission from the
bound complex. The luminescence &uAlkyneTriadGd is quenched even further in
comparison to the dinuclear complexes ( I' )1 sbggesting that the presence of a second
Gd''chelate is the source of this effect.

Excitation spectra recorded in aerated water at 298 KRoA\lkyne-DyadGd o e =
645 nm),RuAlkyne-TriadGd 6 m = 680 nmand RuTriazoleDyadGd o «m = 635 nm) were
overlaid with UV/Vis absorption spectra recodd the same solvent (figur8.06). A good
match between the spectra can be seen, which is a clear indication that the emission observed

for all complexes occurs as a result of absorption intofkie.CT band.

a) b) ©)

— Registration at 645 nm in H,0 — Registration at 680 nm in H,0
— UVNisin H,0 — UVNVisin H,0 — UV/Visin H,0

Registration at 635 nm in H,0

Intensity / a.u.
Intensity / a.u
Intensity / a.u.

N\

T T T T T T T T T T T T T T
350 400 450 500 550 400 450 500 550 600 350 400 450 500 550
Wavelength / nm Wavelength / nm Wavelength / nm

Figure 3.6: Normalisedd | (i  <intdhsityy $péctra in aerated 40 at 298 K. Corrected
excitation spectra (red) and UV/Vis spectra (blue) dd@plkyne-DyadGdo « = 645 nm),
b) RiAlkyne-TriadGdo == 680 nm) and dRuTriazoleDyadGdo 7 = 635 nm)
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3.4) DuatModal Imaging

Assessment of the two new watapluble, acetylendridged ruthenium(ll) bis(2,2R
bipyridine}basedcomplexes Ru-Alkyne-DyadGd and Ru-Alkyne-TriadGd) as dualmodal
optical/MR imaging agents was undertaken. As was discussed previously, the heptanuclear
probe, Ru-Alkyne-Metallostar-Gd, was not sufficiently watesoluble to be appraised as a
duatmodalprobe,andunfortunately, due to time restrictionghe evaluation oRuTriazole

DyadGdwas not accomplisheéither.

3.4.1) MRI Relaxivity Measurements

MRI relaxivity experiments foRu-Alkyne-DyadGd and Ru-Alkyne-Triad-Gd were
carried out at 400 MHz and 298 K ia( alongside the commercial MBdntrast agent
Magnevist® ([GE(TPAY, figure 1.02) for comparisonpurposes. Solutions of each of the
probes were prepared dfive different concentrations (@ 2.0 mM) and thelongitudinal
relaxation time (7) for the residual ED peak in each samp¥eas measured using a standard
inversionrrecovery pulse sequenc€oncentratiornormalised longitudinal relaxivity values
(r1) for each of the probewere then determined from a linear plot dbngitudinalrelaxation

time against contrasagent concentrationin accordance with equatio.01

P P Q-
4 ia0 % n
Equation 3.01Equationused to calculat¢he relaxation rate of a contrast agent in solutior
Ta1 = longitudinal relaxation time, obs = observad/alues in the presence of contrast agen
0 = observed ilvalue in the absence of contrast agentsrrelaxivity value,
[M] = concentration of contrast agent

It can be seen from linear plots for the three differarntrast agentgfigure 3.07),
that when measured a#00 MHz and 298 K, the twRuGd (n = 1, 2probes have increased
relaxivity values in comparison to the commercial castragent (table3.04). Under these
conditions Magnevist® has a relaxivity valagr, = 4.6 mM*s?, whereasRu-Alkyne-Dyad
Gdand RuAlkyne-TriadGdhave measured values of=6.2mM*standr, =13.6mM1s?,
respectively. This increase in the measured relaxivity value for th&ived (n = 1, 2) probes

may arise from a number of factors, previously discussed in this t{sesison1.2.1.1).
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30

. ®
Magnevist
® RuGd
® RuGd,

25 - y = 13.649x

20 -

y = 6.2463x

y = 4.6189x
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Figure 3.0: Plot ofconcentration (mM) versuselaxation rate of water
protons(s?) to determinethe concentrationnormalised longitudinalelaxivity
value (i, mM*s?) for RwAlkyne-DyadGd (red),Ru-Alkyne Triad-Gd (blue)
and the commercial MRbntrastagentMagnevist&green)

Table 3.04Concentrationnormalised longitudinal relaxivity valsger G¢
ion (ry) for RuAlkyne-DyadGd, Ru-Alkyne-TriadGdand the commercial
MRIcontrastagentMagnevist® measureat 400 MHz and 298 K in@

Relaxivity Value per

ST Gd"ion (mM?1s?)

Magnevist® 4.6
RuAlkyne-DyadGd 6.2
RuAlkyne-Triad-Gd 6.8

Firstly, the hydration state adach of the Gl ions(q value)is larger forRu-Alkyne-
Dyad-Gd and RuAlkyne-Triad-Gd (q = 1.6+ 0.5)2 compared to Magnevist® (g =*1) This
means that more protons on water molecules can be relaxed in a shorter space of time,
increasing the relaxivity value for tieuGda (n = 1, 2probes. In the futureneasurement of
theYSIy NBAARSYOS GAYS 2F (KS o02dzyR 61 w)SNJ Y2f
and the water cdigand exchange rate {} for the probeswould confirm this.

Thenumberof water molecules caualinated toeach ofthe Gd'ions (q)in Ru-Alkyne-
DyadGd and RuAlkyne-Triad-Gd can be inferred to be the same as the previously tested
analogoudr'-basedcompoundgIrGdandIrGa), due to the identical polyaminocarboxylate
Ln'"chelation in albf the complexes. The q value was calculated by measuring the lifetime of

the Ed'-based emission in both 8@ and RO for the dinucleadrEu compound 26)i? and
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substituting the values in to the Horrocks equatftequation3.02). Thecalculated value of
g = 1.6+ 0.5 for each Gl centre suggests that there is an equilibrium present in solution
between themono(aqua) complex and the bis(aqua) complex.

Thekinetic and thermodynamic stabilitgf the Gd' polyaminocarboxylate complex
unitsin agueous mediavas also inferred to be comparable to the previously testleblsed
compounds (sectio@.1), with oneequivalent of a competing DOTA ligand unable to strip the

Ln"ion from the heptadentate chelate.

N PP
Ao A3

Equation 3.02Equation used to calculate theumber of water molecules
coordinated to the GHions in the seriesf RuGd (n = 1, 2tomplexesq = number
2F O22NRAYIFGSR 61 GSNJ Y2t SOdzA Sazx !
& LIK S NB @ yO ZANNRI@Ed lifetimé in &adz solvent

The increased hydration state efich of the GHionsin Ru-Alkyne-DyadGdand Ru
Alkyne-Triad-Gd cannot be the only contributing factor to the improved relaxivity values
measured for the complexes compared to Magnevist®, however. AlthRugtikyne-Triad
Gd contains double the number of @don binding sitesand hence double the number of
vacant waer coordination sitescompared toRu-Alkyne-Dyad-Gd, the relaxivity value per
Gd'" ion measured forRu-Alkyne-TriadGd (r1 = 6.8 mM* s!) was larger than the value
measured foRu-Alkyne-DyadGd (r1 =6.2 mM*s?). This discrepancy can be accounted for
by the increased size &uAlkyneTriadGdcompared toRu-Alkyne-DyadGd

The larger size and rigidity of both of these complexes compared to mononuclear
Magnevist® has a slowing effect on ttaational correlation time6r) of the probes in
solution.This in turn increasghe rateat which the water protons relax back to their ground
state (aligned with the applied magnetic fieldy theoscillating magnetic field generated by
the slower tumbling rateof the larger, highly paramagnetic complexes in solutias
componentscloser to the specific frequency of resonance (tHearmor frequency for
hydrogen. This allowabsorption of another photon more quickly compared to the smaller
complexes, and hencée relaxivity value for the larger complexes is increased in comparison,

with the relaxivity value for the largest compldXy-Alkyne-Triad-Gd, benefitting from this
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reduced rotational correlation timethe most. In the future, direct measurement of the

rotational correlation timeoR) of the probes in solution will confirm this.

3.4.2) Cellular Imaging Studies

Evaluation of theRuGad (n = 1, 2)complexes as probe®r optical microscopy was
undertaken in HeLa ds] with the cytotoxicity of thgotentialimaging agents being assessed
through clonogenic assay the same cell line

Cells were initially incubated with eith&uAlkyne-Dyad-Gd or Ru-Alkyne-Triad-Gd
at concentrations of 25a X >an | Y Ra TH2 NU BME (5 Sy mKAdzHES YISy (i Bdy
5dzf 65002Qa Y2RATFTASR SISHIE ¥8RAWEROBAG&L SAUGK:
f 2y ASNI Ay GduadtKiDAI2Eyt (Q26/SONSy (IONIalda yvia® dzy KSIH £ G Ke
0KS YAONRAO2LISI (IKy Ri KBS tff2as Sl AQRSRO&F kNI (A 2y
RSY2y a NI @Rl A SRAASBPVEY i GKS 2y BDSNIKSESAz6
LINBf AYAYFFNE NBadzZ Ga adzZ33aSadiSRE GKSNBF2NB:
O2yOSYyiNI(A2ya g2 ¥dY Y QAYASN2ZYRAGKRR yRLIFR NJ
O2y OSy i NI GaAx2 y=ip B ¥ Rxyam /2 NJ T 22dkNJ oKA20dENEF Y A Y ONEB |
O2y OSYy (G NRTA 2af nloyframp 2 SN I aK2NISNI AyOdzo | G A2
0KA& Eytafi 3/OSGKS OStfa adBEAWRBRI F 230 Gk O&2 Y QDV;
020K IONPNBSaOA adzr tf SRR af RENI KEY ®WAONRAO2LISE
AyOdzo I SR gAGK | LINRES @A YES WwBENSG iy2yi 207 Ni&p /0O
0SAAYYAY3A G2 RSGIFIOK FNRBY (KS AGSNAtS O20SNAf

wHb I aSR SYAdaAz2y 41 4 RIXOBIER BRBYs MivK 312 7
O2y 20t 68 ONIMPOFIYEcTHIn TK YD SOSNE (GKS Syraarzy
AyOdzo F SR gAGK SIFOK 2F GKS LINRPO6Sa OSNIX 8zt 8
dzLJG F 1 S ¢K2aS OStfa AyOdzm|l i8RAF2WI T& daN) KR SzN&
a0Att oSI| dzyt Saa GKS I aSNORWaSNIFBDY @RS yIONS
f dzyAySaOSyOS |ljdzZ yidzy @&ASt R RAGA(zS H 2SR & SZ2NB R
/] KFy3ay3d GKS SEO#A pZy<e @MW Sy Ti KINEFSR |y d
NBYSRe (2 (GKA& AaadsSsT a y2 RGHIEOEL2NMNBO §3 2
0SU6&FY porHin Yy 20ty VY 6KSYy SEOAGSR G SAGK!

0 a
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6SOSY i | SKOIKIHIRAFHRI B¥d &4 a A 2y gdrchoy 260KBSNII S R
GKS LINROSa &8 NB nPEAGKISNGD | i

The optimum imaging conditions for each of the probes taliento be an incubation
time of four hoursata concentration of 5¢6a > I aff HKEIR F2NJ NBIl a2¥ | 6 S
gAGK2dzi KAIK tS@Sta 2F Oeid2G2EAOQOAGE o0SAy3a 26
O2yOSYUNI GA2y G2 fS@OStfa KAIKSNIMOKEGROKBXAARA:
AyGSyaride 20aSNBSR FNRY SIOK 2F (KS IRNRO6Sa®
Alkyne-DyadGd (figure 3.08a-b) andRu-AlkyneTriad-Gd (figure 3.08c-d) show that eactof
the RuGd (n = 1, 2probes exhibits punctate cytoplasmic staining, witlstbbservation more
obvious in a 2.37x zoomed image.

The observed staining pattesuggestghat both of the probedocalig ina specific
organellewithin the HelLa cellssuch as the lysosomes or the mitochondflocalisation
studies were carried oytherefore, with the commercial lysosomal and mitochondrial stains
LysoTracker® Red and MitoTracker® Red to confirm this. These particular commercial stains
were chosen as they have low absorbance values at the excitation waveleng&tAdkyne-
DyadGdand RuAlkyneTriadGd(<sd nngE YYR G(KSNBF2NBI SYAAa&ah:
0SSy RSGSOGI &S doenyann B S KNEHNEE BidKSBR wII22A0333SAN3DYS RAGE
CKAA aK2dzZ R KI @S Itft26SR GKS f dzY Ay SAQSYIOSR FN.
FNRY (O vwukAlkyne®DyadGd and RuAlkyneTriadGdd | 2 6 SOERE GR&S f 24
f dzYAySaOSy OS | dz2 yhe de¥-badh piobeR,i K f HzZ2SA SNJ LI2 6 SNI Yy
LIN2Z RdzOS | 0 WPARW@EDyadGd-addRu-AkineTriadGdg | & Ay OMBIl &SR
level at which the LysoTracker® Red and MitoTracker® Red probes still weakly absegbed at
' n n and grdtuced observable emission in the rargel  peTin . ASRUAlkyne
DyadGdandRuAlkyne-TriadGdonly praduce observable emission under these conditions,
GKSTH DRt Aal A2y addzRASa 6AGK GKSAS LI NIAO«
dzy 4 dz00Saa¥fdzZ o

In future experiments, the commercial lysosomal and mitochondrial stains
LysoTracker® Deep Red and MitoTra®kBeep Red that haveabsorbance atsd nnp Y Y
NJ § K StiN2IdoKal2yND |y éd&id b@ liseddrSrack the localisationRié-Alkyne-Dyad
Gd and RuAlkyne-Triad-Gd in cells. Commercial organelle stains that absorb at the same
excitation wavelength as thRuGd (n = 1, 2)probes but luminesce in aifferent emission

rangecould also be used to track the specificity of ReGd (n = 1, 2probes. LysoTracker®
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Blue mg be a candidate for this as it exhibits no luminescence in the reqygée  peThwin Y Y

sKSYy SEQRGBROPI VY

a) b) 2.37x zoom

RuGd

C) d) 2.37x zoom

RuGd

Figure 3.8: Confocal images of HeLa cells incubated witRwaAlkyne-DyadGd
(50>M, 4h} b) 2.37x zoomc) RuAlkyne-Triad-Gd(50>M, 4h) d) 2.37x zoom.
<ex= 405 nmand<em = 570620 nmfor all imagesScale bes=H n .> Y

The cytotoxicity oRutAlkyne-DyadGdandRuAlkyne-Triad-Gdtowards the HelLa cell
line under the optimum imaging conditiondQ >aX ITIKWR |4 Fy Ay ONBI a
O2y OSy 200dizh 2K B | a@S aG@ISRY 2 ASY oGnkb@la¥ie o & Ta 9820
GKFl o02RuGd(@F 1L, AKNP O RAOBESR f2¢6 (G2EAOAGE dzy RSN
AYIF3S (GKS OStftax gAlK adaNODAGIE FTNIOOGA2ya 27
LINE 6 S O2y O SnRitNDOGERRIYR TRKAI SELISOGSR STFSOG 27
FNF OGAZ2WNMY2 VO2EAINBEBSYy O2WENI A2y > o6dzi I22R JA
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20 aASNISR F2NJ) 020K LINE 6 SRUAIKyfeTriadiBd éxhibited Rotver  NA vy dz
cell survival fractions at both probe concentrations when compared to the dinu&ear
Alkyne-Dyad-Gdcounterpart. Again, this result is to be expected considering that there is an

extra Gd'binding site in the trinuclear speciesmparedto the dinuclear species.
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Figure 3.@: Clonogenic toxicity assay of HelLa cells incubatedRuitAlkyne-DyadGd
and Ru-Alkyne-Triad-Gdat concentrations of 56M and 200>M for 4 hours. Incubations
were carried out in full DMEM at 3T under & % C®: 95 % air\{:V) environmentfor
seven to ten days until visible cell colonies had forntedor bars represent the standar
deviation of six data points (three repeats oflaplicate data set).
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3.5) Summary

The two new watessoluble,ruthenium(ll) bis(2,Zbipyridine}basedcomplexes Ru-
Alkyne-DyadGd and RuAlkyne-TriadGd, exhibited excellent promise when evaluated as
potential duatmodal optical/MR imaging agents. TRaiGd (n = 1, 2probes demonstrated
high relaxivity values compared to the commercial contrast ag®fagnevist® when
measured at 400 MHz and 298rKDO, owing totheir larger size and rigidifyand to the
increased hydration state of the dentres. The relaxivity values per'tion were measured
to be n =6.2mM*standri =6.8mM*s?! for RuAlkyne-DyadGdand RuAlkyne-Triad-Gd,
respectively.

Both ofthe RuGd (n = 1, 2probes also exhibited punctate cytoplasmic stainiwigen
incubated with HeLa cell§@>a >~ n K0 X Ki22608 A SINEF (IO22 ycoranieti® A Sa 4 7
lysosomal and mitochondrial stains Lysotracker® Red and Mitotracker® Red were
unsuccessful as the emission from RReGd (n = 1, 2probes was too weak and could not be
successfully isolated from the highly luminescent commercial stdifs 2 §2H0O G2 EA OA
Fa&l@&F | S[I OStfa Rubddzl, AISNRE wSil K {1 KE250 @Y G NI
>Sa l YR >a 2 NJ F2dzNJ K2 dzNERuRIByMeDyad Gdisid RUSARYn6 Tidd- (i

Gdexhibited low cytotoxicity, with cell surviverhctions of 0.8 being measured.
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3.6) Future Work

To continue this work further, it would be interesting assesghe effectiveness of
RuTriazoleDyadGdas a duaimodal optical/MR imaging agent to compare it to the results
for the dinuclear acetylendridged complex. It would also be interesting to analyseNf!
functionality of the new watesoluble acetylenebridgedRuGd (n = 1, 2)probes in more
detail. Measurement of the mearesidence time of the bound water molecules in the first
02 2 NRA Y I { AWdYthe avhtk Sdigand @xchange rate 4§ and the rotational
O2 NNB t I Grhvoyld piokidé $isight in to the increased relaxivity valuesasweed for
each of the probes compared to the commercial MRI contrast agent, Magnevist®. Measuring
the rivalues for theRuGad (n = 1, 2probes under different experimental conditions, such as
in a 4 % solution of human serum albumin (HSA) and in PBS, would also aid the understanding
of how the probes are likely to behave viva Creating a nuclear magnetic relaxation
dispersion (NMRD) pfite for each of theRuGd (n = 1, 2)probes would also provide insight
in to how the measured relaxivity values are likely to change depending on the magnet
frequency.

With regards to the assessment of tReiGd (n = 1, 2probes as luminescent imaging
agents, further ceocalisation experiments conducted with different commercial lysosomal
and mitochondrial stains may help to elucidate which organelle the probes localise in, and to
what extent they localise. Further to this, cell organelle extractioaragtaining with each of
the RuGd (n = 1, 2)probes, followed by IGMS analysis, could be used to quantify the

amount of each of the metals in the different cell compartments.
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3.8) Appendices
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4.1) Introduction

4.1.1) RU-Mn" Complexes as DudWlodal Optical/MRI Contrast Agents

Recently, interest in utilising high spin Mons as alternative paramagnetic centres
to Gd" in T--weighted MRI contrast agents has grown, due to increasing concern fan the
vivo toxicity of free GH ions (section1.2.2. Newligand structures are beginning to be
explored toincorporate Mr into probes used for MR imaging purposkewever, examples
of duatmodal optical/MRI probes based on this metal are rare, with only one recent example
of MnO; nanosheets integrated with [Ru(bipyPF]2 being reportedt.

This chapter will presenthe synthesis and photophysical properties of two new
water-soluble heterometallic RU-Mn" complexes RuAlkyne-DyadMn and RuAlkyne
Triad-Mn, figure4.01) based on the 3and 3,8substituted phenanthroline scaffolds detailed
previously ¢ections 2.2 and 2.3, respectively, and their assessment as duaiodal
optical/MR imaging agents. The relaxivity values for the RaMn, (n = 1, 2)probes were
measured in BD at 400 MHz and 298 K, but unfortunately assessment ofpthbes for
optical microscopy was not undertaken as the'-Rased luminescence was found to be
guenched and, therefore, was not bright enough to produce an image. The reduced emission
intensity was found to be a consequence pbssible intramolecular eletron-transfer
between the Rliand Mrl'centres, in a similar process to that which occurs in photosystem |

(PSII) during photosynthesis in green plants.

Figure 4.01 Structuresof the newly synthesisedyater-solubleRuMmn, (n = 1, 2) complexes
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4.1.2) Photoinduced Electrofiransfer in Heterometallic RuMn' Complexes

During photosynthesis, sol&anergy K hisconverted into chemical energy through
the simultaneous reduction of carbon dioxide and the oxidation of water to molecular oxygen.
This process is very complex and comprises two stages. Firstlyddigéhdentreactions
capture the solar energy and make enesggrage molecules, before ligindependent
reactions then use these molecules to capture and reduce carbon dioxide. The light
dependent reactions that capture the solar energy begin in the reaction cafitieSl|, in
which resides the primary photoelectron donorsé{a chlorophyll dimer), surrounded by
chlorophyltbinding proteins that absorb light. Upon absorption of one photon of sunlight,
Pssois promoted from the ground state to an excitsthte, anda rapid cascade of electren
transfer processes is triggeredventually funnelling the electron to an acceptor quinone
molecule (Q). This produces a{d&]*cation, which is reduced back testby electrontransfer
from an electron donor (a tetramangase cluster). After four electrons have been
consecutively transferred, the manganese cluster recovers the four missing electrons by

oxidising two water molecules, and in doing so produces molecxiagen (figuret.02).

ET ET

2H0 D r\
02+4HuMn“Cluster][ pﬁ ][ o ]

Figure 4.02 Sinplified depiction of the photoinduced electremnansfer processes in
PSIduring photosynthesis in green planihe chlorophyll dimeRsso, absorbs a
photon oflight (K )\ triggering electrortransfer (ET) to an electreacceptor molecule
(Qu). An electon-donor molecule (a Mhcluster) then transfers an electron to reduce
the [Pssq] " cation back to Ro. The Mn cluster then recovers its electrdnysoxidising
two water molecules to produce molecular oxygen.

As the conversion of solar energy into fuel is an important part of sustainable energy
production systems, heterometallRU'-Mn'' complexeshave been rationally designed in a bid
to mimic the intramolecular photoinduced electraransfer (PET) processdbat occur
during photosynthesis. Ruthenium polypyridyl complexes have been chosen as the

photosensitising component of the PSII mimics, due to their-stallied photophysical and

139



Chapter4 - RU'-Mn" Complexes

photochemical properties, and due to the ease in which their structurebeasynthetically
modified. In each case, the [RN~N)]>*complex is linked to a coordinated NMion through

an organic spacdigand (figure4.03)[24,

Mn(solv),

(o)

&
Y

Figure 4.03Exanples of heterometallic ReMn' complexes studiedsaPSII mimics.
(solv = a solvent molecule such as MeCNx@)H

The electrortransfer processes occurring in the'Rvn'' complexes can be described
with a simplified Jablonksiiagram (figure4.04). Upon absorption of a photon, the RW¥n'
complex is promoted from the ground state to an excited MLCT @t A 3-My'R im
which an electron has formally moved from the''Rantre to one of the surrounding ligands.
The metal now has a formal charge of 3+ and a ligand radical has fpfmreemnission of the
photon from the MLCT state at this point would produce characteristi¢-based
luminescencg If instead the Mtimetal centre donates an electron to the Roentre, a new
chargeseparated state is producedRuU'-t A 3-My"R én which the Rficentre has been
reduced back to Rand the M centre has been oxidised to Mn(similar to the process that
occurs m PSII betweeneggh and the manganese cluster). Noadiative decay of this species
through an oxidation process results in the complex returning to the electronic ground state,
[Ru-ligandMn'.
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[RU"-ligand-Mn'T*

! [RU"-ligand-Mn""]*

<@Q=o>m

Rd-ligandMn", electronic ground state

Figure 4.04Simplified Jablonski diagram illustrating the electi@nsferprocesgsin
heterometallicRU-Mn" PSII mimics. The Ruetal centre absorbs a photon bfht
(K Mo produce an MLCT state in which the'Rentre has been photoxidised to

RU". The MH centre then transfers an electron (ET) to reduce thé &antre to RU,
oxidising to M#'in the process. The Mhion then recovers its electron through an
oxidation process and the whole molecule returns to #lectronic ground state.

In order to observevhether electrontransfer processeare occurring in the newly
synthesised dinucleaRu-Alkyne-DyadMn complex, femtosecond transient absorption (TA)
spectroscopy was utilised. However, as neither the'btroxidised MH species absorb light
significantly in tie UV/visible region of the electromagnetic spectrum, formation of thé''Mn
species cannot be directly detected by TA spectroscopy. As a control experiment, therefore,
a RU-zn'analogue Ru-Alkyne-DyadZn) was also synthesisednd studied byTA, as the
resulting complex is isostructural with the Mbased complex, but the 2metal centre has
a d electronic configuration and so is innocent with respect to the electransfer
processes. Comparing the TA dataRarAlkyne-DyadMn to Ru-Alkyne-DyadZn, therefore,
provides an efficient method to analysénetherelectrontransfer processeare occurring in

the Mn'-basedcompound, as thegefinitelydo not occur in thezn'-basedcompound.
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4.2) Synthesis and Characterisation

4.2.1) Alkyne-BridgedDinuclear Rt+Mn"andRu'-Zn' Compounds

Both bimetallic heteronuclear complexeRuAlkyne-DyadMn and RuAlkyne-Dyad
Zn, were synthesised fronthe monosubstituted, alkyndridged phenanthroline carboxylic
acid scaffoldRu-Alkyne-Dyad-Acid(section2.2). Oneequivalent ofRuAlkyne-Dyad-Acidwas
dissolved in water at pH-6 andstirred at room temperature with 1-3.6 equivalent®f the
appropriate metal chloride hydrate (M = Mn or Zn) faghteen hours (schem&.01). The
excess metal salt was removed by sexelusion chromatography o8ephade® G15 in

water, to produce the pure, neutral compounds in good yields-980%).

(o}

[

N//Y
ARy, =

\ = S

~

o O

o
RuAlkyne-DyadM
(M =Mn, Zn)

Scheme 4.01Synthetic route toRu-Alkyne-DyadM (M = Mn, Zn)
i) HO (pH 56), MC4.XHO (M = Mn, Zn), rt, 18h

As ZHis diamagnetic, the successful synthesis and isolation of Rulkyne-Dyad
Znwas confirmed byH NMRspectroscopy (figurd.05). The aromatigegionof the *H NMR
spectrum(400 MHz D;O) integrates to the expected twenfive protons, although there are
F2dzNJ aAy3ftSaa d «+ I 17dpH LIV + T 1dpn LILIVZ
to half a proton.A two-dimensional'H-'H NMR correlation spectrumdQ0 MHz, D,0O)
(appendix4.01) confirmsthat these peaks correlate to eithert# or H pyridine proton { T
TOpH LI FyR + T 2L3dSoynl YLILKNE f IAWFS L8N G122y o6+ T
ppm). These half integral values suggestphesence of two isomers irokition, which were
not present in the'H NMR spectrunids-DMSO, 500 MH)f the startingRu-Alkyne-Dyad
Acid compound (figure 2.06). As the potons in question are close to the metal chedet
centreand are only inequivalent iRw-Alkyne-Dyad-Zn, it would suggest that the two isomers
are brought about by the chelation of the '@on in the polyaminocarboxylate binding site.

This is further corroborated by the multiplet at 3[34-3.52 ppm, which irdgrates as eight
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LINPG2yas> YR NBLINBaSydGa LINEG2Y 3HNWRspedrdn WI NI a
for the starting Ru-Alkyne-DyadAcid compound, the protons are equivalent and are
represented by a singlet at 3[94 ppm; however, once the Yion is bound irRu-Alkyne-

DyadZn, the protons are inequivalent and manifest as a multiplet due to the presence of the
isomers. The remaining signals in the aliphatic region otthBIMR spectrum represent the

four protons closest to the pyridine ring dhK'S Y SG I £  OK S5 ipd), thel NIy & Q

residual water peakt( 4[79 ppm) and a small amount of unknown impurity (3[64-3.71

ppm).
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Figure 4.05H NMR spectim (400 MHz, BD) ofRu-Alkyne-DyadZnat 298 K
(H,= proton on bipyridine ligand,p# proton on phenanthroline ligand,
Hoy= proton on pyridine ring)
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AsRuAlkyne-DyadMn contains a paramagnetic metal centre (Nincharacterisation
by 'H NMR spectroscopy was not practical; however, a-hégblution mass spectrum
(appendix4.02) confirmed the successful synthesis of the complex, as the calculated and
observedm/z values for thgM + 2HF*ion tallied well §19.06& and519.0658 respectively.
Further characterisation oRu-Alkyne-DyadZn was also achieved withHRMS(appendix
4.03), with the calculatedn/z value for the M + 2HF*ion (623.5623) matchinthe m/z value
found (623.5633.
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4.2.2) Alkyne-BridgedTrinuclear Rt+Mn'; andRu'-Zn'>, Compounds

Both trinuclear,acetylenebridged compoundsRu-Alkyne-Triad-Mn and Ru-Alkyne-
Triad-Zn) were synthesised in an analogous manner to their dinuclear counterpRus (
Alkyne-Dyad-Mn and RuAlkyne-Dyad-Zn) (scheme4.02). The starting alkynbridged,
phenanthroline carboxylic acid scaffold in this case was the disubstituted confplex,
Alkyne-Triad-Acid (section2.3), and 2.44.8 equivalents othe appropriate metal chloride
hydrate (M = Mnor Zn) was added to the reaction mixture to account for &éxtra vacant
metal binding siteThe pure compounds wengroduced in good yields (632 %), however,
they were lower than the yields achieved for the dinuclear analogues. This was a consequence
of incomplete incorporation of both of the metal centresffording small amounts of the

monosubstituted products.

RuAlkyne-Triad-Acid RuAlkyne-TriadM (M = Mn, Zn)

Scheme 4.02Synthetiaqoute to RuiAlkyne-TriadM (M = Mn, Zn)
i) H:O (pH 56), MC4.XHO (M = Mn, Zn), rt, 18h

Again,'H NMR spectroscopy (40@Hz, DO) was used to confirrthe successful
synthesis and isolation of puRu-Alkyne-Triad-Zn (figure 4.06). Whencompared to the'H
NMR spectrun{400 MHz, BO) of the startingRu-Alkyne-Triad-Acid complex(figure2.11), it
can be seen that the aromatic region RurAlkyne-Triad-Znis almost identical to that of the
starting carboxylic acid compound. The signal iraégytally to the expected twentgix
protons, however,the four H/H® pyridine protons, which are equivalent in the startiRgr
AlkyneTriadAcidO2 YL SE | yR I N6 NBLINB&ASYGSR o6& | &Ay:
in RuAlkyne-Triad-Znand are represented byvo o NB I R a Ay 3t S &.8Fppnil 56 SSy
(corroborated by atwo-dimensional'H-'H NMR correlation spectrumd4@0 MHz, DO,
appendix4.04)). Similarto the dinuclearRu-Alkyne-DyadZn complex, this suggests the
presence of isomers in the sample brought about by the chelation of tHéods in the

polyaminocarboxylate binding sites. Further evidence for this lies in the aliphatic region of the
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IH NMR spectrum foRuAlkyneTriadznd | yf A1 S GKS G¢g2 RAaAGAYyOU
LILIY YR 4+ T nédrn LI KN aNBE BINSREpeSiumbikhe Y S G |
RuAlkyne-Triad-Acid complex, there are a number of broad peaks whose integrals together

add up to the twentyfour metal chelate protons in the spectrum fRu-Alkyne-Triad-Zn. This

suggests that the protons are no longeguivalent once the Ztions are bound. The remaining
ardylrta Ay (GKS ALISOGNHzY FNBE F2NJ GKS NBaARdz f
YSGUKFy2f 614 T odon LIIYU AYy GKS &l YLX So

Hb Hb/
H H, Hoy H
HD 1 Hp Hb Hb o 24 P Hb Hb
T T T T T T T T T T T T T
90 88 86 84 82 B0 78 76 74 72 7.0 pPpm

LR AL

bl ©
sl (=
Wﬂmm

6

@[] [
b (el e
| ei] |

U VRO »

T T T T T T T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 ppm

W T

Figure 4.06'"H NMR spectrum (400 MHz;@) ofRu-Alkyne-TriadZnat 298 K
(Ho= proton on bipyridine ligand,p# proton on phenanthroline ligand,
Hoy= proton on pyridine ring)
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Highresolution mass spectra were recorded for bd@uwAlkyne-TriadZn and Ru
Alkyne-TriadMn (appendicest.05and 4.06, respectively). In both cases tlalculated and
observedm/z valuesfor the [M ¢ 2Naf- ion agreed well {48.0553and 748.0532for Ru-
Alkyne-Triad-Zn, respectively, and739.0631 and 739.0598 for RuAlkyne-Triad-Mn,

respectively).
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4.3) MRI Relaxivity

MRI relaxivity experiments faRu-AlkyneDyadMn and Ru-Alkyne-TriadMn were
carried out in RO at400 MHz and 298 KJongside the commercial Bébased MRI contrast
agent Magnevist® ([Gd(DTPA)Figure1.02), for comparisorpurposes. Solutions of each of
the probes were prepared dive different concentrations (@ 2.0 mM) and the longitudinal
relaxation time (7) for the residual HO peak in each sample was measured using a standard
inversionrrecovery pulse sequenc€&€oncentrationnormalised longitudinal relaxivity values
(r1) for each of the probes were thesetermined from a linear plot dbngitudinal relaxation
time against contrast agent concentratian accordance with equatio8.01

From linear plots of the tw&kuMm (n = 1, 2) complexes (figude07) it canbe seen
that whenmeasured ad00 MHz and 298 KRu-Alkyne-DyadMn and Ru-Alkyne-Triad-Mn
have respectable relaxivity values of13.7mM1standri =4.8mM1s?, respectively. Under
the same experimentalconditions the commercial Gtibased MRI contrast agent
Magnevist®has a similar relaxivity valu# r1 =4.6 mM1s?, and the previously synthesised
Gd'-based analoguesRu-Alkyne-DyadGd and Ru-AlkyneTriad-Gd, have larger relaxivity
valuesof ri =6.2mM?1standri =13.6mM1s?, respectively (tablel.0l).

a) b)
’ Magnevist y = 47774x *

RuMn
8 ® RuMn,

L ®
Magnevist
RuMn
y =4.6189x 25 ° RuMn2

y = 13.649x

® RuGd

20 o Rqu2
y = 3.6506x

Y =6.2463x
y=4.7774x

y=4.6189x

y = 3.6506x

L] L] L] L] L] L] L] L]
0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0
Concentration / mM Concentration / mM

Figure 4.07Plot of concentration (mM) versus relaxation rate of water protort¥ (s
to determine the concentratiomormalised longitudinal relaxivity valug,(mM=s?)
for RuAlkyne-DyadMn (orange) Ru-Alkyne-Triad-Mn (purple),RuAlkyne-DyadGd
(red),RuAlkyne-Triad-Gd(blue) and the commercial MRI contrast agdviignevist®
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Table 4.01Concentrationnormalised longitudinal relaxivity valaéry) for
RuAlkyne-DyadMn, RuAlkyne-TriadMn, RuAlkyne-DyadGd, RuAlkyne-
TriadGdand the commerciaGd'-basedMRIcontrastagent Magnevist®
measuredn DO at 400 MHz and 298 K

Compound Relaxivity Value

(mM1s?)
Magnevist® 4.6
RuAlkyne-DyadMn 3.7
RuAlkyne-Triad-Mn 4.8
RuAlkyne-DyadGd 6.2
RuAlkyne-Triad-Gd 13.6

The lower relaxivity values measured for the tRUMM (N = 1, 2) complexes in
comparison to their Gttbased analogues is to Bxpected, as high spin Mions have less
unpaired electrons compared to @ébns (five and seven, respectively). This means thdt Mn
KFa + £26SN YI 3y § thanGd ¥ 2 ¥ & yaidd>so inebredaxivity values
achievable by Mfibased comfexes are lower than those achievable by the analogous
complexes based on (dons. The eblock Mr'ion also has a much smaller ionic radius
compared to the lanthanide ion, @dThis results in the Mhion being able to makéwer
coordination bondghan the Gd'ion,and so the number of vacant coordination sites for
water molecules to bind will be reduced in tRaMm, (n = 1, 2) complexes compared to the
analogouRRuGd (n = 1, 2) complexes. This in turn will have a reducing effect orethrivity
value measured for the Mrbased probes, as less protons on water molecules can be relaxed
over a period of time.

The hydréion state ofeach of the GHions(qg value)in Ru-Alkyne-DyadGdand Ru
Alkyne-Triad-Gdwas previously reported to béy = 1.6+ 0.5)°, which suggests that there
may bean equilibrium present in solution between th@ono(aqua) complex and the
bis(aqua) complexDetermning the q value for the analogoldn'-based probess not a
straightforward undertaking however; as,unlike the LH-based complexes, using time
resolved luminescence measurements is not an option. Instead, the Caravan group have
devised a method to ¢isnate the hydration state of various Micomplexes using’O NMR
line widthd®l. Hgh spin M#ions bound in different chelating ligands were found to have
variable g values depending on their coordination environment!'idins bound irtrans-1,2-

diaminocyclohexan®\,N,N',N‘tetraacetic acid (CDTAyere shown to make 6 coordination
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bonds to the chelatgwith one vacant coordination site available for a water coligand (g = 0.9)
(29, figure4.08), whereas Mtions bound in DTPA (the same ligand a¥-Gaked Magnevist®,
which has q = 180, figure4.08) madeseven to eight coordination bonds and had no water
coligands (g = 0). As the polyaminocarboxylate chelatefgeinewly synthesise®RuMm (n

= 1, 2)complexesare similar to these structures, it can be tentatively assumed that thé Mn
ion(s) bound ilRuAlkyne-DyadMn andRuAlkyne-Triad-Mn behave in a similar manner and
have innersphere hydration states between q =@®.9. In the future, measurement of the
Mn' hydration state of the polyaminocarboxylate chelate RorAlkyne-DyadMn and Ru

Alkyne-Triad-Mn would confirm this.

_‘ . (o] : o §
e v S

1
1
i
OH, O%

o
29 30

Figure 4.08 Exampes of Mi-based complexes studied for their hydration value
29) [Mn(CDTA)(#D)F, 30) [Mn(DTPAJ]

As was previously discussed for the''ddised analoguesiu-Alkyne-Dyad-Gd and
RuAlkyne-Triad-Gd (section 3.4.1), the increasedsize of RuwAlkyneDyadMn and Ru
Alkyne-Triad-Mn compared to Magnevist® will also have had an effect on the measured
relaxivity valuesThe larger size and rigidity of both of tRaMmn, (n = 1, 2) complexes will
have had a slowing effect on thretational correlation timedr) of the probes in solution,
which in turn will have increased the value. The water protons will have relaxed back to
their ground state (aligned with the applied magnetic field) at an increased satehe
oscillating magnetic field generated by the slower tumbling rate of thgela paramagnetic
complexes in solution will haved componentscloser tothe specific frequency of resonance
(the Larmor frequencyfor hydrogen. This will have alloweadbsorption of another photon
more quicklyfor RuAlkyneDyadMn and RuAlkyne-Triad-Mn compared to the smaller
complex, Magnevist®. In the futummeasurement of theotational correlation timedrg) of

the probes in solution will confirm this.
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4.4) Photophysical Properties

UV/Vis &sorptionspectrawere recorded irseveral solvent®or RuAlkyne-DyadMn,
RuAlkyne-DyadZn, RuAlkyneTriadMn and RuAlkyneTriadZn, and extinction
coefficiens were measured for all compounds wwater. Emission profiles and lifetimes of
emission were recorded fall compounds (incluaig as drozenglass at 77 K fdRu-Alkyne-
DyadMn and RuAlkyne-DyadZn), and the quantum yield of emission was measured for all
compoundsagainst[Ru(bipy}]Cbk.6HO in aerated water. Finally, excitation spectra were

measured in each solvent.

4.4.1)UV/Vis Absorption

UV/Vis absorptiorprofiles for RuwAlkyne-DyadMn, RuAlkyne-DyadZn, Ru-Alkyne-
TriadMn andRu-Alkyne-Triad-Znwererecorded in several solvents (taled?), but spectra

in water will be reviewed for comparison purposes (figd1@9).

11
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Figure 4.09UV/Vis absorption spectra in aeratedat 298 K.
RuAlkyne-DyadZn(blue),RuAlkyne-TriadZn(green),
RuAlkyne-DyadMn (red) andRu-Alkyne-Triad-Mn (pink)

The spectra for thelinuclearRu-Alkyne-DyadMn andRu-Alkyne-DyadZncomplexes
are consistent with those measured for the monosubstitugggtnanthrolinecarboxylic acid
scaffold (sectior2.2.2.1) and for the dinucleaRuAlkyne-DyadGd complex(section3.3.1),
and the spectra forthe trinuclear Ru-Alkyne-TriadMn and Ru-Alkyne-Triad-Zn complexes
are consistent with those measured for tlhsubstituted phenanthroline carboxylic acid

scaffold(section2.3.2.7) and forthe trinuclearRu-Alkyne-Triad-Gd complex(section3.3.1).
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Thereae KA 3K SyYSNHE I @il 2 NdLJipA 2y§/Y 00 I NERANFoA<S WA ¥ A B G & R
2y (KSBAIWEMQRAYS fAIlFYRa AY (GKS- ApISONNYAFEN2Y
the phenanthrolinef A 3+ Yy R& A $s= 800350 nSwitiNtheyaBsSrptien band for
the disubstituted phenanthroline ligand iRuAlkyneTriadMn and RuAlkyne-Triad-Zn
KFEGAYy3 | YI EAY dz¥%s=I35D nrfi) than$he n@hgsGostiRiged phenanthroline
scaffold inRu-Alkyne-Dyad-Mn and Ru-Alkyne-Dyad-Zn 6 s5s= 325 nm), due to the extended
conjugation in the disubstituted scaffold stabilising the LUMO more thanthe
monosubstituted ligand. Tha [ / ¢ | 0 a2 NLJG A 2Y 0 kyf B7B550 Mid&or Ay (1 K ¢
all of the compounds, and paralléd their RuGad (n = 1, 2) counterparts, théMLCT
Fo&A2NLIWIA2Y O6lFyYR FT2N 0KS LIKSY ! y GkNBOhh)ywEh f A 3|y
0KFG 2 F-bipuriiee ligarkis Ru-Alkyne-DyadMn and Ru-Alkyne-DyadZn) or
manifests as a redhifted st dzf R S NJapslI3801nm)dnRu-Alkyne-TriadMn and Ru
Alkyne-Triad-Zn Again, this is due to the extra stabilisation of the LUMO from the extended
conjugation in the disubstituted phenanthroline ligand lowering the absorption energy.

When comparing the spectra for the four synthesig®dM, (M = Mn, Znh =1, 2)
complexesto that of a similarlystructured, previously publisheBRuMn compound 28b,

figure4.03)4, it canbe seen that the complexes have simileatures (table4.02).

Table 4.02UWVis absorption data foRu-Alkyne-DyadMn, RuAlkyne-DyadZn, RuAlkyne-
TriadMn andRuAlkyne-TriadZnat 298 K@Data taken from ref2.

Compound Solvent <as(nm) s  dMELcibh
BIRuUMnN (28b) MeCN 245, 253, 287, 453
EtOH/MeOH4:1,v:V) 286, 35 (sh), 44Qbr)
MeOH 286, 325(sh), 440 (br)
RuAlkyne-DyadMn
H.O 285[80], 325 (sh) B4, 441 (br)[10]
DMF 288, 327 (sh), 44 (br)
EtOH/MeOH4:1,v:v) 286, 326 (sh), 440 (br)
MeOH 286, 326 (sh), 440 (br)
RuAlkyne-DyadZn
H.O 285 [30], 326 (sh) [13], 440 (br) [3.9]
DMF 289, 328 (shy47 (br)
. MeOH 287, 351, 435, 481 (sh)
RuAlkyne-Triad-Mn
H.O 286 [86], 350 [59], 435 [7.9], 481 (sh) [4
) MeOH 286, 349, 435, 478 (sh)
RuAlkyne-Triad-Zn
H.O 285 [88], 348 [55], 435 [9.2], 478 (sh) [5
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4.4.2)Emission

Luminescenceprofiles and the lifetime of the luminescence deday RuAlkyne
DyadMn, RuAlkyne-DyadZn RuAlkyne-TriadMn and RuAlkyne-TriadZnwere recorded
in several aeratedolvents (tablet.03), but profiles in aerated water at 298 K will be reviewed
for comparison purposes (figure10). To directly compare the emission intensities of the
four RuMn (M = Mn, Znn =1, 2)compounds, excitation wavelengths were chosen where all
of the complexedave the same optical density in the UV/Vis spectra (0.1 a.u.). It can be seen
in the resulting luminescence profiles that upon excitation in to M. CT absorptiobands
I (ex=430-440 nm all of thecomplexegproducebroad and featurelessmissionprofiles at
298 K indicatingspinforbidden 3MLCT{RU- ~ g~} transitions however, the maximum
emission energy and emission intensity varies depending on the phenanthroline ligand

substitution and the metal ion bound within the polyaminocarboxylate chelate.

Ru-Alkyne-Dyad-Zn
Ru-Alkyne-Triad-Zn
Ru-Alkyne-Dyad-Mn
Ru-Alkyne-Triad-Mn

7x10°

6x10° -

5x10°

4x10° -

3x10°

2x10°

Emission Intensity / a.u.

1x10°

L] L] L] L] L]
550 600 650 700 750 800
Wavelength / nm

Figure 4.10Corrected emission spectra in aerategDHat 298 KRu-Alkyne-DyadZn
0 0t 62580 n)RuAlkyneTriadZnd 3 NBeS Y35 nm)Ru-Alkyne-DyadMn
0 NBL=230m) andRu-Alkyne-TriadMn 0 LIA ¥%3 485 nn) (Slit width = 3 nm)

As was recorded previously for the monosubstituted and disubstituted
phenanthroline carboxylic acid scaffolds (secti@h2.2.2and 2.3.2.2 and the analogous
RuGd (n = 1, 2) complexes (sectioB.3.2), extending the conjugation along the
phenanthroline backbone by the ddion of a second pendant metal chelate Ruve (M =
Mn, Zn) lowers the maximum emission energy of théLCTtransitionfrom <em =660nm for

the dinuclear complexeRu-Alkyne-DyadMn and Ru-Alkyne-Dyad-Zn), to <em =700nm for
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the trinuclear complexes (RuAlkyneTriadMn and RuAlkyneTriadZn), and also
significantly reduces the quantum yield values (I'  antt.,n mitp  sfobRuAlkyne-Dyad
Znand RuAlkyneTriad-Zn, respectively and T O4raeln ' n forRoAlkyneDyad
Mn and Ru-Alkyne-Triad-Mn, respectively).

Table 4.03Luminescenceata forRu-Alkyne-DyadMn, RuAlkyne-DyadZn RuAlkyne-Triad
Mn and Ru-Alkyne-Triad-Znin aerated solventd®Data taken from ref2.

EIRuMN (28b) MeCN 640 2.2 -

RuAlkyne-DyadGd HO 664 351 -

EtOH/MeOH 652 [612, 660 275, 54
(4:1,v:v) | (sh), 709 (sh)] [1.8, 0.45 0.0

(o]

RuAlkyne-DyadMn MeOH 652 241, 58 Q
HO 657 410, 91 o
DMF 666 284, 29 [b]

EtOH/MeOH 654 [617, 668

@1vy) | (sh), 720 shy] 290 156 -
RuAlkyne-Dyad-Zn MeOH 658 234 -
HO 666 329 --
DMF 673 277 -
RuAlkyneTriad-Gd HO 699 402, 164 20, 80
. MeOH 694 225,592 (bl
RuAlkyne-Triad-Mn
HO 700 456, 164, 21 (bl
) MeOH 688 231,95 89, 11
RuAlkyne-Triad-Zn
H.O 695 301, 117 55, 45

PIThe luminescence lifetime decay curvesRarAlkyne-Dyad-Mn and Ru-Alkyne-Triad-Mn
were fitted by a sum of two or three exponentials, corresponding to the bound complex and
small amount of dissociated complex in solution. The lifetime component ratios are insignifi
therefore, due to the different luminescence quantum yieldues for the bound and dissociate:

complexes, respectively.

Binding of the two different metal ions (Mrnand Zf) in the polyaminocarboxylate
chelate also has a profound effect on the''Rased emission intensity measured for each of
the complexes. When comparing the spectra for the two dinuclear compléxeslkyne
DyadMn and RuAlkyne-DyadZn) it can be seen that thmtensity of the emission is lower
by a factor of 5 when the metal ion is Moompared to Zi a result supported by the
measured luminescence quantum yield values (I’ anttn nh jfobRuldyneDyad

Mn and RuAlkyne-DyadZn, respectively). Thi®bservation is mirrored in the emission
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spectra for the trinuclear complexeRitAlkyne-Triad-Mn and Ru-Alkyne-Triad-Zn) in which

the luminescence is partially quenched for fReAlkyne-TriadMn complex compared t®u
Alkyne-TriadZn Again, the measuredquantum yield values reflect the diminished
luminescence in the Mibased complex.( ' nahdi n Ay fepRuAlkyne-Triacd-Mn

and RuAlkyne-Triad-Zn, respectively). When comparing the quantum vyield values for the
four RuMn (M = Mn, Znn =1, 2)compounds to the starting carboxylic acid complexes,
Alkyne-Dyad-Acid and Ru-Alkyne-Triad-Acid (( 0.020 and. ' 6/r@speatively), it can
be seen thathe values for the Zhbased complexes are the same within experimental error.
This indicates, therefore, that the Rbased luminescence is only partially quenched when
Mn''ion(s) are bound in thpolyaminocarboxylate chelate(s).

A possible explanation for the observed partial quenching of Bud-based
luminescence could be that coordination of the Maon(s)induces a change in the electronic
properties of thelRu(bipy}(phen)f*centre. However, as there are no significanfetiénces
between the absorption and emission spectra for the starting carboxylic acid complexes and
the RuMm (n =1, 2) complexes, this suggests that the exestatk energy and the electronic
structure are not affected by the Mron(s). Instead, the grtial quenching of thé&ru'-based
luminescence in thdRuMm (n = 1, 2) complexes most likely a result of photoinduced
energytransfer (PEnT) between the two different metal centres, as has been reported for
previous heterometallic ReMn' complexe8l. Mn'-basedcomplexes possess legnergy
excitedstates, but population of these states frorhet ground state is spiforbidden and,
therefore, the transitions are not observed in the absorption spectra. Instead population of
these lowenergy exciteestates can occur as a result of PEnT from the excited
[Ru(bipy}(phen)F*centre, which has a maii®-0) emission band betweerm =610-645nm.

The lifetimes of the Rtbased luminescence decay were measured for each of the
four RuMh (M = Mn, Zn, n = 1, Zomplexes (table4.03), with the results corroborating the
trends observed with regards tthe partial quenching of the emission in the Mnased
complexes. The curves for the dinucleRuAlkyne-DyadZn complex were fitted as
monoexponential decayis each of the different solvents, with the lifetime values extracted
0 _  £350Hnp) mpproximely matching those of the analogous dinucléarAlkyne-Dyad
Gdcomplex(within experimental error), in which the luminescence is not partially quenched.
The decay traces for the dinucleRt-Alkyne-DyadMn complex were fitted by a sum of two

exponentials however; with a longet A S R O 2 ¥ LI2ugBBsii anda shortdived
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02 YL ySv/1D0 né)_beingbserved. As the longdived component has the same
magnitude as the lifetime for the unquenched emission in EheAlkyne-DyadZnand Ru
Alkyne-DyadGdcompounds, it is assumed that this value corresponds to a small anebunt
dissociated complei solution (the starting carboxylic acid compleag a result of the Mh
ion leaching out of the chelate in a competitive solvent. The shdried component,
therefore, can be assigned as the lifetime of the partially quenchdebRsed decay from the
non-dissociatedRu-Alkyne-Dyad-Mn complex.

The trinuclear complexes follow a similar pattern to the dinuclear complexes. The
lifetime valuedfor the RU-based luminescence iRu-Alkyne-TriadZnwere extracted from a

biexponential decay curve and are similar (within experimental error) to those of the

unquenched emission observed fBuAlkyneTriadGdA Y S OK 2 F 1lIK&n a2y S

'Y RF _mnn y &hased emisSon froda thRu-Alkyne-TriadMn complex, however,
has three lifetime components, with two matching those of the unquenched dissociated
OFNb2E&ft AO (FODRNOFYWINFR y& O | y-IRedHfgti®ed FSNE
ns) representing th&ku'-based decay from the bourfdu-Alkyne-TriadMn complex.

If we take the shortetived lifetime components for each of thiRuMm (n = 1, 2)
complexes _(; = 91 ns foRuAlkyneDyadMnZ | o R1 ns foRu-Alkyne-Triad-Mn, which
we assume represent the partially quenched"fRased luminescence), and the lifetime
values for the unquenched emission in tReZm (n = 1, 2) complexes ( ' o HBu Yy a
AlkyneDyadZrns YR _  RuAlywmeaTriafdan), theatd of the emssion quenching
(ko) in aerated water for each of the complexes can be calculaséth equatiort.01 ForRu
Alkyne-Dyad-Mn this gves a value okq = 7.9 x 18s! and for Ru-Alkyne-Triad-Mn a rate of
kqg= 3.9 x 10s™.

P

- E
= 7547

Equation 4.01Equationused to calculate the rate constant for the'Fhased emission
quenching () inRUMn6y I' mMXI HO  q6retielibgBdechen=2n) ady R
guenched K1 = Mn) lifetimes, respectively.
In order to ascertain that thguenching of the Rbbased emission was due to an
intramolecularprocessrather thanan intermolecularinteraction, i.e. occurs between metal
centres in the same molecule not on different molecules, timsolved luminescerc

measurements were carried out on increasing concentration®RoAlkyne-DyadMn in
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aqueous solution. The Rbased emission lifetime values measured were constant across

increasing concentrations oRwAlkyne-DyadMn, demonstrating that the Rbubased

emission quenching is independent of concentration and, therefore, occurs as a result of

interactionwithin the molecules oRu-Alkyne-DyadMn.
Excitation spectra recorded in aerated water at 298 KRoAlkyne-DyadMn 0 ¢m =

640 nm) Ru-Alkyne-Dyad-Zn 0 em = 645 nm)Ru-Alkyne-TriadMn 0 s = 675 nm)and Ru-

Alkyne-Triad-Zno «» = 690 nmvere overlaid with UV/Vis absorption spectra recorded in the

samesolvent (figure4.11). A goodmatch between the spectra can be seen, which is a clear

indicationthat the emission observed f@ll complexes occurs as a result of absorption into
the *MLCT band.

a) b)
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—— UVNisinH,0

Registration at 645 nm in H,0
—— UVNisinH,0
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— UVNVisin H,0
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Figure 4.11b 2 NXY' I t AASR o614 < ' m@ at29¢ KOorreéddS O
excitation spectra (red) and UV/Vis spectra (blue) dd@plkyne-DyadMn 6 &5 = 640 nm)
b) RuAlkyne-DyadZno « = 645 nm), cRutAlkyne-TriadMn 6 & = 675 nmjand
d) RuAlkyne-TriadZno « = 690 nm)
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4.4.3) Stability Experiment

The thermodynamic and kinetic stability of thebtbck metal ions (Mthand ZH)
bound within the polyaminocarboxylate chelate was measured by luminescence
spectroscopy (figurd.12), as therewvas evidence of complex digsation in aqueous solution
from the timeresolved luminescence measuremen®&rAlkyne-Dyad-Mn was dissolved in
aerated water at a concentration of 1 x 18 in the presence of one equivalent of the
competing ligand EDTA (the hexadentate acyclic ligdmdenediaminetetraacetic acjdised
to sequester metal ions). The 'Roased emission intensity was then monitored by measuring

a luminescence spectrume{ = 440 nm at various time intervals.

—no EDTA
——1t =0 hours
t=1 hour
t=2hours
——1t =3 hours
t=4hours
t=5 hours
t=6 hours
——1t =22 hours
t =29 hours
——t=2days

Emission Intensity / a.u.

550 600 650 700 750 800 850

Wavelength / nm

Figure 4.12Kineic stability experiment oRu-Alkyne-DyadMn (1 x 10 M)
with EDTA (1:1) in agueous solutigt, = 440 nm)

It can be seen in the initial luminescence spectrumwhich there is no EDTA present

in the solution, that the emission intensity is partially quencli2d x 16 a.u.)as the Mrt

ions are bound within the chelate. Upon the addition of the metal scavenging ligand EDTA (at
t = 0), there is aimmediate increase in the Rdbased emission intensity by a factor of735

x 1@ a.u.) This suggests that a portion of the kinetically labile'Mns have been stripped

from the Ru-Alkyne-Dyad-Mn complex, and an equilibrium has been established iotgm
between the unquenched emission from the dissociated-Alkyne-Dyad-Acid starting
complex and the partially quenched emission from the fssociatedRu-Alkyne-Dyad-Mn

complex.
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A steady increase in the Rbhased emission intensity is seen up thd@urs after the
initial addition of the EDTA ligar{8.5 x 16 a.u.) as more of the Mhions are competitively
leached out of the polyaminocarboxylate chelate. This is in contrast to the kinetic stability of
a Li'ion bound within the chelate, whichag discussegreviously (sectio2.1). Whenone
equivalent of a competing DOTA ligawds added to the dinucledrEucomplex @6), there
was no evidence to suggest that there was any significant leaching of therkout of the
polyaminocarboxylate chelatever a similar time period. This is most likely due to the
different number of stabilising coordination bonds that the metals can make to the chelate.
Ln'"ions are larger than-lock metal ions and are known to makeé&oodination bonds,
whereas higkspin Mrl' ions have been observed to make onkg Soordination bond€ and
so are stabilised to a lesser extetowever, it is worth noting that the kinetics of '-n
complex formation with macrocyclic ligands such as DOTA is slow compagszex
formation with acyclic ligands such as EDTA, andhsoresults measured for the kinetic
stability of each metal centre (Ews.Mn') cannot be absolutely compared.

After 22 hours, a stady decreasén the RUi-based emission intensity can be seen for
Ru-Alkyne-Dyad-Mn (6 x 10 a.u.) which suggests that the EDTA ligand has now compromised

the kinetically inert Rtimetal centre as well.
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4.5) Photoinduced Electroflransfer

Femtosecond TA spectroscopy was utilised in order to prwabether photoinduced
electrontransfer (PET) processegere occurring in the newly synthesised dinucleau
Alkyne-Dyad-Mn complex. However,saneither the M or oxdised Mn'species absorb light
significantly in the UV/visible region of the electromagnetic spectrum, formation of th& Mn
species cannot be directly detected by TA spectroscApya control experiment, therefore,
the dinuclearRu-Alkyne-Dyad-Zn complex was also analysed under identical experimental
conditions, as th&n' metal centre has a'delectronic configuration and so is innocent with
respect to the PET processes. Comparing the TA daRufstkyne-Dyad-Mn to Ru-Alkyne-
Dyad-Zn provides a efficient method to analys&hether electrontransfer processesre
occurring in thethe Mn'-based complexas theydefinitely do not occur inthe Zn'-based
complex All transient absorption data was acquirgdthe Laser Laboratory in the Chemistry
Departmentat the University of Sheffieldndwasanalysedoy PhD studentlames Shipp.

Excitation(<s g’ n n nof a/selition of eitheRu-Alkyne-Dyad-Zn or Ru-Alkyne-
Dyad-Mn in aerated water with a0 fs pulsefollowed by measurement of the absorption
spectra at a series of time delays up to seven nanosecgmasluced similarly shaped
differential TA spectra for botRu-Alkyne-Dyad-Zn (figure 4.139 and Ru-Alkyne-Dyad-Mn
(figure4.13b). Thereare positive sigals that have maxima a s&o cyf YI YRsEn pyY

LINBaSyid Ay 020K aLISOGNY I | a <abdimam yiY ooNRI KR

YIFEAYdY:he WyiYe ¢RKBAFARSOGNI £ FSI GdzNBa | LILINREAY

2F DKSHNF RAOLE FyA2y Ay 20KSN ODBR ded BREES (| f
¢ KSNB KRB [ A @tBat have Inifimé &k oEn nyiY YRENyyi¥y KA OK

Oy 0SS I 208K ®ER YES 3IANRdy R &Gl dS a[/ ¢

O

lylrfeara 27 O(IKSENIRPYASHVAPHRGIIFY RFA 0KS KSGSN

O2YLX SESa NBJUSIHt & RRAMAKDEDSag7n arid Rukgne Dyak-\IES i A O &

K26 S@IND (KS RAlKdeDdfadan NI2 Y LIX{fiGuke 4.139 two lifetime
components were extracted; a lodiyed component (blue trace) that does not completely
decay over the pumyprobe delay period, and a much shoriéred component (green trace)
with alifetime of _  6Ips. This shortetived component can be ascribed to fast vibrational
cooling within the complex, and the longkved componeniwhichis much larger than the

time-limit of the experiment) can be ascribed the lifetime of the emissionrébm the Ru
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based®MLCT state, which was previously measured to b829 ns in aerated water by time

resolved luminescenc@easurements (sectiod.4.2).

a) b)
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Figure 4.13Differential ransient absorption spectra gerated HO at a series of
time delays followingxcitationat <ex=400 nmwith a40 fspulse.
a) RuAlkyne-DyadZnt b) Rui-Alkyne-DyadMn; ¢) dynamics of transient signals for
RuAlkyne-DyadZn d) dynamics of transient signals Ru-Alkyne-DyadMn.

¢ KBeyY | YARBNIRZ2YE G S Y NLIG A Z ghiediniGcany bidf | % ¥ 1R
a y'complex are more complicatethan forw adz | ® ¥ $¥/R(figure 4.13d) and require
three Ifetime componentdo fit the decay profile satisfactorily. ghorterlived component
with a lifetime of_  2ps (green trace)is ascribed to fast vibrational cooling within the
complex. A further decagrocesswith a lifetime of. 584 s (red trace) isynchronousvith
the growin for the component that subsequently decays with a lifetime of5rhs (blue
trace). This indicates that the two components are associated, with one component decaying

at the same rate that the other grows in. As thcesses on these timeslesare not present
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